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ABSTRACT

Populus is an important model organism in forest biology, but levels of nucleotide polymorphisms and
linkage disequilibrium have never been investigated in natural populations. Here I present a study on
levels of nucleotide polymorphism, haplotype structure, and population subdivision in five nuclear genes
in the European aspen Populus tremula. Results show substantial levels of genetic variation. Levels of silent
site polymorphisms, ,, averaged 0.016 across the five genes. Linkage disequilibrium was generally low,
extending only a few hundred base pairs, suggesting that rates of recombination are high in this obligate
outcrossing species. Significant genetic differentiation was found at all five genes, with an average estimate
of Iyy = 0.116. Levels of polymorphism in P. tremula are 2- to 10-fold higher than those in other woody,
long-lived perennial plants, such as Pinus and Cryptomeria. The high levels of nucleotide polymorphism
and low linkage disequilibrium suggest that it may be possible to map functional variation to very fine
scales in P. tremula using association-mapping approaches.

TL mapping is currently the key tool for identi-
fying the genetic basis of quantitative traits. How-
ever, an approach that has gained in popularity recently
is the use of natural populations to map traits by means
of association analysis. Association analysis, or linkage dis-
equilibrium (LD) mapping, has been used extensively to
dissect traits in species where traditional QTL-mapping
approaches are not feasible, such as in humans (RAFAL-
skl and MORGANTE 2004). Association methods have
also been extended to plants and have helped increase
the resolution considerably compared to standard map-
ping populations (FLINT-GARCIA et al. 2003). In princi-
ple, association studies can identify variation down to
the single-nucleotide substitutions that are responsible
for variation in phenotypes (quantitative trait nucleo-
tides, QTNs). However, a move from a traditional QTL-
mapping approach to association-based population sur-
veys requires detailed knowledge about basic population
genetic parameters, such as levels of genetic variation
and the extent of linkage disequilibrium and population
structure, and also how these parameters vary across the
genome of the species in question.

The long generation times of most forest trees have
led to slow progress in elucidating the genetic architec-
ture of complex traits through traditional QTL-mapping
approaches, and suggestions have been made that link-
age-disequilibrium mapping approaches might be more
fruitful (BRUNNER et al. 2004; NEALE and SAVOLAINEN
2004). However, in plants, the majority of polymorphism
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data at the nucleotide level come from a few, well-stud-
ied model species such as Arabidopsis, maize, rice, and
barley and from only a few studies that have estimated
levels of nucleotide polymorphism and linkage disequi-
librium in long-lived outcrossing plants, such as woody
perennials (DVORNYK et al. 2002; GARCIA-GIL et al. 2003;
KapoO et al. 2003; SEMERIKOV and Lascoux 2003).

It is hard to know to what extent results from short-
lived, selfing, or domesticated species generalize to plants
with different life histories, mating systems, and/or do-
mestication histories. For instance, even though levels of
nucleotide polymorphism at the alcohol dehydrogenase
(Adh) locus were comparable in selfing Arabidopsis thali-
ana and outcrossing A. lyrata, the distribution of segre-
gating sites across the gene was very different in the two
species (SAVOLAINEN et al. 2000). Furthermore, in pre-
dominantly selfing species like selfing A. thaliana and
rice (Onza sativa) linkage disequilibrium extends over
large physical distances [>150 kb in Arabidopsis (NORD-
BORG et al. 2000) and ~100 kb in rice (GARRIS et al.
2003) ] whereas in outcrossing maize, linkage disequilib-
rium declines to negligible levels in <1 kb (REMINGTON
et al. 2001).

The genus Populus has a long tradition as a model
system for tree physiology and Populus has recently also
been established as the de facto model species for tree
genomics (WULLSCHLEGER e/ al. 2002; BRUNNER el al.
2004). The hope is that Populus will complement the
“classical” plant model systems, such as Arabidopsis and
rice, in elucidating areas such as wood formation, the
transition from juvenility to maturity, and adaptation to
seasonal and other environmental changes (WULLSCHLE-
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GER et al. 2002; BRUNNER et al. 2004). Populus is di-
oecious, and hence outcrossing, and wind pollinated,
and the expectation is that levels of linkage disequilib-
rium and population structure are generally low across
the genome in Populus (BRUNNER et al. 2004). However,
despite the long history of Populus as an experimental
system for tree physiology and the recent public release
of the complete genome sequence for a species of Popu-
lus (Populus trichocarpa), remarkably little is known about
levels of naturally occurring genetic variation and this
is especially true for polymorphisms at the nucleotide
level. In this article I therefore provide the first charac-
terization of levels of nucleotide polymorphism in a
species of Populus, the European aspen (P. tremula),
using data from five nuclear genes. I also characterize
linkage disequilibrium and population structure by sam-
pling from four natural populations across Europe. The
results show substantial levels of nucleotide polymor-
phism in all five genes, comparable to levels in world-
wide samples of Arabidopsis and maize. Linkage disequi-
librium is generally low, extending only a few hundred
base pairs. Estimates of population subdivision are low,
although significant genetic differentiation among pop-
ulations occurs at all five loci included in the study.
Because of the high polymorphism levels and low link-
age disequilibrium genome-wide linkage disequilibrium
mapping approaches may not be feasible in Populus.
However, very fine-scale mapping is possible if candidate
gene approaches are used. The presence of significant,
although modest, population structure and variation
between loci in the decline of linkage disequilibrium
within local populations highlights the care that has to
be taken when sampling for association studies.

MATERIALS AND METHODS

Plant materials: Leaf material was sampled from 24 different
trees of P. tremulafrom four different sites throughout Europe
(five to seven plants per site) in June/July 2002 and July 2003.
Samples were taken within a few kilometers of Besancon in
eastern France (FRA), Klagenfurt in southern Austria (AUT),
Farjestaden in southeastern Sweden (SWE S), and Umea in
northern Sweden (SWE N). Three to four young, undamaged
leaves were collected from each tree, dried in silica gel, and
stored at room temperature until DNA extraction.

Loci studied: Five loci were included in the study. The
Alcohol dehydrogenase 1 locus (Adhl, EC1.1.1.1) is a key enzyme
for coping with low oxygen stress in higher plants. The Adh
gene family has been extensively studied both at the functional
and at the molecular level in a number of plant species and there
are thus ample data to compare. Gibberellin 20-oxidase (GA200x1,
EC 1.14.11-) is a multifunctional 2-oxoglutarate-dependent di-
oxygenase that is a key enzyme in controlling the synthesis of
the plant hormone gibberellin (GAs). GAs are a group of power-
ful growth promoters in plants and have been implicated in
such processes as seed germination, elongation growth, fruit
development, and flowering (ERIKSSON and MoriTz 2002).
Glyceraldehyde-3-phosphate dehydrogenase (Gapdh, 1.2.1.12) is a
tetrameric nicotinamide adenine dinucleotide-binding en-
zyme that plays an important role in glycolysis and glyconeo-
genesis. CI-I is a cysteine protease inhibitor and 773 is a

member of a small family of wound-inducible trypsin inhibitors
that have recently been isolated in Populus (HARUTA et al.
2001).

DNA extraction, PCR amplification, and sequencing: Total
genomic DNA was extracted from dried leaf tissue using the
DNeasy plant mini-prep kit (QIAGEN, Valencia, CA). Primers
to amplify P. tremula Adhl and CI-I genes were designed on
the basis of BLAST searches in the publicly available Populus
expressed sequence tag collection (http:/ poppel.fysbot.umu.se)
using homologs from A. thaliana (Adhl, AF110456) and Malus
x domestica (CI-1, AY173139). Primers to amplify GA20oxI (ERIKS-
soN and Morrtz 2002) and a TF3 (HARUTA et al. 2001) were
designed from published sequences in GenBank (accession
nos. AJ001326 and AF349443, respectively). Finally, part of the
Gapdh gene was amplified in Populus using primers GPDX7F
and GPDXO9R from STRAND e/ al. (1997). Primer sequences are
available as supplementary material (supplementary Table 1).

PCR products were cloned into the pCR2.1 vector using a
TA-cloning kit from Invitrogen (Carlsbad, CA). Clones were
sequenced using BigDye chemistry (Applied Biosystems, Fos-
ter City, CA) on an ABI377 automated sequencer (Applied Bio-
systems) at the Umed Plant Science Center sequencing facility.
Four to 10 different clones of each fragment were sequenced
to identify the presence of multiple haplotypes within individu-
als and to control for Taq polymerase errors. All sequences
used in this article have been deposited in the EMBL /GenBank
databases (accession nos. AJ842873-A]842952 and AJ843576-
AJ843713). Homologous sequences of Adh, CI-1, Gapdh, GA20-
oxl, and TI-3 region were also obtained from P. trichocarpa by
manually assembling contigs identified through BLAST searches
in the Populus Genome Project database at Joint Genome Insti-
tute (JGI, http:/genome.jgi-psf.org/).

Sequence analysis: Sequences were verified manually and
contigs were assembled using the computer program Sequencher
v4.0 (Gene Codes, Ann Arbor, MI). Multiple sequence align-
ments were made using ClustalW (THOMPSON et al. 1994) and
adjusted manually using BioEdit (http: /www.mbio.ncsu.edu/
BioEdit/bioedit.html). Estimates of nucleotide polymorphism
(segregating sites, S, nucleotide diversity, ), the scaled muta-
tion rate (0 = 4Nu), and between-species divergences were
obtained using the computer program DnaSP v4.00.5 (http:/
www.ub.es/dnasp/). DnaSP was also used to calculate a statisti-
cal test of neutrality, Tajima’s D (Tajima 1989). The signifi-
cance of D was evaluated using coalescent simulations of an
island model with an average genetic differentiation equal to
that estimated for each locus (see below). All simulations were
run using a fixed number of segregating sites, equal to the
observed number of segregating sites at each locus, and with-
out recombination, making all tests conservative.

The decay of linkage disequilibrium with physical distance
was estimated using nonlinear regression of linkage disequilib-
rium between polymorphic sites vs. the distance, in base pairs,
between sites (REMINGTON et al. 2001). This analysis was done
both within populations and for the complete data set at each
locus. Linkage disequilibrium was scored between pairs of
polymorphic sites using the squared allele frequency correla-
tions, r* (WEIR 1990). Under a simple drift-recombination
model the expected value of r* is E(r*) = 1/(1 + r), where
r = 4Ncis the scaled recombination rate for the gene region.
In the presence of mutations, the expectation changes to

10 + p )(1+(3+p)(12+12p+p2)
(2 +p)(11 +p) n(2 + p)(11 + p)

E(r) =
1

(HrLL and WEIR 1988), where n is number of haplotypes sam-
pled. Equation 1 was fitted using the statistical package R (http:/
cran.us.r-project.org/). The nonlinear regression yields a least-
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TABLE 1

Length of regions analyzed

Coding
Locus Total Coding Noncoding* Nonsynonymous Synonymous
Adh 2192 909 1283 696.3 212.7
CL1 802 429 373 330.9 98.1
G3PDH 809 411 398 311.0 100.0
GA200x1 1746 1152 594 901.4 250.6
TI-3 639 606 33 456.1 176.9
Total 6188 3507 2681 2695.7 838.3

“Including indels.

squares estimate of r per base pair that may be biased because
of the nonindependence between different sites (REMINGTON
et al. 2001). However, it may still be useful as a representation
of the rate of decay of linkage disequilibrium with physical
distance. Singletons were excluded in all linkage disequilib-
rium analyses.

Population subdivision was estimated as sy (HUDSON et al.
1992; CHARLESWORTH 1998) and significance of population
subdivision was evaluated using the S, -test statistic of Hup-
SON (2000).

RESULTS

Nucleotide polymorphism and divergence: Sequences
were obtained from 17-24 individuals for the five genes
studied. The length of the regions analyzed varied be-
tween ~650 and ~2200 bp [including insertions/dele-
tions (indels), Table 1]. All regions contained both cod-
ing and noncoding sites (introns and/or flanking regions),
although the amount of noncoding sites varied from as
little as 30 bp in 77-3 to almost 1300 bp in AdhI (Table 1).

Both indel polymorphisms and single-nucleotide poly-
morphisms (SNPs) were present in the sequenced re-
gions. There were a total of nine indel polymorphisms,
all in introns or flanking regions. In particular the
5'-UTR region of GA20ox1 was indel rich, with several
short microsatellites that were highly polymorphic.
There were no indels in the 77-3region, which included
only 30 noncoding sites. Indels were excluded in all
further analyses.

SNP polymorphisms were substantially higher than
indel polymorphisms; a total of 384 unique SNPs were
found in the ~6.2 kb sequenced from the five genes
(Table 2) or ~1 SNP every 60 bp. Total (my), silent
(synonymous sites and sites in introns, ), synonymous
(Tya), and nonsynonymous (,,,) Nucleotide diversi-
ties for the five genes are summarized in Table 2. Levels
of polymorphism were generally high; a weighted aver-
age of silentsite diversity across the five genes was 0.0160
and m varied between 9.4 X 107 at GA20ox1 and 22.9 X
107 at TI-3 (Table 2). Nonsynonymous diversities were
generally lower than silent variation and the ratio of non-
synonymous to synonymous diversities ranged from 0.1 to

0.23 for Adhl, Gapdh, and GA20ox1, indicating strong pu-
rifying selection at most codons in these regions. CI-1
and T'I-3 had about three- to fourfold higher levels of
nonsynonymous diversity than the other three loci (Ta-
ble 2), suggesting that the level of selective constraint
varies between the genes.

There was also abundant nucleotide variation within
populations at all five loci (Table 2), the only real excep-
tion being Adhl samples from the FRA population,
which had less than half the diversity of other popula-
tions, my = 0.0045. However, this is also the population
from which the fewest samples were taken (N = 6), so
this could be just a sampling artifact.

Silentsite divergence, using P. {richocarpa as outgroup,
was fairly constant across the five genes and averaged
0.049 (Table 2). However, the nonsynonymous substi-
tution rate (K,) varied >30-fold, from 0.0017 in G3PDH
to 0.0463 in T1-3, suggesting that selective constraints
and/or the history of adaptive evolution vary between
loci. The low level of nonsynonymous divergence at
Gapdh is consistent with strong selection for conserved
amino acid sequence in this gene that plays a crucial role
in glycolysis. There was a tendency across loci for an ex-
cess of singleton mutations, shown by negative values of
Tajima’s D, and this excess was significant in four out
of five genes (Table 2).

Linkage disequilibrium: The nonlinear regression model
for analyzing the decay of linkage disequilibrium with
distance showed that LD decays quite rapidly with dis-
tance when total samples were used; the expected value
of 7 declined to <0.05 in around a few hundred bases
(Figure 1). However, LD extends on average two to five
times further within local populations, although there
is substantial variation among populations. It should be
noted that estimates of within-population rate of decay
of LD are subject to much larger standard errors, due to
the smaller number of sites that were polymorphic within
populations. Despite the rapid decline of LD, several
sites in Adhl and GA20ox1 show extensive linkage dis-
equilibrium over distances that approach the length of
the sequenced region (Figure 1).
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TABLE 2

Estimates of nucleotide diversity and divergence

Polymorphism Divergence
Locus Population N S Ow Trr ) Toyn Toonsn  Tnonsyn/ Ton  DTajima D K, K, K/K,
Adh FRA 6 15 0.0030 0.0027 0.0045 0.0063 0.0000 0.000 0.597
AUT 10 58 0.0094 0.0080 0.0121 0.0167 0.0029 0.176 —0.689
SWE S 10 66 0.0107 0.0098 0.0132 0.0229 0.0037 0.162 —0.398
SWE N 8 49 0.0086 0.0089 0.0108 0.0233 0.0032 0.136 0.202
Total 34 116 0.0131 0.0090 0.0119 0.0222 0.0028 0.128 —1.816 0.034 0.045 0.012 0.259
SD 0.0041 0.0080
CI-1 FRA 10 27 0.0121 0.0095 0.0097 0.0197 0.0092 0.466 —1.018
AUT 10 23 0.0107 0.0110 0.0128 0.0113 0.0085 0.753 0.378
SWE S 12 24 0.0100 0.0079 0.0098 0.0204 0.0054 0.263 —0.928
SWE N 14 35 0.0139 0.0105 0.0118 0.0123 0.0085 0.694 —-1.074
Total 46 62 0.0184 0.0101 0.0115 0.0157 0.0082 0.523 —1.523 0.051 0.084 0.020 0.243
SD 0.0054 0.0007
GAPDH FRA 10 37 0.0165 0.0145 0.0243 0.0198 0.0036 0.184 —0.589
AUT 12 31 0.0129 0.0132 0.0193 0.0246 0.0016 0.066 0.070
SWE S 12 35 0.0146 0.0151 0.0200 0.0320 0.0047 0.146 0.148
SWE N 14 33 0.0131 0.0131 0.0196 0.0339 0.0022 0.064 0.003
Total 48 76 0.0176 0.0147 0.0223 0.0303 0.0031 0.102 —1.128 0.024 0.040 0.002 0.042
SD 0.0064 0.0006
GA200x1  FRA 10 25 0.0053 0.0043 0.0062 0.0098 0.0027 0.270 —0.887
AUT 8 21 0.0048 0.0047 0.0074 0.0124 0.0027 0.220 —0.110
SWE S 12 34 0.0067 0.0061 0.0101 0.0120 0.0027 0.225 —0.354
SWE N 12 40 0.0079 0.0068 0.0119 0.0153 0.0037 0.242 —0.616
Total 42 81 0.0113 0.0059 0.0094 0.0130 0.0031 0.237 —1.696 0.034 0.056 0.017 0.300
SD 0.0034 0.0004
TI-3 FRA 10 24 0.0133 0.0124 0.0168 0.0202 0.0107 0.532 —0.308
AUT 12 32 0.0166 0.0161 0.0242 0.0291 0.0129 0.442 —0.144
SWE S 1229 0.0150 0.0188 0.0288 0.0346 0.0149 0.430 1.121
SWE N 14 25 0.0123 0.0087 0.0172 0.0206 0.0054 0.260 —1.254
Total 48 49 0.0216 0.0144 0.0229 0.0276 0.0112 0.406 —0.586 0.055 0.074 0.046 0.623
SD 0.0053 0.0172
Average 0.0167 0.0111 0.0160 0.0220 0.0059 0.288 0.040 0.061 0.020 0.296

Significant values are indicated in italic.
¢ Jukes-Cantor-corrected divergence vs. P. trichocarpa.

Population subdivision: All five genes showed signifi-
cant genetic differentiation among populations (Table 3)
and using the combined data yielded an estimate of fg; =
0.117, which is surprisingly high given that Populus is
outbreeding, wind pollinated, and has seeds that are
adapted to long-distance wind dispersal (HAMRICK and
GobpT 1996). There was substantial variation across the
five genes in levels of genetic differentiation, with the
lowest estimate of fsr = 0.04 for 713 and the highest es-
timate fsr = 0.161 for Adhl. Most of the pairwise estimates
of Iy between populations were also significant, although
in a few cases pairwise I estimates were negative, prob-
ably reflecting low levels of genetic differentiation and/or
stochastic variation associated with small sample sizes

(supplementary Table 2 at http:/www.genetics.org/
supplemental/).

To test whether there was evidence for any heteroge-
neity in the estimates of Fsr across loci, I ran a coalescent
simulation (with 10° replicates). The simulations assumed
an island model structure with a total of 20 populations
and with a migration parameter, M = 4Nm, equal to
7.57. This produces an expected Fr that matches the
average Fsr observed from the five genes (Fsr = 0.117).
A total of 34 chromosomes were simulated, distributed
among 4 of the 20 populations using the same sample
configuration as in the real samples (Table 2). The
simulation was standardized to a locus 1 kb in length,
with 6 = 4Nw matching the weighted average across
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Ficure 1.—Plots showing the squared
correlations of allele frequencies (%) as
a function of physical distance between
sites for five genes in Populus tremula: (A)
Adhl, (B) CL1, (C) GA20o0x1, (D) Gapdh,
and (E) TI-3. The thick lines are fitted
nonlinear regressions of the mutation-
recombination-drift model given in Equa-
tion 1. Thin lines depict within-popula-
tion decline in linkage disequilibrium
(also fitted using Equation 1). It was not
possible to fit Equation 1 for the FRA
sample from 77-3 due to the low number
of informative sites.
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loci. The approximate 95% confidence region for Fy
obtained from the simulation is 0.012-0.276 and all five
loci have Fgr values that fall with this region, suggesting
that the among-locus variation in fgr across loci is not
unusually high in this data set.

DISCUSSION

Nucleotide polymorphism and divergence: There are
substantial levels of nucleotide polymorphisms in all
five genes included in this study, both species-wide and
within populations (Table 2). Levels of silent site diver-
sity within populations averaged 0.0145, although diver-
sity varied almost threefold between loci, from 0.0089
in GA20ox1 to 0.022 in TI-3. These values are compara-
ble to within-population diversity in outcrossing A. lyrata
(pw = 0.014, WRIGHT et al. 2003) and to the average within-
population diversity seen in Drosophila melanogaster (wy =
0.014, MorivyaMA and PoweLL 1996). It is also about
two to fivefold higher than nucleotide polymorphism

in the BpMADS?2 gene in Betula pendula, another long-
lived woody perennial, which was sampled from two
locations in Finland (my = 0.0047, JARVINEN et al. 2002).

Species-wide levels of silent polymorphism in P. trem-
ula (mg = 0.016) are also comparable to levels of poly-
morphism in several plant species. In selfing A. thaliana,
g = 0.0114, whereas in the two closely related, outcross-
ing species A. lyrata ssp. petrea and A. halleri species-wide
diversity at silent sites averaged 0.023 and 0.015, respec-
tively (AGUADE 2001; WRIGHT et al. 2003; RaAM0Os-ONSINS
et al. 2004) . In two wild species of maize, Zea diploperennis
and Z. perennis, silent site diversity in four genes averaged
0.012 and 0.013 (TrrrIN and GauT 2001). It is not sur-
prising to see such similar levels of species-wide diversi-
ties, despite differences in breeding system, life histor-
ies, and/or demography since these factors are known
to have far less effect on species-wide levels of polymor-
phism than on levels of polymorphism within popula-
tions (INGVARSSON 2002; CHARLESWORTH 2003).

It thus appears that P. tremula harbors substantial ge-
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TABLE 3

Estimates of Fsr and tests of genetic differentiation

All populations

Locus Fsp¢ S’

Adh 0.161 0.64 7%
CIl-1 0.052 0.484***
G3pdh 0.071 0.46]1%**
GA200x1 0.065 0.612%**
TI-3 0.040 0.361%*

Total 0.117 0.8503%#*

“Wright’s fixation index (HupsoN et al. 1992).
b Statistical test of genetic differentiation (Hubpson 2000).

netic diversity, both within populations and across the
species range. This is in agreement with earlier studies
of allozyme variation that have shown that Populus has
a substantially higher proportion of polymorphic loci
and higher gene diversity than the average among long-
lived, woody perennials (JeLINSKI and CHELIAK 1992;
Liu and FurnNier 1993; HAMRICK and GopT 1996).

This is in stark contrast to recent studies of several
species of conifers, which appear to have substantially
lower genome-wide levels of polymorphism. For instance,
levels of silent polymorphism range from 0.0004 to
0.0049 in P. sylvestris (DVORNYK et al. 2002; GARCIA-GIL
et al. 2003) and from 0.00017 to 0.0081 in Cryptomeria
Jjaponica (KADO et al. 2003). Similarily, in Pinus taeda,
silent site diversity averaged 0.0064 across 63 genes in-
volved in wood formation and pathogen and drought
resistance (NEALE and SAVOLAINEN 2004).

Polymorphism in P. tremulais thus ~2- to 10-fold higher
than that in Pinus and Cryptomeria. P. tremula has, to-
gether with P. sylvestris, among the widest-known geo-
graphic distributions of any tree species and the samples
analyzed in this article cover only a small fraction of the
entire range of P. tremula, so species-wide diversities are,
if anything, underestimated in P. tremula. This suggests
that the low nucleotide diversities seen in Pinus and
Cryptomeria are not a general phenomenon in long-
lived tree species but rather appear to be unique for
conifers.

Species-wide samples show an excess of low-frequency
polymorphisms that is remarkably consistent across loci
(Table 2). Selection seems like an unlikely cause of nega-
tive values of these statistics because the excess of low-
frequency polymorphisms is consistent across loci. Also,
sequences were obtained through cloning of PCR prod-
ucts and although care was taken to verify all singleton
mutations in multiple clones, it is possible that some of
the remaining singletons are the result of Tag polymer-
ase errors. However, given the error rate of Taq of 1 X
107*=2 X 107% (CLINE et al. 1996), PCR errors would
account for only between one and five singletons at each

locus and thus do not appear to explain the significant
excess of singleton mutations observed. Therefore, it is
more likely that the departures of the frequency spectra
from the standard neutral model are a product of demo-
graphic processes, such as postglacial expansion (PETIT
et al. 2003) or effects of population subdivision. Although
population structure is expected to shift the frequency
spectrum toward an excess of sites at intermediate fre-
quencies (i.e., positive values of Dry;,,) under some sce-
narios, it is possible that population subdivision can also
lead to negative Tajima’s D, depending on strength of
population subdivision and the actual sample configu-
ration. Thus the reason for the overall excess of low-
frequency mutation in Populus must be investigated in
more detail.

Silent site divergence from P. trichocarpa averaged
6.1% and, using a silent substitution rate in the range
5.0-8.0 X 107 (WoLFE ¢t al. 1987; GauT 1998), yields
an estimated time of divergence between P. tremula and
P. trichocarpa between 3.8 and 6.2 million years. P. trem-
ula and P. trichocarpa belong to different sections within
the genus Populus (Leuce, aspens, and Tacamahaca pop-
lars, respectively) and are morphologically quite distinct.
It thus appears that the radiation that produced the
~300 species contained in the genus Populus has been
rapid and relatively recent. This view is also supported
by other molecular data (LESKINEN and ALSTROM-RAPA-
PORT 1999) and by the prevalence of both intra- and
intersectional hybridization in Populus (BRUNNER ef al.
2004).

Linkage disequilibrium: LD declines rapidly with dis-
tance in all five genes. In general, average linkage dis-
equilibrium declined to negligible levels (+* < 0.05) in
<500 bp, although in some cases LD extends much
further within local populations (up to 1 kb or more).
Levels of LD observed in Populus are on par with those
observed in maize, where LD also declines rapidly. REm-
INGTON et al. (2001) showed that LD declined to negligi-
ble levels in ~1 kb in 5 of 6 genes studied in a set of
102 inbred lines of maize. The sixth gene studied, sul,
is part of the starch production pathway in maize and
has been a target of selection during the domestication
of maize (WHITT et al. 2002) and this artificial selection
has presumably contributed to the extensive LD seen
in sul. A study of a more limited set of elite maize lines
showed that LD can extend over great distances also in
maize, up to 100 kb, and that there was virtually no
decline in 72 over distances of ~500 bp in the collection
of 18 genes they surveyed, consistent with a strong effect
of breeding-induced bottlenecks and selection in pro-
ducing the elite germplasm pool (CHING et al. 2002).

These results from Populus and maize, both outcross-
ers, are in stark contrast to the patterns of LD seen in
primarily self-fertilizing species, such as A. thaliana and
rice (Oryza spp.). Selfing dramatically reduced the ef-
fective recombination (NORDBORG 2000), and in Arabi-
dopsis LD generally extends over distances up to 250 kb
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(NORDBORG et al. 2000) while in rice LD extends ~100 kb
(GARRis et al. 2003). However, in wild barley (Hordeum
vulgare ssp. spontaneum), another highly selfing species,
some loci show high levels of LD, as expected in a selfing
species, where as other loci show a surprisingly rapid
decline of LD with distance (LiN et al. 2002). Although
the reasons behind the different patterns of LD among
loci in barley and also differences in LD patterns be-
tween Arabidopsis and barley are not fully understood,
it is clear that mating system alone does not explain
differences in LD and that other factors, such as the
demographic history of a species, are important as well
(LIN et al. 2002).

Population structure: All five genes showed significant
genetic differentiation among populations, although es-
timates of Fsr were moderate (Table 3). The estimates
of Fr are still surprisingly high given that Populus is
outbreeding, wind pollinated, and has seeds that are
adapted to long-distance wind dispersal (HAMRICK and
GobT 1996). There was a greater than fourfold variation
among loci in estimates of Fgp, but a coalescent simula-
tion suggested that this dispersion is no greater than
expected. A recent study of genetic differentiation in
maternally inherited cpDNA markers also showed mod-
erate levels of genetic differentiation across Europe in
P. tremula (Isy = 0.11, PETIT et al. 2003). Interestingly,
the cpDNA estimate of Fg is close to the average of the
five nuclear genes studied here. This is somewhat sur-
prising, since maternally inherited cpDNA markers are
haploid and their lower effective population size in a
dioecious species, like P. tremula, should result in an
increased genetic differentiation, compared to nuclear
genes [ N.cpona)/ Neudeay = 0.25 with equal sex ratios,
LAPORTE and CHARLESWORTH 2002]. Sex ratios of Scan-
dinavian P. fremula populations are also predominantly
male biased (BLUMENTHAL 1942), reinforcing the dif-
ferences in effective population sizes between nuclear
and organelle loci. More loci are needed to establish
whether this discrepancy in genetic differentiation be-
tween organelle and nuclear markers is a real phenome-
non or just a sampling artifact.

Conclusions: This is the first study to quantity levels
of nucleotide polymorphism and linkage disequilibrium
from a member of the genus Populus. The results pre-
sented here show that P. tremula harbors significant
amounts of genetic variation both within populations
and across the species range. Since estimates of popula-
tion subdivision are low (albeit significant), a substantial
fraction of the species-wide diversity can be sampled
from single populations. In the species-wide sample LD
declines rapidly with physical distance, although it may
extend much further within local populations.

The rate of decay of LD has implications for the po-
tential utility of association approaches in mapping QTL
as it effectively determines whether genome-wide scans
are feasible or whether a candidate gene approach has
to be taken (Gaut and LonG 2003). The rapid decay

of LD in P. tremula suggests that the number of markers
needed to ensure adequate genome coverage may be
simply too high for genome-wide scans to be feasible in
this species and a more realistic approach might there-
fore be to search for functional variation in putative
candidate loci. On the other hand, the rapid decay of
LD suggests that it may be possible to map functional
variation to very fine scales in P. tremula.

Population structure is low, but significant for all loci
investigated. This structure creates additional linkage
disequilibrium between loci that have different allelic
frequencies in different subpopulations. Population struc-
ture may therefore interfere with association studies by
producing spurious associations. However, methods to
properly account for population structure have been
developed (PRITCHARD ef al. 2000) and applied success-
fully in other plant species (THORNSBERRY ef al. 2001).
Nevertheless, the presence of significant population
structure and variation in rate of decay of LD in different
populations emphasizes the care that has to be taken
when sampling for association studies.
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