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Pronounced inter- and intrachromosomal
variation in linkage disequilibrium across

the zebra finch genome

Jessica Stapley,' Tim R. Birkhead, Terry Burke, and Jon Slate
Department of Animal and Plant Sciences, University of Sheffield, Western Bank, Sheffield S10 2TN, United Kingdom

The extent of nonrandom association of alleles at two or more loci, termed linkage disequilibrium (LD), can reveal much
about population demography, selection, and recombination rate, and is a key consideration when designing association
mapping studies. Here, we describe a genome-wide analysis of LD in the zebra finch (Taeniopygia guttata) using 838 single
nucleotide polymorphisms and present LD maps for all assembled chromosomes. We found that LD declined with physical
distance approximately five times faster on the microchromosomes compared to macrochromosomes. The distribution
of LD across individual macrochromosomes also varied in a distinct pattern. In the center of the macrochromosomes
there were large blocks of markers, sometimes spanning tens of mega bases, in strong LD whereas on the ends of macro-
chromosomes LD declined more rapidly. Regions of high LD were not simply the result of suppressed recombination
around the centromere and this pattern has not been observed previously in other taxa. We also found evidence that this
pattern of LD has remained stable across many generations. The variability in LD between and within chromosomes has
important implications for genome wide association studies in birds and for our understanding of the distribution of
recombination events and the processes that govern them.

[Supplemental material is available online at http:// www.genome.org.]

Linkage disequilibrium (LD), which refers to the nonrandom asso-
ciation of alleles at two or more loci, plays an important role in
evolutionary biology and gene mapping (Coop et al. 2008; Slatkin
2008). LD can reveal much about population demography and, be-
cause the extent of LD is approximately inversely proportional to
the recombination rate, LD can also uncover variability in recom-
bination rates across genomes and chromosomes (Hedrick 1988;
Miyashita and Langley 1988; Daly et al. 2001; Jeffreys et al. 2001;
Gabriel et al. 2002; Arnheim et al. 2007). Importantly, LD determines
the power and precision of association mapping studies, directly
influencing our ability to localize genes and/or loci responsible for
traits and diseases (Kruglyak 1999; Weiss and Clark 2002).

Studies of LD are dependent on the availability of genomic
resources, and across vertebrates comprehensive genome-wide stud-
ies have been restricted to model species, in particular mammals.
Studies in other organisms, however, are likely to reveal extensive
variation in patterns of LD not seen in humans (Slatkin 2008), and
organisms with different genomic architecture to mammals may
provide novel insight into patterns of LD and genome evolution.
Birds are interesting in this respect as most bird genomes are com-
posed of many small (micro) chromosomes and relatively few large
(macro) chromosomes. Linkage mapping studies have shown that
microchromosomes have a higher recombination rate than their
larger counterparts (International Chicken Genome Sequencing
Consortium 2004; Stapley et al. 2008). Increased recombination rate
is expected to reduce the amount of background LD; however, to
date there has been no comprehensive analysis of how LD varies
with chromosome length and across macrochromosomes and mi-
crochromosomes. With respect to LD in birds, the chicken Gallus
gallus has received the most attention; studies have quantified LD in
several breeds of domestic chicken but have only focused on rela-
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tively few chromosomes (Heifetz et al. 2005; Aerts et al. 2007;
Andreescu et al. 2007; Wahlberg et al. 2007; Rao et al. 2008; Abasht
et al. 2009). In chickens, LD extends very short distances, which re-
flects the high recombination rate and relatively large effective
population size of domestic fowl relative to other livestock species.
Passerines, which make up around half of all birds species, and di-
verged from chickens at least 80 million yr ago, are beginning to re-
ceive attention; however, all studies to date have either investigated
single chromosomes (Backstrom et al. 2006), a few genomic regions
(Balakrishnan and Edwards 2008), or have low marker coverage (Li
and Merila 2009).

The zebra finch, the second bird to have its genome sequenced,
can provide a useful target for a comprehensive LD study. In addition
to having the two types of chromosomes (macro- and microchro-
mosomes) characteristic of most birds, the zebra finch genome ex-
hibits an unusual pattern of crossing over. Cytogenetic studies have
revealed that the location of meiotic crossover events on the mac-
rochromosomes is highly nonrandom, mostly occurring at the ends
of the macrochromosomes (Pigozzi and Solari 2005; Calder6n and
Pigozzi 2006). This suggests there is a large recombination desert on
all macrochromosomes, corresponding with the center of the meta-
centric chromosomes and the center of the long arm of the acro-
centric chromosomes (Calderén and Pigozzi 2006). The suppressed
recombination in the middle of the chromosomes is not necessarily
related to the position of the centromere, nor to the presence of
heterochromatin (Calder6n and Pigozzi 2006), which is thought to
suppress recombination. It is unknown how stable this pattern of
recombination is or if this is characteristic of other zebra finch pop-
ulations. If it is a persistent phenomenon of zebra finch chromo-
somes, it is likely to affect the extent of LD across macrochromo-
somes and generate extensive heterogeneity across and between
chromosomes. Interestingly, this pattern has not been reported in
chickens (Calder6n and Pigozzi 2006; Groenen et al. 2009).

Patterns of LD may also co-vary with other sequence features
that are correlated with recombination rate, such as heterozygosity,
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GC content, and the number of genes. Recombination rate is
expected to increase heterozygosity (Begun and Aquadro 1992;
Nachman 2001), although this pattern may be obscured by the ac-
tion of other forces such as selection and biased gene conversion
(Maynard Smith and Haigh 1974; Ohta 1999). Recombination rate is
also positively related to GC content and other sequence features
known to co-vary with GC content, e.g., gene density, intron length,
CpG motifs (Kong et al. 2002; Meunier and Duret 2004; Groenen
et al. 2009). It is unknown how LD and these sequence features will
co-vary in the presence of highly nonrandom recombination.

The aim of this study was to construct genome-wide LD maps
of the zebra finch in order to examine (1) whether LD extended
further on macro- than microchromosomes, as predicted by pre-
viously described differences in recombination rate; (2) whether
LD varied across macrochromosomes, corresponding to the biased
location of crossing-over events on chromosome spreads; and (3)
whether patterns of LD co-vary with heterozygosity, GC content,
and the number of genes; and (4) to assess the stability of patterns
in LD, by examining whether contemporary genome-wide varia-
tion in recombination rates, as detected by linkage mapping, is
consistent with historical recombination rate variation, as inferred
from LD maps.

Results

Across all chromosomes pairwise LD (%) declined as a function of
distance between markers (Supplemental Fig. S4). There was less
variation in r* when plotted against genetic distance (cM) than
when it was plotted against physical distance (Supplemental Fig.
S4). This reflects the fact that, although LD declines with re-
combination distance (genetic distance cM), recombination dis-
tance is not necessarily equivalent to physical distance.

Interchromosomal variation in LD

Comparisons of macro- and microchromosomes indicate that
r* extends further on the macrochromosomes (Supplemental Fig.
S4). The longer-range LD on the macrochromosomes is clearly
visible when the mean * for 1-megabase (Mb) bins is plotted (Fig.
1). The extent of useful LD (defined as 7* > 0.3) =+ standard error for
the whole genome was 0.43 * 0.13 Mb (0.40 * 0.04 cM); for the
microchromosomes useful LD extended 0.09 = 0.07 Mb (0.03 +
0.04 cM), and for the macrochromosomes it extended 0.46 += 0.11
Mb (0.37 = 0.04 cM).

Mean r-squared
0.10
|
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|
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|
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Physical distance (Mb)

Figure 1. Mean r?for distance bins of 1 Mb for macrochromosomes and
microchromosomes plotted against physical distance (Mb).

Fitting Malécot’s equation to each individual chromosome
reveals considerable variation in parameter estimates between
chromosomes (Table 1), suggesting that the relationship between
LD and physical distance varies between chromosomes. The mean
length of 1 LD unit (LDU) (swept radius) across all chromosomes
was 15.10 Mb (median = 4.16 Mb; range, 0.163-108.37 Mb). The
total length of the LD map was 150.69 LDU. There was a positive
relationship between the length of 1 LDU and chromosome length
(F1,25) = 77.96, P < 0.001; Fig. 2), demonstrating that LD declines
faster on the microchromosomes than on the macrochromosomes.
Concurrently, there was a negative relationship between 1 LDU and
recombination rate (c(M/Mb) (F( 2s) = 46.72, P < 0.001; Fig. 2).

Intrachromosomal variation in LD

On macrochromosomes, 1 LDU covers a physically shorter region at
the chromosome ends than in central regions (Fig. 3; Supplemental
Figs. $5.1-S5.4), indicative of higher recombination rates at the ends
and deserts of low recombination in the middle of the macro-
chromosomes (regardless of whether they are metacentric or acro-
centric). Therefore, there are many markers in the center of the
macrochromosome that are separated by large physical distances
(1-10 Mb) but are in strong LD (Fig. 3; Supplemental Figs. S5.1-
$5.4). This pattern was much weaker for microchromosomes, where
recombination events appear to be more evenly distributed. As
a result there was a positive relationship between LDU distance and
standardized distance from the center of the macrochromosomes,
but no such relationship on microchromosomes (macro: x?; =
39.18, P < 0.001; micro: x*; = 0.46, P = 0.49; Fig. 4).

Plots of LD map distances and linkage map distances as a
function of physical map also show that regions with historically
high recombination rates also have high contemporary recombi-
nation rates (Fig. 3; Supplemental Figs. $5.1-85.4). On all macro-
chromosomes positive relationships were found between LDU and
cM positions, even after accounting for physical map position
(Table 1).

Covariance between LD and sequence features

On macro- and microchromosomes the LDU per Mb was positively
correlated with the number of genes and GC content, but not mean
heterozygosity per Mb (genes: Kendall’s tau = 0.21, P < 0.001; GC
content: tau = 0.32, P < 0.001; heterozygosity: tau = —0.04, P = 0.06;
Supplemental Fig. S6). This covariation along the chromosome is
evident in plots of LDU, heterozygosity, GC content, and number of
genes (per Mb) along the chromosomes (Fig. 5; all chromosomes,
Supplemental Figs. S7.1-87.2). Sequence features varied between
macro- and microchromosomes; on microchromosomes the GC
content and the number of genes per Mb was higher (mean [+SE]
GC content: macro=41.74 (=0.14), micro=47.84 (£0.36), F(1,301) =
315.84, P < 0.001; number of genes: macro=11.25 (£0.53), micro =
22.67 (£0.99), F1,301y = 226.99, P < 0.001), but mean heterozygosity
per Mb was slightly lower (macro = 0.36 (£0.01), micro = 0.32
(£0.32), F1,301) = 8.21, P = 0.004).

Discussion

Here, we presented the most comprehensive genome-wide analysis
of linkage disequilibrium and LD maps for a bird. LD between
markers decays with distance, and our estimates of the extent of LD
based on r* = 0.3 were comparable to estimates in chickens (0.01-
0.82 Mb, Aerts et al. 2007) and greater than those obtained for

Genome Research 497
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 25, 2026 . Published by Cold Spring Harbor Laboratory Press

Stapley et al.

Table 1. Summary table of results for each chromosome

Size Length Marker distance Marker distance Recombination  No. of 1LDU Malécot Malécot Slope
Tgu category  (Mb) to start (Mb) to end (Mb) rate (c(M/Mb)  markers length (Mb) L2 estimate®
Tgul Macro 119.00 213 9.23 0.69 72 28.69 0.08 0.85 5.95%*
Tgula  Macro 74.88 0.68 2.12 0.88 71 108.37 0.08 0.66 24.31**
Tgu2 Macro 156.33 2.23 9.86 0.26 81 68.02 0.08 0.80 26.14**
Tgu3 Macro 114.49 0.33 3.38 0.65 67 32.91 0.08 0.71 31.63**
Tgu4 Macro 70.94 1.35 1.63 0.47 44 10.05 0.08 0.71 11.05**
Tgud4a  Micro 21.05 4.37 1.15 2.67 29 4.38 0.08 0.75 15.85**
Tgu5 Macro 63.41 0.56 2.83 1.24 80 31.28 0.08 0.69 22.73**
Tgué Macro 36.91 1.72 3.65 1.35 46 24.72 0.08 0.73 9.46**
Tgu7 Macro 40.51 0.81 7.28 0.86 31 16.70 0.08 0.82 13.88**
Tgu8 Macro 28.46 3.05 0.55 1.97 35 21.15 0.07 0.87 17.09**
Tgu9 Macro 27.70 0.68 0.79 2.34 22 4.16 0.08 0.80 13.49**
Tgul0  Micro 21.15 1.08 0.57 3.07 18 11.18 0.07 0.56 3.58*
Tgull Micro 21.76 0.02 2.27 2.03 19 12.85 0.07 0.82 20.46**
Tgu12 Micro 21.94 1.59 5.43 3.58 22 2.86 0.08 0.72 —0.41
Tgul3  Micro 17.25 2.38 0.30 0.63 24 12.30 0.08 0.47 —0.84
Tgul4  Micro 16.69 7.56 0.30 3.46 1 3.63 0.08 0.72 5.06**
Tgul5 Micro 14.67 0.41 2.77 3.06 33 1.67 0.08 0.63 1.83
Tgul6 Micro 0.01 NA NA NA NA NA NA NA NA
Tgul7  Micro 11.84 5.32 1.03 4.79 14 1.94 0.08 0.88 1.90
Tgu18 Micro 11.39 1.85 0.92 4.86 10 1.49 0.09 0.52 —2.08
Tgu19 Micro 11.78 0.77 0.75 5.64 21 1.52 0.08 0.50 1.67
Tgu20  Micro 15.91 0.93 2.52 2.89 16 3.52 0.09 0.84 —-0.39
Tgu21 Micro 6.08 0.64 1.1 6.89 7 0.81 0.08 0.92 NA
Tgu22 Micro 3.43 0.60 2.83 NA NA NA NA NA NA
Tgu23 Micro 6.30 2.16 0.75 11.53 11 0.31 0.08 1.00 6.86**
Tgu24  Micro 8.16 2.62 0.72 8.49 6 1.02 0.10 0.86 NA
Tgu25  Micro 1.30 0.39 0.06 69.02 8 0.16 0.09 0.93 NA
Tgu26 Micro 4.99 0.78 0.25 4.50 9 0.39 0.07 0.91 NA
Tgu27  Micro 4.70 2.10 0.27 2.27 6 1.63 0.08 0.79 NA
Tgu28  Micro 5.05 1.51 0.48 2.72 7 NA 0.09 0.97 NA
LGE22 Micro 0.90 0.57 0.21 63.31 4 NA NA NA NA
Tguz Macro 74.08 1.21 3.12 0.47 14 NA 0.15 1.00 9.54**

The length of the chromosome, the number of markers, the recombination rate (cM/Mb), the length of 1 LDU, the Malécot model parameter estimates
(L, M), and the slope estimate and significance of the relationship between LDU and cM position (see text for details). NA, Not available.

®Background LD.
Proportion monophyletic.

Slope of relationship between LDU and genetic distance (linear model LDU ~ physical distance (kb) + genetic distance [cM]) . **P-value < 0.001;

*P-value < 0.05.

humans (0.01 Mb, Khatkar et al. 2008). We found that LD declined
much faster with physical distance on microchromosomes than
macrochromosomes (Fig. 1), which reflects the greater recombi-
nation rate of these chromosomes. The most striking finding of
this study was the unusual pattern of LD on the macrochromo-
somes, with LD extending much further at the center of the mac-
rochromosomes compared to the ends
(Fig. 3; Supplemental Figs. $5.1-55.4). The
pattern of LD is relatively stable, as it was
evident on both the LD maps constructed
using information about historical recom-
bination events and the linkage maps,
which were constructed from present day
recombination.

This notable intrachromosomal vari-
ation in LD was not evident on the mi-
crochromosomes and differs dramatically
from patterns in other species. In other

130 1.35 1.40

Transformed 1 LDU
1.25

1.20

S5.4). Suppression of recombination immediately around the cen-
tromere and the telomeres is common in many organisms; however,
suppression is usually localized to a very small region of the chro-
mosome (e.g., Sherman and Stack 1995; de Massy 2003; Groenen
et al. 2009). We observed suppression of recombination extending
tens of megabases, and this is not simply an extended suppression of

1.30 1.35 1.40

1.25

1.20

taxa, where comparable data are available
(De La Vega et al. 2005) the relationship
between physical distance and LDU is
more linear. In contrast, in the zebra finch
the relationship is more akin to a Logit re-
lationship (Fig. 3; Supplemental Figs. S5.1-

Log recombination rate

T T T T
10 15 20 25

Transformed chromosome length

Figure 2. The extent of useful LD was negatively related to chromosome length and positively related
to recombination rate. Observed and fitted relationship between the swept radius and recombination
rate (left) and chromosome length (right).
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Figure 3. LD maps (LDU) and genetic maps (cM) plotted against physical distance along four  pare. Variability in the distribution of re-

macrochromosomes (Tgul, Tgu2, Tgu4, and Tgu5) and four microchromosomes (Tgu15, Tgul7,
Tgu19, and Tgu20). (Solid circles and black lines) LD map; (open gray squares and gray lines) genetic
map. This figure demonstrates large regions of extended LD on the macrochromosomes, corre-
sponding to low recombination in the center and high recombination at the ends. In contrast, this
pattern is not consistently evident on the microchromosomes, where the relationship between LD and
physical distance is mostly linear. See Supplemental Figs. $5.1-S5.4 for all chromosomes.

recombination around the centromere, because in some cases (i.e.,
acrocentric chromosomes Tgu4, and TguS) the area of extended LD
does not involve the centromere.

We also found that LD covaries with GC content and number
of genes per Mb, but not heterozygosity (Fig. 5; Supplemental Figs.
S6, S7.1-S7.2). These results are consistent with the results of
previous studies that have found a positive relationship between
GC content and recombination (Myers et al. 2005; Groenen et al.
2009) and, because GC content is also positively correlated with
gene density (e.g., Kong et al. 2002), it is not surprising to see a
positive relationship between gene density and LDU. With respect
to differences between micro- and macrochromosomes, our results
demonstrate higher GC content and higher gene density on the
microchromosomes, which is consistent with results from chicken
(International Chicken Genome Sequencing Consortium 2004).
We detected slightly lower heterozygosity on the microchromo-
somes, which is somewhat unexpected because they had a higher
recombination rate, and previous studies have found positive cor-
relations between the number of polymorphisms and recombi-

combination events across a chromosome,
within a genome (between macro and
micros) and between different bird spe-
cies, will have important implications for
our understanding of processes governing
recombination events, as well as practical
consequences for genetic mapping. What maintains this distribu-
tion of recombination and how it influences our understanding of
various genetic processes such as hitchhiking, co-adapted gene
complexes, and genetic correlations warrants further study.

Accuracy of LD estimates and implications for genetic mapping

The amount of LD that is useful for mapping studies is often referred
to as the amount of “useful LD” in a region or across the genome
(Kruglyak 1999; Pritchard and Przeworski 2001). The estimate of
useful LD obtained from this study was 0.4 Mb (microchromo-
somes: 0.1 Mb; macrochromosomes: 0.4 Mb). Estimates of useful LD
based on r? can be sensitive to marker density. The slope of the re-
lationship between LD and distance gets shallower with increasing
distance, but if there are few pairs of markers close together on the
steepest part of the slope, the rate at which LD declines may be
underestimated. Therefore, we do not attempt to extrapolate and
estimate exactly how many SNPs will be required for future genome-
wide association scans (GWAS) because estimates based on greater
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Figure 4. Observed (filled circles) and fitted (lines) relationship of LD distance between adjacent
markers and standardized distance from the center of the chromosome (Mb). Recombination is lo-
calized on the ends of the macrochromosomes, whereas it is more uniformly distributed on the

microchromosomes.

than 900 SNPs may not be robust. However, it is clear that higher
marker densities will be required on microchromosomes and it is
possible that a SNP chip with a few thousand markers will be in-
formative for most GWAS, especially for QTL located at the center of
macrochromosomes. Despite any possible inaccuracies in estimates
of useful LD based on 7 caused by a modest marker density, the
broad patterns reported here (intra- and interchromosomal varia-
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In summary, a genome-wide analy-
sis of LD revealed close agreement be-
tween contemporary and historical pat-
terns of recombination rate across the
genome. However, the most striking fea-
ture of this analysis is how the relation-
ship between LD and physical distance
differs, both between the macro- and mi-
crochromosomes, and within individual macrochromosomes.
The localized pattern of recombination rate along the macrochro-
mosomes creates large blocks of markers in very close LD, a pattern
absent from the microchromosomes. The distribution of LD has
important implications for future GWAS mapping studies, and also
for our understanding of the mechanisms governing recombi-
nation.

Methods

The individuals used in this study are

a subpopulation of a larger captive pop-

ulation maintained at the University of
n Sheffield since 1985 (by TRB) and have
) been described elsewhere (Stapley et al.
2008). The pedigree contains 60 grand-
parents, 43 parents, and 251 offspring.

Tgu3
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SNPs and genotyping

A detailed description of SNP discovery

I | and genotyping is provided elsewhere
(Stapley et al. 2008) and briefly described
in the Supplemental material. Analysis
was restricted to markers with minor allele
frequencies (MAF) of >0.05 (838 markers)
and individuals that were genotyped at
=75% of loci (all 354 individuals).

Calculation of linkage disequilibrium

Estimating linkage disequilibrium metrics
is easiest and most accurate when haplo-
type phase is inferred using statistical pro-
cedures (Weir 1979; Stephens et al. 2001;
Slatkin 2008). Pedigree-based phasing is
usually more accurate than approaches
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Figure 5. The total number of linkage disequilibrium units (LDU), GC content, number of genes, and
heterozygosity per megabase (Mb) for two macrochromosomes (Tgu2, Tgu3) and two micro-
chromosomes (Tgu12, Tgu13). See Supplemental Figs. S7.1-S7.3 for all chromosomes.

Physiclal Position (Mb)

‘ 4 based on population data (Bonizzoni et al.
2003; Li and Jiang 2005) and we employed
Markov chain Monte Carlo and associated
algorithms implemented in SimWalk v2.91
(Sobel and Lange 1996) to infer haplo-
type phase for the autosomes. SimWalk for
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biallelic markers (simwalk2snp) was run once for each chromosome.
Prior to running SimWalk the pedigree was split into 14 subfamilies
using the command CRIGEN, which is implemented in a version
of CriMap (Green et al. 1990) modified by Xueu Liu (Monsanto).
Splitting the pedigree in this way was necessary for SimWalk to
efficiently infer haplotypes from our relatively complex pedigree.

The phased haplotypes of founders only were then imported
into GOLD (Abecasis and Cookson 2000) and LD statistics were
calculated. Haplotype phase on the Z chromosome was known for
all females (heterogametic sex), so LD statistics for the Z chromo-
some were calculated directly for founder females using GOLD. A
discussion of the methodology and a comparison of LD statistics
and LD maps for phased and unphased haplotypes are provided in
the Supplemental material.

Modeling linkage disequilibrium

To model the decline in LD, we used the pairwise estimate ?
(Pritchard and Przeworski 2001; Ardlie et al. 2002; Weiss and Clark
2002). The decline of LD was modeled using Sved’s equation,

E(r*)=[1/(1+4Bd)]+1/n,

where B is the decline in LD with distance d (Sved 1971) and 1/n
accounts for small sample sizes (Hill 1981). The extent of useful LD
for mapping can be defined as r* = 0.3 (Ardlie et al. 2002). In this
study we use mean > for nonoverlapping 1-Mb bins to fit Sved’s
equation. In addition LD was modeled using the Malécot’s equa-
tion (Malécot 1948),

p=(1—L)Me™™ + L,

where ¢ is the rate of exponential decline in allelic association (p)
with distance d (kb), the asymptote L is the background level of
association between unlinked loci, and M is the proportion of the
youngest haplotype that is monophyletic (M ~ 1 is consistent with
a monophyletic origin and relatively short history, M < 1 suggests
polyphyletic origin of haplotypes in founders). The metric p has
a strong theoretical foundation and ¢ has been shown to be rela-
tively insensitive to allele frequencies, less confounded by sample
sizes than other metrics and relatively insensitive to low marker
density (Morton et al. 2001; Maniatis et al. 2002; Shete 2003;
Collins et al. 2004; Ke et al. 2004). The “swept radius” describes the
extent of LD and is given by 1/e. The swept radius is therefore the
distance over which M is reduced by e'. The swept radius is also
referred to as 1 LD unit (LDU). For additional details of this ap-
proach refer to Supplemental material.

Assessing the stability in the pattern of LD across chromosomes

The LD map reflects historical recombination events whereas
a genetic linkage map (cM) is constructed using recombination
events observed in the pedigree. To test whether ancestral and
contemporary recombination rates were colocalized on each chro-
mosome the following linear model was used:

LDU,‘ =di +GD,’+€1'7

where LDU; is the map position of the ith marker in LD units, d; is
the physical position (Mb), GD; is the genetic map position (cM),
and ¢; residual error. Because both the LD map and the linkage map
increase cumulatively with physical position along a chromosome,
it is first necessary to fit the physical position of each marker. If the
linkage map position is a significant model term, even after fitting
the physical position, ancestral and contemporary recombination
events have occurred in the same chromosomal regions. Because
LD was estimated in the founders (and reflects recombination in
their ancestors) and linkage distances were obtained from their

progeny, the LDU maps and linkage maps are statistically inde-
pendent. This means any correspondence between LD maps and
linkage maps is suggestive that regions of relatively high (and low)
recombination rate have remained constant over time. Models
were only fitted to chromosomes with at least 10 markers.

Analysis of inter- and intrachromosomal variation in LD

Linear models were used to test for a relationship between the LDU
map length and both chromosome length (measured in Mb) and
recombination rate (cM/Mb). Variables were transtormed using
Box Cox power transformations to meet assumptions of normality.

To investigate if LD varied across the macrochromosomes as
predicted from the biased location of crossing-over events observed
in chromosomal spreads (Calderén and Pigozzi 2006), we test for
a relationship between standardized distance from the center of
the chromosome (mid;) and LD for macrochromosomes (Tgul-9
and Tgula, TguZ) and microchromosomes (Tgu4a and Tgu10-15,
Tgul7-21, Tgu23-28) using a generalized (Poisson error) linear
model. The LDU distance (dj) for each kth SNP was calculated as the
distance between it and the previous (jth) SNP using:

d;j=LDU; — LDUy.

For the ith chromosome, distance from the center of the
chromosome (d,,;;) was standardized relative to the longest chro-
mosome (/,qy) Using:

midi =dpmia X (hnax/1;)-

Analysis of inter- and intrachromosomal variation
in other sequence features

To investigate how the pattern of LD covaried with other sequence
features we also quantified heterozygosity, GC content, and number
of genes per Mb across the zebra finch genome (see Supplemental
material for details). CpG motifs (CCTCCT, CTCTCCC, CCCCCCC,
CTCF consensus [CCNCCNGGNGG]) previously shown to be re-
lated to recombination (Myers et al. 2005; Shifman et al. 2006;
Groenen et al. 2009) are highly correlated with GC content (Sup-
plemental Fig. $3), so we only present data for GC content in this
analysis. To test for a correlation between LDU per Mb and mean
heterozygosity, GC content, and number of genes per Mb, we used
nonparametric correlations (Kendall’s Tau). Correlations were used
instead of linear models because it was not clear which variable was
the explanatory and which was the response. To test for differences
in the quantities of these sequence features between macrochro-
mosomes and microchromosomes we used linear and generalized
linear models. Unless otherwise stated, all analysis was carried outin
R 2.7.1 (R Development Core Team 2006).
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