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Summary

Growth trajectories are a biological process important to plant and animal breeding, and to
evolutionary genetic studies. In this article, we report the detection of quantitative trait loci (QTLs)
responsible for growth trajectories in poplars that are used as a model system for the study of forest
biology. These QTLs were localized on a genetic linkage map of polymorphic markers using a
statistical mapping method incorporating growth-curve models. The effects of the QTLs on growth
are described as a function of age, so that age-specific changes in QTL effects can be readily
projected throughout the entire growth process. The QTLs identified display increased effects on
growth when trees age, yet the timing of QTL activation is earlier for stem height than diameter,
which is consistent with the ecological viewpoint of canopy competition. The implications of the
results for breeding and silviculture are discussed.

1. Introduction

The Populus genus contains y30 species with a huge
range of diversity in morphology, physiology, anat-
omy and reproductive behaviour (Stettler et al., 1996).
Because of its fast growth, ease of clonal propagation,
strong heterosis from interspecific hybridization and
multiple industrial and bioenergetic uses, Populus has
been widely used as a cultivated forest tree in the
Northern Hemisphere. From a biological perspective,
poplar is regarded as an excellent model system for
fundamental research on trees owing to its favourable
attributes, such as small genome size (550 Mb; 2C=
1.1 pg; 19 chromosomes) and amenability to genetic
transformation (Stettler et al., 1996; Klopfenstein
et al., 1997).More recently, genetic linkagemaps based
on molecular markers have been constructed in many
poplars (Frewen et al., 2000;Wu et al., 2000a ; Cervera
et al., 2001; Yin et al., 2002) that will catalyse the
identification of quantitative trait loci (QTLs) under-
lying traits of biological and economical importance.

Unlike crop annuals, poplar is long-lived and needs
many years to achieve harvest ages in the field. Thus,
an understanding of the genetic mechanisms under-
lying wood stem production in poplar should be in-
tegrated with the biological process of growth and
development. In practice, knowledge of the develop-
mental genetic basis of growth is crucial to increasing
the efficiency of early selection in poplar. It has long
been recognized that early selection for growth per-
formance can accelerate the breeding process and
minimize the cost of large-scale progeny tests in long-
lived, large-sized forest trees (Wu et al., 2000c). The
application of early selection, however, has been very
limited because of our ignorance of the genetic basis of
growth and development. Several authors have used
molecular markers to examine the dynamic changes
in the gene effect of a particular QTL over time
(Verhaegen et al., 1997; Emebiri et al., 1998;Wu et al.,
1998; Kaya et al., 1999). They generally claimed that,
whereas some QTLs are stable, many change their
action and interaction as trees age. Such a conclusion
is particularly uninformative, given the much-more-
complex patterns of QTL effects over time. More im-
portantly, this conclusionmight be premature because,

* Corresponding author. Tel : +1 352 392 3806. Fax: +1 352 392
8555. e-mail : rwu@stat.ufl.edu

Genet. Res., Camb. (2003), 81, pp. 51–64. With 6 figures. f 2003 Cambridge University Press 51
DOI: 10.1017/S0016672302005980 Printed in the United Kingdom

https://doi.org/10.1017/S0016672302005980 Published online by Cambridge University Press

https://doi.org/10.1017/S0016672302005980


in these studies, QTL effects on growth were estimated
separately for different time points, with no consider-
ation of possible between-age correlations.

In this article, we use amore powerful process-based
statistical method to analyse QTLs that affect growth
trajectories in interspecific hybrids between Populus
deltoides and Populus euramericana. First, we reported
the construction of genetic linkage maps for a hybrid
population of P. deltoidesrP. euramericana based on
a pseudo-testcross strategy (Grattapaglia & Sedero,
1994) and random amplified polymorphic DNA
(RAPD), restriction-fragment-length polymorphism
(AFLP) and inter-simple-sequence repeats (ISSR)
markers (Yin et al., 2002). Second, we have developed
a novel statistical method using growth-model theories
(Ma et al., 2002; Wu et al., 2002a). The basic principle
of this method is to express the genotypic means of
a QTL at different time points in terms of a continu-
ous growth function with respect to time (t). Under
this principle, the parameters describing the shape of
growth curves, rather than the genotypic means as
expected in traditional mapping strategies, are esti-
mated within a maximum-likelihood framework. This
method makes use of a nearly universal growth model
in biology, the logistic or S-shaped curve, thus sig-
nificantly enhancing the estimation precision of QTL
parameters and the biological relevance of the QTLs
detected.

2. Age-specific effect of a QTL

Growth trajectories are a complex biological process,
on which the influence of a QTL could be complicated
(Cheverud et al., 1996). However, the effect of a QTL
as a function of age can be roughly illustrated by ten
different patterns, using twoQTL genotypes 1 and 2 as
an example (Fig. 1).

(a) ‘Repulsion’ : one QTL genotype has a larger gen-
eticvalue thantheotherateachtimepoint,andthey
never cross during the entire growth trajectory.

(b) Divergence: the two QTL genotypes differ from
early growth, and their differences increase gradu-
ally with age.

(c) ‘Crossover’ : the two QTL genotypes cross once
between the initial growth and asymptotic growth.

(d) Divergence–‘crossover ’ : the two QTL genotypes
differ from early growth, but cross prior to asymp-
totic growth.

(e) Double ‘crossover ’ : the two QTL genotypes cross
twice between initial growth and asymptotic
growth.

(f) Convergence: the twoQTL genotypes reduce their
differences with age until they merge prior to
asymptotic growth.

(g) Divergence–convergence : the two QTL genotypes
differ from the initial growth, but merge prior to
asymptotic growth.

(h) Early ‘crossover ’–convergence: the two QTL
genotypes cross before their inflection points and
merge again prior to asymptotic growth.

(i) Middle ‘crossover ’–convergence: the two QTL
genotypes cross at their inflection points and
merge again prior to asymptotic growth.

(j) Late ‘crossover’–convergence: the twoQTLgeno-
types cross after their inflection points and merge
again prior to asymptotic growth.

Quotemarks around ‘repulsion’ and ‘crossover ’ are
to distinguish these QTL effects from the general
genetic meanings of these terms. For the ‘repulsion’
pattern, if the twoQTL genotypes have parallel genetic
values during the growth trajectories, the effect of this
QTL is stable over time, causing no QTLrage inter-
action. Yet, if nonparallel genetic values are detected
between the two QTL genotypes (even if they diverge)
or if any other of the patterns b–j occur then the effect
of the QTL is age dependent and there is QTLrage
interaction. The classification of a QTL effect into
these different patterns will help us to understand the
genetic basis of growth and development and to use
these underlying QTL better for the genetic improve-
ment of growth.

3. Materials and methods

(i) Plant material

The plant material used was derived from the hybrid-
ization of Populus. A P. deltoides clone (I-69) was used
as a female parent and mated with an interspecific P.
deltoidesrP. nigra clone (I-45) as a male parent (Wu
et al., 1992). BothP. deltoides I-69 andP. euramericana
(P. deltoidesrP. nigra) I-45 were selected at the Re-
search Institute for Poplars in Italy during the 1950s
and were introduced to China in 1972. In the spring of
1988, a total of 450 one-year-old rooted three-way-
hybrid seedlings were planted at a spacing of 4r5 m
at a forest farm near Xuchou City, Jiangsu Province,
China. The total stem heights and diameters measured
at the end of each of 11 growing seasons are used in this
example.

(ii) Linkage maps

A subset of genotypes (90) randomly selected from the
450 hybrids were used to construct a genetic linkage
map byAFLP and ISSR (Yin et al., 2002). Of a total of
839 polymorphic markers identified, 560 (67%) were
the testcross markers heterozygous in one parent but
null in the other (segregating 1 : 1), 206 (25%) were the
intercross dominant markers heterozygous in both
parents (segregating 3 : 1) and the remaining 73 (9%)
were the co-dominant markers heterozygous in both
parents (segregating 1 : 2 : 1). A mixed set of the test-
cross markers and co-dominant markers were used
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to construct two linkage maps based on a pseudo-
testcross strategy (Grattapaglia & Sedero, 1994), one
for the P. deltoides genome (D) and the other for the
P. euramericana genome (E). The intercross dominant
markers were not included in map construction be-
cause they do not provide accurate estimates of the
recombination fractions. The two maps constructed
showed nearly complete coverage of the genome, span-
ning 3801 cM and 3452 cM, respectively. The avail-
ability of co-dominant markers as orthologous genes
allowed a direct comparison of the rates of meiotic
recombination in the two different parent species. In
this study, five of the 19 largest linkage groups for each
parental map, which approximately represent 19 pairs
of chromosomes, are used for QTL identification. Of
these, linkage groups D1/E1 to D11/E11 have ortho-
logousmarkers toalign the twoparentalmaps,whereas

linkage groups D12–D19 and E12–E19 are separated
for each parent (Yin et al., 2002).

(iii) Statistical analysis

The method of Ma et al. (2002) for mapping age-
specific QTLs on growth was developed for the sim-
plest backcross design, initiated with two inbred lines.
This method does not directly estimate the expected
means of different QTL genotypes at different time
points but fits these means using growth curves as a
function of time. Thus, the estimation of QTL effects
on growth is equivalent to the estimation of model
parameters describing the shape of growth curves. Ma
et al. (2002) based their QTL analysis on a logistic
or S-shaped curve, which is an almost-universal rule
for capturing age-specific changes in all organisms
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Fig. 1. Diagrams depicting different dynamic patterns of a QTL affecting growth trajectories. In each graph,
the curves represent two QTL genotypes, and the difference between the two curves depicts the magnitude of the
QTL effect. The growth and time at the reflect point (at which a tree has a maximum rate of growth) for a different
QTL genotype are indicated by coordinates. (a) ‘Repulsive’ pattern. (b) Divergence pattern. (c) ‘Crossover’
pattern. (d ) Divergence–‘crossover ’ pattern. (e) Double ‘crossover ’ pattern. ( f ) Convergence pattern.
(g) Divergence–convergence pattern. (h) Early ‘crossover ’–convergence pattern. (i) Middle ‘crossover’–convergence
pattern. ( j ) Late ‘crossover ’–convergence pattern.
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(Pearl, 1925; Niklas, 1994; West et al., 2001). When
growth (g) is plotted against time, it typically follows a
logistic growth curve

g(t)=
a

1+bexrt , (1)

where a is the asymptotic or limit value of gwhen tp‘,
g(0)=a/(1+b) is the initial value of g when t=0, and
r is the relative rate of growth (von Bertalanffy, 1957).
The overall form of the curve is determined by different
combinations of parameters a, b and r.

The logistic growth curve described in eqn 1 can be
used to determine the coordinates of the most bio-
logically important point in the entire growth trajec-
tory, the inflection point, at which a maximum growth
rate occurs. The time (tI) and growth (g(tI)) at the in-
flection point for a QTL genotype can be derived as

tI=
log b

r

g(tI)=
a

2
:

8><
>: (2)

The time at the inflection point, together with the
initial growth (g(0)) and asymptotic growth (a) de-
termine exclusively the difference between any two
growth curves. That is, any two curves will be indis-
tinguishable if they have the same values for these three
variables.

According to the method of Ma et al. (2002), un-
known parameters fitting the growth curves of two
QTL genotypes ( j) include V=(aj, bj, rj, h, r, s

2)T,
where h specifies the position of the QTL and r and s2

are related to the residual (co)variances among dif-
ferent ages, whose structure is specified by the AR(1)
model (Davidian & Giltinan, 1995) expressed as

S=s2

1 r � � � rmx1

r 1 � � � rmx2

� � � � � � � � � � � �
rmx1 rmx2 � � � 1

2
664

3
775: (3)

Wu et al. (2002a) discussed the advantages and
disadvantages of this model when used to specify the
structure of a age-dependent residual (co)variance
matrix. The genetic effects of the QTL on growth
trajectories are described by the growth-curve par-
ameters contained in V. The crucial value for claim-
ing the existence of growth QTL can be determined
from the Bonferroni argument for the sparse-map
case (Lander & Bostein, 1989) or by permutation tests
proposed by Doerge & Churchill (1996). In this study,
permutation tests repeated 100 times for each linkage
group are used to determine these crucial thresholds at
significance levels a=0.05.

Our plant material in this study is a full-sib family
derived from two outcrossing parents. The genetic
maps for this full-sib family were constructed based on
a two-way pseudotest backcross in which one parent is
heterozygous and the other is homozygous. For the
heterozygous parent, two markers and their bracketed
QTL can be arranged in different linkage phases
(coupling vs repulsion). Hence, for the pseudo-test-
backcross strategy, the determination of a more-likely
linkage phase across the markers and QTLs is a pre-
requisite for estimating the position and effects of a
putative QTL responsible for growth differentiation.
In the appendix, we provide a modified statistical
procedure for estimating a more-likely linkage phase
and QTL positions and effects.

4. Results

(i) QTL detection

By plotting total growth against year, we found that
each of the 90 mapped genotypes followed a different
S-shaped growth curve (Fig. 2; R2=0.90–0.98). The
statistical model built on the S-shaped growth curve
that is regarded as nearly universal in biology (West
et al., 2001) is used to map QTLs responsible for
the difference in growth trajectories between these
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Fig. 2. Plots of stem height and diameter growth against age for 90 genotypes used to construct linkage maps in poplar
hybrids (Yin et al., 2002).
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genotypes. When QTL mapping is based on a pseudo-
test-backcross population, as in this study, we should
first determine amore-likely linkage phase between the
QTL hypothesized and its flanking markers. A pro-
cedure is described in the appendix, using the logistic-
mixture mapping model originally proposed by Wu
et al. (2002a) andMa et al. (2002) tomapgrowthQTLs,
for the determination of a more-likely linkage phase
based on four different criteria for making a con-
straint on genotypic differences in growth trajectories

between two groups of QTL genotypes in the pseudo-
test backcross.

Here, we use the constraint on asymptotic growth,
for which four significant QTLs are identified for stem-
height growth and two significant QTLs are identified
for stem-diameter growth during the first 11 years in
the interspecific hybrids of poplar. The four height
QTLs and two diameter QTLs detected are located on
different linkage groups (Figs 3, 4). For discrimination,
a QTLs guiding stem-height growth are defined as
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follows. Height QTL 1 is located betweenmarkers TA/
CGA-520RandAY20-610 on linkage groupE1-2 (Fig.
3a). Height QTL 2 is located between markers TT/
CGA-640R and TC/CAG-100R on linkage group D7
(Fig. 3b). Height QTL 3 is located between markers
AZ13-500R and TC/CAG-100R on linkage group E7
(Fig. 3c). Height QTL 4 is located between markers
AG/CGC-235R and GT/CAT-430RD on linkage
group E17 (Fig. 3d). The QTLs for diameter growth
are defined as follows. Diameter QTL 1 is located
between markers CG/CCT-620 and CA/CAG-660 on
linkage group 9D (Fig. 4a). Diameter QTL 2 is located
between markers CA/CCC-640R and CG/CCC-825
on linkage group D10 (Fig. 4b).

Height QTLs 2 and 3 are probably present ortho-
logous, because these two QTLs are associated with
intercrossmarkersAZ13-500RandTC/CAG-100Ron
homologous linkage groups 7D and 7E (Yin et al.,
2002). It seems that this orthologous QTL has a con-
sistent map distance (y13 cM) from TC/CAG-100R,
although the two intercross markers are not equally
distanced between the two parents. The height QTLs
were found to differ from the diameter QTLs in two
respects : their heterozygosity in the parental species;
and the sizes of QTL effects. It is consistent that
favourable alleles for the height QTLs are contributed
from theP. euramericana parent and favourable alleles
for the diameter QTLs are from theP. deltoides parent.
Although more QTLs are detected for height growth
than diameter growth, the effects of the diameterQTLs
tend to be stronger than those of the height QTLs, as

shown by different test statistics at the peaks of log-
likelihood ratio curves (Figs 3, 4). It is surprising that
we did not find any co-location between QTLs for
height and diameter growth. There is probably a
pleiotropic QTL affecting both of these traits, given
their strong genetic correlation (Wu & Stettler, 1994,
1996). These QTL might be detected when the sample
size and/or the marker density are increased over the
current level.

For linkage group E1-2, the curve of the log-likeli-
hood ratio across the map length displays more than
one peak for stem height above the threshold at sig-
nificance level a=0.01. In general, unless different
peaks on the same group are distant, they cannot be
interpreted as definite evidence of multiple QTLs lo-
cated at the intervals corresponding to the peaks. This
is because false ‘ghost ’ peaks can arise if other QTLs
are linked to the intervals of interest (Martinez &
Curnow, 1992). Multiple QTLs can be detected more
accurately when our mapping strategy is combined
with composite interval mapping (Jansen & Stam,
1994).

(ii) The dynamic pattern of QTL effects

The growth curves of height and diameter are drawn
using the estimates of logistic parameters for two
genotypes at a QTL detected on the linkage groups
(Figs 5, 6). As mentioned above, by comparing these
curves, we can ask many biologically relevant ques-
tions, such as how the QTL affects the entire growth
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process (local vs global effect) and when a QTL starts
to affect growth trajectories. In our example, some of
the height QTLs are active throughout the entire curve
and are thus more globally expressed (Fig. 5a),
whereas the diameter QTLs are more locally expressed

because the twoQTLgenotypes differentiate only after
age 5–6 years (Fig. 6).

If two growth curves affected by a QTL have
different ages and/or growth at the inflection point,
this indicates that the inflection point is under the
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curves beyond the maximum observed age (11) affected by the QTL are represented by the dotted lines. (a) Linkage group
E1-1. (b) Linkage group D7. (c) Linkage group E7. (d ) Linkage group E17.
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Fig. 6. Two diameter-growth curves, each presenting a group of genotypes at a QTL detected on different linkage groups.
The growth and time at the inflection point are indicated for each QTL genotype. The differentiation patterns of growth
curves beyond the maximum observed age (11) affected by the QTL are represented by the dotted lines. (a) Linkage group
D9. (b) Linkage group D10.
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determination of theQTL.Of theQTLs detected, some
have stronger control over the inflection point than
others (Figs 5, 6), although all are statistically signifi-
cant. Because the inflection point represents the point
at which a tree has a maximum rate of growth, the
genetic control of the inflection point suggests that the
growth trajectory can be genetically modified to in-
crease a tree’s capacity to acquire spatial resources.

Different patterns of the QTL effect between height
and diameter are observed when a QTL starts to exert
an effect. Both height and diameter QTLs exert an
increased influence on growth with age, but the timing
of gene activation is generally earlier for the height
QTLs (Fig. 5) than the diameter QTLs (Fig. 6). More
specifically, the height QTLs affect growth differen-
tiation in height from 1–5 years of age (before or
around the inflection point), whereas the diameter
QTLs are effective after 5–6 years of age (after the
inflection point). The QTL on linkage group E1-2
displays an effect on height growth with different di-
rections between younger and older ages (Fig. 5a).

5. Discussion

The change in an individual’s phenotype with age is
called its growth trajectory. This is a complex trait that,
in addition to genetic and environmental factors, can
also depend on a number of physiological and devel-
opmental control mechanisms that guide growth
process in an integratedmanner (Cheverud et al., 1983;
Atchley, 1984). Both theoretical predictions and em-
pirical studies suggest that genetic factors or QTLs
play a central role in the differentiation of growth
trajectory and can be used to alter growth patterns
through artificial selection (Kirkpatrick & Heckman,
1989; Kirkpatrick et al., 1990, 1994; Atchley & Zhu,
1997; Pletcher & Geyer, 1999; Vaughn et al., 1999).
Previous genetic studies, aimed at identifying QTLs
for growth using molecular markers, have not con-
sidered the physiological control mechanisms of
growth (Cheverud et al., 1996; Verhaegen et al., 1997;
Emebiri et al., 1998;Wu et al., 1998;Kaya et al., 1999).
Yan et al. (1998) and Wu et al. (2002b) used a con-
ditional developmental quantitative genetic model de-
veloped by Zhu (1995) to detect QTLs expressed at
different growth stages in plants. These studies base
QTLmapping on a finite set of discrete time points and
have two limitations. First, from a biological per-
spective, QTLs detected separately at individual time
points are expressed at one time point and cannot re-
flect a dynamic nature of gene effect as a function of the
previous physiological status of a plant and, therefore,
as a function of time. Second, from an analytical per-
spective, the identification of QTLs for separate time
points has less accuracy and precision of parameter
estimates than when all time points are considered

simultaneously, as demonstrated in multi-trait-map-
ping studies (Knott &Haley, 2000; Korol et al., 2001).

To circumvent the biological limit, we use an inno-
vative statistical model to map QTLs affecting growth
trajectories. This model (called the Wu–Ma model
thereafter), originally produced by Wu et al. (2002a)
and Ma et al. (2002), incorporates growth laws into a
mapping strategy and has proved to have advantages
for detecting biologically relevant QTLs for growth.
Using the Wu–Ma model, we can test how a QTL
globally guides growth trajectories and when the QTL
starts or stops its effect during growth process. Also,
some developmentally or ecologically important ques-
tions can be addressed; for example, how important
the QTL is in determining a specific developmental
event, such as the occurrence of the inflection point
associated with a plant’s fate in a competitive en-
vironment and, therefore, its fitness.

In this study, we use the Wu–Ma model to map the
QTLs governing the differences in the growth trajec-
tories of an interspecific poplar hybrid population
between two commercially important poplar species,
P. deltoides andP. euramericana. Our study is based on
high-density linkage maps constructed for this popu-
lation using polymorphic molecular markers (Yin
et al., 2002). Several previous investigations in poplars
have shown that there is a significant genetic variability
between different stages of stem growth before and
after canopy closure (Wu& Stettler, 1994, 1996, 1997).
In our current analysis, this information is deciphered
more precisely by modelling the genetic variation as
a function of time. For both stem-height and stem-
diameter growth, resultant genetic effects of the QTLs
detected tend to increase as trees age (Fig. 6), con-
forming to our earlier results from quantitative genetic
analysis, in which broad-sense heritabilities increase
with age (Wu & Stettler, 1996; Wu et al., 1998). How-
ever, these two traits display different age-dependent
patterns in gene effect. The effects of theQTLonheight
growth seems to occur earlier on diameter growth.
Also, height is predicted to tend to have reduced dif-
ferentiation after year 11, whereas diameter maintains
a high degree of differentiation after this time point
(Fig. 6). These differences in genetic control mechan-
ism between height and diameter are consistent with
ecological viewpoints of allometric scaling (Wu &
Stettler, 1996). When canopies close, strong competi-
tive interactions occur among poplar trees in the stand.
Thus, to maintain vigorous growth, larger individuals
must allocatemore stem biomass to radial growth than
to height growth, whereas smaller individuals tend to
emphasize height growth at the cost of radial growth to
gain access to light. Such changes in biomass allocation
during canopy closure result in reduced differences in
height but increased differences in diameter. It is not
surprising that genes are responsible for this transition
between growth phases.
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The QTL for growth identified from the Wu–Ma
model, although they need to be confirmed with more
trees and markers, might have immediate implications
for early selection in poplar. Based on the growth
curves of different genotypes at an identified QTL, one
can predict how the QTL affects stem wood growth
when trees are older. Although some of the QTLs,
especially those for diameter growth, might have mini-
mal effects on growth at earlier stages, they can still
be incorporated in a marker-assisted selection strategy
for superior growth at harvesting ages (Wu et al.,
2000b), because their increasingly growing effects are
predicted. In applied silviculture, growth curves of a
QTL offer important information for better manage-
ment of poplar trees. For a given QTL genotype, we
can identify the age of its inflection point at which this
genotype has a maximum rate of growth. Thus, from
growth curves, we can better determine the optimal
ages of trees, at which fertilization and irrigationmight
result inmaximum stemwood growth and production.

In our theoretical analyses of the Wu–Ma model, we
claimed that the implementation of growth laws in a
QTL mapping strategy has provided a more powerful
way of studying the genetic architecture of quantitative
traits and shedding light on the interplay of genetics,
development, physiology and evolution (Rice, 1997).
By analysing real-world data from poplar hybrids, we
further claim that results from theWu–Mamodel have
great potential to advance theoretical genetics at the
frontiers of applications to breeding and silviculture.
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Appendix

In what follows, we modify the growth model of Ma et al. (2002) to suit a pseudo-test backcross derived from
two outcrossing parents.

(i) Linkage phases

For a pseudo-test backcross, the heterozygous parent might have different linkage phases or nonallelic assign-
ments between the two flanking markers (M1 and M2) and QTL (Q). The alleles of the markers and QTLs are
denoted by M vs m and Q vs q, respectively. There are a total of four possible nonallelic assignments. (1) The
nonallelesM1 andM2 of the two markers are in a coupling phase, both of which are in a coupling phase with QTL
allele Q, expressed as M1QM2/m1qm2. (2) The nonalleles M1 and M2 of the two markers are in a coupling phase,
both of which are in a repulsion phase with QTL allele Q, expressed as M1qM2/m1Qm2. (3) The nonalleles M1

andM2 of the twomarkers are in a repulsion phase, of whichM1 is in a coupling phasewithQTLalleleQ, expressed
as M1Qm2/m1qM2. (4) The nonalleles M1 and M2 of the two markers are in a repulsion phase, of which M1 is
in a repulsion phase with QTL allele Q, expressed as M1qm2/m1QM2.

In practice, the parental linkage phase between the two markers can be known prior to QTL identification
(Grattapaglia & Sedero, 1994). Thus, a more likely linkage phase of the two markers relative to the QTL is just
selected from cases 1 and 2 or cases 3 and 4 by comparing their respective likelihoods. Assuming no double
recombination, we derive the conditional probabilities of QTL genotypes upon marker genotypes under each of
the four nonallelic assignments for the pseudo-test backcross design (Table 1).

(ii) Characterizing a most likely linkage phase and QTL effect pattern

The computational algorithm for a pseudo-test backcross should consider two alternative nonallelic assignments
of a QTL (1 and 2 or 3 and 4) relative to the two flanking markers of known linkage phase (Table 1). For each of
these two pairs of assignments, however, the conditional probabilities for one QTL genotype under one as-
signment have the same effects as those for the alternativeQTLgenotype under the other assignment (Table 1). For
this reason, two different logistic curves, each described by a set of parametersp=(aj, bj, rj)

T ( j=1 forQq and 2 for
qq) cannot be used to characterize the identities of the two QTL genotypes when a pair of assignments, A1 and A2
orA3 andA4, are compared. Because the likelihood values calculated are not different between the two alternative
assignments, there is no way tomake a choice for a more likely assignment. The alternative nonallelic assignments
can be distinguished by posing some constraints on the difference in genetic values between the two QTL
genotypes. The difference between the QTL genotypes can be specified by assuming that one QTL allele is
favourable to the other. But the allelic relationship of aQTLmay change fromone time point to the next in growth
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trajectories, which is different from an ordinary single-trait analysis. In fact, the allelic relationship can be assumed
to be based on four different criteria: (1) final (asymptotic) growth; (2) time at the inflection point ; (3) growth at a
time point of typical interest (e.g. harvesting age) ; and (4) growth during a particular time interval.Without loss of
generality, we assume that allele Q is favourable to q for each of these criteria. The constraints on genotypic
differences in growth trajectories are given for each criterion as follows.

(a) Asymptotic growth

Asymptotic growth represents the limit of growth. For an individual, greater asymptotic growth helps tomaintain
its space advantage for defending against the neighbours in nature, or to yield high final food or fibre products in
agriculture and forestry. For QTL-effect patterns a–e (Fig. 1), we can simply pose the constraint

a1>a2 (A1)

because QTL genotype Qq, carrying a favourable allele, is supposed to have greater asymptotic growth than
genotype qq, carrying no favourable allele. To incorporate the inequality constraint of A1, we introduce a new
parameter x

x2=a1xa2>0,

so

a1=x2+a2: (A2)

With this substitution, the vector for the unknown parameters to be estimated is changed fromV=(aj, bj, rj, h,
r, s2)T toV*=(x, a2, bj, rj, h, r, s

2)T. The new vectorV* can be estimated using the Expectation (E)–Maximization
(M) algorithm described by Ma et al. (2002).

For QTL-effect patterns f–j (Fig. 1), in which the two QTL genotypes have the same asymptotic growth a1=a2,
different constraints are needed to specify the identities of the two genotypes. Generally, it can be assumed that
the QTL genotype with greater late growth (N.B. not asymptotic growth) contains a favourable allele. For QTL-
effect pattern f (convergence), the constraints that can specify the identities of the QTL genotypes are given in
Table A1, in which the QTL genotype containing a favourable allele also has greater initial growth and achieves
the time at the inflection point earlier than the alternative genotype containing no favourable allele given this
particular QTL-effect pattern. Referring to Fig. 1, similar sets of restrictions can be given for QTL-effect patterns
g (divergence–convergence), h (early ‘crossover’–convergence), i (middle ‘crossover’–convergence) and j (late
‘crossover’–convergence). These are all given in Table A1.

To incorporate these inequality restrictions for each pattern f–j, we introduce three new parameters x, y and z,
and use them to substitute for a1, b1 and r1 in the logistic mixture model of eqn 1. These substitutions are given
in Table A1.

Similarly, with each of these substitutions (Table A1), we can obtain theMLEs of the corresponding new vector
V* for each QTL-effect patterns f–j. For all possible QTL-effect patterns listed in Fig. 1, we have a total of six
substitutions (Eqn A2; Table A1) describing their properties. Under each of these substitutions, there are two
alternative nonallelic assignments (1 and 2 for the coupling markers, or 3 and 4 for the repulsion markers).
To determine a more-likely nonallelic assignment (specified by the conditional probabilities ; Table 1) and a

Table 1. Conditional probability of a QTL genotype upon the marker
genotypes for M1 and M2 under four different nonallelic assignments (1x4)

Marker
1 2 3 4

genotype Qq qq Qq qq Qq qq Qq qq

M1m1M2m2 1 0 0 1 1xh h h 1xh
M1m1m2m2 1xh h h 1xh 1 0 0 1
m1m1M2m2 h 1xh 1xh h 0 1 1 0
m1m1m2m2 0 1 1 0 h 1xh 1xh h

h=r1/r, where r is the recombination fraction between twomarkersM1 andM2 and r1 is
the recombination fractionbetweenQTLandmarkerM1.Double crossover is ignored.
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most-likelyQTL-effect pattern (specified by the substitutions above), we obtain themaximum likelihood estimates
(MLEs) of the unknown parameters using the EM algorithm and compare the likelihood values for all 12 possible
combinations between the assignments and substitutions. Finally, a most-likely combination is chosen based on
the maximum of the likelihood values.

(b) Time to the inflection point

As illustrated in Niklas (1994), the growth rate at time (tI) to the inflection point is maximum. An individual
achieving tI earlier is often thought to have evolutionary advantage in competing for space resources. Similarly,
selection for the genotypes that achievemaximum growth ratemore rapidlymight be interesting to plant breeders.
As a result, it is useful to describe QTL-effect patterns in terms of the time to the inflection point.

If the QTL genotype carrying a favourable allele achieves the inflection point more rapidly than the alternative
genotype with no favourable allele, the constraint on tI can be written as

tI1<tI2: (A3)

If the two QTL genotypes achieve the inflection point at the same time, we assume that the QTL genotype of
greater asymptotic growth carries a favourable allele, thus having the constraints

tI1=tI2

a1>a2:

�
(A4)

If the two QTL genotypes have the same tI and the same asymptotic growth, as shown by QTL-effect pattern i
(middle ‘crossover’–convergence), then the QTL genotype with the greater growth potential after tI is assumed to

Table A1. Constraints posed on genotypic differences in growth at t=0 and
time at the inflection point and resulting substitutions for growth curve
parameters in different QTL effect patterns ( f, g, h, i and j )

Pattern Constraint Substitution

f
g1(0)>g2(0)
tI1<tI2

�
x=a1=a2

b1=
(xxy2)(1+b2)xx

y2(1+b2)+x

r1=
r2 log b1

log b2xr2z2

8>>>>><
>>>>>:

g
g1(0)=g2(0)
tI1<tI2

� x=a1=a2

y=b1=b2

r1=
r2 log y

log yxr2z2

8>>><
>>>:

h
g1(0)<g2(0)
tI1<tI2

�
x=a1=a2

b1=
(x+y2)(1+b2)xx

xxy2(1+b2)

r1=
r2 log b1

log b2xr2z2

8>>>>><
>>>>>:

i
g1(0)<g2(0)
tI1=tI2

�
x=a1=a2

b1=
(x+y2)(1+b2)xx

xxy2(1+b2)

r1=
r2 log b1

log b2

8>>>>><
>>>>>:

j
g1(0)<g2(0)
tI1>tI2

�
x=a1=a2

b1=
(x+y2)(1+b2)xx

xxy2(1+b2)

r1=
r2 log b1

log b2xr2z2

8>>>>><
>>>>>:
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carry a favourable allele. In this case, the constraints are given as

tI1=tI2

a1=a2

G1[0, to]<G2[0, to],

8><
>: (A5)

where the last constraint is imposed on the areas of the two growth curves from time t=0 to the time at which the
curves cross, to=(logb1xlogb2)/(r1xr2), and the area of a QTL genotype between times 0 and to is calculated as

Gj[0, to]=
aj
rj
[ ln (bj+erjto )x ln (bj+1)]:

The three constraints expressed by eqns A3–A5 cover all possible QTL-effect patterns in Fig. 1. These con-
straints can be removed by introducing new parameters, which are estimated using the EM algorithm. Similarly, a
more-likely nonallelic assignment and amost-likely QTL effect pattern described in terms of tI can be obtained by
comparing the likelihood values of all possible combinations.

(c) Growth at a time point of typical interest

In practice, growth at a particular time point might interest biologists or breeders. For example, many man-made
forests of loblolly pine used for the pulp and paper industry are harvested at age 15 years in the south-eastern
United States. Thus, final growth at this age is an important selection criterion. The patterns of QTL effect can be
described in terms of the biomass growth of loblolly pine at age 15 years. The constraint for growth at a single time
point is given as

g1(th)>g2(th), (A6)

if we assume that QTL genotype Qq carries a favourable allele for the growth at time th.

(d) Growth at a particular time interval

Wepropose to use the area between two growth curves as a criterion to assess the contribution of aQTL to growth.
The area at a time interval [t1 t2] is expressed as the integral of the differences of the two growth curves.

DG(t1, t2)=
Z t2

t1

a1

1+b1er1t
x

a2

1+b2er2t

� �
dt

=
a1

r1
[ ln (b1+er1t2 )xln(b1+er1t1 )]x

a2

r2
[ ln (b2+er2t2 )xln(b2+er2t1 )]:

If the time interval includes the point at which the two QTL genotypes cross (Fig. 1), the difference between
the areas between the two genotypes has a different direction. In this case, the area can be calculated in two parts,
one from [t1 to] and the second from [to t2], where to denotes the crossing point. Depending upon the actual prob-
lem, researchers might select one of the two parts as a criterion for determining the allelic relationship of a
putative QTL.

The four different criteria proposed for modelling the allelic relationship of a QTL might have different
implications. The asymptotic growth and the time of achieving the inflection point are thought of a global
search strategy for a QTL of any possible effect pattern. Thus, using these two criteria, all possible QTL-effect
patterns can be identified. By contrast, the constraints on growth at a particular time point or interval permit
us to detect the QTL of a particular effect pattern. For example, if stem growth at age 15 years is selected in
a loblolly-pine breeding program, only those QTLs exerting an effect on growth difference at this age will be
detected. Other QTLs responsible for growth at different ages, in which a breeder might not be interested,
will not be detected.
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