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Abstract Validation of a quantitative trait locus (QTL)
for outcrossing perennial plants is rarely reported due to
complexity of plausible genetic models and reliance on
field designs already available. Here, a particular marker-
QTL haplotype exerted a large, positive effect on height for
Pinus taeda and its origin could be traced to a founder,
GP;3, in a three-generation QTL pedigree. To validate this
QTL effect, we used an extended GP3-based pedigree. In
the validation cross, each of the 46 offspring was clonally
propagated from developing seeds using somatic embryo-
genesis technology. Subsequent analyses were conducted
separately for seedlings and for other somatic emblings.
For seedlings, the original QTL effect could not be fully
validated. For somatic emblings, a strong negative QTL
effect was detected in the validation cross; some evidence
from another cross-supported the original positive QTL
effect. From this part of the analysis, three distinct marker-
QTL haplotypes at a single locus could be inferred. Vali-
dating QTL haplotypes in readily available field tests was
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feasible despite the genetic model complexity inherent to
outcrossing long-lived perennials.

Introduction

For the special case of outcrossing long-lived pedigrees
drawn from natural populations, validating a quantitative
trait locus (QTL) is often complex and fraught with
ambiguity. Validation does require a different pedigree
(Lande and Thompson 1990) but these pedigrees should
have one or more founders common to the original QTL
detection pedigree (Muranty 1996; Verhoven et al. 2006).
Otherwise, linkage equilibrium between a marker locus and
its QTL (M-QTL) can add new sources of ambiguity
(Maliepaard et al. 1997; Williams 1998). Even so, there are
many other obstacles which must be considered.

First, one must consider the possibility that the QTL
might be polymorphic in one pedigree yet monomorphic in
another. Second, multiple QTL alleles per locus are often
segregating in highly heterozygous populations and these
can confound plausible genetic models especially if non-
additive effects are strong (i.e. van Eck et al. 1994;
Groover et al. 1994). Third, delayed reproductive onset and
longevity places a premium on using readily available
tests; otherwise years would be required to breed and test
these selections. One alternative to such a lengthy delay is
to plant clonally replicated genotypes across several loca-
tions (Bradshaw and Foster 1992) then search for suitable
pedigrees at a later date. Another method is to conduct
a priori founder-origin analyses to pinpoint chromosomal
segments of interest (Reyes-Valdés and Williams 2002;
Williams and Reyes-Valdés 2007) then search related
pedigrees only for these segments. Whatever the method,
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optimal QTL validation for outbred, long-lived species is
still an open question. Here we present a case study using
Pinus taeda as an example.

Resolving the complexity of QTL validation for long-
lived organisms is illustrated as follows. P. taeda (Gwaze
et al. 2002, 2003; Reyes-Valdés and Williams 2002) is an
outcrossing conifer reported to have a large, positive QTL
haplotype. The QTL was detected using two flanking
microsatellite markers. The QTL effect explained 12.2% of
the phenotypic variance of height at age 4 years (HT4).
The QTL haplotype, inferred as A;,—Q;—Bs, was inherited
from founder GP; or 7-56 (Gwaze et al. 2003). Note that
this original pedigree tested the QTL effect segregating
among offspring from a GP; descendant, P54, rather than
from GP; directly so all QTL haplotypes transmitted by
founder GP; could not be inferred from the original study.

Quantitative trait locus validation began with an initial
cross between the original founder GP; and GPs. Their
offspring were clonally propagated using somatic
embryogenesis technology (von Arnold 1987) then planted
at multiple locations. The next steps were two related
studies based on other GP; pedigrees: one was based on
seedlings and the other used additional somatic emblings.

Our study objective was to determine if the putative
marker-QTL segment influencing HT4 was consistently
expressed across related genetic backgrounds regardless of
propagation method.

Materials and methods
Marker assays and QTL notation

In the original QTL detection study (Gwaze et al. 2003),
PtTX3030 was defined as locus A with alleles 4, 12 and 16
(356, 324 and 300 bp, respectively). This microsatellite has
a repeat motif (TA)s...(GGT);o which is highly polymor-
phic; to date, 18 alleles have been found, as follows: 398,
364, 363, 356, 350, 348, 346, 342, 336, 333, 326, 324, 320,
314, 303, 300, 298 and 295 bp within P. faeda. Its
sequence and its repeat structure is moderately conserved
in hard and soft pines as well as sister taxon Picea rubens
(Kutil and Williams 2001; Liewlaksaneeyanawin et al.

Fig. 1 Relationship between Founders (or
the original QTL detection
pedigree, now corrected, and the
initial QTL validation cross
GP; x GPs used in this study.
The second marker locus, B,
was determined to be
monomorphic. This finding
collapsed the QTL validation
analysis to a single marker

Grandparents)

Parents
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2004). PtTX3030 mapped closely to the putative QTL
allele in the original study (Fig. 1). Its flanking marker was
microsatellite PtTX3127 for linkage group 13 (Zhou et al.
2003). PtTX3127, shown in Fig. 1 as locus B, was also
segregating in the original QTL pedigree for alleles 1, 2
and 5 (185, 181 and 168 bp, respectively). Nuclear
microsatellite assays for the validation study were run by
an independent lab, VizionSciTec Ltd., in Vancouver, BC,
Canada using P. ftaeda microsatellite primer sets for
PtTX3030 and PtTX2127. QTL effects are haplotypic
and here they refer to effects associated with a respec-
tive marker allele inherited from a specific parent; QTL
genotypic effect refers to the marker genotype of the
individual.

QTL pedigrees

The outcrossing conifer, P. taeda, has historically large,
interconnecting populations extending throughout the
southeastern US (Al-Rabab’ah and Williams 2002). Pop-
ulations east and west of the Mississippi River Valley are
mildly differentiated at DNA and phenotypic levels. Low
linkage disequilibrium characterizes this species (Brown
et al. 2004). For the original QTL pedigree, four unrelated
founders or grandparents, known as GP,—GP, were assayed
(Gwaze et al. 2003). Parent P34, was an offspring of GP;
and GP4. As such, it was thought to have received the
A|,—Bs haplotype from GP; and a phase-unknown haplo-
type A;—B; from GP,. The parental cross, Pj, X Pay,
produced 90 seedling offspring which were measured for
height at age 4 years (Fig. 1; Gwaze et al. 2003).

The first part was based on the validation cross between
founders GP; and GPs (Fig. 1). These founders originated
in wild populations in Williamsburg County, South Caro-
lina (GP3) and Onslow County North Carolina USA (GPs).
Their 46 offspring were clonally replicated from develop-
ing seeds using somatic embryogenesis then outplanted as
emblings. Marker genotypes were assayed from laboratory
cultures. For the subsequent step, QTL validation was
conducted in two parts using (a) seedling offspring
(N =97) from the original QTL cross GP; x GP, and (b)
analysis of nine more marker genotypes from related GP3

GP4 GP2 GP4 GP; GPs

A7 732 A4782 AI(J*BZ X A!z Q1 B X Az Qx_B

Am - Bz A14 -B A4 -B Aa -0,- 2 Ax _Qn_B

P12 P34 Full-Sib Offspring of GP3 X GP5
A; X Ap ﬂ h iﬂ ﬂ

Ag Ag Ay A, A A
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pedigrees in the same somatic embling tests as the vali-
dation cross (Fig. 2). The larger field experiment included
17 somatic embling families, seven full-sib families and
four open-pollinated seedling families.

Experimental field test design

For the initial validation cross, emblings were planted in
single-tree incomplete block designs planted at each of five
random Georgia USA locations: Glynn County; Wayne
County; Perry County; Screven County and a nursery in
Wayne County. As part of a planned imbalance design,
clonal replicates for each of the 46 offspring genotypes
ranged from zero to eight per location (N = 1,017). Each
location was planted with eight resolvable replications per
site. The incomplete block design was generated using
CycDesigN Version 2 (Whittaker et al. 2002) with an
incomplete block size of 12 trees (six trees each in two
adjacent rows).

Quantitative trait locus validation was conducted using
data from only one cross within this larger field experiment.

One subsequent analysis, based on seedlings, was con-
ducted using 97 offspring from the cross GP; x GP4
planted at a location separate from five locations planted
with somatic emblings (Fig. 2). Another subsequent anal-
ysis was based on somatic emblings; these included nine
clonal lines from three other crosses (GP; x OP, GP; X
GPg and P;_g X Pg_;¢) planted in the same five locations as
the validation cross (Fig. 2).

Statistical analysis

All measurement data (all somatic and seedling families)
across five locations were used in an analysis to estimate
the fixed effect of location and variances for replication,
incomplete block, family, clone within family and their

Fig. 2 The extended pedigree,

based on founder GP5, was used

for the combined QTL

validation analyses conducted in

three parts: a validation cross AX
which was cloned via somatic GP7
embryogenesis or SE (N = 46

genotypes) and b subsequent

analysis based on seedlings

(N = 97) planted at a separate

location and ¢ subsequent

analyses based on other crosses

based on somatic emblings

planted at the same locations

as (a)

SE n=1

interactions while an indicator variable included marker
effects for the appropriate genotypes for the cross GP; x
GPs. Thus marker effects were estimated using a single
analysis. For the cross GP; x GPs, the QTL effects for
height at 4 years (HT4) were estimated using SAS Proc
Mixed with a linear model as follows:

Yijiimno = i+ T+ Lj + TLjj + yMy +yF; +yMFy + yLM
+VLFj + YLMFjiq =+ Fy(j) + by (m) + fam,,;)
+ j~C()(n) + lfamjn(i) + ;“lcjo(n) + rfammn(ij) + Cijklmno.

Model terms included as fixed effects were as follows:
the mean (u); propagule type as somatic family, full-sib
family or open-pollinated family (7;); location (L;); the
interaction of propagule type and location (TL;); QTL
effects for GP3 (yM}), and for GPs (yF)); QTL genotype
(yYMFy,); location by QTL effects (yLM; and yLFj; for the
ith location); and location by marker genotype effects
(yLMF ;) where 7 is an indicator variable that is 1 when the
marker genotype is known and O otherwise. Random
effects included replication within location (7.,
incomplete block within location and replication (b)),
family within propagule type (fam,;), clone within family
for propagule type ‘somatic’ (Ac,)), location by family
within propagule type interaction (/famy,), location by
clone within family interaction for propagule type
‘somatic’ (Alcjony), replication by family interaction
within location and propagule type (rfam,,,;), and
residual (ejjximno) for somatic propagules and ey, for
zygotic propagules) where A is an indicator variable which
is 1 for propagule type ‘somatic’ and O otherwise. Different
variances were allowed for propagule type for all random
variables containing the subscript ‘i’ including the residual.
The phenotypic observation for HT4 for somatic
propagules was y;jumn, but for other propagule types, the
observation for HT4 was y;j,,. An alpha level of 0.05 was
used for significance of the fixed effects.

PtTX3030 Marker Genotypes for the Extended GP3 Pedigree

N=46 +9+97
A9, 14 A4,12 A2,8 A4,16
GP6 GP3 GP5 GP4
SE n=4 SE n=46 Seedlings n=97
A8,12  A4,10

(GP8XGP3) P,, x P, (GP9xGP10)

N

SE n=4

@ Springer



90

Theor Appl Genet (2007) 116:87-94

For the subsequent seedling analyses, the 97 seedlings
were planted in a single block. For the subsequent analysis
based on somatic emblings, nine marker genotypes were
available from three more crosses planted at the same
locations as GP; x GPs (see Eq. 1).

Results
Validation: re-genotyping the original QTL pedigree

Re-genotyping GP; and GP, showed a new marker inher-
itance pattern. Locus B or PtTX3127 was monomorphic; its
second band was a paralogous locus rather than an allele.
This means, contrary to published results (Gwaze et al.
2003), that founders GP; and GP, had the same PtTX3127
allele 2 (181 bp). The correct chromosomal location for
PtTX3127 has subsequently been reported in a consensus
Pinus spp. linkage map (C. G. Williams, unpublished).
This finding collapsed the QTL validation study to a single
marker-QTL segment.

The corrected GP; haplotypes were now A;,—B, and
A4—B, and the corrected GP, haplotypes were A;—B, and
A16-B, (Fig. 1). The new founder GPs was segregating for
marker PtTX3030 with alleles Ag (342 bp) and A,
(364 bp) (Fig. 1). Note that the M-QTL segment was
defined as a haplotype because the chromosomal segment,
although of indeterminate genetic distance, can include
other polymorphisms or even tightly linked, multiple QTL
in addition to marker PtTX3030.

Validation pedigree using a single marker

The largest QTL genotypic effect detected here was neg-
ative, not positive as expected (Tables 1, 2). Large non-
additive or M X F interaction effects were detected for the
validation cross, GP; X GPs (Table 3). The combination of

Table 1 PtTX3030 allele and genotypic effects (and standard errors)
for HT4 for QTL validation cross GP3; X GP5 shown here

Source PtTX3030 allele HT4
or genotype effect (m)
GP; Ay 5.59 £ 0.26
A 595 +0.25
GPs A, 5.58 £0.26
Ag 5.96 = 0.26
GP; x GPs Ar-Ay 5.20 £0.29
As—Ag 5.98 +£0.27
A-A; 5.96 = 0.27
Ajr-Ag 594 £ 0.28
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GP;s allele A4 and GP; allele A, together produced a visibly
shorter phenotype (a mean difference of 0.9 m, which was
statistically significant at P < 0.0001, Fig. 3). The other
three marker genotypes (AA 12, AgAi2 and A4Ag) had HT4
means which were statistically similar (P > 0.44). The
negative QTL effect was consistently associated with
marker genotype A,A, across sites (Table 2).

Marker genotype X environment (G X E) effects were
also present although most of the effect was due to scaling
rather than true rank change; this could be confirmed by re-
analysis with and without a log transformation for HT4.
The HT4 means at each location for the other three marker
genotypes were not statistically different although slight
changes in rank did occur across locations (Tables 2, 3). In
particular, the AA4 marker genotype means showed slight
rank change only at site 3 which showed compressed
genotypic differences (Table 2). Thus G x E effects here
were largely due to scaling rather than rank changes, with
the exception of site 3.

The extreme non-additive effect shown in Fig. 2
occurred for marker genotype class A4 g which had the
highest HT4 value of +0.24 m and marker genotype class
A,_4 which had lowest HT4 value of —0.58 m. The A,A4
genotypic class had the lowest QTL effect at each location;
only 18 individuals were present in total but genotypic
distortion was not statistically significant (Table 2). As an
example, individuals with the A,A,; marker genotype
included three extreme phenotypes which were visibly
shorter in the field testing. These had HT4 values of 2.17,
—1.98 and —1.22 m relative to their test mean. These three
phenotypes exemplified the visible evidence associated
with this marker genotype. Further study of this extreme
phenotypic effect associated with the A, allele was not
possible here because no other founders in this eastern
population had this allele.

The subsequent analysis based on 97 seedlings showed no
statistically detectable QTL effect for any marker alleles or
genotypes (Tables 4, 5). Either marker allele A, in contrast
to Gwaze et al. (2003), did not exert a true positive QTL
effect on HT4 measured on seedlings or its statistical power
for discerning among marker genotypes in the single block
plot was too weak. The QTL effect associated with the A,
allele on HT4 could not be statistically detected here.

The subsequent analysis based on somatic emblings also
yielded weak QTL validation for a long-lived woody
perennial. Here, the A;, marker genotype class from
GP; X GPg had a positive influence on HT4 which was
statistically higher than the A, marker genotype (Table 6).
All offspring from the other two crosses (Fig. 2) shared a
single marker genotype, A4,—A, despite the fact that these
crosses should have been fully informative (Fig. 2). Also, no
allelic contrast was possible for six of the nine marker
genotypes.
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Table 2 QTL effects for four marker genotype classes from GP3; x GPs by location

PtTX3030 Location-1 Location-2 Location-3 Location-4 Location-5 Total
microsatellite (count) (count) (count) (count) (count) count
genotype

As 4 -2.83 (3) -3.37 (5) -0.74 (5) -2.40 (2) -0.30 (3) 18
Ar i -0.17 (10) +0.06 (11) +0.63 (10) 01D +0.20 (7) 49
Asg +0.62 (8) +1.48 (9) +0.29 (9) +0.50 (7) -0.20 (6) 39
Ag 1o +0.87 (6) +0.49 (6) -0.86 (6) +0.10 (7) +0.10 (5) 30

Results were based on a total of 46 offspring cloned via somatic embryogenesis then planted across five locations using an alpha-lattice planned
imbalance design. Count for each marker genotype per location is shown in parentheses then summed across locations

Table 3 Results for the validation cross, GP3 X GPs

Table 4 Subsequent QTL analysis results for 97 seedlings

Source Type 11 Pr > F-value
F-value analysis
Propagule type 13.71 0.006
Study 12.53 <0.001
Propagule x study 0.99 0.481
GP; alleles 2.23 0.111
GP;5 alleles 3.69 0.057
GP; x GPs 11.61 <0.001
Study x GP3 0.81 0.596
Study x GPs 6.88 <0.001
Study x GP3 x GPs 4.49 0.002

Analysis of variance for height at 4 years (HT4) based on generalized
least squares results. Offspring from a single cross (N = 46) were
tested across five locations using Pinus taeda somatic emblings within
a larger sample of pedigrees and propagule types

Class  A,,.A, A,,A, AA, AA,
Observed +0.18 +0.16 -0.58 +0.24
0.70

0.50
0.30

-0.10

I

-0.30
-0.50

-0.70

Fig. 3 Marker genotypic effects estimated for the QTL validation
pedigree shown for adjusted height at age 4 years (H74). Only the
marker genotype A,A; had a phenotype which was statistically
different from the other three

Discussion

The large, positive QTL effect reported in Gwaze et al.
(2003) was validated only in the sense that marker allele
A, had a consistently positive effect on HT4 when com-
pared to the other alleles; it could not be detected
statistically using a different cohort of 97 full-sib seedlings
planted in a single block. Part of the explanation is that

Effect F-value Pr>F
GP; 0.95 0.3314
GP, 0.22 0.6411
GP; x GP,4 0.68 0.4121

Founders GP; X GP4 were part of the original QTL pedigree. No
marker allele or marker genotype had a statistically significant effect
on HT4

Table 5 PtTX3030 allele and genotypic effects (and standard errors)
on HT 4 for 97 seedlings shown here

Source PtTX3030 allele HT4
or genotype effect (m)
GP; Ay 5.05 £0.23
A 5.16 £ 0.23
GP4 Ay 5.13 +£0.23
Aje 5.08 £ 0.23
GP; x GP4 Ay-Ay 5.12 £0.24
As-Aje 498 +0.24
A-Ay 5.14 £ 0.25
Aj-Ae 5.18 £0.25

re-genotyping in this study removed flanking markers and
thus reduced statistical power. The magnitude of the QTL
effect is now confounded with the recombination distance
from the marker locus. Experimental design also contrib-
utes in that planting seedlings in a single block was less
accurate for QTL estimation than the original QTL study
itself which was planted in single-block plots across sev-
eral locations (Gwaze et al. 2003). Otherwise, there is no
doubt that the original analytical methods were correct;
QTL analysis based on flanking markers coupled with
regression analysis is widely accepted for complex outbred
pedigrees (e.g. Haley et al. 1994; Reyes-Valdés and Wil-
liams 2002). Statistical efficacy is the more likely
explanation here because in all cases, allele A, had a
consistently positive effect on HT4 whether measured on
seedlings or somatic emblings.
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Table 6 Subsequent QTL analysis results for additional somatic
emblings

Source Marker HT4 effect (+SE)
genotype in meters

GP; x GPg As—Ag 544 +0.15
Ajr-Ag 6.63 = 0.10
A]z—A14 6.94 = 0.10

Only least squares mean contrasts for only one of the three crosses,
GP; x GPg, could be estimated at the genotypic level due to severe
marker genotype imbalance. Weak yet independent confirmation is
shown for PtTX3030 marker genotypes Aj,—Ag and Aj,—A 4 relative
to A4—A9

This QTL validation experiment also provided a new
insight into the nature of interaction: a strong negative QTL
genotypic effect was both statistically and visually appar-
ent when GPs’s other marker allele, A,;, occurred in
combination with marker allele A, as in the case of the
GP; X GP5 cross. This finding is distinct from another
deleterious allele transmitted by the same GP; founder, the
cad-null mutant (Wu et al. 1999). Although reduced height
was originally reported for heterozygote carriers of this
lethal allele (Wu et al. 1999), a more recent study by the
same group showed no effect on height (Yu et al. 2005) so
this QTL locus cannot be linked to the cad-null locus. This
findings of a negative genotypic effect thus adds a new
insight into QTL architectural findings for Pinus spp.
which currently include (1) large-effect QTL haplotypes
are not segregating for the same P. faeda mapping pedigree
(with a different offspring cohort) also measured for early
height (Kaya et al. 1999) and (2) large QTL effects are
rarely found as part of the genetic architecture for growth
traits (Devey et al. 2004).

Another question which surfaces with the use of a long-
lived perennial species is why use HT4 instead of older
measurements? While most members of the Pinaceae are
harvested at ages 25 years or older, there is benefit in early
assessment. Consider the case of somatic embryogenesis
technology where the immediate benefit for HT4 data can
be reduced field testing burden. Only tissue from devel-
oping seeds can be cloned so no phenotypic information is
available at the time that somatic embryogenesis takes
places. From developing seeds come infinite numbers of
somatic embryos which are cultured. Some are frozen and
others are outplanted in field tests because the decision to
clone must occur before any phenotypic information is
directly available for the individual. Somatic emblings in
the field tests are then measured early age phenotypic
information such as HT4 (see review in Gwaze et al. 2002)
and assayed for QTL-linked markers. Using these early
selection criteria, one can now eliminate the worst phe-
notypes from further propagation. In this specific example,
one would discard the A,A,; marker genotypes in the
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freezer so that these individuals could not planted on a
larger commercial scale.

A proposed model for multiple QTL effects linked
to a single marker locus

The right genetic model underlying these QTL validation
must account for the following experimental results. First,
different marker-QTL haplotypes are segregating in these
extended pedigrees. Second, one or more genotypic com-
binations exert a strong effect on HT4. Founder GP; can be
inferred to have two haplotypes: A,—Q; and A4—Q,.
Founder GP5 can be inferred to have at least one (or two)
additional QTL haplotypes, designated here as Ag—Q,, and
A—Qj3. The third QTL can be inferred because only Q,
elicited the non-additive interaction with Q. The haplotype
Ag—Q), transmitted by GP5 cannot be more fully determined
here because Q, exerts a similar effect whether combined
with Q; or Q,. In either case, a simple genetic model
predicts that offspring from the GP; X GPs cross are seg-
regating for three or more different QTL alleles linked to
the marker PtTX3030 (although a more complex epistatic
model assuming multiple loci rather than multiple alleles
cannot be ruled out here).

Our simple M-QTL model for multiple QTL alleles rests
on three critical assumptions: (1) that M-QTL linkage
disequilibrium is imposed by use of a common founder so
that each marker allele is tightly associated with its given Q
allele in parts of the extended pedigree, (2) that the marker
alleles associated with the large-effect QTL genotype each
occur at rare frequency and (3) that somatic emblings have
a different epigenetic trajectory relative to seedlings such
that the same QTL model is not appropriate for both
propagule types. How realistic are these three assumptions?

First, use of the common founder GP; in all pedigrees
should increase linkage disequilibrium but this cannot be
estimated without the statistical power inherent to flanking
markers. Single-marker analysis, as shown here, is limited
by the fact that the magnitude of the QTL effect is con-
founded with its map distance from its marker. Second,
large-effect QTL haplotypes occur at rare frequencies in
model organisms (MacKay 2001, p. 407). As a crude test of
this possibility, we checked allele frequencies for
PtTX3030 in a rangewide P. faeda population survey (Al-
Rabab’ah and Williams 2002). These data showed that A,
was indeed rare in eastern P. taeda populations but occurs
at higher frequency in the western part of the species’ range
(Al-Rabab’ah and Williams 2002; C. G. Williams unpub-
lished data). Testing allele A, further for its associated
QTL effect would thus be likely only if one drew on
pedigrees drawn from admixed or western populations. For
the third assumption, one would require paired
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comparisons of seedlings versus somatic emblings and this
has not yet been reported. If developmental trajectory did
prove to be different between these propagule types then
one would expect QTL validation results to differ between
them.

While it is true that combined results for allele A, did
differ between seedlings and somatic emblings here, the
two propagule types were not directly compared using the
exact same cross or testing design. For example, the 97
seedling offspring, if better replicated beyond a single
block plot, could have yielded better phenotypic mea-
surements such that M-QTL results were statistically
enhanced. A partial diallel design for QTL validation
would be more efficient than repeated use of the same cross
at different locations.

The multiple locus model deserves some mention here:
the strong negative QTL genotypic effects could be due to
multiple loci clustered so that they are linked to the marker
PtTX3030 locus on one or both sides of the marker
(Q11—A12-Qy or Q11—Q>1—A1,). If so, one could hypoth-
esize that different QTL alleles are segregating at each
QTL locus (Q11—A12—Q2; versus Q;1—A>—Q,;) for differ-
ent GPs-related crosses. Such allelic differences for QTL
loci would be confounded with propagule types if the same
exact cross was not directly compared. This is a complex
yet intriguing QTL model. Verifying such a model requires
estimating founder-probability origins, fine-mapping
methods and saturated markers closely linked to the QTL
region especially if physical map data are not available.

Summary

From this case study, QTL haplotype validation and
inference of multiple QTL alleles segregating at a single
marker locus was feasible. The original QTL haplotype
was weakly validated yet a negative QTL effect was
detected at the same marker locus. Our results show that
culling rare, negative-effect QTL haplotypes associated
with PtTX3030 alleles A,A, offers direct benefit to
reducing field testing burden. A multiple-allele QTL hap-
lotype model could be inferred for somatic emblings.
Multiple marker alleles, a highly heterozygous species and
use of a shared founder between QTL detection and vali-
dation pedigrees together yielded plausible QTL models
for further hypothesis-testing. This case study for QTL
validation in a long-lived perennial species yet to be fully
domesticated has relevance to highly heterozygous out-
crossing organisms whether forest trees, perennial grasses,
invertebrates, insects or marine mollusks.
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