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Abstract A quantitative trait locus (QTL) analysis
designed for a multi-parent population was carried out and
tested in oil palm (Elaeis guineensis Jacq.), which is a
diploid cross-fertilising perennial species. A new extension
of the MCQTL package was especially designed for
crosses between heterozygous parents. The algorithm,
which is now available for any allogamous species, was
used to perform and compare two types of QTL search for
small size families, within-family analysis and across-
family analysis, using data from a 2 x 2 complete factorial
mating experiment involving four parents from three
selected gene pools. A consensus genetic map of the
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factorial design was produced using 251 microsatellite loci,
the locus of the Sh major gene controlling fruit shell
presence, and an AFLP marker of that gene. A set of 76
QTLs involved in 24 quantitative phenotypic traits was
identified. A comparison of the QTL detection results
showed that the across-family analysis proved to be effi-
cient due to the interconnected families, but the family size
issue is just partially solved. The identification of QTL
markers for small progeny numbers and for marker-assisted
selection strategies is discussed.

Introduction

Oil palm (Elaeis guineensis Jacquin) is a cross-fertilising
arborescent monocot of the genus Elaeis that originates
from West Africa (Hartley 1988). Its diploid genome
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consists of 16 homologous chromosome pairs (Schwendi-
man et al. 1982). Its physical size estimated by flow
cytometry is 3.9 pg/2C (Rival et al. 1997). Oil palm is the
world’s leading source of vegetable oil and fat with an
annual production of 40 million tons of palm oil along with
4.4 million tons of palm kernel oil (USDA). For the best
varieties oil yields per hectare are ten times greater than
soybean yields. The breeding scheme used by CIRAD
(France) and its partners (Gascon and de Berchoux 1964) is
a variant of the reciprocal breeding scheme of Comstock
et al. (1949). It exploits the heterosis obtained by crossing
parents from two groups of populations, DELI and AFRI-
CA, as their production components are complementary
(Meunier and Gascon 1972).

The fruit of oil palm is a drupe. It is made of pulp
(mesocarp) from which palm oil is extracted, an endocarp
called the shell, and a kernel that also contains oil. Three
fruit varieties exist due to a major bi-allelic co-dominant
gene called Sh, which controls the presence or absence of
the shell and the degree of endocarp lignification (Beirnaert
and Vanderweyen 1941). The dura type (genotype Sh-+/
Sh+) produces large fruits with a thick shell and relatively
little mesocarp in weight terms. The pisifera type (geno-
type Sh—/Sh—) is usually female-sterile, and its rare fruits
are relatively small, without any apparent shell and with a
relatively large amount of mesocarp. The tenera type is the
hybrid Sh+/Sh— genotype with fruits that have a shell of
intermediate thickness and they contain abundant meso-
carp. The fenera varieties, naturally more productive for
palm oil, are the commercial varieties that are improved
and distributed to planters.

The use of molecular markers has been discussed since
the 1990s to genetically improve the oil palm (Jones
1989; Baudouin 1992; Jack and Mayes 1993; Mayes et al.
1996, 2000). Various genetic mapping strategies have
been proposed by Ritter et al. (1990), Stam (1993),
Grattapaglia and Sederoff (1994) and Schiex and Gaspin
(1997) for a cross between heterozygous parents of cross-
fertilising species from which lines cannot be obtained.
Mayes et al. (1997) published the first genetic map in oil
palm using restriction fragment length polymorphism
(RFLP) markers. Moretzsohn et al. (2000) published a
second linkage map in oil palm using amplified fragment
length polymorphism (AFLP) markers. A reference
genetic map with a high marker density has been pro-
duced for oil palm (Billotte et al. 2005). Singh et al.
(2008) published the first map for oil palm containing
gene specific cDNA-RFLP markers.

Few QTL analyses exploited these linkage maps, which
were established on a single mapping population in each
case. Rance et al. (2001) used the map of Mayes et al.
(1997) to detect QTLs for traits including yield of fruit and
its components and measures of vegetative growth. More
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recently, a framework map of a selected oil palm parent
was used to detect QTLs controlling the oil palm quality
measured in terms of iodine value and fatty acid compo-
sition (Singh et al. 2009).

Several quantitative traits mean numerous QTLs for
which heterozygosity and allelic diversity cannot be well
sampled by only one or two mapping parents for a
cross-fertilising diploid species. Extrapolation of QTL
results to other progenies or gene pools can be disap-
pointing due to an absence of polymorphism at the QTL,
different associations between the marker alleles and the
QTL, new alleles at the QTL, and/or other unpredicted
effects.

The number of individuals studied, the magnitude of the
QTL effect, and the heritability of the trait have a very
strong influence over the power of QTL detection tests
(Melchinger et al. 1998). Given the substantial bulk of oil
palm, the standard planting density is 143 palms per
hectare. For cost reasons, current classical genetic trials
involve a small number of palms, usually between 60 and
75 per family. This is sufficient to estimate the average
characteristics of a given cross, but less appropriate for
QTL detection. Small numbers of individuals per cross like
in classical genetic trials raise the problem of bias-free
sampling of segregating marker alleles and QTLs in the
progeny. Likewise, only QTLs with a sufficient effect
are detected, whilst the other QTLs remain undetectable
(Paterson et al. 1990).

The use of several parents (or families) better samples
the allelic richness at the targeted QTLs. Depending on
the gene pool, such an approach provides more effective
detection and evaluation of the effects of the QTLs
and their stability (Muranty 1996). For instance,
Knott et al. (1996) and Elsen et al. (1997) proposed
methods for multi-marker mapping of QTLs in half-sib
populations.

The main purpose of our study was to test a QTL search
by multi-parent linkage mapping in full-sib families with a
small number of individuals using the strategy of Muranty
(1996) based on a 2 x 2 complete factorial genetic
experiment. This article describes our work stage by stage:
phenotypic characterisation of the genetic material studied,
construction of a consensus genetic map of the multiple
cross design using SSR (single sequence repeat) loci, and
QTL searches by two approaches: (1) a within-family
analysis for four separate families assuming a total of four
QTL alleles per family, (2) an across-family analysis
allowing unique QTL alleles for all parents with a total of
eight alleles. For that purpose, a new extension of the
software MCQTL (Jourjon et al. 2005) was especially
designed for crosses between heterozygous parents.
Twenty-six quantitative phenotypic traits for vegetative
growth and yield were studied.
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Materials and methods
Parameter estimation population

A phenotypic characterisation of crosses derived from
AFRICA and DELI parents was performed based on a
genetic trial planted in 1986 by the SOCFINDO estate
(Medan, Indonesia). This location offers highly favourable
agro-climatic conditions for oil palm growing. The trial is
testing 15 full-sib families. Each family is a single cross
between two heterozygous parents: one fenera parent from
AFRICA and one dura parent of the DELI population
introduced into Indonesia in the nineteenth century. The
genome of each parent was a mosaic of fixed or hetero-
zygous parts obtained from successive inter-crossing, back-
crossing or selfing of ancestors. The experimental design is
a randomized complete block design (RCBD) with 5 rep-
lications of 15 palms per replication (i.e. 75 different palms
per family). A control cross LM2T x DA10D, a best
hybrid from a first breeding cycle, was represented twice
(150 palms).

Individual phenotypic trait recording

The fruit variety and 26 vegetative or yield traits were
available for all crosses of the genetic trial. Fruit yield and
its components bunch number and weight were individu-
ally recorded over two periods: an immature period from
3-5 years after planting and a mature period from
6-9 years after planting. The physical bunch components
for mature palms were recorded on surviving palms over
two successive years (2 bunch analyses/palm/climatic
season, i.e. 8 bunch analyses/palm). The palm oil iodine
value (proportion of unsaturated fatty acids) was estimated
by two measurements for each genotype. The number of
spikelets per bunch was measured on the analysed bunches
of the control cross LM2T x DA10D. Vegetative growth
measurements were made for the surviving 15-year-old
palms.

Phenotypic characterisation

Statistical analyses of phenotypic data were carried out
using SAS software (SAS Institute Inc., USA). The range
and distribution of the values were checked to assess the
quality of the records, and the distribution of the residual
errors was checked by an analysis of variance (ANOVA).
Some records were discarded in the case of Ganoderma
disease symptoms, which could have affected phenotypic
values in the past life of the palm. The value distributions
followed normality according to the Kolmogorov—Smirnov
test (Chakravarti et al. 1967).

Estimation of parent means and variances

Two ANOVA mixed linear models with (model I) or
without (model II) interaction effects between parents were
used to model the phenotypic value of the genotypes. The
results showed that interaction effects between the DELI
and AFRICA parents were negligible or non-existent (data
not shown). A model Il ANOVA was, therefore, adopted.
The variances were estimated and the parent means of the
trait phenotypic values corrected by the Sh gene effect were
compared using the Tukey’s test (Siegel and Tukey 1960)
for each variety (dura or tenera). The heritability of the
phenotypic traits was not estimated, as the parents were not
present in the experimental trial.

Relationships between phenotypic traits

The correlations between traits were calculated on the basis
of the individual variables according to the classic Pearson
model. The correlations were calculated between the
residual errors of the model II ANOVA. These “intra”
correlations were those estimated from the individual
phenotypic values minus the additive effects of the fixed
factors of the ANOVA (replication, DELI parent, AFRICA
parent, off-springs dura or tenera variety, etc.). The cor-
relation thresholds were considered at a risk o of 5 and 1%.

Multi-parent mapping population

Within the genetic trial, a 2 x 2 complete factorial mating
experiment of four unrelated parents was genotyped and
used for QTL analyses (Fig. 1). These four parents
belonged to the La Mé population from AFRICA (tenera
LM2T), the Yangambi population from AFRICA (tenera
LM718T) and the DELI population (dura DA10D, dura
LM269D). The LM2T x DA10D cross was represented by
116 palms and each other cross by 61 palms after elimi-
nating dead, illegitimate or abnormal trees. That
LM2T x DAI10OD cross was previously used to establish
a reference high-density linkage map of the oil palm

Genetic Backgrounds — Deli
Map Parents —— dura
} DA10D LM269D
tenera genotypes 12 34
La Mé LM2T 56 12x56 34x56
Yangambi | LM718T 78 12x78 34x78

Fig. 1 Multi-parent mating design of four connected full-sibs
families, with eight potential alleles segregating from parent geno-

types ij
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(Billotte et al. 2005). The phenotypic data of the multi-parent
mapping population were corrected to eliminate the effect
of environmental factors. For each trait, the effect of the
blocks was estimated and the effect of the experimental
plots was predicted, under the assumption that these last
effects where normally distributed inside the blocks. The
phenotypic data were also standardised in mean and vari-
ance for both dura and tenera varieties to eliminate the Sh
major gene effect, which could bias the QTL search results.
Finally, the environmental-free and Sh-corrected values Yy
used for the QTL search were values where all genotypes
had their means and variances brought back to those of
tenera-like genotypes: Yy = u + o + d.1 + Eg where p
is the trait global mean, o, is the mean of cross ¢, .t is the
additive effect of the tenera variety within-cross ¢, and Ey
is the standardised residual error.

SSR analyses

A total of 390 simple sequence repeat (SSR or micro-
satellite) marker loci developed in oil palm (Billotte et al.
2001, 2005) along with 21 transferable coconut (Cocos
nucifera L.) SSRs were screened for polymorphism in the
four parents of the multi-parent design. The SSRs were of
the (GA),, (GT), and (CCG), types. Microsatellite loci
were named mEgCIR when amplified by oil palm SSR
primers and mCnCIR when amplified by coconut SSR
primers. A subset of 278 SSRs was selected for linkage
mapping, including 255 SSRs mapped on the LM2T x
DAI10D reference high-density linkage map of oil palm
(Billotte et al. 2005). The criteria for choosing these SSRs
were (1) a good distribution along the genome, with an
average density of 10-20 cM, which is appropriate for
QTL analyses (Muranty 1996), (2) the highest proportion
of polymorphism in the three genetic backgrounds. Total
genomic DNA was extracted from freeze-dried leaf sam-
ples of each progeny and parent using the commercial
DNeasy Plant Mini Kit extraction kit following the man-
ufacturer’s protocol (Qiagen, USA). SSRs were genotyped
as described by Billotte et al. (2005). The genotype con-
figurations of the SSRs, as well as of the Sh locus, were
coded according to the nomenclature of Ritter et al. (1990),
which latter comprises nine cases of one to four alleles
segregating in a cross between heterozygous parents.
Molecular data regarding E-Agg/M-CAAI132, an AFLP
marker close to the Sh locus, were available for the
LM2T x DA10OD genotypes (Billotte et al. 2005) and
added to the data set. y° tests for segregation distortion
were carried out for all loci comparing the observed ratio
with the expected ratio for each specific locus configuration
(1:1, 3:1, 1:1:1:1 or 1:2:1). %> analyses were performed at
thresholds of P = 0.05 and P = 0.01.
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SSR linkage mapping

Each cross between heterozygous parents was considered
to be a double pseudo-test cross (Grattapaglia and Sederoff
1994). Linkage phases between markers were determined
using JoinMap v. 3.0 (Van Ooijen and Voorrips 2001). In a
few cases, the estimated phase between marker alleles
segregating from a parent was different from one cross to
another involving that parent. The same phase in different
crosses was necessary to map the alleles that were com-
mon to several parents and crosses and to attribute the
same effect to the allele (value and sign). The allelic
phases were, therefore, corrected when necessary based on
the crosses LM2T x DA10D and LM718T x LM269D
for which the number and density of markers were the
highest. The CARTHAGENE software (Schiex and Gaspin
1997) lacks an algorithm to estimate the linkage phases
between markers and it only analyses marker data with
already estimated phases. CARTHAGENE has the signif-
icant advantage of simultaneously generating and esti-
mating the reliability of several maximum likelihood
multipoint maps with relative orders of markers more proba-
ble than those estimated by JoinMap (Schiex and Gaspin
1997). An integrated SSR linkage map was, therefore, estab-
lished for each cross using CARTHAGENE, at LOD 3.0 with
a maximum recombination threshold of 0.5. The Haldane
mapping function was used to convert recombination fre-
quencies into map distances (Haldane 1919). Finally, the
individual Haldane linkage maps of the four crosses were
integrated into a unique Haldane consensus linkage map of the
multiple cross design, also using CARTHAGENE.

QTL search methodology

The 2 x 2 factorial mating design corresponded to an
incomplete factorial allelic design of eight alleles in seg-
regation (Fig. 1). The QTL search was performed using a
new module of the MCQTL software (Jourjon et al. 2005).
This module, MCQTL Outbred, was developed to analyse
one or more related crosses between diploid heterozygous
parents. Small differences exist between MCQTL Outbred
and Elsen et al. (1999)’s approaches implemented in
QTLMAP (INRA, France). Marker phases of parent design
are assumed to be known and QTL genotypes are inferred
with an exact multimarkers method in MCQTL Outbred,
whereas marker phases of parent design are estimated and
QTL genotype inferred with an approximate multimarkers
method in QTLMAP.

However, the main difference is that MCQTL Outbred
allows a connected model to take into account that parents
can be shared between families whereas QTLMAP allows
only a disconnected model, i.e. within-family QTL effects.
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We used the two models implemented in MCQTL
Outbred: (1) the within-family model for four separate
families, which deals with each family separately and
assumes a total of four QTL alleles per family, (2) the
across-family model, which allows unique QTL alleles for
all parents for a total of eight alleles. We considered a
genome-wide risk o of 4% for the within-family analyses.
This is equivalent to a chromosome significance of 0.25%
and corresponds to a global risk of 16% for the across-
family analysis assuming the independence of the four
within-family analyses and using the Bonferroni correc-
tion. The Haldane’s consensus linkage map of the multiple
cross design was used regardless of the QTL search model
for a better comparison of the results. A code was added to
the name of each QTL in the tables and figures to indicate
which model(s) enabled its detection. We assumed that
both models identified the same QTL when the confidence
regions overlapped.

Within-family analyses

Initially, we used a previous version of MCQTL Outbred,
limited to a within-family model with additive and domi-
nance QTL effects (not published), using the Sh-corrected
data of the cross LM2T x DA10D. No or negligible
dominance effects were found at the QTLs (data not
shown). Therefore, an additive model was adopted for the
subsequent QTL analyses, using only the Sh-corrected
data. The within-family model was a simple regression
additive model (Haley and Knott 1992). The corrected
phenotypic value Y. of the ks individual of cross ¢ was
modelled by

L
I
Yoo =ttt DD Pyl + ook
=1

where y. is the global mean in cross ¢, L — 1 is the number
of genetic cofactors, pékﬂ is the probability of the indi-
vidual having genotype ij at the QTL or cofactor locus !/
given the marker information, Gé‘ij is the genotype mean at
locus [ in cross ¢ and ¢y is the residual error. The deri-
vation of the parent allele origin probabilities was per-
formed as per Jourjon et al. (2005). The genotype
probabilities at the markers were computed every 5 cM.
The iterative QTL mapping (QTLm) technique of
Charcosset et al. (2000) was the scan method used to deal
with a multiple QTL model of the genome, with an exclu-
sive window of 5 cM around the putative QTL and a for-
ward stepwise method to select genetic cofactors from the
whole genome. A genome-wide Fisher test significance
threshold was estimated trait by trait for each cross by the re-
sampling method and permutation of the trait data (1,000
iterations) according to Churchill and Doerge (1994).

F threshold values were very similar whatever the cross or
the trait (data not shown) and averaged 8.6 for the 4% risk
o within-family analysis. The QTL search was performed
based on this F' threshold of 8.6 (or LOD threshold of 3.7).
The confidence region of a significant QTL (of the type
LOD — x) was defined as the chromosome segment
corresponding to a 1 LOD unit decrease from the LOD max
(Van Ooijen 1992). The contribution of a QTL to trait
phenotypic variance was estimated by the R* coefficient
(percentage of the explained phenotypic variance). At any
given QTL, the sum of the two QTL allelic effects of each
parent was null by constraint of the model.

Across-family model

This model was a generalised linear regression model. The
approach is similar to half-sib analyses proposed by Knott
et al. (1996) and later extended to full-sib analyses by Van
Kaam et al. (1998). It assumed the same locations of QTLs
and genetic cofactors for all crosses. The within-family
residual variances were assumed to be equal. The Hfj allelic
effects of a QTL at a locus [/ were assumed to be inde-
pendent of the cross. This implied that additive allelic
effects depended only on the parents. The model was made
estimable for all the QTL allelic effects by generalising the
constraints applied to the within-family model, i.e., the sum
of the allelic effects at a given QTL were fixed to zero for
each parent. The across-family model was applied using
the genotype probabilities previously computed and the Sh-
corrected data for each cross. Iterative QTL mapping
(AIQTLm) was the scan method, as it was for the within-
family model. At each position / of a QTL, a Fisher test
was performed under the null hypothesis of all parameters
indexed to /. A genome-wide Fisher test significance
threshold was estimated trait by trait by the re-sampling
method and permutation of the trait data (1,000 iterations)
according to Churchill and Doerge (1994), which was
adapted to the multiple cross design by limiting permuta-
tions of the trait data to within-family permutations. The
average significant F threshold value was 4.5 at the gen-
ome-wide global risk o of 16%. The QTL search was
performed based on this F threshold of 4.5 (or LOD
threshold of 3.9) with a forward cofactor selection thresh-
old of 4.0. The model parameters were estimated for each
significant QTL (position, confidence region, R, effects).

Results
Characterisation of individual phenotypic traits

No significant deviation was found from the 1:1 segrega-
tion ratio expected within each cross for the Sh major gene.
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Table 1 Significant intra-correlations between the individual phenotypic traits of the oil palm production

Production traits
Bn3 5 Bwt3 5 FFB3 5 PO3 5 Bn6 9 Bwi6 9 FFB6_ 9 PO6 9

aBwt

Bunch components

Spikelets Fn Fwt %FB %PF___%POP__IER %KF

0.59" 0.49* 0.38** -0.35™* 0.22** 0.19*
0.37** 0.25** -0.29** 0.65** 0.17**
0.82** 0.10** 0.17** 0.40**
0.32**
0.66**
0.09*

0.31**
0.57**

-0.57** 0.50**

Production traits

-0.27**

0.36*

-0.37*
0.49*

-0.24**
0.28**

*

0.27¢ 0.12**  0.12**
0.20™*

-0.13**

0.30** 0.33** 0.52** -0.30™*

*

-0.32**
0.40**

-0.31**
0.38™*

*

0.10*

0.16** 0.35"* 0.35"* 0.56™* -0.35**

Spikelets
Fn

Fwt

%FB
%PF
%POP
IER

|

%KF

Bunch components

0.67**  0.76**

0.56**

0.29**  0.35** -0.14*  0.11* -0.14**

-0.30**

Intra-correlations are those estimated on the individual phenotypic values from which were cut off the effects of the fixed factors of the ANOVA
model II (replication, parent DELI, parent AFRICA, variety dura or tenera, etc)

Significant o correlation thresholds are 5% (*) and 1% (**)

Correlations above 0.5 are in bold

No values deviated significantly from a normal distribution
(P > 0.05): the distribution was mono-modal and sym-
metric with no out of norm values (data not shown). The
ANOVA analysis of the phenotypic data showed that no or
negligible interaction existed between replications and the
other factors of the experimental design (data not shown).
At the 1% limit, no vegetative trait depended on the dura or
tenera variety of the palm. All in all, there was no signif-
icant correlation between the individual vegetative traits
and the yield traits (data not shown). Only one strong
correlation existed between the vegetative traits, between
the mature frond petiole width (P_W) and thickness (P_T).
Correlations between production traits are given in
Table 1, including the strong classic negative correlation
between bunch number (Bn) and average bunch weight
(aBwt). The phenotypic means and variances for the Sh-
corrected traits in the factorial mating experiment are given
in Table 2. Between-cross variances were relatively higher
for bunch number, average bunch weight, fruit number,
average fruit weight, iodine value, petiole width, and leaflet
dimensions. Apart from the stem height and the oil/meso-
carp percentage, all the means revealed a significant con-
trast for the multiple cross design.

SSR linkage maps of the multiple cross design

The integrated SSR map for LM2T x DA10D had 16
linkage groups (LG) and 253 loci, including 251 SSRs, the
Sh locus and its marker E-Agg/M-CAAI132 (Table 3). It
measured 1,479 cM with an average marker density of
6 cM. The linkage groups spanned 134 cM on average
with a range of 61-250 cM (LG 4). The marker locus
E-Agg/M-CAAI32 was mapped at 7.4 cM from the Sh
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locus at the end of LG 4. The most informative SSR loci,
with three or four alleles, represented 47% of the mapped
loci and had an average density of 32 cM on the genome.
The regions with low marker density in LM2T x DA10D
were also generally regions with low marker density on the
other maps. These latter were elaborated with 111, 130 or
93 marker loci, including the Sh locus. Their average
density was between 10 and 12 cM. The two maps
involving the parent LM269D were shorter because some
distal chromosomal portions were not represented. On an
average, the four maps shared three common SSR loci on
each LG (48 in all). Distances between common loci were
found to be heterogeneous on some groups (nos. 7, 12, 15,
16). The unified consensus map of the 2 x 2 factorial
design consisted of 253 loci (251 SSR, the Sh locus and its
marker E-Agg/M-CAAI132) like the SSR map of
LM2T x DAI10D (Fig. 2). In relation to the reference map
of LM2T x DA10D (Billotte et al. 2005), the SSR con-
sensus map measuring 1,731 cM revealed good genome
coverage. The average marker density was 7 cM.

Effect of the Sh locus on quantitative phenotypic traits

The QTL analysis performed on the initial phenotypic
data of the LM2T x DA10D cross showed that, except
for the totally determined variety, eight yield traits were
strongly influenced by the region of the Sh locus
(Table 4). The Sh effect amounted to around 20% of the
phenotypic variability in bunch number and total bunch
weight for mature palms (Bn6_9, Bwt6_9). The Sh effect
was very strong for four bunch components (Fwt, FB%,
PF%, KF%) and for the resulting palm oil industrial
extraction rate. The Sh effect reached 90% of the
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Table 2 Individual phenotypic traits, coefficients of variation of crude data and off-springs phenotypic means corrected by the Sh major gene
effect, estimated for each parent of the 2 x 2 complete factorial mating design

N Trait Acronym Coefficients of variation (%) Phenotypic means corrected

by the Sh effect

2 x2 Intra-cross Inter-cross DELI parent AFRICA parent

factorial
1 Fruit variety Type dura tenera dura tenera dura tenera DA10D LM269D LM2T  LM718T
Production
2 Average bunch number/palm/year at 3-5 years Bn3_5 222 21.1 25 25 128 133 27.3a 26.2b 29.2a 23.6b
3 Average bunch weight at 3-5 years (kg) Bwt3_5 306 300 25 27 233 233 5.1a 6.2b 5.0a 7.1b
4 Fresh fruit bunch yield/palm/year at 3—-5 years (kg/palm/year) FFB3_5 20.1 19.1 29 29 83 6.6 136.2a  145.7b 143.1a  152.3b
5 Palm oil yield/palm/year at 3-5 years (ton/ha/year) PO3_5 248 224 41 30 9.1 11.6 4.0a 4.5b 4.3a 4.7b
6  Average bunch number/palm/year at 6-9 years Bn6_9 386 355 38 35 341 31.6 18.0a 12.4b 17.5a 11.7b
7  Average bunch weight at 6-9 years (kg) Bwt6_9 346 343 22 26 294 314 13.3a 18.1b 13.2a 20.7b
8  Fresh fruit bunch yield/palm/year at 6-9 years (kg/palm/year) FFB6_9 162 179 2.6 25 6.6 62 219.9a  196.7b 216.5a  215.2a
9  Palm oil yield/palm/year at 6-9 years (ton/ha/year) PO6_9 215 190 36 25 7.1 44 6.6a 6.2b 6.5a 6.8a
Bunch components
10 Average weight of the analysed bunch (kg) aBwt 353 403 37 44 289 342 18.0a 24.2b 17.4a 28.9b
11 Average number of spikelets per bunch Spikelets - - 24 26 - -
12 Average number of fruits per bunch Fn 35.1 34.0 37 36 260 25.6 1,388.2a 1,959.4b 1,390.8a 1,949.3b
13 Average weight of the fruit (g) Fwt 189 195 23 31 106 134 8.9a 8.6a 8.9a 10.8b
14 Fruit to bunch ratio (%) %FB 45 52 07 08 1.8 33 66.4a 68.0b 66.9a 69.4b
15 Pulp to fruit ratio (%) %PF 9.1 47 1.0 08 23 24 68.5a 68.9a 68.5a 69.9b
16 Palm oil to pulp ratio (%) %POP 6.7 53 1.1 1.1 1.4 06 56.4a 56.1a 55.1a 54.4a
17 Palm oil industrial extraction rate (%) IER 135 11.0 1.9 1.4 25 62 21.9a 22.6b 21.8a 22.9b
18 Iodine value (proportion of unsaturated fatty acids) 1 9.7 41 0.7 0.7 30 29 54.5a 54.0a 55.0a 52.3b
19 Kernel to fruit ratio (%) %KF 168 199 24 32 81 59 9.8a 9.5a 10.5a 9.9b
Vegetative growth
20 Stem height (m) Ht 9.6 9.8 1.7 1.7 1.7 32 685.6a  684.1a 644.8a  660.8a
21 Average number of leaves per crown Leaf_n 18.1 168 32 33 7.1 7.7 33.8a 35.9b 34.1a 38.0b
22 Average length of the leaf L17 (cm) L17_L 70 59 1.1 1.2 23 15 636.1a  657.3b 647.3a  652.9a
23 Petiole average width of the leaf L17 (cm) P.W 149 9.8 1.4 1.4 73 74 9.3a 9.2a 8.9a 10.1b
24 Petiole average thickness of the leaf L17 (cm) P.T 95 83 1.6 1.7 28 24 4.7a 4.5b 4.6a 4.6a
25 Average number of leaflets per leaf L17 Lt n 48 49 08 09 1.6 1.0 169.1a  171.7b 174.1a  172.9a
26 Leaflet average length of the leaf L17 (cm) Lt L 89 94 1.3 1.3 83 86 107.9a 96.4b 96.2a 104.8b
27 Leaflet average width of the leaf L17 (cm) Lt W 11.0 10.8 1.4 1.5 10.8 8.6 6.1a 6.8b 6.8a 6.0b

IER = 0.855 x %FB x %PF x %POP/10,000

The means are compared according to the Tukey’s test at the risk threshold o of 5%

The letter a or b indicates the significant identical or different means within each of the two genetic backgrounds DELI or AFRICA

variation in the mesocarp/fruit percentage (PF%). The Sh
locus did not have any significant effect on the yield traits
of immature palms, on the average number of spikelets
per bunch (spikelets), on the average number of fruits per
bunch (F,), or on the palm oil/mesocarp percentage
(POP%).

QTLs identified using within-family analyses
At a risk o of 4% at the genome level (8.6 < F), 60 QTLs

of 24 traits were identified in the four crosses (Table 5).
The smallest number of QTLs per cross concerned the

crosses with the parent LM269D. No QTL was detected for
the fruits/bunch ratio or the average number of spikelets
per bunch. Only one QTL was significantly present in three
out of the four crosses (that for petiole width P_W), and all
the other significant QTLs were specific to one or another
of the crosses. In fact, in many cases, other crosses also
showed a peak in the region of the QTL but this peak did
not reach significance (data not shown). The QTLs had an
average confidence region of 19 ¢cM (£12 cM) when five
particular regions exceeding 50 cM were excluded from
the calculation. The minimum, average and maximum R?
effects were 23, 31 and 45%, respectively. The gene pool

@ Springer
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Table 4 Effects of the Sh region on the LM2T x DAI10D traits, estimated on the crude phenotypic traits

Trait Code Linkage Position® Closest F° R? Estimated effects
group  (cM) marker value (%) - B
locus Genetic QTL
background -
LM2T x DA10D LM2T DAI10D

Production
Average bunch number/palm/year at 3-5 years  Bn3_5 - - - - - - -
Average bunch weight at 3-5 years (kg) Bwt3_5 - - - - - - - -
Fresh fruit bunch yield/palm/year at 3-5 years FFB3_5 - - - - - - - -
(kg/palm/year)
Average bunch number/palm/year at 6-9 years Bn6_ 9 4 5.0 Sh 169 24.0 19.5 1.6 0.5
Average bunch weight at 6-9 years (kg) Bwt6_9 - - - - - - - -
Fresh fruit bunch yield/palm/year at 6-9 years FFB6_9 4 5.0 Sh 120 18.0 219.8 15.7 2.0
(kg/palm/year)

Bunch components
Average weight of the analysed bunch (kg) aBwt 4 5.0 Sh 9.1 154 15.5 1.2 0.0
Average weight of the fruit (g) Fwt 4 7.4 Sh 72.0 595 8.9 1.3 0.1
Fruit to bunch ratio (%) %FB 4 7.4 Sh 253 336 657 1.9 0.0
Pulp to fruit ratio (%) %PF 4 7.4 Sh 4395 898 67.0 10.8 0.8
Palm oil industrial extraction rate (%) IER 4 12.4 Sh 56.2 529  20.7 25 07
Kernel to fruit ratio (%) %KF 4 5.0 Sh 39.6 452 10.8 1.2 03

* From the first marker of the linkage group
° 4% genome-wide F threshold = 8.6

¢ Parent allelic effect (absolute value of the effect of one or the other QTL allele)

Table 5 Synopsis of the QTL detected using the within-family or across-family models of MCQTL Outbred, at the « genome-wide risk of 4%

per family
Identified QTL by the Code Single cross F2 x 2 Total
model(s) Design

1 2 3 4 C

LM2T x DAIOD LM2T x LM269D LM718T x DA10D LM718T x LM269D
Within-family model only i- 15 13 0 - 32
Within-family and across iC 13 5 5(1) 5(1) (28) 28

models

Across model only -C - - - - 16 16
Total 28 9 18 (1) 5(@) 44 76
Percentage 37% 12% 24% (+1%) 7% (+1%)

79% 21% 100%

(+37%)

The 4% genome-wide F threshold is 8.6 for the within-family model, 4.5 for the across-family model

Within brackets (): QTL already detected on another single cross

effects estimated in each cross by the within-family model
were coherent with the means per cross that were previ-
ously estimated (Supplementary material).

QTLs identified using the across-family model
At a global risk of 16% at the genome level (4.5 < F), i.e.,

4% per cross, 44 QTLs were detected by the across-family
model, of which 16 QTLs had not yet been identified by the

within-family analyses (Table 5). The QTLs had an aver-
age confidence region of 22 cM (£14 cM) when four
particular regions exceeding 50 cM were excluded from
the calculation. The minimum, average and maximum R?
effects were 6, 10 and 24%, respectively. Although their
estimation was arbitrary by definition of the model with
two opposite allelic effects for a given parent, the parent
substitution allelic effects at the QTL were coherent with
the amplitude of the within-cross phenotypic standard

@ Springer
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deviations, which were calculated per DELI or AFRICA
parent (Supplementary material).

Comparison of the within-family and across-family models

At a risk o of 4% per cross at the genome level, a total of
76 QTLs were identified, of which 42% (32) were identi-
fied by the within-family analyses only and 21% (16) were
identified by the across-family analysis only (Fig. 2;
Table 5). The positions and confidence regions of the
QTLs estimated by the two types of analyses were gener-
ally the same. When a QTL was detected by both analyses,
its R* value as estimated by the across-family analysis was
on an average 60% lower than that estimated by the within-
family analyses (Supplementary material). Two types of
QTLs were observed with respect to their F and R* values
as estimated by the within-family model (data not shown):
(1) QTLs whose F values at given R? effects were rela-
tively high, and which were mostly detected by the across-
family model; (2) QTLs whose F values were relatively
low at given R? effects in a smaller number in a given
cross, and which were often not identified by the across-
family model. We shall not give details of the QTL effects
as those estimations by MCQTL Outbred are currently
being validated.

Discussion
Phenotypic characterisation of the genetic material

An additive genetic determinism model was evidenced from
our data set irrespective of the quantitative phenotypic trait
studied. This point aligns with similar conclusions from
previous genetic studies of DELI x AFRICA material and
of the species in general (Gascon and de Berchoux 1964;
Noiret et al. 1966; Baudouin et al. 1989). QTL search algo-
rithms based on a purely additive analysis model can be used.
This point is important because to our knowledge there is no
linear QTL search model to date that makes it possible to test
and estimate dominance or epistasis effects in the simulta-
neous analysis of several crosses between heterozygous
parents. However, epistasis may be important in some of the
studied complex traits. If so, neglecting it may produce a bias
in the effects and position estimations of the QTLs. Regret-
tably, epistatic interactions cannot be assessed with few
individuals. The DELI or AFRICA parents had significant
effects in general on the value of the off-springs individual
traits. Therefore, it was reasonable to expect numerous QTLs
specific to each of those gene pools (and each of the parents).
However, the low within-cross variances may not have been
enough for efficient QTL detection within a cross if the traits

were not accurately observed or in cases with relatively large
environmental effects (such as for the fruits/bunch ratio).
The variance between full-sib families probably accounted
for a fair share of the variance associated with the markers.
The close or co-localised QTLs are in coherence with asso-
ciated or pleiotropic genes affecting strongly correlated
traits, such as the bunch number in immature and mature
palms and the average bunch weight in immature and mature
palms. Different genes would be involved in the three rela-
tively independent bunch components, namely the palm oil/
pulp percentage, the pulp/fruit percentage and the fruits/
bunch percentage.

Efficacy of the multi-parent mapping design
and QTL search models

Our search for QTLs by multi-parent linkage mapping
proved to be efficient in oil palm given the relatively large
number of QTLs identified when compared with those from
a single bi-parental cross. The larger population size of the
multi-parent system provides greater detection power for
the QTLs of a given parent shared by several crosses. On
the other hand, the multi-parent method does not alleviate
(or only slightly alleviates) the strong consequences of the
small number of individuals per cross in our system, which
explains why QTLs could be identified by one model but
not the other. Many QTLs that were identified by the
within-family model were not detected by the across-
family model. Chances are for those to be artifacts due to
the small sample size and less dense linkage map. This is
even clearer because the environmental effect has been
eliminated. If not artifacts, they could be explained
according to the theoretical simulations by Muranty
(1996): the power of detection of a given QTL decreases
with the rising number of parents for QTLs whose effects
are small, especially when the family size is small. In
addition, it is surprising that very few QTL were identified
in more than one cross. More number of QTLs should be
shared among crosses having common parents. Despite not
significant, the maximum F values often observed in other
crosses, at the same position than the QTL evidenced in a
given cross, are a strong indication that QTLs are effec-
tively shared but not significantly evidenced due to the
small sample size again. Muranty (1996) and Melchinger
et al. (1998) demonstrated also through simulation studies
that, even with large numbers of individuals, the statistical
power of QTL detection remains modest for QTLs with
limited effects. If a QTL was detected in a given family, it
in fact had little chance of also being detected in one or
more other families. In our study, we started by estimating
the parent marker phases separately in each of the crosses.
This practical approach may have generated a few errors.
False QTLs might undoubtedly have occurred but no more
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than a few. This point needs to be checked by using new
statistical methods for phase estimation in multiple-cross
data (such as that carried out by Wu et al. (2002) using a
maximum likelihood method) and by repeating the detec-
tion experiment on an independent dataset.

We will not compare our QTL results with those
obtained on a single cross by Rance et al. (2001) or Singh
et al. (2009). Indeed, there is about no common markers
between our respective genetic maps allowing to align
linkage groups and to compare QTLs. A good strategy for
our teams to do so would be to re-analyse our respective
mapping populations using a common set of co-dominant
markers, such like SSR markers, quite dense and well-
distributed along the genome.

Validation and integrated use of QTL markers in oil palm

The critical question is whether the QTLs are real or artifacts.
The QTLs identified by the two types of analyses were
located coherently with respect to correlations between
phenotypic traits. The QTLs of complex traits (oil yield,
average bunch weight, oil extraction rate) were often asso-
ciated with one of their components. The QTLs for strongly
correlated traits were often logically co-localised (e.g.,
bunch number and average bunch weight). The QTLs of
parameters measured at different ages were often found in
the same zones. Some doubt remains about the validity of
some QTLs detected by the within-family model only and
those that displayed large confidence intervals. It will be
essential to validate and estimate the existence and positions
of the QTLs by our multi-parent linkage method on another
larger sample of individuals. That work could be also
undertaken as by Utz et al. (2000) using re-sampling and
cross-checking methods, and by validating with independent
samples. Itis clear that large families should be used to better
detect QTLs or quite simply to guarantee their reality (Xu
1998). Given the bulk of oil palm, planting 100 individuals
per cross is already a restrictive maximum in the field.
However, this could be considered in conventional genetic
trials if efforts are made to integrate QTL detection and the
use of QTL markers into classical breeding schemes. Spe-
cifically, genetic field testing could be easily adapted so as to
systematically generate, validate and exploit QTL informa-
tion. Based on our study, a way is by across-family analysis
using genetic blocks of small factorial or diallele designs
connected to each other by common parents. Melchinger
et al. (2004) also recommended exploring other biometric
and QTL mapping methods, including Bayesian (Bink et al.
2002) and identity-by-descent-based methods (Yi and Xu
2000). Lastly, the question remains how to estimate the true
effect of a given QTL allele to be selected, since MCQTL
Outbred only gives arbitrary values of substitution allelic
effects. Here, a pragmatic approach could be to perform a

@ Springer

variance analysis for the different genotypic classes of the
QTL marker alleles either on the progeny themselves used
for the QTL detection or better on independent sets of indi-
viduals issued from the selfing of the parents being selected.
These genetic materials are currently available in commer-
cial oil palm seed gardens. It will also be advisable to specify
which research approach is the most promising for marker-
assisted selection and has a high probability of being
implemented and/or successful: What support will it provide
for conventional selection schemes and improved seed pro-
duction? What role should early selection play? What new
neutral or gene markers need to be developed to ensure
marker-assisted selection that is as efficient as possible?
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