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Introduction

Commercial plantations have been established in numer-

ous countries to respond to the increasing demand for

forest products (Carle and Holmgren 2008). Reforestation

programs for economically important species are generally

conducted using planting stock developed through breed-

ing programs. Under certain circumstances, tree breeders

are concerned with the necessity to maintain genetic

diversity to control inbreeding build-up in future genera-

tions and to cope with major environmental disturbances

such as climate change (Eriksson et al. 1973; Charles-

worth and Willis 2009). However, they are usually focus-

ing on common alleles, as intermediate-frequency alleles
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Abstract

A scan involving 1134 single-nucleotide polymorphisms (SNPs) from 709

expressed genes was used to assess the potential impact of artificial selection

for height growth on the genetic diversity of white spruce. Two case popula-

tions of different sizes simulating different family selection intensities

(K = 13% and 5%, respectively) were delineated from the Quebec breeding

program. Their genetic diversity and allele frequencies were compared with

those of control populations of the same size and geographic origin to assess

the effect of increasing the selection intensity. The two control populations

were also compared to assess the effect of reducing the sampling size. On one

hand, in all pairwise comparisons, genetic diversity parameters were compara-

ble and no alleles were lost in the case populations compared with the control

ones, except for few rare alleles in the large case population. Also, the distribu-

tion of allele frequencies did not change significantly (P £ 0.05) between the

populations compared, but ten and nine SNPs (0.8%) exhibited significant dif-

ferences in frequency (P £ 0.01) between case and control populations of large

and small sizes, respectively. Results of association tests between breeding val-

ues for height at 15 years of age and these SNPs supported the hypothesis of a

potential effect of selection on the genes harboring these SNPs. On the other

hand, contrary to expectations, there was no evidence that selection induced an

increase in linkage disequilibrium in genes potentially affected by selection.

These results indicate that neither the reduction in the sampling size nor the

increase in selection intensity was sufficient to induce a significant change in

the genetic diversity of the selected populations. Apparently, no loci were under

strong selection pressure, confirming that the genetic control of height growth

in white spruce involves many genes with small effects. Hence, selection for

height growth at the present intensities did not appear to compromise back-

ground genetic diversity but, as predicted by theory, effects were detected at a

few gene SNPs harboring intermediate allele frequencies.

Evolutionary Applications ISSN 1752-4571

ª 2012 Blackwell Publishing Ltd. This is an open access article under the terms of the Creative Commons Attribution 641
Non Commercial License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited and is not used for commercial purposes.

Evolutionary Applications



provide most of the gain in early rounds of selection

(Namkoong et al. 1988; Yanchuk 2001).

When assembling their breeding populations and mak-

ing selections for next generations, tree breeders must

determine the optimum size of these populations and

estimate the potential effect of their decisions on the level

of genetic diversity maintained. Based on population

genetics theory, this question can be addressed from two

different perspectives: (i) the reduction in genetic diver-

sity from sampling effects, which should affect all genes

more or less equally, and (ii) the reduction in genetic

diversity from selection intensity, which should affect only

genes implicated in the selected phenotypic trait (Hartl

and Clark 1997). By drawing on a small number of indi-

viduals, the breeder is faced with the risk of losing some

of the alleles or reducing genetic diversity, which might

impact the ability to respond to selection pressures for

the traits of interest over the next generations. As a result,

it appears important to estimate the impact of sampling

intensity on allele frequencies because of potential short-

term and long-term undesirable lasting effects. The sec-

ond perspective from which this question can be analyzed

is that of selection intensity. As directional selection is

expected to drive gene frequencies to an extreme in any

finite population (Namkoong et al. 2000), it can be antic-

ipated that by increasing the intensity of selection (i.e.,

retaining a number of trees with a higher average trait

value), gene frequencies at loci under artificial selection

will change and some alleles might be more or less

rapidly driven toward fixation, depleting genetic variance

for the polymorphic loci affecting the economic trait of

interest.

Studies were conducted in the past for a number of

forest tree species with the aim to compare genetic diver-

sity between natural and breeding populations (Adams

1983; Szmidt and Muona 1985; Knowles 1985; Cheliak

et al. 1988; Muona and Hariu 1989; Bergmann and Ruetz

1991; Desponts et al. 1993; Chaisurisri and El-Kassaby

1994; El-Kassaby and Ritland 1996). Globally, these stud-

ies did not reveal any significant differences between these

types of populations, whether the man-made populations

were the result of phenotypic or genetic selection. Some

common features of these studies are that they were based

on a handful of allozyme markers, comparing populations

of different sampling sizes and providing no clear infor-

mation about the selection intensity applied. This can

raise the question about the potential conflicting or over-

lapping roles of sampling sizes and selection intensities in

determining the results of these studies. Given the very

small loci sampling in these studies (a few dozens), it also

raises the question as to whether the absence of any sig-

nificant differences between natural and selected popula-

tions is related to the fact that the markers used were

simply neutral or nearly neutral (e.g. Jaramillo-Correa

et al. 2001), bearing no relationship with genes of func-

tional importance whose frequencies are potentially

affected by selection. This is especially important because

quantitative characters such as height growth, which is

one of the main traits for which selection is made by tree

breeders, have been shown to be controlled by many

genes dispersed throughout the genome each with mainly

small effects (Grattapaglia and Kirst 2008; Rae et al. 2008;

Freeman et al. 2009; Grattapaglia et al. 2009; Pelgas et al.

2011). This trend appears to hold for a pleiade of other

characters related to wood in white spruce (Beaulieu et al.

2011). Also, tree growth traits are generally correlated

with each other, and it has been shown that pleiotropic

effects are present, with co-locating genomic regions for

different characters (e.g., Dillen et al. 2009; Pelgas et al.

2011). These trends highlight the need for a more system-

atic sampling design and wider genome coverage to

enable the detection of allelic variations potentially related

to sampling effects or selection intensity.

White spruce [Picea glauca (Moench) Voss.] is a boreal

conifer species with transcontinental range in North

America from Newfoundland to British Columbia, and it

extends to the Lake States and New England in the Uni-

ted States (Nienstaedt and Zasada 1990). Because of its

fiber attributes, it is considered one of the most impor-

tant species for lumber and paper industries in Canada

(Farrar 1995). Investigations regarding the genetic diver-

sity of the species were initiated in the early 1950s in vari-

ous regions of Canada, including a dozen provenance

tests that were set up in the late 1950s and early 1960s in

Quebec (Beaulieu 1994). Based on early results revealing

significant variation in economic traits at the geographic

(Corriveau and Boudoux 1971) and family levels (Dhir

1976), several breeding programs in different jurisdictions

were initiated. Additional provenance/progeny tests were

established in the following decades (Beaulieu 1996) and

one or two breeding cycles have since been completed.

In the present study, we aimed to test whether gen-

ome-wide sampling effects and gene-specific impacts of

artificial selection on gene frequencies can be disentangled

at an early stage of domestication using samples collected

in a first-generation white spruce breeding population

and in natural populations from which the trees of the

breeding population originated. To do so, we used a gen-

ome scan based on single-nucleotide polymorphisms

(SNP) located in a large number of expressed genes dis-

tributed across the 12 linkage groups of the spruce gen-

ome (Pavy et al. 2008). On the one hand, the scanning of

hundreds of genes and SNPs should increase the chances

of detecting genes involved in growth and potentially

affected by selection (Namroud et al. 2008). On the other

hand, scanning multiple genes from different ontology
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classes and with different functional properties minimizes

the bias that may result from analyzing genes involved in

only one type of function when assessing the impact of

selection on genetic diversity (as for most previous

enzyme-based diversity studies).

Materials and methods

Assembly of case and control populations

The complete details about the breeding strategy applied

to develop genetically improved stock for white spruce

[Picea glauca (Moench) Voss.] in Quebec can be found in

the study of Beaulieu (1996). Briefly, the strategy con-

sisted in selecting trees with the best characteristics for

lumber and pulp industries from multiple natural popula-

tions to form the first-generation breeding population.

Three series of genecological tests were first established in

Quebec in the 1970s and 1980s. They included 550 open-

pollinated families from 120 different populations (prove-

nances). For neutral gene markers, these white spruce

populations show non-significant genetic structure and

geographic differentiation (e.g., Jaramillo-Correa et al.

2001; Namroud et al. 2008; Beaulieu et al. 2011). When

the trees were about 15 years old, the families with the

highest breeding values in each of the series were selected.

The breeding values were derived from height growth and

estimated by using the best linear prediction method

(White and Hodge 1989). As a result, 89 of the 550

open-pollinated families, belonging to 45 of the 120 prov-

enances tested, were retained to build the first-generation

breeding population. This family selection was then fol-

lowed by within-family selection for each progeny using a

number of phenotypic traits: stem straightness, branch

size, branch angle, and tolerance to pests and abiotic

stress. At the end, the first-generation breeding popula-

tion was composed of 360 trees with an average genetic

gain close to 20%.

To study the effects of the selection intensity applied

to delineate this improved population, a ‘large case popu-

lation’ was assembled with 71 trees belonging to 38 dif-

ferent provenances (Fig. 1, Table 1) randomly chosen

among those making up the first-generation breeding

populations described above. This population was com-

posed of the top 13% of the tested open-pollinated fami-

lies for height growth, representing a genetic gain of

20%. A ‘large control population’ was also assembled

with 71 trees belonging to 34 of the 38 natural popula-

tions (provenances) from which the first set of 71 trees

was assembled (Table 1), but collected in open-pollinated

families that had not been subjected to any selection (null

Between families selection

120 provenances = 550 families (e.g. f1, f2, etc.)

Breeding population 
45 provenances 

89 families 
360 trees 

……..
f 550 

f7, f8, 
f9,…

f4, f5, 
f6,…

f1, f2, 
f3,…

Small case population: 28 trees 
(28 families in 19 provenances) 

Selection intensity = 5% 

Random selection 

Small control population: 28 trees 
(28 families of the 43 remaining families of 15 
provenances among the same 19 provenances) 

Large-control population: 71 trees 
(71 families of 134 remaining families of 34 

provenances among the same 38 provenances) 

Large-case population: 71 trees 
(71 families in 38 provenances) 

Selection intensity = 13% 

Figure 1 Diagram summarizing the assembly of case and control populations used in this study.
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selection intensity and genetic gain). To simulate higher

selection intensity, a ‘small case population’ was set up

with 28 trees chosen from the large case population.

These 28 trees belonged to the families with the highest

breeding values for height in the large case population;

they represented the top 5% of the tested families and

had an average genetic gain of 23% over non-improved

natural populations. A ‘small control population’ of 28

trees was also assembled from the large control popula-

tion of 71 trees to control for possible effects related to

reduced sampling size. These control trees were chosen

from the same natural populations as the 28 selected

trees of the small case population, but they had not been

subjected to any selection (Fig. 1, Table 1). This popula-

tion also served to delineate the effect of reducing the

sampling size by comparing its genetic diversity patterns

with those of the large control population. No compari-

sons were made between the small case population and

either of the two large populations because of the con-

founding effects of the sampling size and selection inten-

sity. DNA was extracted from the needles of each of the

trees using a DNeasy� Plant mini kit according to the

manufacturer’s instructions (QIAGEN, Mississauga,

Ontario, Canada).

Table 1. Geographic location of white spruce provenances and number of trees sampled for each assembled population.

Provenance Province

Latitude

North

Longitude

West

Altitude

(m)

Number of trees per assembled population

Large control Large case Small control Small case

Beachburg Ontario 45�42¢ 76�50¢ 170 2 1 – –

Beauceville Quebec 46�08¢ 70�49¢ 213 2 3 2 2

Bois Franc Pierriche Quebec 46�33¢ 71�31¢ 152 2 1 – –

Canton Blais Quebec 48�37¢ 67�17¢ 167 3 1 – –

Canton Booth Quebec 46�47¢ 78�42¢ 360 2 1 – –

Canton Boyer Quebec 46�35¢ 75�10¢ 243 2 5 2 5

Canton Chaumonot Quebec 47�55¢ 72�55¢ 274 2 3 2 1

Canton Cimon Quebec 48�17¢ 71�00¢ 198 3 1 3 1

Canton Dasserat Quebec 48�13¢ 79�29¢ 290 2 1 2 1

Canton Derby Ontario 44�45¢ 78�56¢ 274 2 3 – –

Canton Desaulniers Quebec 46�45¢ 73�05¢ 365 2 5 2 2

Canton French Ontario 46�27¢ 79�10¢ 304 2 1 – –

Canton Garin Quebec 48�22¢ 65�24¢ 243 2 1 – –

Canton Hébécourt Quebec 48�32¢ 79�18¢ 274 2 1 2 1

Canton Laterrière Quebec 48�05¢ 71�09¢ 594 2 2 – –

Canton Lesage Quebec 46�20¢ 75�10¢ 259 2 2 – –

Canton McGill Quebec 46�15¢ 75�35¢ 304 2 1 2 1

Carleton Quebec 48�07¢ 66�07¢ 60 2 1 – –

Cobalt Ontario 47�20¢ 79�41¢ 304 2 1 – –

Davis Mills Ontario 45�45¢ 77�15¢ 152 1 4 1 2

Estaire Ontario 46�14¢ 80�43¢ 213 2 1 – –

Foresters Falls Ontario 45�41¢ 76�48¢ 137 – 2 – –

Havelock Ontario 44�26¢ 77�50¢ 180 1 3 1 2

Irvine Creek Ontario 45�00¢ 77�17¢ 300 3 1 – –

Kamouraska Quebec 47�29¢ 69�58¢ 30 3 1 2 1

Lac à l’Ours Quebec 48�46¢ 71�18¢ 335 2 2 – 1

Lambton Quebec 45�56¢ 71�07¢ 304 – 1 – 1

Parc Chibougamau Quebec 48�50¢ 72�50¢ 240 – 2 – 1

Parc des Laurentides Quebec 47�12¢ 71�14¢ 730 2 1 2 1

Racine Quebec 45�30¢ 72�16¢ 243 2 2 – –

Rainy River Ontario 48�44¢ 94�32¢ 323 2 1 – –

Rutherglen Ontario 46�17¢ 79�01¢ 228 3 1 – –

Shannonville Ontario 44�14¢ 77�15¢ 90 – 2 – 1

St-Damien-de-Brandon Quebec 46�20¢ 73�26¢ 182 2 2 – –

Ste-Émilie-de-l’Énergie Quebec 46�22¢ 73�43¢ 396 2 1 – –

St-Roch-de-Mékinac Quebec 46�45¢ 72�46¢ 152 1 4 1 2

Valcartier Quebec 46�57¢ 71�30¢ 150 2 3 2 1

Whitney Ontario 45�32¢ 78�16¢ 396 3 2 2 1

Total 71 71 28 28

SNP scan in white spruce breeding populations Namroud et al.
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SNP identification

A total of 1506 SNPs and 30 indels (1–30 bp, from

untranslated regions) were chosen for the construction of

a large SNP genotyping array. They were located on 822

different genes distributed over the 12 linkage groups of

white spruce. This array, called PgLM1, was also used for

white spruce gene mapping under the Arborea project

(Pelgas et al. 2011). These chosen genes were expressed

in different tissues (Pavy et al. 2005) and were represen-

tative of a large array of biological processes linked to

vital functions such as growth, metabolism, response to

stress, defense against pathogens, transcription, and

photosynthesis (Fig. 2A). They also represented a large

array of molecular functions such as DNA binding, pro-

tein binding, hydrolase activity, and transcription cofac-

tor activity (Fig. 2B). Primers for gene amplification and

resequencing relied on an assembly of 16 500 unigenes

derived from a first-generation white spruce database of

about 50 000 expressed sequence tags (ESTs) involved in

wood formation, plant growth, and phenology (Pavy

et al. 2005). For each gene, coding regions were identi-

fied based on alignments with similar sequences from

UniProt/SwissProt protein databases. Methods for primer

design, PCR, SNP resequencing, and discovery generally

followed those of Pavy et al. (2008). For 1416 SNPs and

the 30 indels, the polymorphisms were discovered by

resequencing the 822 genes from a DNA pool of 24 trees

to identify common SNPs (ƒ > 5%; Pelgas et al. 2004). It

was also done by sequencing individual white spruce hap-

loid megagametophyte DNA to identify and discard

paralogous SNPs showing double peaks in haploid DNA

sequence reads (Pelgas et al. 2005, 2006; Pavy et al.

2008). Data management was performed using TreeSNPs

(Clément et al. 2010). An additional set of 90 SNPs

were also identified in silico from the redundancy of

EST sequences in white spruce gene clusters follow-

ing the methods outlined in the study of Pavy et al.

(2006).

SNP genotyping

Genotyping of the 142 sampled individuals was per-

formed by constructing a 1536-SNP bead array (PgLM1)

and using the Illumina GoldenGate SNP genotyping assay

(Illumina, San Francisco, CA, USA; Fan et al. 2003; Shen

et al. 2005). This array had been previously used to map

genes (Pelgas et al. 2011). The GoldenGate assay consists

in genotyping genomic DNA by hybridizing two allele-

specific (ASO) and one locus-specific (LSO) oligos with

each DNA sample in the array matrix. The 1506 SNPs

and 30 indels were genotyped in 96-well plates using 2 lg

of DNA extract normalized at 50 ng/lL for each sample.

Genotyping was conducted at the Genome Quebec Inno-

vation Centre (team of A. Montpetit, McGill University,

Montreal, Canada). The GenTrain score was used to eval-

uate the accuracy and efficiency of SNP genotyping. This

score reflects the degree of separation between homozy-

gote and heterozygote clusters for each SNP (Fan et al.

2003). The lowest acceptable score was set at 0.25, similar

to the conservative criterion used in human genetic stud-

ies (http://www.illumina.com; Fan et al. 2003) and in pre-

vious genome scan studies relying on this assay in white

spruce (Namroud et al. 2008; Pavy et al. 2008; Beaulieu

et al. 2011; Pelgas et al. 2011). Further details on the

assay can be found in Fan et al. (2003) and Shen et al.

(2005). DNA reports, locus summaries, and the data set

were generated using the genotyping module of the Bead-

Studio data analysis software (Illumina). The repeatability

of the genotyping assay was evaluated using 14 positive

controls.

Data analysis

To determine the extent to which selection intensity

affected genetic diversity, we compared a number of

genetic diversity estimates between case and control pop-

ulations of small size and between case and control popu-

lations of large size. To further determine the effect of

(A) (B)

Figure 2 Distribution of the 709 genes carrying single-nucleotide polymorphisms (SNPs) used in this study according to (A) their biological pro-

cesses and (B) their molecular functions based on their gene ontology (GO) classification.

Namroud et al. SNP scan in white spruce breeding populations
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sampling size, the genetic diversity estimates were com-

pared between the small and large control populations.

These genetic diversity estimates included the percentage

of polymorphic SNPs (PO) at the 95% level, the average

number of alleles per locus (A), observed heterozygosity

(HO), expected heterozygosity or gene diversity (HE) cor-

rected for small samples according to Nei (1978), the

deviation of genotype frequencies from Hardy–Weinberg

equilibrium estimated by the within-population fixation

index (FIS), and allele frequencies for each SNP. More-

over, alleles were grouped into 10 classes based on their

frequencies in each population, which made it possible to

compare the distribution of allele frequency classes

between populations. Alleles with frequencies lower than

5% were defined as rare. The heterogeneity of HO, HE,

and FIS between populations was tested with paired t-tests

using the statistics package of the software R version 2.6.1

(http://www.r-project.org). A Fisher’s exact test and a chi-

square test (v2-test) were used to check the heterogeneity

of allele frequencies for each SNP and the distribution of

allele frequency classes between populations, respectively.

The same parameters were used to assess the effect of

increasing the selection intensity by comparing same-size

control and case populations: small case versus small con-

trol and large case versus large control populations.

Among-population genetic differentiation between the

population pairs in each comparison mentioned above

was estimated using the parameter (hRH). This parameter

was proposed as an estimator of FST by Robertson and

Hill (1984) and was modified to account for low to mod-

erate population differentiation by Raufaste and Bonho-

mme (2000). The significance of FIS and FST (we use the

term FST to indicate hRH) was tested with 10 000 permu-

tations of alleles within populations and of samples

between populations, respectively. All the genetic parame-

ters were obtained and statistical tests conducted using

Genetix version 4.05 (http://www.genetix.univ-montp2.fr/

genetix/genetix.htm; Belkhir et al. 1996–2004), except for

the Fisher’s exact tests and chi-square tests that were per-

formed with SAS 9.0 (SAS Institute Inc., Cary, NC,

USA).

Results

Genotyping success

Among the 1506 SNPs and 30 indels submitted to multi-

plex genotyping, 1234 SNPs and 21 indels (from 1 to

6 bp) were successfully genotyped with a GenTrain score

higher than the conservative threshold of 0.25 set for this

study (Table 2) and with <1% missing data per SNP

scored, on average (average call rate of 99.5% with lowest

call rate at 95% for any given SNP). Based on the positive

controls, the repeatability of the genotyping assay was

estimated at 99.95%. The 272 SNPs and nine indels that

failed to reach the threshold were considered non-reliable

and simply discarded from further analysis. Another 121

SNPs that were monomorphic among all samples were

also discarded from analysis because we could not ascer-

tain whether their monomorphism was attributable to the

failure of one of the ASOs in the GoldenGate assay or to

the fixation of the corresponding alleles in the popula-

tions, in which case they would not be useful for the

comparative analysis of genetic diversity. This left us with

a total of 1113 valid SNPs and 21 valid indels for com-

parative analysis (total of 1134 polymorphisms), which

represented 74% of the markers originally submitted to

the genotyping assay (Table 2). This success rate for

newly genotyped markers was marginally higher than the

ones obtained previously (67.0% and 66.5%) using the

same GoldenGate assay and two different SNP arrays

(PgLM1, Namroud et al. 2008 and Pavy et al. 2008;

PgWD1, Beaulieu et al. 2011). The present group of

markers represented 709 genes distributed over the 12

linkage groups of the white spruce genome (Pelgas et al.

2011) or 86% of the original set of SNP-bearing genes

submitted to the genotyping assay. The present success

rate was marginally higher than that obtained when geno-

typing a pedigree gene mapping population with the same

SNP array (Pelgas et al. 2011), given that 34 of the pres-

ent valid SNPs did not segregate in the mapping popula-

tion.

Sampling effects

All parameters (PO, A, HO and HE) were comparable

between the two control populations of different sizes

Table 2. Genotyping success of gene single-nucleotide polymor-

phisms (SNPs) using the Illumina GoldenGate multiplex assay.

Gentrain

score*

Total

number of

SNPs assayed

Number

of SNPs

showing no

polymorphism

Number of

segregating SNPs

considered for

analysis

£0.25 (failed) 281 – –

0.25–0.30 18 1 17

0.30–0.40 68 23 45

0.40–0.50 95 23 72

0.50–0.60 169 46 123

0.60–0.70 201 13 188

0.70–0.80 484 15 469

0.80–0.90 219 0 219

0.90–1.00 1 0 1

Total 1536� 121 1134�

*According to the study of Fan et al. (2003).
�Including 30 indels of 1–30 bp.
�Representative of 709 genes and including 21 indels of 1–6 bp.

SNP scan in white spruce breeding populations Namroud et al.
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(Table 3), including FIS, which was lower in the small

control population compared with the large one but not

significantly different (P > 0.05), as tested using 1000

bootstraps over loci. A total of 14 alleles were lost in the

small control population as compared with the large con-

trol population (Table 3). However, these lost alleles had

a low minor allele frequency (average MAF of 0.017) and

represented less than one percent of the alleles present in

the large control population. The overall distribution of

allele frequency classes did not significantly vary between

the two control populations (v2 = 3.5; P = 0.94), includ-

ing rare alleles with MAF £ 0.05 (v2 = 0.4; P = 0.52).

When considering each SNP individually, none showed

significant differences in allele frequencies between the

two control populations after correction for multiple test-

ing using the false discovery rate (FDR) (Storey and Tib-

shirani 2003), at a relaxed confidence level of Q £ 0.10.

Before correction, five SNPs showed significant differences

at P £ 0.05, but none remained significant at P £ 0.01.

Similarly, the genetic differentiation (FST = )0.0061)

between the two populations was not significantly differ-

ent from zero.

Effects of selection intensity

All genetic diversity estimates (PO, A, HO, HE and FIS)

were similar between same-size case and control popula-

tions and did not show any significant statistical differ-

ence (t-tests; P > 0.05) (Table 3). Also, the overall

distribution of allele frequency classes was not signifi-

cantly different between the same-size populations com-

pared (v2 = 3.5 and 14.3; P = 0.84 and 0.94, respectively,

for the large- and small-size populations), including the

proportion of rare alleles with MAF £ 0.05 (Table 3;

Fig. 3; v2 = 0.4 and 0; P = 0.52 and 0.29, respectively).

When tested for each SNP individually, allele frequencies

were not significantly different after correction with FDR

even when we relaxed the confidence level to Q £ 0.10.

Before correction, 36 and 38 SNPs were significantly dif-

ferent at P £ 0.05 between the two small (n = 28) and

between the two large populations (n = 71), respectively.

This sizeable number of significant SNPs before correc-

tion for multiple testing certainly contains false positives,

but nine and ten SNPs maintained significant differences

at a higher probability (P £ 0.01; Table 4) between the

two small and between the two large populations, respec-

tively, thus reflecting possible effects from applying selec-

tion. Genetic differentiation (FST) was ten times higher

between the two small than between the two large popu-

lations (0.0022 and 0.0002, respectively). While the differ-

entiation between the two large populations was not

significantly different from zero, that between the two

small populations was significantly greater than zero, as

tested using 1000 bootstraps over SNPs.

Table 3. Genetic parameters of the four experimental populations of white spruce*.

Population

Number

of trees

Average

breeding

value (m)�

Number of

polymorphic

SNPs PO A

Number of

rare alleles

(f < 0.05) HO

HE

(unbiased) FIS

Large control 71 0.03 ± 0.21� 1134 0.82 1.99 331 0.282 ± 0.169 0.282 ± 0.160 )0.0007 ± 0.0055§

Large case 71 0.47 ± 0.21 1102 0.83 1.98 316 0.280 ± 0.168 0.280 ± 0.158 )0.0012 ± 0.0055

Small control 28 0.06 ± 0.22 1134 0.83 1.94 317 0.284 ± 0.183 0.280 ± 0.166 )0.0143 ± 0.0078–

Small case 28 0.56 ± 0.21 1102 0.83 1.94 316 0.283 ± 0.181 0.278 ± 0.164 )0.0161 ± 0.0071–

*PO: percentage of polymorphic loci (95% level); A: average number of alleles per single-nucleotide polymorphisms (SNP); HO: average observed

heterozygosity; HE: average unbiased expected heterozygosity (Nei 1978); FIS: average within-population inbreeding coefficient.
�The average breeding value is the difference between the average height of the families included in each population and that of all the tested

families expressed in meters and measured at 15 years.
�Standard deviation.
§Standard deviation estimated using 1000 bootstraps based on SNPs.
–Significant, P £ 0.05 using 10 000 permutations.

Figure 3 Single-nucleotide polymorphisms (SNP) distribution among

10 allele frequency classes for the two case and two control popula-

tions of white spruce.

Namroud et al. SNP scan in white spruce breeding populations
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Discussion

Impact of reducing population size

The decrease in population size between large and small

control populations (about 60% in the small control

compared with the large control population) induced a

slight increase in the percentage of polymorphic loci and,

at the same time, a slight decrease in the average number

of alleles per locus and the total number of rare alleles in

the small control population. However, all these changes

were not statistically significant and not sufficient to

induce a significant change in the frequencies of any SNP

or in the overall distribution of allele frequency classes,

even for rare alleles (MAF £ 0.05). Thus, genetic diversity

was not reduced in the small control population, relative

to the large control one. These findings could possibly be

explained in two interconnected ways. The first explana-

tion can be linked to the way the small control popula-

tion was set up. In the present study, the individuals in

the small control population were not selected randomly

among the provenances of the large control population,

as expected under genetic drift. They were rather selected

within provenances that also included families with the

highest breeding values for height, because the objective

was to set up a control population for the small case pop-

ulation with the same geographic background, so as to

neutralize the possible confounding effect of different

geographic backgrounds between small case and large case

populations. Consequently, the sampling scheme used

should not be considered as strictly equivalent to a simu-

lation of genetic drift. One could also argue that, because

the size of both control populations was much lower than

the effective size of natural populations they originated

from, a bottleneck effect might be already associated with

the large control population. To address this potential

issue, we compared the level of genetic diversity of the

large control population (size of 71) with that of a set of

158 trees representative of natural populations in the

same geographic area, assembled by Jaramillo-Correa

et al. (2001) and further genotyped by Namroud et al.

(2008) for 534 SNPs of 345 genes. Overall, 197 SNPs were

in common between the study of Namroud et al. (2008)

and the present study. The genetic diversity parameters

were similar (HO = 0.354 and 0.344, and HE = 0.347 and

0.343, for the populations of 158 and 71 trees, respec-

tively), the difference being well within the standard

errors of estimates. Only one of the alleles was lost in the

large control population (71) as compared with the popu-

lation of Namroud et al. (2008), and the frequency of

that allele in the latter population was below 1%, thus a

rare variant. Therefore, even if this comparison does not

correct for the fact that the large control population was

not randomly chosen, the genetic diversity that it contains

was likely representative of the species natural popula-

tions.

The second explanation comes from the fact that fami-

lies having the highest breeding values belong to natural

populations that also had higher heterozygosity on aver-

age. We must recall that to make the small case and con-

trol populations comparable in terms of background

origins, control trees were drawn from the same popula-

tions as those of selected trees. Thus, increasing the selec-

tion intensity to assemble the small case population, an

indirect selection was made for a population with higher

heterozygosity, thus resulting in increased heterozygosity

for the small control population as well. This argument is

illustrated by the average expected heterozygosity of 0.245

(SE = 0.023) for the 43 trees of the large control popula-

tion that were not selected to be part of the small control

population, whereas that of the 28 trees making up the

small control population was 0.319 (SE = 0.028). As a

consequence, a significant excess of heterozygotes (FIS)

compared with what was expected from Hardy–Weinberg

equilibrium was also observed in the small control popu-

lation (Table 3).

Impact of increasing the selection intensity

The comparison of same-size case and control popula-

tions did not result in notable differences in standard

genetic diversity estimates, namely the proportion of

polymorphic loci (PO), the number of alleles per locus

(A), heterozygosity (HO and HE), FIS, and the frequency

of rare alleles. It is likely that biallelic markers such as

those used in the present study do not offer much sensi-

tivity for identifying differences in some of these genetic

diversity parameters on a per locus basis, although a large

number of loci was sampled, which should have led to

high power in detecting differences in heterozygosity.

However, we noticed that when retaining a smaller pro-

portion of families under the tested scenario of high

selection intensity (down to the best 5%), a small but

proportionally large tenfold increase in genetic differentia-

tion (FST) was induced between the small case and con-

trol populations, compared with the scenario where the

best 13% of the families were retained (large case versus

control populations). This increase in overall genetic dif-

ferentiation is significant and indicates that even in spe-

cies highly diversified genetically such as spruces and even

at an early stage of domestication, a sample of much

reduced size resulting from high selection intensity can

lead to increased genetic differentiation.

Selection can be effective in altering gene frequencies if

there is a strong correlation between the phenotype and

the genotype, and more so if the character is affected by a

small number of genes (Falconer and MacKay 1996).
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However, most of commercial traits of interest are

thought to be affected by a large number of genes (Lynch

and Walsh 1998), and there is evidence that tree height

and related traits such as bud flush and budset in white

spruce are controlled by a large number of genes located

on several linkage groups, each one having small genetic

effects (Pelgas et al. 2011). In a recent study, these

authors reported 52 distinct quantitative trait loci (QTLs)

linked to height growth, each explaining between 2.5%

and 10% of the variation observed in that quantitative

trait, while 85 QTLs were related to phenological traits. A

similar pattern is also emerging for gene polymorphisms

related to wood characters in white spruce association

genetic studies, with percent of phenotypic variance

explained by individual marker loci being usually low

(Beaulieu et al. 2011). It is interesting to note that in the

present study, even if a high selection intensity was

applied to such a trait as growth, which is controlled by

numerous genes each with small effects, it did not result

in a significant impact on allele frequencies when a cor-

rection for multiple testing was applied. However, as

shown below, when the statistical threshold is relaxed, an

important fraction of the SNPs found to be putatively

affected by selection was found on genes linked to the

sub-mentioned QTLs related to growth and phenology

traits.

Even if the tested selection intensities did not change

significantly allele frequencies, it is expected that it may

induce an increase in linkage disequilibrium (LD), which

will generally reduce the additive genetic variance usable

for gains in the future (Mueller and James 1983). Such a

reduction will generally predominate (Bulmer 1971)

unless epistatic effects are large (Griffing 1960), as gene

interactions play a role in causing the additive effects of

alleles to change as the genetic composition of the popu-

lation changes (Barton and Keightley 2002). Moreover,

covariance of allelic effects can also arise under non-ran-

dom gametic association in the progeny if mating is not

random in the selected tree population. Given that natu-

ral populations of white spruce harbor rapid decay of LD

at very short distances well within gene limits (Namroud

et al. 2010; Beaulieu et al. 2011; Pavy et al. 2012), such an

effect, if real, should be discernable in the white spruce

genes surveyed.

To test whether LD might have been induced in the

selected populations, we estimated unphased LD between

each pair of SNPs within genes, i.e., for genes for which

more than one SNP had been mined, using the squared

allelic correlation coefficient (r2) as a measure of LD. It

was possible to estimate r2-values for 205 pairs of SNPs.

The average r2 values were similar for each of the four

populations and not significantly different (F = 1.31,

P = 0.27), ranging from 0.319 to 0.333. For three of the

SNPs potentially affected by artificial selection in the large

populations (Table 4) and for which we had information

on LD, a slight increase in LD was noted for one of them,

08pg10691j, where r2 = 0.0787 for the control population

increased to r2 = 0.1336 in the case population. However,

for the two other SNPs 08pg02707e and 08Pg00936e, the

LD was slightly reduced in the large case population as

compared with the control population (from r2 = 0.4961

to r2 = 0.4454 for 08pg02707e, and from r2 = 0.0084 to

r2 = 0.0061 for 08Pg00936e). For the set of small popula-

tions, LD decreased for the two SNPs potentially affected

by selection for which we had r2 estimates: for

08pg02761g, r2 decreased from 0.3749 to 0.1532 for con-

trol and case populations, and for 09121m, r2 respectively,

decreased from 0.3819 to 0.2396. Thus, evidence for any

increase in LD after artificial selection was very weak in

the present study. However, the present study design was

not optimal to obtain accurate estimates of LD. Only a

large series of candidate genes potentially affected by

selection with a good coverage of SNPs evenly distributed

along the gene sequences would make it possible to

obtain sound estimates of LD and test the hypothesis of

increase in LD after selection. At the same time, larger

population sizes would be required while maintaining

selection intensities to increase statistical power in detect-

ing significant shifts in LD.

Heterozygosity excess

An important trend specific to the small case population

analyzed was the significant excess of heterozygotes (FIS)

it harbored compared with expectations from Hardy–

Weinberg equilibrium. At a first glance, this excess com-

bined with the increase in genetic differentiation between

the small case and the small control populations may

support the hypothesis of a positive relationship between

heterozygosity and growth, survival or fitness. This trend

has been observed for knobcone pine (Strauss 1986), Chir

pine (Sharma et al. 2007), and Norway spruce (Bergmann

and Ruetz 1991). Others have suggested that a possible

underlying overdominance of the loci responsible for spe-

cies fitness could be at the origin of the positive correla-

tion between heterozygosity and species fitness and

related traits (Mitton and Grant 1984; Smouse 1986; Zou-

ros and Foltz 1987). To test this hypothesis, we used the

GENHET R-function (Coulon 2010) to estimate two

parameters for individual heterozygosity: the internal

relatedness IR (Amos et al. 2001) and the homozygosity

by locus HL (Aparicio et al. 2006). No significant correla-

tion (Kendall’s s > 0.05) could be observed between these

parameters and growth expressed by the height of 15-

year-old trees in the large or small case population. Con-

sequently, the extent to which this factor can account for
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the conservation of these alleles and higher heterozygosity

remains unknown, especially considering that other stud-

ies provided inconclusive results (e.g., Ledig et al. 1983;

Savolainen and Hedrick 1995; Deng and Fu 1998). More-

over, the size of our small case and control populations

might have been too limited to provide strong evidence

of the presence of such a relationship, considering that it

is difficult to detect in the absence of inbreeding (Hans-

son and Westerberg 2002).

Potential candidate SNPs and putative roles

The statistically non-significant differences between SNP

allele frequencies (even after relaxing the FDR criterion to

Q £ 0.10) in all population comparisons after correction

for multiple analyses were not surprising. The FDR

method provides an increased power to detect differentia-

tion between paired samples but remains conservative,

although less conservative than the Bonferroni correction

(Narum 2006). At the same time, the large number of

significantly different SNPs observed before correction at

P £ 0.05 between the two large populations (38), and the

two small populations (36), cannot be explained biologi-

cally and may contain a fair proportion of false positives.

Discarding all these SNPs would nonetheless likely elimi-

nate valuable information about some true-positive SNPs.

Therefore, we increased the threshold level to P £ 0.01,

which allowed us to reduce the possible number of false-

positive SNPs while resulting in the identification of a

small number of significantly differentiated SNPs that

could be potentially affected by selection.

Previous studies that used standard differentiation tests

were based on enzyme markers (allozymes) and detected

only one or a few significantly different loci (e.g., Knowles

1985; Cheliak et al. 1988; Desponts et al. 1993; Rajora

1999) or one or few lost alleles (e.g., Chaisurisri and El-

Kassaby 1994; El-Kassaby and Ritland 1996) between the

breeding (selected) and natural populations. These figures

are comparable to those obtained after increasing the

confidence level to P £ 0.01 in our study, where 9 and 10

SNPs remained significant in the pairwise comparisons

between case and control populations of the same size,

although the number of SNPs and loci tested was much

larger. These numbers were equivalent to a proportion of

about 1% of the total number of SNPs analyzed, which

was lower than that obtained when detecting SNPs under

natural selection with outlier-detection analyses relying

on summary-statistics methods in wild populations. For

instance, Namroud et al. (2008) reported 3.7% of the

SNPs to be potential candidates for selection among natu-

ral populations of white spruce using a summary-statistic

outlier-detection method based on population differentia-

tion. Prunier et al. (2011) reported 4.5% of the SNPs as

outliers among climatic groups in black spruce using a

similar approach. Even if artificial selection coefficients

were larger in the present study by an order of magnitude

than that estimated for outlier SNPs in natural spruce

populations (Prunier et al. 2011), this trend should not

be surprising, given that natural populations have been

subjected to selection for a large number of generations

since their post-glacial establishment during the Holocene

many thousands of years ago (Prunier et al. 2011). In the

present study, only one generation of artificial selection

could be tested.

It was interesting to observe that all genes carrying

SNPs that remained significant at P £ 0.01 could be

related to growth and reproductive processes and, to a

lesser extent, to plant response to biotic or abiotic stress

(Table 4). In particular, five SNPs that remained signifi-

cantly different between the small case and the small con-

trol populations were involved in a number of vital

biological functions. For example, one SNP (08Pg02761)

significantly different between the small case and the

small control population belongs to a gene of the pectate

lyase family, which is often linked to plant growth, devel-

opment, and response to chemical stimuli (Taniguchi

et al. 1995; Wu et al. 1996). Two other SNPs (08pgsb08a

and 08pgsb08b) belong to a gene from the proteasome

maturation factor UMP1 family protein, which is

involved in the proteasomal degradation pathway. It is

essential for many cellular processes, including the cell

cycle, the regulation of gene expression, and responses to

oxidative stress (Aiken et al. 2011). This gene was found

to be associated with a QTL involved in height growth in

white spruce (Table 4, and additional files 4, 5 and 6 in

Pelgas et al. 2011). Six other significant SNPs also

belonged to genes found to be significantly linked to

genomic regions underlying growth and phenology traits

(Table 4), and one of them (10614t2), which pertains to

an arabino-galactan protein gene reported to be involved

in wood formation in Pinus taeda L. (Loopstra and Sed-

eroff 1995), has also been reported to be involved in local

adaptation in a genome scan aiming to detect gene SNPs

significantly differentiated among white spruce natural

populations (Namroud et al. 2008).

Among the seven SNPs found significant in the present

study and whose corresponding genes were also reported

to be associated with QTLs (Pelgas et al. 2011), four were

detected by comparing case and control larger popula-

tions, while the three remaining SNPs were found by

comparing case and control smaller populations. The

QTLs associated with the three latter SNPs are located on

three different linkage groups, i.e., 4, 10, and 11 (Pelgas

et al. (2011). Among the first group of four SNPs, two

are located on linkage group 8 (i08pg01084a and 10614t2)

but about 100 cM apart. The two other QTLs are on
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linkage groups 2 and 5. Hence, these SNPs are well dis-

persed throughout the genome, and their corresponding

QTLs are all distinct.

Results of association tests between the breeding values

for height and SNPs potentially affected by selection for

both sets of populations (large and small) also strengthen

our belief that these SNPs are throughly affected by selec-

tion. Indeed, among the 10 detected SNPs in the pair of

large control and large case populations, five were signifi-

cant at P £ 0.05, and two more at 0.05 > P £ 0.10. Each

of them could explain between 3% and 9% of the total

variation in breeding values. Similarly, for the set of the

two small populations, seven of the nine detected SNPs

were found significantly associated with breeding values

for height at P £ 0.10 and six at P £ 0.05, and up to 27%

of the observed variation in breeding values could be

explained by the most significant SNPs (Table 4). While

some of these SNPs might have potential predictive value

for marker-assisted selection, these and their effects on

phenotypes would need to be validated in large associa-

tion genetics populations, where much smaller percents of

variation explained are usually observed (Beaulieu et al.

2011). One additional interesting finding is that the SNPs

that are potentially affected by artificial selection in the

current study (Table 4) have intermediate allele frequen-

cies (0.10 > f < 0.50). This trend provides further support

to the idea that they are indeed affected by selection,

given that the SNPs expected to be the most influenced

by selection have been predicted to be those harboring

intermediate frequencies (Namkoong 1979).

The SNPs that were identified in the present study may

also be of special interest in future breeding programs for

white spruce, and it is possible that they will exhibit a

higher level of differentiation in future generations. A

more accentuated genetic differentiation (FST) in neutral

genetic markers has already been observed between the

second generation of Douglas-fir orchards and their wild

progenitors compared with the corresponding first gener-

ation (El-Kassaby and Ritland 1996). With the two selec-

tion intensities simulated in the present study, we did not

observe a reduction in or loss of genetic diversity. A fol-

low-up in advanced selection generations remains neces-

sary to determine whether these significantly different

SNPs will also exhibit significant genetic differentiation in

future generations, whether new outliers will be uncov-

ered and whether genetic diversity will be maintained as

selection intensity increases.

Comparison with previous studies is not an easy task

because in addition to using a limited number of loci

(mainly neutral), most studies did not provide clear fig-

ures about the selection intensity that their breeding pop-

ulations experienced. Authors also based their conclusions

upon the comparisons of populations of different sizes

(e.g., Muona and Hariu 1989; Bergmann and Ruetz

1991), groups of natural and breeding populations with

different average population sizes (e.g., El-Kassaby and

Ritland 1996), or unbalanced numbers of populations for

the natural and breeding populations (e.g., Chaisurisri

and El-Kassaby 1994; Rajora 1999). Williams et al. (1995)

compared the impact of two breeding strategies, multiple

populations versus hierarchical, on loblolly pine genetic

diversity using isozymes. They concluded that there was

no specific genetic pattern induced in the diversity of lob-

lolly pine when the selection intensity increased from the

first to the third generation. However, by comparing sam-

ples belonging to different generations but of the same

size in their study (21–25 samples, their Table 3), one can

easily notice the slight increase that occurred between

such samples in terms of heterozygosity between the sec-

ond and third generations (Table 4 in Williams et al.

1995). Unfortunately, the lack of information accurately

documenting the selection intensity in each of these gen-

erations while controlling for the population size makes it

difficult to directly compare these results with our data.

In a simulation study, Danusevicius and Lindgren (2005)

suggested that the optimum breeding population size

should range between 30 and 70 for northerly coniferous

species if we are to simultaneously consider the advance

in breeding value, the associated loss of gene diversity,

and the time and cost components of long breeding pop-

ulations. Although some attempts have been made to

determine the relationship between breeding population

size and genetic diversity (e.g., Maruyama and Fuerst

1985; Danusevicius and Lindgren 2005), empirical studies

controlling the size of the breeding populations and doc-

umenting the selection intensity are still largely needed to

confirm the nature of the occurring changes.

Conclusion

The main contribution of this study consisted in survey-

ing a much expanded sample of the expressed plant gen-

ome in assessing the effects of artificial selection on

natural genetic diversity. While no significant loss in

genetic diversity was noted after selecting for one genera-

tion, subtle effects were nevertheless observed, implicating

differentiation of allele frequencies at certain gene loci

and significant associations with phenotypic selection cri-

teria. Whether these SNPs may harbor good predictive

value of breeding values in marker-aided selection

schemes remains to be verified in large association popu-

lations. As for the issue of gene conservation, previous

studies suggested that 30 to 70 individuals should be suf-

ficient to ensure that the genes most influenced by selec-

tion (i.e., allele frequencies in the intermediate range,

Namkoong 1979) and of primary importance for genetic
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gain in the first five to ten generations would be main-

tained in the breeding population (Johnson et al. 2001).

In the present study, we have shown that an artificially

selected white spruce population as small as 28 trees cor-

responding to a proportion of selected families of 5%

essentially maintained the genetic diversity found in the

control population. Such a population size does not make

it possible to maintain all very low-frequency alleles that

might be important over the long term, as we noticed

from the loss of such 14 rare frequency alleles from sam-

pling. However, this issue can be addressed by conserving

independently gene resource populations. Determining

the threshold at which genetic diversity levels will be sig-

nificantly reduced presents an interesting approach that

should allow breeders to make informed decisions regard-

ing the management of breeding populations as well as

gene resource populations.
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sion in an old experimental plantation of Picea abies. Hereditas

73:185–193.

Falconer, D. S., and T. F. C. MacKay. 1996. Introduction to Quantita-

tive Genetics, 4th edn. Longman, London and New York.

Fan, J. B., A. Oliphant, R. Shen, B. G. Kermani, F. Garcia, K. L.

Gunderson, M. Hansen et al. 2003. Highly parallel SNP genotyp-

ing. In: Cold Spring Harbor Symposia on Quantitative Biology,

pp. 69–78. Cold Spring Harbor Laboratory Press, Cold Spring

Harbor, New York, USA.

Farrar, J. L. 1995. Trees of the Northern United States and Canada.

Iowa State University Press, Ames, Iowa, USA.

Freeman, J. S., S. P. Whittock, B. M. Potts, and R. E. Vaillancourt.

2009. QTL influencing growth and wood properties in Eucalyptus

globulus. Tree Genetics and Genomes 5:713–722.

Grattapaglia, D., and M. Kirst. 2008. Eucalyptus applied genomics:

from gene sequences to breeding tools. New Phytologist 179:911–

929.

Grattapaglia, D., C. Plomion, M. Kirst, and R. R. Sederoff. 2009.

Genomics of growth traits in forest trees. Current Opinion in Plant

Biology 12:148–156.

Griffing, B. 1960. Theoretical consequences of truncation selection

based on the individual phenotype. Australian Journal of Biological

Sciences 13:307–343.

Hansson, B., and L. Westerberg. 2002. On the correlation between

heterozygosity and fitness in natural populations. Molecular Ecology

11:2467–2474.

Hartl, D. L., and A. G. Clark. 1997. Principles of Population Genetics,

3rd edn. Sinauer Associates, Sunderland, Massachusetts, USA.

Jaramillo-Correa, J. P., J. Beaulieu, and J. Bousquet. 2001. Contrasting

evolutionary forces driving population structure at ESTPs, allozymes

and quantitative traits in white spruce. Molecular Ecology 10:2729–

2740.

Johnson, R., B. St. Clair, and S. Lipow. 2001. Genetic conservation in

applied tree breeding programs. In: Proceedings of the ITTO

Conference on In Situ and Ex Situ Conservation of Commercial

Tropical Trees, pp. 215–230. ITTO, Yokohama, Japan.

Knowles, P. 1985. Comparison of isozyme variation among natural

stands and plantations: jack pine and black spruce. Canadian

Journal of Forest Research 15:902–908.

Ledig, F. T., R. P. Guries, and B. A. Bonefeld. 1983. The relation of

growth to heterozygosity in pitch pine. Evolution 37:1227–1238.

Loopstra, C. A., and R. R. Sederoff. 1995. Xylem-specific gene expres-

sion in loblolly pine. Plant Molecular Biology 27:277–291.

Lynch, M., and B. Walsh. 1998. Genetics and Analysis of Quantitative

Traits. Sinauer Associates, Sunderland, MA, USA.

Maruyama, T., and P. A. Fuerst. 1985. Population bottlenecks and

nonequilibrium models in population genetics. III. Genic homozy-

gosity in populations which experience periodic bottlenecks. Genet-

ics 111:691–703.

Mitton, J. B., and M. C. Grant. 1984. Association among protein het-

erozygosity, growth rate, and developmental homeostasis. Annual

Review of Ecology and Systematics 15:479–499.

Mueller, J. P., and J. W. James. 1983. Effect on linkage disequilibrium

of selection for a quantitative character with epistasis. Theoretical

and Applied Genetics 65:25–30.

Muona, O., and A. Hariu. 1989. Effective population sizes, genetic var-

iability, and mating system in natural stands and seed orchards of

Pinus sylvestris. Silvae Genetica 38:221–228.

Namkoong, G. 1979. Introduction to Quantitative Genetics in Forestry.

USDA Forest Service. Technical Bulletin No. 1588, Washington, DC,

USA.

Namkoong, G., H. C. Kang, and J. S. Brouard. 1988. Tree Breeding:

Principles and Strategies. Springer-Verlag, New York, NY, USA.

Namkoong, G., M. P. Koshy, and S. Aitken. 2000. Selection. In: A.

Young, D. Boshier, and T. Boyle, eds. Forest Conservation Genetics:

Principles and Practices, pp. 101–111. CABI Publishing, Wallingford,

UK.

Namroud, M.-C., J. Beaulieu, N. Juge, J. Laroche, and J. Bousquet.

2008. Scanning the genome for gene single nucleotide polymor-

phisms involved in adaptive population differentiation in white

spruce. Molecular Ecology 17:3599–3613.

Namroud, M.-C., C. Guillet-Claude, J. Mackay, N. Isabel, and J. Bous-

quet. 2010. Molecular evolution of regulatory genes in spruces from

different species and continent: heterogeneous patterns of linkage

disequilibrium and selection but correlated recent demographic

changes. Journal of Molecular Evolution 70:371–386.

Narum, S. R. 2006. Beyond Bonferroni: less conservative analyses for

conservation genetics. Conservation Genetics 7:783–787.

Nei, M. 1978. Estimation of average heterozygosity and genetic dis-

tance from a small number of individuals. Genetics 89:583–590.

Nienstaedt, H., and J. C. Zasada. 1990. Picea glauca. White spruce. In:

R. M. Burns, and B. H. Honkala, tech. coords eds. Silvics of North

America: 1. Conifers, pp. 204–226. Agriculture Handbook 654,

USDA Forest Service, Washington, DC, USA.

Pavy, N., C. Paule, L. Parsons, J. A. Crow, M.-J. Morency, J. Cooke, J.

E. Johnson et al. 2005. Generation, annotation, analysis and database

integration of 16,500 white spruce EST clusters. BMC Genomics

6:144.

Pavy, N., L. S. Parsons, C. Paule, J. MacKay, and J. Bousquet. 2006.

Automated SNP detection from a large collection of white spruce

expressed sequences: contributing factors and approaches for the

categorization of SNPs. BMC Genomics 7:174.

Pavy, N., B. Pelgas, S. Beauseigle, S. Blais, F. Gagnon, I. Gosselin, M.

Lamothe et al. 2008. Enhancing genetic mapping of complex ge-

nomes through the design of highly-multiplexed SNP arrays: appli-

cation to the large and unsequenced genomes of white spruce and

black spruce. BMC Genomics 9:21.

Pavy, N., M.-C. Namroud, F. Gagnon, N. Isabel, and J. Bousquet.

2012. The heterogenous levels of linkage disequilibrium in white

spruce genes and comparative analysis with other conifers. Heredity.

doi:10.1038/hdy.2011.72 (in press).

Pelgas, B., N. Isabel, and J. Bousquet. 2004. Efficient screening for

expressed sequence tag polymorphisms (ESTPs) by DNA pool

Namroud et al. SNP scan in white spruce breeding populations

ª 2012 Blackwell Publishing Ltd 5 (2012) 641–656 655



sequencing and denaturing gradient gel electrophoresis (DGGE) in

spruces. Molecular Breeding 13:263–279.

Pelgas, B., J. Bousquet, S. Beauseigle, and N. Isabel. 2005. A composite

linkage map from two crosses for the species complex Picea mariana

· Picea rubens and analysis of synteny with other Pinaceae. Theoret-

ical and Applied Genetics 111:1466–1488.

Pelgas, B., S. Beauseigle, V. Acheré, S. Jeandroz, J. Bousquet, and N.
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