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Abstract Physical wood property traits for loblolly pine
(Pinus taeda L.) were analyzed for the presence of quan-
titative trait loci (QTLS) in a three-generation outbred
pedigree. These traits include wood specific gravity
(wsg), volume percentage of latewood (vol%), and mi-
crofibril angle (mfa). Phenotypic data were collected for
rings 2-11 for wsg and vol%, and rings 3, 5 and 7 for
mfa. Both earlywood and latewood were analyzed for
each trait. An interval mapping approach designed for an
outbred pedigree was used to estimate the number of
QTLs, the magnitude of QTL effects, and their genomic
position. Nine unique QTLs were detected for composite
traits (average of al rings) for wsg, five for vol%, and
five for mfa. The majority of these QTLs were verified
by analyses of individual-ring traits. Additional QTLs
for each trait were also detected by these individual-ring
analyses. Most QTLs for wsg were specific to either
earlywood or latewood, whereas each QTL for mfa was
detected for both earlywood and latewood. Before these
QTLs are utilized in a breeding program, they should be
verified in larger experiments and in different genetic
and environmental backgrounds.
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Introduction

The physical properties of wood affect many characteris-
tics of value to the timber industry. For example, wood
density affects both the quality and quantity of pulp pro-
duction and is highly correlated with the major strength
properties of sawn timber (Zobel and Jett 1995). Pro-
gress in tree breeding for such traits is hampered by the
long generation time of forest trees and the considerable
time and expense needed to perform evaluations and se-
lections. Marker-aided breeding offers the potential to
reduce the breeding cycle time and increase the overall
efficiency of breeding for wood property traits (Williams
and Neale 1992). Validation of this concept requires
demonstration that quantitative trait loci (QTLs) for
wood properties can be detected and verified in an out-
bred forest-tree pedigree.

Loblolly pine (Pinus taeda L.) is the leading timber
species in North America and is grown commercially for
both solid wood and pulp and paper products. Pines are
characterized by their longevity, an outbred mating
system, and high genetic variability (Hamrick and Godt
1990). Sufficient genetic variation for wood property
traits exists within loblolly pine to consider including
these traits in breeding programs (Zobel and Jett 1995;
Schultz 1997). Among these wood property traits are
wood specific gravity, volume percentage of latewood,
and microfibril angle.

Wood is essentially a matrix of cell walls and cellular
air spaces from secondary xylem (Megraw 1985). Wood
specific gravity is a measure of the total amount of cell-
wall substance in secondary xylem and is defined as the
ratio of the density of oven-dry wood relative to the den-
sity of pure water at 4°C. The specific gravity of a given
annual ring is a function of cell size and cell-wall thick-
ness. Both of these properties are heavily dependent up-
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on whether the cells were differentiated during the devel-
opment of earlywood or latewood. Earlywood is typical-
ly composed of large-diameter, thin-walled xylem cells,
whereas latewood is typically composed of smaller,
thick-walled xylem cells. Therefore, the density of each
individual annual ring is a direct combination of its three
seasonal determinants: earlywood specific gravity, late-
wood specific gravity, and the relative percentage of
each (Megraw 1985). Wood specific gravity is the most
reliable single index of wood quality becauseit is closely
associated with many important wood properties (Zobel
and Jett 1995).

Microfibrils are long polysaccharide chains composed
of a crystalline cellulose core surrounded by chains of
hemicelluloses, which are encased by surrounding lignin
and become rigid (Panshin and de Zeeuw 1980). Micro-
fibril angle refers to the mean helical angle that the mi-
crofibrils of the S, layer of the cell wall make with the
longitudinal axis of the cell (Megraw et al. 1998). Lower
fibril angles (closer alignment with the axis of the cell)
have a positive influence on lumber strength, stiffness,
and dimensional stability (Megraw 1985). The thicker
cell walls associated with latewood typically have lower
fibril angles, although there is no constant relationship
within a tree between specific gravity and fibril angle
(Megraw 1985).

Average wood specific gravity in a three-generation
loblolly pine pedigree was previously analyzed for the
presence of QTLs using phenotypic data from whole
wood cores (Groover et a. 1994). In the present study,
the phenotypic values for this same pedigree were re-es-
timated for both earlywood and latewood on a ringxring
basis. The objectives of this study were to identify QTLs
for earlywood and latewood specific gravity, volume
percentage of latewood, and earlywood and latewood
microfibril angle; estimate the genetic effects of these
QTLs; and analyze for temporal stability of the QTLs for
these traits.

Materials and methods

Mapping population

A three-generation outbred loblolly pine pedigree was used to de-
tect marker-trait associations for wood property traits. This pedi-

gree (referred to as the qgtl pedigree) was used by Groover et al.
(1994) and Knott et al. (1997) in earlier QTL mapping studies for

Table 1 Genomic coverage of marker

wood quality. The gtl pedigree was constructed from first-genera-
tion selections of the North Carolina State University Industry Co-
operative Tree Improvement Program and is maintained by the
Weyerhaeuser Company. The grandparental pairs of the gtl pedi-
gree displayed divergent values for wood density, and the progeny
generation displayed wide variation for wood density. The qtl ped-
igree consists of 172 progeny that are grown at six different sites
within southeastern North America. The number of trees per site
ranged from 19 to 35.

Genotypic data and map construction

Genotypic segregation data from restriction fragment length poly-
morphism (RFLP) markers were used to construct independent
parental framework maps from the 172 progeny of the qtl pedi-
gree. Methods pertaining to RFLP analysis for loblolly pine fol-
lowed Devey et al. (1991). Evenly spaced markers were selected
for each parental data set from previous (Groover et a. 1994,
Devey et a. 1999; Sewell et al. 1999) and current mapping ef-
forts with the outbred qtl pedigree. Fully informative markers
(i.e.,, a marker that segregates in both parental populations) were
preferentially chosen when available. Each parental data set was
organized by ancestry and phase from the three-generation pedi-
gree structure (Sewell et al. 1999). In situations where the ances-
try could not be determined, the phase was determined from seg-
regation analyses. The ancestry of aleles was then updated
(Sewell et al. 1999), producing a complete three-generation data
set that is both ancestry- and phase-known. Parental framework
maps were constructed using MapMaker (Lander et al. 1987) and
then integrated into a single sex-average map using JoinMap
(Stam 1993; Table 1).

Phenotypic data

X-ray densitometry analysis of wood specific gravity and volume
percentage of latewood

A radial wood core was taken for each progeny at the approximate
center of the internode below breast height. Each core was
cropped at the pith and the outer edge of ring 13. Wood specific
gravity (wsg) and the volume percentage of latewood (vol%) was
measured by means of continuous X-ray scan from bark to pith.
Both earlywood and latewood measurements were taken for each
individual ring 2-11.

X-ray diffraction analysis of microfibril angle

The average microfibril angle (mfa) of each sample was deter-
mined by measuring the relative width of the 002 diffracted X-ray
arc using the procedures described by Meylan (1967) and EI-Osta
et a. (1972). Tangents were drawn at the inflection points for the
two sides of the curve, and the relative peak-width measured as
the distance between the two tangent intersections with the base
line. Relative peak-width values were then converted to actual mfa

Item Maternal map Paternal map Sex-average map
Number of framework markers 118 109 164

Number of fully informative markers - - 63

Number of linkage groups? 15 15 14

Average spacing of framework markers (cM) 9.0 11.2 -

Genome coverage (cM)P 923.9 1053.2 12221

a Linkage analysis used LOD 5 and the Kosambi mapping func-
tion

b Recombination in the paternal population is significantly larger
than that in the maternal population (Groover et al. 1995; Sewell
et al. 1999), producing alarger paternal map
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Table 2 Phenotypic traits for

physical wood properties Phenotypic trait

Ring grouping Method of assay

Wood specific gravity (wsg)
(both earlywood and |atewood)

Volume percentage of |atewood (vol %)

Microfibril angle (mfa)
(both earlywood and |atewood)

Individual rings 2-11
Composite rings 2—6 (wt. ave.)
Compositerings 7-11 (wt. ave.)
Composite rings 2-11 (wt. ave.)
Individual rings 2-11
Composite rings 2—6 (wt. ave.)
Composite rings 7-11 (wt. ave.)
Composite rings 2-11 (wt. ave.)
Individual rings 3, 5and 7
Compositerings 3, 5, 7 (ave.)

X-ray densitometry

X-ray densitometry

X-ray diffraction

Table 3 Model used to test the effect of QTL alleles (Knott et al.
1997)

Parental cross

Q1Q, % Q3Q, - Q1Q3, Q1Q4, QQ5, QQ,

Maternal effect = (Q;Q5+ Q;Q,) — (Q,Q3+ QQy)

Paternal effect = (Q,Qz+ Qng) (@1Q4+ QQy)

Interaction effect = (Q1Q3 (Q1Q4 +Q,Qq);
where Q QTL

values using a calibration equation developed from samples mea-
sured by light microscopy (Megraw et a. 1998). Both earlywood
and latewood measurements were taken for each individual ring 3,
5and 7.

Each phenotypic trait was analyzed as an individual-ring trait
and as a composite trait (i.e., an average of individual-ring traits)
(Table 2). Composite traits were considered a more accurate mea-
surement of the phenotypic variation because they represented
variation over a longer length of time. Therefore, QTLs were re-
ported primarily for the composite traits. Composite traits (2—6)
and (7-11) for wsg and vol% were considered to generally reflect
juvenile and mature wood growth, respectively.

QTL analysis

An interval method designed to simultaneously analyze multiple
markers of an outbred pedigree (Knott et al. 1997) was used to de-
tect associations between the segregation of genetic markers and
phenotypic variability for wood property traits. This method was
modified from Haley et al. (1994) to allow the use of an outbred
pedigree constructed from four unrelated, highly heterozygous,
grandparents. The analysis first attempts to describe the genotypic
marker data in terms of its inheritance in a three-generation pedi-
gree, where a line origin probability was calculated at fixed loca-
tions throughout the genome for each of the four possible geno-
typesin the progeny generation (Haley et al. 1994). The phenotyp-
ic trait values were then regressed onto these probabilities using a
least-squares analysis (Haley and Knott 1992). Each linkage group
was scanned at 1-cM intervals for locations explaining a high pro-
portion of the phenotypic variance (i.e., evidence for aQTL) using
a conventional one-QTL model interval analysis. A two-dimen-
sional scan was also performed to fit a two-QTL model for each
linkage group (Haley and Knott 1992). The amount of computa-
tion time for the two-QTL model was reduced by considering only
the composite traits and scanning at 2-cM intervals. Both QTL
models included site as a fixed effect. The results are reported in
terms of the individual parental effects (i.e., the difference in ef-
fect of the alleles inherited from each parent) and an interaction
effect (i.e., the deviation from additivity, where a value of zero in-
dicates complete additivity) (Table 3; Knott et al. 1997). QTLs
were reported at two thresholds — a significant level (P<0.005) and
a “suggestive” level (0.01=P>0.005) — in an attempt to avoid
Type-l and -Il errors associated with pointwise versus genome-
wide analyses (Lander and Kruglyak 1995). A few QTLs detected

at this suggestive level may subsequently prove to be inaccurate,
but they are reported in this study so that they can be followed in
future experiments.

Results and discussion

Number and effect of QTLs associated
with wood property traits

A total of 93 QTLs for wsg, vol% and mfa were detected
at either the significant or suggestive level using the one-
and/or two-QTL model for analysis (Tables 4-7). Many
of these traits were highly associated (i.e., either the
same trait measured from individual rings or composite
traits derived from these individual rings), and therefore
many of these QTLs were expected to be independent
verifications of the same QTL. In addition, some QTLs
were detected twice by using both the one- and the two-
QTL models. Therefore, on each linkage group it is nec-
essary to distinquish between the repeated detection of
the same QTL versus the detection of multiple unique
QTLs. A unique QTL is defined here as the subset of
QTLs that map within approximately 15 cM of one an-
other and have the same general profile for their parental
and interaction effects (i.e., magnitude and direction of
effect). QTLs detected at the significant level using com-
posite traits were considered the most reliable (especialy
when composite QTLs were verified by individual-ring
QTLs). For example, on linkage group 4 (LG4), the
same QTL for earlywood wsg (ewsg) was detected for
composite traits ewsg-(7—11) and ewsg-(2—11) and indi-
vidual-ring traits ewsg-7, ewsg-8 and ewsg-9 (Table 4).
By using these criteria for inferring the number of
unique composite trait QTLs (additional individual-ring
trait QTLs are reported in parentheses), nine (14) QTLs
were detected for either earlywood and/or latewood wsg,
five (6) for vol%, and five (2) for both earlywood and/or
latewood mfa (Fig. 1). Each of these composite trait
QTLs were aso supported by individual-ring QTLs, ex-
cept for ewsg-(2-6) on LG14 and vol%-(2-6) on LG2 and
LG5 (Tables 4-7). The residua variance explained by
each QTL ranged from 5.4 to 15.7% for wsg, 5.5 to
12.3% for vol% and 5.4 to 11.9% for mfa. These values
are generally small, and are likely to be overestimated be-
cause of the parameters of this experiment (Beavis 1995).
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Table 4 Resultsfrom QTL analyses of wood density [i.e., wood specific gravity (wsg)] using aone-QTL model

LG  Trait2  RingP cM P Mat. eff. (SE)c Pat. eff. (SE)° Inter. eff. (SE)c %Var.d
1 ewsg 2 114 0.00294** -0.0006 (0.002) 0.0030 (0.002) 0.0074 (0.002) 7.2
ewsg 1 51 0.00098** 0.0079 (0.003) 0.0054 (0.003) 0.0055 (0.003) 84
2 lwsy (2-11) 29 0.00975* 0.0026 (0.002) -0.0006 (0.002) -0.0067 (0.002) 5.4
Iwsg 11 27 0.00011** 0.0021 (0.004) -0.0057 (0.004) -0.0195 (0.004) 11.2
3 ewsg  (2-11) 86 0.00390** 0.0007 (0.001) -0.0051 (0.001) -0.0020 (0.002) 6.6
ewsgy 2 5 0.00808* -0.0047 (0.002) -0.0036 (0.002) 0.0010 (0.002) 5.8
ewsg 3 84 0.00271** 0.0029 (0.002) -0.0067 (0.002) -0.0026 (0.002) 7.0
ewsg 6 85 0.00201** 0.0003 (0.002) -0.0083 (0.002) -0.0019 (0.002) 7.3
ewsy 10 125 0.00004* * -0.0070 (0.002) -0.0079 (0.002) 0.0062 (0.003) 12.2
Iwsg 2 13 0.00324** 0.0016 (0.002) -0.0084 (0.002) -0.0033 (0.002) 7.8
Iwsg 3 %4 0.00059* * 0.0004 (0.002) -0.0054 (0.002) -0.0099 (0.003) 8.9
Iwsg 7 0 0.00855* -0.0035 (0.003) -0.0094 (0.003) 0.0029 (0.003) 55
4  ewsy (7-11) 93 0.00026* 0.0057 (0.001) 0.0012 (0.002) 0.0010 (0.002) 101
ewsg  (2-11) 92 0.00174** 0.0043 (0.001) 0.0016 (0.001) -0.0005 (0.001) 7.7
ewsgy 7 93 0.00204* * 0.0054 (0.002) 0.0046 (0.002) 0.0017 (0.002) 7.3
ewsg 8 92 0.00575* 0.0067 (0.002) -0.0005 (0.002) 0.0029 (0.002) 6.0
ewsg 9 95 0.00520* 0.0067 (0.002) 0.0000 (0.002) 0.0015 (0.002) 6.1
Iwsg 2 49 0.00745* 0.0017 (0.002) 0.0087 (0.003) -0.0024 (0.003) 6.5
Iwsg 7 2 0.00909* 0.0005 (0.003) 0.0085 (0.005) -0.0161 (0.005) 54
5 Iwsg (2-6) 67 0.00000** -0.0025 (0.002) 0.0115 (0.002) -0.0040 (0.003) 15.7
Iwsg (7-11) 56 0.00059** -0.0032 (0.002) 0.0084 (0.002) -0.0046 (0.002) 9.1
lwsy  (2-11) 55 0.00018** -0.0030 (0.002) 0.0083 (0.002) -0.0043 (0.002) 10.6
ewsg 6 1 0.00765* 0.0024 (0.002) 0.0003 (0.002) -0.0066 (0.002) 5.6
ewsgy 9 83 0.00574* -0.0086 (0.003) 0.0044 (0.002) -0.0039 (0.003) 6.0
Iwsg 2 31 0.00292** 0.0021 (0.003) 0.0094 (0.003) 0.0021 (0.003) 7.9
Iwsg 3 38 0.00535* 0.0008 (0.002) 0.0094 (0.003) 0.0000 (0.003) 6.1
Iwsg 4 64 0.00091** -0.0023 (0.003) 0.0110 (0.003) -0.0066 (0.003) 85
Iwsg 5 69 0.00004** -0.0016 (0.003) 0.0161 (0.003) -0.0005 (0.004) 121
Iwsg 6 58 0.00028** -0.0046 (0.003) 0.0131 (0.003) -0.0040 (0.003) 9.8
Iwsg 9 55 0.00399** -0.0031 (0.003) 0.0103 (0.003) -0.0073 (0.003) 6.5
6  ewsg 9 0 0.00366* * 0.0036 (0.002) -0.0074 (0.004) -0.0119 (0.004) 6.6
7  lwsg 10 38 0.00621* 0.0088 (0.004) 0.0065 (0.004) -0.0097 (0.004) 5.9
Iwsg 11 13 0.00308** -0.0044 (0.006) 0.0130 (0.005) 0.0146 (0.006) 7.0
7b  ewsg 4 0 0.00146** -0.0021 (0.002) 0.0054 (0.002) -0.0054 (0.002) 7.8
8 ewsg  (7-11) 36 0.00098** -0.0053 (0.001) -0.0001 (0.001) 0.0014 (0.001) 84
ewsgy 2 108 0.00766* 0.0058 (0.002) -0.0023 (0.003) 0.0034 (0.003) 5.9
ewsg 6 43 0.00034** -0.0068 (0.002) 0.0004 (0.002) 0.0042 (0.002) 9.6
9 Iwsy (2-6) 37 0.00510* 0.0002 (0.002) -0.0027 (0.002) 0.0071 (0.002) 6.3
Iwsg 5 39 0.00813* -0.0009 (0.003) -0.0016 (0.003) 0.0112 (0.003) 55
1 ewsg  (2-6) 65 0.00676* 0.0026 (0.001) -0.0027 (0.002) 0.0036 (0.002) 5.9
ewsgy 4 73 0.00640* 0.0047 (0.002) -0.0051 (0.002) 0.0029 (0.002) 5.9
13 lwsg 8 31 0.00641* 0.0122 (0.004) -0.0020 (0.003) -0.0035 (0.004) 5.9
14  ewsy (2-6) 0 0.01017* -0.0001 (0.001) -0.0066 (0.002) -0.0018 (0.002) 5.4
Iwsg 3 9 0.00273** -0.0062 (0.002) -0.0096 (0.004) -0.0004 (0.004) 7.0
Iwsg 4 27 0.00225** 0.0016 (0.003) -0.0023 (0.003) 0.0124 (0.003) 7.3
Iwsg 7 40 0.00533* -0.0051 (0.003) -0.0073 (0.003) 0.0087 (0.003) 6.1

a e=earlywood; |=latewood

b See Table 2
¢ See Table 3; standard error in parentheses

d Percentage of phenotypic variance explained by QTL

* 0.01=p>0.005, ** p<0.005
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LG  Trait Ring cM P Mat. eff. (SE) Pat. eff. (SE) Inter. eff. (SE) %Var.b
1 emfa (3,5,7) 54 0.00064** 0.1653 (0.231) -0.2855 (0.253) 1.0620 (0.268) 19.8
134 -0.9298 (0.219) 0.1958 (0.219) -0.1401 (0.224)
Imfa (3,5,7) 44 0.00574* 0.2293 (0.250) -0.3027 (0.260) 0.8269 (0.258) 14.7
134 -0.6626 (0.255) 0.5962 (0.257) -0.0779 (0.258)
3 ewsg (2-11) 14 0.00825* -0.0027 (0.001) -0.0025 (0.001) 0.0011 (0.001) 12.0
86 0.0015 (0.001) -0.0060 (0.001) -0.0017 (0.001)
6 vol % (7-11) 68 0.00621* 2.0346 (1.030) -0.3415 (0.687) -2.8531 (0.695) 11.0
82 -1.9189 (1.083) 0.8592 (0.673) 2.0436 (0.704)
a See footnotes for Table 4
b Percentage of variance explained by QTL pair
Table 6 Resultsafrom QTL analyses of volume percentage of latewood (vol%) using a one-QTL model
LG Trait Ring cM P Mat. eff. (SE) Pat. eff. (SE) Inter. eff. (SE) %Var.
1 vol% 10 143 0.00281** 0.640 (0.724) 2.802 (0.782) 0.821 (0.827) 7.0
2 vol % (2-6) 1 0.00782* 0.915 (0.385) 0.672 (0.398) 0.799 (0.404) 5.7
3 vol% 7 83 0.00055** 0.867 (0.693) -2.237 (0.842) -2.923 (0.875) 9.0
5 vol% (2-6) 67 0.00259** -0.190 (0.464) 1.317 (0.445) -1.447 (0.543) 7.2
vol% 2 111 0.00143** 1.441 (0.434) 0.345 (0.441) 1.002 (0.467) 9.0
6 vol% (2-6) 65 0.00268** 0.775 (0.401) 1.181 (0.415) -0.729 (0.445) 7.1
vol% (2-11) 66 0.00379** 0.691 (0.365) 0.781 (0.370) -0.953 (0.401) 6.7
vol% 5 62 0.00177** 1.317 (0.743) 2.004 (0.809) -2.124 (0.830) 75
vol% 8 7 0.00521* 2.501 (0.718) 0.654 (1.399) 1.717 (1.447) 6.1
7 vol% 4 35 0.00562* -4.072 (1.267) -0.244 (0.530) 2.351 (1.300) 6.1
8 vol% 4 72 0.00005** 0.969 (0.573) 1.914 (0.614) 2.695 (0.692) 12.0
vol% 5 33 0.00646* 1.200 (0.741) 0.892 (0.752) 2.230 (0.742) 5.8
10 vol% 6 24 0.00067** 0.866 (0.546) -1.925 (0.550) 1.065 (0.558) 8.7
1 vol% 10 0 0.00132** 2.809 (0.752) -0.482 (0.755) 0.956 (0.822) 8.0
14 vol% (7-12) 2 0.00121** 0.338 (0.450) —-2.527 (0.638) -0.043 (0.679) 8.2
vol% (2-11) 4 0.00084** 0.580 (0.372) -2.073 (0.548) 0.099 (0.583) 8.6
vol% 3 17 0.01012* -0.623 (0.579) -1.740 (0.804) 2.077 (0.886) 5.3
vol% 5 40 0.00406** 2.501 (0.819) 0.210 (0.810) 1.391 (0.896) 6.5
vol% 6 4 0.00833* 0.443 (0.612) —-2.768 (0.901) 0.870 (0.958) 55
vol% 7 0 0.00813* -0.118 (0.795) -3.768 (1.084) -0.274 (1.128) 5.6
a See footnotes for Table 4

In previous studies of forest trees, a remarkably small
number of QTLs have been identified for each trait (Se-
well and Neale 2000). The number of QTLs identified
ranged from O to 7 per trait (mean=2.7) and each QTL
explained 3.4 to 62.6% of the phenotypic variance. Al-
though most target traits for QTL detection are thought
to be of polygenic inheritance (Zobel and Talbert 1984),
many of these results could be explained under an oligo-
genic model (e.g., Bradshaw and Stettler 1995; Grattapa-
gliaet al. 1996; Verhaegen et al. 1997; Kaya et al. 1999).
For several reasons, these results are most likely biased

so that the number of QTLs per trait is underestimated
and the phenotypic effect associated with each trait is
overestimated. For example, if the present study was
considered on a yearly basis, only 0 to 5 (mean=2.5)
earlywood and/or latewood QTLs were identified per
trait, which is in the same range as that for previous
studies. However, over the multi-year sampling period,
23 unique earlywood and/or latewood QTLs were identi-
fied for wsg, 16 for vol%, and seven for mfa
(mean=15.3). These differences between the single year
and multi-year analyses suggest that possible geno-
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Table 7 Results? from QTL analyses of microfibril angle (mfa) using a one-QTL model

LG Trait Ring cM P Mat. eff. (SE) Pat. eff. (SE) Inter. eff. (SE) %Var.
1 emfa 35,7) 134 0.00005** -1.046 (0.222) 0.204 (0.229) -0.067 (0.233) 11.9
Imfa (3,5,7) 42 0.00102** 0.363 (0.250) -0.672 (0.254) 0.719 (0.262) 8.3
emfa 5 134 0.00180%* -1.045 (0.273) 0.176 (0.282) -0.107 (0.287) 7.6
emfa 7 134 0.00038** -1.262 (0.287) -0.108 (0.296) 0.036 (0.301) 9.5
Imfa 5 55 0.00060** 0.494 (0.297) -0.721 (0.316) 1.073 (0.348) 9.1
Imfa 7 40 0.00164** 0.578 (0.336) -0.824 (0.342) 0.928 (0.348) 8.0
5 Imfa 3 86 0.00088** -0.617 (0.321) -0.864 (0.258) -0.150 (0.363) 9.1
7 emfa (3,5,7) 44 0.00484** 0.750 (0.230) -0.074 (0.225) -0.345 (0.226) 6.3
Imfa (35,7) 43 0.00290% * 0.926 (0.252) -0.076 (0.246) -0.221 (0.252) 6.9
emfa 5 42 0.00158** 1.096 (0.286) -0.104 (0.277) -0.300 (0.292) 7.7
Imfa 5 43 0.00182** 1.096 (0.282) -0.090 (0.274) -0.141 (0.282) 7.7
Imfa 7 44 0.00715* 1.040 (0.337) -0.143 (0.329) -0.533(0.331) 6.0
8 Imfa 7 55 0.00816* -0.962 (0.377) -0.931 (0.387) 0.324 (0.441) 5.8
9 emfa (35,7) 12 0.00095%* -0.605 (0.258) 0.162 (0.235) 0.908 (0.273) 8.4
Imfa (3,5,7) 13 0.00695* -0.482 (0.282) -0.058 (0.251) 0.872 (0.291) 5.8
emfa 5 8 0.00700* -0.661 (0.309) 0.142 (0.300) 0.949 (0.343) 5.8
Imfa 5 14 0.01020* -0.215 (0.315) 0.015 (0.281) 1.077 (0.325) 5.4
14 Imfa (3,5,7) 25 0.00047** -0.522 (0.246) 0.742 (0.317) -0.767 (0.322) 9.3
emfa 7 21 0.00261** -0.477 (0.312) 0.697 (0.413) -1.212 (0.444) 71
Imfa 5 25 0.00038** -0.584 (0.273) 0.650 (0.353) -1.021 (0.357) 9.7
Imfa 7 24 0.00074%* -0.849 (0.339) 1.095 (0.440) -0.748 (0.454) 9.0
aSee footnotes for Table 4

typexenvironment (GxE) interactions influence the tem-
poral expression (and therefore the detection) of differ-
ent QTLs from year to year. Alternatively, inconsistent
QTL detection and overestimation of the phenotypic ef-
fect could also be attributed to the relatively small proge-
ny size of the study (Beavis 1995). In addition, multiple
QTLsresiding on individual linkage groups may mask or
distort the effect of individual QTLs.

Traditional quantitative genetic studies in forest trees
have demonstrated that wood property traits generally
exhibit high heritabilities. For loblolly pine, numerous
studies have shown that narrow-sense heritabilities (h?)
for wsg are typically high (0.20<h2<1.00; Zobel and Jett
1995). Several researchers have also demonstrated that
wsg was primarily controlled by additive genetic effects
(Talbert et al. 1982; Lowe and Byram 1995). Each of the
few studies for vol% reported values for h? as large or
larger than those for wood specific gravity (van Buijtenen
1962; Goggans 1962). Quantitative genetic studies for
mfa are limited.

Few QTL mapping studies in forest trees have esti-
mated gene action for QTLs. However, the outbred QTL
model (Knott et a. 1997) used in the present study pro-
vides a means to calculate an interaction effect (Table 3),
where an effect of zero implies that the alleles are addi-
tive (athough this determination is only valid if both
parents are heterozygous at that QTL). Nine of the 19
composite-trait QTLs (two for wsg, four for vol%, and
three for mfa) exhibited a strong non-zero interaction ef-
fect, which suggests some degree of non-additive (i.e.,

dominance or epistatic) expression for alleles at these
QTLs. The remaining ten composite trait QTLs (seven
for wsg, one for vol%, and two for mfa) exhibited a weak
or zero interaction effect, which provides potential evi-
dence for additive expression. However, of these only
the QTL for ewsg on LG3 (detected using the two-QTL
model) was clearly heterozygous for both parents.

Seasonal expression of QTLs associated
with wood property traits

The change from earlywood to the denser latewood is
the likely result of a change in auxin balance that pro-
motes a prolongation of the wall-thickening phase (Meg-
raw 1985). Therefore the thicker cell walls that are asso-
ciated with latewood occur by virtue of a longer accrual
period. This change in the auxin balance is possibly as-
sociated with the vol% trait. The onset of latewood for-
mation appears to coincide with the cessation of height
growth and the maturity of new needles, which alows
for greater availability of resources for cell-wall thicken-
ing (Megraw 1985). Therefore, QTLs for wsg may possi-
bly be expressed differently under these changing chemi-
cal microenvironments within the cell that are associated
with the seasonal development of either earlywood or
latewood (e.g., different auxin concentrations).

For the analyses of wsg and mfa, each trait was exam-
ined for both earlywood and latewood components. For
mfa, each QTL was consistently detected for both ear-
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lywood and latewood (except for two individual-ring trait
QTLs for latewood mfa on LG5 and LG8). However, the
majority of QTLs for wsg appeared to be specific to either
earlywood or latewood. Four (8) QTLs for wsg were spe-
cific to earlywood, three (6) were specific to latewood,
and two were detected for both earlywood and latewood
(additional individual-ring trait QTLs in parentheses). The
phenatypic correlations between earlywood and latewood
are in accordance with these results (0.533<r<0.697 for
mfa and —0.240<r<0.125 for wsg). Gladstone et al. (1970)
reported that, although the relative densities of earlywood
and latewood within most species are generally strongly
correlated, loblolly pine trees can have relatively high ear-
lywood density and low latewood density, thereby poten-
tialy lowering the correlation value between earlywood
and latewood.

The genetic complexity of a quantitative trait can of-
ten complicate the detection of QTLs that are associated
with the trait. These results demonstrate the utility of
dissecting a complex trait into its different component
traits (e.g., earlywood and latewood). QTL detection is
enhanced by decreasing the potentially confounding phe-
notypic variation associated with a trait. This dissection
also provides for a better understanding of the genetic ar-
chitecture of a complex quantitative trait.

Temporal stability of QTLs associated
with wood property traits

Forest trees experience a variety of environmental condi-
tions over their lifespans. Long-lived trees also experi-
ence different developmental stages of growth (e.g., the
change from juvenile to mature wood), which are most
likely controlled by different sets of regulatory factors
(e.g., tree age is often associated with different patterns
of inheritance for wood density; Zobel 1964). Therefore,
even within a single site, the temporal expression of
QTLsfrom asingle individual will most likely be signif-
icantly influenced by GXxE interactions and/or the stage
of development. Consequently, some QTLS may not be
consistently detectable over time. However, those QTLS
that are detectable over multiple growing seasons may be
most valuable in the widest range of breeding programs.
Several QTL studies in forestry have examined the
stability of QTLs over multiple growing seasons. A few
of these studies repeatedly detected a subset of QTLs
over time (e.g., Newcombe and Bradshaw 1996; Plomion
et al. 1996; Verhaegen et al. 1997). Other studies found
no evidence for the same QTLS among consecutive
growing seasons (e.g., Bradshaw and Stettler 1995; Kaya
et al. 1999). In the present study, a subset of QTLs were
consistently detected over multiple years and/or at differ-
ent seasonal stages. Other QTLs were detected only dur-
ing a single year and seasonal stage. For example, the
QTL for earlywood wsg on LG4 appears to be consis-
tently expressed over the duration of this study, whereas
the QTL for latewood wsg on LG5 appears to be ex-
pressed only during the later stage of growth and is pos-

sibly associated with the onset of the development of
mature wood. Therefore, a QTL analysis using averaged
phenotypic values may detect QTLs that most consis-
tently influence the trait, yet a temporal dissection of
how trees achieve their mature phenotype may give in-
sights both to the developmenta responses influencing
maturation as well as to potential physiological respons-
es to year to year climatic extremes that occur during the
lifespan of atree (O’ Malley and McKeand 1994).

Verification of QTLs

The practical utilization of QTLs in a marker-aided
breeding program has in part been hampered by alack of
verification of the results from QTL studies. The instiga-
tion of new QTL detection studies designed to verify pre-
viously detected QTLs is costly and time consuming. In
this study, temporal replication provided an efficient and
effective method for the independent verification of
QTLs against the same genetic background. However,
larger mapping populations are still essential for more
precise placement of QTLs, for a more realistic estima-
tion of the magnitude of QTL effects and for detection of
QTLs with smaller effect. Experiments are currently be-
ing conducted to verify the physical wood property QTLs
that were detected in this study. As verification experi-
ments become available, comparative mapping can be
used to relate the results from these independent studies
at both an intraspecific and interspecific level (Devey et
al. 1999; Sewell et al. 1999).
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