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A high-density SNP-based linkage map of the chicken
genome reveals sequence features correlated with
recombination rate
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The resolution of the chicken consensus linkage map has been dramatically improved in this study by genotyping 12,945
single nucleotide polymorphisms (SNPs) on three existing mapping populations in chicken: the Wageningen (WU), East
Lansing (EL), and Uppsala (UPP) mapping populations. As many as 8599 SNPs could be included, bringing the total
number of markers in the current consensus linkage map to 9268. The total length of the sex average map is 3228 cM,
considerably smaller than previous estimates using the WU and EL populations, reflecting the higher quality of the new
map. The current map consists of 34 linkage groups and covers at least 29 of the 38 autosomes. Sex-specific analysis and
comparisons of the maps based on the three individual populations showed prominent heterogeneity in recombination
rates between populations, but no significant heterogeneity between sexes. The recombination rates in the F; Red Jungle
fowl/ White Leghorn males and females were significantly lower compared with those in the WU broiler population,
consistent with a higher recombination rate in purebred domestic animals under strong artificial selection. The re-
combination rate varied considerably among chromosomes as well as along individual chromosomes. An analysis of the
sequence composition at recombination hot and cold spots revealed a strong positive correlation between GC-rich
sequences and high recombination rates. The GC-rich cohesin binding sites in particular stood out from other GC-rich
sequences with a 3.4-fold higher density at recombination hot spots versus cold spots, suggesting a functional relationship
between recombination frequency and cohesin binding.

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

Genome resources for chicken have accumulated over the past
decade, culminating in the publication of a draft sequence of the
chicken genome (Hillier et al. 2004). Despite the availability of
a high-quality genome sequence and detailed physical maps
(Wallis et al. 2004), high-resolution linkage maps continue to be
critical for the identification of genomic regions affecting phe-
notypic traits. In chicken, the consensus linkage map published in
2000 (Groenen et al. 2000) not only has remained the reference
map in genetic studies, but also served together with the physical
BAC contig maps (Wallis et al. 2004) and additional linkage maps
(Kerje et al. 2003; Jacobsson et al. 2004) as the major reference for
anchoring whole-genome shotgun sequence contigs to specific
chromosomes and chromosome positions.

Low pass sequencing of three domestic chickens (commercial
broiler, experimental layer, and Chinese Silkie), achieving 0.25X%
coverage per individual in addition to the Red Jungle fowl female
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sequenced at 6.6X coverage, generated a resource of 2.8+ million
single nucleotide polymorphisms (SNPs) (International Chicken
Polymorphism Map Consortium 2004). Although these SNPs
represent an enormous resource for genetic studies, variation in
recombination frequencies in the genome makes it difficult to
predict what the actual genetic distance is for closely spaced
markers. A high-resolution linkage map will facilitate fine map-
ping of quantitative trait loci (QTLs) mapped at lower resolution in
classical linkage analysis using microsatellite markers. Increasing
the marker density of the linkage map further enables the analyses
of genomic sequences associated with high recombination rates.
Accurate high-density linkage maps have been shown to be critical
for linkage studies (Daw et al. 2000; Fingerlin et al. 2006) and
improved high-density linkage maps have recently become
available in human (Matise et al. 2007) and mouse (Shifman et al.
2006). These high-resolution maps indicated a strong correlation
between recombination hot spots and high density of the
7-nucleotide oligomer CCTCCCT both in human (Myers et al.
2005) and mouse (Shifman et al. 2006).

The fact that the chicken genome is composed of different
subsets of chromosomes, generally referred to as macro- and
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microchromosomes exhibiting structural differences, adds another
dimension to these associations. It is well established that micro-
chromosomes exhibit higher recombination rates compared with
those in macrochromosomes (Rodionov 1996). Upon completion
of the draft chicken genome sequence, it became clear that chro-
mosome size shows correlations with recombination rates, gene
density, gene size, CpG island density, and overall GC content.

The map presented here incorporates 8599 SNPs in addition
to 669 selected markers (primarily microsatellites) that were pre-
viously included in the consensus linkage map. Inclusion of the
microsatellites ensures accurate transfer of map positions of pre-
vious QTL analysis to the current improved consensus linkage
map. This new improved map allowed us to address basic ques-
tions concerning the chicken meiotic map such as: (1) Do the
same sequence features that affect recombination in mammals
play a similar role in birds? (2) Are recombination hot spots
characterized by specific structural features or conserved sequen-
ces? (3) Are any such structural features causative of increased re-
combination or merely the result of the higher recombination at
those locations? (4) Are there differences in recombination be-
tween sexes and populations?

Results

Markers and genotyping quality

In total, 12,945 SNPs were selected and screened in three large-scale
SNP studies using three existing mapping populations; the Wage-
ningen (WU) and East Lansing (EL) mapping populations used to
obtain the chicken consensus linkage map (Groenen et al. 2000)
and a Red Jungle fowl/White Leghorn intercross (Kerje et al. 2003).
Comparable high success rates for genotyping calls were obtained
in all three experiments that ranged from 88% to 92%. Only SNPs
where the three groups of genotypes AA, AB, and BB grouped
within clear distinct clusters were considered to be reliable. About
87% of the SNPs with reliable call rates were informative in at least
one of the three mapping populations. Eventually, approximately
10,000 SNPs were selected for map construction. A few percent of
these markers showed non-Mendelian inheritance, possibly caused
by the presence of null alleles. Where the non-Mendelian in-
heritance was limited to a single family, the genotypes were set to
zero for that particular family, whereas the marker was removed
entirely from the analysis when the problem was observed in
multiple families. The number of informative meioses per marker
varied from 10 to 242, with an average of 85.

The comparisons of the male vs. female map appeared to be
a good aid in identifying markers with obvious genotyping errors.
Regions on the map showing extreme differences in male vs. fe-
male recombination were always analyzed in detail using flips and
by removing individual markers and groups of markers from the
map and observing the effect that this had on the map. Individual
markers that resulted in map inflation often contained an excess
of double recombinants. At the marker density used, such double
recombinants are a clear indication for genotyping errors, and
therefore were excluded from the final analysis.

Map construction

The EL and WU mapping populations have been used extensively
forlinkage mapping (Groenen and Crooijmans 2003), and the total
number of markers previously mapped on the consensus map using
these two populations is 2261 (Schmid et al. 2005). The majority of
these markers are microsatellites and amplified fragment length

polymorphisms (AFLPs). Because many of these microsatellites
have been used extensively in QTL mapping experiments, it was
decided toinclude these markers in the current analysis to be able to
align previous linkage data with the new map. In the present study,
only two of the original 10 families from the WU population
(Groenen et al. 1998) were used, and only markers that were in-
formative in these two families could be included in the analysis.
Furthermore, it was decided to exclude the AFLP markers from the
analysis because of the lower reliability of the genotypes of this type
of marker in the existing data set, and because in the last decade
these markers have not been used in any published study in
chicken. The only exceptions were those AFLP markers that had not
been assigned to any of the existing linkage groups, because we
reasoned that these might aid in the development of new linkage
groups for some of the missing microchromosomes.

We initially attempted to update the linkage map starting
with the existing consensus linkage map. However, that approach
was abandoned and map construction was started with the most
informative SNP markers, followed by adding microsatellite and
other markers at a later stage. The main reason to do so was the
observation that the number of genotyping errors was signifi-
cantly higher in the older marker data as compared with the SNP
genotypes obtained by the Illumina GoldenGate assay (Fan et al.
2006). Eventually, 669 markers from the previous consensus map
could be added to the current map. A total of 8599 SNPs were
included, bringing the total number of markers on the current
linkage map to 9268 (Supplemental Table 1). The high marker
density in the current map enabled us to spot potential genotyp-
ing errors in the microsatellite data. These were identified as
double recombinants using the CRI-MAP (Green et al. 1990)
“chrompic” option and removed from the data.

The total length of the current sex average map is 3228 cM,
which is considerably shorter than the 4200 cM in the previous
linkage map for chicken (Schmid et al. 2005). Excluding the four
new linkage groups, the difference between the old and new map
is even more striking (3152 vs. 4200 cM). It is now clear that the
old map was inflated due to genotyping errors. We also revealed
highly significant (P < 0.001) differences between populations as
regards the total map length (Table 1); the result was obtained by
running the “fixed” option of CRI-MAP on the data from each
population separately using the same marker order (Supplemental
Table S3). The observed differences between the populations
appears to be a rather general trend across the genome rather than
being caused by specific regions on the different chromosomes
(Supplemental Fig. S1). The WU male map was 16% and 22%
longer than the Uppsala (UPP) and EL male maps, respectively,
excluding LG2-LG7 that were not included in all maps. Similarly,
the WU female map was 18% longer than the UPP female map.
These differences are primarily caused by longer linkage maps for
the macrochromosomes, including chromosome Z.

Genome assembly and missing chromosomes

Our new map consists of 34 linkage groups and covers at least 29
of the 38 autosomes. If the four new linkage groups (LG2-LGS)
each represent an individual chromosome, the number of auto-
somes covered by the current map is 33, which means that still at
least five of the microchromosomes are not represented by a link-
age group. The new linkage groups, as well as the linkage group
representing chromosome 16, only contain a small number of
loci. Furthermore, LG2 is comprised only of AFLP markers, and
therefore no sequences can be assigned to this particular linkage
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Table 1. Genetic and physical size of the chicken chromosomes

Consensus WU UPP
Length? EL
Chromosome Female Male Average (Mb) Female Male Female Male Male
1 483.7 480.8 483.9 199.4 495.6 559.4 451.6 417.9 430.5
2 326.2 308.4 312.4 154.4 345.3 336.3 281.6 288.7 289.8
3 281.6 265.9 268.7 113.6 300.9 305.0 255.9 249.1 238.5
4 202.6 200.4 202.4 94.0 219.7 220.1 178.9 157.3 163.8
5 167.0 155.1 158.3 62.0 167.3 178.8 164.3 119.4 151.7
6 119.4 103.3 110.4 37.4 121.5 113.2 95.9 107.3 97.9
7 111.1 114.9 113.1 38.4 111.3 121.9 115.0 106.1 107.9
8 101.3 87.3 91.6 30.5 109.9 98.1 78.8 134.6 76.2
9 99.6 80.9 89.1 25.4 101.4 85.5 86.5 84.2 72.0
10 99.5 81.6 89.7 22.4 100.7 80.2 92.7 97.6 69.2
11 81.3 63.5 69.2 21.9 92.0 68.6 56.8 52.7 66.0
12 88.4 66.6 73.9 20.4 90.5 81.8 90.3 76.9 51.9
13 72.8 49.0 58.9 18.4 77.1 52.7 59.8 42.5 52.0
14 80.3 59.7 67.5 15.8 82.1 60.2 78.4 57.4 55.5
15 57.5 53.9 55.2 13.0 55.6 54.7 52.4 71.0 41.4
16 0 0 0 0 0 0 0 0
17 56.6 523 53.4 11.2 57.9 50.4 54.2 50.0 51.8
18 52.2 52.4 52.2 10.9 56.4 47.4 42.8 49.9 62.0
19 50.8 53.4 52.6 9.8 54.8 57.0 42.0 44.6 54.7
20 56.8 49.5 52.2 13.9 67.6 56.2 28.6 48.6 45.9
21 57.2 47.8 52.7 6.7 60.2 43.9 46.3 56.0 56.9
22 65.5 54.3 58.9 3.8 65.5 54.3 58.4 56.7 25.8
23 42.2 48.0 45.2 6.0 42.6 51.6 42.1 59.8 41.0
24 52.4 44.3 47.6 6.4 50.0 52.4 42.9 48.4 40.5
25 55.9 55.4 57.4 1.7 60.7 56.8 36.1 57.9 61.1
26 47.5 46.6 46.9 5.1 47.7 53.1 43.9 43.1 40.7
27 50.0 54.7 52.6 4.6 51.2 56.9 36.3 41.6 56.8
28 55.9 48.3 51.6 4.4 59.8 54.3 48.4 41.4 45.3
LG1®P 18.7 54.0 53.2 0.9 18.5 15.1 0 35.1 49.6
LG2 51.8 72.6 54.7 — 51.8 72.6 — — —
LG3 0 8.8 8.8 — 0 8.8 — — —
LG4 11.9 0 11.9 — 4.8 0 — — —
LG5 0 0 0 — 0 0 — — —
Total 3097.7 2913.7 2996.2 952.4 3220.4 3147.3 2660.9 2695.8 2596.4
z — 231.5 231.5 74.6 — 284.0 — 221.3 193.0
Total 3097.7 3145.2 3227.7 1027.0 3220.4 3431.3 2660.9 2917.1 2789.4

The map length (in centimorgans) of the sex-specific and sex-averaged maps was calculated for the individual populations (WU, EL, and UPP) using the

same marker order.

?Chromosome sizes based on chicken genome build WASHUC2.
PAlso denoted E22CT9W28_E50C23.

group/chromosome. Finally, 26 markers that could not be placed
on any of the 34 linkage groups showed linkage to one other
unassigned marker likely representing 13 regions of the genome
not yet covered by the linkage map (Supplemental Table S2).
The linkage and sequence maps are generally in good agree-
ment (Supplemental Table S1). There are close to 100 marker pairs
(1%) that were in a slightly different order on the two maps, but
the majority of these represent two adjacent markers and do not
affect the overall alignments of the maps. There are two regions
where the two maps deviate considerably. The first region is the
end of chromosome 1 between 463 and 483 cM, where the linkage
data indicate that several of the sequence contigs in the sequence
map should be inverted or the order changed. The new order
results in a decrease in size of the map of 3.7 cM, and the difference
in log10 likelihood for the two maps was 12.5 in favor of the map
presented in this study. The second region is the entire chromo-
some 25, where many of the sequence contigs clearly are in the
wrong order and location. When the option fixed was used with
the markers on chromosome 25 in the order as they appear on the

sequence map, the resulting linkage map doubled in size to 114.9
cM. The difference in log10 likelihood for the two maps was 58, in
favor of the map presented in this study.

Male vs. female recombination rates

In many species, the frequency of recombination during meiosis is
lower in the heterogametic sex (Haldane 1922). Thus, in mam-
malian species, the female linkage map is longer than the male
one. For instance, in humans, the average map length is 60%
longer in females (Matise et al. 2007). Differences in male vs. fe-
male recombination rate in chicken were examined by performing
a sex-specific analysis. As shown in Table 1, there is no significant
difference in total length between the male and female maps. A
sex-specific analysis was not possible for the EL population,
because being a backcross population, only a male-specific map
was calculated based on the segregating F; male. The difference
between the sex-specific maps based on the WU population was
only 3%, while no overall difference was observed for the UPP
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population. Thus, the heterogeneity in recombination rates be-
tween populations is much more prominent than the heteroge-
neity between sexes (Table 1).

Recombination hot spots

Recombination frequencies were calculated for nonoverlapping
bins of ~1 Mb with marker positions defining the ends of each of
the intervals (Fig. 1). Excluding the four new linkage groups (LG2-
LGS) that could not be aligned with the genome assembly, the
current physical size covered by the remaining 9242 markers is
1020 Mb. With a size of 3176 cM for the sex-average linkage map
and an average bin size of 1 Mb, this brings the average genetic size
of a 1-Mb bin to 3.11 cM. Interestingly, the range observed within
the 1014 bins of 1 Mb is extremely large, ranging from O to close to
20 cM (Fig. 1); three regions with a genetic size of up to 40 cM are
observed on chromosomes 22 and 25, but these were excluded
from the analysis because they most likely represent errors in the
most recent sequence assembly (see below). A similar result was
observed using 2-Mb sized intervals with an average size of 5.89
cM per 1.96 Mb, and the estimates per interval were in the range of
from O to 38.6 cM. Interestingly, although the majority of re-
combination hot spots are located on microchromosomes, a small
number is located on macrochromosomes. Generally, these re-
combination hot spots tend to be located at the distal part of the
chromosomes (Fig. 2).

Correlation of recombination with sequence parameters

Generally, recombination rates are strongly correlated with GC
content, an observation that is consistent with a bias toward GC in
mismatch repair used during the gene conversion process (Spencer
et al. 2006). Several studies in human and mouse have shown
a highly significant correlation between recombination and spe-
cific sequence features, in particular the sequence CCTCCCT
(Myers et al. 2005; Shifman et al. 2006). To examine whether this
correlation also exists in chicken, we analyzed the occurrence of
this and related sequences within megabase-sized intervals of the
chicken genome (Table 2). Recently, it was shown that cohesin-
binding sites closely resemble the binding site for the CCCTC-
binding factor (CTCF) (Wendt et al. 2008). Because both cohesin
and CTCF bind similar GC-rich sequences, the consensus se-
quence for cohesin (CCNCCNGGNGG) was also tested. Finally,
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Figure 1. Distribution of recombination rates for 1-Mb bins in the
chicken genome. The x-axis shows the recombination rate as centimor-
gan/megabase. The y-axis shows the number of bins.

the correlation was also calculated between the recombination
frequency and repetitive element content (LINE, LTR, simple
repeats, and low-complexity sequences). Consistent with previous
studies in mammals, the results clearly showed a strong positive
correlation between recombination rate and GC-rich sequences
and a negative correlation with AT-rich sequences. Earlier studies
on chicken already indicated a strong correlation between re-
combination frequency and chromosome size (Hillier et al. 2004),
and the same correlation can be seen between the different se-
quence parameters and chromosome size (Fig. 3). To test whether
the observed correlation between the sequence parameters and
the recombination frequency was only caused by the differences
in density of these elements on the macrochromosomes vs. the
microchromosomes, correlations were also calculated separately
for the four largest macrochromosomes (Table 2). With the ex-
ception of the LINE elements, the same correlations were observed
within the macrochromosomes.

In order to get further insight into what degree the sequence
composition affects recombination rates, we compared the se-
quence composition of those 1-Mb intervals with the top 10%
highest (“recombination jungles”) and the top 10% lowest (“re-
combination deserts”) recombination rates (Table 2); this ap-
proach has previously been used in mouse (Shifman et al. 2006).
The largest difference is seen for LTRs, which have a fourfold
higher incidence in recombination deserts as compared with re-
combination jungles. Most striking is the 3.4 times higher number
of CTCF-binding sites in recombination jungles.

Discussion

The current updated version of the chicken consensus linkage
map is a considerable improvement compared with the previous
versions (Groenen et al. 2000; Schmid et al. 2005). There are two
major reasons for this improvement. The first is the fivefold higher
marker density of the current map. This higher marker density
allowed for the detection of double recombinants affecting a sin-
gle marker, which, at the current marker density (approximately
three markers/cM), is a clear sign of typing errors. Second, SNPs
genotyped using a highly automated method like the Illumina
GoldenGate assay result in a much lower genotyping error rate
than that obtained with markers like microsatellites and AFLPs. In
addition, SNP markers showing evidence of null-alleles or markers
with an excess number of double recombinants were removed
from the analyses. Due to this careful error checking, the current
map shows a 24% reduction in total length compared with the
previous consensus map (Groenen et al. 2000; Schmid et al. 200S5).

The current map is comprised of 34 linkage groups, with
a total size of 3228 cM. When we consider the fact that at least five
of the microchromosomes are not covered by the current map,
and given the observation that the genetic size of the micro-
chromosomes, on average, is ~50-60 cM, it is to be expected that
the genetic size of the complete chicken genome is at least 3700
cM. The size of a genetic map reflects the average number of re-
combination events per meioses. There is a good correlation across
species between the number of chromosomes and the length of
the genetic map, probably reflecting the need for at least one
crossover for each bivalent during meiosis. An even better pre-
dictor for the genetic length is the number of chromosomal arms,
in particular when the short arms of the acrocentric chromosomes
are excluded (Pardo-Manuel de Villena and Sapienza 2001). A plot
of the genetic length against the number of chromosome arms for
a variety of mammals shows that the genetic length increases by
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Figure 2. Recombination rates of chicken chromosomes. Recombination rates were calculated for 1-Mb-sized bins and plotted as a sliding window
showing the average recombination frequency for a window of 5 Mb. The scale on the x-axis is in megabases and the scale on the y-axis represents the
recombination rate as centimorgan/megabase. Figures for chromosomes 22-28 are not included because of the small size of these chromosomes,
resulting in uninformative plots.

~75 cM per chromosomal arm (Coop and Przeworski 2007). If we The large variation in size between the different chicken
apply the same rule to chicken, a genetic size of 3700 cM suggests chromosomes, and in particular the presence of many small
the presence of 48 chromosome arms, which would suggest the microchromosomes, constitutes a challenge for any attempt to

majority of the microchromosomes to be acrocentric. This finding develop a genetic map with full genome-wide coverage. Previous
is in agreement with the results obtained with chicken synapto- linkage maps (Cheng et al. 1995; Groenen et al. 1998, 2000),
nemal complex chromosome spreads (Pigozzi 2007). physical maps (Wallis et al. 2004), and the sequence map (Hillier

Table 2. Correlation between recombination rate and sequence composition in megabase bins

Complete Macrochromosomes Microchromosomes

genome (chromosomes 1-4) (chromosomes 11-28) Motifs/Mb
Motif Correlation P-value® Correlation P-value® Correlation P-value® Desert Jungle Ratio
LINE 0.04 0.20 0.24 8.7 x107° 0.21 45x1073 203 176  0.87
Simple repeats —-0.29 <2x107'¢ —-0.36 <2x107'¢ 0.10 0.16 184 87 047
Low complexity —-0.36 <2x107'® —0.40 <2x107'® -0.17 0.02 174 84  0.48
LTR —-0.25 <2x107'¢ —0.32 2.8x 107 —-0.15 0.04 59 14 024
CCTCCCT 0.47 <2x107'® 0.48 <2x107'® 0.44 4.4 x 10710 176 292 1.66
CTCTCCC 0.52 <2x107'® 0.52 <2x107'® 0.44 2.8 x1071° 143 284 199
ccccececc 0.56 <2x107'® 0.48 <2x107'® 0.59 2.2x107'6 66 174  2.64
CpG 0.48 <2x107'® 0.58 <2x107'6 0.41 9.9 x107° 6609 14943  2.26
CTCF consensus 0.48 <2x107'¢ 0.44 <2x107'¢ 0.46 7.4x 10" 5 17 3.40

Correlations were calculated for all chromosomes (columns 2-3) and macrochromosomes 1-4 (columns 4-5). Average motif densities were also cal-
culated for those 1-Mb regions in the genome with the top 10% highest (jungles) and top 10% lowest (deserts) recombination rates. The ratio indicates
the average density of the motif in the jungles as compared with the deserts.

?P-values for the significance of the observed correlation.
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Figure 3. Distribution of average recombination rates and sequence

motif densities across chromosomes in chicken. The density plots for
chromosomes 1-15 and 17-28 are shown. The scale on the x-axis rep-
resents the chromosome number and the y-axis represents the average
number of elements per megabase or recombination rate in centimor-
gan/megabase. (®) Macrochromosomes; (M) intermediate chromo-
somes; (A) microchromosomes.

et al. 2004) only covered around 30 of the 39 chromosomes, with
the smallest microchromosomes missing. Also, the current con-
sensus map still only contains 34 linkage groups and thus does not
cover at least five microchromosomes despite the large number of
markers used and the inclusion of markers from sequence contigs
that had not been assigned to a specific chromosome. Mapping
and sequencing results, so far, indicate that specific physical
characteristics of some of the microchromosomes are inhibitory to
cloning these sequences in E. coli, resulting in the absence of these
sequences in libraries used to construct genetic, physical, and se-
quence maps. A clear example is the difficulty of obtaining
sequences that are orthologous to human chromosome 19q
(Hillier et al. 2004; Gordon et al. 2007). Based on EST data, many
of the chicken orthologs for genes located on human chromosome

19q are known to exist, yet sequences of these genes were virtually
absent from the whole-genome shotgun data and completely ab-
sent from all BAC libraries available for chicken. Because AFLP
markers do not require any cloning step in E. coli, the presence of
two small linkage groups that are comprised (almost) completely
of AFLP markers is in agreement with these observations. The re-
cent development of second generation sequencing technologies
like Roche 454, Illumina Solexa, or AB SOLiD (Chi 2008) may
circumvent this difficulty and generate future maps that also cover
these missing microchromosomes.

A striking difference between the length of the male and fe-
male maps exists in many species (Lenormand and Dutheil 2005).
In some species (e.g., Drosophila melanogaster), recombination is
even restricted to only one of the sexes, and in those cases it is the
homogametic sex where recombination takes place. Higher re-
combination rate in the homogametic sex is referred to as the
Haldane-Huxley rule (Haldane 1922; Huxley 1928). Although the
Haldane-Huxley rule often is generalized to apply to cases where
both sexes recombine, many exceptions to this rule exist, with
longer genetic maps in the heterogametic sex (Lenormand and
Dutheil 2005). In chicken, the female is the heterogametic sex
(ZW) and, on average, there is hardly any difference in total size
between the male and female maps. However, many chromo-
somes exhibit sex differences, such as chromosomes 9, 10, 11, 12,
13, and 14, where the female map is more than 20% longer or
chromosomes 7, 19, 23, 27, and LG1, where the male maps appear
to be longer. To further examine whether these differences reflect
true underlying biological and genetic differences between the
sexes and the different chromosomes, we also calculated the maps
for the individual populations that were used (Table 1). The results
indicate that there is no significant difference in size between the
male and female maps when the maps are calculated for the in-
dividual WU and UPP populations. Furthermore, for several
chromosomes, the size differences for specific chromosomes are
not in agreement between the WU and UPP maps. Clear examples
are chromosome 1 and chromosome 8. For WU, the male map of
chromosome 1 is 13% longer than the female map, whereas the
opposite is found for UPP with the male map being 7.5% smaller
than the female map. The opposite is observed for chromosome 8,
where for WU the male map is 11% smaller than the female map,
whereas for UPP it is 71% larger than the female map.

Because the EL population is a backcross population, in
which an F; male was crossed with the females of an inbred pa-
rental line, only a male map could be produced for this pop-
ulation. The total size of the map produced using only the EL
population is 20% smaller than that of the WU population and 4%
smaller than the UPP map. Because the EL map only affects the
male map in the consensus linkage map, it will result in a smaller
size of the male consensus map compared with the female con-
sensus map. The consensus male linkage map is, in fact, 5%
smaller than the female map. Hence, we conclude that there is no
difference in total map length between sexes. Although we cannot
rule out small regional differences in recombination along the
different chromosomes, the most likely explanation for these
differences is that these are due to differences in the data structure,
i.e., the information content of the different markers within the
different populations used in the analysis. We have observed
several regions where markers are only informative in either the
male or female parents, thereby causing local differences in the
size of the genetic map at those locations.

Contrary to the lack of an apparent difference in re-
combination between the two sexes, a significant difference exists
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between populations. As mentioned above, the EL map is 20% and
4% smaller than the WU and UPP maps, respectively. The clearest
difference is between the WU map on the one side and the EL and
UPP maps on the other. Interestingly, both the EL and UPP pop-
ulations are crosses between Red Jungle fowl and White Leghorn
breeds, whereas the WU map is based on a cross between two broiler
dam lines originating from White Plymouth Rock. Variation in
recombination rates have been observed in many populations in
animals (Andersson and Sandberg 1984; Broman et al. 1998;
Koehler et al. 2002) as well as in plants (Williams et al. 1995). Kong
et al. (2004) have estimated that the heritability of total re-
combination in human is around 30%. Local rearrangements such
as inversion polymorphisms can result in lower recombination
rates (Giglio et al. 2001; Stefansson et al. 2005). Although currently
no information is available about inversions in chicken, the fact
that a lower recombination rate is observed in the two crosses be-
tween the more divergent breeds (Red Jungle fowl X White
Leghorn) suggests that chromosomal rearrangements could
potentially contribute to the observed difference. An alternative
explanation is that there has been selection for a higher re-
combination rate during chicken domestication, as recombination
may remove unfavorable genetic correlations and thereby increase
the selection response. A comparison of the genetic maps for the
individual populations did not show any clear evidence for chro-
mosomal rearrangements and indicate that the latter explanation is
the most likely (Supplemental Fig. S1). In fact, Burt and Bell (1987)
have reported that domestic animals deviate from natural pop-
ulations by having unusually high chiasmata counts. Our data
showing that the F; Red Jungle fowl/White Leghorn males and
females from the UPP and EL populations showed significantly
lower recombination rates compared with the WU broiler pop-
ulation is consistent with a higher recombination rate in purebred
domestic animals under strong artificial selection. This interesting
observation needs to be further investigated by examining average
recombination rates in additional purebred domestic as well as
purebred Red jungle fowl populations.

The rate of recombination varies considerably between dif-
ferent genomic regions, which is most evident between the macro-
and microchromosomes. This increased recombination rate on
the smaller chromosomes has been observed in previous studies
(Rodionov 1996; Hillier et al. 2004) and is thought to reflect the
requirement of at least one chiasmata per bivalent during meiosis
(Rodionov 1996). Because of the large variation in chromosome
size in chicken, this effect is very clear but can also be observed in
human where the recombination rate on the smallest chromo-
some (HSA22) is twofold higher than that of the largest chromo-
some (HSA1). However, differences in recombination rate are also
observed at a finer resolution along the chromosomes. The vari-
ation in recombination rate using a sliding window of 5 Mb is
shown in Figure 2 for all linkage groups assigned to a specific
chromosome. Similar to what has been observed in mammals, on
average, recombination rates tend to be elevated toward telomeres
and lower close to the centromeres. However, some exceptions are
observed, in particular, GGA2 and GGAZ, showing higher re-
combination rates at only one of the telomeres. One explanation
for this observation would be that the ends of these chromosomes
are not yet covered by the sequence map in the current genome
build (WASHUC2).

Analysis of the sequence composition at the recombination
hot and cold spots clearly indicated a strong correlation between
high recombination rates and GC-rich sequences. This observa-
tion is in agreement with observations in human and mouse,

where a highly significant correlation was observed between re-
combination and the density of the GC-rich elements CCTCCCT
and CCCACCCC (Myers et al. 2005; Shifman et al. 2006). It was
suggested that in human there might be a link to the THE1A- and
THE1B-type retrovirus-like transposons, but the absence of this
transposable element in mouse, as well as in chicken, shows that
the observed increased recombination rate cannot be attributed to
this transposable element only. Furthermore, in chicken, the
highest correlation was found with the motif CCCCCCC. Not
surprisingly, the GC-rich cohesin binding site (CCNCCNGGNGG)
also showed a high correlation with recombination hot spots.
Comparing the ratio of the density of these sequence elements in
recombination deserts to recombination jungles, the cohesin
binding sites stand out from the other GC-rich sequences with
a 3.4-fold higher density in recombination jungles. The different
studies in human, mouse, and chicken indicate a correlation be-
tween several features, including high recombination rate, high
GC content, high gene density, and high density of cohesin
binding sites. In addition, a correlation is seen between these
features and the size of the chromosome, which, because of the
large variation in chromosome size, is particularly apparent in the
chicken genome (Fig. 3). Although the correlations between re-
combination frequency, GC content, and density of cohesin
binding sites are most clearly seen in the chromosome plots
shown in Figure 3, the correlation exists both between, as well as
within the different chromosomes. A special case is represented by
chromosome 4 where the highest recombination rate, GC con-
tent, and cohesion density is observed within the p-arm of this
chromosome. Interestingly, a comparison between the karyotypes
of chicken, turkey, and other birds indicates that chicken chro-
mosome 4 is the result of a fusion between a macrochromosome
and a microchromosome in the lineage leading to chicken (Griffin
et al. 2008). The density plots for chromosome 4 shown in Figure 4
provide further support for the microchromosomal origin of the
p-arm of this chromosome.

It is difficult to distinguish between causative and secondary
effects shaping the pattern of recombination, and it even is likely
that some or all of these features work synergistically. One expla-
nation for the observations is that high densities of cohesin binding
sites will increase the chance of formation of the synaptonemal
complex in those regions and, consequently, would result in
a higher rate of recombination. Given the fact that proper segrega-
tion of the chromosomes during meioses requires at least one chi-
asma, even for the microchromosomes, selection for a high density
of cohesin binding sites on the microchromosomes would ensure
efficient formation of chiasmata. Conversely, recombination is
closely linked to gene conversion, which has been show to be biased
toward elevating the GC content (Marais 2003). Consequently, the
increased GC content might, on average, have a positive effect on
the expression of the genes within that region, favoring the accu-
mulation of highly expressed housekeeping genes over the larger
more complex genes involved in development and transcriptional
regulation (Gordon et al. 2007).

Methods

Mapping populations

The animals used in the current study were derived from three
different populations previously used for linkage mapping. Briefly,
the original East Lansing mapping population (EL) (Crittenden
et al. 1993) consisted of 52 animals derived from a backcross (BC;)
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between a partially inbred Red Jungle fowl line and a highly inbred
White Leghorn line. In the current study, the number of geno-
typed animals was extended to 88. The Wageningen University
(WU) population (Groenen et al. 1998) consisted of 92 F, animals
in two full-sib families from a cross between two broiler dam lines
originating from White Plymouth Rock. The population consisted
of 10 families with a total of 456 F, offspring; however, in the
current study only two of the 10 families were genotyped. The
third population used is maintained at the Uppsala University
(UPP) and consists of 55 animals (47 F,, four F,, four Fy) from
a Red Jungle fowl X White Leghorn intercross (Kerje et al. 2003;
Wahlberg et al. 2007).

SNP selection

The SNP markers were selected from dbSNP versions 122 and 123.
SNPs were selected independently within three different projects
with different overall objectives. (1) SNP panel 1 consisted of 3072
SNPs evenly spaced throughout the chicken genome and were
selected from the 2.8 million SNP data set previously identified by
International Chicken Polymorphism Map Consortium (2004).
Toward this end, the genome sequence (build WASHUC1) was

divided into 3072 bins, taking into account the recombination
rate per chromosome. For each bin, three SNPs were selected and
preference was given to high-confidence SNPs located within
genes, especially those judged to be tolerant nonsynonymous
SNPs (cnSNPs). All SNPs were evaluated for assay suitability, and
the best SNP in each bin was selected. In addition, 34 SNPs in
genes of interest were evaluated (Muir et al. 2008). (2) A further
657 SNPs (SNP panel 2) were selected and represented SNPs not yet
assigned to a chromosomal location on build WASHUCI1. (3) Fi-
nally, 9216 SNPs (SNP panel 3) were selected evenly spaced
throughout the chicken genome, also taking into account the
sequence contigs that were not yet assigned a chromosomal lo-
cation on build WASHUC1 (Wahlberg et al. 2007).

SNP genotyping

All selected SNPs were genotyped using the Illumina GoldenGate
assay. DNA was isolated from blood using standard procedures and
used at a concentration of 50 ng/uL. Genotyping was done at
three different locations. SNP panel 1 was typed on the EL and WU
populations at Illumina. Genotyping of SNP panel 2 was done on
the EL and WU populations using a manually operated BeadLab
facility at the University of Utrecht. Genotyping of SNP panel 3 on
the WU and UPP populations was done at the Center National de
Génotypage (CNG) in a fully automated BeadLab.

Linkage analysis and map construction

Linkage maps were constructed with a modified version of the
CRI-MAP software (Green et al. 1990). The modified version
allowed the simultaneous analysis of much larger numbers of
markers than the original program. The modified version of CRI-
MAP was kindly provided by Drs. Liu and Grosz of Monsanto. The
modified version of CRI-MAP allowed us to simultaneously ana-
lyze all markers on each chromosome. All markers were checked
for non-Mendelian inheritance errors using the option “prepare.”
Initially, markers were assembled in separate chromosome-specific
files based on previous linkage information (Groenen et al. 2000)
and based on the chicken genome sequence (Hillier et al. 2004;
genome build WASHUCI). Subsequently, correct assignment of
the markers to a specific chromosome was checked by performing
an all-to-all comparison of the loci using the CRI-MAP option
“twopoint.” Loci that did not show linkage to multiple markers
within the same file were removed from the analysis and stored in
a separate file with other unassigned markers. Finally, all un-
assigned markers were compared against all other markers using
the CRI-MAP “twopoint” option, and in case of clear linkage
(LODscore > 4) to assigned markers, moved to that specific chro-
mosome file. New linkage groups were only constructed in case
individual markers were linked with a LOD score higher than 4.
The linkage map was subsequently constructed in a number
of iterative rounds using the “build” option within CRI-MAP,
starting with a threshold of LOD = 5 with subsequent stepwise
lowering of the LOD threshold until LOD = 0.2. Closely linked
markers not separated by recombination events were ordered
according to their location on the sequence map (build
WASHUC?2). The location of all markers on the WASHUC2 build
was determined using BLAT (Kent 2002). Markers were included in
the growing linkage map according to the number of informative
meiosis, with the most informative markers being included first.
The order of markers in the final map was verified using the “flips”
option. Finally, potential typing errors were recognized as unlikely
double recombinants using the “chrompic” option. Regions
showing excess recombination or where the male and female
maps deviated considerably were checked in detail by removing
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markers from the map and evaluating the effect on the size of the
male and female linkage maps. Differences in recombination fre-
quencies between populations and sexes were based on normal-
ized recombination frequencies as the ratio of the population-
specific value over the average for all populations. These values
were subsequently fitted to a simple linear model (normalized
recombination frequency ~ population, “aov” in R). Confidence
intervals on the differences between the means of recombination
per population pair were calculated using the Tukey Honest Sig-
nificant Differences (“TukeyHSD” on “aov” fit in R).

Recombination rates in relation to sequence motifs

The distribution of sequence motifs were calculated per 1-Mb bins
using the exact marker positions as the borders of the bins. The
calculation of the distribution of LINEs, LTRs, Simple repeats, and
low-complexity sequences within the chicken genome were based
on the position of these elements downloaded from the UCSC
genome browser. The distribution of the sequence motifs
CCTCCCT, CTCTCCC, CCCCCCC, CG, and the CTCF consensus
sequence CCNCCNGGNGG were calculated using specific perl
scripts. Correlations between recombination frequency and
abundance of different sequence motifs within 1-Mb bins were
tested using Pearson’s product moment correlation coefficient as
implemented in the “cor.test” function in R (www.r-project.org).
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