stimulation for each eye. We identified the V1 blind-spot representation in individual
subjects as those voxels in the left calcarine sulcus that showed both a significant response
to ipsilateral stimulation and a significantly greater response to ipsilateral than blind-spot
stimulation using a minimum statistical threshold of t = 2.0, P < 0.05. The blind-spot
representation ranged in size from 3—5 voxels (voxel size 3.125x 3.125 x 4 mm) across
subjects, consistent with size estimates based on post-mortem neuroanatomical studies
(J. C. Horton, personal communication).

Binocular rivalry and stimulus alternation scans

During these scans, two subjects viewed the red vertical grating and green horizontal
grating with their left eye and right eye, respectively, whereas two subjects received the
reverse eye assignment. Subjects performed 7—10 scans of rivalry and an equal number for
stimulus alternation. Each scan lasted for 90's. We discarded the first 10 s of fMRI activity
to remove transient responses to the onset of the stimulus. We converted fMRI activity
from the V1 blind-spot representation to per cent signal change from the mean level
during the scan, and potential MR spikes and artefacts were minimized by reducing any
outliers to lie within 3 s.d. of the mean.

We conducted an event-related fMRI analysis for reported switches between the blind-
spot and ipsilateral grating. Previously, we found that rivalry responses increase as a
function of percept duration and that very brief percepts led to unreliable fMRI responses®.
Here, a switch was considered valid only if the percept immediately preceding and
following the reported switch lasted longer than 2s. An intervening blend response was
allowed if it occurred within 1 s before the reported switch, in which case the blend
duration was incorporated into the pre-switch period. fMRI responses of each subject were
calculated by separately averaging the fMRI time course surrounding all occurrences of a
reported switch to the ipsilateral grating or blind-spot grating for rivalry versus stimulus
alternation, time-locked to each reported switch (rounded to the nearest second). Each
average fMRI response function consisted of 39-55 observations.
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With the availability of a dense genome-wide map of single
nucleotide polymorphisms (SNPs)', a central issue in human
genetics is whether it is now possible to use linkage disequili-
brium (LD) to map genes that cause disease. LD refers to correla-
tions among neighbouring alleles, reflecting ‘haplotypes’
descended from single, ancestral chromosomes. The size of LD
blocks has been the subject of considerable debate. Computer
simulations’ and empirical data® have suggested that LD extends
only a few kilobases (kb) around common SNPs, whereas other
data have suggested that it can extend much further, in some cases
greater than 100 kb*™°. It has been difficult to obtain a systematic
picture of LD because past studies have been based on only a few
(1-3) loci and different populations. Here, we report a large-scale
experiment using a uniform protocol to examine 19 randomly
selected genomic regions. LD in a United States population of
north-European descent typically extends 60 kb from common
alleles, implying that LD mapping is likely to be practical in this
population. By contrast, LD in a Nigerian population extends
markedly less far. The results illuminate human history, suggest-
ing that LD in northern Europeans is shaped by a marked
demographic event about 27,000-53,000 years ago.

To characterize LD systematically around genes, each of the 19
regions that we studied was anchored at a ‘core’ SNP in the coding
region of a gene. The core SNP was chosen from a database of more
than 3,000 coding SNPs that had been identified by screening in a
multi-ethnic panel (see Methods), subject to two requirements.
First, ‘finished’ genomic sequence was available for 160 kb in at least
one direction from the core SNP; second, the frequency of the minor
(less common) allele was at least 35% in the multi-ethnic panel.

We focused on high-frequency SNPs for several reasons. First,
they tend to be of high frequency in all populations’, facilitating
cross-population comparisons. Second, LD around common alleles
represents a ‘worst case’ scenario: LD around rare alleles is expected
to extend further because such alleles are generally young® and there
has been less historical opportunity for recombination to break
down ancestral haplotypes’. Third, LD around common alleles can
be measured with a modest sample size of 80—100 chromosomes to
a precision within 10—20% of the asymptotic limit (see Methods).
Last, LD around common alleles will probably be particularly
relevant to the search for genes predisposing to common disease’.

To identify SNPs at various distances from the core SNP, we re-
sequenced subregions of around 2 kb centred at distances 0, 5, 10,
20, 40, 80 and 160 kb in one direction from the core SNP using 44
unrelated individuals from Utah. Altogether, we screened
251,310 bp (see Methods) and found an average heterozygosity of
7 = 0.00070, consistent with past studies'. A total of 272 ‘high
frequency’ polymorphisms were identified (Table 1).

We measured LD between two SNPs using the classical statistic D’
(see Methods)'. D’ has the same range of values regardless of the
frequencies of the SNPs compared''. Its sign (positive or negative)

T Present address: Celera Genomics, 45 West Gude Drive, Rockville, Maryland 20850, USA.
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depends on the arbitrary choice of the alleles paired at the two loci.
We chose the pair of SNPs that caused D’ > 0 in Utah so that, in
comparisons with other populations, the sign of D’ indicates
whether the same or opposite allelic association is present. In a
large sample, |D’| of 1 indicates complete LD; 0 corresponds to no
LD. The degree of LD needed for effective mapping depends on the
details of a particular study’. A useful measure is the ‘half-length’ of

LD (the distance at which the average |D’| drops below 0.5).
Comparing the 19 randomly selected regions, LD has a half-
length of about 60 kb (Fig. 1). Significant P-values for LD occur in
greater than 50% of cases at distances of =80kb. LD therefore
extends much further than a previous prediction®, and our data
indicate that, in general, blocks of LD are large. Although the
average extent is large, there is great variation in LD across the

Table 1 Distribution of regions and SNPs within regions

Gene Chromosome Local Span of region in Number of high-frequency polymorphisms at distances (kb) from core SNPs§
identification* recombination physical map
rate (ctMMb ")+ Rt

0 5 10 20 40 80 160
BMPSI 1 1.4 60.88-61.04 1 1 1 2 2 1 3
ACVR2BIl 3 1.1 37.27-37.43 1 1 2 3 0 3 1
TGFBI 5 1.4 1562.16-152.00 2 3 1 0 1 7 0
DDR1Il 6 - 46.046-45.89 1 4 1 4 2 2 0
GTF2H4 6 - 46.059-46.22 1 3 3 6 2 0 0
COL11A21 6 - 48.27-48.43 3 0 2 2 3 1 1
LAMBT1Il 7 2.3 106.58-106.42 1 0 5 3 3 2 4
WASL 7 0.5 122.99-122.83 0 1 0 4 2 2 1
SLC6A12 12 3.3 3.62-3.78 2 8 2 1 6 0 0
KCNA1 12 3.3 8.50-8.66 2 1 5 2 1 1 0
SLC2A3 12 2.1 16.33-16.49 1 2 1 1 5 0 2
ARHGDIBI 12 1.2 21.84-22 1 9 1 2 2 1 2
PCIIl 14 4.3 98.41-98.57 3 7 0 0 4 14 1
PRKCBI 16 1.0 32.50-32.66 0 2 3 0 4 3 0
NFI 17 1.0 38.10-38.26 0 0 2 2 5 1 0
SCYA2Il 17 3.0 40.21-40.37 1 5 1 1 3 1 1
PAI2 18 2.7 64.17-64.01 0 0 2 1 5 2 10
IL17RI 22 5.9 14.48-14.32 2 1 2 1 2 0 4
HCF2I 22 2.0 17.91-17.75 1 1 2 2 1 0 3

* Abbreviations from LocusLink (www.ncbi.nlm.nih.gov/LocusLink/list.cgi).

1 For three regions the genetic and physical maps were inconsistent and no estimates were made.
F Span of region within a radiation hybrid map (http://www.ncbi.nlm.nih.gov/genome/seq/HsHome.shtml): 1 Mb = 1 centirad. Position of the core SNP is listed first.
§ Number of SNPs discovered with at least 15 copies of the minor allele (successfully genotyped in at least 32 individuals) and in Hardy—Weinberg equilibrium using a significance criterion of P < 0.02.
[IThe ten regions selected for follow-up genotyping.
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Figure 1 LD versus physical distance between SNPs. For each distance from the core SNP
(Table 1), we chose the SNP with the largest number of copies of the minor allele for
comparison to SNPs at other distances. At a given distance, all comparisons are
independent. a, Average ID'l values for each distance separation (‘Data’; dotted lines
indicate the 25th and 75th percentiles), compared with a prediction? based on simulations
(see Methods). ID’I values for shorter physical distances were calculated by looking within
contiguously sequenced stretches of DNA containing at least two SNPs, and picking the
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two with the most minor alleles. Unlinked marker comparisons are obtained by comparing
SNPs in the 40-kb bin in each row of Table 1 to those in the next row. b, ¢, Fraction of D'l
values greater than 0.5 (b) and proportion of significant (P << 0.05) associations (¢)
between two SNPs separated by a given distance (as assessed by a likelihood ratio test'?).
Bars indicate 95% central confidence intervals. The number of data points used to make
the calculations are shown.
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genomic regions (see also ref. 12), which is apparent in the different
rates at which LD declines around the core SNP (Fig. 2). For
example, |D’| > 0.5 for at least 155 kb around the WASL gene, but
for less than 6 kb around PCI (Fig. 2). The variability across different
genomic regions within the same population sample provides a
context for explaining why past empirical studies, each based on one
to three regions’, have produced such different results. Large
variations in LD are expected because of stochastic factors, such
as different gene histories across loci®. Differences in recombination
rates among regions can also affect the extent of LD. We observe a
significant and important correlation (P < 0.005) between LD and
the estimated local recombination rate (Fig. 2, inset).

Another feature of the data is that, near the range of distances at
which LD drops off, there is often considerable variability in |D’|

letters to nature

values at neighbouring SNPs (for example, around IL17R, SCYA2,
TGFBI and BMPS8 in Fig. 2). Such a wide scatter of LD, even for
markers close to each other, has been noted before', and is due to
the underlying haplotypic structure of LD. SNPs marking sections
of chromosome with short extents of correlation are likely to display
much lower |D’| values than SNPs marking long haplotypes. In
regions of high haplotype diversity, several SNPs may have to be
genotyped to have a good chance of tagging most haplotypes. LD-
based gene mapping may therefore require clusters of closely spaced
SNPs to have maximal power.

Why does LD extend so far? LD around an allele arises because of
selection or population history—a small population size, genetic
drift or population mixture—and decays owing to recombination,
which breaks down ancestral haplotypes”. The extent of LD
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Figure 2 LD profiles for each genomic region. The chosen SNP is usually the core SNP
itself, unless the core SNP could not be readily genotyped or another SNP with more minor
alleles had been identified within 1 kb. In both cases, we substituted the closest high-
frequency SNP. The chosen SNP is compared with every other high-frequency SNP in the
same genomic region. Solid line indicates average ID’I values for each distance for which
SNPs were available; for comparison, the dashed line indicates the consensus LD curve
from Fig. 1. The extent of LD was calculated by performing a least-squares linear
regression to the average ID’I values at each distance from the chosen SNP; more sloped
lines indicate less LD. The regions are ordered according to the extent of LD (most
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extensive LD, top left; least extensive LD, bottom right). Inset (bottom right) shows the rank
of each region in terms of LD extent versus the estimated recombination rate per unit of
physical distance. For each 160-kb region of interest, we looked for the closest pair of
flanking genetic markers from the Marshfield map>* subject to the condition that they
were separated by a non-zero genetic distance on the map. We divided genetic map
distance by the physical map distance on the basis of the available draft genome
sequence™. We analysed the 16 regions for which the genetic and physical map
orderings of markers were locally consistent (one-sided Spearman rank correlation,
P<0.005).
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decreases in proportion to the number of generations since the LD-
generating event. The simplest explanation for the observed long-
range LD is that the population under study experienced an extreme
founder effect or bottleneck: a period when the population was so
small that a few ancestral haplotypes gave rise to most of the
haplotypes that exist today. Our simulations show that a severe
bottleneck (inbreeding coefficient F=0.2) occurring 800—1,600
generations ago (about 27,000-53,000 years ago assuming 25
years per generation) could have generated the LD observed
(Fig. 3). In principle, long-range LD could also be generated by
population mixture'®, but the degree of LD is much greater than
would arise from the mixing of even extremely differentiated
populations. An alternative explanation for the observed long-
range LD is that the recombination rates in the regions studied
might be markedly less than the genome-wide average. This could
happen if recombination occurred primarily in well-separated
hotspots and our regions fell between them (Fig. 3). However,
under this hypothesis, the regions would be expected to show
long-range LD in all populations, and this pattern is not observed
(see below).

Previous
prediction Bottleneck

3,200 gens
0.5 Bottleneck™\

1,600 gens‘BottIeneck
8Q0 gens

Bottleneck

Average |D'|

1kb 5kb 10kb 20kb 40kb 80kb 160 kb Unlinked

o

Previous
prediction

Average |D'|

1kb 5kb 10kb 20kb 40kb 80 kb 160 kb Unlinked

(1]
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0.6 prediction Hotspots

(20 kb)

0.5 \Hotspo s
(40 kb) Hotspots

04 80 kb)
03

1kb 5kb 10kb 20kb 40kb 80kb 160 kb

Distance between markers

Average |D'|

Unlinked

Figure 3 Effect on LD of assumptions about population history and recombination. a, The
effect of a population bottleneck instantaneously reducing the population to a constant
size of 50 individuals for 40 generations (F = 0.4) and occurring 400, 800, 1,600 or
3,200 generations ago. b, The effect of bottleneck intensity (F) for a bottleneck that
occurred 800 generations ago. ¢, The effect of variation in recombination rate, assuming
that all recombination in the genome occurs at hotspots randomly distributed according to
a Poisson process with an average density of one every 20, 40 and 80 kb, and with a
genome-wide average rate of 1.3 centiMorgans per megabase per generation®. Results
are compared to a no-hotspot model for the same historical hypothesis. (‘Data’ refers to
the mean ID'l values at each physical distance separation, obtained from Fig. 1a).
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To confirm our findings of long-range LD and to investigate the
reasons for its occurrence, we next examined a representative subset
of SNPs in two additional samples. We first studied another north-
European sample (48 southern Swedes) and found LD in a nearly
identical pattern to that observed in Utah, both in terms of the
overall magnitude of LD and the particular alleles that were
associated (indicated by the sign of D') (Fig. 4). The similarity in
LD patterns may be due to the same historical event, which occurred
deep in European prehistory before the separation of the ancestors
of these two groups. This suggests that the long-range LD pattern is
general in northern Europeans™".

We next studied 96 Yorubans (from Nigeria), believed to share
common ancestry with northern Europeans about 100,000 years
ago'™. At short distances, the Nigerian and European-derived
populations typically show the same allelic combinations (Fig. 4):
D’ has the same sign and a similar magnitude, indicating a common
LD-generating event tracing far back in human history. However,
the half-length of LD seems to extend less than 5kb (Fig. 4) in the
Yorubans. Markedly shorter range LD in sub-Saharan Africa has
also been observed in several studies of single regions'** (although
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Figure 4 LD curve for Swedish and Yoruban samples. To minimize ascertainment bias,
data are only shown for marker comparisons involving the core SNP. Alleles are paired
such that D’ > 0 in the Utah population. D’ > 0 in the other populations indicates the
same direction of allelic association and D" << 0 indicates the opposite association. a, In
Sweden, average D' is nearly identical to the average ID’I values up to 40-kb distances,
and the overall curve has a similar shape to that of the Utah population (thin line in a
and b). b, LD extends less far in the Yoruban sample, with most of the long-range LD
coming from a single region, HCF2. Even at 5kb, the average values of ID’l and D’
diverge substantially. To make the comparisons between populations appropriate, the
Utah LD curves are calculated solely on the basis of SNPs that had been successfully
genotyped and met the minimum frequency criterion in both populations (Swedish and
Yoruban).
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two other studies did not show a clear trend®"*). Our results
indicate that the pattern of shorter LD in sub-Saharan African
populations may be general.

Notably, LD in the Nigerians is largely a subset of what is
seen in the northern Europeans. The Yoruban haplotypes are
generally contained within the longer Utah haplotypes, and there
is little Yoruban-specific LD (85% of observations of substantial LD
(ID’| > 0.5) in Yorubans are also substantial and of the same sign in
Utah). The vast difference in the extent of LD between populations
points to differences owing to population history, probably a
bottleneck or founder effect that occurred among the ancestors of
north Europeans after the divergence from the ancestors of the
Nigerians. The short extent of LD in Nigerians is more consistent
with the predictions of a computer simulation study assuming a
simple model of population expansion’.

Could the apparent differences in the extent of LD among
populations be due to ‘ascertainment bias’ in the identification of
the SNPs? The core SNPs are probably not subject to bias because
they were identified in a multi-ethnic population. The neighbouring
SNPs were identified in the Utah population and subsequently
studied in the other populations, and thus they may be susceptible
to ascertainment bias. However, we selected only SNPs with high
frequency in Utah and most of these satisfied the high-frequency
criterion for use in the other populations (87% in Sweden and 71%
in Nigeria). Thus, the inferences about LD are not likely to be much
different from what would have been obtained had we used SNPs
ascertained in the Yoruban sample. Moreover, the cross-population
comparisons (Fig. 4) minimize ascertainment bias because they
involve only the core SNP, and because they calculate LD in each
population using only the SNPs present in both.

What was the nature of the population event that created the
long-range LD? The event could be specific to northern Europe,
which was substantially depopulated during the Last Glacial Max-
imum (30,000—15,000 years ago), and subsequently recolonized by
a small number of founders™*. Alternatively, the long-range LD
could be due to a severe bottleneck that occurred during the
founding of Europe or during the dispersal of anatomically
modern humans from Africa'®***>* (the proposed ‘Out of Africa’
event) as recently as 50,000 years ago. Under the first hypothesis, the
strong LD at distances = 40 kb would be absent in populations not
descended from northern Europeans. Under the second hypothesis,
the same pattern of long-range LD could be observed in a variety of
non-African populations. Regardless of the timing and context of
the bottleneck, the severity of the event (in terms of inbreeding) can
be assessed from our data. To have a strong effect on LD, a
substantial proportion of the modern population would have to
be derived from a population that had experienced an event leading
to an inbreeding coefficient of at least F = 0.2 (Fig. 3). This
corresponds to an effective population size (typically less than the
true population size') of 50 individuals for 20 generations; 1,000
individuals for 400 generations; or any other combination with the
same ratio.

Our results have implications for disease gene mapping, suggest-
ing a possible two-tiered strategy for using LD. The presence of large
blocks of LD in northern European populations suggests that
genome-wide LD mapping is likely to be possible with existing
SNP resources'. Although the large blocks should make initial
localization easier, they may also limit the resolution of mapping
to blocks of DNA in the range of 100 kb”. Populations with much
smaller blocks of LD (for example, Yorubans) may allow fine-
structure mapping to identify the specific nucleotide substitution
responsible for a phenotype'. Our study also has implications for
LD as a tool to study population history"~**. Simultaneous assess-
ment of LD at multiple regions of the genome provides an approach
for studying history with potentially greater sensitivity to certain
aspects of history than traditional methods based on properties of a
single locus.
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Methods

Core SNPs were identified by screening more than 3,000 genes in a multi-ethnic panel
of 15 European Americans, 10 African Americans, and 7 East Asians (see ref. 28 for
details; a full description of this database will be presented elsewhere). DNA used for
sequencing was obtained from the Coriell Cell Repositories. Identification numbers for
these Utah samples from the CEPH mapping panel were NA12344, 06995, 06997,
07013, 12335, 06990, 10848, 07038, 06987, 10846, 10847, 07029, 07019, 07048, 06991,
10851, 07349, 07348, 10857, 10852, 10858, 10859, 10854, 10856, 10855, 12386, 12456,
10860, 10861, 10863, 10830, 10831, 10835, 10834, 10837, 10836, 10838, 10839, 10841,
10840, 10842, 10843, 10845 and 10844. We did follow-up genotyping in 48 Swedes
(healthy individuals from a case/control study of adult-onset diabetes) and in 96
Yoruban males from Nigeria (healthy individuals from a case/control study of
hypertension).

SNPs were discovered by DNA sequencing® in the 44 individuals from Utah; we
sequenced about 2 kb centred at each distance from the core SNP = 5 kb, with about 1kb
sequenced around the core SNP itself. When no polymorphism of sufficiently high
frequency was found, a nearby subregion of about two further kilobases was resequenced;
this occurred in only 18% of the cases. Polymorphisms were identified and genotypes were
scored automatically using Polyphred® and checked manually by at least two different
scorers. SNPs in Hardy—Weinberg disequilibrium or showing evidence of breakdown of
LD over short physical distances (< 2.5kb) were triple-checked. Of the 275 high-
frequency SNPs (that is, SNPs with at least 15 observed copies of the minor allele), three
were discarded because of a Hardy—Weinberg P value of < 0.02; one of the SNPs used in
the analysis had a nominally significant P value (P < 0.05). To assess the accuracy of
scoring, we rescored 26 randomly chosen high-frequency SNPs; only seven discrepancies
were found among 1,144 genotypes. For cases in which follow-up genotyping was done,
the discrepancy rate was 47 out of 1,484 (3%) between genotypes obtained by both
methods.

Genotyping of SNPs was performed by single-base extension followed by mass
spectroscopy (Sequenom)™, fluorescence polarization (LJL Biosystems)®' or detection on
a sequencing gel (Applied Biosystems)™. For the ten regions selected for follow-up
genotyping (Table 1), we chose at most one ‘representative’ SNP at each distance from the
core SNP (each column in Table 1) according to the criterion that it had the highest
number of minor alleles of all SNPs at that distance from the core SNP. For other
populations, only those SNPs that, when genotyped, had a minimum number of minor
alleles were included in studies of LD. For Yorubans, the cutoff was 25 alleles (76% of
SNPs met the criterion); for Swedes, the cutoff was 15 alleles (89%). The fact that most
of the SNPs we studied in Utah are also present in high frequency in these other
populations indicates that the assessment of LD is not likely to be subject to large
ascertainment bias.

Heterozygosity'® () was calculated as the average of 2jk/n(n—1) for all base pairs
screened, with j and k equal to the number of copies of the minor and major alleles,
respectively (n = j+ k). A base was considered screened if it had Phred quality scores” of
=15 in = 10 individuals. D’ values between markers with alleles A/a and B/b (allele
frequencies, ¢, ¢, ¢ and ¢,; haplotype frequencies, ¢, 4y, ¢,5 and c,;,) were obtained
by dividing c4p— cacp by its maximum possible value: min(c,c,, ¢,c;) if D> 0 and
min(c,cy, ¢,c,) otherwise. An implementation of the expectation maximization algorithm
was used to infer haplotype frequencies for pairs of SNPs both for actual and simulated
data®. A likelihood ratio test was used to assess significance of associations between pairs
of SNPs".

Computer simulations were based on a model related to that in ref. 2, assuming a
population that was constant at an effective size of 10,000 individuals until 5,000
generations ago, when it expanded instantaneously to a size of 100,000,000 (an arbitrary
value). This model captures many of the features of more complicated growth, as the effect
of population growth on LD is not dependent on the precise details of population growth
or the final population size when the growth is moderately fast’. Bottlenecks were
modelled as described, with the population crashing to a constant size for a fixed number
of generations before re-expanding. (The effect of a bottleneck on LD depends primarily
on the F-value, the inbreeding coefficient, which is defined as the probability that two
alleles randomly picked from the population after the bottleneck derive from the same
ancestral allele just before the bottleneck.) Coalescent simulations were used to generate
gene genealogies under these models for markers separated by a specified recombination
distance (see ref. 13 for a more detailed description of the theory behind these
simulations). Simulations were run 2,000 times with sample-size distributions mimicking
our data. SNPs were generated by distributing mutations on the simulated gene
genealogies at a mutation rate of 6 X 107 per generation, under an ‘infinite alleles’
mutation model. The mutation rate was chosen such that the probability of high frequency
SNPs in a 2-kb stretch of DNA sequenced in 44 samples (for the model of a simple
expansion 5,000 generations ago) was similar to what we observed (about 70%). We also
tested mutation rates ten times higher and found that inferences about LD were essentially
unchanged.

An extreme hypothesis of population mixture and its effect on LD were assessed in a
simulated, mixed population of European Americans and sub-Saharan Africans. For the
first simulated mixture, we constructed a mixture of 22 Yorubans and 22 samples from
Utah, and used data from the ten core SNPs genotyped in both populations. For the
second simulation, we used 26 SNPs from a previous study’ that had been found to have a
minor allele frequency of at least 15% in either African Americans or European Americans;
we chose at most one SNP per gene, picking the first listed SNP (in Table A1 of ref. 7) that
met our minimum frequency criterion. We found much stronger LD even at 40 kb (56%
with |D’| >0.5) (Fig. 1) in our actual data than in the simulated, admixed populations.
For the 45 possible pairwise comparisons of the ten core SNPs in the simulated mix of
Yoruban and Utah samples, no values of [D'| > 0.5 were observed. For the 325 possible
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pairwise comparisons from the second study, only 11% showed |[D’| > 0.5. This suggests
that admixture probably did not generate the strong signal of LD at long physical distances
seen in Utah.
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The Ph1 locus is needed to ensure
specific somatic and meiotic
centromere association

Enrique Martinez-Perez, Peter Shaw & Graham Moore

John Innes Centre, Norwich Research Park, Colney, Norwich, NR4 7UH, UK

The correct pairing and segregation of chromosomes during
meiosis is essential for genetic stability and subsequent fertility.
This is more difficult to achieve in polyploid species, such as
wheat, because they possess more than one diploid set of similar
chromosomes. In wheat, the PhI locus ensures correct homologue
pairing and recombination'. Although clustering of telomeres
into a bouquet early in meiosis has been suggested to facilitate
homologue pairing®’, centromeres associate in pairs in polyploid
cereals early during floral development*. We can now extend this
observation to root development. Here we show that the Ph1I locus
acts both meiotically and somatically by reducing non-homolo-
gous centromere associations. This has the effect of promoting
true homologous association when centromeres are induced to
associate. In fact, non-homologously associated centromeres
separate at the beginning of meiosis in the presence, but not the
absence, of Phl. This permits the correction of homologue
association during the telomere-bouquet stage in meiosis. We
conclude that the Ph1I locus is not responsible for the induction of
centromere association, but rather for its specificity.

We previously showed that centromeres associate in pairs before
meiosis in polyploid cereals, but not until the beginning of meiosis
in their diploid progenitors*. Using fluorescence in situ hybridiza-
tion on intact root sections, we now report that centromeres also
associate in pairs in developing xylem vessel cells of bread wheat
(AABBDD, 2n = 6x = 42) but not in those of its diploid progenitors
(Fig. 1b, e, and Table 1). Moreover, we show that during this
developmental process the chromosomes endoreplicate, becoming
polytene. This is indicated by the substantial increase in size of the
interphase chromosomes (and nucleus), as compared with the
surrounding tissues (Fig. la, d, f, g).

The level of centromere association in xylem vessel cells of wheat
is unaffected by the presence of Phl, as in floral development’
(Fig. le, h). Thus, neither endoreplication nor the PhlI locus can
induce centromere association. Although centromeres associate in
the xylem vessel cells in the presence and absence of Ph1, they are not
associated in other root tissues (Fig. 1c). Polyploidy is therefore
necessary but not sufficient to induce centromere association—a
specific developmental context is also required, as in meiosis, floral
development or xylem vessel development.

We have assessed homologue association in these vessel cells by
labelling specific pairs of rye chromosomes in wheat—rye addition
lines. These rye homologues associate at a high level through their
centromeres during vessel development in the presence of Phl (25/25

Table 1 Statistics of the number of centromeres

Ph1+ Ph1- t-test
Wheat-rye Premeiosis 19.5(2.7) 16.3 (2.9 P < 0.001
Telomere 23.5(1.5) 13.7 (2.1) P < 0.001
bouquet
Xylem vessel 20(1.7) 16.3(1.8) P < 0.001
Non-polytene root 24.9(1.2) 25.2(1.3) P=0.6
Wheat Xylem vessel 21.7 (2.1) 21.5(1.8) P =0.798
T. monococcum Xylem vessel 12.56 (0.8)

The s.d. is given in parentheses. Student’s t-test was used to test the null hypothesis that the two
means in the presence and absence of Ph1 are the same. The null hypothesis can be discounted in
all comparisons except the wheat xylem and the wheat—rye non-polytene root. All centromere sites
were counted on the original three-dimensional confocal stacks.
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