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* In an attempt to elucidate the molecular mechanisms of Melampsora rust resist-
ance in Populus trichocarpa, we have mapped two resistance loci, MXC3 and MER,
and intensively characterized the flanking genomic sequence for the MXC3 locus
and the level of linkage disequilibrium (LD) in natural populations.

e We used an interspecific backcross pedigree and a genetic map that was highly
saturated with AFLP and SSR markers, and assembled shotgun-sequence data in the
region containing markers linked to MXC3.

e The two loci were mapped to different linkage groups. Linkage disequilibrium for
MXC3 was confined to two closely linked regions spanning 34 and 16 kb, respect-
ively. The MXC3 region also contained six disease-resistance candidate genes.

® The MER and MXC3 loci are clearly distinct, and may have different mechanisms
of resistance, as different classes of putative resistance genes were present near each
locus. The suppressed recombination previously observed in the MXC3 region was
possibly caused by extensive hemizygous rearrangements confined to the original
parent tree. The relatively low observed LD may facilitate association studies using
candidate genes for rust resistance, but will probably inhibit marker-aided selection.

Key words: disease-resistance genes, linkage disequilibrium (LD), Melampsora,
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2000). Quantitative and molecular genetic approaches have

Introduction been initiated to identify key genetic loci conferring disease

One of the most economically important diseases in Populus
plantations is caused by the rust fungus Melampsora spp.
As a foliar disease, Melampsora causes premature defoliation,
reduction in diameter growth, predisposition to other insect
and disease pests, and plant death (Thielges & Adams, 1975;
Newcombe et al., 1994; Steenackers ez al., 1996). Developing
genetically resistant plant materials has been the most effective
means of controlling the economic impact of Melampsora.

A successful disease-resistance breeding program relies on
an understanding of genetic interactions between hosts

and pathogens (Hsiang & Van Der Kamp, 1985; Han ez al,

*These authors contributed equally to this work.
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resistance in forest trees, including resistance to leaf rust
(Melampsora spp.) in poplar (Hsiang & Van Der Kamp, 1985;
Cervera et al., 1996; Newcombe & Bradshaw, 1996; Lefevre
et al., 1998). Molecular markers have been identified that are
tightly linked to several disease-resistance loci (Devey ez al.,
1995; Wilcox ez al., 1996; Lefevre et al., 1998; Stirling et al.,
2001), but resistance genes have yet to be cloned and func-
tionally characterized for a forest tree.

Tremendous advances have been made in recent years in
understanding the molecular mechanisms of disease resist-
ance in model plants. Martin ez 2/ (2003) divided known
genes conferring major gene resistance to pathogens into five
main categories. Genes in category 1 contain a serine/threonine

95



96 "Research

protein kinase (STK) domain. Categories 2 and 3 each
consist of the nucleotide-binding site/ leucine-rich repeat (NBS/
LRR) families. These categories differ in their N-terminal
domain, a coiled-coil in the case of category 2, and a Toll-
Interleukin 1 (TIR) receptor domain in category 3. While these
three types of resistance gene are typically localized intracellu-
larly, genes in categories 4 and 5 contain a #rans-membrane
domain, and each contains an LRR located extracellularly.
Category 4 has no known intracellular domains, while cat-
egory 5 contains an STK domain (Meyers ez al, 1999; Ellis
et al., 2000; Martin ez al., 2003). Plant resistance genes typi-
cally occur in clusters in plant genomes, and may account for
as much as 2% of the protein-coding genes in Arabidopsis
(Young, 2000; Meyers ¢t al., 2003).

Populus possesses a relatively small genome, 480-520
Mbp (International Populus Genome Consortium, unpublished
data), similar in size to the rice genome, only three times larger
than Arabidopsis, and 40 times smaller than most conifers.
Positional cloning should therefore be a viable approach for
obtaining disease-resistance genes in Populus. Rust-resistance
genes have been studied intensively using genetic maps (Cer-
vera et al., 1996; Villar ez al., 1996; Lefevre et al., 1998), with
particular emphasis on the MXC3 and MER loci (Stirling
et al., 2001; Zhang ez al., 2001). MXC3 confers resistance to
poplar leaf rust caused by Melampsorax columbiana (patho-
type 3) (Stirling ez al., 2001), whereas MER confers resistance
to M. larici-populinaraces E1, E2 and E3. These two loci were
identified independently using a local mapping strategy based
on bulked segregant analysis (Michelmore ez 4/, 1991). Inter-
estingly, the genomic regions surrounding each of these loci
demonstrated repressed recombination and segregation dis-
tortion (Stirling er al., 2001; Zhang et al., 2001). However,
these two loci were not previously placed on a comprehensive
Populus genetic map, and it was not clear if they were clustered
on the same chromosome, or even if the phenotypes arose from
pleiotropic effects of a single gene. In this study we located the
MERand MXC3loci on a dense Populus trichocarpa genetic map,
employing markers and sequence tags derived from sequences
of the bacterial artificial chromosomes (BACs) where the two
loci are located. We further characterized the genomic region
surrounding MXC3 to determine the extent of linkage dis-
equilibrium and to identify putative resistance genes.

Materials and Methods

Plant materials

We mapped the two resistance loci using a high-density com-
prehensive genetic map constructed in family 13 based on a
two-way pseudotestcross strategy (Yin ez al., 2004). Family
13 was created by crossing a hybrid female, clone 52-225
(P trichocarpa, 93968 X P, deltoides, ILL-101) with an alternative
P, deltoides male, clone D109. DNA samples from 171 progeny
were used for linkage analysis. For the LD analysis, a set of 85
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unrelated P trichocarpa individuals from natural popula-
tions was used. These trees were haphazardly sampled from
P trichocarpa populations along a 400 km east—west transect
through Oregon and Washington, USA, and were confirmed

to be unique genets using microsatellite markers.

Mapping of the MXC3 and MER loci

Markers linked to the MXC3locus were derived from end- and
subclone-sequences of a BAC library derived from P trichocarpa
clone 383-2499 (Nisqually 1), a tree that is heterozygous for
the original resistance allele (Stirling ez 4/, 2001). Nisqually 1
is also the source of the template that was used for whole-genome
shotgun sequencing by the Department of Energy (Tuskan
et al., 2004a). Four microsatellite (SSR) markers (O_348, O_349,
0_356, 0O_394) developed from BAC 41¢g18 (Tuskan ez al,
2004b) and five sequence-tagged site (STS) markers from
BAC clones 41g18, 99206, 47m20, 31e15 and 19m15 (Table 1;
Stirling er al., 2001) were used to map the MXC3 locus.

Markers linked to the MER locus were developed from a
BAC library derived from Populus X euramericana cv. Ghoy,
an F, hybrid from a controlled cross between P deltoides cv.
$9-2 X P nigra cv. Ghoy. Two SSRs (R7 and R8) were developed
for this study from a BAC located 0.4 CentiMorgan (cm)
away from the MER locus (Table 1; Lescot e al., 2004). The
above markers were added to an existing genetic map for the
female parent in family 13, consisting of 77 SSRs and ¢. 500
AFLP markers (Yin ez al., 2004).

SSRs and STSs were analyzed with fluorescent dye-labeled
primers (HEX and FAM, Applied Biosystems, Foster City, CA,
USA) using an ABI 3700 capillary sequencer, as described
previously (Yin ez al, 2004). Multipoint linkage analysis was
performed using the program MAPMAKER/EXP ver. 3.0b, with
threshold LOD values of 10.0 and a recombination fraction
of 0.3. CentiMorgan (cm) distances were calculated using the
Kosambi function with corrections for segregation distortion
using the program maprpisto (Lorieux et af, 1995). Linkage
group numbers were assigned according to Cervera ez al.

(2001).

Assessing intermarker linkage disequilibrium

We tested intermarker LD in the MXC3 region using two
STSs and four SSRs in 82 unrelated individuals randomly
sampled from wild populations of P #richocarpa (Supplementary
Material Table S1). No recombination events have previously
been reported in the interspecific pedigree family 545 for the
region from which these markers were derived (Stirling ez 4L,
2001). The genetic distances between markers were derived
from family 13 (Fig. 1). As the haplotype phase is unknown in
our data set, the significance of LD between markers A and B
was tested using a likelihood ratio approach, using an empirical
distribution obtained by a permutation procedure (Slatkin,
1996). The distribution of =2 times the natural logarithm of
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Table 1 Parental genotypes and primer sequences for the sequence-tagged site (STS) (Stirling et al., 2001) and SSR (Tuskan et al., 2004b) loci
linked to the MXC3 or MER genes

Locus Maternal Paternal

name Loci? genotype® genotype® Forward primer Reverse primer

STS1_A 2 430/- —/- CATGCAAGCTTCGGGACTC AGTAGCAAAGGTATTGACAG
STS3 1 380/- —/- TAAGTGTTGACTGAATGATG ACTTAGATTTCTCATTCCTAC
0O_348 1 -/- 170/- CTTCAAGCTCAGCAATGCAA CCTTGTAGTTGTCAGCGATCC
0O_349 1 199/262 193/262 GAGCATGAAGCATGAGCAGA TTTTCAGAACCAGGGGAAAA
0O_356 1 145/160 108/108 CCACGCTCGACAACATTTTA AATCGTCCAATAAAAGCCACA
0_39%4 1 189/189 189/189 AAAAAGCCCCACAATTATTCA GCAAGTTGCAATTGATGTCC
R7 1 273/- —/- CACCCGGGTTCCAGATCTAC CAATGTTATCAGACGGCCCA

aNumber of loci amplified with primers in family 13. Only one locus was mapped to the rust-resistance regions for each primer set.

bGenotypes indicate the sizes (bp) of mapped alleles. ‘', null alleles.
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| |T | | | | |
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-

(b} -

| 1.2 cm | 1.1¢cm
{c)
41gi8 47Tm20

Fig. 1 Physical and genetic map of the MXC3 region of linkage group IV. (a) Physical map derived from shotgun sequence assembly. Positions
of SSR (markers beginning with ‘O_') and STS markers are indicated above the line; physical length is below the line. Black bar, contiguous
sequence. (b) Regions of significant linkage disequilibrium (black bar) and linkage equilibrium (hashed bar) between mapped markers. Mapping
distance is indicated below the bar. There were no recombinations observed between STS1 and STS3. (c) Approximate positions of the BAC

clones originally used to study this region (Stirling et al., 2001).

this likelihood ratio asymptotically follows a y? distribution,
with degrees of freedom equal to (#—1)(v— 1), where » and
vare the number of alleles at markers A and B, respectively. To
reduce the effects of rare alleles and to preserve the power to
reject the null hypothesis of linkage equilibrium by limiting
the degrees of freedom of the test statistic, we pooled alleles
with frequency < 5% (Mohlke ez 4/, 2001; Ohashi & Tokunaga,
2003). In addition, haplotype states and frequencies were
estimated by maximum-likelihood using an expectation-
maximization method, as implemented by the ARLEQUIN
program (Excoffier & Slatkin, 1995). The significance of
pairwise LD was also assessed by Fisher's exact probability test
of contingency tables on the basis of a Monte Carlo Markov
chain algorithm (Guo & Thompson, 1992).

Segregation distortion

We detected departures from Mendelian segregation using >
tests. In addition, we estimated the selection intensity (S) of
markers segregating 1 : 1 as:

where o is the observed number of individuals with the allele,
eis the expected number of individuals with the allele, NVis the
total number of individuals. Thus the )? of a marker with
recombination rate of »would be:

X2 = 4N[S— (0.5 + S)r? Eqn 3

Construction of sequence scaffolds

We used sequence scaffolds from the draft Populus genome
assembly (12 February 2004 build), which was accomplished
using the JAZZ shotgun sequence assembler (Aparicio ez al.,
2002) at the US Department of Energy (DOE)’s Joint Genome
Institute at an average depth of 8.1X and an average PHRED
quality score of 53.3 (Gordon et al., 1998). In addition, we built
mini-scaffolds from 384 of our own shotgun sequences from
BACs 41g18 and 47m20 (Stirling ez al, 2003) and 5738
individual reads from the Populus genome sequence database
from JGI (http://genome.jgi-pst.org/), using the PHRED/PHRAP/
CONSED suite of programs (Gordon ez al., 1998). SSR and STS
marker positions were determined by Brast~ (Altschul ef al,

S=(o—ole Eqn1 1997) searches against the sequence scaffolds using the primer
sequences as queries. We required that primers have an 80%
which can also be obtained from: or greater match over 70% of their length, and that they be
correctly oriented and separated by the distance expected,
S=\(x2/4N) Eqn2  based on the size of the products amplified.
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Draft gene annotation

We explored the gene content of four sequence scaffolds
covering ¢. 6.65 Mb in the region of the MXC3 locus. Draft
annotations of the sequence scaffolds were accomplished
using the Arabidopsis-trained ab initio gene caller Genscan
(Burge & Karlin, 1997), followed by hand corrections for
predicted proteins with homology to known disease-resistance
proteins. We derived putative functional characterizations by
BLASTP searches of predicted proteins against the Arabidopsis
protein database of July 2002 obtained from the Arabidopsis
Information Resource (www.arabidopsis.org) and the non-
redundant protein database of GenBank as of February
2004. We identified shared motifs using MEME /MasT (Bailey
& Gribskov, 1998); delineated known protein motifs using
INTERPROSCAN (InterPro Consortium, 2001); and predicted
membrane-spanning regions using the dense alignment surface
method (Cserzo ez al, 1997). Alignments between Populus
genes and the best-matching disease resistance homologs were
accomplished using cLustarx (Thompson ez al., 1997). These
annotations should be considered initial drafts, pending
release of ab initio gene predictions that are currently being
accomplished with gene-calling software trained specifically
for Populus (Tuskan er al., 2004a).

Results

Map position

Two of the five tested STS segregated in family 13. STSI is
from the T7 end of BAC 41g18, and STS3 is from the SP6
end of BAC 47m20 (Stirling er 4/, 2001). STS1 amplified
two loci, STS1_A (430 bp) and STS1_B (284 bp), while STS3

amplified a single locus. No recombinants were discovered
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between the loci STS1_A and STS3, and STS1_A and STS3
both mapped to linkage group IV. STS1_B mapped on linkage
group VIII and was probably not derived from the MXC3 region.
Among the four SSR loci, O_394 generated an allele shared by
both parents and showed no segregation (homozygous in
one or both parents); O_348 generated a dominant paternally
informative marker; and O_349 and O_356 revealed fully
informative codominant markers. Therefore, O_349 and O_356
were placed on the genetic map. Two recombinants were
detected between O_349 and O_356, and the two markers were
mapped adjacent to the STS markers with one recombinant
detected between the STS markers and SSR O_356 and three
recombinants between the STS markers and SSR O_349.
Based on these data, the MXC3locus, STS1_A, STS3, O_349
and O_356 have been placed at the end of linkage group IV
and encompass a distance of 2.3 cMm (Fig. 2).

We also placed the MERlocus (Zhang er al., 2001) on our map
via two SSRs. One of the SSRs, R8, revealed a homozygous
locus in our mapping pedigree, while the other, R7, generated
segregating alleles originating from P trichocarpa. The latter
marker was 1.21 cM from previously mapped AFLP markers
$2-19 and S13-11, and 1.80 cM from AFLP marker T4-3 in
a two-point analysis. SSR R7 was thus located 33.6 cM from
one end of linkage group XIX. When multipoint linkage ana-
lysis was performed with error detection on, the four closely
linked markers were mapped in a single bin (Fig. 2).

Linkage disequilibrium

We assessed LD among markers in the MXC3 region using 82
putatively unrelated P wrichocarpa genotypes collected from
natural populations. We observed between four and 15 alleles
among these genotypes for the microsatellite and STS markers
(Table 2; Supplemental Table 1). Strong intermarker LD

www.newphytologist.org  © New Phytologist (2004)
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Table 2 Intermarker linkage disequilibrium (LD) analysis at the MXC3 locus for 85 native Populus trichocarpa genotypes sampled from eight
sites along the Columbia River in southern Washington and northern Oregon, USA

Pairwise distances — exact P value for LD

Locus 0O_349 0_39% 0_356 0_348 STS1 STS3 Position Observed? Analyzed®
0O_349 < 0.001 < 0.001 < 0.001 0.52148 0.30931 1458098 1 6
0_39%4 14642* < 0.001 < 0.001 0.03931 0.06040 1472740 6 2
0O_356 24438* 9796* < 0.001 0.21555 0.58901 1482536 15 8
0O_348 34052* 19410* 9614* 0.15346 0.72347 1492150 9 6
STS1 50496 35854 26058 16444 < 0.001 1508594 5 4
STS3 66560 51918 42122 32508 16064* 1524658 4 3

Lower diagonal represents intermarker distances; upper diagonal represents P values from Fisher's exact test for LD.

aNumber of alleles observed per locus.

PNumber of alleles per marker after alleles with a frequency below 5% were pooled.

*Significance below 0.01 level by Fisher's exact test for LD.

extended over 34 kb among markers O_348, O_349, O_356
and O_394. Linkage disequilibrium was also detected over 16 kb
between markers STS1 and STS3 (Table 2; Fig. 1). However,
LD was not significant between the microsatellite and STS
markers, which were separated by c¢. 16 kb.

Segregation distortion

We observed significant segregation distortion in family 13 over
extensive regions of both linkage groups to which the MXC3
and MERloci mapped. The distorted region of linkage group
XIX, on which the MER]locus was located, accounted for 31.1%
of the chromosome; whereas for linkage group IV, on which
MXC3 was located, segregation distortion occurred across
92.1% of the chromosome, covering a region of roughly
130.1 cm (Fig. 2). Together these two regions account for 56%
of the segregation distortion observed in this pedigree (Yin
et al., 2004). Assuming recombination frequency is the same
across the genome, the physical length of genomic regions
showing segregation distortion in our pedigree is c. 26 Mb on
linkage group IV and 6.78 Mb on linkage group XIX (assuming
a genome size of 500 Mb). Using the x? values to estimate S,
we infer that a minimum of five loci would be needed to cause
the observed contiguous distortion over such a large region.

Physical assembly

Assembly of shotgun sequence scaffolds in this region demon-
strated that the markers span ¢. 66 kb (Fig. 1). However, this
scaffold contains four gaps that range in size from ¢. 250 to
3250 bp, and a complex region of insertions and deletions
near marker STS1 that resulted in considerable divergence
between chromosomal haplotypes (Supplemental Figs 1 and 2).
The approximate size of the gaps is inferred from the average
insert size of the clone libraries used for end sequencing,
so the distance estimates between markers contain some
uncertainty. For example, a random selection of 60 clones

© New Phytologist (2004) www.newphytologist.org

from one of the sequenced 8 kb libraries had a range of insert
sizes from 5 to 19 kb, with a standard deviation of 2.3 kb.
The average physical : genetic distance ratio for this region
is 29 kb/em. By contrast, the average physical : genetic distance
ratio in the Populus genome is ¢. 200 kb/cm (500 Mb/2500 cm).
Examined another way, the three observed recombinants (4;)
in this region were significantly more than would be expected
(xl.j) among the 171 progeny surveyed (P(b,.7>x,,/) =0.000117).

Identification of candidate genes for disease resistance

Genomic scaffolds covering ¢. 6.65 Mb of sequence and
40 cM of map distance on linkage group IV (Fig. 2) contained
a total of 1530 genes predicted by Genscan. Six of the
predicted proteins had significant homology to genes that
have previously been demonstrated to be involved in disease
resistance in other species. Expectation scores from BLAsTP
were less than 1 £ — 20, and protein similarity ranged between
23 and 62% (Table 3; Supplemental Fig. 3). However, in
contrast to the findings of Zhang ez al (2001), we did not
encounter clusters of putative NBS-LRR resistance genes in
the MXC3 region. We identified three predicted peptides with
substantial homology to class 5 resistance genes (an STK domain,
a transmembrane domain, and an LRR domain), and one
with homology to class 4 genes (a transmembrane domain and
an LRR) (Table 3). However, these were located nearly 30 cm
from the region to which markers linked to AXC3 mapped in
family 13. We also identified two putative genes within 1.9 cm
of markers linked to MXC3 with similarity to pathogenesis-
related proteins containing thaumatin-like domains.

Discussion

Recombination suppression

Stirling eral. (2001) reported suppressed recombination
around the MXC3locus based on lack of recombinants within

New Phytologist (2004) 164: 95-105
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Table 3 Summary of putative disease-resistance candidate genes found in sequence scaffolds linked to the MXC3 region

Scaffold Peptide Length Position Marker Map Similarity

number? number® (aa)®  (kb)d  Marker® position (kb)? distance (cM)f Motifs8 Annotation Eh (%) Top disease resistance homolog hit

138 68 334 665 G_961 414 0.0 Thau STK Thaumatin-related 5E-69 62 NP_195325.1 thaumatin family, pathogenesis-
related protein [Arabidopsis thalianal

138 70 659 690 G_961 414 0.0 Thau STK Thaumatin-related 4E-50 42 NP_173432.2 thaumatin family [Arabidopsis
thaliana]

34 60 1066 578 T_AG1 1957 36.7 LRR TM STK Class 5 5E-92 39 NP_197963.1 disease-resistance protein family
[Arabidopsis thalianal

34 171 455 1506 T_AG1 1957 36.7 TM LRR Class 4 4E-21 23 NP_177296.1 disease-resistance protein family
(LRR) [Arabidopsis thalianal

34 240 1158 2117 T_AG1 1957 36.7 TIRLRR TM STK  Class 5 2E-88 45 T10504 disease-resistance protein Cf-2.1
[Lycopersicon pimpinellifolium]

34 273 1088 2341 T_AG1 1957 36.7 LRR TM STK Class 5 8E-31 34 T10504 disease-resistance protein Cf-2.1

[Lycopersicon pimpinellifolium]

Scaffold identifier assigned by JGI, based on 12 February 2004 Populus genome assembly.

bldentifier for predicted peptide assigned by Genscan. Numbers are assigned consecutively (e.g. peptide 68 is the 68th predicted peptide on that scaffold).

‘Length in amino-acid residues of the predicted peptide.

dPosition within the scaffold — scaffolds are oriented toward the telomere where possible, except where only one marker is available (e.g. scaffold 138).

eName of closest mapped marker. Derived from Yin et al. (2004; unpublished data).

fDistance in centimorgans of closest mapped marker from the STS1/STS3 markers in the MXC3 region.

8Protein motifs, presented in the order in which they appear in the predicted peptide. Thau, thaumatin-like domain; STK, serine-threonine protein kinase; LRR, leucine-rich repeat; TM, trans-
membrane domain; TIR, Toll and Interleukin-1 receptor domain.

PExpectation score from sLasTp search.

iSimilarity between Populus predicted protein and disease-resistance protein as determined by cLustaix alignment using Blosumé2 matrix.

IDescription of top sLastp hits for genes known to be involved in disease resistance, beginning with GenBank accession numbers. All peptides also had more significant hits to other genes with
no known function in disease resistance.
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a ¢. 300 kb contig for 1902 F| progeny. Recombination
was also suppressed 10-fold in the vicinity of the MER locus
(W. Boerjan, unpublished). Zhang et a/. (2001) also reported
a significantly higher than expected number of markers in the
coupling phase, compared with those in the repulsion phase,
associated with the MERlocus. Zhang et al. (2001) proposed
that these results might be caused by a large chromosomal
deletion in one of the parental genotypes, which would cause
a hemizygous state in their F, pedigree. In apparent support
of the hemizygosity hypothesis, all of the markers in the MER
region (10 markers covering 24.2 cm) and the MXC3 region
(13 markers covering 16.7 cm) were linked in the coupling
phase in our pedigree. However, this observation could also
be an artifact resulting from the two-way pseudotestcross
mapping approach used in our study, which favors mapping
of visible AFLP alleles derived from P trichocarpa. In fact,
69% of the mapped AFLP markers were maternally inform-
ative in family 13 (Yin et al., 2004), and the visible allele
was derived from P trichocarpa in 71% of these cases.

The Nisqually 1 sequence assembly in the MXC3 region
provided direct support for the hemizygosity hypothesis. We
observed substantial differences between chromosomal haplo-
types in the vicinity of the STS1 marker, apparently caused by
complex insertion/deletion events. In addition, there is an
interscaffold gap of undetermined size within 60 kb of STS3,
and this could be caused by complex rearrangements or length
polymorphisms between Nisqually 1 haplotypes. Furthermore,
given that recombination rates were significantly higher
than expected for the same region in family 13, it is possible
that the parents of this pedigree lack these rearrangements.
This is somewhat surprising given that family 13 is an inter-
specific pedigree, and rearrangements and recombination
suppression might therefore be expected to be elevated relative
to pure species (Rieseberg, 2001). However, P, trichocarpaand
P, deltoides are closely related species with a long history of
interbreeding (Eckenwalder, 1984), so substantial regions of
synteny and sequence conservation are to be expected.

Linkage disequilibrium

Linkage disequilibrium refers to the nonrandom occurrence
of allelic combinations in haplotypes. Unlike linkage analysis
based on a two- or three-generation pedigree structure, LD
analysis can monitor historical recombination events. Therefore,
if strong recombination suppression is a ubiquitous phenomenon
in the MXC3 region at the population level, the locus will be
expected to harbor unusually extensive LD across the region,
a phenomenon that is commonly referred to as a haplotype
block (Wall & Pritchard, 2003). Our observation of two
blocks of LD in the MXC3 region is consistent with this
expectation. It remains to be determined if this pattern of
regions of LD separated by regions of higher recombination
is common within the Populus genome, similar to the LD
structure in humans (Wall & Pritchard, 2003).

© New Phytologist (2004) www.newphytologist.org
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The observation of relatively high recombination rates
between the microsatellite markers in our pedigree apparently
contradicts the observation of LD among these markers on
a population level. On closer examination, it is not entirely
surprising that the observed recombination rates in a hybrid
female tree under controlled conditions would differ from
average rates in a pure species growing in the wild. Further-
more, the contribution of recombination to the level of LD
can be negligible compared with other population-level
forces, including population admixture, mutation and selec-
tion (Shifman & Darvasi, 2001; Nordborg & Tavaré, 2002).
Population admixture is a distinct possibility, as our tested
trees were sampled from widely separated sites. Theoretically,
when populations with different allele frequencies are pooled
together, LD is generated in the pooled population (Wahl-
und’s principle; Hartl & Clark, 1997). Therefore the mixture
of samples from different geographic sites may alone account
for the LD detected in the sampled population. However, an
initial analysis of population substructure using five unlinked
microsatellites and a subset of these samples did not reveal
significant differentiation of our sampled populations (not
shown), so it is unlikely that this effect can account entirely for
the observed LD.

Segregation distortion in the MXC3 region

We hypothesize that differential disease susceptibility of the
P trichocarpa (resistant) and P deltoides (susceptible) parents
of the pedigree was partially responsible for the large-scale
segregation distortion observed in the vicinity of both disease-
resistance loci. Host—pathogen coevolution may have played
an important role in the evolution of these portions of the
Populus genome. Melampsora occidentalis and Melampsora
medusae are the two major poplar leaf rust species native to the
US. Melampsora occidentalis occurs in the Pacific northwest
and is a primary pathogen of P trichocarpa, whereas M. medusae
is native to the eastern US and is a major pathogen of
P, deltoides (Hsiang & Van Der Kamp, 1985; Pinon, 1992).
The offspring of our pedigree were planted in northern
Minnesota, which is within the natural range of P deltoides
and M. medusae and outside the natural range of P trichocarpa.
It is possible that a nonhost resistance system may be
operating in P trichocarpa relative to M. medusae. Although
the phenomenon of nonhost resistance — the inability of a
pathogen to cause disease in particular plant species — still
remains poorly understood (Heath, 2000; Kamoun, 2001), it
is beginning to appear that nonhost resistance is mediated
by some of the same mechanisms involved in host-specific
resistance (Jones & Takemoto, 2004).

An alternative explanation is that the observed segrega-
tion distortion is caused by deleterious interactions of
interspecific alleles and other genomic incompatibilities
between the parental species (Li ez al., 1997; Fishman et al.,
2001; Yin et al., 2004). However, it is difficult to explain
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why a heterospecific interaction would favor the P #rich-
ocarpa haplotype over the recurrent species for such a large
number of linked loci (Yin ez 4/., 2004). It is more likely
that positive selection for P trichocarpa alleles is res-
ponsible for the observed distortion in our pedigree, possibly
mediated in part by alleles conferring nonhost disease
resistance.

Michelmore & Meyers (1998) proposed that divergent
selection might be a major factor in the evolution of resistance
genes. Under this hypothesis, the accumulation of resistance
genes would trigger a ‘snowball effect’, leading to clustered
gene distributions within haplotypes and creating segregation
distortion beyond the regions containing the resistance genes
(Kruglyak, 1999). Resistance genes typically occur in large
clusters in plant genomes (Young, 2000). For example, at least
10 R genes conferring resistance to downy mildew (Bremia
lactucae) cluster together and span several megabases (Meyers
et al., 1998). Similarly, in flax more than 30 different R genes
have been mapped to five linkage groups (Islam & Shepherd,
1991). The Arabidopsis genome contains 149 NBS-LRR R
genes, two-thirds of which occur in 43 clusters containing up
to seven genes each (Meyers ¢z al., 2003). The clustered occur-
rence of disease-resistance genes appears to play a central role
in the generation and maintenance of the tremendous diver-
sity observed in these gene families, as domains are shuffled
within and between clusters because of large-scale insertion/
deletion events and unequal crossing-over and gene conver-
sion (Young, 2000; Meyers ¢t al., 2003). Assuming similar
clustering occurs in Populus, it is possible that clusters of resist-
ance genes have seeded divergence of linkage groups IV and
XIX in Populus. It does appear that linkage group XIX may
contain such clusters (Zhang ez al., 2001; Lescot ez al., 2004),
but evidence is much weaker for linkage group IV.

Disease-resistance candidate genes

We identified six genes in scaffolds linked to the MXC3 region
that were strong candidates for involvement in disease-
resistance responses. The class 4 resistance genes have been
shown to be involved in major gene resistance in tomato to
the leaf mold pathogen Cladosporium fulvum (Dixon ez al.,
1998), while class 5 genes confer resistance to Xanthomonas
oryzae in rice (Song et al., 1995). However, all four of the
genes from these two classes were located at least 20 cM from
the markers linked to the MXC3 region in family 13 (the exact
distance is unknown because of gaps in the sequence assembly
and a lack of markers in close proximity to the genes). It is
theoretically possible that the region of suppressed recom-
bination observed in family 545 (Stitling ez a/., 2001) could
extend over this distance such that the causative genes are
located several megabases from the associated markers.
Although this seems unlikely, our data are not sufficient to
assess this hypothesis, which would have to be explored
directly in family 545.
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We also identified predicted proteins closely linked to
MXC3 on an adjacent scaffold with high homology to the
thaumatin-like pathogenesis-related (PR-5) proteins. These
proteins are implicated in plant defensive responses to fungal
infections, and appear to play a role in disrupting fungal cell-
wall integrity (Selitrennikoff, 2001). Thaumatin-like proteins
display antifungal activity iz vitro against a wide variety of
pathogens (Krebitz ez al, 2003; Van Loon & Van Strien,
1999), and enhance fungal resistance when overexpressed in
transgenic plants (Campbell eral, 2002; Velazhahan &
Muthukrishnan, 2003). However, there are no reports of
direct implication of PR-5 proteins in major gene resistance,
and these are more likely to be generalized secondary effectors
(Martin ez al., 2003; Monteiro ¢t al., 2003). Benko-Iseppon
et al. (2003) recently identified PR-5-like sequences in the
vicinity of a fusarium wilt-resistance locus in chickpea (Cicer
arietinumy), but they hypothesized that this reflects non-
random localization of genes encoding pathogenesis-related
proteins such as PR-5 with disease-resistance proteins, as has
been observed in Arabidopsis (Benko-Iseppon ez al., 2003).
However, it is still possible that the thaumatin-like genes we
have identified are directly involved in conferring resistance.
This hypothesis is supported by the presence of an STK domain
in the predicted proteins, which is known to be involved in
pathogen-related signal transduction in other characterized
disease-resistance genes such as Pro from tomato and Xa21
from rice (Martin et al., 2003).

Given the high levels of segregation distortion and recom-
bination repression observed in family 545, it is surprising
that we failed to identify clusters of class 2 and 3 NBS-LRR-
type resistance genes in the vicinity of the AMXC3locus in Nis-
qually 1, and that the only typical resistance genes identified
were located implausibly far from the locus. By contrast, the
MER]locus does appear to contain such clusters (Zhang ez al.,
2001; Lescot ezal, 2004). There are at least two possible
explanations for this discrepancy. First, the NBS-LRR genes
may be present in the gap between scaffold 71 and scaffold
138 (Fig. 2), which is within 60 kb of STS3. Large length
mutations that differentiate haplotypes can cause substantial
problems for shotgun sequence-assembly programs such as
jazz (N. Putnam, personal communication) and PHRAP
(Green, 2001). Currently more than one-third of the 8.1X
Populus genome shotgun assembly database occurs in
scaffolds smaller than one megabase (Populus Genome
Sequencing Consortium, unpublished), and much of this
misassembly is probably caused by hemizygosity in the
sequenced tree. Another possibility is that the AMXC3 resistance
phenotype is caused by a somewhat novel mechanism. The
two thaumatin-like STK genes are excellent candidates. In
addition, this region contained a substantial number of genes
with one or more resistance-protein domains, but lacking in
typical resistance protein structure (data not shown). These
genes warrant closer examination as potential rust-resistance
candidates.
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Application of marker information

Linkage disequilibrium-based mapping can position a
quantitative trait locus to small chromosomal segments, and
this method has been widely used for fine-scale mapping of
genes associated with human diseases (Ardlie ez 4/, 2002) and
complex traits in animals (Haley, 1999). The efficacy of LD
analysis depends on (1) the level of LD in the population
studied; (2) its distribution and heterogeneity across the
genome; and (3) its relationship with genetic or physical
distances. The occurrence of LD is more frequent in a
population that has undergone recent admixture, has a small
effective population size, and/or has experienced intense
selection. Lower levels of LD are expected to exist in
panmictic populations. The lack of LD is one of the main
problems hampering the application of marker-aided selec-
tion in practical tree-breeding programs (Strauss ez al., 1992;
Haley, 1999). Unlike linkage analysis, which usually is used
to associate markers that are reasonably close to the target
gene, LD analysis can be used to detect markers within several
kilobases. Linkage disequilibrium in open-pollinated forest
trees with a long evolutionary history might be constrained to
extremely short genomic regions, and thus require a large
number of markers to find any association with a trait. From
the limited data related to LD within the MXC3 region of the
Populus genome, pedigree-based linkage analysis may still
be the most efficient approach for identifying target genes.
However, high map resolution will require extremely large
pedigrees. Our results demonstrate that even very tightly
linked makers derived from a pedigree are not applicable for
marker-assisted selection in unrelated pedigrees. The extent of
haplotype blocks is a double-edged sword (Wall & Pritchard,
2003): more markers are needed to detect associations if LD
extends only to a small region, but this also allows one to get
closer to the candidate gene. For Populus, with the advent of
the whole genome database (Tuskan e 4/, 2004a), abundant
information on candidate genes will be available for most
traits. Linkage disequilibrium analysis combined with
candidate gene information may be an efficient approach for
clarification of gene function and gene isolation, especially for
genes that are physically separated but closely linked, such as
plant disease-resistance genes.

Conclusions

Genetics studies have revealed qualitative and quantitative
interactions between Populus spp. and Melampsora spp.
(Thielges & Adams, 1975; Lefevre et al., 1994; Newcombe &
Bradshaw, 1996; Newcombe ez al, 1996; Legionnet ez al.,
1999). There are currently at least eight recognized species of
Melampsora, with a large number of distinct physiological races
varying in their specificity to individual poplar genotypes
(Prakash & Thielges, 1987; Pinon, 1992). Therefore a number
of genes may have evolved in the host to defend against the
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pathogen, and many of these resistance genes may be clustered
together on chromosomes (Meyers ez al., 1998; Michelmore
& Meyers, 1998; Graham ez al., 2002; Trevor et al., 2002).
The MER gene appears to be embedded in such a cluster,
making it difficult to identify the particular resistance gene
of interest from among the many closely linked candidates.
On the other hand, the MXC3 gene may well exist out-
side such clusters, facilitating functional characterization.
Further characterization of the MXC3 candidates could be
readily accomplished by transformation of susceptible
clones, or by association studies using single nucleotide
polymorphisms in or near the candidate genes in populations
for which rust resistance is segregating. This is among the first
of many examples of how sequencing of the Populus genome
is revolutionizing tree biotechnology and forest ecology
research, and we anticipate a flurry of such studies to follow
the publication of the sequence this year.
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