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Abstract Interspecific hybrids of Populus species are
known for their superior growth. In this study, we examined
the effect of the genetic background and contrasting
environmental conditions on growth and searched for
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quantitative trait loci (QTL) affecting growth traits. To this
end, two hybrid poplar families resulting from controlled
crosses, Populus deltoides ‘S9-2’x P. nigra ‘Ghoy’ (DXN,
180 Fy) and P. deltoides ‘S9-2’xP. trichocarpa V24’ (D x
T, 182 F,), were grown at two contrasting sites, Northern
Italy and Central France. At the end of the second growing
season, tree dimensions (stem height, circumference, and
volume) were assessed. The performances of both families
significantly differed within and between sites. Tree volume
was significantly larger at the Italian site as compared to the
French site. Genotype by environment interactions were
significant but low for both families and for all growth
traits. Tight correlations among the individual growth traits
indicated that there may be a common genetic mechanism
with pleiotropic effects on these growth traits. In line with
previous studies, linkage groups I, VII, IX, X, XVI, XVII, and
XIX appeared to have genomic regions with the largest effects
on growth traits. This study revealed that (1) both families
have high potential for selection of superior poplar hybrids
due to the pronounced heterosis (hybrid vigor) and the large
genetic variability in terms of growth and (2) the choice of site
is crucial for poplar cultivation.

Keywords Populus - Interspecific hybrids - Growth -
Genotype by environment interaction (G % E) - Heterosis -
Heritability - Quantitative trait loci (QTL)

Introduction

Currently, there is a growing interest in the fast production
of biomass as feedstock to displace fossil fuels and to
reduce greenhouse gas emissions. Considerable amounts
of energy are locked-up in lignocellulose, the main
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component of plant cell walls (Mdoller et al. 2007).
Lignocellulose can be used as raw material for the
manufacture of various bio-based products, for example
bioethanol (Schubert 2006). Poplar is a good candidate as
biorefinery feedstock (together with Salix, Miscanthus, and
Triticum; Moller et al. 2007) due to its rapid juvenile
growth (Bergez et al. 1989; Bradshaw et al. 2000), good
coppicing ability (Ceulemans and Deraedt 1999), and
completely sequenced genome (Boerjan 2005; Tuskan et
al. 2006). However, the variability in quantitative and
qualitative biomass production is huge in the Populus
genus and among the vast number of interspecific hybrids
resulting from crosses among the 30 species belonging to
the genus (Ceulemans 1990; Cervera et al. 2005). Conse-
quently, hybridization and breeding programs have been
developed to screen for the most promising genotypes.

The three main goals of hybridization are: (1) to
combine desirable traits from different species into the F,
progeny; (2) to obtain heterosis, or hybrid vigor and; (3) to
achieve increased homeostasis, i.e. greater phenotypic
stability among different environments (Stettler et al.
1996). The most common species used for hybridization
in Europe and North America are Populus deltoides (Bartr.
ex Marsh.), Populus trichocarpa (Torr. & Gray) and
Populus nigra (L.). Natural hybrids of P. deltoides and P.
nigra were the first intercontinental poplars to be used in
plantation culture but also hybrids of P. deltoides and P.
trichocarpa appeared to be extremely well-suited for
cultivation in Europe and North America (Eckenwalder
2001). Although P. deltoidesx P. trichocarpa hybrids are
known to be much more productive than P. delfoides* P.
nigra hybrids, high heterosis values are usually found for
both hybrid types (Ceulemans 1990; Stettler and Ceule-
mans 1993; Marron et al. 2006).

A better understanding of the genetic basis of growth
under contrasting environments is required to improve the
efficiency of tree breeding. Genotype by environment
interactions are generally defined as the differential perfor-
mance of genotypes among environments (Falconer 1989)
and may occur in two ways: (1) a range of genotypes rank
differently in different environments, or (2) genotypes do
not rank differently, but differences between genotypes vary
in magnitude among environments. The latter type of
interaction, however, causes no problem for breeding
because a well-performing genotype selected in one
environment will remain well-performing when grown in
a different environment. Besides the desired stability of
genotypes among environments, breeders are also searching
for stability in time, i.e. genotypes that remain highly
productive over successive years.

To gain insight into the genetic basis of growth in
poplar, quantitative trait locus (QTL) detection has been
accomplished for traits such as height, circumference, and
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branchiness (Bradshaw and Stettler 1995; Wu et al. 1998;
Tsahouras et al. 2002; Rae et al. 2008). High genetic
correlations have been found among various growth traits
suggesting possible pleiotropic effects of common genomic
regions on multiple phenotypic traits (Wu and Stettler 1997;
Marron et al. 2006; Rae et al. 2008). In this study, QTL
analysis was performed with MultiQTL (http://www.mul-
tigtl.com/, MultiQTL Ltd, Institute of Evolution, Haifa
University, 31905 Haifa, Israel). MultiQTL allows the
simultaneous analysis of data collected from populations
grown in different environments, thereby increasing the
statistical power of the QTL detection and the precision of
estimates of QTL positions and effects (Jansen et al. 1995;
Korol et al. 1998; Rae et al. 2008).

This study presents data from two cloned full-sib
families resulting from controlled crosses of the same
female parent Populus deltoides ‘S9-2° with P. nigra
‘Ghoy’ and P. trichocarpa V24, grown at two contrasting
sites, i.e. Northern Italy and Central France. Genetic maps
for the three parents have previously been established
(Cervera et al. 2001). The objectives of this study were: (1)
to examine the extent of genetic and phenotypic variation in
tree dimensions for 1- and 2-year-old hybrid poplar families
in two contrasting environments; (2) to examine the extent
to which the growth performances of the parental species
are combined in the interspecific hybrids; (3) to identify
QTL for growth traits to better understand the genetic basis
for growth in F; interspecific families.

Material and methods
Plant materials and plantation layout

Two F; interspecific Populus families resulting from
controlled crosses with the same female parent were
examined in this experiment. One family is composed of
180 F, genotypes resulting from an interspecific cross
between Populus deltoides (Bartr. ex Marsh.) ‘S9-2” and P,
nigra (L.) ‘Ghoy’ (D*N family) (Cervera et al. 1996, 2001).
The second family included 182 F; genotypes and was
generated from an interspecific cross involving P. deltoides
‘S9-2> and P. trichocarpa (Torr. & Gray) V24’ (DxT
family). Both crosses were made by the Research Institute
for Nature and Forest (INBO, Geraardsbergen, Belgium) in
1987 and repeated in 1995 to enlarge the progeny.

The field trials were established in April 2003 from 25-cm
uniform hardwood cuttings at a density of 6,670 trees ha !,
planted at an initial spacing of 0.75x2 m. The two
experimental plantations were established according to a
randomized block design. For each family, six complete
blocks were made; each block contained one randomly
planted replicate of each F; genotype and each of the
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parents. To reduce border effects (Zavitkovski 1981; Van
Hecke et al. 1995), a double border row was planted around
the plantations (P.Xeuramericana ‘1-214’ at the Italian site
and P xeuramericana ‘Robusta’ at the French site).
Throughout each growing season, the plantation manage-
ment included irrigation and the use of insecticides and
fungicides as needed. However, during the establishment
year, some trees did not survive, especially at the Italian site
probably due to rooting difficulties (Marron et al. 2006).
Irrespective of site and family, the mean number of available
replicates per F; genotype was >3.

Site description

The experimental plantations were located at two sites, i.e. in
Northern Italy (Cavallermaggiore, Po valley, 44°42' N, 7°40’
E) and in Central France (Ardon, Loire valley, 47°46' N, 1°52'
E). During both growing seasons (April-October 2003 and
2004), the mean temperature was lower at the French site
(16.3°C) as compared to the Italian site (18.4°C). Overall,
annual rainfall was higher at the French site, but irrigation
allowed the control of water availability at both sites. With
regard to soil conditions, the Italian soil texture is pure loam
whereas the French soil is composed of 75% sand. More
details concerning location and climate at the two sites can be
found in Dillen et al. (2007).

Traits measured

Tree growth was assessed at the two sites at the end of the
second growing season (November 2004) for all replicates
of each F; and of the parental genotypes (for first-year
results, see Marron et al. 2006). Total stem height (height2)
was measured to the nearest cm with an extendable height
pole. Stem circumference (circum2) was measured at 1 m
above ground level to the nearest mm using a tape. Stem
volume (vol2) was calculated for each individual stem from
height2 and circum?2 assuming a conical shape (Pontailler et
al. 1997; Marron et al. 2006). The ratio of the stem height
to the circumference (htcc2, cm mm ')—a measure for
stem taper—was calculated for data measured at the end of
the second growing season. Growth increment during the
second growing season was represented by deltaH and
deltaC (deltaH=height2—height]l and deltaC=circum2—
circuml, where heightl =total stem height at the end of
the first growing season and circuml=stem circumference
at the end of the first growing season).

Data analyses
Statistical analyses were performed with the R software

(Version 2.6.1; http://cran.r-project.org/). Genotypes for
which there were less than three surviving replicate trees

were removed from all further analyses (i.e. for the DXN
family: 62 F, genotypes in Italy and 13 in France and, for
the DxT family: 12 F, genotypes in Italy and 4 in France).
Assumptions on residual distributions of the linear models
were checked with the Shapiro—Wilk statistic. When
necessary, original values were transformed according to
the Box-Cox procedure (Venables and Ripley 2002). The
following mixed models were used.

1. For adjustment of individual data to block effect: ¥;; =
U+ B; + i where  is the general mean and B; is the
effect of block i considered as fixed. B; was calculated,
for each family and site, as the difference between the
mean of block i and the general mean of the whole
family.

2. For comparison between families and sites: Yi;kl =
u+ Fam, + Gj(l) + Sk + Fam; x Sy + Gj(l) x Sk + &iju
where Y’y are individual values adjusted for the
within-site block effects (Yl =Y —Bi), Fam,; is the
family effect (fixed), Gjq) is the genotype effect
(random), Sy is the site effect (fixed), Fam; xS is the
family by site interaction effect (fixed) and Gjqy xS is
the genotype by site effect (random). The mean of ¥ at
the genotypic level is further referred to as the
genotypic mean of a particular genotype. These values
were used as input values for the QTL analysis.

3. For comparison between parental performances: YlJ =
u+Pj +€;; where Pj is the effect of parent species j
considered as fixed. The Scheffé method was chosen as
post-hoc analysis due to different numbers of replicates
for the three parental species (Maxwell and Delaney
2004).

Differences between means were considered significant
when the P-value of the ANOVA F-test is <0.05. To
characterize genetic variation present in each family
separately, the following random models were used.

1. Within a site: Y1J = u+G;j + ¢;; where G;j is the effect of
genotype j considered as random. Genetic and residual
variance components (0% and o?) were calculated by
equating observed mean squares to expected mean
squares and solving the resulting equations according
to the Henderson III procedure (Henderson 1953; Searle
et al. 1992). The coefficient of genetic variation (CVg)
was estimated as 0g/Meang,mily. Broad-sense heritabil-
ities were estimated at each site and for each family on a
genotypic basis, Hge = 06/(0% + (02 /1)),
where n; is the average number of replicates per
genotype, and on an individual basis, H7 ;a0 =

05/ (oG + 02) (Nyquist 1991). We reported Hy,o

to estimate the efficiency of clonal selection and to give

information about the precision of estimated genetic
values when genotypic means were used as phenotypic
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predictors. H7ua €an be considered as a reference
value, calculated for one individual, and more easily
comparable to literature values. The standard errors of
broad-sense heritability were calculated as described by
Singh et al. (1993).

2. Between sites: Yy = pu+Gj+ Sk + (G x S)jk—i-z-:ijk,
where G;j is the genotype effect (random), Sy is the
site effect (random) and (G *S)j is the genotype by site
interaction effect (random). In order to quantify the
relative importance of each effect, variance compo-
nents, 0%, 0%, 0%, and o were calculated by
equating observed mean squares to expected mean
squares and solving the resulting equations according
to the Henderson III procedure (Henderson 1953;
Searle et al. 1992).

5

Mean heterosis or hybrid vigor was expressed for
each family and at each site as the percentage of
superiority of hybrids over the mean of the two parents
((Meanpamny— Meanp,ents ) / Meanp,enis X 100[%]) (Li and
Wu 1997). Spearman rank correlation coefficients (based
on genotypic means) were calculated to assess the
dependency of the genotype performance on the site.
The genetic correlation of the performance of a trait
between sites a and b was estimated with the following
formula: reap = Fab/ (Haenotyped X Haenotypeb), With ryp as
the Pearson correlation coefficient between group means at
sites a and b, and Hgenotyped and Hgenotypeb as the square root
of genotypic heritabilities at sites a and b, respectively
(Burdon 1977). Genetic correlations among traits were
calculated from the variance—covariance matrices obtained
from the MANOVA as r, = Covg(x,y) /\/o%(x) x o5(y),
where Covg(x,y) is the genetic covariance between traits X
and y, estimated by equating the mean co-products with their
expected values according to the Henderson III procedure
(Henderson 1953; Becker 1984).

Genetic map construction

Amplified fragment length polymorphism (AFLP) analysis
was performed as described by Cervera et al. (2001) on an
extra 96 offspring of the DXN family leading to a total of
217 individual genotypes and on an extra 134 offspring of
the DxT family leading to a total of 235 genotypes. A x>
test (d.f.=1, P<0.01) was used to identify deviations from
Mendelian ratios. AFLP markers deviating at the 1%
significance level were excluded from the linkage analysis.
Linkage analysis was performed with MAPMAKER Unix
Version 3.0 (Lander et al. 1987) as described previously in
Cervera et al. (2001) with the new marker data and with the
marker data obtained before (Cervera et al. 2001). Markers
ordered at a LOD score of 2.0 were used as framework
markers. Markers that could not be ordered with equal
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confidence were positioned relative to a framework marker
and were called accessory markers. Four genetic maps were
obtained. Throughout the paper the notations D1 and D2
refer to the P. deltoides ‘S9-2’ map generated from the D x
N and DxT families, respectively. Microsatellites (SSRs)
have been used in the past (Cervera et al. 2001) as bridge
markers to align the genetic map to other available genetic
maps of Populus and to the Populus genome sequence
(Morreel et al. 2006). The framework maps were further
used for QTL analysis. The percentage of missing marker
data in these framework maps was 22, 20, 28, and 22% for
P deltoides (D1), P. nigra (N), P. deltoides (D2), and P
trichocarpa (T), respectively.

QTL analysis

QTL analysis was based on 160 and 92 phenotypes for the
DxN family and on 171 and 163 phenotypes for the DxT
family, for the French and the Italian site respectively. The
Anderson-Darling normality test was performed on the
block-adjusted (genotypic) mean values of all growth traits
at the end of the first growing season (see Marron et al. 2006
for circuml, heightl, and voll; htccl was added in this
analysis) and at the end of the second growing season
(circum?2, height2, vol2, htcc2, deltaC, and deltaH) at each
site to verify whether residuals were normally distributed
using the proc univariate procedure (SAS Version 9.1.2, SAS
Institute, Cary, NC, USA). QTL significance thresholds were
determined by permutation tests and thus determined on the
actual data, avoiding the necessity to transform the original
data (Doerge and Rebai 1996). QTL analyses were
performed on the framework maps with MultiQTL (http://
www.multiqtl.com/) for the parental maps separately
using a pseudo-testcross analysis (Grattapaglia and Sederoff
1994). This program was chosen for its potential to
perform QTL analysis across multiple environments, to test
for two-linked QTL models, and to calculate confidence
intervals. The simultancous treatment of data from
multiple environments provided a significant increase in
power of QTL detection and accuracy of the estimated QTL
position and effect (Jansen et al. 1995). The use of clonal
replicates also increased the statistical power. The pheno-
types were better estimated and microenvironmental
noise could be excluded by correcting for block effects.
The QTL analysis was performed as described in Rae et al.
(2008). We report QTL with a chromosome-wise signifi-
cance level of 0.05. Experiment-wise (genome-wide and
over all traits) significances were based on the false
discovery rate (Benjamini and Hochberg, 1995). Note that
MultiQTL recalculates the (Kosambi) distances between the
markers based on genotype data. However, these distances
differ from the distances given by MAPMAKER because the
latter has the ‘error detection’ option that prevents the
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distances to inflate whenever a possible error has been made.
Most SSRs were genotyped on only part of the offspring,
and were thus not put into the framework map. These SSRs
were therefore placed to the MultiQTL framework maps at
their approximate positions. All map drawings were done
with Mapchart 2.2 (Voorrips 2002).

Results
Within site variability

Within each site, highly significant differences between
both hybrid families were obtained for all traits (Table 1).
The stem volumes of the DxT family were larger than
those of the DxN family irrespective of site (7.2 vs. 5.4
dm? in Italy and 4.3 vs. 1.9 dm® in France). At the French
site, the P trichocarpa V24’ parent showed overall a
higher growth rate than P. nigra ‘Ghoy’ and P. deltoides
‘S9-2’ (Table 2). Heterosis values for height2, circum?2, and
vol2 were positive for both families (Table 1). The values
ranged from 16.1 to 176.5%, for height2 of the DxN family
and for vol2 of the DxT family, respectively. Htcc2 values
were higher for the parents than for the F; hybrids of both
families as shown by the negative heterosis values,
reflecting that the heterosis for circum2 was larger than
for height2 (Table 1). Performance of P. deltoides ‘S9-2’
(Table 2) and heterosis values (Table 1) could not be
defined for trees grown at the Italian site.

The coefficients of genetic variation (CVg) ranged from
6.6 to 35.3% and were higher for the DxN than for the D x
T family (Table 3). Values of heritability were moderate to
high: Héenotype ranged from 0.61 to 0.89 and H2 ;. mu
ranged from 0.25 to 0.62 (Table 3). For heritability values
the same trend was observed as for CVg, i.e. slightly
higher values for the D xN family than for the DxT family.

Between site variability

All traits significantly differed between the two sites for
both families (Table 1). The two families were more
productive in Italy than in France and also the male parent
P nigra ‘Ghoy’ showed its highest growth under Italian
conditions (Table 2). Conversely, circum2 and vol2 of P
trichocarpa ‘V24° were significantly larger in France as
compared to Italy. No data were available for P. deltoides
‘S9-2 at the Italian site.

Genotype by site (GxS) interactions were significantly
different from zero (P<0.001) (results not shown), but their
relative contributions to the phenotypic variation (0'12)) were
quite low (0%, ¢ / 0'127 ranging from 3.8 to 11.0%, Table 4).
The site, however, contributed much more to the phenotypic
variation (0% / 0'5 ranging from 16.8 to 81.3%; Table 4).
Highly significant (P<0.001), but moderate values for the
Spearman rank coefficients (0.50 to 0.68 for the DxN
family, 0.36 to 0.52 for the DxT family) suggested some
differences in rank order of genotypes between both sites
(Table 5 and Fig. 1). The Spearman rank coefficients were

Table 1 Family means with standard error (SE), range of genotypic variation and heterosis for stem traits related to plant growth at the end of the second
growing season (height2, circum2, vol2, htcc2, deltaH and deltaC) for the DxN and DT families in Cavallermaggiore (Italy) and Ardon (France)

Trait Site DxN family DxT family
Mean+SE  Genotypic range  Mean heterosis (%) Mean+SE  Genotypic range ~ Mean heterosis (%)
Height2 (cm) Italy 631+4 427-788 - 746+4 316-897 -
France  459+2 265-557 16.1 5743 219-678 22.5
Circum2 (mm) Italy 14542 75-212 - 155+1 73-216 -
France 93+1 50-133 26.5 131+1 42-165 50.6
Vol2 (dm?) Italy 5.4+0.1 1.1-10.6 - 7.2+0.1 0.9-13.4 -
France 1.9£0.0 0.5-4.0 74.6 4.3+0.1 0.3-6.7 176.5
Htce2 (cm mm 1) Italy 4.43+0.04  3.10-6.00 - 4.94+0.02  3.90-6.45 -
France  5.02+0.02  4.00-6.53 -11.1 4.56+0.02 3.76-6.09 -17.6
DeltaH (cm) Italy 368+3 250-471 - 479+3 122-594 -
France = 238+2 120-309 21.1 291+2 43-359 43.0
DeltaC (mm) Italy 92+1 42-145 - 96+1 29-148 -
France S51+1 23-82 29.1 66+1 8-88 553

Height2=stem height at the end of the second growing season; Circum2=stem circumference at 1 m above the ground level at the end of the
second growing season; Vol2=estimated volume at the end of the second growing season; Htcc2=ratio of stem height to circumference at the end
of the second growing season; DeltaH=stem height at the end of the second growing season—stem height at the end of the first growing season;
DeltaC=stem circumference at the end of the second growing season—stem circumference at the end of the first growing season. All differences
between sites and families were significant at P<0.001. Heterosis values at the Italian site were not calculated as no replicate of P. deltoides ‘S9-2’
and only two of P. nigra ‘Ghoy’ were alive at this site
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Table 2 Parental means with standard error (SE) and level of significance of differences between parents for traits related to plant growth at the
end of the second growing season (height2, circum2, vol2, htcc2, deltaH and deltaC) for the parents, P. nigra ‘Ghoy’, P. deltoides ‘S9-2’ and P.
trichocarpa ‘V24’ in Cavallermaggiore (Italy) and Ardon (France)

Trait Site P, nigra ‘Ghoy’ P. deltoides ‘S9-2’ P. trichocarpa ‘V24°
Mean=+SE Variation Mean+SE Variation Mean=+SE Variation
Geno Site Geno Site Geno Site

Height2 (cm) Italy (506+56) - ns . - - 423446 - ns
France 336+42 A 455+15 B 490+18 B

Circum2 (mm) Italy (105+20) - ns . - - 61+7 - Ak
France 68+9 A 79+5 AB 95+3 B

Vol2 (dm®) Italy (2.41£0.98) - ns . - - 0.78+0.18 - ok
France 0.92+0.27 A 1.26+0.14 AB 1.85+0.13 B

Htce2 (cm mm™) Italy (4.99+0.38) - ns . - - 6.92+0.10 - HoAk
France 5.44+0.34 ns 5.85+0.19 ns 5.18+0.08 ns

DeltaH (cm) Italy (253+39) - ns . - - 263127 - ns
France 192424 A 20148 AB 206+16 B

DeltaC (mm) Italy (56%18) - ns . - - 3145 - ns
France 38+6 ns 41+3 ns 44+2 ns

For each trait and each site, significant differences between parents are indicated with different capital letters (Scheffé test, «=0.05); ns, not
significant. For each trait and each cultivar, significant differences between sites are indicated as: ***P<0.001; **P<0.01. Mean values of P.
nigra ‘Ghoy’ in Italy are between parentheses because only two replicates were alive. In Italy, no means of P. deltoides ‘S9-2’ (dots) were
calculated and no tests (dashes) carried out as no replicate of P. deltoides ‘S9-2’ was alive at this site. The traits have been explained in Table 1

ns Non-significant

generally lower for the DXT family than for the DxN
family. The values of genetic correlation between the two
sites were often more than 0.65, particularly for circum2,
height2, and deltaC (Table 5).

Between year variability

The Spearman rank coefficients between years varied from
0.41 to 0.76 in the DxT family indicating a quite stable rank

Table 3 Coefficient of genetic variation (CVg, %) and broad-sense heritabilities with standard error (SE) on a genotypic basis (ch;

order of the D x T genotypes over successive years, especially
when selected on circumference (Table 6). Stability of
genotypic means over the 2 years was lower in the DxXN
family (0.38 to 0.62) than in the DxT family, except for
height increase in France. For the DXT family, there was a
shift in growth performance between the two sites: at the end
of the first growing season, the DxN family was more
productive in Italy as compared to France, while the DxT
family performed better in France (Marron et al. 2006). At

enonype) and on

an individual basis (lendividual) for stem traits related to plant growth at the end of the second growing season (height2, circum?2, vol2, htcc2,
deltaH and deltaC) for the DxN and DxT families in Cavallermaggiore (Italy) and Ardon (France)

Trait Site DxN family DxT family
CVG (%) Héenotype +SE lendividual +SE CVG (%) Héenotype +SE lendividual +SE
Height2 Italy 9.5 0.73+0.03 0.43+0.04 9.0 0.70+0.03 0.33+0.03
France 10.6 0.87+0.01 0.57+0.03 10.0 0.85+0.01 0.52+0.03
Circum2 Italy 17.0 0.73+0.03 0.42+0.04 12.4 0.65+0.03 0.29+0.03
France 16.8 0.86+0.01 0.55+0.03 15.1 0.85+0.02 0.52+0.03
Vol2 Italy 35.0 0.68+0.03 0.37+0.04 239 0.65+0.03 0.29+0.03
France 353 0.88+0.01 0.58+0.03 20.2 0.75+0.02 0.37+0.04
Htcc2 Italy 9.7 0.69+0.04 0.35+0.05 6.6 0.61+0.03 0.25+0.03
France 8.0 0.79+0.02 0.42+0.04 8.2 0.78+0.02 0.40+0.03
DeltaH Italy 9.9 0.68+0.03 0.37+0.04 9.2 0.75+0.02 0.39+0.04
France 14.2 0.88+0.01 0.60+0.03 9.7 0.86+0.01 0.54+0.03
DeltaC Italy 19.8 0.72+0.03 0.41+0.04 15.0 0.67+0.03 0.31+0.03
France 24.0 0.89+0.01 0.62+0.03 16.4 0.82+0.02 0.46+0.03

The traits have been explained in Table 1
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Table 4 Relative importance of the genetic (6%), site (63), genotype by site (6%, 5) and residual (65) effects in the phenotypic (aﬁ) variation
between the two sites for stem traits related to plant growth at the end of the second growing season (height2, circum2, vol2, htcc2, deltaH and
deltaC) for the DxN and DxT families

Trait DxN family DxT family
ot /o o /o s o /o ot /o o [ 045 o o /o

Height2 11.5 66.9 52 16.3 7.0 64.1 6.6 223
Circum2 17.3 53.6 7.0 22.1 20.4 20.8 10.7 48.1
Vol2 20.2 54.5 4.7 20.6 15.0 30.9 7.4 46.7
Htec2 21.4 23.2 7.6 47.7 16.7 16.8 11.0 55.5
DeltaH 9.9 72.8 3.8 13.5 1.7 81.3 5.6 11.4
DeltaC 17.3 56.0 6.4 20.3 12.1 49.2 6.6 322

The traits have been explained in Table 1

the end of the second growing season, both families displayed
a larger productivity at the Italian site (Table 1 and Fig. 2).
Nevertheless, the DxT family was more productive than the
DxN family during both growing seasons.

QTL analysis
Distribution and number of QTL

Summary statistics of the genetic maps are outlined in
Table 7. The QTL results are listed in Table 8 and displayed
in Fig. 3 where only framework maps are shown as
calculated by MultiQTL. For the DXN family, residuals
exhibited a normal distribution for most traits (data not
shown). However, residual distributions of the Dx T family
at the French site exhibited a strong left tail, except for htccl
and htcc2 that exhibited a pronounced right tail. This
skewness was probably caused by a difficult establishment
of the least performing genotypes. For the DxN family, 21
QTL were mapped on the maternal P. deltoides ‘S9-2’ map
and 29 on the paternal P. nigra ‘Ghoy’ map. For the DxT

Table 5 Spearman rank coefficients based on genotypic means, and
genetic correlations (r,ca) between Cavallermaggiore (Italy) and
Ardon (France) for traits related to plant growth at the end of the
second growing season (height2, circum?2, vol2, htcc2, deltaH and
deltaC) for the DxN and DxT families

Trait DxN family DxT family

Spearman rank [RON Spearman rank RN
Height2 0.59 0.82 0.52 0.75
Circum2 0.65 0.86 0.51 0.72
Vol2 0.66 0.87 0.45 0.63
Htec2 0.50 0.76 0.46 0.61
DeltaH 0.53 0.78 0.36 0.66
DeltaC 0.68 0.89 0.50 0.73

All Spearman correlations were significant at P<0.001. The traits have
been explained in Table 1

family, 48 QTL were mapped on the maternal P. deltoides
‘S9-2° map and 20 on the paternal P. trichocarpa ‘V24’
map, at the 5% linkage group level. The average number of
QTL per trait was 2.1 in D1, 4.8 in D2, 2.9 in P. nigra
‘Ghoy’ and 2.0 in P. trichocarpa ‘V24’. At the 5%
experiment-wise level, 3, 3, 39 and 11 QTL were detected
for P. deltoides (D1), P. nigra, P. deltoides (D2), and P.
trichocarpa, respectively.

Percentage of variance explained

The percentage of variance explained (PEV) by individual
QTL (single QTL model; note that for 2-linked QTL
models, the individual contribution of each QTL is not
known) reached a maximum of 18.1% in D1 (for circuml),
17.2% in P. nigra ‘Ghoy’ (for voll), 16.3% in D2 (for vol2)
and 23.7% in P. trichocarpa V24’ (for height2; Table 8,
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Fig. 1 Relationships for height2 (stem height at the end of the second
growing season, cm) between the two sites Cavallermaggiore (Italy)
and Ardon (France). Lines of best linear fit are shown (fu/l line for the
DxN family and dotted line for the DxT family). See Table 5 for the
corresponding Spearman rank coefficients. D=Populus deltoides ‘S9-
2’; N=P. nigra ‘Ghoy’; T=P. trichocarpa ‘V24’
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Table 6 Spearman rank coefficients based on genotypic means
between heightl and deltaH (height increase) as well as circum! and
deltaC (circumference increase), for each site, Cavallermaggiore
(Italy) and Ardon (France) and for DxN and DX T families

Trait Site Spearman rank coefficients between years
DxN family DxT family
Height Italy 0.62 0.68
France 0.58 0.41
Circumference Italy 0.51 0.76
France 0.38 0.67

All Spearman correlations were significant at P<0.001. The traits have
been explained in Table 1

values underlined in right-hand column). Maximum PEV
for individual QTL was found mostly at the Italian site with
the exception for QTL on LG T-VIIL. Total PEV per trait and
per site was maximally 44.0% (Table 9). QTL with PEV
>20% were found on LG T-VII only (Table 8).
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Fig. 2 Relationships between circum! (stem circumference at the end
of the first growing season, mm) and deltaC (circumference increase
during the second growing season, mm) at the two sites, Cavaller-
maggiore (Italy) and Ardon (France) for the DxN (full line) and DxT
(dotted line) families. See Table 6 for corresponding Spearman rank
coefficients. D=Populus deltoides ‘S9-2’; N=P. nigra ‘Ghoy’; T=P.
trichocarpa ‘V24’
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Co-locating OTL

Assuming that co-locating QTL can be considered as a
single pleiotropic QTL, the number of QTL reduced in DI
from 21 to 9, in P. nigra ‘Ghoy’ from 29 to 9, in D2 from
48 to 11 and in P. trichocarpa ‘V24’ from 20 to eight. Co-
locating QTL were found on LG VII (D1, D2, and T), LG
IX (N and T), LG X (D2), LG XIII (N and D2), LG XIV
(N, D1 and D2), LG XVI (N), LG XVII (D2), and LG XIX
(D2). Some LG were found with coinciding QTL regions
for the same traits on different parental maps (LG II: voll,
circuml; LG XIII: circum2, vol2, htcc2, deltaC; XVI:
deltaH, htcc2).

Directionality and site differences

At each site, a high genetic correlation was observed between
the first and the second growing seasons for the traits height,
circum, vol, and htcc (from 0.74 to 0.92; Table 10) with the
only exception of htcc in France (0.49). The traits height,
circum, and vol were highly genetically (and positively)
correlated with each other (correlation coefficients from 0.68
to 0.99; Table 10). There was also a genetic correlation,
albeit to a lower extent and negative, between htcc on the
one hand, and height, circum, and vol on the other hand
(Table 10). This negative correlation is reflected in the
opposite direction of the QTL effect (e.g. LG D1-VII, T-VII,
T-IX, D2-X, N-XIII, D2-XIII, D1-XIV, N-X VI, D1-XVII, D2-
XVII, and D2-XIX). The QTL on LG II, IV, and XIII had a
different directionality and the QTL on LG XVI resulted in a
lower performance (Fig. 3).

In 16 cases, there was a significantly different effect of
the QTL between the two sites (Table 8), supporting the
significant G xS interactions. The P. trichocarpa V24’ map
showed most QTL with significant differences in effect
between both sites. Five were located on LG VII, and three
on LG IIL. P, deltoides ‘S9-2° (D1) showed three QTL with
significant differences in effect between both sites, P
deltoides ‘S9-2’ (D2) four and P. nigra ‘Ghoy’ two. Most
QTL showed a negative effect on the trait (Table §). From
the 21 QTL found on DI, only four were found as well on
D2. They were situated on LG XIV and XVII (Fig. 3).
However, the effect on LG XVII was opposite, leaving only
one QTL found in common between D1 and D2.

Discussion
Genotypic variability
In line with previous studies, average values of stem height

were around 6 m for the single-stem F; poplar hybrids at
the end of the second growing season (Heilman and Stettler
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Table 7 Summary statistics of the genetic maps

DxN family

DxT family

P. deltoides *S9-2 (D1)

P nigra ‘Ghoy’ P, deltoides ‘S9-2’ (D2) P, trichocarpa ‘V24’

Total number of markers 459

Total number of framework markers 213

Number of linkage groups including 21 (19)
all markers®

Observed map length (cM) 2183.2

Observed framework map length (cM) 2112.8

Mean interval distance and standard 5.0£6.4
deviation (cM)

Mean interval distance between framework 11.0£7.7
markers and standard deviation (cM)

Missing data framework (%) 22

367 363 342
225 166 197

28 (25) 23 (19) 23 (18)
2877.9 1863.0 2183.8
2609.9 1758.3 2114.9
8.6+8.9 5.5+7.0 6.84+7.3
13.7+8.0 12.3+8.0 12.2+7.6
20 28 22

* Between parentheses are the numbers of linkage groups after aligning the maps based on microsatellite markers and sequenced AFLP fragments.

Linkage group XVII is missing from the P. trichocarpa V24’ map

1985; Ceulemans et al. 1992, 1996; Wu et al. 1992).
Irrespective of site, the Dx T family showed a significantly
higher growth performance than the DxN family in terms
of stem height, circumference, and volume. Marron et al.
(2007) indicated that the differences in productivity
between these families could be related to a large
extent to differences in the length of the growing season
than to inherent differences in growth rates. The high
productivity of the DxT hybrids has promoted the inter-
American hybrids to a superior position in poplar
plantation culture in Pacific Northwest America as well
as in Central and Western Europe (Eckenwalder 2001).
However, Dx T hybrids are generally highly susceptible to
leaf rust (Melampsora larici-populina) and, therefore,
proper management including treatment with fungicides
is needed to prevent severe reductions in growth (Pinon
1992; Laureysens et al. 2005).

During the second growing season, both families
displayed pronounced heterosis or hybrid vigor. Possibly
the heterosis values were slightly overestimated because the
parents growing in the same plantation as the F; hybrids
might have experienced effects of competition. Heterosis
for Populus hybrids is a well-known phenomenon (Muhle
Larsen 1970; Stettler et al. 1996; Li and Wu 1997; Marron
et al. 2006). Heterosis is determined by non-mutually
exclusive mechanisms, including genome-wide dominance
complementation, locus-specific overdominance effects and
epistasis, although the relative contribution of each of these
mechanisms is still unclear (Lippman and Zamir 2007).
Higher values of heterosis were observed for the DxT
family as compared to the DxN family. The superiority of
the DXT hybrids could be partly explained by the
combination of the rapid height growth of the P #richo-
carpa parent with the high diameter growth of P. deltoides

in the F; hybrids (Eckenwalder 2001). As expected,
heterosis values were highest for stem volume because
volume is a multiplicative function of stem height and
circumference (Li and Wu 1997).

Both families showed moderate to high values of broad-
sense heritability (H2 ;4. Tanging from 0.25 to 0.62) at
the two sites indicating that the amount of phenotypic
variation attributable to genetic variation is quite high for
these growth characteristics. Comparable values were
reported for Fy hybrids of P. deltoides and P. trichocarpa
(Marron et al. 2006, 2007). Overall, F, hybrids of the same
species displayed higher values of heritability (Wu and
Stettler 1997; Rae et al. 2004, 2008). In contrast to F,
breeding where species-specific linkages are left intact, F,
breeding highlights recombination and maximizes genetic
variance (Stettler et al. 1996).

Higher values for H7 ... and CVg were observed for
the DxN family than for the DxT family. Differences in
length of the growing season appeared to be related to
differences in productivity between both families (Marron
et al. 2007). More variability in cessation of growth was
found for the DxN family than for the DxT family (data
not shown), which could induce more genetic variation in
growth traits. However, both families showed high potential
for breeding, the DxN family based on its relatively wide
genetic variation, and the DxT family because of its high
heterosis and superior productivity.

Genotype by site interactions
Genotype by site interactions (G x S) were highly significant
but low for all growth traits. Both families were more

productive in Italy as compared to France. This could be
partly explained by the soil as loamy soils (as in the Italian
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Table 8 Identified QTL for all stem traits related to growth. For each QTL, the parent (P. deltoides ‘S9-2" (panels A and C), P. nigra ‘Ghoy’
(panel B) or P. trichocarpa ‘V24’ (panel D)) is indicated. The linkage group (LG), the 95% confidence interval (CI), the LOD value, the
percentage of variance explained by the QTL (PEV, %) and the genetic effect at each site are also indicated

Family = Parent LG Trait 95% CI QTL LOD  Genetic effect P-value PEV
model

France Italy France  Italy
A.  DxN P. deltoides Ib Circum2 [0-42.1] 2 3.5 0.77 1.59 5.3 13.0
DxN P. deltoides b Circum2  [28.9-75.6] 2 35 —0.58 -1.57 5.3 13.0
DxN P. deltoides Ib Vol2 [0-53.2] 2 3.5 330.00 1,142.19 5.5 12.7
DxN P. deltoides Ib Vol2 [37.4-73.5] 2 3.5 —258.75  —1,234.74 5.5 12.7
DxN P. deltoides I Circuml [31-105.3] 3.6 0.15 0.75  ** 1.7 18.1
DxN P. deltoides I Voll [13.7-123] 2.6 9.08 133.53  ** 0.5 17.5
DxN P. deltoides VII Htcel [12.2-89.9] 3.0 —-1.53 —-1.01 8.5 2.5
DxN P. deltoides VII Voll [19.7-123.1] 3.3 38.10 46.39 8.8 23
DxN P. deltoides Xb Htccl [2.44-7.9] 1.9 —0.59 -1.78 1.3 7.8
DxN P. deltoides XI Circuml [0-117.9] 34 0.31 0.12 7.3 0.5
DxN P. deltoides X1 Voll [0-117.9] 2.8 38.01 13.23 8.7 0.2
DxN P. deltoides X1V Circum2  [78.8-110.8] 4.1% —0.86 —1.43 6.3 7.9
DxN P. deltoides X1V DeltaC [63.8-110.8] 47" —-0.73 —-1.11 8.0 7.9
DxN P. deltoides X1V DeltaH [72.3-110.8] 44 —16.38 —25.56 49 10.3
DxN P. deltoides X1V Height2  [68.9-110.8] 3.4 —24.96 —35.73 5.4 8.3
DxN P. deltoides X1V Htee2 [49.5-110.8] 4.5 2.66 2.88 8.1 7.5
DxN P. deltoides X1V Vol2 [92.7-108.3] 52%  =390.71 -1,136.32 7.1 8.2
DxN P. deltoides XVI DeltaH [0-22.49] 3.4 —26.54 —10.64 12.3 2.0
DxN P. deltoides XVII  Circuml [0-27.85] 3.5 —0.38 —0.34 11.6 4.1
DxN P. deltoides XVII  Heightl [0-33.37] 2.8 —-17.66 —4.27 12.3 0.5
DxN P. deltoides XVII  Htee2 [0-41.4] 2.5 0.80 451 * 0.8 16.8
B. DxN P. nigra IIb Circuml [0-87.4] 3.9 —-0.25 —0.71 5.1 16.9
DxN P. nigra IIb Heightl [0-81.2] 43 —-10.14 —18.91 4.1 10.3
DxN P. nigra ITb Voll [0-98.6] 34 —24.66 —-131.55 3.6 17.2
DxN P, nigra 11 Heightl [54.1-145.1] 4.5 14.91 18.07 8.8 9.7
DxN P. nigra IVa Htcel [5.9-93.8] 3.8 —-1.67 —0.05 10.1 0.0
DxN P, nigra \% Htcel [78.3-131.7] 4.5 1.35 1.95 6.7 9.5
DxN P, nigra \% Htce2 [51.7-144.7] 2.6 1.29 2.87 2.0 7.8
DxN P. nigra IXa Circum2 [7.4-39.1] 2.1 —0.49 -1.22 1.9 6.0
DxN P. nigra IXa DeltaC [5.5-39.1] 1.9 —0.34 —0.88 1.6 5.5
DxN P. nigra IXa Htee2 [17.4-52.7] 2.7 1.77 2.48 3.7 6.0
DxN P. nigra IXa Vol2 [9.6-39.1] 22 —207.14 —993.87 1.9 6.7
DxN P, nigra XIII Circum2 [9.9-54.7] 25 0.78 0.68 49 1.9
DxN P, nigra X111 DeltaC [10.9-54.2] 2.7 0.62 0.49 53 1.8
DxN P, nigra XIII Htce2 [17.6-53] 2.6 —2.12 -1.34 52 1.8
DxN P. nigra XIII Vol2 [12-52.3] 2.8 353.27 518.63 5.4 1.9
DxN P, nigra X1V Circuml  [20.2-37.3] 22 0.29 0.08 7.1 0.2
DxN P. nigra X1V Heightl [22.9-37.3] 3.3 14.97 —2.60 8.5 0.2
DxN P. nigra XVI Circum2 [0-51.8] 4.0 —0.86 -1.95 6.2 14.6
DxN P, nigra XVI DeltaC [0-66.2] 3.9 —0.66 -1.38 6.1 13.4
DxN P. nigra XVI DeltaH [0-125.5] 2.1 -13.97 —22.70 3.6 8.5
DxN P, nigra XVI Heightl [0-73.6] 3.5 —11.58 —19.06 5.4 10.6
DxN P. nigra XVI Height2 [0-78.6] 29 —24.16 —41.71 52 11.4
DxN P. nigra XVI Htce2 [0-67.3] 3.5 2.13 3.65 5.4 12.7
DxN P. nigra XVI Vol2 [0-51.2] 3.8" 35284 -1453.69 * 5.5 14.4
DxN P. nigra N Circum2 [0-14.9] 2.9 —0.63 -1.27 33 6.2
DxN P, nigra N DeltaC [0-13.05] 33 —0.53 —-1.00 4.0 7.1
DxN P, nigra N DeltaH [0-22.1] 33 —20.58 —-13.16 7.3 2.8
DxN P. nigra N Height2 [0-22.1] 2.7 —25.03 —20.53 5.5 2.8
DxN P, nigra N Vol2 [0-10.5] 3.3 —269.94  -1,106.92 32 8.2
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Table 8 (continued)
Family  Parent LG Trait 95% CI QTL LOD  Genetic effect P-value PEV
model
France Italy France Italy
C. DxT P. deltoides v Vol2 [52.2-105.9] 3.6 583.19 —628.63  HF** 53 2.8
DxT P. deltoides v Htecl [0-91.3] 3.5 —0.91 —1.11 1.3 6.4
DxT P. deltoides v Htcc2 [0-59.2] 4.1 -0.91 238 % 1.2 8.0
DxT P. deltoides VII Circuml  [25.6-69.2] 2.2 —-0.39 —-0.15 4.1 1.0
DxT P, deltoides VII Circum2 [31-59.1] 2.9% -0.97 —0.58 4.4 1.5
DxT P, deltoides VII DeltaC [7.3-58.9] 3.3% —0.61 —0.46 4.5 1.8
DxT P. deltoides VII DeltaH [8-67.5] 2.9* —23.91 —14.77 52 1.7
DxT P. deltoides VII Height2 [16.1-76.7] 2.6* —34.45 -17.27 4.7 1.2
DxT P. deltoides X Circuml [0-38.8] 3.2% —-0.29 —0.34 2.4 5.4
DxT P. deltoides X Circum2 [0-21.8] 5.0 —0.88 —1.46 3.8 9.0
DxT P, deltoides X DeltaC [0-22.1] 4.9* —-0.58 —0.98 4.1 7.6
DxT P. deltoides X Heightl [0-61] 3.0° —-11.01 -11.38 2.7 4.2
DxT P. deltoides X Htecl [0-37.7] 2.9* 1.21 0.84 2.2 3.8
DxT P, deltoides X Htec2 [0-22.7] 4.8 1.57 2.17 3.6 6.8
DxT P, deltoides X Voll [0-46] 3.1° —68.22 -59.19 3.0 4.5
DxT P. deltoides X Vol2 [0-43.2] 3.7 —434.59 —874.02 3.0 5.4
DxT P. deltoides X1 Htecl [28.9-62.7] 4.7* 2.21 1.25 7.3 8.5
DxT P, deltoides XIla  Circuml [27-60] 2.8* —0.33 —-0.34 3.1 5.5
DxT P. deltoides XIlla  Circum2  [23.3-60] 2.6" —-0.75 —0.94 2.7 39
DxT P, deltoides Xllla  DeltaC [16.5-60] 2.5% —0.44 —0.66 2.4 3.6
DxT P, deltoides Xllla  Htee2 [30.8-47] 4.3% 1.70 1.81 4.2 4.8
DxT P. deltoides Xllla  Voll [26.8-60] 2.8* =56.71 —74.26 2.1 7.0
DxT P. deltoides Xllla  VoI2 [31.7-60] 4.6 47733 —1,208.50 3.7 9.9
DxT P, deltoides XIIb  Circuml [4.1-6.7] 2.6* 0.40 0.20 4.4 1.8
DxT P. deltoides XIIb  Circum2 [4.5-6.7] 3.0° 0.95 0.68 43 2.0
DxT P. deltoides XIlIb  DeltaC [4.3-6.7] 3.0° 0.56 0.50 3.8 2.1
DxT P. deltoides XIIb  DeltaH [0-6.7] 3.0° 18.56 24.25 32 4.5
DxT P. deltoides XIIIb  Heightl [3.5-6.7] 2.9¢ 12.13 10.31 33 3.5
DxT P, deltoides XIIlb  Height2 [2.1-6.7] 3.9% 35.08 33.24 4.8 4.4
DxT P, deltoides XIIb  Voll [4.6-6.7] 2.6* 91.89 29.52 5.4 1.1
DxT P, deltoides XIb  VoI2 [3-6.7] 3.4* 581.82 517.54 53 2.0
DxT P. deltoides X1V Htec2 [19.7-92.2] 3.6 0.74 228 % 0.8 7.3
DxT P. deltoides X1V Vol2 [29.1-82.4] 5.5 —32338 —1,553.84  *** 1.7 163
DxT P. deltoides XVI Htecl [22.2-43.4] 5.1% —-0.18 —-1.40 0.0 10.1
DxT P. deltoides XVII  Circum2 [2.6-78.5] 4.9° 1.13 1.25 6.1 6.9
DxT P, deltoides XVII  DeltaC [12.9-56.5] 7.9 0.96 1.04 11.1 8.8
DxT P, deltoides XVII  DeltaH [7-75.4] 3.4% 21.47 28.53 43 6.2
DxT P. deltoides XVII  Heightl [0-93.1] 2.4 15.76 11.63 5.5 4.4
DxT P. deltoides XVII  Height2 [2.9-71.8] 3.9% 36.52 38.73 53 59
DxT P. deltoides XVII  Htee2 [11.7-93.1] 3.1 —0.46 —2.51 0.3 9.1
DxT P. deltoides XVII  Vol2 [0.1-78.1] 4.9* 596.19 1,036.54 5.7 7.6
DxT P. deltoides XIX Circuml [0-42] 3.3% —0.43 —0.24 52 2.7
DxT P. deltoides XIX Circum2 [0-30.7] 4.7% -1.26 -0.74 7.4 2.5
DxT P, deltoides XIX DeltaC [0-33] 4.8 —0.83 —-0.40 8.0 1.4
DxT P, deltoides XIX Heightl [0-24.9] 4.1* —17.58 -9.39 6.7 29
DxT P. deltoides XIX Height2 [0-49.4] 3.5% —38.72 —25.19 5.8 2.5
DxT P. deltoides XIX Htec2 [0-50] 3.0 2.07 0.36 6.0 0.2
DxT P. deltoides XIX Voll [0-68.6] 2.4 —74.71 —43.03 3.6 2.4
D. DxT P. trichocarpa  la Htccel [0-168.7] 3.1 0.09 1.24 0.0 7.7
DxT P, trichocarpa  1lla DeltaH [16.4-66.7] 2.5 —8.25 2790  ** 0.6 5.4
DxT P, trichocarpa  1lla Height2 [5.4-66.7] 2.3 —7.58 3823 % 0.2 5.4
DxT P. trichocarpa  1llb Vol2 [11.4-28.6] 2.5 143.28 1,364.16  *** 0.3 11.0
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Table 8 (continued)

Family  Parent LG Trait 95% CI QTL LOD  Genetic effect P-value PEV
model

France Italy France Italy
DxT P, trichocarpa V11 Circuml  [13.2-77] 4.4* —0.81 -0.16  ** 16.9 1.3
DxT P. trichocarpa ~ VII Circum2  [17.2-70.1] 5.6% -1.97 -1.05 17.8 4.8
DxT P. trichocarpa VI DeltaC [18.4-66.8] 5.7% -1.23 —0.89 17.8 6.2
DxT P, trichocarpa V11 DeltaH [29.4-65] 8.9% —51.63 -26.28  * 23.6 53
DxT P, trichocarpa V11 Heightl [19.8-64.3] 6.6 -30.99 -11.50  ** 20.1 44
DxT P, trichocarpa V11 Height2 [27.3-64.9] 9.3% —80.99 —38.90 23.7 6.1
DxT P. trichocarpa V11 Htecl [29.7-77] 34 2.41 -0.49  ** 8.9 1.3
DxT P, trichocarpa V11 Voll [4.3-74.6] 3.7 —153.22 —22.57  R¥* 14.8 0.7
DxT P, trichocarpa V11 Vol2 [0-64.3] 4.4* 83849 —1,220.98 11.4 9.3
DxT P. trichocarpa  VIII Voll [35.6-158.1] 2 43 117.35 95.11 6.9 11.8
DxT P. trichocarpa  VIII Voll [90.1-184.4] 2 43 —96.20 —108.60 6.9 11.8
DxT P, trichocarpa  1X Circum2  [48.1-129.2] 2.8 -0.71 -1.23 2.3 6.5
DxT P trichocarpa  1X DeltaC [51.9-129.2] 24 —0.46 —-0.90 2.5 6.3
DxT P trichocarpa  1X Htecl [40.9-102.7] 3.4% 1.62 1.35 4.2 9.6
DxT P trichocarpa  1X Htec2 [52.1-117.9] 4.5% 1.42 2.72 3.0 10.6
DxT P. trichocarpa  XVI Htec2 [33.8-43] 3.4% 1.32 2.92 2.7 12.1

P-values indicate significant site effects (*P<0.05; **P<0.01; ***P<0.001). The column ‘QTL model” indicates when a 2-QTL model (2) fitted
the data better than a 1-QTL model. Maximum PEV values for single QTL are underlined. PEV values for 2-QTL models are the joint PEV for

the two QTL together

*Significant QTL at the 5% experiment-wise level. The traits have been explained in Table 1

site) generally present a better nutrient- and water-holding
capacity in comparison with more sandy soil types (Yu and
Pulkkinen 2003). Due to its southern location, the Italian
site was furthermore characterized by high-radiation con-
ditions while sufficient water supply was guaranteed by
irrigation. Therefore, the Italian conditions could be
considered as more favorable than the French ones.
Moreover, higher stem growth for DxT hybrids has been
shown in warm, high-radiation and well-watered conditions
as compared to cooler coastal conditions (Wu and Stettler
1997). These authors compared growth of poplar hybrids in
Boardman (OR, USA), which is known for its warm
continental climate, with hybrids grown in Clatskanie
(OR, USA), which has a wetter maritime climate.

The French site was characterized by higher values of
heritability in comparison with the Italian site for all studied
traits. As many contradictory results have been reported, no
generalizations have emerged from previous studies on how
heritability estimates change under different environmental
conditions (Hoffmann and Parsons 1991). Thus, care should
be taken in extrapolating results beyond the environment in
which they were obtained (Lynch and Walsh 1998).

In line with previous studies, changes in ranking of
genotypes between the two distinct sites were suggested by
the moderate values of Spearman rank coefficients between
sites (Namkoong et al. 1992; Marron et al. 2006; Rae et al.
2008). However, no complete trade-off in performance was
observed because G xS interactions were low; their relative
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contribution to the phenotypic variation was often less than
10%. This did not imply that ranking for stem growth was
consistent between the Italian and French sites. In fact,
superior genotypes did not automatically perform well in
both environments, although poor genotypes were generally
poor in both environments, in line with observations on F,
P trichocarpaxP. deltoides hybrids by Wu and Stettler
(1997), who hypothesized that the F, genotypes performing
poorly in two different environments represented unfavor-
able recombinants expressing developmental disharmony or
were affected by deleterious recessive alleles due to
inbreeding. Interestingly, we made similar observations in
our two outbred families (F;), indicating that this phenom-
enon is not typical to inbred populations (F5).

Fig. 3 QTL for stem traits related to plant growth for the first and p»
second growing seasons. Abbreviations: DI linkage groups of P
deltoides ‘S9-2 (DxN family), D2 linkage groups of P. deltoides ‘S9-
2> (DT family), N linkage groups of P nigra ‘Ghoy’, T linkage
groups of P. trichocarpa ‘V24’. AFLP markers are in black, micro-
satellite markers in green, and gene markers are in pink. Microsatellite
markers that do not belong to the framework are in italic. Solid boxes
denote QTL that showed a positive effect in Italy and France; empty
boxes denote QTL that showed a negative effect at both sites; and
hatched boxes denote QTL that showed an opposite effect at both
sites. The middle of the box indicates the peak of the QTL, and the
total length (box+lines) represents the 95% confidence interval. Only
linkage groups (LG) for which QTL have been identified are
presented. The traits have been explained in Table 1 and in the text
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Table 9 Total percentage of phenotypic variance (%) explained by the QTL per trait and per site, for the DxN and the Dx T families

Trait DxN family DxT family

P, deltoides ‘S9-2° P, nigra ‘Ghoy’ P. deltoides *S9-2’ P, trichocarpa V24’

France Italy France Italy France Italy France Italy
Heightl 12.3 0.5 26.8 30.8 18.2 15.0 20.1 44
Circuml 20.6 22.7 12.2 17.1 19.2 16.4 16.9 1.3
Voll 18.0 20.0 3.6 17.2 14.1 15.0 21.7 12.5
Htccl 9.8 10.3 16.8 9.5 10.8 28.8 13.1 18.6
Height2 5.4 83 10.7 14.2 20.6 14.0 239 11.5
Circum?2 11.6 20.9 16.3 28.7 28.7 25.8 20.1 113
Vol2 12.6 20.9 16.0 31.2 24.7 44.0 11.7 20.3
Htec2 8.9 24.3 16.3 28.3 16.1 36.2 5.7 22.7
DeltaC 8.0 7.9 17.0 27.8 33.9 253 20.3 12.5
DeltaH 17.2 12.3 10.9 11.3 12.7 12.4 24.2 10.7

The traits have been explained in Table 1. Maximum values per genotype and per site are underlined

Stability over time

The DXT family was more productive than the DxN
family during both growing seasons (Marron et al. 2000,
2007; Dillen et al. 2007). During the second growing
season, both families at the Italian site experienced a
spectacular boost in growth resulting in an outperformance
compared to the production at the French site. Consequent-
ly, the site ranking of the Dx T family changed for growth
traits (height, circum, and vol) between the first and the

second growing seasons: France>Italy, at the end of the
first growing season versus Italy>France at the end of the
second growing season (Marron et al. 2006). The relative
performances of both families at the two sites at the end of
the first growing season appeared to correlate with the
different preferences of the male parent species for the
climate (Marron et al. 2006). P. nigra often performs
better in warmer and drier conditions (Wu and Stettler
1997; Rae et al. 2004, 2008; Marron et al. 2006, 2007). In
contrast, P. trichocarpa has a preference for cooler and

Table 10 Genetic correlations among stem traits related to tree growth of the first and the second growing seasons

Genetic correlations Site Circuml Heightl Voll Htccl Circum?2 Height2 Vol2 Htec2 DeltaH DeltaC
Circuml I 0.95 1.00 —0.78 0.88 0.90 0.89 —-0.75 0.73 0.77
F 0.94 0.93 —0.35 0.81 0.80 0.78  —0.67 0.53 0.66
Heightl I 0.89 0.95 —0.54 0.76 0.89 0.78 —0.57 0.68 0.64
F 0.80 0.76 0.01 0.74 0.80 0.70  —0.51 0.50 0.59
Voll I 1.00 0.87 —-0.80 0.89 0.89 0.90 —0.76 0.73 0.78
F 0.99 0.77 —-0.62 0.79 0.69 0.78  —0.76 0.50 0.66
Htcel I —0.64 —0.23 —0.66 —0.81 —0.63 —0.79 0.85 —0.61 —0.76
F —0.84 —0.33 —0.83 -0.31 —-0.13 -0.31 0.49 —0.19 —0.26
Circum2 I 0.92 0.86 0.89 —0.52 0.87 0.99 —0.95 0.84 0.98
F 0.91 0.72 0.91 -0.70 0.92 099 —0.86 0.84 0.98
Height2 I 0.73 0.84 0.69 —0.16 0.87 0.88 —0.68 0.94 0.80
F 0.72 0.79 0.68  —0.37 0.79 0.90 —0.59 0.92 0.87
Vol2 I 0.90 0.85 0.90 —0.49 0.98 0.87 —0.92 0.83 0.97
F 0.88 0.72 0.89  —0.64 0.99 0.81 —0.85 0.83 0.98
Htce2 I —0.84 —0.64 —0.82 0.74 —0.83 —-0.48 —0.77 —0.68 —0.96
F —-0.76 —0.41 -0.77 0.75 —-0.82 —0.31 —-0.76 —0.52 —0.85
DeltaH I 0.59 0.69 0.54 —0.11 0.80 0.97 0.80 —-0.37 0.82
F 0.43 0.41 0.37  —0.31 0.65 0.90 0.68 —0.19 0.87
DeltaC I 0.84 0.80 0.80 —0.44 0.99 0.88 0.97 —0.80 0.84
F 0.66 0.51 0.66  —0.52 0.94 0.74 0.93 —0.76 0.71

For the DxN (above the diagonal) and the DxT (below the diagonal) families in Cavallermaggiore (Italy (I), normal font) and Ardon (France (F),
bold and italic font). The traits have been explained in Table 1
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wetter conditions (Farmer 1996; Wu and Stettler 1997;
Marron et al. 2006). During the first growing season the
DxN family was indeed more productive under the
warmer and drier Italian conditions, while the DxT
family grew better at the wetter site in France, in line
with the respective preferences of their male parents. For
the second growing season, however, this hypothesis did no
longer explain the observations.

Four possible explanations for the outperformance of the
two hybrid families at the Italian site during the second
growing season can be formulated as follows:

1. The Italian site was characterized by more favorable
growth conditions, namely soil characteristics and
irradiance.

2. A C-effect, i.e. a physiological preconditioning of the
woody cuttings used to establish the field trial due to
differences in quality among cuttings of the same
genotype, might have affected growth during the first
growing season (Lerner 1958). The C-effect is gener-
ally expressed during the first growing season when
variance in shoot growth attributable to primary ramet
effects is often as large as the variance due to differ-
ences among genotypes (Wilcox and Farmer 1968;
Farmer et al. 1989; Dunlap et al. 1992).

3. In Italy, a higher mortality, possibly due to rooting
difficulties, was recorded as compared to the French
site. Given the high bulk density of the soil, the poor
rooting capacity of the female parent P. deltoides
(Dickmann and Stuart 1983; Laureysens et al. 2003)
could have contributed to the high mortality and lower
growth performance during the establishment year.
Likely, the cuttings of 25 cm were too small for a
good establishment in the heavier Italian soil (loam) as
compared to the French sandy soil.

4. Due to the higher mortality at the Italian site, planting
density decreased, resulting in a lower competition and
better light conditions. These improved light conditions
could be another reason for the superior growth during
the second year of both families in Italy as compared to
France.

In conclusion, the preferences of the parents in terms of
climate and soil, the C-effect and the rooting difficulties could
have influenced the response of the hybrids to the different
sites during the year of planting only. Afterwards, when the
plants were established and acclimated to the different
environments, their growth was predominantly affected by
the limiting growth conditions. This was reflected by the
changes in relative contributions of the different components
of phenotypic variation, i.e. genetic (6%), site (o) and GxS
(0%,g) components, for both families. During the first
growing season, the genetic component contributed mainly
to the phenotypic variation, while at the end of the second

growing season the relative contribution of the site compo-
nent gained in importance (ranging from 20 to 80%). Hence,
the choice of the site appears to be crucial for poplar
cultivation (Marron et al. 2006).

QTL

As already observed, the tree dimension traits (height,
circum, and vol) highly correlated with each other (Brown
et al. 1997; Ketterings et al. 2001; Dillen et al. 2007),
indicating that there may be a common genetic mecha-
nism that has a pleiotropic effect on multiple growth traits.
The correlations between the values measured at the end
of the first and at the end of the second growing season
were also high. In P nigra ‘Ghoy’, two QTL for traits
measured at the end of the first growing season, co-located
with QTL for traits measured at the end of the second
growing season. In D2, 13 QTL for traits measured at the
end of the first growing season, co-located with QTL for
traits measured at the end of the second growing season and
in P. trichocarpa ‘V24° eight. Co-location of QTL over
successive years was also observed by Rae et al. (2008)
suggesting that the same genomic regions influence the
traits during this first 2 years. Remarkably, no QTL
collocated over the 2 years in DI.

Comparing the QTL data presented by Bradshaw and
Stettler (1995), Wu et al. (1998), Rae et al. (2008) and the
data presented in this study, LG I, VII, IX, X, XVI, XVII,
and XIX appeared to contain genomic regions with the
largest effects on growth traits. The precision, however, was
limited to the linkage group level as a result of a lack of
homologous markers between the maps. The number of
QTL found per trait was in the range of what is normally
expected in a F; (pseudo-test)cross or backcross with 100—
200 progeny (Grattapaglia et al. 1996; Beavis 1998;
Shepherd et al. 2002; Wullschleger et al. 2005; Zhang et al.
2006). Surprisingly, many more QTL were detected in P,
deltoides (D2) than in P. deltoides (D1). A possible
explanation is that P deltoides and P. trichocarpa belong
to two different sections. This could lead to hemizygous loci
in the hybrid offspring, potentially revealing more QTL. On
the other hand, the percentage of missing data was quite
large in P. deltoides (D2). To reduce the effect of missing
information, MultiQTL calculates probabilities of the miss-
ing marker status based on scores of the neighbor markers.
Hence, QTL estimates might be less reliable. This study did
also reveal only few loci with a relatively large effect (>
20%) as was the case in Bradshaw and Stettler (1995).

Wu et al. (1998) identified more QTL involved in basal
area than in stem height, which they explained by the fact
that secondary growth is a more complex trait than height
growth. Our study also identified slightly more QTL for
circumference than for height, as expected since circumfer-
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ence had a higher CV and H°. However, on average the
PEV per locus was the same for both traits. QTL associated
with growth were also investigated by Li et al. (1999) on a
F, population of P. deltoides x P. cathayana and by Zhang et
al. (2006) on an interspecific backcross of P. fomentosa > P.
bolleana, but unfortunately, the maps were based on RAPD
(Li et al. 1999) or AFLP (Zhang et al. 2006), making it
impossible to compare the QTL regions with our data.

In conclusion, we showed that there were significant but
low G XS interactions in terms of the growth performance of
both related families. Close correlations between growth
traits suggested that common genetic mechanisms are at the
basis of these growth traits. Since the maps are still poorly
anchored, only very general comparisons on QTL positions
between the maps were possible. Future efforts need to focus
on integrating the various maps. Given the large size of the
confidence intervals, candidate gene selection based on map
position is impossible. Yet, combining results from other
approaches, such as genetical genomics (Street et al. 2006;
Morreel et al. 2006) may help narrowing down the list of
candidate genes, which can then be further refined by
association genetics (Neale and Savolainen 2004; Ingvarsson
et al. 2008).
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