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Abstract We report the most complete genetic map to
have been constructed for the genus Populus. This map
includes 544 markers mapped onto 19 linkage groups,
equivalent to the Populus chromosome number, with all
markers displaying internally consistent linkage patterns.
We estimate the genome length to be between 2,300 and
2,500 cM, based both on the observed number of
crossovers in the maternal haplotypes, as well as the
total observed map length. Genome coverage was
estimated to be greater than 99.9% at 20 cM per marker.
We did not detect obvious recombination repression in the
maternal tree (a hybrid of Populus trichocarpa Hooker ×
P. deltoides Marsh.) compared to the paternal tree (pure P.
deltoides). Finally, most markers exhibiting segregation
distortion were derived from the donor parent in this
backcross, and generally occurred in large contiguous
blocks on two linkage groups. We hypothesize that
divergent selection has occurred on chromosomal scales
among the parental species used to create this pedigree,
and explore the evolutionary implications of this observa-

tion. This genetic linkage map provides the most
comprehensive view of the Populus genome reported to
date and will prove invaluable for future inquiries into the
structural and functional genomics, evolutionary biology,
and genetic improvement of this ecologically important
model species.

Introduction

The genus Populus possesses many characteristics that are
conducive to functional genomic studies, and is therefore
widely accepted as a model system in tree genome
research (Bradshaw et al. 2000; Taylor 2002; Wullschleger
et al. 2002a). Consequently the collection of Populus
genomic resources has grown rapidly in recent years,
culminating in the sequencing of the entire Populus
genome by the Joint Genome Institute of the U.S.
Department of Energy (Wullschleger et al. 2002b;
Bhalerao et al. 2003). In addition, as of 26 December
2003, 154,746 Populus EST sequences had been deposited
in GenBank and a 10× BAC library has been finger-
printed, end-sequenced and assembled into approximately
4,000 scaffolds, thus providing a physical map on which
the genomic information can be assembled (M. Marra, BC
Genome Sciences Center, personal communication, Feb-
ruary 2003). A dense genetic map will prove to be an
invaluable resource for coalescing this genomic informa-
tion into chromosomal units, thus providing a platform for
functional and evolutionary comparisons with other spe-
cies.

The first investigation of the Populus genome was made
in 1921, in which the haploid chromosome number was
erroneously reported as four (Graf 1921). By 1924, it
became clear that the base chromosome number in
Populus was 19, based on observations in seven species
(Harrison 1924). Since then, examination by various
scientists has revealed that all Populus species exist in the
diploid form with 2n=38 (Smith 1943), with occasional
cases of triploid or tetraploid genets (Einspahr et al. 1963;
Bradshaw and Stettler 1993). Based on cytology studies,
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Van Dillewijin (1940) hypothesized that the ancestral
chromosome number of Populus was eight. However,
because Populus chromosomes are mostly small and
lacking in distinctive morphological features (Smith
1943), there is scant information on chiasma frequencies
and chromosomal dynamics to substantiate this claim.

Genetic linkage mapping provides a powerful means for
understanding genomic structure, as well as many other
promising applications in tree improvement (Dinus and
Tuskan 1997; Neale et al. 2002). The first linkage map in
Populus was constructed by Bradshaw et al. (1994) with
50% coverage of the genome. Using AFLP and RAPD
markers, three other studies have achieved 19 main
linkage groups in Populus (Wu et al. 2000; Yin et al.
2001, 2002). Recently, Cervera et al. (2001) reported
dense genetic maps for P. deltoides, P. trichocarpa and P.
nigra, utilizing AFLP and more than 100 simple sequence
repeat (SSR) markers. These maps provide an excellent
starting point for comparative mapping.

Populus occurs throughout the northern hemisphere,
and extensive hybridization occurs in large, persistent
zones of overlap between Populus species (Eckenwalder
1984; Rood et al. 1986). The genetic and ecological
factors maintaining such hybrid zones have garnered much
attention from evolutionary biologists, and the relative
roles of gene flow and endogenous and exogenous
selection against hybrids have been extensively debated
(Anderson 1949; Barton and Hewitt 1985; Orr 1996;
Arnold 1997; Rieseberg and Carney 1998). We present
here a mapping pedigree derived from a hybrid P.
trichocarpa × P. deltoides female crossed to an alternate
P. deltoides male genotype. This family structure provides
an opportunity to examine the chromosomal dynamics
associated with the early stages of introgression between
these two divergent species (Rieseberg et al. 2000).
Therefore, one of the objectives of this study was to
search for evidence of recombination repression due to the
heterogeneous genetic background of the hybrid. Addi-
tionally, Martinsen et al. (2001) found that introgression
from a natural hybrid zone of P. angustifolia James and P.
fremontii S. was directional, and only certain genomic
regions had penetrated from the P. fremontii zone deep
into the P. angustifolia zone, suggesting that the potential
for introgression varies across the genome. Our pedigree
involves species from the same sections of the genus as
those studied by Martinsen et al. (2001) (Tacamahaca and
Aigeiros), and our linkage map provides some potential
insights into the chromosomal signatures of evolutionary
divergence between these sections.

Materials and methods

Plant material and DNA preparation

The mapping pedigree (family 13) in this study was an
interspecific backcross consisting of 180 offspring. The
female, ‘52-225’ was derived from a hybrid cross between
clones ‘93-968’ (P. trichocarpa) × ‘ILL-101’ (P. deltoid-

es). The backcross male, ‘D109’, is a pure P. deltoides
selected within a half-sib progeny test from an open-
pollinated seed collection from a tree in southeastern
Minnesota. Total DNA was extracted from young leaves
sampled from seedlings in the greenhouse using the
DNeasy plant miniprep kit (QIAGEN, Valencia, Calif.,
USA). DNA concentration was estimated on the FLUOR-
OSKAN Ascent (Thermo Labsystems, Vantaa, Finland).

SSR analysis and marker nomenclature

The SSR primers used in this study came from four
sources: (1) the Populus Molecular Genetics Cooperative
(“P_” prefix), (2) Oak Ridge National Laboratory (“O_”
prefix) (Tuskan et al. 2004), (3) the Center for Plant
Breeding and Reproduction Research (Van der Schoot et
al. 2000), “W_” prefix) and (4) the University of Ghent
(“R_” prefix). Initially, 108 SSRs were selected based on a
framework SSR map from another pedigree (family 331;
Tuskan et al. 2004). SSRs were analyzed with fluorescent
dye-labeled primers (Hex and Fam). PCR reactions were
carried out in a total volume of 15 μl containing 25 ng of
template DNA, 20 ng forward and reverse oligonucleotide
primers (Operon Technologies, Alameda, Calif., USA);
200 μM of each dNTP, 0.5 U Taq DNA polymerase (New
England Biolabs, Beverly, Mass., USA), 1.5 μl 10× buffer
containing 100 μM Tris-HCl, pH 8.3, 500 mM KCl,
20 mM MgCl2 and 10.0 g l

−1 BSA. PCR was conducted in
a Perkin-Elmer Cetus thermocycler 9700 (Applied Bio-
systems, Foster City, Calif., USA) with 30 cycles of 94°C
for 30 s, 50°C for 30 s, and 72°C for 1 min combined with
a final extension at 72°C for 7 min. PCR products were
detected on an ABI 3700 sequencer using the standard
genotyping module. Before each analysis, the appropriate
dilution factor was determined for each primer set using a
subsample of the amplifications. Two to four primer pairs
with different product sizes and/or dye colors were mixed
in appropriate ratios and diluted 1:10 with loading buffer
[91% deionized formamide, 9% internal standard GeneS-
can 450ROX (Applied Biosystems)], then denatured at
95°C for 5 min followed by rapid cooling on ice.

AFLP analysis and marker nomenclature

The AFLP procedure was performed following the
approach of Vos et al. (1995), with the following
modifications. Pre-amplification reactions (15 μl) were
performed for 3 μl of the diluted DNA template using
20 pmol each of a pair of AFLP primers (Operon
Technologies) with no selective 3′ nucleotides on the ‘E’
primer and one “C” selective 3′ nucleotide on the ‘M’
primer. Reaction conditions were otherwise identical to
those described for SSRs. PCR was conducted with 20
cycles of 94°C for 30 s, 56°C for 60 s and 72°C for 60 s.
The pre-amplified products were diluted 1:30 as DNA
template for selective amplification. Selective amplifica-
tion was carried out in a volume of 15 μl containing 3 μl
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diluted pre-amplification product, 0.5 pmol ‘E’ primer
with two selective nucleotides (Hex labeled) and 5 pmol
‘M’ primer with three selective nucleotides (Operon
Technologies), 200 μM each dNTP, 0.5 U Taq DNA
polymerase (Promega, Madison, Wis., USA), 1.5 μl 10×
buffer (100 μM Tris-HCl, pH 8.3, 500 mM KCl, 20 mM
MgCl2), 10.0 g l−1 BSA and 1% (v/v) deionized
formamide. Thermocycling conditions for selective am-
plification were 12 cycles of 94°C for 30 s, 65°C for 30 s
decreasing by 0.7°C per cycle, and 72°C for 60 s, followed
by 23 cycles of 94°C for 30 s, 56°C for 30 s and 72°C for
60 s.

Twenty-four AFLP primer combinations were selected
based on previous performance in a different pedigree for
which 256 AFLP primer combinations were initially
screened (Yin et al. 2002). PCR products were separated
on an ABI 3700 sequencer following the same procedure
as for SSR analysis, except for 14 primer combinations
that yielded fragments greater than 500 bp in size, which
were analyzed using the X-Rhodamine MapMakers 1000
Standard (BioVentures, Murfreesboro, Tenn., USA) with a
run voltage of 5,000. All AFLP markers were named using
a code for each primer combination (Electronic Supple-
mentary Material, Table 1), followed by sequential
numbers for scored bands, beginning with the lowest
molecular weight.

GeneScan and Genotyper software (Applied Biosys-
tems) were used to extract data and score the traces, and
the resulting data tables were further processed by PERL
scripts (http://www.esd.ornl.gov/PGG/scripts.htm) to de-
tect null alleles, anomalous alleles, aneuploidy, discrepan-
cies in repeated samples, segregation distortion, and to
infer parental origins of alleles. Discrepancies in the data
were corrected by returning to the original traces and, in
some cases, repeated genotyping.

Map construction

The linkage map was constructed using MapMaker
version 3.0 (Lander et al. 1987) following the two-way
pseudo-testcross mapping strategy (Grattapaglia and
Sederoff 1994), generating a separate map for each of
the parents. The data sets of the dominant markers were
duplicated and both alleles of the codominant makers were
included to allow the detection of linkage of markers in
repulsion phase. Linkage groups were assigned with
thresholds for a minimum LOD score of 10.0 and a
maximal recombination fraction (r) of 0.30. For each
assigned linkage group, the “LOD table” command was
used to identify markers in bins (map distance equal to
0.0 cM). The marker with the highest LOD score from the
bin was designated a ‘framework’ marker, and other
markers in the bin were designated ‘alternative’ markers.
The markers were ordered using the “Order” command
iteratively with a default LOD of 3.0. The first-sequence
order was confirmed using the “Ripple” command
permuting five markers at a time. All markers that were
not ordered in the first pass were placed again using the

“Try” command. New markers were placed at appropriate
positions if LOD scores descended toward both ends of the
linkage group from the insert position. If the change in
LOD was less than 1.5 for adjacent markers, the unplaced
markers were placed in a bin with the closest framework
marker, and designated ‘alternative’ markers. Maps were
drawn with the program MapChart 2.1 (Voorrips 2002).

Tests for recombination repression

We tested for recombination repression due to the hybrid
genetic background in the female parent by comparing the
observed and estimated genome length with that of the P.
deltoides male parent. The relationship between the
number of observed chiasmata (μ) in a diploid cell,
recombination frequency (r) and genetic distance in
Haldane units (M) were given by Haldane (1919) as
follows:

r ¼ ð1� e�2M Þ=2 (1)

� ¼ � lnð1� 2rÞ (2)

M ¼ lnð1� 2rÞ=2 (3)

Thus, the genome length is μ/2, which can be determined
directly by counting the chiasmata observed during
meiosis. We estimated this value by examining the linkage
phase of alleles in the progeny. A change in linkage phase
along a linkage group was counted as a chiasma, and the
total genome length was calculated from the average
number of chiasmata among the progeny. In addition, we
evaluated the effects of using alternative markers rather
than framework markers by resampling loci without
replacement and allowing only one locus per framework
position. These calculations were repeated 1,000 times
each for a range of locus numbers, sampling either from
framework markers only, or from all markers. Programs
for performing these analyses are available at http://www.
esd.ornl.gov/PGG/scripts.htm.

We calculated observed genome length simply as G=∑
GI, where GI is the total genetic distance of linkage group
I. We also calculated the estimated genome length using
the method of Hulbert et al. (1988), based on partial
linkage data, assuming a random distribution of markers,
m,

G ¼ mðm� 1ÞX =K (4)

where X is the map distance corresponding to the LOD
threshold Z for declaring linkage, and K is the number of
marker pairs having LOD values at or above Z. We
estimated the genome length for a range of LOD criteria.
In addition, we analyzed the effects of the number of
mapped markers on length estimates by resampling loci
without replacement and performing the calculations for

453



1,000 iterations. This facilitated comparison between the
female and male maps, which had substantially different
numbers of markers.

Genome coverage was estimated by the function given
by Lange and Boehnke (1982), assuming a random marker
distribution.

c ¼ 1� e�2md=L̂ (5)

where c is the proportion of the genome within d cM of a
marker, L̂ is the estimated genome length and m is the
number of markers.

Chromosomal-scale segregation distortion

Departure from Mendelian expectations for the segrega-
tion of individual markers was assessed using χ2-tests. We
graphically represented species-specific segregation dis-
tortion for chromosomal segments by plotting the
difference between the observed and expected number of
progeny that inherited chromosomal regions from P.
trichocarpa, as inferred by P1 genotypes and linkage
phases. We assumed that regions between markers of
different origin were split equally between each species.
The total size of P. trichocarpa (BTi) and P. deltoides (BDi)
segments in the genome were estimated as

BTi ¼
X

ITij þ 1

2

X
ITDik (6)

and

BDi ¼
X

IDil þ 1

2

X
ITDik (7)

where ITij is the jth interval formed by markers from P.
trichocarpa on linkage group I, IDil is the lth interval
formed by markers from P. deltoides on linkage group I,
ITDik is the kth interval between markers of different
origin on linkage group I. The size of the distorted regions
was calculated in an analogous manner. A paired t-test was
used to test whether the proportion of alleles or intervals
from P. trichocarpa was equal to that from P. deltoides
with df=n−1, where n is the number of individuals.

Marker distribution analysis

Marker distribution among linkage groups was evaluated
by comparing the marker density with expectations under
the Poisson distribution using the method described by
Remington et al. (1999). Under the assumption of equal
marker density for all linkage groups, the expected marker
number λI in linkage group I would be a sample from a
Poisson distribution, λI=mLI/∑ILI, where m is the total
number of markers and LI is the observed map length plus

two times the size of the average interval in linkage group
I. The probabilities P(mI≤λI) and P(mI≥λI) were evaluated
under the cumulative Poisson distribution using a one-
tailed test at α≤0.05 and α≤0.01. Since the SSR markers
were selected based on preliminary linkage information,
only AFLP markers were used for marker density
comparisons.

We also examined clustering of both AFLP and SSR
markers on a finer scale to identify gaps in the coverage of
the current map. We evaluated marker distribution along
each linkage group by examining markers in windows of
variable sizes. Window boundaries were defined by a
change in spacing from clustering (interval size less than
the average interval size for the entire map) to dispersion
(interval size greater than the average interval). The
number of markers in each window was compared to the
null expectation for evenly dispersed markers under a
cumulative Poisson distribution using a one-tailed test
with α≤0.05 and α≤0.01.

Results

Marker analysis

Of the 110 SSR primer pairs selected based on preliminary
linkage analyses, four (3.7%) did not amplify, 14 (12.7%)
did not segregate, and 92 (83.6%) generated 119
segregating loci. Among these loci, 56 (47.5%) were
maternally informative [1:1], eight (7.5%) were paternally
informative [1:1], 49 (41%) were fully informative
[1:1:1:1] and six (4.2%) were intercross informative
[3:1] loci. The number of loci amplified by each primer
set was as follows: 77 (83.7%) produced one locus, nine
(9.8%) two loci, three (3.3%) three loci, two (2.2%) four
loci and one (1.1%) seven loci. SSR markers were
distributed on all linkage groups. Based on multiple loci
with more than two alleles per locus, nine of the original
180 progeny were identified as possible aneuploids or
triploids and excluded from subsequent analyses.

The twenty-four AFLP primer combinations yielded a
total of 653 segregating loci, an average of 27 loci per
primer combination. There was considerable variation in
the number of polymorphic AFLP markers revealed by
different primer combinations, ranging from 11 to 51
markers. Among the AFLP markers, 451 (69%) were
maternally informative, 118 (18%) were paternally
informative, and 84 (13%) were intercross markers.

Linkage map construction

All intercross informative AFLP and SSR markers
(segregating 3:1) were excluded from map construction,
because these markers provide little information for
linkage analysis (Maliepaard et al. 1997). Thus, linkage
analysis in the hybrid female parent was based on 556
markers, including 451 AFLPs and 105 SSRs. We did not
exclude markers with significant departures from Mende-
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lian segregation because we were interested in patterns of
segregation distortion in the genome and did not want to
bias the data set. Using a LOD threshold of 10.0, 544
markers were initially assigned to 20 groups, leaving 12
ungrouped AFLP markers. Linkage group X separated into
two groups under these criteria, but these groups could be
joined at a LOD threshold of 5.98. Therefore, 544 markers
were mapped with high confidence to 19 linkage groups.
Linkage groups ranged from 73 to 262.5 cM in size
(Fig. 1).

The 12 ungrouped AFLP markers were all seriously
distorted due to an excess of visible alleles, with χ2 values
ranging from 34.5 to 72. In contrast, the maximum χ2

value of mapped markers was 19.6. Furthermore, linkage
analysis indicated that each of these 12 markers was
loosely linked with markers in multiple linkage groups,
suggesting that these markers might be genetically
heterogeneous due to comigration of bands from multiple
loci. These markers were therefore excluded from further
consideration.

The framework map consisted of 445 markers. In
addition, 99 alternative markers mapped in bins with a
framework marker. The average distance between the
alternative markers and the closest framework marker was
0.56cM (range 0-2.42cM). Chiasmata observed among
randomly sampled loci were equivalent to those estimated
from framework markers only, demonstrating that the
framework map was an accurate representation of the full
data set (Fig. 2).

A total of 175 markers were available for mapping in
the paternal tree, and 158 of these could be mapped. The
paternal map consisted of 33 linkage groups representing
1,046.2 cM. These groups were aligned with the 19
linkage groups from the female map using shared
codominant SSR markers. There was excellent synteny
between the male and female linkage groups, with full
conservation of order and high correspondence in distance
between markers (r=0.97, P≤0.001; paired t=−1.39,
P=0.19, for 15 pairs of markers) (Electronic Supplemen-
tary MaterialFig. S1).

Table 1 Marker distribution and derivation for the maternal map.
Clustered and dispersed regions refer to AFLP markers only, but
species inheritance data are for all species. The map length is the
observed map length (G) plus two times the size of the average
interval in the linkage group. The probabilites for the expected
AFLPs were evaluated under the cumulative Poisson distribution.
The clustered regions are the number of regions showing significant
clustering of AFLP within linkage groups. See Electronic
Supplementary Material (Table 2) and Methods for details. Cumu-
lative percentages of the linkage group encompassed by clustered
markers are given. The dispersed regions are given as the number of

regions showing significant dispersion (i.e., greater-than-average
spacing) of AFLP within linkage groups. See Electronic Supple-
mentary Material (Table 2) and Methods for details. The markers
inherited from each species gives the mean number of markers
observed in maternal haplotypes that were derived from Populus
trichocarpa (T) or P. deltoides (D), for all 171 progeny. The blocks
inherited from each species are represented by the mean size (G) of
linkage blocks observed among the progeny. Linkage blocks are
defined as regions in which adjacent markers are derived from the
same species

Linkage group Map length Expected AFLP Observed AFLP Clustered
regions

Dispersed
regions

Markers inherited
from each species

Blocks inherited
from each species

Number Percent Number Percent D T D T

I 270.58 47.34 56 1 7.9 1 23.2 24.18 23.77 123.66 124.73
II 173.73 30.39 24 4 5.7 0 - 15.90 15.02 80.34 76.19
III 142.07 24.85 25 1 7.1 0 - 13.13 11.63 67.80 58.49
IV 140.46 24.57 21 2 3.7 0 - 7.76 13.00*** 45.26 78.38***
V 179.27 31.36 21* 2 11.9 0 - 12.37 13.01 75.67 81.71
VI 147.41 25.79 18 3 2.7 0 - 12.15 12.91 63.57 67.92
VII 96.31 16.85 20 2 3.8 1 30.7 8.59 10.15 39.48 46.55
VIII 160.62 28.10 25 3 10 1 37.8 9.11 9.74 66.60 73.45
IX 113.89 19.92 13 2 5.4 0 - 8.02 6.77 52.17 43.38
X 137.40 24.04 31 4 9.2 1 24.3 11.58 12.84 54.24 64.59
XI 103.93 18.18 12 2 2.3 0 - 6.33 6.52 42.59 43.14
XII 78.41 13.72 22* 2 7.3 2 39.1 10.25 10.39 34.56 34.58
XIII 83.31 14.57 27** 1 1.4 1 20.2 12.77 12.80 38.95 36.59
XIV 139.03 24.32 23 2 2.9 0 - 11.41 11.37 60.82 61.86
XV 93.49 16.36 19 1 1.2 0 - 7.05 6.74 42.36 38.98
XVI 107.46 18.80 21 2 3.0 0 - 9.76 10.87 45.25 50.14
XVII 104.04 18.20 13 1 4.5 0 - 6.88 5.76 48.47 38.57*
XVIII 108.02 18.90 23 3 12.5 1 37.9 9.08 7.67 49.34 45.31
XIX 101.30 17.72 20 2 2.8 1 50.2 8.30 11.44** 39.35 49.68*
Total 2480.72 434.00 434 40 5.5 9 32.9 204.67 212.47 1070.55 1114.32

*P≤0.05; **P≤0.01; ***P≤0.001
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Map length and coverage

The combined length of the 19 linkage groups of the
maternal parent was 2,313.9 cM with the error detection
function of Mapmaker enabled, and 2564.3 cM with error
detection off. The average number of recombinations
observed in the progeny was 24.789, which corresponds to

a genome size estimate of 2478.9 cM (Eqs. 1, 2 and 3).
These crossovers theoretically follow a Poisson distribu-
tion with � ¼ �u , where �u is the average number of
chiasmata. Since �u ¼ 24:866 in this study, the distribution
approaches a normal distribution of �ð�u; ffiffiffi

�u
p Þ (Fig. 3).

Based on resampling loci without replacement, the
genome length estimates varied greatly depending on the
number of loci and the LOD cutoff used in the calculation
(Fig. 4). The proper LOD cutoff for a given number of loci
may be empirically determined based on the observed map
length. For example, if the genome length is estimated to
be 2,500 cM, the LOD cutoff would be three if 100 loci
are involved and five if 150 loci are used for the estimate.
Furthermore, our simulation demonstrates that at least 100
loci should be used to derive a proper genome length
estimate for Populus. Thus, relying on the relationship
between LOD cutoff, the number of loci, and the estimated
map length, alternate genetic maps can be resolved among
different studies. In our study, based on resampling 150

3Fig. 1 Genetic linkage map for female ‘52-225’, a Populus
trichocarpa × P. deltoides F1 hybrid, as determined from 171
progeny of family 13, a backcross to P. deltoides male ‘D109’.
Markers in black are AFLP, and markers in red are framework
microsatellites. Colored chromosome segments are between markers
that showed significant segregation distortion: green excess of P.
trichocarpa alleles, blue excess of P. deltoides alleles. Adjacent bar
graphs depict segregation distortion for each marker. The Y axis is
distance in centimorgans and the X axis is the difference between the
observed and expected number of progeny with P. trichocarpa
alleles for each marker. Markers with significant segregation
distortion at P≤0.05 are indicated by colored bars

Fig. 2 Recombinations averaged over all progeny for different
numbers of loci sampled 1,000 times without replacement. One set
of simulations used framework markers only, and the other sampled
from all markers, with a maximum of one marker sampled per
position. Bars represent one standard deviation

Fig. 3 Distribution of the number of inferred recombinations for
171 progeny of family 13. Recombinations were inferred when
adjacent markers on linkage groups originated from different
grandparents. The theoretical distribution is a Poisson with a mean
of 25

Fig. 4 Estimates of total map length for female ‘52-225’ with
different LOD cutoffs for determining pairwise linkage, and
different numbers of loci sampled randomly without replacement
from the entire data set. Based on 1,000 iterations

Fig. 5 Comparison of total map length estimates using the method
of Hulbert et al. (1988) for female ‘52-225’ and male ‘D109’ using
150 loci randomly sampled without replacement, and a range of
LOD score cutoffs for determining pairwise linkage. Bars represent
one standard deviation based on 1,000 iterations
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loci at different LOD cutoffs, the estimates of the hybrid
female and male P. deltoides map lengths were quite
similar (Fig. 5).

Using the function given by Lange and Boehnke (1982;
Eq. 4), we estimate that the maternal framework map
covers greater than 99.9% of the genome at 20 cM
intervals. Furthermore, the linkage groups from our female
map were largely colinear with those of a previously
published map for a P. deltoides female, ‘S9-2’, from
family 87001 (Cervera et al. 2001). In addition, the sizes
of the linkage groups were quite similar between maps.
Thus, we have adopted Cervera et al.’s (2001) linkage
group nomenclature and propose that this be adopted as a
standard for Populus.

Chromosomal-scale clustering tests revealed that the
AFLP marker density was significantly higher on linkage
groups XII and XIII, and significantly less than expected
on linkage group V (Table 1) under the expectation that
marker density did not vary among linkage groups.
Analysis of clustering of AFLP and SSR markers within
linkage groups detected localized clustering on all linkage
groups, with 13 groups showing multiple clustered
regions. An average of 45% (95% CI: 38–51%) of all
markers mapped in clustered regions, but these repre-
sented only 5.5% (95% CI: 3.9–7.1%) of the map distance
on each linkage group on average (Table 1; Electronic
Supplementary Material, Table 2). Significant dispersion
of markers was also detected on eight of the linkage
groups. These regions involved only 12.8% (95% CI: 9.5–
16.0%) of the markers, yet covered an average of 32.9%
(95% CI: 25.9–40.0%) of the map distance on each
linkage group (Table 1; Electronic Supplementary Mate-
rial, Table–2).

Chromosomal-scale segregation distortion

Forty-four markers were significantly distorted from the
expected 1:1 segregation ratio (P<0.05). Forty-one of the
distorted markers (94%) were clustered on six linkage
groups. On a whole-genome scale, in keeping with
Mendelian expectations, an average of approximately
50% of the chromosomal segments in the offspring were
derived from P. trichocarpa, but with substantial variation
among individual offspring (Electronic Supplementary
Material, Fig. S3). Likewise, significant differences in
transmission of alleles from the parent species were
detected on linkage groups IV (92.1% of chromosome
distorted), XVII (20.4% distorted) and XIX (31.1%
distorted) in terms of block size, and on linkage groups
IV and XIX in terms of the number of distorted markers
(Table 1). Markers from the donor parent (P. trichocarpa)
exceeded those of the recurrent parent (P. deltoides) in
79% of the cases of segregation distortion, which is
significantly greater than expected (χ2=15.4, P≤0.001).
The predominant alleles on linkage group IV and XIX
were from P. trichocarpa, whereas those on linkage group
XVII were from P. deltoides. Small regions of distortion
were also detected on other linkage groups: five with P.

trichocarpa alleles overabundant, and three with P.
deltoides alleles overabundant (Fig. 1).

Discussion

Map characteristics and genome length

We have reported a dense genetic map consisting of 19
linkage groups, corresponding to the number of Populus
chromosomes. To our knowledge, this is the first forest
tree mapping project that has produced the correct number
of linkage groups for a single genotype with no unlinked
or accessory markers [though there are examples of maps
with the correct number of major linkage groups obtained
by aligning maps from multiple individuals (e.g., Re-
mington et al. 1999; Wu et al. 2000; Cervera et al. 2001;
Yin et al. 2002, 2003)]. We attribute the high quality of
this map to several factors: (1) the types of markers used,
(2) the type of pedigree and (3) the genotyping metho-
dology. The use of a shotgun library may enhance the
evenness of coverage compared to maps composed solely
of SSRs derived from enriched libraries, and the use of
different marker types enhances the chances of sampling
different parts of the genome (Tuskan et al. 2004).
Furthermore, the use of an interspecific backcross pedi-
gree, which is the most efficient mapping design for
dominant markers, allowed us to obtain a large number of
segregating loci with a modest number of AFLP primer
combinations. Finally, automated data collection and post-
processing with PERL scripts helped identify inconsis-
tencies in the data and facilitated the discovery and
correction of genotyping errors.

Genotyping errors, including misscoring, mislabeling or
inconsistent PCR amplification, hamper all aspects of map
development. Genotyping error is enhanced in outbred
pedigrees, since up to four alleles can segregate per locus,
increasing the chances for PCR primer competition and the
probability of encountering chromosomal anomalies such
as aneuploidy (Bradshaw and Stettler 1993). It is almost
impossible to compare map length derived from different
studies with differing rates of genotyping error. Errors
inflate the number of apparent recombinations and expand
map distances (Harald et al. 2000). This is especially
severe when markers are tightly linked, since a misordered
marker with genotyping error is most likely to be
interpreted as a double crossover in regions with high
marker density. For example, it has been shown that a 3%
error rate in genotyping can double the genetic map length
(Brzustowicz et al. 1993), and a 5% error rate precludes
detection of QTLs of moderate effect (Abecasis et al.
2001).

The reported mapping distance in Populus varies
considerably from different studies (Bradshaw et al.
1994; Wu et al. 2000; Cervera et al. 2001; Yin et al.
2002). Some discrepancies may be due in part to
differences in genome coverage, the choice of mapping
function, and differences in recombination rates in the
parents of the crosses (Plomion and O’Malley 1996; Echt
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and Nelson 1997; Remington et al. 1999). Additionally,
some overestimates of linkage map length may be
attributed to genotyping errors. Double crossovers and
possibly misscored individuals or loci can be identified by
specific commands in various mapping software packages
(e.g., Lincoln and Lander 1992). Therefore, a comparison
of map length with and without error detection enabled
gives some indication of the level of error in the data set.
For the current map, our estimates differed by only
250.4 cM, while in a previous map, the difference was
794 cM (Yin et al. 2002). Another indication of the level
of genotyping error is the number of markers that cannot
be properly mapped. All accessory markers in the current
map were completely substitutable for framework markers
mapped to the same bin. All of this suggests that
genotyping error is quite low in our map and our estimates
of the Populus map length are highly accurate.

Hulbert et al.’s (1988) method-of-moment estimator is
the most widely used function for deducing genome
length. This estimator is derived under the assumption of
an even distribution of markers (Chakravarti et al. 1991;
Gerber and Rodolphe 1994; Yin et al. 2003). Comparison
of our resampling results to the observed map length
derived from the recombination rate demonstrates that
genome size can be overestimated if the LOD cutoff is too
low for the number of loci analyzed. Given the potentially
large range of variation with LOD cutoffs, genome size
estimates based on Hulbert et al.’s (1988) estimator should
always be provided in the context of independent
estimates of genome size, or at least reported for a range
of LOD cutoffs. It appears that comparisons among
pedigrees can be accurately accomplished using Hulbert et
al.’s (1988) estimator derived by resampling from an
equivalent number of loci for all maps.

Genome dynamics

Hybrids might be expected to have suppressed recombi-
nation compared to pure species because of differentiation
of the homologous chromosomes of the parental species
(Jackson 1985; Tenhoopen et al. 1996; Chetelat et al.
2000). We found no evidence of recombination repression
due to the heterogeneous genetic background of the female
(P. trichocarpa × P. deltoides) compared to the male (pure
P. deltoides) parent in our pedigree. However, recombi-
nation repression may have occurred on individual
chromosomes, which would be beyond the achievable
precision of the map distance estimates in the male parent.
In fact, three of the female linkage groups showed
significantly greater-than-expected marker density, which
could be an indication of recombination repression
(although these linkage groups may merely have an
abnormally high concentration of AFLP recognition sites).
Furthermore, the apparent tendency for angiosperm
females to display higher recombination rates than males
(DeVicente and Tanksley 1991; Ganal et al. 1995) could
have partially offset repressed recombination due to the
hybrid nature of our female (see Plomion and O’Malley

1996). Finally, the divergence of the parental species used
in this cross may be inadequate to cause recombination
repression. Although they belong to different sections of
the genus, these species freely interbreed, and introgres-
sion has likely occurred throughout much of their
evolutionary history (Eckenwalder 1984; Stettler et al.
1996). Furthermore, phylogenetic analyses based on
morphological, chemical, and molecular characteristics
have shown a close relationship between these two
sections of the genus (Smith and Sytsma 1990; Eck-
enwalder 1996; Shi et al. 2001). Further supporting
evidence is provided by the lack of rearrangements of
marker order observed between the male and female maps,
and the high correlation of their map distances. However,
estimates of the physical length of each chromosome
would be needed to explore recombination repression in
Populus hybrids in more detail, so this remains an open
question.

One of the more striking features of our map was the
extensive occurrence of segregation distortion in favor of
the heterospecific alleles (i.e., alleles originating from the
donor parent in the backcross). Segregation distortion is
commonly observed in interspecific crosses, though
usually this occurs in favor of the recurrent species in a
backcross (reviewed by Rieseberg and Carney 1998;
Burke and Arnold 2001). In cases where heterospecific
alleles are in the majority, the distortion usually occurs
over small chromosomal regions (Rieseberg et al. 1996;
Jiang et al. 2000; but see Kim and Rieseberg 1999). In
contrast, we observed extensive regions of distortion
favoring heterospecific alleles, covering nearly the entire
length of a linkage group in one case (linkage group IV).
Segregation distortion in hybrid pedigrees is commonly
attributed to factors such as pollen-pistil incompatibilities
(Lord and Russell 2002), gametic competition (Snow
1984; Carney et al. 1996; Lu et al. 2002), negative
epistatic interactions among alleles (Li et al. 1997;
Fishman et al. 2001), the presence of ‘segregation
distorter’ loci that result in the destruction of alternate
gametes (meiotic drive: Hartl 1974; Sano 1990), or
positive selection for the introgressing alleles (Jiang et
al. 2000; Burke and Arnold 2001). It appears that positive
selection is the most likely explanation for our pedigree for
several reasons: (1) the direction of introgression argues
against prezygotic barriers to introgression and negative
epistatic interactions, because these would typically favor
the recurrent alleles (Kim and Rieseberg 1999; Fishman et
al. 2001) and (2) the pattern of segregation distortion,
which consists of a series of peaks of moderate height
distributed across the linkage groups, is inconsistent with
expectations for meiotic drive (Chetelat et al. 2000;
Fishman et al. 2001).

This raises the question of why alleles from the P.
trichocarpa parent would have been favored in our cross.
We have begun investigating the genetic composition of
the regions exhibiting segregation distortion. Interestingly,
the distorted region of linkage group IV contains a locus
conferring resistance against the leaf rust pathogen
Melampsora × columbiana (Yin et al., unpublished;
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Stirling et al. 2001) and the distorted region of linkage
group XIX contains another locus conferring resistance
against Melampsora larici-populina (Yin et al., unpub-
lished; Zhang et al. 2001). Our pedigree experienced rust
attack during the propagation phase, so it is possible that
some selection was exerted in favor of resistance genes
carried by the P. trichocarpa parent, which is not native to
the region of propagation. However, the size of the
distorted regions suggests that multiple loci were involved
in causing the segregation distortion, especially since
substantial efforts were exerted to minimize the effects of
the rust on propagation success and thus minimize the
selection pressure.

There are a variety of other potential selective factors,
including photoperiod, frost tolerance and rooting ability,
that would likely have segregated in our pedigree and may
have resulted in differential survival of progeny carrying P.
trichocarpa alleles. In the case of photoperiod and frost
tolerance, selection against the maternal P. deltoides alleles
might be expected because these were derived from an
accession originating in southern Illinois (ca. 39°30′N
latitude), whereas the P. trichocarpa alleles were derived
from an accession from approximately the same latitude as
the site where the pedigree was propagated (ca. 48°00′N
latitude). Photoperiod is under oligogenic control in
Populus, with individual P. trichocarpa loci causing
earlier bud set and later bud flush in interspecific crosses
(Frewen et al. 2000), which could have conferred an
adaptive advantage in the severe test site in northern
Minnesota. However, eight of the nine bud phenology
QTL identified by Frewen et al. (2000), and all five spring
bud break QTL identified by Bradshaw and Stettler (1995)
could be associated with our linkage groups based on
shared markers (data not shown), and none of these
occurred on groups IV or XIX.

Another possible selective difference between the
parent species is rooting ability: P. trichocarpa is much
more proficient than P. deltoides at rooting from dormant
cuttings (Riemenschneider et al. 2001) and this difference
is also apparently under oligogenic control (Han et al.
1994). Since rooting from hardwood cuttings was the main
method of propagation for the field trials for this pedigree,
there was substantial opportunity for selection in favor of
P. trichocarpa rooting alleles as well. However, the major
rooting QTL identified by Han et al. (1994) was on
linkage group I, so there is currently no evidence that
rooting QTL are located in the regions showing segrega-
tion distortion. However, the Han et al. (1994) study was
performed in tissue culture with a different pedigree, and
this should be further investigated directly using hardwood
cuttings for family 13.

It is particularly interesting that the segregation distor-
tion in favor of heterospecific alleles occurred primarily on
two linkage groups only. If this segregation distortion was
caused by alleles that have been subjected to differential
selection over evolutionary time, this finding suggests that
genetic linkage has played a role in the development and/
or maintenance of genetic isolation between P. trichocarpa
and P. deltoides. A classic model of speciation would

invoke differentiation of the species due to drift and/or
divergent selection on reproductively isolated populations
(Mayr 1942), with the accumulation of incompatible
alleles randomly spread throughout the genome (Orr
1996). However, there is no evidence for prolonged
allopatry for poplar species from sections Aigeiros and
Tacamahaca, and hybrids between these sections are
present in the fossil record for much of the evolutionary
history of the genus (Eckenwalder 1984). Furthermore,
this genus is apparently capable of gene flow by pollen
over tremendous distances (DiFazio et al. 2004), and past
and present introgression are potentially extensive (Stettler
et al. 1996; DiFazio et al. 1999; Martinsen et al. 2001).
Therefore, it is more likely that a parapatric or sympatric
speciation model should be invoked for this species
complex. Recombination is increasingly recognized as a
counteracting force in most plausible scenarios of
sympatric and parapatric speciation, because it breaks up
associations between loci causing reproductive isolation
and loci under divergent selection (Felsenstein 1981;
Barton 1983; Hawthorne and Via 2001). Therefore, loci
that are subject to divergent selection and which cause
reproductive isolation might be expected to accumulate on
individual linkage groups during speciation. This expecta-
tion is consistent with our observation of chromosomal-
scale segregation distortion due to multiple loci of
moderate effect.

There are, of course, many possible alternative
explanations for the patterns of segregation distortion
that we observed. For example, these patterns could be
caused by opposing epistatic interactions among a very
small number of major genes peculiar to our pedigree.
However, we have seen similar patterns of segregation
distortion for linkage group IV for another mapping
pedigree, an F2 family involving the same P. trichocarpa
P1 tree but a different P. deltoides genotype (family 331:
Bradshaw et al. 1994). Furthermore, Cervera et al. (2001)
observed segregation distortion for linkage group IV in a
completely unrelated pedigree. It is therefore likely that
these patterns represent evolutionarily significant differ-
entiation between the species.

Utility of our approach for poplar genomics

Mapping of AFLP in a backcross pedigree is the most
efficient means currently available for deriving a detailed
picture of the genomes of highly heterozygous, long-lived
organisms such as forest trees. Pure P. deltoides and P.
trichocarpa have AFLP heterozygosity levels around 20–
30% (Cervera et al. 2001). Therefore heterozygosity of
hybrids of the two species should be approximately three
times higher than in the pure species, assuming a
minimum of loci fixed for the same allele in both species.
In our study, 83.5% of segregating AFLPs derived from
the maternal parent and 33.4% derived from the paternal
parent were heterozygous, a 2.5-fold difference. Further-
more, most of the visible alleles were linked in coupling
phase and originated from P. trichocarpa. Therefore,
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mapping of AFLP markers in a backcross pedigree would
be an efficient way to anchor BAC contigs to chromo-
somal scaffolds by screening BAC pools with AFLP
primers to identify mapped fragments. Furthermore, AFLP
markers could potentially be used to anchor genomic
sequence to chromosomal scaffolds in silico using the
recognition sites and product sizes as sequence tags. This
approach requires the use of three selective nucleotides per
primer, and an analysis system that yields highly precise
and accurate band size estimates. However, one caveat is
that AFLP markers are not evenly distributed throughout
the genome, as indicated by our analysis. This may be due
to an uneven distribution of the restriction enzyme
recognition sites, an assertion that is supported by uneven
coverage of the Populus BAC physical map, which was
based on HindIII fragments (M. Marra, personal commu-
nication). If this is the case, genetic maps should be
constructed from AFLP derived from multiple restriction
enzymes for the purpose of genome assembly.

In the past 10 years, extensive genetic maps have been
established in dozens of tree species, and QTLs have been
identified for a variety of traits (e.g., Bradshaw and Stettler
1995; Grattapaglia et al. 1996; Krutovskii et al. 1998;
Frewen et al. 2000; Sewell et al. 2002). However, most of
these maps were built using anonymous and dominant
markers like RAPD and AFLP. Although these marker
types are very useful for quickly developing a genetic map
for a particular cross, they are not as efficient for
constructing maps for comparison. The most interesting
QTLs for tree breeders will be those that could be defined
as ‘general’ QTLs (i.e., those expressed in different
genetic backgrounds; Lerceteau et al. 2000). It is difficult
or perhaps impossible to establish a significant association
between a marker and a QTL at a population level using
maps constructed with anonymous markers (Strauss et al.
1992). Moreover, marker-QTL associations will be
disrupted by recombination, so the association may not
be robust in different genetic backgrounds. Consequently,
the practical application of genome mapping in forest trees
has frequently been questioned. However, the problem of
linkage equilibrium at the population level can be greatly
reduced by exploiting the genome sequence and functional
genomics information to directly target candidate genes
putatively involved in control of the trait of interest, thus
increasing the power of marker-assisted selection (Strauss
et al. 1992). SSR markers provide an ideal bridge for map
comparison and direct links to the genomic sequence.
Therefore, genetic maps will be a powerful tool for
exploring the function of candidate genes in the post-
genome era for Populus and other genera.
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