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A Haplotype-Based Method for QTL Mapping of F, Populations
in Outbred Plant Species

Cuauhtemoc Cervantes-Martinez and J. Steven Brown*

ABSTRACT

The integration of quantitative trait loci (QTL) analysis into breed-
ing strategies rather than being seen as separated processes has been
proposed to increase the power and accuracy of QTL detection and
to allow the two activities to be joined. The main objective of this
research is to develop a specific scheme for mapping QTL in actual
breeding F; populations of outbred plant species with a high degree
of accuracy. The proposed method groups populations by common
founders and statistically associates founder-origin probabilities that
trace the common founder haplotypes in a given region of the progeny
genome with the phenotypic expression, using a linear model with a
structured covariance matrix. The method was applied to computer
simulated data sets, corresponding to five F; populations of 100 indi-
viduals each obtained from the crosses of a common founder with
several other founders. We are currently using this scheme with cocoa
(Theobroma cacao L.) crosses, using selected clones resistant to spe-
cific diseases to widen the genetic base of disease resistance. The
results indicate that the position and effect of QTLs in the common
founder, that explain each at least 14% of the phenotypic variance,
can be estimated with good precision and accuracy. The theoretical as-
sumptions on which this approach was developed render the method
appropriate for outbred plant species that are highly heterozygous,
which is often the case in tropical tree crops like cocoa, and have phe-
notypic traits that show few interlocus interaction effects.

ACURATE QTL ANALYSES have been developed in re-
cent years to detect and estimate the effects of
quantitative trait loci in plant populations with different
genetic structures. While high resolution QTL maps can
be obtained from large populations of annual plant spe-
cies developed from crossing inbred lines followed by
self-fertilization for two or more generations, the analy-
sis of quantitative trait loci is more difficult in outbred
plant species. Some of the difficulties arise when hetero-
zygous heterogeneous parents are crossed to develop a
mapping population, in which parents are differentially
informative at different loci. To be informative, a parent
must be heterozygous both at marker loci and a linked
QTL. Complications arise if parents have alleles in com-
mon at the QTL or marker loci, or if the parents share
QTL alleles in different linkage phases with the marker
loci (Jansen et al., 1998; Lynch and Walsh, 1998). In ad-
dition, the biological properties of some outbred species,
like fruit trees and forest trees, impose limiting factors
for mapping QTL. The number of generations per time
unit and the progeny size per space unit are usually fewer
than in annual species, resulting in lower power for QTL
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detection. Luo (1993), Soller and Genizi (1978), and Wel-
ler et al. (1990) have confirmed that very large progeny
sizes are needed to detect QTL with good statistical
power in outbred populations for different designs.
However, extremely large progeny sizes and designs
requiring two or more generations are not generally fea-
sible in practice for trees and some other outbred plant
species. For example, the most recent QTL maps for
yield components, vigor, resistance to Phytophthora pal-
mivora (E.J. Butler) E.J. Butler, beans traits, and ovule
number in 7. cacao were estimated from F, populations
ranging from 88 to 125 individuals. These were obtained
from the cross of a highly homozygous clone (Catongo)
with other heterozygous clones (DR1, S52, and IMC78)
(Clement et al., 2003a, 2003b). Therefore, alternative
accurate methods must be developed for mapping QTL
given the conditions and genetic structure of outbred
plant species. Beavis (1998) first proposed the integra-
tion of QTL analysis into cultivar development to in-
crease the resolution of QTL detection, by integrating
mapping analyses across the numerous and large popu-
lations typically used by maize (Zea mays L.) breeders.

A haplotypic method for QTL analysis in trees species
using founder-origin probabilities that trace specific seg-
ments of the chromosomes in individual offspring as in-
dependent variables with phenotypic values as the de-
pendent variable in a simple regression analysis has been
proposed for one population using the granddaughter
design (Reyes-Valdés and Williams, 2002). Their results
were similar to those obtained by Haley et al. (1994)
that used all marker information. This method requires,
however, the information from three generations for
QTL detection. In contrast, we suggest an approach that
uses founder-origin probabilities in several F; popula-
tions obtained in a full-sib mating design and combines
the F; populations with a selected common founder in
a regression-based analysis, using a linear model with a
structured covariance matrix (Searle, 1971; Littell et al.,
1996). Jannink and Jansen (2001) and Jansen et al. (2003),
assuming additive effects, showed that combining re-
lated breeding populations for QTL analysis increases
the power and accuracy of detection, associated mainly
with the increased progeny numbers in the combined
analysis.

QTL mapping analyses based on linear regression mod-
els (Haley and Knott, 1992), such as the one we propose
in this study, are approximate methods that generally give
results similar to maximum likelihood methods (Lander
and Botstein, 1989); however, they are computationally
much less demanding and have greater flexibility to im-
plement complex linear models (Piepho, 2000). The ob-

Abbreviations: QTL, quantitative trait loci; REML, restricted maxi-
mum likelihood.
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jective of this paper is to explain our method in detail
and apply it to the analysis of computer simulated data
of five F, populations with a common founder in a man-
ner similar to a currently used breeding scheme and
structure of cocoa breeding populations (Clement et al.,
2003a, 2003b).

METHODS
Haplotypic Conditional Probabilities

The founder-origin probabilities that trace specific haplo-
type segments of the genome of F; individuals to the haplotype
of their founders are developed here as an extension of the
model for marker-based selection in gene introgression showed
by Reyes-Valdés (2000) and Reyes-Valdés and Williams (2002).
Consider two diploid founders Pcrand Pg;, of a population i (sub-
scripts CF and SF,; stand for common founder and second
founder, respectively) and two informative marker loci, A and
B, in the genotypic array for founder Pcr A,B,/A,B, and for
founder Pgr: A;3Bis/AiBis. The chromosome segments A, B, and
A,B, are the first and second haplotypes of the founder Py,
and the segments A;B; and AyB, are the first and second
haplotypes of the founder Ps:. Let Hix and H,x be specific
alleles of the locus at the map position x between marker loci
A and B, in the first and second haplotype of the founder P,
and H;x and H,x be specific alleles in the first and second
haplotype of the founder Pz, in the same locus at a map po-
sition x, and let d, and d, be the map positions of marker loci
A and B. The absolute map distances between markers is
‘dl - d2‘ and the distances between the locus located at posi-
tion x and A and B are ‘dl - x‘ and ‘dz - x‘, respectively. The
map distances are converted to recombination fractions using
the inverse of the Haldane mapping function (Haldane, 1919)
assuming no interference,

(1 _ e—zldl—dzl) (1 _ e—2|d1—x|)
V= —————————» Ty — ——————>
2 2
and
o = L) 1]

(1 - 2r)

The conditional probabilities that F; individuals have inher-
ited specific founder alleles in a locus at position x, given that
they have specific marker haplotypes, are shown in Table 1.
These probabilities are shown when the flanking markers are
linked in coupling or repulsion phase in the founders geno-
types. To determine the founder-origin probabilities for each
particular F, individual, the marker haplotypes that trace to
either founder genome must be specified for every segment
analyzed. Some difficulty arises when there are identical alleles
in founders Pcr and Py, for the marker loci under consider-
ation. If founders P¢r and Py share one or two alleles for
either locus A or locus B with equal or different linkage phase,
only the F, individuals with homozygous genotypes for that
locus are informative. When the founder Py shares one or
two alleles with the founder P for both loci, with the same
or different linkage phase, only the doubly homozygous F, in-
dividuals are informative. The linkage phase of markers is
estimated from data with linkage analysis methods for full-
sib families obtained with the cross of heterozygous parents
(Maliepaard et al., 1997; Wu et al., 2002). The haplotypic con-
ditional probabilities are calculated considering only informa-
tive F; individuals with the equations stated in Table 1, for
intervals delimited for informative flanking markers, implying

that the length of the interval and number of informative F,
individuals may vary among intervals and founder haplo-
types analyzed.

Marker loci at the ends of the linkage groups are considered
in the analysis whether they are informative or not. If the
marker loci at the ends are not informative, then founder-
origin probabilities are calculated as follows: the founder-
origin probabilities of the H,x allele in the locus at the position
x between a non-informative marker extreme and an informa-
tive marker locus with genotypes AA and B,B,, respectively,
are Pr(Hx|B,) = 1 — rp, and Pr(Hx|B,) = rg,. The founder-
origin probabilities for the allele H;x are obtained in an analo-
gous manner, and the conditional probabilities for the alleles
Hyx and H;x are the corresponding complementary probabili-
ties. The founder-origin probabilities described above are cal-
culated for all informative individuals in F; populations, in
every map position between informative flanking markers.
The phenotypic data and the founder-origin probabilities are
used for the QTL analysis as outlined below.

Linear Model Formulation

Consider a number g of F, populations with a common
founder (P¢r) and a second nonidentical founder for every
population (Psz; i = 1, 2,..., q). Let A and B be marker loci at
a given map distance of the linkage group, and x a map posi-
tion between markers A and B, with founder-origin probabili-
ties Py, a5, and Py 45, (Table 1) that an F, individual j from
populationli with marker haplotype AB, has inherited specific
founder alleles from Py and P, respectively, in a locus at
position x. A basic linear model can be fit as follows:

Vi = Wi + o Pran, + OLHCF,X(l - PHC,,-x/\Blj) +
OLHSF'xPHSFxABij + (Xymx(l - PHSFxABi]) + &
i=1,2,...,q;7=1,2,...,n, [2]

where y; refers to the phenotypic values of individual j in
population i; . is the mean of population i; oy, . and oy,
are the parameters corresponding to the fixed effects of the
allele at the first homologs (Jansen et al., 1998; Lynch and
Walsh, 1998) of the founders Pcr and Py, for the putative QTL
in a locus at position x in population i; ay,,, and ay,, , are the
parameters corresponding to the fixed effects of the allele at
the second homologs of the founders Pcr and Pgr; and g; is a
random variable identically distributed with mean zero and
variance o7, that includes the background effect, the environ-
mental variation, and the inadequacy of the model. The model
[2] can be reparameterized as

Vi = W+ i Pugaias, T aﬁsﬁxPHS,,-xlABlj + &
3]
Here, u/ = pi + oy + angs i = ap,e — oy, and
afi « = 0y, — oy, are the allele-substitution fixed effects
(Jansen et al., 1998) of QTL alleles of founders Pcr and Py,
in population i, respectively. A second model is also formu-
lated to include the intralocus interaction among QTL alleles

at the QTL loci, adding the dominance effects to the additive
effects model [2], so that

Vi = pi t OLHCFXPHCFXIAB,] + oy (1 - PHCF.\'IAB,/) +
OLHS,"xPHS,‘x\ABU + gy x 1 - PHS,‘XIABU +
Ottt P IICFXIAB,/P Hyrlas, T i IICFX\AB‘](l - P IISFX|AB,/) +

aHCPHSFLx(l - P HCFXIABU)P Hyxlan, +

SHG._HSF’,x(l - PHCFX|AH,])(1 - PHSFx\AB‘]) + g, [4]
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Table 1. Founder-origin probabilities for each possible haplotypic state of F, progeny.

F, progeny F, progeny
Founder Marker haplotype Founder Marker haplotype
Po from Peyt Pr(H.x|A,B) Py from Py, Pr(H5x|AB)
A.Bi//A,B, A B, M ApBiy/AuBiy AiBi (1 - rAXs,,_)(l o rB"sr,.)
1-r S 1-r
AB; (1= e, AuBy (1= ray )1,
r r
Adby i, (1= rir,) AuBo rany (1~ 1)
r o
A,B; Taxe, Theg, AuBi Taxg, Tbxg,
1-r 1-r
A.ByJA,B, AB, M AiBilAuB;3 ApBj; r/‘xspi(l - rB"sr,.)
r o
AiB, Tax, Tbxe, ApBiy "Axs,i ersrl
1-r 1-r
1-r S 1-r
A;B, (1 - rAxCp)er“, AuBi (1 - rAxSr')erSFI

r

r

T, i Parental common founder and second founder, respectively. H.x and H,x are the alleles in the first and second haplotype of the founder Pcy, H;;x
and Hx are the alleles in the first and second haplotype of the founder Psp, in the locus at the map position x; r, r,, and ry, are the recombination
fractions between two informative markers A and B, and between the locus at map position x and markers A and B. The conditional probabilities
for the alleles H,x and Hx are given by Pr(H}xIA,,B,) =1 — Pr(H;x|A;B)) and Pr(H;x|A;B;) = 1 — Pr(H3x|A;B;).

where the coefficients 8y, Hyy o Oty Heg > Ot Hyy x and 8y, Hyg x
represent the fixed dominance effects between the QTL alleles
of the locus at position x of founders P¢rand Pg;.. A reduction
is achieved by setting the restriction on the dominance effects
& = 8HCFHSle = _SHCF”SF’,X = _SIIEF Hgex = SIICF Hg x> and using
the allele-substitution effects in [4], resulting in

= * #
Yi = pit+ OLHCF,(PHCFXIABU + OLHSFxPHSF.ﬂAB,.j +

Bi(ZPHCFxIABi] - 1)(2PHSFXIAB,-, - l) + g;. [5]

Here, §; is dominance effect in population i.

The details of reparameterization of models [2] and [4] are
shown in the APPENDIX. The models [3] and [5] are referred
to here as the additive effects model, and the additive and
dominance effects model, respectively.

Analyses of linear regression (Reyes-Valdés and Williams,
2002) can be implemented to estimate the models [3] and [5]
for every F, population, where ¥ is the intercept, and o
O‘Ew and §; are the regression coefficients. The additive effects,
and the additive and dominance effects linear models for the
single population analyses are written by convenience in matrix
notation as

a;
Y, =XB +te= [Xli Zi]{b} + e

=Xua +Zb +e;i=1...,q, l6l

where ¥ = [yi yn - yu] is the vector of phenotypic obser-
vations of the population i, »; is the number of individuals in
the population i; X;; = 1; as a vector n; X 1 of elements ones;
a, = L J is the intercept for the population i; Z; = lPHU,AB
PHSF,ABJ is the founder-ongm probab1hty matrix for the add1t1ve
model for the population i, PHCFIAB =

Py ns,  Prguas,

Py, s, ] is the vector containing the haplotypic conditional
probabilities for the populat1on i correspondmg to the common
founder Py, and BHSF/AIQ = LP Hgp3/AB;, P Hgp/AB, - P Hgp3/AB,, J 18
the vector containing the haplotypic conditional probab111t1es
corresponding to the founder P, of the population i; Z; =
Lp, /A, PHgia, Vi Jis the founder-ongm probability matnx for
the additive and dominance effects model for the population
i, ¥ =[w 'Yzz Vil vy = 2P Hey/AB; - DHEp Hy/AB; - 1);
b/ = [of . o x] is the vector of the fixed parameters for the
additive effects model aj; .. is the allele-substitution param-
eter of the putative QTL alleles in the common founder P and
aji. . is the allele-substitution parameter of the QTL alleles cor-
respondmg to the founder P, from population i; b} = [afi v
afi . §]is the vector of the flxed parameters for the additive
and dominance effects model, 9, is the dominance effect for
population i; e/ = [e;; €, - - €, ] is the vector of random de-
viations for population i. The random vector e; is assumed to
be normally distributed with E(e;) = 0 and Var(e;)) = R, =
Lio?. Here, I, denotes the identity matrix of order n; and o7
is the component of the residual variance corresponding to
population i. Alternatively, all populations can be analyzed
simultaneously using a covariance model with a structured
residual covariance matrix (Searle, 1971; Littell et al., 1996).
The linear model for the combined analysis is represented in
matrix notation by

y=XB +e=[X Z]{:j+e=xla+Zb+e. [7]

T J is the Vector of phenotypic obser-
GBXI,, @ denotes the matrix

Where y” = Ly y7--
vations of all populauons, X, =
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direct sum; a’ =lal al - r J is the intercept vector; Z =
[Py, a8 [@PHS .a,] is the founder-origin probability matrix for

the additive effects model with P} s = = [Ph van, Pl van, -
EHCFX/ABq_l; Z=
probability matrix for the additive and dominance effects
model; b" = [af; . aH“ .- of ] is the vector of the fixed co-
variate parameters for the add1t1ve effects model, of;_, is the
allele-substitution parameter of the putative QTL alleles in
the common founder P.r, and a,";w is the allele-substitution
parameter of the QTL alleles corfesponding to the founder
Py, of population i; b" = [af . O‘Hsrx . a”sr & 8- 9,]is

[P an @EHSFIAB, EB:y,-] is the founder-origin
b=l foi=1

the fixed covariate parameter vector for the additive and domi-
nance effects model, §; is the dominance parameter for popula-
tion i; and e’ = Le{ ef el | is the vector of random devia-
tions. The random vector e is also assumed to be normally
distributed with E(e) = 0 and Var(e) = Var(y) = R = @Io,,
given that the vector B only contains fixed-effect parameters

It is assumed that the genetic background effects absorbed
by the residual component of the model are independent among
individuals within populations in model [6], and among popu-
lations in model [7]. This assumption might be unrealistic be-
cause individuals within populations are full-sibs and among
populations are half-sibs. To control part of the genetic back-
ground by reducing the segregation variance generated by
linked and unlinked QTLs, when the analysis is performed for
a given position in the linkage map, appropriate markers out-
side of the interval analyzed can be fitted as cofactors in
models [3] and [5]. The addition of marker cofactors to par-
tially remove the background genetic effect has shown to in-
crease the sensitivity and precision of QTL mapping (Jansen
and Stam, 1994; Zeng, 1994). Since the number of observations
in the combined analysis differs from the number of observa-
tions in the single population analyses, the markers associated
with the interval analyzed for a given linkage group may differ
between the combined analysis and the single population anal-
yses. Therefore, the selection of cofactors sets should be done
separately for each single population analysis, and for the
combined analysis.

Cofactors are included in models [3] and [5] by adding
the term

kzel (VHCFthHCFkli/) + kEeI(VHSFkZiCHSFkZi])’ 8]
1 2

where [ is the interval of the linkage group analyzed and
delimited by two fully informative markers loci (A and B);
Ch,, iy and Cy, 4, ,, are the known coefficients for the k,th and
k,th markers Selected as cofactors of the common founder
and second founder of individual j from population i, taking
the value of 1 or 0 depending on the markers haplotype;
Vi, and vy . are the associated regression coefficients. The
model in matrix notation [6] is modified to include the cofac-
tors by redefining the following matrices

Xy = Ll’ QHCFL QHCle e gHCF’”M Qﬂsrli QHSFZi e QHSFmZIJ
and
T —
a; = Ll‘l"* VHerli VHe2 7" VHemy; VHgel; VHg2, 70 VHSFmZFI'

Where Cy,,, and Cy,,
cients of the k;th and k,th common founder and second
founder cofactors; m,; and m,; are number of marker cofactors
considered from common founder and second founder haplo-
types from population i. The model in [7] is modified by
redefining the following matrices as

are n; X 1 vectors of known coeffi-

X, = Lll QHSFli QHSin T QHSFmZiJ’

q
X, = [QHCFI QHCFZ T QHCle l_ejlxli],

T — sk e
a = L“‘i VHgel; Vg2, VHSFmZiJ’
a

— T T T
- LVHCFl VHer2 © " VHepm, A1 82 af]—l'

q
In this case, Cy,, i, is a >n; X 1 vector of known coefficients

of the k;th common follrlder cofactor, and m, is the number
of marker cofactors in the common founder haplotype con-
sidered in the combined model.

The estimation of the variance components for both single
population QTL analyses and combined analysis can be per-
formed by restricted maximum likelihood (REML) using a
ridge-stabilized Newton-Raphson algorithm, which given con-
ditions of regularity of the likelihood function and adequate
starting values, produces a quadratic convergence. The best
linear unbiased estimators of the fixed effects parameters are
obtained by solving the mixed model equations (Searle et al.,
1992; Littell et al., 1996). The analyses are performed at each
1 cM position in the linkage group, and the likelihood ratio
statistic (LR) is calculated by obtaining the difference between
the —2 times the REML log likelihood of the reduced model
with no QTL consideration (/)) and the full model with the
QTL parameters (/). Full models are represented by [3], [5],
[6], and [7]. The reduced models only include the parameter
p# and the random deviation g; for the population analyses,
and the vectors X;a and e for the combined analysis. The
REML log likelihood function for the full model is described
as follows

l]zn_

—1 —
i Xi

20, — XB)YR(y, — XB). [9]

for the single population analyses, where p = 3 + my; + my,
in model [3] and p = 4 + m,; + my in model [5]. If no cofactors
are used, then m,;, = m,, = 0. The matrices X; and R;, and the
vector B, are the established for the model [6]. Likewise, the
REML log likelihood function for the combined analysis is
represented by

=2 ;plog(ZTr) - %loglRl - %logXTR”Xl -

J6 - X BRIy - X B) [10]

The matrices X and R, and the vector B correspond to the
model [7]. In this case,p = m; + Emz, + 2q + 1 for the addi-

tive effects model,andp = m,; + EmzL + 3¢g + 1forthe addi-

tive and dominance effects model Note that m, + 2"121 =0
when cofactors are not considered in the model. '~

The REML log likelihood functions for the reduced models
() for the single population analyses and the combined analysis
are obtained substituting X; by Xj; and B; by a; in [9], and X
by X, and [i by a in [10], with p = my; + my + 1 in [9] and
p=m + Emz, + ¢ in[10]. —2 times the REML log likelihood

functions are evaluated with the values of the fixed effects vec-
tor and covariance matrix that maximize [9] and [10] given by
the Newton-Raphson algorithm; for example, the REML esti-
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mates of R and the generalized least squares estimates (GLS)
of B in (10), which are denoted R and f = (X'R™X)"~
X"R"y, respectively. The estimated variance-covariance ma-
trices of the GLS estimate of B; and B are (X/R;'X,)~ and
(XTR™'X)~ (Searle, 1971; Searle et al., 1992; Littell et al., 1996).

The significance of the putative QTL can be obtained by the
approximation of the likelihood ratio test to the x? distribution
(Self and Liang, 1987). The approximated thresholds are
Xamag and X, for the additive effects model and additive
and dominance effects model, respectively, where ¢ is the
number of populations (¢ = 1 for single population analyses)
and M is the number of intervals in the genome. The overall
significance level of a/M is discussed by Zeng (1994). The use
of empirical thresholds based on the permutation test would
be a more robust alternative (Churchill and Doerge, 1994),
however, computationally more demanding.

Genetic Considerations

Let us assume first an F; population developed from the
cross of the founder clones, P¢r and Pg, a putative QTL in the
locus at position x in the linkage group, with alleles H;x and
H,x in the founder P¢p, and the Hsx and Hyx alleles in the
founder Pgr. The regression coefficients of the phenotype on
H\x and H;;x founder-origin probabilities of the locus at posi-
tion x for F, individuals in model [3] and [5], represent the
fixed allele-substitution effect of Hx by H,x and H;x by Hx.

Since not all possible QTL allele combinations are obtained
in the heterozygous progeny in F; populations from crossing
QTL informative clones, there are some limitations in estimat-
ing dominance deviations. In fact, dominance can be estimated
only by a lack of parallelism between the phenotypic values
of the genotypic pairs H,Hx, H,H;3x, and H H,,x, H,H,x. Since
only these four genotypes are available for estimating both ad-
ditive and dominance genetic effects, with three degrees of
freedom, two independent parameters are used to estimate the
allele-substitution effects (o, and o ), leaving one degree of
freedom for estimating a dominance parameter. Given this con-
straint, we must imposed a restriction on the dominance effect
such that §; = 8Hcr""sr" = chrHsr X aHrDHsr" 8ch”sr o A
value 8; # 0 would indicate a lack of parallelism and imply
the existence of dominance among QTL alleles at a locus.
Conversely, however, a value of §;, = 0 would not definitively
exclude the existence of dominance, as the dominance effect
could be affecting the phenotype equally at all four genotypes,
in which case it is not detected.

This principle can be extended to several F, populations
that share a common founder. Such scenario is seen in the
context of breeding populations of fruit trees species, like
T. cacao, in which the common founder is a selected clone with
some very desirable traits, but also with undesirable genetic

constitution for other traits. This clone, therefore, it is crossed
to other selected clones with good complementary responses
to other characteristics for further selection of the superior
recombinants in the F; populations.

Theoretical calculations as well as computer simulation re-
search have shown that under conditions of regularity, high
resolution QTL mapping is dependant on large progeny sizes.
The power of QTL detection (the probability of a true marker-
trait association) is improved by decreasing the within-marker
class variance, or residual variance, which come with increased
sample size (Soller and Genizi, 1978; Lander and Botstein,
1989; Weller et al., 1990; Lynch and Walsh, 1998). In the most
general view, the g F; populations can be considered a set of
n =n; + n, +---+ n, individuals containing the common
founder P haplotype, establishing a very suitable scenario
in which to implement a haplotype-based approach for QTL
analysis. The power of QTL detection in a combined analysis
that includes all populations is expected to increase in a man-
ner proportional to the number of populations included in the
analysis, and hence increase in sample size, resulting in more
accurate QTL maps. When the intralocus interaction (domi-
nance) with the alleles of the second parent of every popula-
tion is incorporated into the model as showed above, however,
an additional assumption of independence from interlocus
QTL allele effects (epistasis) must be made. Departure from
this assumption might result in lower power of QTL detection
and biased estimates of the allele-substitution and dominance
parameters. Another consideration is that if the common
founder is not QTL informative (QTL heterozygote), then
Q. = Qy,,and afi T Qe T Qg = 0 in the single popu-
lation analysis and in the combined analysis, meaning that the
utility of the proposed method relies on the assumption that
the common founder is, indeed, heterozygous for the puta-
tive QTL.

Data Simulation and Statistical Analysis

Four data sets of five F, populations of 100 individuals ob-
tained from the crosses of one heterozygous common founder
clone (Pcr) with other five founder clones (Psy,, Psr, Psr,, Psr,
and Pg;) were simulated with a SAS macro for Windows
Version 9.0 (SAS Institute Inc., Cary, NC). The genome of
every individual consisted of two chromosomes of 100 cM in
length with one marker locus every 5 ¢cM, and two QTLs, the
first located at a position 59 cM distal from the beginning of
the first chromosome and a the second located at a position
29 cM distal from the beginning of second chromosome. The
genomes of the parental clones were simulated considering
different percentages of homozygosity (20, 30, 35, 40, 45, and
50% for founders Pcr, Psg,, Psg,, Psr,, Psr,, and Pgr, respectively),
represented by non-informative marker loci located randomly

Table 2. Genotypic values for the F, progeny of population i, with founders Py, and Py, (i = 1, 2, 3, 4, 5).

Genotype
H\H;x H,\H;x H,H;x H,Hx
Expected frequencies 1/4 1/4 1/4 1/4
Genotypic value Gz = Wi + oy + Gy = mi + oy + Gz = Wi + oy, + Goiy = Wi + oy, +
oy T d; Qp v T d; Oy, x — d; aﬂsrl,x + 8
Genotypic valuef Gl,i3 = H;k + (!;I;Cpx + Gl,i4 = IL;k + Gz,i:s = M?z + Gl,i4 = M;k + 9
for simulation o L+ B o .~ d; o d;

T Reparameterized genotypic value. H,x, H,x are the alleles of the putative QTL of the common founder Pc; in a locus at position x, with effect oy and
[ respectlvely, and H;;x and Hx are the alleles of the second founder PSF , with effects g v and o, e The allele-substitution parameters meet the
constram a,, b = O The reparameterized mean meets the constram wW=w+ag .+ oy

— Qg and aH - = oy, — oy - ot

sp, % ®




ke
)
2
@
)
)
S
0
@
=
=l
S
>
8
o)
o
<
s
O
S
@
(S
<C
=
o
>
=
2
(3]
o
w
o)
3]
c
2
(3]
w
o
o
S
@)
>
a8
e
)
<
D
o)
>
o
@
3]
C
Q2
(3]
w
o3
o
S
O
£
e
—
=
e
@
3]
=
S
o
—
o
()
o

CERVANTES & BROWN: QTL MAPPING IN CACAO BREEDING POPULATIONS 1577

through the chromosomes. A frequency of 5% of allele sharing
between founder clones for different loci was also included.
The recombination probabilities between homologs were ob-
tained under the assumption of no interference among marker
loci, and selecting the location in the chromosome at random
for each recombination. The genotypic model for simulation
corresponding to population i is described in the Table 2.

The four phenotypic data sets were simulated with additive
QTL effects in both chromosomes, but with QTL dominance
effects only for the first chromosome (Table 3), with very
specific restrictions on the genetic parameter values, explained
below. The allele-substitution coefficients for the first chromo-
some were set to

%

— L ® = L% % = L%
Qg = 20‘17”.” Qg x = 30LI]CFx’ Qg x = 40‘11“)”
1
¥ = Tk ER—
i x = SaHCFX and i = 0. [11]

Here, ojj . and o, refer to the allele-substitution of the puta-
tive QTL in the first chromosome of the common founder
and the second founder of population i (i = 1, 2, 3, 4, 5). The
dominance effects used for simulation were

1 1 1,
81 = ZOLI)FICFx’ 82 = Za;-klt;,:xv 83 = Za?;(;px’
1
by = o, and & = 0. [12]

for population 1 to 5, respectively. The restrictions on the
allele-substitution effects for the second chromosome were

ko = * = * = * = *
OLHCFx 07 OLHSFIX 07 OLHSFZX OLHSFJX aHSF“X
and
* —
oy, = 0. [13]

The residual component was obtained as a random observa-
tion from a normal distribution with mean zero and variance
set to meet the restrictions in Table 3. The statistical analysis
was performed with a SAS macro for Windows Version 9.0.
The macro estimates the reduced and full models (6) and (7),
the likelihood ratio test statistic, the covariance parameters
and their standard error with the MIXED procedure (Littell

Table 3. Genetic parameters used for data simulation of the five
populations using the model with additive and dominance ef-
fects, for two chromosomes of 100 cM in length each.

Populations
1 2 3 4 5
Mean 50 52 54 56 58
Phenotypic variance 100 108.6 116.6 125.4 134.6
Cvi 0.2 0.2 0.2 0.2 0.2

Variance explained
by the QTL, %

Chromosome 1

Sim.§ 1 10 7.8 6.7 6.0 4.9
Sim. 2 20 15.7 13.4 119 9.9
Sim. 3 40 313 26.8 23.8 19.8
Sim. 4 50 39.2 33.5 29.8 24.8
Chromosome 2
Sim. 1 (1} 6.2 5.7 5.3 0
Sim. 2 0 12.3 11.4 10.6 0
Sim. 3 0 24.6 22.9 213 0
Sim. 4 0 30.8 28.6 26.6 0

T Coefficient of variation.
% Simulated data set.

et al., 1996) at every 1 cM position of the linkage group. The
analyses were performed for the additive model and for the
additive and dominance model, the latter both with and with-
out cofactors. The significance of the allele-substitution for
the different founders and the dominance effects were tested
with a ¢ test. As candidate cofactors were considered all mark-
ers with the exception of the flanking markers of the interval
to be analyzed for the putative QTL. Cofactors were selected
for models (6) and (7) separately by multiple regression using
the backward method (o = 0.05).

RESULTS

Plots of the likelihood ratio (LR) test statistic against
the chromosomal position obtained with the additive
and dominance effects model are shown in Fig. 1. Analy-
ses of the first simulated data set with QTLs of the
smallest effects (Table 3) did not show particularly satis-
factory results in terms of the QTL position estimates.
However, analyses performed on the data sets of the
latter three simulations with QTLs of larger magnitude
showed that the QTL position can be estimated with
precision by this approach, as described next.

The LR test statistic was larger when this method,
based on founder-origin probabilities, was run on the
combined population analysis than when it was based
on single population analyses. This was expected since
the difference in the number of parameters between the
full and reduced models is not the same for the two
types of analysis. The extra number of parameters fitted
in the full model represents the expected value of the LR
test statistic according with its asymptotic x* distribution
(Self and Liang, 1987). Therefore, we compared the test
statistic of both methods to x* thresholds, defined by
the significance level and the degrees of freedom deter-
mined by the extra number of parameters fitted in the
full model. Thresholds using the x*> approximation are
X%405/40,3 = Xdoos3=15.8 and X%405/40,15 = X%.00125,15 =37.04 for
the single population analyses and the combined analy-
ses, respectively. The likelihood ratio had larger values
in chromosome 1 than in chromosome 2 over the chro-
mosome segment containing the putative QTL, as ex-
pected, since chromosome 1 has the larger QTL. Analyses
based on single populations showed larger values of the
test statistic than the respective threshold when per-
formed in the chromosome segment surrounding the pu-
tative QTL. The likelihood ratio obtained with the com-
bined analyses was larger than the threshold for the
most of chromosome 1. The absolute maximum of the
test statistic in the combined analyses was generally in
a segment very close to the true QTL position in the link-
age group, while the absolute maxima of the likelihood
ratio test statistic were slightly distant from this position
for the individual population analyses.

Likelihood ratio plots from analyses using the addi-
tive effects model only (results not shown) were very
similar to the plots in Fig. 1, but with slightly lower
values of the test statistic for chromosome 1. Figure 2
shows the plots of the likelihood ratio versus the chro-
mosome position for the analyses from the model with
both additive and dominance effects and with cofactors.
The number of cofactors included after the backward
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Fig. 1. Likelihood ratio curves vs. genome position of the haplotype-based QTL analyses for two linkage groups of 100 cM in length each, of

the simulated five F; populations (Popl,...,

elimination was variable, from none to 10 for the single
populations analyses and from 1 to 11 for the combined
analyses. Improvement was achieved when marker co-
factors were added to the model when estimating the
QTL position in chromosome 1 for simulations 2, 3, and
4, effectively removing substantial residual variance.
While the absolute maximum of the test statistic curves
tended to be over intervals close to the true QTL posi-
tion, the inflexion points flanking the maximum peaks
covered segments larger than 30 ¢cM in length when
analyses were performed without cofactors (Fig. 1).
These segments were narrowed to approximately 10 cM

Pop5) of 100 individuals each. The single population analyses and the combined analyses (Comb)
were performed under the additive and dominance effects model.

in length when cofactors were added to the analyses
(Fig. 2). The confidence intervals based on the two-
LOD rule (Van Ooijen, 1992) are shown in Table 4.
The cofactor model seriously misestimated the QTL
position in the first simulated data set with the smallest
QTL effects. However, the misestimation was no larger
than 1 ¢cM for QTL position in the other three simula-
tions with QTL alleles of larger magnitude. Shorter con-
fidence intervals containing true QTL positions were
obtained with the model that included cofactors for the
QTL in chromosome 1 in simulations 2, 3, and 4, no
larger than 6 cM.
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Fig. 2. Likelihood ratio curves vs. genome position of the haplotype-based QTL analyses for two linkage groups of 100 cM in length each, of
the simulated five F; populations (Pop 1, ..., Pop5) of 100 individuals each. The single population analyses and the combined analyses (Comb)
were performed under the additive and dominance effects model. Cofactors were included in the analyses with a window of 5 cM.

The estimated effect for the allele-substitution values
of QTLs contained in the founder clones using the addi-
tive and dominance effects model are shown in Table 5.
The estimates were obtained with the combined analy-
ses using cofactors, and correspond to the likelihood
ratio curves showed in Fig. 2. In the first simulated data
set with small QTL values, the estimated effects of the
QTL alleles in both chromosomes were less accurate, nor
did the analysis find the correct position of the QTLs.

For the QTL alleles on chromosome 1, the allele sub-
stitution in all four simulations (Table 5) was signifi-
cantly different from 0 only for the common founder

and the second founder of the first population. For the
latter three simulations, even though there is an upward
bias in the point estimates of the allele-substitution ef-
fects of these founders, a 95% confidence interval con-
tains the true parameter value. Zeng (1993) showed that
the partial regression coefficients are biased estimates
of QTL effects. In this research, the allele-substitution
effects of QTL alleles in the common founder were up-
wardly biased from approximately 15, 5, and 7% for
QTLs that explain on average 14, 28, and 35% of the phe-
notypic variance across populations (Table 3). Larger
bias was observed for the point estimates of the allele-
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Table 4. Estimated position of the putative QTL and its confi-
dence interval (in parentheses) for the analyses performed
using the model with additive and dominance effects.

QTL positionf

with a relatively good approximation to the true value,

as expected with QTL alleles of stronger magnitude.
The estimates of dominance effects are shown in Ta-

ble 6. Most of the significant dominance coefficient esti-

Chromosome  Simulation  Without cofactors  With cofactors mates were observed for chromosome 1 of the third and
oM fourth simulations, in which the dominance effect of the
1 1 62 95 QTL had a larger magnitude. As in the case of the
(44, 95) (93, 95) allele-substitution effect, there was a tendency among
2 (536068) (566061) the significant coefficients to overestimate the true pa-
3 59 58 rameter value. There were two false positives, one in
. (555,963) (555’961) the allele-substitution effect and one in the dominance
(53, 62) (56, 61) coefficient, both on chromosome 2 (Table 5 and 6).
2 1 39 95
(2, 68) (86, 95)
2 29 30 DISCUSSION
(22, 33) 17, 34)
3 263034 263033 This study shows the use of breeding populations of
4 ( 30 ) ( 30 ) outbred plant species to map QTLs based on founder-
(27, 34) (26, 33) origin probabilities (Reyes-Valdés, 2000; Reyes-Valdés

T The estimated QTL position was obtained as the point in the linkage
map at which the likelihood ratio statistic showed a maximum value.
The confidence intervals were obtained using the equality LOD = LR/
(21n 10) (Lynch and Walsh, 1998) and the two-LOD rule. The true QTL
position is x = 59 ¢M in chromosome 1 and x = 29 in chromosome 2.

substitution effects for QTL alleles in the second parent
of the first population with larger standard errors than
in the common founder. The average effect of allele sub-
stitution in chromosome 1 of founders 3 and 4 were not
significant. These were QTLs of smaller effect than of
those from the common founder and the second founder
of the first population, as given by (11). Seventy-five
percent of the estimates of the allele-substitution effects
in chromosome 2 of founders 2, 3, and 4 were significant

and Williams, 2002) that trace specific haplotypes from
the founders to their progeny. Figures 1 and 2 showed
that the test statistic values are increased when a set of F;
populations with one common founder are considered in
the analysis, and the absolute peaks of the curves were
within approximately 1 cM of either side of the real
QTL position in the linkage group for quantitative trait
loci that explain, on average, a minimum of 14% of the
phenotypic variation. Although the allele-substitution
effect of mild and strong QTLs in the common founder
was often overestimated (Table 5), a 95% confidence
interval contains the real value of the parameter.

The most recent QTL map for cocoa was developed
by Clement et al. (2003a, 2003b), from the crosses of

Table 5. Allele-substitution effects of the parental founder clones corresponding to the five simulated populations. The true parameter
values are shown on the first row of every combination of chromosome and simulation number, the estimated position and effect
below, and the standard error of the estimated effect (in parentheses).

Founder clones
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QTL
Chromosome Simulation position Pcr Psp, Py Py PSF4 Py,
cM
1 1 95 5.2 2.6 1.7 13 1.0 (1}
11.4* 19.4% -0.2 0.6 0.5 —5.8
5.9 (8.0) (8.0) “.1) 9.0) 9.7)
2 60 7.3 3.6 24 1.8 1.5 0
8.4 7.3%% —4.1 0.9 -1.2 -17.2
(0.9) (2.0) 3.7 2.7 3.0) (6.8)
3 58 10.3 5.2 34 2.6 2.1 0
10.8%* 7.0%* 9.8+ 0.1 0.7 2.7
(0.8) 1.7) (2.2) 5.2) 4.0) 2.7
2 59 11.5 5.8 3.8 2.9 2.3 0
12.3%* 8.3 6.0%* -1.6 —-53 —-4.1
(0.8) 2.0) @7 (2.5 2.7 3.1
2 1 95 0 0 5.2 5.2 5.2 0
2.6% 1.2 —-0.4 4.1 2.0 0.4
1.2) 1.9) (9.6) (11.0) 2.1 (22)
2 30 0 0 73 73 7.3 (1}
0.2 0.9 9.6%* 7.1%% 4.8% -0.8
(0.8) (1.6) (2.0) 1.9) (2.0) (2.0)
3 30 (1} 0 10.3 10.3 10.3 (1}
-0.8 0.9 10.9%* 11.1* 10.7+* -0.6
(1.8) (1.6) (1.8) (1.6) (1.9) (2.3)
4 30 0 0 12.3 12.3 12.3 0
-1.7 1.1 12.1%* 9.8+ 10.2%* 1.6
(1.8) 1.7) (1.6) (1.6) 1.7) 2.1

* Significance at a probability of 0.05.

** Significance at a probability of 0.01.

F The estimated QTL position was obtained as the point in the linkage map at which the likelihood ratio statistic showed a maximum value. The true
QTL position is x = 59 ¢M in chromosome 1 and x = 29 in chromosome 2. The standard errors were obtained as the squared root of the appropriate
elements of the diagonal of the matrix (X"R™'X)". P, Py, stand for common founder and second founder i (with i = 1, 2, 3, 4, 5), respectively.
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Table 6. Dominance effects for the five simulated populations. The true parameter values are shown on the first row of every combination
of chromosome and simulation number, the estimated position and effect below, and the standard error of the estimated effect

(in parentheses).

Population
QTL
Chromosome Simulation positionf 1 2 3 4 5
cM
1 1 95 1.3 1 0.9 0.7 0
11.1* 1.6 -2.6 -0.3 -21
4.8) 4.9) (5.6) (5.5) (5.6)
2 60 1.8 1.5 1.2 1.0 0
1.5 1.3 3.7+ 1.8 -0.7
(0.8) (1.1) (1.0) 1.2) (1.0)
3 58 2.6 21 1.7 1.5 0
2.0%* 0.8 2.4* 4.0%* 1.4
0.7) (1.0) (1.0) (1.2) (1.3)
4 59 2.9 2.3 1.9 1.6 0
3.1 1.2 4.2%% 1.4 0.9
(0.8) 0.9) (1.0) 1.1 1.1)
2 1 95 0 0 0 0 0
-0.4 0.7 -0.1 1.4 1.4
(1.0) (1.4) (1.5) (1.0) (1.1)
2 30 0 0 0 0 0
-0.7 -0.2 0.2 1.9 -0.9
(0.8) (1.0) 0.9) (1.0) (1.0)
3 30 0 0 0 0 0
11 -14 -0.7 0.6 0.5
(0.8) 0.9) (0.8) (1.0 1.2)
4 30 0 0 0 0 0
-0.9 -0.5 1.7 0.9 0.2
0.9) (0.8) (0.8) (0.8) (1.1)

* Significance at a probability of 0.05.
** Significance at a probability of 0.01.

T The estimated QTL position was obtained as the point in the linkage map at which the likelihood ratio statistic showed a maximum value. The true
QTL position is x = 59 ¢M in chromosome 1 and x = 29 in chromosome 2. The standard errors were obtained as the squared root of the appropriate

elements of the diagonal of the matrix (X"R'X)".

three female parental clones DR1, S52, and IMC78 and
the male parental clone Catongo. DR1 and S52 are
Trinitario genotypes and IMC78 is an upper Amazon
Forastero, with heterozygosity estimates of 37, 27, and
27%, respectively; Catongo is a lower Amazon Foras-
tero clone with a highly homozygous genotype. Each
population was analyzed individually using an approxi-
mation to a testcross. The number of individuals of the
populations developed from the female parents DRI,
S52 and IMC78, were 96, 94, and 125 for yield compo-
nents, vigor, and resistance to P. palmivora, and 95, 88,
and 124 for bean traits and ovule number, respectively.
QTL analyses using a backcross model with a sample
size of 100, and assuming an informative marker linked
5 cM from the putative QTL, would be able to detect
a QTL whose segregation accounts approximately a
minimum of 23% of total variance with a power of
detection (probability of detecting a true association)
0of 90% and a significance level of 5% (Lynch and Walsh,
1998). A Half-Sib Design in which every marker infor-
mative male parent is crossed to 100 female parents and
a single offspring is scored from each mating, would
have a power of detection of 44% with a significance
level of 5% and assuming a linked informative marker
5 cM away from the QTL that explains 14% of the phe-
notypic variance. However, power is increased to 75%
if three half-sib families of 100 offspring each are used
to perform the analysis, and to 90% if five half-sib fami-
lies of 100 offspring each are used for the calculations
(Lynch and Walsh, 1998). The results that we presented
using the haplotypic-based method give clear evidence

that combining F; populations to perform association
analysis would increase the likelihood ratio peaks over
the region where the QTLs are located, as discussed by
Jansen et al. (2003) for multiple related F,; populations,
yielding more accurate and precise QTL maps than sin-
gle population analyses, especially for mild and strong
QTLs contained in the common founder. However,
more extensive simulation research should be done to
test the proposed method that would include different
number of populations and population sizes, unequal
sizes among populations, and multiple QTLs in a linkage
group. This method was designed to be implemented
with fully informative codominant markers, such as re-
striction fragment length polymorphism (RFLP) and
simple sequence repeats (SSR). Less-than fully informa-
tive markers or dominant markers cannot be used with
the haplotypic method as described above. Research
should be done on the implementation of partially infor-
mative markers to estimate QTL as an extension of the
approach outlined in this study.

Marker cofactors were successfully used in the models
of this research to control genetic background (Jansen
and Stam, 1994; Zeng, 1994). Another possibility to
explore to control genetic background for more precise
QTL estimation is the use of a structured covariance
matrix that would include both components of genetic
variance and covariance among individuals (Gianola
et al., 2003; Lund et al., 2003; Piepho, 2000), given that
individuals of the same population are full-sibs and in-
dividuals from different populations with one common
founder are half-sibs. Thus, the Cov(y;, y;) = d; and
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Cov(y;, yi) = d, are the covariances within and among
populations due to additive and nonadditive gene ac-
tion, including possible correlations caused by the envi-
ronment. Precise prior estimates of the narrow sense
heritability for the analyzed trait would allow separation
of the additive component of variance and covariance of
nonadditive components, otherwise they will be pooled
together because of unreplicated F, progeny. We used
a ridge-stabilized Newton-Raphson algorithm in this re-
search that generally converges with few iterations and
makes available asymptotic sample variances for the es-
timated parameters, however, requires matrix inversion
in each iteration, making it highly demanding of com-
putational resources. A covariance QTL analysis with
a structured variance covariance-matrix as described
above could also be performed with a derivative free
algorithm that would require more rounds to reach con-
vergence but would be computationally feasible since
matrix inversion is not required (Meyer, 1989; Searle
et al., 1992).

The haplotype-based approach proposed in this study
requires founders that are both marker informative and
QTL informative, requiring crosses between founders
with heterozygous QTL genotypes with relatively closely
linked heterozygous markers. Such a set of conditions
indicates that this method is better suited for highly
heterozygous outbred plant species, as is the case of
many out crossing perennial plants with high genetic
load (Williams, 1998), and with mainly additive gene
action, as has been shown for cocoa clones (Clement
et al., 2003a). In addition, combining populations by a
common founder for QTL analysis implies the assump-
tion of no interaction of the putative QTL with the ge-
netic background. In the use of this approach in full-
sib F; populations, every founder appears in more than
one cross, allowing the combining of populations by
common founders for QTL analysis (each population will
be in more than one combination), increasing not only
the accuracy and precision of the QTL position and ef-
fect estimates, but also the number of the putative QTLs
given the increase in the number of parents considered.

APPENDIX
Reparameterization of Models [2] and [4]

The allele effects are reparameterized in terms of the allele-
substitution effects as follows

Wi T o Prgwas, + OLHCF,X(l - P HCFx/ABi]»)

+ OLHS,,xP Hgpx/AB;; + aHS,;,X(l - P HS,.x/ABi,.)

w + (XHC,:XPHC[:X/AB,-]- + X px (XHCF,XPHCFX/ABU‘

J’_

OLHSF’XPHSFX/AB’./. + oo . — O‘Hsp,xPH:px/AB,ﬂ,

= (p“t + OH + OLHSF’,X) + (aHCFx - OLHCF,X)
Phpvan + (aHSF'X - aHSF',X)P Hyp/AB;

= w + ajj Pugvas, + OLI?SF’.XP Hyrx/AB;*

The reduction in the dominance parameters is achieved as
follows

BHCFHSF’XP HCFX/AB,IP Hypxia; T SHCFHXF,,XP HCFX/ABUP HypvAB; T
BIICF,IISF’J(P Hepwias, + Phigwan, + SIIC,,-,IIS,:’,JP Hepw/aB Pligp s, =
BX(PHCFX/AB”PHSFX/ABU - PHCFx/ABUPHSF,x/AB,] -

PHCF,X/AB,,PHSFX/ABU + PH(_‘FvX/ABqPHXF"r/ABl]) =
BX[PHCFX/ABIJ‘ - (1 - PHCFX/AB!J)][PHS"X/ABU a
ax(ZPHCFJ/AB‘-j - 1)(2PHA'FV/ABU - 1)

(1 — PHSFX/ABU)] =
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