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SUMMARY

Microarrays have demonstrated Significant power for genome-wide analyses of gene expression, and recently
have also revolutionized the genetic analysis of segregating populations by genotyping thousands of loci in a
single assay. Aithough microarray-based genotyping approaches have been successfully applied in yeast and
several inbred plant species, their power has not been proven in an outcrossing species with extensive genetic
diversity. Here we have developed methods for high-throughput microarray-based genotyping in such species
using a pseudo-backcross progeny of 154 individuals of Populus trichocarpa and P. deltoides analyzed with
long-oligonucleotide in situ-synthesized microarray probes. Our analysis resulted in high-confidence geno-
types for 719 single-feature polymorphism (SFP) and 1014 gene expression marker (GEM) candidates. Using
these genotypes and an established microsateliite {SSR) framework map, we produced a high-density genetic
map comprising over 600 SFPs, GEMs and SSRs. The abundance of gene-based markers allowed us to localize
over 35 million base pairs of previously unplaced whole-genome shotgun (WGS) scaffold sequence to putative
locations in the genome of P. trichocarpa. A high proportion of sampled scaffolds could be verified for their
placement with independently mapped SSRs, demonstrating the previously un-utilized power that high-
density genotyping can provide in the context of map-based WGS sequence reassembly. Our results provide a
substantial contribution to the continued improvement of the Popuius genome assembly, while demonstrat-
ing the feasibility of microarray-based genotyping in a highly heterozygous population. The strategies
presented are applicable to genetic mapping efforts in all plant species with similarly high levels of genetic
diversity.
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INTRODUCTION

Microarrays revolutionized the study of gene expression, Single-feature polymorphisms (SFPs) detected by differen-
and have recently been applied for high-throughput geno- tial hybridization -of genomic DNA to whole-genome
typing of sequence- and expression-level polymorphisms. microarrays were first reported in yeast (Winzeler et al.,
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1998; Brem et al., 2002} and Arabidopsis {Borevitz et al.,
2003; Singer et al., 2006), and later in rice {Kumar et al.,
2007). Subsequent reports showed that hybridization of RNA
could also identify SFPs in haploid yeast (Ronald et al., 2005)
and several inbred plants (Cui et al., 2005; Rostoks et al.,
2005; West et al., 2006, 2007; Luo et al., 2007; Coram et al.,
2008), while concurrently generating estimates of gene
expression from segregants (Ronald et al., 2005; West et al.,
2007). Utilizing RNA to characterize SFPs also creates the
opportunity to identify gene expression markers (GEMs} —
genes that are differentially expressed between parents of
mapping populations and show Mendelian segregation of
expression values within progeny (West et al., 2006). Gen-
erating genotypic and gene expression data in a common
assay establishes a framework for powerful forward-genetic
approaches, including genetical genomics studies {Jansen
and Nap, 2001). However, while microarray-based mapping
has been successfully applied to haploid or homozygote
lines, the approach has yet to be demonstrated in out-
crossing plant species with high genetic diversity, in which
up to four alleles can segregate for each locus in a full-
sibling pedigree.

RNA-based SFP genotyping requires robust separation of
the microarray signal variance associated with differential
hybridization kinetics between alleles from the variance due
to differences in mRNA abundance (Ronald et al., 2005).
Previous studies in species with limited genetic diversity
have relied on short (<25-mer) oligonucleotide probes to
detect genetic variants, because a unique single-nucleotide
polymorphism {SNP) can result in differential hybridization
and detection of SFP {Kirst et al., 2006). Short oligonucleo-
tide-based microarrays typically utilize multiple probes per
gene {a probe set) to estimate gene expression. Thus, SFP-
containing probes can be detected by comparing individual
probe signals with the signal measured across the probe set.
Probes for which the signal deviates significantly from the
probe set mean in a subset of the segregating population
suggest the presence of a segregating SFP, while the
remainder of the probe set provides an estimate of gene
expression (Ronald et al., 2005; West et al., 2006; Luo et al.,
2007). However, in outcrossing species with extensive
genetic diversity, abundant SNP variation and heterozygos-
ity can result in significant bias for estimates of gene
expression, as SFPs may be present within many probes in
a given probe set (Kirst et al.,, 2006). Such biases render
platforms that utilize short probes less reliable for concur-
rent analysis of gene expression and genetic polymor-
phisms in these experimental settings. Utilizing long
oligonucleotide probes may improve estimates of gene
expression in these cases. However, approaches to select
optimal long oligonucleotide probes for gene expression
analysis in highly diverse species or across multiple related
species and their hybrids are lacking. Similarly, the ability
of longer probes to detect a useful quantity of segregating
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polymorphisms for genetic mapping has yet to be
demonstrated.

Our first objective in this study was to develop an
approach to select optimal long oligonucleotide probes for
gene expression analysis and microarray-based genotyping
in a highly heterozygous population. We utilized an inter-
specific pseudo-backcross of P. trichocarpa x P. deltoides
and along-oligonucleotide (>50-mer) microarray platform to
develop a two-step method to discover candidate SFP in
parent lines, then genotype sequence- and expression-
based polymorphic features in the progeny. We show that
genotypic data generated by this method can contribute to
the development of an accurate high-density, gene-based
genetic map. Additionally, the value of these markers is
demonstrated by the positioning of almost half of the
previously unassembled whole-genome shotgun (WGS)
sequence scaffolds within the complex and highily hetero-
zygous genome of P. trichocarpa. The results we describe
provide an indication of both the challenges and opportu-
nities presented when undertaking a microarray-based
genetic mapping study in a genetically diverse plant species.
We believe that the techniques we present provide a strong
framework for future microarray-based genotyping in crops,
forest tree species, and other complex plant genomes.
Similarly, our approach for optimal probe selection for gene
expression analysis within or between highly diverse spe-
cies may prove useful for other agricultural and forest tree
species with similar levels of genetic diversity.

RESULTS

SSR framework map of genotype 52-225

We constructed a single-tree framework microsatellite map
(Figure S1) for the maternal P. trichocarpa x P. deltoides
hybrid parent (genotype 52-225) of family 52-124 based on
167 SSR markers, using a pseudo-testcross strategy
(Grattapaglia and Sederoff, 1994; Ma et al., 2008). The
framework map represented the 19 consensus linkage
groups (LG) of poplar (Cervera et al., 2001}, although an
unresolved gap remained in linkage group (LG) VI due to a
lack of informative markers in this region. Markers shared
with the genetic map of genotype 52-225 produced for a
different population (family 13, for which the genotype also
serves as the maternal parent; Yin et al., 2004) were largely
collinear. Framework SSR loci represented a subset of the
sequence-tagged sites used to assemble the P. trichocarpa
WGS contigs and scaffolds into chromosomes (Tuskan
et al., 2006). Based on this information, we anchored and
oriented the framework map relative to the genome
assembly. The framework map spanned 2970 ¢cM, with
mean marker intervals of 17.8 ¢cM, and served as the basis
for subsequent grouping of SFP and GEM markers into
linkage groups.
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Identification of probes for genotyping family 52-124

A microarray analysis was initially performed in each parent
line to (i} identify candidate SFP probes segregating in the
pedigree and (ii} identify a single optimal probe for gene
expression analysis in the progeny. To develop a microarray
platform that could be used for concurrent genotyping and
transcript profiling of the progeny of family 52-124, we
began by testing six or seven probes per gene in the two
parents. The custom platform comprised 384 287 60-mer
probes representing 55 793 annotated gene models (probe
sets) from the sequenced genome of P. trichocarpa. This
gene set included 45 555 predicted gene models reported
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previously, plus 10 238 ESTs and less supported gene
models with transcriptional evidence (Tuskan et al., 2006).
For the probe selection study, RNA extracted from the
root, leaf and secondary xylem of each parent of family 52-
124 was converted to double-stranded cDNA, labeled, and
hybridized to the microarrays. After normalization, the data
were assessed by analysis of variance (anova), with geno-
type, tissue, tissue-by-genotype interaction, probe and
genotype-by-probe interaction effects. Genotype effect
accounts for overall differences in signal in a probe set
between the two parental genotypes, and primarily refiects
a difference in gene expression level between them
[Figure 1{c,d)]. The tissue effect accounts for differences in
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Figure 1. Examples of significant fixed effects detected by analysis of variance of microarray data from the parents of family 52-124.
Normalized, zero-centered signal measured in seven probes for each parent (black lines, P. deltoides D124; gray lines, P. deltoides x P. trichocarpa 52-225) in two

biological replicates.

(a) Significant probe effect (gene ID grail3.0028018001) reflected by wide variation in measured signal intensity around the probe set mean {probes 2, 6 and 7).
Significant probe effects may arise because of gene mis-annotation, significant variation in sequence between the probe and all transcribed alleles in the cross, or

unfavorable probe chemical properties.

(b} Significant genotype by probe effect (gene ID gw1.XV/I1.2378.1) revealed by the difference in signal intensity across a probe set within one genotype {probes 1

and 2 for genotype 52-225; probes 6 and 7 for genotype D124},

{c) A significant genotype effect (gene ID gw1.X/I.1836.1) represents a property of the probe set as a whole, and is reflected by relatively constant signal variance
between genotypes for each probe across the probe set. Strong and/or highly heritable genotype effects correspond to potential GEMs.
(d) Significant genotype (probes 2-6), genotype by probe {probe 7} and probe effects (probe 1} within a single gene {gene ID eugene3.023500186).
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expression detected by a probe set between different
tissues, regardless of the genotype being profiled. The
probe effect detects the specific properties of a probe that
distinguish it from others in a probe set, independent of
parent genotype [Figure 1{a,d)]. Finally, the genotype-by-
probe interaction accounts for specific properties of a probe
that distinguish it from the rest of the probe set, depending
on the genotype being analyzed. Dependence on genotype
suggests that these probes contain SFP between the
parental genotypes that may segregate in the progeny
[Figure 1{b,d)].

To identify candidate probes for SFP genotyping, two
separate analyses were performed. In the first, a ttest was
used to contrast least-square mean estimates of the interac-
tion between the two parental genotypes at each probe
across all tissues. A probe within a probe set may be biased
towards one or the other parent due to differential hybrid-
ization (i.e. an SFP), and therefore is a candidate to be tested
for segregation in the progeny. Furthermore, only probes for
which the difference in least-square means between the
parental lines exceeded an arbitrary fourfold threshold were
selected. We identified 2875 probes meeting these criteria
(false-discovery rate < 0.1; P < 0.0085). When more than one
probe from a probeset was identified, we selected the most
significantly interacting probe. Intotal, candidate SFP probes
were identified for 912 genes. Among these, 770 exhibited
hybridization bias favoring the 52-225 hybrid parent, while
142 demonstrated stronger hybridization in the D124 P. del-
toides parent. These results are expected because the
microarray probes were designed based on the genome
sequence of P. trichocarpa (Tuskan et al., 2006), one of the
species contributing to the hybrid parent. Therefore, we
hypothesized that the majority of candidate SFPs may be
explained by species-level polymorphism between P, tricho-
carpa and P. deltoides alleles. Based on this hypothesis, and
the inter-specific pseudo-backcross pedigree structure, com-
prising one P. trichocarpa and three P. deltoides alleles, we
expected that most SFP and GEM alleles showing simple
Mendelian inheritance should segregate at a ratio of 1:1.

To identify additional candidate SFP probes for genotyp-
ing and mapping in the progeny, we re-analyzed the parental
expression data derived from secondary xylem in a separate
ANova. Similar to the previous analysis, we contrasted each
parent’s interaction with individual probes within a probe
set, and selected those that were significant (FDR < 0.1,
P < 0.0051) with at least a threefold difference in- least-
square means estimates. The separate analysis focusing on
xylem tissue was conceived after previous work showed this
tissue to be among the most transcriptionally diverse in
Populus (Tuskan et al., 2006). From this dataset, we initially
identified 13 191 additional candidate SFP probes, including
8986 with hybridization bias favoring the hybrid parent and
4205 with hybridization bias favoring the P. deltoides parent.
By again selecting only the most significantly interacting
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probe in each probe set, we identified an additional 11 172
genes harboring candidate SFPs. in total, our two analyses
identified single specific probes from 12 084 genes contain-
ing candidate SFPs, which were subsequently carried
forward for analysis of the progeny.

Identification of probes for transcript profiling
of family 52-124

A second objective of the microarray analysis of parental
genotypes was to identify a singie optimal probe for
expression analysis of the 55 793 gene models in the 52-124
progeny. To identify probes that were unbiased for gene
expression analysis in both parental species backgrounds,
we assumed that the probe set mean best represents the
true expression value in each parent. Therefore, in contrast
to the previous analysis, the goal was to select the probe that
performs most consistently within the probe set in both
parents [Figure 1(a)].

To select the optimal probe for gene expression analysis,
an iterative selection process was implemented. First, for
each gene, probes were ranked based on the deviation of the
least-square mean estimate of each probe effect, relative to
the probe set mean. Lack of significant deviation from
the probe set mean suggest that inherent properties of the
probe do not contribute bias to the signal detected at that
probe. Next, the highest ranking probe was analyzed for its
sequence alignment uniqueness scores assigned during
probe design. Only probes with no more than one unique
match to the Populus genome sequence were further
considered. Finally, probes were evaluated for significant
genotype-by-probe interaction {FDR < 0.1). In cases where
the probe was not unique or showed a significant genotype-
by-probe interaction, the next highest ranked probe was
evaluated (i.e. next step of the iteration). After seven iterative
rounds of selection, all probes had been considered by these
criteria, and probes to measure gene expression were
selected for 46 001 genes.

Selection for the remaining 9792 genes was based on
a rank variable provided by NimbieGen (http:/www.
nimblegen.com). The rank variable concurrently accounts
for probe chemical properties and probe uniqueness charac-
teristics. The highest ranked probe for each gene exhibiting a
non-significant probe effect and genotype-by-probe interac-
tion effect was selected. For 149 genes, all probesinthe probe
set exhibited a significant probe effect or genotype-by-probe
interaction. Single probes were chosen for these genes solely
on the basis of the NimbleGen rank variable.

Genotyping SFP and GEM probes in the progeny
of family 52-124

To.evaluate the candidate SFP probes identified in the parent
genotypes, we assayed RNA abundance in xylem tissue

Journal compilation © 2009 Blackwell Publishing Ltd, The Plant Journal, (2009), 58, 1054-1067
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from 154 progeny of family 52-124. A modified microarray
was designed, comprising the single selected expression
probe per gene for each of the 55 793 gene models and the
12 084 candidate SFP probes. Loci were genotyped using a
k-means clustering allele-calling procedure (see Experi-
mental procedures). Normalized data for each of the 67 877
experimental probes was grouped into two separate clus-
ters, and frequency of cluster membership was tested for 1:1
segregation (13, _,<3.84, P> 0.05). A total of 12 680 features
followed the expected Mendelian segregation pattern,
including 9782 probes selected for gene expression analysis
(17.5%) and 2898 of the candidate SFP probes (24.0%). Gene
expression probes that segregate in the mapping population
may be utilized as GEMs, and were therefore considered in
further analyses.

Next, signal separation between allelic classes was eval-
uated using a modified normal deviate (see Experimental
procedures), and probes resulting in >10% ambiguous allele
assignments were removed. Reliable genotypes in >90% of
the progeny were obtained for 1733 probes, including 1014
GEMs and 719 SFPs (1.8 and 6.0% of the total, respectively).
The 1733 segregating features correspond to 1610 indepen-
dent gene models - segregating probes corresponding to
both GEM and SFP were identified for 123 gene models.

Genetic mapping of genotype 52-225

The 1733 candidate SFP and GEM probes were utilized to
generate a genetic map of genotype 52-225. Marker group-
ing, ordering and mapping were performed as described
previously (West et al., 2006) with slight modifications (see
Experimental procedures). To correct for genotypic errors
and ambiguities in the resulting linkage groups, markers
were re-genotyped after localization of recombination
breakpoints using structural change analysis (Singer et al.,
2006). In addition to the 167 framework SSRs, we unam-
biguously localized 324 SFP and 117 GEM loci in the map of
52-225 (Table 1, Figure 2 and Table S1). For most linkage
groups, and the genome as a whole, the mean marker
intervals were <5cM. The total genome length was
27985 cM, in good agreement with recently published
genetic maps for inter-specific crosses of Populus (Yin et al.,
2004). The overall rate of marker placement error was low:

Table 1 Summary of F tests for fixed effects in the mixed anova
performed on parent tree microarray data

Tissue by Genotype
Genotype Tissue genotype Probe by probe

Significant 7909 34326 18470 51821 . 3355
Non-significant 47 884 21467 37323 3972 52438

Significance was judged at FDR < 0.025. Details of the significance of
F statistics for these fixed effects on a per gene basis (at FDR < 0.025)
are given in Table S5.

for genes known to be physically located on specific chro-
mosomes in the P. trichocarpa WGS sequence assembly,
ten were not placed in their predicted linkage group — an
error rate of 3.52% (10/284). Of the misplaced markers, seven
corresponded to SFPs and three to GEMs. These ten markers
were subsequently excluded from the map.

Physical orientation of the 52-225 genetic map

We oriented and aligned the 52-225 genetic map to the
chromosome-level WGS assembly of P. trichocarpa Nisqu-
ally-1 based on physical positions of genes interrogated by
SFP and GEM probes (Tuskan et al., 2006) and our previously
anchored SSR loci. The predicted genetic orientation and
physical orientation were usually collinear; several small
inversions were detected that may be the result of error in
map ordering or may represent true differences in gene order
between various P. trichocarpa clones or between P. tricho-
carpa and P. deltoides {data not shown). Slight variations in
map order between Nisqually-1 and 52-225 have been
reported elsewhere (Yin et al., 2008). On average, the pre-
dicted physical intervais between ordered markers contain
84.4 genes; however, the range is wide (1-624 genes). The
mean physical distance spanned by marker intervais is
725 kb, and ranges from 146 bp to 5.31 million bp (Mbp).

Genetic mapping of the unassembled Populus genome

Approximately 7700 sequence scaffolds from the WGS
assembly are not assigned to specific linkage groups in
version 1.1 of the P. trichocarpa genome sequence. These
scaffolds vary in size from <100 bp to >3.5 Mbp (mean
approximately 16.8 kb}, and represent 75 Mbp of unplaced
sequence (Tuskan et al., 2006). Much of this sequence was
postulated to be heterochromatic or derived from substan-
tially divergent haplotypes in the sequenced clone (Tuskan
et al., 2006; Kelleher et al, 2007). Our microarray-based
mapping results provided an unprecedented opportunity to
anchor a large amount of this unplaced sequence to poten-
tial genomic locations in P. trichocarpa based on the genes
physically localized within these sequence scaffolds. Of our
1733 candidate GEM and SFP markers, 783 were contained
in genes residing in 492 sequence scaffolds. We successfully
mapped 167 of these 783 loci, thereby locating 116 sequence
scaffolds to unique genetic positions in linkage groups
(Table 2 and Table S2}. Five remaining scaffolds showed
linkage to other markers in the map, but could not be
unambiguously placed within a single linkage group (data
not shown). This error rate associated with scaffoid mapping
{4.13%; 5/121) is congruent with the mapping error rate
observed for markers with known position in the linkage-
group WGS assembly (see above). The 116 sequence
scaffolds localized on the genetic map correspond to
35.7 Mbp of WGS sequence assembly, or nearly 50% of the
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Table 2 Summary statistics for the P. trichocarpa x P. deltoides clone 52-225 microarray- and SSR-based linkage map

Number of Number of Version 1.1 Total Map Mean number of

Linkage Framework GEM loci SFP loci scaffolds mapped length Mean marker recombinations
group SSR loci mapped mapped mapped loci {cm) spacing {cm) (+SD}

LG_| 19 6 25 16 68 415 6.10 4,09 + 1.51
LG_II 1 10 25 4 52 193.2 372 2.18 £ 1.05
LG_IH 1 3 8 6 30 150.5 5.02 1.83 + 0.87
LG_IV 7 2 10 7 29 144.5 4,98 172 £ 0.79
LG_V " 2 12 9 41 154.3 3.76 174 £ 0.84
LG_VI 8 4 11 4 31 189.1 6.10 1.96 + 0.83
LG_VH 7 3 6 8 31 118.6 3.83 1.67 £ 0.84
LG_VHI 14 5 13 2 34 1477 434 1.66 £ 0.79
LG_IX 8 4 7 10 30 1M11.7 3.72 1.5 £ 0.64
LG_X 10 8 23 4 45 157.7 3.50 1.84 £ 0.93
LG_XI 8 3 1 10 33 131.6 3.99 1.73 + 1.03
LG_XI 4 4 5 3 20 84.3 4,22 1.41 1+ 0.58
LG_XIlt 7 4 10 3 25 115.9 4.64 1.58 + 0.69
LG_XIV 10 0 6 7 27 141.8 5.25 1.65 + 0.81
LG_XV 6 1 3 6 20 117.7 5.89 1.43 + 0.60
LG_XVI 9 3 7 0 19 95.7 5.04 1.38 £ 0.59
LG_XVIi 5 1 5 10 28 132.1 4,72 1.69 £ 0.81
LG_XVIit 4 1 9 2 16 76.1 4,76 1.62 £ 0.93
LG_XIX 8 3 1 5 28 121 4.17 1.58 + 0.86
Unlinked - 50 117 - - - - -

scaffolds

Genome 167 117 324 116 608 27985 462 1.80 & 0.59
total

unlinked sequence (Table 3}. Among these mapped scaf-
folds, 34 {representing 23.3 Mbp) could be linked by two or
more markers, enabling orientation of the sequence strands
comprising the scaffolds {Table S2).

Verification of map position for unassembled sequence
scaffolds

To confirm that our assembly of genomic scaffolds using
SFPs and GEMs was reliable, we verified the position of a
subset of mapped scaffolds using SSRs. From the
P. trichocarpa version 1.1 sequence scaffolds (Tuskan et al.,
2006), we identified SSR loci within nine distinct scaffolds
mapped using GEM and SFP markers, and designed PCR
primers in their flanking sequences. After amplification and
genotyping, we mapped these SSR loci on the basis of the
original framework SSR map only, to eliminate any bias that
may be introduced due to genotyping error in linkage group-
anchored SFP and GEM alleles. For eight of the nine scaf-
folds, we successfully verified the putative map.location of
the scaffold sequence with respect to the framework SSRs
(Table 4 and Figure S1). The relative genetic distances
between scaffold-anchored markers in both the SFP/GEM-
based map and the SSR framework map were aiso in
agreement (Table 4).

The only scaffold (scaffold_121) for which we could not
verify a map position using this technique was localized on
the basis of a single GEM to LG_XVIlI, whereas data from
two SSR consistently positioned it within LG_VI. We spec-

ulated that this result was attributable to strong trans-acting
regulator on LG_XVIII acting on the gene characterized as a
GEM. As GEMs may be the result of either cis- or trans-acting
variation, we were interested to determine whether scaffolds
mapped based on single GEM loci were less reliable with
regard to genetic positioning. We studied the remaining 13
scaffolds that were localized on the basis of single GEMs in
our map, and identified informative SSR in 6 of these 13
scaffolds. Using the framework SSR map, we successfully
verified the predicted genetic placement of five of these six
GEM-anchored scaffolds (Figure S1 and Table S3). The
single unverified scaffold (scaffold_250) localized to the
same linkage group, but a different SSR bin, than predicted
by the GEM locus (Table S3).

Characterization of sequence-level allelic variation
represented by mapped SFPs

SFPs detected by short {<25-mer) oligonucleotide probes
often correspond to one or a few SNPs or small indels (Kirst
et al., 2006; Luo et al., 2007; Das et al., 2008). However, the
implication of sequence mismatches on signal detected
from long oligonucleotide probes has only recently been
described {Rennie et al., 2008). Thus, we characterized the
allelic variations present in a sample of mapped SFP probes
from the microarray platform. Using double-stranded cDNA
produced from xylem for each of the parent trees, we
amplified, cloned and sequenced regions corresponding to
five mapped SFP loci, and assayed polymorphisms between
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Table 3 Summary of WGS scaffold sequences localized based on
SFP and GEM markers, and resultant estimated coverage

Scaffold Estimated
Linkage  Assembled Estimated sequence  coverage
group size (kb)? coverage (%)* added (kb) revised {%})®
LG_I 35500 80 5146 91.6
LGl 24 500 91 98.5 91.4
LG_I 19 100 79 1526 85.3
LG_IV 16 600 95 1387 102.9
LG_V 18 000 78 2834 90.3
LG_VI 18 500 92 4295 113.4
LG_VII 12 800 85 582.4 88.5
LG_Vili 16 100 73 8.4 73
LG_IX 12 500 85 136.2 86
LG_X 21100 100 137.8 100.6
LG_XI 15 100 82 1386 89.5
LG_XH 14 100 102 703.4 107.1
LG_XiHl 13100 107 2908.6 130.7
LG_XIV 14700 85 3162.8 103.3
LG_XV 10 600 79 1792.2 923
LG_XVI 13 700 81 0 81
LG_XVil 6000 56 5601 108.3
LG_XVII 13 500 77 983.4 826
LG_XIX 12000 65 24244 781
Mean - 83.8 1848.1 94,5

®Original assembled size and estimated coverage as reported previ-
ously {Tuskan et al., 2006). The revised estimated coverage is based
on these previously reported statistics, and may exceed 100%
because of erroneous estimation of linkage group size due to the
assumption of uniform genetic:physical distance ratio, or because of
map-based linear reassembly of highly divergent haplotypes that
should be collinear and distinct.
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the alleles. We identified sequence-level variation ranging
from a single SNP in the 60-mer region to large indel poly-
morphisms affecting >10 bp {Figure 3(b-e)). Of the five SFP
that we characterized, one showed no variation between
alleles within the sequence interrogated by the genotyping
probe, although sequence variation between the alleles and
probe was observed [Figure 3(a)]. Therefore, this probe may
correspond to an actual GEM that was mis-characterized as
an SFP, as previously described (Luo et al., 2007). As we
hypothesized, SFP we detected are primarily due to species-
tevel sequence polymorphisms between P. trichocarpa and
P. deitoides, although multiple haplotypes were identified at
two of the five probes [Figure 3(b,e)].

DISCUSSION

Parallel genotyping and gene expression guantification
using mRNA microarray hybridization data require accurate
classification of differences in signal intensity arising from
DNA sequence variants versus transcript level abundance
(Ronald et al., 2005). To separate genetic polymorphism
from differences in transcript abundance, candidate geno-
typing probes can subsequently be detected by identifying
individual probes that deviate significantly from the probe
set mean signal (which provides a balanced measure of
expression), and that segregate in the progeny. Although
first demonstrated in populations with simple genetic seg-
regation patterns (i.e. haploid, recombinant inbred line and
doubied-haploid) and species with limited genetic diversity,

Table 4 Verification of scaffold map location for nine sequence scaffolds using SSR markers and the framework SSR map

Joint Genome

Anchored SSR

Verification SSR

Anchored SSR

Institute version 1.1 Mapped SFP/ SFP/GEM flanking scaffold  Verification  location in flanking scaffold
sequence Scaffold  GEM genes location in GEM/SFP map SSRID framework map  in framework map
Scaffold_29 eugene3.00290072 LG_l, 85.6 cM (G833, G2837 UFLA_29 LG_I, 119.7 cM G833, G3784
estExt_fgenesh4 LG_I, 86.3¢cM
_pg.C_290162
Scaffold_130 gw1.130.58.1 LG_IV, 90.3cM G1809, 0545 UFLA_130 LG_IV,109.2cM  G1809, 0545
eugene3.01300051 LG_IV, 96.8 cM
Scaffold_166 eugene3.01660055 LG_IV, 0.0 cM 0349 UFLA_166 LG_IV, 0.0 cM 0349
Scaffold_181 eugene3.01810009 LG_Vii, 65.0 cM G354, P2794 UFLA_181 LG_VII, 52.4 cM G354, P2794
Scaffold_118 fgeneshd_pg.C_scaffold LG_lll, 79.7 cM G1629, P2611 UFLA_118 LG_lll, 97.4 cM G1629, P2611
118000002 .
eugene3.01180022 LG_Hll, 81.8 cM
Scaffold_170 eugene3.01700010 LG_XVII, 0.0 cM G125 UFLA_170 - LG_XVI,00cM G125
eugene3.01700027 LG_XVII, 0.0 cM
fgeneshd_pg.C_scaffold LG_XVIi, 7.2 cM
_170000022
eugene3.01700033 LG_XVIi, 13.7 ctM
Scaffoid_147 estExt_Genewisel LG_VI, 189.9 cM 050 UFLA_147 LG_Vi_b,945cM 050
_v1.C_1470180
Scaffold_121 gw1.121.10.1 LG_XVIll, 76.1 cM 0534 UFLA_121 LG_VI.b,7.1cM  P2221, W12
UFLA_121.b  LG.VILb,7.1cM  P2221, W12
Scaffold_97 gw1.97.119.1 LG_l, 134.2 cM G3784, G937 gw97_2 LG_l, 1425 cM G3784, G2837
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(@) 52-225-1
52-225-2

D124-1

D124-2
estExt_Genewise1_v1.C_LG_lI12262

52-225-1
(b) 52-225-2
D124-1

D124-2

Grail3.0016013002

(©) 52-225-1
52-225-2

D124-1

D124-2
estExt_Genewisel_v1.C_LG_XVil1215

52-225-1

52-225-2

D124-1

D124-2
Grail3.0005006601

(d)

52-225-1

GAAGCTCACAAGATCGCTAGGGACCTGGAGCTGCTTTITGTGACTCGTGGATGTATTYGA
GAAGCTCACAAGATCGCTAGGGACCTGGAGCTGCTTTTTGTGACTCETGGATGTATTTGA
GAAGCTCACAAGATCGCTAGGGACCTGGAGCTGCTTTRTGTGACTCGTGGATGTATTTGA
GAAGCTCACAAGATCGCTAGGGACCTGGAGCTGCTTTTTGTGACTCETGGATGTATTTGA
GAALCTCATAGGATCGCTAGGGACCTGGAGCTGCTTTGTGTGACTCATGGATGTATTGGA

GTCTTTGGTACAAGTCGUGAAGAGCAT AT AT T = oo e CATCAAGGCTATGCAGCTGT
GTCGTTTATACAGGAAAGAAAGAGCATARACTATTTGCC TCOACATGGCTACGCAGATGT
GTCTTTGGTACAAGTCGCAAAGAGCATATATT \TCAAGGCTATGCAGCTGT
GTCGTTTATACAGGAAAGAAAGAGCATALAC TATT TGOS TCGACATGGCTACGCAGATGT
GTCGTTTATACAAGA AAGAGCATATATTATTTGCCTCGACGTGGCTACGCAGATGT

CACTCATCATCATAGCTCTTGCGGCGETGATSCY "CCCGTCATCATCAGAATTGTCA
CACTCATCATCATAGCTCTTGCGGC G~ e e CCCGTCATCATCAGAATTGTC
CACTCATCATCATAGCTCTIGCGGLG= === CCCGTCATCATCAGAATTSGTCA
CACTCATCATCATAGCTCTTGCGGCG Y
CACTCATCATCGTAGCTCTEGCGGCGETGATECT

TCCCCGTCATCATCAGAATTCA

TGCCAACTGHGTTTCTAAACTCGGTAGGTGAGACAGGTATGGTTGTATCATGGTGCAATC
TGCCAACTGAGTTTCTAAACTCGGTAGGTGAGACAGGTATGGTTGTATCATGGTGCAATC
TGCCAACTGAGTTTCTAAACTCGGTAGGTGAGACAGGTATGGTTGTATCATGGTGCAATC
TGCCAACTGAGTTTCTAAACTCGGTAGGTGAGACAGGTATGGTTGTATCATGGTGCAATC
TGCCAACTGEGTTTCTAAACTCGGTAGGTGAGACAGGTATGGTTGTATCATGGTGCAATC

ATTCCACAACGACTHGCCGCCACGACTCGGAACAACTCATATCAAGCAGAAGATTATTG

(e)

52-225-2 ATTCCACAACCGAC

D124-1 ATTCCACAATCG

D124-2 ATTCCACAACCGAS
estExt_Genewisel_v1.C_LG_XVII1445 ATTCCACAACCGALTAG

GGCCGCCACGACTCGGAACAACTCATATCARGUAGAAGATTATTG
GCCGCCGCGACTCGGAACAACTCATATCAAGCAGAAGARTATTG
GGCCGCCHECGACTCGGAACAACTCATATCAAGTAGAAGRATATTG

CCGCCACGACTCGGAACAACTCATATCAAGLAGAAGAYTATTG

Figure 3. Allelic variations characterized by sequencing genomic DNA regions corresponding to mapped SFP probes.
Among sequenced clones, haplotypes are shown as detected for P. trichocarpa x P. deltoides clone 52-225 and P. deltoides clone D124. Variations between alieles

or between detected sequence and probe sequence are depicted in red.

{a} No variation was detected between parent trees for estExt_Genewise1_v1.C_LG_1112262.
{b) Extensive SNP and indel polymorphism between haplotypes in graii3.0016013002.
(c) A 12 bp deletion polymorphism in P. deltoides estExt_Genewise1_v1.C_LG_XVII1215.

{d) A single SNP distinguishes alleles of grail3.0005006601.
{e) Multiple SNPs detected for extExt_Genewise1_v1.C_LG_XVill1445.

we have extended mRNA-based microarray genotyping to a
highly heterozygous, outcrossing plant species for which
low resolution at the genotype level has often hampered
forward-genetic gene discovery methods.

Contrary to previous studies, which relied on microarray
platforms comprising multiple (11-30} short probes (<25-
mer) per gene (Ronald et al., 2005, West et al., 2006; Luo
et al., 2007), we adopted a long-oligonucleotide microarray
platform for use in our study. Furthermore, our analysis
relied on single optimal genotyping and gene expression
probes selected by analyzing the parental individuals before
characterizing the segregating population. A set of six or
seven probes per gene was first screened in the parental
genotypes, and an analysis of variance was applied to
identify probes interrogating potential polymorphisms and
optimal probes for measuring transcript levels (Cui et al.,
2005; Rostoks et al., 2005). Next, the microarray platform
was re-designed to comprise a single optimal gene expres-
sion probe for each transcriptional unit and 12 084 candidate

SFP probes for analysis of 154 segregating progeny. From
this analysis, we identified 1733 segregating features with
reasonably low levels of ambiguous data {<10%). After
applying a statistically based genotyping correction
described previously (Singer et al., 2006}, we successfully
mapped 441 of these segregating features (25.4%). Our
mapped features include probes that were pre-selected for
gene expression analysis and those pre-selected for SFP
genotyping, corresponding to 117 GEM and 324 SFP mark-
ers. The sample of sequenced SFP regions indicates that our
data analysis approach robustly detected sequence variants
from RNA-based microarray data.

Together with 167 framework SSR markers, our map
represents one of the highest-resolution genetic maps
derived from a single pedigree in the Populus genus.
Markers from the framework SSR map represent an impor-
tant tool to delineate true versus spurious linkage of GEM
and SFP to linkage groups in the genome, analogous to the
situation described when mapping largely homozygous
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barley RlLs (Luo et al., 2007}. Nonetheless, we have demon-
strated that GEM and SFP mapping in highiy heterozygous
species is both beneficial and feasible, and may serve as a
supplement to traditional DNA-based markers. Our study
focused on an inter-specific cross, in which sequence and
gene expression variation may be extraordinary. However,
estimates of genetic variation and nucleotide diversity
within individual species of the Populus genus (Ingvarsson,
2008) and other economically significant outcrossing plants
(Ching et al., 2002; Tenailion et al., 2002; Kolkman et al.,
2007; Novaes etal., 2008) suggest that our analysis
approach could also be adapted to identify genetically
informative variants from diverse intra-specific accessions.
However, it is expected that variables including probe length
and statistical thresholds associated with aliele calling may
require optimization, and that the abundance of SFP and
GEM detected may be lower.

Establishing a high-density, gene-based genetic map also
provided an opportunity to position previously unlinked
sequence scaffolds from the WGS sequence assembly of
P. trichocarpa to putative genomic locations. The existing
genome assembly comprises 410 Mbp of a total estimated
genome size of 485 Mbp {Tuskan et al., 2006), but there is
substantial variation in estimated chromosome sequence
coverage, from 56% (chromosome XVII) and 65% (chromo-
some XIX) to estimated completion {chromosomes X, Xl
and XIlil). Of the 492 unplaced scaffolds in which we
identified a segregating GEM or SFP marker, we unambig-
uously positioned 116 on our genetic map {23.6%)}. Scaffold
sequences mapped using our GEM and SFP markers repre-
sent over 35 Mbp of previously unanchored sequence from
the WGS assembly of P. trichocarpa, including more than
23 Mbp localized by at least two independent markers in the
same scaffold.

Of a sample of 15 putatively placed genomic scaffoids,
the placement of 13 could be verified using independent
SSR markers, lending a good degree of confidence to our
map-based re-assembly of nearly 50% of the P. trichocarpa
scaffold sequence. In addition, 18 scaffolds that we have
mapped using SFPs or GEMs have been previously mapped
using SSRs and amplified fragment length polymorphisms
by other research groups (A. Rohde, Institute for Agriculture
and Fisheries Research, personal communication). Our
microarray-based markers verified the genetic position for
17 of these 18 scaffolds. Misplacement of sampled scaffolds
based on microarray marker data was generally due to
mapping based on single GEM loci, Because GEMs can
result from segregating cis- or trans-acting regulatory
variation, scaffolds mapped based only on GEMs should
be verified for their position using SSRs where possible.
Despite this fact, localization of a large proportion of the
previously unplaced genome sequence is a high-impact
result for the Populus genomics community, even given the
small degree of potential error in placements.
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Interestingly, the newly mapped scaffolds are predom-
inantly located in chromosomes with low sequence cover-
age, where larger gaps exist in the current assembly. It is
unclear why there is bias towards mapping scaffoids in
chromosomes with poor assembly. There may be a higher
probability of mapping unassembled scaffoids to them
simply because of their higher expected abundance there.
Alternatively, smaller unmapped scaffolds could be more
prevalent in chromosomes that are populated by large
numbers of hypervariable regions, as high levels of
polymorphism are not favorable to long-range WGS
assembly of a consensus haplotype (Kelleher et al.,
2007). Such an observation was recently made in the
sex-determining telomeric region of Populus chromosome
XIX (Yin etal, 2008). Furthermore, chromosome XVII,
which has the lowest estimated percentage of sequence
fully assembled (56%, Tuskan et al., 2006), has the fourth
highest rate of sequence polymorphism {unpublished
data), and has the highest number of scaffolds mapped
and total sequence added in our study (Tables 1 and 2).
Although we can only speculate as to the basis for this
phenomenon, our study provides a significant improve-
ment to the WGS assembly of the P. trichocarpa sequence.
Additional mapping studies using SFP and GEM markers
that we have identified, and focusing on variation in the
sequenced clone Nisqually-1, could shed light on the
structural genomic nature of these scaffold sequences and
their proper designation in the genome assembly as
alternative haplotypes or bona fide unplaced WGS se-
quence segments. De novo sequencing and assembly of
other P. trichocarpa and P. deltoides genotypes will also
provide a better indication of whether specific regions
exist that are hypervariable within and between species
haplotypes, and their genome location.

Perhaps most importantly, our effort demonstrates the
power that microarray-based mapping may bring to future
map-based WGS reassemblies. We have shown that map-
ping based on physically positioned genes can rapidly
localize and orient large amounts of WGS-derived sequence
within the context of a physical assembly, even when the
sequence is scattered amongst a number of smaller
scaffolds whose assembly is not supported by traditional
WGS computerized assembly techniques or anonymous
sequence marker anchoring methods. Thus, further appli-
cation of microarray-based mapping in genetically diverse
species will not only increase resolution at the level of
genotype for forward-genetic analyses, but may drastically
improve the initial quality of draft WGS assemblies to the
community as a whole. In addition, providing a putative
focation for an unplaced sequence can identify candidate
genes affecting quantitative phenotypes that would other-

-wise go unconsidered if relying only upon the chromosome-

level sequence assembly for characterization of a genomic
interval.
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EXPERIMENTAL PROCEDURES

Plant growth conditions and RNA isolation

A pseudo-backcross population (family 52-124) derived from the
cross of a female P. trichocarpa x P. deltoides hybrid (genotype 52-
225) and a male P. deltoides (genotype D124) was obtained from the
Department of Forestry at the University of Minnesota at Duluth as
hardwood cuttings. After rooting, bud break and shoot elongation,
fresh softwood terminal cuttings were harvested and placed in
rooting media pellets (Jiffy Forestry Products, http:/mww.jiffypot.
com) for 2 weeks. Rooted cuttings were planted in 9 L pots, and
grown for 6 weeks on ebb-and-flow benches in a greenhouse under
long-day conditions {16 h light/8 h dark) with a standard nutrient
regime {Hocking’s modified complete fertilizer, Cooke et al., 2003)
supplemented with 25 mm nitrogen (NH;NO3). Plants were distrib-
uted in the greenhouse according to a partially balanced incomplete
biock design, with three biological replications per genotype. At
harvest, the main plant organs (stems, roots, leaves and sylleptic
branches) were collected separately. Stems were further dissected
into secondary xylem tissue and phloem/bark/immature xylem.
Samples of leaf, secondary xylem and root tissue from two bio-
logical replicates of each genotype were used for gene expression
analysis. All tissue was flash-frozen in liquid nitrogen immediately
after harvest, and stored at -80°C prior to lyophilization and sub-
sequent RNA isolation (Chang et al, 1993). RNA samples were
treated with RQ1 DNase (Promega, http://www.promega.com/} and
purified using RNeasy Plant Mini Kit columns (Qiagen, http:/
www.giagen.com/), and their integrity was evaluated using 1% w/v
agarose gels.

Microsatellite {SSR} genotyping and framework map
construction

Parent trees and 418 progeny of family 52-124 were genotyped
for 167 framework SSR loci (http://www.ornl.gov/scifipgc/ssr_
resource.htm, Smulders et al., 2001; Tuskan et al., 2004; van der
Schoot et al., 2000). DNA was isolated from leaf samples using a
Qiagen DNeasy Plant Mini Kit according to the manufacturer's
protocol. PCR reagents and concentrations were as described
previously (Tuskan et al., 2004}, except that SSR loci were ampli-
fied from 7.5 ng genomic DNA, and amplified fragments were
labeled by incorporation of 8 pm fluorescein-12-dUTP (Roche
Diagnostics, http://www.roche.com). Amplification conditions were
94°C initial denaturation for 5 min, nine cycies of touchdown
comprising denaturation at 94°C for 15 s, annealing for 15 s at 53—
50°C for one cycle each with 1°C increments, and extension at 72°C
for 30 s, followed by 21 cycles of denaturation at 94°C for 15 s,
annealing at 50°C for 15 s, and extension at 72°C for 30 s, with a
final -extension at 72°C for 3 min. Fragments were detected as
described previously {Tuskan et al., 2004) except that an Applied
Biosystems Prism 3730xI DNA analyzer (http:/www.appliedbio-
systems.com/} was used. Alleles were identified and genotyped
using GeneMapper 4.0 (Applied Biosystems) and/or GeneMar-
ker 1.5 (SoftGenetics LLC, hitp://www.softgenetics.com).

Single-tree framework maps were constructed using MapMaker
version 3.0 {Lander et al., 1987) as described previously (Grattap-
aglia and Sederoff, 1994; Ma et al., 2008), and were anchored to the
P. trichocarpa genome assembly version 1.1 through Blastn anal-
ysis (Altschul et al., 1990) of PCR primer sequences for each marker.
Proper placement of markers was confirmed by comparison of
sequence-predicted and experimentally determined P. trichocarpa
SSR-amplicon lengths.

SSRs used to confirm map position sequence scaffolds were
identified using MsatFinder version 2.0 (http://www.genomics.
ceh.ac.uk/cgi-bin/msatfinder/msatfinder.cgi} based on scaffold se-
quences from version 1.1 of the P. trichocarpa genome sequence.
Primers were designed within the MsatFinder interface (Table S4),
and SSR loci were amplified from 96 family 52-124 progeny as
described above. Thirteen of the 16 loci segregated highly hetero-
zygous alleles between the P. trichocarpa and P. deltoides
backgrounds, and were genotyped using 1% w/v agarose gel
electrophoresis. The remaining three loci were scored using poly-
acrylamide gel electrophoresis as described previously {Bassam
et al., 1991).

Microarray analysis of parental genotypes

RNA extracted from root, leaf and secondary xylem of the parents of
family 52-124 was converted to double-stranded cDNA {SuperScript
double strand cDNA synthesis kit, Invitrogen, http:/www.
invitrogen.com/) using oligo{dT) primers {Promega) as described by
the manufacturer, except that synthesis of first and second strands
was extended to 16 h. The resultant double-stranded cDNA was
labeled using cy3-tagged random 9-mers and Klenow fragment for
2 h at 37°C, denatured at 95°C for 5 min, and hybridized to custom
in situ synthesized oligonucleotide microarrays (produced by
NimbleGen) at 42°C overnight {16-20 h).

Microarray probe design. A total of 55 793 gene models derived
from annotation of the P. trichocarpa genome sequence were rep-
resented in the microarray used in the analysis of the two parents of
family 52-124. Oligonucleotide probes (60-mer) were designed
based on NimbleGen standard procedures that optimize the
uniqueness of the targeted genomic region and GC content, while
minimizing self-complementarity and homopolymer runs. The
highest-ranking six or seven probes (probe set) were selected to
represent each gene model, with optimal probe spacing leading to
uniformly distributed, non-overlapping coverage. Twenty negative
control probes utilized in previous studies (Tuskan et al., 2006) were
also included for background guantification.

Statistical analyses. Raw signal data from all hybridizations were
background-subtracted, log,-transformed, and quantile-normalized
(Bolstad et al., 2003). The normalized signai detected for each probe
was centered to zero and analyzed using a gene-by-gene mixed
anova model in sas 9.1 {SAS Institute, http://www.sas.com), with
genotype i {1 d.f.), tissue j (2 d.f.), tissue 7 by genotype j interaction
(2 d.f.), probe k {5 or 6 d.f.) and genotype i by probe k interaction (5
or 6 d.f.) as fixed effects: )

Yiga = p+ o + B+ v+ (@B)y + (09)y + €y

F tests were performed for all fixed effects, and least-square mean
estimates were obtained, and correction for multiple tests was
performed using a modified false-discovery rate {FDR) threshold
(FDR < 0.025, Table 1 and Table S5} {Storey and Tibshirani, 2003).
Normalized logs-transformed signal values from microarrays
derived from differentiating xylem tissue samples were analyzed
separately using a similar model that excluded tissue effects. Pair-
wise ttests were implemented to contrast least-square means
estimates of the interaction detected between the two parents for
each probe in a probe set. Resulting P values were corrected for
multiple testing as above (FDR < 0.1).
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Microarray analysis of family 52-124

Based on the probes selected from the parent tree data, a modified
microarray was designed for analysis of the progeny of family 52-
124, The modified microarray comprised 67 897 probes, including
the pre-selected 55 793 gene expression probes and 12 084 SFP
genotyping probes, plus 20 controls (Tuskan et al., 2006). Micro-
arrays were synthesized using NimbleGen’s four-plex platform and
utilized for analysis in the progeny. RNA isolated from one biolog-
ical replicate of secondary xylem in 154 progeny genotypes was
converted to double-stranded cDNA, labeled, and hybridized as
described above.

Al 67 877 experimental probes were evaluated for Mendelian
segregation in the progeny, based on k-means clustering proce-
dures modified from those described previously (Luo et al,
2007). Briefly, quantile-normalized, log,-transformed signal values
detected for each probe in the progeny of family 52-124 were
separated into two clusters using ‘Proc Fastclus’ in sas 9.1. Cluster
membership was tested for the expected 1:1 segregation using a
chi-squared test. Probes for which cluster frequencies deviated
significantly {;2;_,>3.84, P < 0.05) from the expected segregation
were discarded.

Subsequently, the probability that an individual assigned to one
cluster is not a member of the other cluster was evaluated by
calculating the P value (P) associated with the modified normal
deviate:

z = |(x - m;)/s|

where x;is the signal at a given probe for an individual assigned to
cluster j, and m;and s;are the mean and standard deviation of signal
at that probe for all individuals assigned to cluster j {Luo et al.,
2007). We used z; > 1.96 (P; < 0.05) as evidence that the two allelic
classes were clearly distinguishable, and scored individuals below
this threshold as missing data. Probes resulting in >10% missing
data {n 2 15} were not considered for mapping.

Grouping, ordering, and mapping of SSRs, GEMs and SFPs
to linkage groups

Selected GEM and SFP markers, in conjunction with SSR markers
utilized for the framework mapping, were grouped and ordered
using MadMapper V248 linkage mapping software (http://
cgpdb.ucdavis.edu/XLinkage/MadMapper/) essentially as de-
scribed previously (West et al,, 2006). However, because MadM-
apper scripts were developed for marker grouping and ordering in
advanced-generation Arabidopsis recombinant inbred lines, the
estimates of pairwise recombination frequency provided differ
from those experimentally observed in a first-generation back-
cross pedigree structure {Haldane and Waddington, 1931). In
addition, only microarray-based markers grouping together with
at least one SSR from the established framework map were
subsequently included. Probes not linked to the framework are
likely to have an excess genotyping error and were subsequently
discarded.

Markers were re-genotyped after localization of recombination
breakpoints using a structural change analysis method within the
Strucchange statistical module in R {Zeileis et al., 2002), using a
strategy initially described by Singer et al. {2006). Structural change
analysis detects large pattern shifts in a dataset based on a Bayesian
information criterion statistical threshoid, and can be used to detect
overall change between phases of alleles that are characteristic of
recombination breakpoints.
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To contribute to the Strucchange analysis of breakpoint position-
ing, the P value (P;} associated with the standard normal distribu-
tion for the cluster of assignment was determined:

zs = |(x; - my)/sjl

The P values for each distribution were compared by calculating
the ratio A, which has a range from zero to one, analogous to the
procedure described previously (Singer et al., 2006):

B =pi/(pi + ps)

If the alieles are highly distinct {i.e. clearly form separate distriby-
tions), individuals from the population return values of R very ciose
to zero or one, depending on their allele. However, markers with
little allelic distinction accumulate individuals at intermediate levels
of R. Utilizing a continuously distributed allele score such as R also
provides a direct assessment of confidence associated with an as-
signed genotype on an individual-by-individual basis, and thereby
contributes to more concretely defined breakpoints in the Struc-
change analysis.

To verify proper placement of recombination breakpoints, agree-
ment between Strucchange genotypic results and raw SSR geno-
types was determined. Additional breakpoints supported by the
Strucchange minimum Bayesian information criterion statistic, but
not present in the SSR data, were accepted if they included at least
three microarray-based markers. Subsequently, genetic distances
for the corrected genotypes were estimated using MapMaker
version 3.0 {Lander et al., 1987).

Sequence-level characterization of SFP alleles

A subset of mapped SFPs was arbitrarily selected for sequence-
level characterization in each parent of family 52-124. PCR primers
were designed from the genome sequence surrounding five
mapped SFPs (Table S6). Alleles were amplified from each parent
tree using approximately 50 ng of xylem double-stranded cDNA,
200 um dNTPs, and 2 yl 10x Advantage 2 PCR buffer and 0.4 ut
Advantage 2 polymerase mix (both Clontech Laboratories inc.,
http://www.clontech.com/) in a total volume of 20 pl. PCR was
performed in a two-step procedure with identical amplification
conditions for each step: 95°C initial denaturation for 5 min, 30
cycles of denaturation at 95°C for 30 s, annealing at 58.5°C for 30 s
and extension at 72°C for 1 min 45's, with a final extension of
72°C for 7 min. Secondary PCR was performed using identical
reagent concentrations, except that a 1:25 dilution of the primary
PCR was substituted as template. Amplicons from the secondary
reaction were gel-purified in 1% w/v agarose, and cloned into
PGEM-T vector (Promega) according to the manufacturer's
protocol. Eight to ten independent clones per construct were
isolated using a QlAprep miniprep kit {Qiagen), and sequenced
bi-directionally from the SP6 and T7 promoters using an ABI
Prism 3730xl. Resulting sequences were aligned and analyzed

-in SEQUENCHER version 4.6 (Gene Codes Corporation, http://

www.genecodes.com)} and cLusTaL w version 2.0 (Larkin et al,,
2007).
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linkage map of P. trichocarpa x P. deltoides genotype 52-225,
Table S2. P. trichocarpa genome sequence version 1.1 scaffolds and
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Table S3. SSR-based verification of scaffold map location for six
sequence scaffolds localized based on single GEM loci.

Table S4. Microsatellite loci and primers for scaffold verification
mapping.

Table S5. Gene-by-gene F statistic significance for fixed effects in
the analysis of variance performed on parental genotype data.
Table S6. Array probes and primer sequences used in sequence-
level verification of a sample of mapped SFP.
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