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Letter

Organization and Evolution of a Gene-Rich Region
of the Mouse Genome: A 12.7-Mb Region Deleted
in the Del(13)Svea36H Mouse

Ann-Marie Mallon,'* Laurens Wilming,** Joseph Weekes,' James G.R. Gilbert,?
Jennifer Ashurst,” Sandrine Peyrefitte,” Lucy Matthews,? Matthew Cadman,’
Richard McKeone,' Chris A. Sellick," Ruth Arkell," Marc R.M. Botcherby,?

Mark A. Strivens,’ R. Duncan Campbell,> Simon Gregory,>* Paul Denny,’

John M. Hancock,'-¢ Jane Rogers,? and Steve D.M. Brown'

"Medical Research Council Mammalian Genetics Unit, Harwell, Oxfordshire, United Kingdom; 2Wellcome Trust Sanger Institute,
Hinxton Genome Campus, United Kingdom; *Medical Research Council Rosalind Franklin Centre for Genomics Research,
Hinxton Genome Campus, United Kingdom

Del(13)Svea36H (Del36H) is a deletion of ~20% of mouse chromosome 13 showing conserved synteny with human
chromosome 6p22.1-6p22.3/6p25. The human region is lost in some deletion syndromes and is the site of several
disease loci. Heterozygous Del36H mice show numerous phenotypes and may model aspects of human genetic
disease. We describe 12.7 Mb of finished, annotated sequence from Del36H. Del3é6H has a higher gene density than
the draft mouse genome, reflecting high local densities of three gene families (vomeronasal receptors, serpins, and
prolactins) which are greatly expanded relative to human. Transposable elements are concentrated near these gene
families. We therefore suggest that their neighborhoods are gene factories, regions of frequent recombination in
which gene duplication is more frequent. The gene families show different proportions of pseudogenes, likely
reflecting different strengths of purifying selection and/or gene conversion. They are also associated with relatively
low simple sequence concentrations, which vary across the region with a periodicity of ~5 Mb. Del36H contains
numerous evolutionarily conserved regions (ECRs). Many lie in noncoding regions, are detectable in species as
distant as Ciona intestinalis, and therefore are candidate regulatory sequences. This analysis will facilitate functional

genomic analysis of Del36H and provides insights into mouse genome evolution.

The Del(13)Svea36H mutation (referred to hereafter as Del36H) is
a microscopically visible deletion of ~20% of mouse chromosome
13 (Arkell et al. 2001). Mice that are heterozygous for Del36H
display a phenotype that varies with genetic background and
that can involve reduced size, craniofacial malformation, eyes
open at birth, and a mild tail kink. These mice may model some
aspects of human genetic disease, because the Del36H region
shows conserved synteny with regions of human chromosome
6p22.1-6p22.3 and 6p25 that are lost in some deletion syn-
dromes (Davies et al. 1999). Furthermore, several disease loci map
to this region in humans: two eye defects (iridogoniodysgenesis
and Axenfeld-Rieger anomaly; Mears et al. 1998; Nishimura et al.
1998), haemochromatosis (Feder et al. 1996), dyslexia (Grig-
orenko et al. 2003), and schizophrenia susceptibility (Straub et al.
2002).

Mice with interstitial chromosome deletions like Del36H are
potent experimental tools for functional genomics. In particular,
they can be used to reveal recessive phenotypes due to mutations
that map to a specific chromosomal region. However, the posi-
tional candidate approach to identifying mutations in genes un-
derlying mutant phenotypes remains nontrivial, especially for
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point mutations such as those induced by ENU (Brown and Hard-
isty 2003). A prerequisite for effective mutation detection using
this approach is a comprehensive gene list, with exhaustive an-
notation of exons and regulatory elements. A limited catalog of
the genes deleted in Del36H can be found in genetic and radia-
tion hybrid maps (Arkell et al. 2001; Avner et al. 2001; Hudson et
al. 2001), and an automatically annotated genomic sequence is
available (Waterston et al. 2002), but the current public mouse
genome assembly is a mixture of draft and finished sequence
and, by definition, draft genomic sequence contains gaps and
regions of lower sequence quality. These artefacts can influence
gene annotation and, therefore, the subsequent design of muta-
tion detection assays. Manual annotation, in contrast, should
provide a gold standard reference set.

As well as being an invaluable resource for functional ge-
nomics, a large genomic region of this kind provides an oppor-
tunity to investigate the organization and evolution of a signifi-
cant piece of the mouse genome. Such studies also rely on high-
quality sequence and manual gene annotation to avoid errors in
sequence alignment, identification of coding and pseudogenes,
classification of repetitive elements, and so on. The accumulating
information on genome sequences from a number of species
raises many questions about genome evolution. Important
among these are the relative roles of whole-genome, segmental,
and individual gene duplication, and the mechanisms underly-
ing these processes (Lynch and Conery 2000; Dehal et al. 2001;
Eichler and Sankoff 2003; Friedman and Hughes 2004); the use-
fulness of inter-genome comparisons for identifying selectively
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conserved regions in genomes, including not only genes, but
regulatory regions and functional RNA genes (Mallon et al. 2000;
Dehal et al. 2001; Dermitzakis et al. 2002; Kondrashov and
Shabalina 2002; Margulies et al. 2003; Frazer et al. 2004); the
roles of repeated (transposable element-like) and repetitive (sat-
ellites, microsatellites, and minisatellites) sequences in genome
evolution (Toth et al. 2000; Hancock 2002; Babcock et al. 2003;
Alba and Guigo 2004; Han et al. 2004; Kazazian Jr. 2004); and the
characteristics of sites of evolutionary chromosome breakpoints
(Puttagunta et al. 2000; Dehal et al. 2001; Pevzner and Tesler 2003).

Here, we describe the genomic architecture of Del36H based
on 12.66 Mb of finished DNA sequence, annotated using a com-
bination of manual annotation with synteny and comparative
sequence analysis. We find that the region is gene rich, primarily
as the result of high gene densities in regions containing gene
families that are smaller or absent in the orthologous human
regions, and which appear to contribute to the special require-
ments of the lifestyle of the mouse. We consider forces and pro-
cesses that may have contributed to the expansion of these gene
families during evolution. We also identify a segment of Del36H
containing two nearby evolutionary breakpoints, and show that
these lie in a gene desert, a potentially optimal site for chromo-
some breakage. Finally, we consider the evolutionary dynamics
of Evolutionarily Conserved Regions (ECRs; Mallon et al. 2000)
within Del36H and their potential application to the identifica-
tion of regulatory, and potentially other functional sequences
within noncoding regions of the mouse genome.

RESULTS

Mapping, Sequencing, and Annotation

Physical mapping of the region was completed as described in
the Methods, resulting in the production of a sequence-ready
map. This map comprises a minimal tiling path (MTP) of 95
clones from the C57BL/6 BAC library. Sequence assembly of the
finished sequence generated from the MTP produced a single
contig of 12,660,359 bp that extends across chromosome bands
A3.1-A4, encompassing both light and dark staining Giemsa
bands. Waterston et al. (2002) concluded that the mouse ge-
nome, as a whole, is 14% smaller than the human genome. We
were able to identify human sequences apparently homologous
to 12,176,528 bp of Del36H. The equivalent human region is
10,421,640 bp long, 14.4% shorter than in mouse.

Sequencing was carried out to 10-fold coverage, with an es-
timated error rate of <1 per 10° bases. On this basis, we expect
fewer than 127 sequencing errors in our finished sequence. Ex-
ons make up 2.2% of the region. Assuming that about two-thirds
of errors in protein-coding regions result in errors in amino acid
assignment, this suggests no more than one to two protein se-
quence errors in coding regions. In addition, other errors may
affect regulatory regions. Individual clone sequences have been
submitted to the public databases (see Methods for accession
nos.).

Each finished clone was subjected to high-quality manual
annotation as described in the Methods, resulting in the identi-
fication of 201 genes falling into one of the two categories,
known genes or novel CDS genes, encoding transcripts contain-
ing an open reading frame (we describe this set of genes collec-
tively as ORF genes), and a further 35 novel transcript genes with
significant support, but no transcript ORF (see Ashurst and
Wilming 2002 for definitions of the different annotation classes
of genes used in this study). In addition, a further 95 pseudo-
genes were identified. The features, including gene annotation of
the region, are summarized in Figure 1. The annotated sequence
and features can be accessed online via the VEGA database and
browser (http://vega.sanger.ac.uk/Mus_musculus/).

A number of gene family clusters were identified through
annotation (see Gene Clusters section). Of these, three [the vom-
eronasal receptor (VnRs), serpin, and prolactin gene families]
contain more members in mouse than in human. Two other
clusters, a split histone cluster and a cluster of three forkhead box
(Fox) genes, are roughly the same size in human and mouse,
whereas the butyrophilin family is smaller in mouse. On the basis
of the presence of these gene clusters, plus the region containing
the evolutionary breakpoints between mouse and human, the
region was subdivided into 10 subregions (segments 0-9; Fig. 1),
which we call segments here for clarity. Segment 1 is defined as
containing the histone and vomeronasal receptor clusters, which
are interspersed; segment 3 contains the prolactin gene cluster;
segment 5 contains the breakpoints; segment 7 contains the Fox
gene cluster; and segment 9 the serpin gene cluster. Other seg-
ments correspond to subregions lying outside of these regions of
interest.

Manually annotated genes were compared with automatic
predictions in Ensembl (version 16.30.1, based on the NCBI build
30 composite assembly http://www.ensembl.org/Mus_musculus/
whatsnew/v16_30_1.html) (Hubbard et al. 2002; Table 1). Com-
parisons are represented as sensitivities and specificities based on
the ability of Ensembl to predict our annotated genes. The com-
parisons produced reasonably high sensitivities for protein-
coding regions, but Ensembl showed less agreement with manual
annotations for nontranslated exons and at the transcript level.
Specificities were uniformly lower than sensitivities. Almost all of
the overpredicted Ensembl genes overlapped pseudogenes.

Del36H Landscape

Del36H contains a noticeably higher density of annotated genes
(one ORF gene per 63.0 kb, or one gene per 53.6 kb if novel
transcript genes are included) than the draft mouse genome (Wa-
terston et al. 2002), for which one gene per 113.6 kb has been
reported. One gene per 119 kb was reported in mouse chromo-
some 16 (Mural et al. 2002). Despite Del36H being longer than
the identifiably homologous regions of the human genome, the
overall annotated gene density in the human regions is lower
than in the mouse region (one per 93.0 kb compared with one
per 68.0 kb for the corresponding mouse region), consistent with
gain of genes in the mouse sequence. ORF genes averaged 4.1
exons per gene (4.2 per gene for known genes and 3.8 per gene
for novel CDS genes), whereas novel transcript genes averaged
2.7, putative genes 2.5, and pseudogenes 1.4 exons per gene.
These averages are lower than the 8.3-9 suggested for the mouse
genome as a whole (Waterston et al. 2002), reflecting the high
frequency of single exon genes in Del36H.

Analysis of the ORF gene distribution between the 10 seg-
ments (Table 2) showed a statistically highly significant nonran-
dom distribution of the numbers of genes (P < 0.001; x? test, 9 df
[degrees of freedom]). This reflected high gene numbers in seg-
ments 0 and 1 (approximately one every 20 kb) and very low
numbers (of the order of one every 300 kb) in segments 4 and 8.
Densities of gene counts do not take into account the sizes of the
genes—a low numerical gene density could reflect an overrepre-
sentation of long genes and vice versa. We therefore also esti-
mated the proportion of the regions included within ORF genes.
This was 28.87% for Del36H as a whole—percentage coverages
for individual segments are shown in Table 2. Segments contain-
ing gene families (segments 1, 3, 7, and 9) had the lowest per-
centage coverages in the region, below 20% in all cases. In con-
trast, segments 4 and 8 had percentage coverages around 50%.
Thus, segments rich in gene families contained numerous short
genes, in agreement with the observation in Caenorhabditis
elegans that duplicated genes tend to be shorter than average
(Katju and Lynch 2003).
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Figure 1 Pictorial representation of the annotation of the Del36H sequence contig. (Top to bottom) Yellow blocks represent the finished sequence of individual genomic clones forming the tiling path across this region;
a black line or block at the start and/or end of a clone represents redundant overlapping sequence. Five tracks show in green the distribution of various types of repeats as defined by RepeatMasker. (Red) The distribution
of the fraction of G and C nucleotides, between 0.3 (30%) and 0.7 (70%); (purple) the Relative Simplicity Factor scores; (blue) the cumulative signs plot of RSF scores. Alternating gray and black blocks indicate the
segments of interest; odd-numbered segments contain gene clusters and evolutionary breakpoints, even-numbered segments lie between and around these. Arrows show the position of annotated genes, their relative
transcriptional orientation, and their type; only genes of type “known” have their gene symbol shown. Dark blue: known genes; light blue: novel CDS genes; orange: novel transcript genes; green: pseudogenes; gray:

putative genes.
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panded in mouse relative to hu-

Table 1. Comparison of Ensembl and Manual Gene Annotations of the Region man, and in segment 0, but not in
Match type Sensitivity? Specificity? others. Segments 0, 1 (histones,

vomeronasal receptors), and 9 (ser-
Gene level 0.94 0.83 pins) were associated with signifi-
X’anstcr'tpgleVel . A 8;2 8;21 cantly high LTR element densities,

nnotated exons covered completely: all exons L . ;

Annotated exons covered completely: coding exons 0.90 0.75 whdersashsegnéent;'3h(p;01a'ct1nsi
Annotated exons with exact matches at boundaries: all exons 0.63 0.57 an showed a hig ensity O,
Annotated exons with exact matches at boundaries: coding exons 0.85 0.71 LINEs (P <0.05 after Bonferroni

correction). In addition, it is note-

“Calculations of sensitivity and specificity represent the success of Ensembl in predicting genes identified
by our manual annotation process. Thus, a specificity of 0.83 indicates that 83% of positives in the

Ensembl process are true positives by our criteria.

The mean GC content of the sequence (expressed as per-
centage G+C) is 41.1%, which is very similar to the 42% quoted
for the mouse genome as a whole (Waterston et al. 2002) and
identical to the 41.1% quoted for mouse chromosome 16 (Mural
et al. 2002). %GC for individual BACs ranged from 25.5% (for the
clone RP23-58N9) to 53.4% (for RP23-287K23), with a standard
deviation of 3.1%. Genes have frequently been found to be as-
sociated with regions of high GC-content in genomes, for ex-
ample, in analyses of isochores, which are regions of homoge-
neous base composition typically of the order of 100-300 kb long
(Bernardi 1995; Nekrutenko and Li 2000). We therefore investi-
gated whether there was a detectable correlation between the GC
content of BAC sequences and their gene density. Taking all
clones into account, a weakly significant correlation was ob-
served (P < 0.05). However, if two outliers (RP23-287K23 and
RP23-58N9, clones with extreme high and low GC content) were
excluded, no significant correlation was observed.

The predominant features of eukaryotic genome sequences
are repeated sequences. Repeated element densities in Del36H are
close to average for the mouse genome as represented by the draft
sequence (Waterston et al. 2002). The only exception is the den-
sity of SINEs, which is 36% lower than in the genome as a whole
(5.8% of the sequence compared with 8.2% in the draft; see Table
3). We investigated the possibility of association between gene
duplications and transposable element (TE) density by carrying
out Wilcoxon 2-sample tests on the ranks of groups of BACs
(corresponding to particular segments) compared with ranks of
BACs in the remainder of the sequence. Using this approach, we
observed elevated representation of particular classes of repetitive
element in the three segments associated with gene families ex-

Table 2. Gene Distributions of the Del36H Region and Its Segments

worthy that segment 1 is rich in IAP
(intracisternal A-particle) elements.
These have been found previously
to be associated with genome rear-
rangements, for example, in leuke-
mia (Ishihara et al. 2004), and are rare in the mouse genome,
which is thought to contain only around 1000.

The other major class of repeated sequences in genomes is
simple sequences, which comprise microsatellites, minisatellites,
and related sequences. To produce a summary analysis of the
distribution of this class of sequence within Del36H, we used the
program SIMPLE (Tautz et al. 1986; Hancock and Armstrong
1994). SIMPLE measures the simple sequence content of se-
quences relative to random sequences of the same dinucleotide
composition. It does this by measuring the reoccurrence of mo-
tifs within 64-bp sliding windows by awarding points to a win-
dow, depending on the number of times the sequence motif at its
center reoccurs in the window. The simplicity factor (SF) for the
sequence is then the average score for a window within the se-
quence, whereas the relative simplicity factor (RSF) is the ratio of
the SF to SFs obtained for random sequences with the same di-
nucleotide composition as the tested sequence. A random se-
quence has an RSF of 1 and a repetitive sequence an RSF > 1.
SIMPLE was applied to individual BAC sequences within Del36H.
The mean RSF for BACs was 1.607 = 0.164 (SD), which lies be-
tween previous estimates for the mouse genome based on mul-
tiple smaller genomic fragments (Hancock 1995, 2002). Relation-
ships between RSF and gene density or base composition of in-
dividual BACs were investigated by regression analysis. Gene
density showed a significant negative correlation with RSF
(P <0.01). Base composition did not show a significant correla-
tion with RSF, but did show a highly significant positive rank
correlation (P < 0.001), despite the fact that the SIMPLE algo-
rithm compensates for the base composition of the tested se-
quence (Tautz et al. 1986; Hancock and Armstrong 1994).

Gene distribution

Known Novel Novel transcript Putative Pseudogene Total ORF genes Total
% of % of % of % of % of % of % of
Region Number Contig Number Contig Number Contig Number Contig Number Contig Number Contig Number Contig
0 16 20.29 6 4.38 0 0.00 0 0.00 1 0.10 22 24.67 23 24.77
1 70 12.55 32 3.41 11 1.48 0 0.00 54 2.10 102 15.96 167 19.54
2 11 17.38 6 12.38 9 1.47 0 0.00 12 0.22 17 29.76 38 31.45
3 18 13.12 6 3.42 1 1.23 0 0.00 4 1.10 24 16.54 29 18.87
4 6 49.76 1 0.03 3 1.55 2 0.13 4 0.09 7 49.79 16 51.56
5 3 20.68 0 0.00 1 1.86 0 0.00 2 0.12 3 20.68 6 22.66
6 2 19.04 1 0.15 5 8.34 1 11.98 2 0.67 3 19.19 11 40.18
7 3 4.83 0 0.00 3 11.44 1 0.48 0 0.00 3 4.83 7 16.75
8 2 52.32 1 1.95 2 2.06 0 0.00 1 0.10 3 54.27 6 56.43
9 11 13.65 6 5.21 0 0.00 0 0.00 15 4.25 17 18.86 32 23.11
Total 142 2415 59 4.72 35 1.75 4 0.80 95 0.96 201 28.87 335 32.38
Genome Research 1891
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Table 3. Repeat Distribution and G+C Content Across the Region and in Each Segment

an association with a region of very
high (60%-70%) repeated sequence

Repeat Coverage (% of Sequence)

content and Dehal et al. (2001)
found a concentration of LINEs and

DNA LTR elements at evolutionary
Segment Length SINEs LINEs LTR elements Total % GC breakpoints. Consideration of the
0 436,413 8.33 13.41 13.22 0.63 35.60 41.05 gross distribution of repeated ele-
1 2,218,902 5.19 19.65 15.53 0.22 4060 4118  ™ments, including simple repeats,
2 3,122,470 7.94 17.59 9.73 0.52 35.78 40.86 and base composition in segment 5
3 1,094,034 1.51 35.84 11.49 0.26 49.10 37.30 (the breakpoint region) as a whole
4 2,100,944 9.85 14.31 6.91 1.08 32.15 42.29 compared with the rest of the
5 496,671 5.33 15.71 11.65 0.82 33.51 42.35 Del36H sequence, showed no ap-
6 809,098 3.58 9.02 8.20 1.32 2212 4256 -
7 252,320 3.81 7.44 9.71 235 2331 45.31 farem ass?flauom' ?Pihone;:}flthi
8 1,031,448 5.09 8.60 6.60 1.17 21.46 40.77 WO sequences apparently withou
9 1,098,059 3.39 33.54 18.15 0.23 55.31 40.67 @ human homolog (see Fig. 2B),
Total 12,660,359 6.14 18.67 11.00 0.67 36.48 41.08 contains a relatively high concen-

The distribution of BAC RSF scores along the sequence is
represented in Figure 1. The plot shows regions of relatively high
and low repetitiveness. This is shown most clearly by the cumu-
lative signs plot in Figure 1. This was produced by assigning each
clone a score of +1 or —1, depending on whether its RSF was
higher or lower than the mean for Del36H. The value plotted is
a cumulative sum of these values, which shows changes of direc-
tion when groups of BACs have RSFs of different signs to their
preceding neighbors. The plot indicates that Del36H contains
domains of relatively high and low RSF ~2.5 Mb long. This order
of substructure is at a larger scale than that conventionally at-
tributed to isochores, which are usually defined as being of the
order of 100-300 kb long (Bernardi et al. 1985; Nekrutenko and
Li 2000). Recent attempts to define isochores computationally
have produced evidence that some may be of the order of mega-
bases long (Oliver et al. 2001; Li 2002) but IsoFinder (Oliver et al.
2001; http://bioinfo2.ugr.es/isochores/) predictions of isochores
in Del36H do not exceed 200 kb in length. The simple sequence
domains are of comparable size to chromosome bands. Unfortu-
nately, boundaries of chromosome bands are currently not well
defined at the sequence level, so it is not possible to test for a
relationship between these simplicity domains and chromosome
bands at this time.

Sites of Evolutionary Rearrangement
Homology of Del36H to regions of the human genome was
established initially by BLAST analysis of individual genes to
identify the chromosomal location of human orthologs (iden-
tified as the human sequence with the lowest BLAST E score).
This confirmed conserved synteny to human chromosomes
6p22.1-6p22.3 and 6p25.2-6p25.3. The orientations of the
two parts of Del36H homologous to human chromosome 6
are opposed—the 5’ part of Del36H is in the same orientation as
in human, with its 5’ end nearer the centromere, whereas the 3’
end of Del36H, which is closer to the telomere in mouse, corre-
sponds to a region closer to the centromere in human (see Fig.
2A). Loss of conserved synteny, and therefore the locus of chro-
mosome reorganization between the two species, lies within four
BACs (RP23-372H19, RP23-380L6, RP23-279E14, RP23-217]3), a
region 49.7 kb long. Further analysis (Fig. 2B) identified an ad-
ditional short region with homology to human chromosome
3q24 within this region. We are therefore able to define two
regions not showing a detectable homologous relationship to
any human chromosome and a novel syntenic relationship for
the region.

Studies by Puttagunta et al. (2000) and Pletcher et al. (2000)
on evolutionary breakpoints in mouse chromosome 10 showed

1892 Genome Research
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tration of LTR elements, 19.91%,
which is atypical for segment 5 as a
whole, although a number of indi-
vidual clones show higher LINE densities. BP2, the other unique
region, does not show an unusual TE composition.

Gene Clusters
Gene clusters were identified in three of the segments, as men-
tioned previously.

Segment I: Cluster of Vomeronasal Receptor, Butyrophilin,

and Histone Genes

The two large histone clusters on human chromosome 6 (Albig
and Doenecke 1997) are also present on mouse chromosome 13
(Wang et al. 1996). As in human, the mouse butyrophilin cluster
(Rhodes et al. 2001) is located between the two histone clusters,
although in mouse, the large vomeronasal receptor cluster next
to it further separates the two histone clusters. The histone clus-
ters contain genes from all five histone families (H1, H2A, H2B,
H3, H4). In mouse, we identify 57 genes, including three pseu-
dogenes, whereas the human clusters contain a total of 66 genes,
of which 11 are pseudogenes. Discounting the pseudogenes, both
species have virtually the same number of histone genes (54 in
mouse, 55 in human). However, aligning the mouse and human
clusters shows that these are not all equivalent; positionally, not
all 54 mouse genes can be matched up to a corresponding ortho-
log in human. There are four genes unique to mouse and two
that have a human pseudogene as an ortholog. Conversely, there
are six human unique genes and one human gene that has a
mouse ortholog degenerated into a pseudogene. Of the pseudo-
genes, one, an H2a family pseudogene, is conserved between
mouse and man. Despite these differences, the overall organiza-
tion (order, orientation) is very similar (see Fig. 3). The genomic
organization of the human histone cluster is in agreement with
that published earlier (Marzluff et al. 2002). However, the orga-
nization of the mouse cluster is different from that described by
Marzluff et al. (2002). We find two more H2b genes, and one each
of H2a and H4 family genes, all in the centromeric cluster. Marz-
luff et al.’s (2002) assignment of mouse or human unique genes
is different from that presented here, owing to incorrect mouse—
human alignment of part of the centromeric cluster (Marzluff et
al. 2002, their Fig. 2B); the human cluster is incorrectly reversed
in orientation, and four mouse histone genes are missing. In
addition, one of Marzluff et al.’s (2002) unique mouse genes has
an orthologous pseudogene in man.

On human chromosome 6, there are five pseudogenes de-
rived from vomeronasal receptors, which are members of a large
G-protein-coupled receptor (GPCR) superfamily (for review, see
Harmar 2001). These are expressed in sensory neurons of the
vomeronasal organ, a part of the accessory olfactory system,
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corresponding location, and various puta-
tive novel genes and a pseudogene are not
conserved (see Fig. 3D).
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The prolactin family consists of a variety of
related proteins currently known as Gh
(growth hormone), Prl (prolactin), Csh
(chorionic somatomammotropin), Prlp
(prolactin-like protein), and P! (placental
lactogen; Forsyth and Wallis 2002). As their
names suggest, they are hormones involved
in various aspects of pregnancy, lactation,
and growth. The genes are located in two
groups on mouse chromosomes 11 and 13
(Jackson-Grusby et al. 1988) and the ho-
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Figure 2 Location of region on mouse and human chromosomes and dotplot of the breakpoint
region. (A) The location of the contig on mouse chromosome 13 and the equivalent regions on
human chromosome 6. The segments of interest (0-9) are indicated. Note that on the human
chromosome, the regions are split into two blocks, breaking in segment 5. Positions and relative
sizes of regions are only approximate; human and mouse chromosomes are shown to different
scales. (B) Del36H segment 5 has homology with human chromosome 6p25 and 6p22 at its edges,
as well as 324 in the center. Between these stretches of homology are two stretches of sequence,
BP-1 and BP-2, that do not have any detectable homology with human sequence.

which is responsible for the detection of chemical cues such as
pheromones (for review, see Keverne 1999). In contrast, the or-
thologous region on mouse chromosome 13 contains 67 vom-
eronasal receptor genes, belonging to two families, V1rh and
V1ri. Just over half (34) of these genes are pseudogenes by our
criteria (Ashurst and Wilming 2002; see Methods). Of the 33
putatively expressed genes, four have not previously been de-
scribed. There are 12 known Vnr gene families, totalling 137
members (Rodriguez et al. 2002). V1rh has 21 known members
and V1ri has 10. We can account for all of these known members,
but we find VIrh1 and V1ri8 to be pseudogenes. We add one new
member to the V1rh family and three new members to the V1ri
family. Alignment of mouse V1rh and V1ri proteins against the
human genome in Ensembl (release 20) shows that there are no
other human genes orthologous to these families. We did, how-
ever, detect a small cluster of expressed vomeronasal receptor
genes on human chromosome 19 with genes similar to mouse
Vlre, V1rf, and V1rg.

Human chromosome 6 contains eight butyrophilin family
genes, seven located at the centromeric end of the extended
MHC region, the other at the telomeric end (Rhodes et al. 2001).
The function of butyrophilin proteins remains uncertain, al-
though they are known to form part of the human milk-fat glob-
ule membrane, and may be receptors (Peterson et al. 2001). The
solitary BTNL2 gene on human chromosome 6 is represented by
an estimated five genes in the equivalent region on mouse chro-
mosome 17. In contrast, we find that the cluster of seven bu-
tyrophilin genes (BTN1A1, BTN2A1, BTN3A3, BTN2A3, BTN3A1,
BTN2A2, BIN3A2) in the human region with conserved synteny
to Del36H is represented in mouse by only two genes (Btnlal and
a gene similar to BTN2A2). The transcriptional orientation and
gene order are conserved in mouse compared with members 1A1
and 2A2, as is most of the immediate genomic context. Both
regions are flanked by ABT1 and an H4 gene in conserved orien-

+~= mologous human chromosomes 17 and 6
gk ek (George et al. 1981; Owerbach et al. 1981).
In mouse, the chromosome 13 group con-
sists of a cluster of 26 related genes (includ-
ing three pseudogenes), whereas on human
chromosome 6, there is only one gene
(PRL). The reverse is true for the five-
member group in human chromosome 17,
which on mouse chromosome 11 is repre-
sented by only one gene (Gh). For both clus-
ters, the genomic context (flanking genes)
and orientation are conserved between hu-
man and mouse.

Wiemers et al. (2003) also describe 26 prolactin genes in this
region, but their gene set differs from ours. We find 23 genes and
three pseudogenes, whereas Wiemers et al. (2003) describe 26
true genes. Four of the genes described by Wiemers et al. (2003)
are closely related copies of a gene they call PLF (our bM20A22.4),
but they were only able to map one copy and speculated the
remaining copies (which they inferred on the basis of cDNA and
EST data) to lie in a gap between two clones, RP23-231P12 and
RP23-20A22. This gap is closed in our sequence, and no such
copies are found. None of the cDNAs or ESTs they attribute to
these genes exactly match our sequence; however, the best
matches are to our gene bM20A22.4. It is possible that the addi-
tional genes reported by Wiemers et al. (2003) represent se-
quence or copy-number polymorphism in the region, as the se-
quences used in their study were from more than one mouse
strain.

BP-2

Segment 9: Serpin Gene Cluster

On human chromosome 6, there is a cluster of three proteinase
inhibitor genes (serpin-b), belonging to three different families,
and one pseudogene. These genes are members of the ovalbumin
(ov)-like serpins, which are implicated in the regulation of tumor
progression, inflammation, and cell death. Kaiserman et al.
(2002) have shown that the mouse serpins within Del36H show
restricted patterns of expression, with many found in reproduc-
tive tissue. On mouse chromosome 13, this cluster is represented
by multiple genes for each family, totalling 17 genes and 10
pseudogenes (see Kaiserman et al. 2002). The disparity in gene
numbers means that there is no meaningful conservation of ori-
entation, but the flanking genes are conserved (see Fig. 3C).
Analysis of the draft rat genome also reveals more serpin genes in
this region than in human, but there are differences in the copy
numbers of the different serpin-b subfamilies between rat and
mouse (Puente and Lopez-Otin 2004).
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Figure 3 Gene clusters. Panels showing the relative organization of genes in several of the gene clusters present in the region, comparing mouse to
human. Human sequences shown at the top, mouse at the bottom, with the relevant chromosomes indicated. Where necessary, human sequence has
been reoriented to align with mouse sequence (which is shown in centromere-telomere orientation as in Fig. 1). Figures are not to scale and only show
selected genes, not noncluster genes or clusters interspersed within some of these clusters. However, conserved genes and clusters within or immediately
neighboring clusters are shown with their current mouse gene symbols below the clusters, with an arrow indicating transcriptional orientation.
Phylogenetic trees for three of the clusters (4, B, C) are also shown. (A) The vomeronasal 1 receptor (V1r) cluster. Orange ovals indicate where it could
not conclusively be determined whether the pseudogene derived from family h or i. Black dots in the phylogenetic tree mark previously unknown family
members. The human sequence has only five V1r genes, all degenerated into pseudogenes, whereas in mouse, the equivalent region houses 67 copies,
just over half of which (34) are pseudogenes. An asterisk marks a human pseudogene that is displaced from the V1R cluster and actually located in the
histone cluster (asterisk in D). (B) The prolactin cluster. Circled in the phylogenetic tree are the solitary family members in mouse and human, the Gh
(growth hormone) gene (yellow) on mouse chromosome 11 and the PRL (prolactin) gene (green) on human chromosome 6. In mouse, the prolactin
cluster has greatly expanded (to 26 members, with three pseudogenes), whereas in human, the growth hormone cluster has modestly expanded to an
estimated five members. (C) The serpin cluster. In human, only one copy (encircled in the phylogenetic tree) of a member of three subfamilies [SERPINB1
(yellow), SERPINB6 (blue), and SERPINBY (green)] is present (plus a SERPINB9 pseudogene), whereas in mouse, all three subfamilies have expanded,
approximately maintaining the order, although not orientation, of the subfamily members. In mouse, a complete b1-b9-b6 block may have inserted
itself in reverse orientation within the b9 cluster after individual genes were locally duplicated and inserted, giving rise to the current configuration. The
b9 gene shown with a white oval is a partial gene (only the first two exons, including the first coding exon), and probably qualifies as a pseudogene.
The human pseudogene is actually located between the two conserved genes shown at bottom, RIPK1 and NQO?2. (D) The histone and butyrophilin
clusters. Histone family 1 (Hist1) comprises members of all five histones H1, H2a, H2b, H3, and H4. The clusters are of comparable size in mouse and
human, part of the slightly larger size in human mostly accounted for by a higher number of pseudogenes. Genes appear to have been duplicated in
several groups of genes, containing successively smaller numbers of genes with conserved relative orientations and order as follows: a group of a single
copy of each of the five genes in order and orientation H2b~-H2a*-H3*-H1 ~-H4" or its reverse complement (white lollipops), this group minus H1
(yellow), then minus H3 (green), and finally a two-member group also missing H4 (black). A gray background area splitting the histone gene cluster
in two contains the butyrophilin (Btn) cluster, represented in human by seven genes and in mouse by only two. The V1r cluster shown in A is actually
located immediately /eft of the Btn cluster, further dividing the two parts of the Hist1 cluster. An olfactory receptor gene cluster is located to the left of
the histone gene cluster and an Slc17a cluster within the telomeric end of the telomeric cluster. In both mouse and man, this cluster consists of four
genes with conserved orientation. The mouse equivalent of the human TRIM38 gene is positionally conserved, but has the opposite transcriptional
orientation. At top, the human HMGN4 gene located between ABT1 and the butyrophilin gene cluster is not present in mouse, and an asterisk shows
the position within the centromeric histone gene cluster (i.e., outside of the V1R cluster) of a human V1R pseudogene marked by an asterisk in A.
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A second serpin cluster (serpin-a) is present on mouse chro-
mosome 12 and human chromosome 14. The Ensembl annota-
tion of this cluster indicates mild expansion in mouse (~18 genes
vs. 10 human genes). The two expanded family members (serpin-
al, serpin-a3) seem to have expanded in situ, maintaining the
general order between mouse and man.

Mechanisms of Expansion
Local gene clusters, to be distinguished from larger scale dupli-
cations arising from segmental duplication (Bailey et al. 2002),
could arise by transposition, including retrotransposition, or by
the action of unequal crossing-over. Clustering appears more
likely to arise as a result of unequal crossing-over, but could also
arise if there were strong target sites for transposition. Unequal
crossing-over is likely to leave traces of local clustering of genes
due to tandem amplification. To test for this statistically, we used
the runs test (see Sokal and Rohlf 1995). This test identifies
whether a sequence of binary characters (e.g., members of one
gene family or another, or genes on one strand or the other)
contains fewer (or more) runs of a single character than would be
expected by chance. Tandem arrangements of genes produced by
unequal crossing-over would be expected to show fewer such
runs than expected by chance using this test.

The two subfamilies of VnR genes in Del36H (V1rh and
V1ri) appear to be randomly dispersed with respect to each other
(i.e., show no significant deviation from the expected number of
runs of genes of the same type by the runs test) if their strand
orientation is ignored. However, the two families combined
show significant clustering by strand (P < 0.001; runs test), con-
sistent with an origin by unequal crossing-over. The prolactin
genes also show significant clustering by strand (P < 0.001, runs
test). The lack of pseudogenes or gene remnants near the solitary
Prl gene on human chromosome 6 and the Gh gene on mouse
chromosome 9 suggests that the common ancestor had one gene
each of Prl and Gh, which in human and mouse, expanded dif-
ferentially, with humans expanding the Gh line and mice the Prl
line. The serpins do not show significant clustering by the runs
test. However, although there is some mixing of the three fami-
lies (identified in Fig. 3) in the mouse serpin cluster, the order of
the three families is broadly maintained between mouse and
man, suggesting a localized mechanism of gene duplication, such
as UCO.

The proportion of pseudogenes within a given gene family
can reflect at least two evolutionary processes. Firstly, it reflects
the strength of purifying selection acting on the family. If puri-
fying selection has acted strongly, few, if any, of a familiy’s mem-
bers should accumulate deleterious mutations, whereas weak or
no purifying selection would allow the accumulation of pseudo-
genes (see Zhang and Webb 2003). Secondly, gene conversion
has been shown to result in the homogenization of sequences
within some gene families (includ-
ing the VnR gene family—see Lane
et al. 2004), increasing sequence
similarity and potentially eliminat-

and 51% (34/67) of the V1rs are. However, Table 4 shows that the
vomeronasal receptor genes have, on average, accumulated few-
est synonymous mutations, as judged both by the mean differ-
ence between sequence pairs and the maximum value of K ob-
served within the family. The mean K,/K; for this family is also
not exceptionally high. On the other hand, the prolactins, which
have the lowest proportion of pseudogenes, are more divergent,
as judged from pairwise K values, but have a higher mean pair-
wise K,/K;. The proportion of pseudogenes in these gene families
therefore appears to reflect different levels of purifying selection
and/or homogenization acting on them. It is noteworthy in this
context that Wallis (1993, 1996) has suggested that positive se-
lection has acted on prolactins. This is consistent with high
(greater than one) K,/K; ratios seen in two pairwise comparisons
of Del36H prolactin genes. The highest pairwise K,/K; ratio seen
in these analyses was seen for a pair of serpin genes, raising the
possibility that positive selection may also have acted on this
gene family.

Evolutionarily Conserved Regions

We have previously demonstrated the utility of using short (50
bp) regions of interspecies conservation (Evolutionarily Con-
served Regions; ECRs) to identify candidate transcriptional units
in the Bpa/Str region of the mouse X chromosome (Mallon et al.
2000). Dermitzakis et al. (2002) described an analysis of human-
mouse ECRs from human chromosome 21, which suggested that
a significant proportion were noncoding and potentially regula-
tory elements. We noted previously that ECRs corresponding to
different classes of sequence (for example coding exons, 5" and 3’
UTRs) typically showed different mean conservation and vari-
ance (see also Makalowski et al. 1996). Dermitzakis et al. (2003)
have suggested that ECRs corresponding to noncoding regions
(which we call NC-ECRs and they call CNGs) can be highly con-
served between multiple mammalian species and show patterns
of evolution that might be expected in transcription factor bind-
ing sites. A multispecies comparative analysis by Margulies et al.
(2003) showed that 70% of the bases in multispecies conserved
sequences (MCS), which are comparable to ECRs, were within
noncoding regions. Initial characterization of MCSs revealed se-
quences that corresponded to clusters of transcription factor
binding sites, noncoding RNA transcripts, and other candidate
functional elements (Margulies et al. 2003).

For the Del36H region, we have extended ECR analysis to
consider not only mouse-human but also mouse-Rat, mouse-
Takifugu, mouse-Tetraodon, mouse-Zebrafish, and mouse-Ciona
intestinalis ECRs. Our aim in doing this was to gain an insight
into the degree to which the conservation corresponding to a
particular ECR has decayed over relatively long periods of evolu-
tionary time, potentially providing useful additional information
on the function of the ECR. Other species (chimpanzee, cattle,

Table 4. Synonymous and Nonsynonymous Divergence Within Gene Families in Del36H

ing pseudogenes. Both of these pro-

Ks Ka Ka/Ks
cesses should give rise to a positive
correlation between the accumula- Family No. Mean Max Mean Max Mean Max
tion of synonymous mutations
within coding regions and the ac- Histone H1 6 1.231 2.582 0.211 0.408 0.170 0.263
cumulation of pseudogenes. The  HiEe0E B0 15 0115 0365 0015 0086 0095 0324
s . Istone o o b J o b

three expanded gene families in L0000 ps 9 0.082 0122  0.002  0.003  0.021 0.068
Del36H do not show such a corre- isone He 11 0.206 0362  0.001 0.004  0.007  0.027
lation. By our criteria (Ashurst and Prolactins 23 1.196 3.262 0.698 0.988 0.616 1.110
Wilming 2002), three of the 26 pro- Serpins 16 0.965 3.572 0.297 0.576 0.382 1.374

Vomeronasal Receptors 33 0.772 1.645 0.285 0.504 0.392 0.731

lactin genes are pseudogenes (12%),

whereas 37% (10/27) of the serpins
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chicken, and sea urchin) did not show significant matches to
Del36H, most likely due to lack of data at the time of analysis in
most cases.

Numbers of coding (i.e., exonic) and noncoding (nonex-
onic) ECRs (C- and NC-ECRs; see Methods for details) found for
each species pair and in each segment of Del36H are given in
Table 5. Overall numbers of ECRs decrease with evolutionary
distance, but decrease much more sharply from the mouse/rat
comparison to the mouse/human comparison than from mouse/
human to the more distant comparisons. This suggests that
many of the mouse/rat ECRs reflect neutral (rather than selec-
tive) sequence conservation, despite the higher stringency used
in the comparison. Mouse/fish and mouse/Ciona comparisons
produced similar numbers of ECRs, suggesting that ECRs ob-
served in one species over this relatively long evolutionary time-
scale (700-1100 Myr) are likely to be broadly conserved.

The proportion of noncoding ECRs also decreased with in-
creasing evolutionary distance, reflecting higher conservation of
exons than noncoding regions. In the mouse/rat comparison,
65% of ECRs corresponded to noncoding regions. This dropped
to 52% in mouse/human, 42%-45% in mouse/zebrafish and
mouse/Ciona, and 27% in the mouse/pufferfish comparisons.

To further characterize the evolutionary dynamics of ECRs,
the ECRs identified in the mouse/human comparison were tested
to determine how many of them appeared in other pairwise com-
parisons. Results of this analysis are presented in Table 6. A total
of 91.6% of the mouse/human ECRs were also seen in rat, but
these made up only 8% of mouse/rat ECRs, suggesting a high
false-positive rate (with respect to their ability to detect selec-
tively conserved sequences) in the latter comparison. Around
10%-15% of mouse/human ECRs were also observable in fish—
the lower proportion for Tetraodon may reflect incompleteness of
data. However, these only made up about 25%-35% of the ECRs
observed in these species, again suggesting a high false-positive rate.

Distributions of both coding and noncoding ECRs across the
sequence were nonrandom with respect to expected numbers on
the basis of the lengths of the 10 segments in mouse (P < 0.001,
X%, 9 df). Highly significant nonrandomness was also seen for the
other species comparisons. Segments 3 and 9 showed ECR con-
tents of <10% of expected values (in the case of segment 3, the
observed value was close to 1% of expectation). Segment 7
showed a threefold elevation of ECR density, whereas segments 4
and 8 showed approximately twofold elevations. Observed/
expected ratios for C- and NC-ECRs correlated significantly
(r=0.73; P<0.02).

Similar results were obtained if expected ECR frequencies
were calculated on the basis of ORF gene content, except that in
this case, segments 0 and 1 were also deficient in ECRs, and
segments 4 and 8 showed nine- to 10-fold excesses.

ECRs and Gene Identification

A subsequent analysis of mouse-human ECRs allowed us to iden-
tify additional and variant exons. We also identified a novel
SCAN domain containing C2H2 type zinc-finger protein
(933017LO02Rik) that was missed in the original manual annota-
tion. ECRs, therefore, proved valuable for detecting some exons
that may have been missed during clone-based manual annota-
tion, particularly when genes crossed clone boundaries.

DISCUSSION

Manual annotation of the finished Del36H genomic sequence
allowed us to carry out a comprehensive analysis of the region, as
well as producing an invaluable resource for mutation detection.
Comparisons of the manual annotation with Ensembl annota-
tion (Table 1) confirmed that the manual annotation will be
important for mutation detection, as automated annotation pre-
dicts the precise coordinates of genes, and particularly exons, less
well.

Evolutionary Rearrangement

Parts of Del36H are orthologous to two large and one smaller
block of the human genome, 6p22.1-6p22.3, 3q24, and 6p25.3.
The two regions of Del36H orthologous to human 6p lie in op-
posite orientations in mouse. On the basis of comparisons of
syntenic associations that are widespread in mammalian orders,
Murphy et al. (2001) proposed a hypothetical ancestral placental
mammalian karyotype. In this, the segment corresponding to
human chromosome 6 is present as a single block, as is that
corresponding to chromosome 3. Thus, the organization of
Del36H appears to be the result of at least two recombination
events between two ancestral blocks. This is consistent with the
conclusion that there has been more chromosome breakage in
the rodent lineage than in the primates (Bourque et al. 2004).
However, it is not clear from this whether the Del36H arrange-
ment represents a deletion in mouse or whether human chromo-
some 6 contains an insertion between 6p22.3 and 6p25.3. Re-
petitive elements have been implicated in chromosome breakage
in human disease and during evolution (Murphy et al. 2001),
with some evidence that the two types of breakage site may co-

Table 5. Evolutionary Conserved Regions in Each Segment
Rat Human Zebrafish Takifugu Tetraodon Ciona intestinalis
ECRs c? NC® ECRs C NC ECRs C NC ECRs C NC ECRs C NC ECRs C NC
0 342 118 224 26 23 3 39 21 18 6 5 1 8 7 1 14 11 3
1 1286 631 645 143 103 40 261 114 147 138 83 55 131 78 53 33 20 13
2 3409 1185 2224 255 85 170 122 88 34 131 118 13 87 75 12 8 7 1
3 363 134 229 1 0 1 10 0o 10 0 0 0 8 0o 8 0 0 o0
4 3147 1222 1925 360 205 155 31 17 14 45 29 16 36 35 1 12 9 3
5 591 169 422 25 19 6 29 20 9 7 3 4 8 7 1 0 0 o
6 944 362 582 55 21 34 26 26 0 32 28 4 27 26 1 0 0 0
7 764 73 691 73 27 46 33 21 12 27 12 15 18 16 2 11 7 4
8 1707 484 1223 171 49 122 38 17 21 45 37 8 11 8 3 5 4 1
9 286 124 162 7 6 1 40 35 5 29 26 3 13 0 13 22 0 22
Total 12,839 4502 8327 1116 539 578 629 359 270 460 341 119 347 252 95 105 58 47
%NC 64.9 51.8 42.9 25.9 27.4 44.8

“Number of ECRs in coding (exonic) regions.
PNumber of ECRs in noncoding (nonexonic) regions.
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maintained between mouse and man, suggesting a

e series of individual gene duplication events and not
Region Human? Rat  Zebrafish Fugu Tetraodon Ciona block duplication of larger units.

0 26 20 7 1 5 1 Gene Factories

1 143 132 69 64 34 10 A tempting conceptual model of the forces underly-
g 25-? 2313 28 33 zg g ing the expansion/contraction of gene families in lo-
2 360 351 20 29 22 1 calized regions of genomes is that gene family expan-
5 25 10 6 1 3 0 sion during evolution is driven by natural selection,
6 55 56 9 9 5 0 favoring genes that make a specific contribution to
7 73 72 12 15 11 3 the lifestyle of the species concerned (Dehal et al.
8 171 144 8 8 1 0 2001; Waterston et al. 2002; Emes et al. 2003). In
'?'otal ”12 1 023 ] 5? ] 6i 1 Og 22 Del36H, three such gene families are relpresented as
% Comseivel® 91.7 13.5 14.7 9.8 22 follows: vomeronasal receptors, relating to mate
% of Total* 8.0 24.0 35.7 31.4 23.8 choice using pheromones; prolactins, relating to the

?ECRs found in the mouse-human comparison, against which other species pairs

were compared to identify coincident ECRs.
PPercentage of human/mouse ECRs also seen in the target species.

“Percentage of all ECRs seen in the target species that are also seen in the human/

mouse comparison.

incide and be associated with pseudogene insertions (Kost-
Alimova et al. 2003). However, we found no strong association
between evolutionary breakage in this region and repetitive ele-
ments. Segment 5 of Del36H, which contains the two evolution-
ary breakpoints, has a very low gene density, probably contain-
ing no more than three genes in 496 kb. A region such as this
may be a prime candidate for genome rearrangement, because
breaks are unlikely to impact coding or regulatory regions of genes.

Gene Family Evolution
Data on the gene content of the Del36H sequence provide us
with insight into the origins of its high gene density. The region
contains representatives of six gene families, the vomeronasal
receptors, butyrophilins, histones, prolactins, Fox transcription
factors, and serpins. The segments within which these gene fami-
lies lie have high gene densities; the remainder of Del36H has a
gene density half the average value estimated by Waterston et al.
(2002). The three gene families expanded in Del36H relative to
human contain 67 more genes than are present in the human
regions. Thus, there is an association between accumulation of
these genes and the high gene density of the region as a whole.
Examination of the patterns of organization of these gene
families shows variation, but also some underlying similarities.
Segment 1 is of particular interest in this respect, because it con-
tains three interspersed gene families. This region is dominated
by two histone gene arrays interrupted by the VnR and bu-
tyrophilin genes. On a gross scale, the histone arrays comprise all
five classical histone types (Fig. 3D). The arrays show evidence of
expansion, most likely by some recombinational process such as
unequal crossing-over. In the distal mouse cluster, the arrange-
ment {H2b-reverse + H2a-forward + H3-forward + Hl-reverse +
H4-forward} is repeated several times, although because of the
mouse-human divergence, some members of the block have de-
generated into pseudogenes, genes have been lost, or other
blocks have inserted in one or the other organism. Subsets of the
basic block missing cumulatively H1, H3, and H4 also appear to
have been duplicated. This appears to indicate expansion of
groups of ancestral histone genes before the divergence of pri-
mates and rodents. The expanded gene families in Del36H also
show patterns of organization consistent with amplification by
recombination, as the VnR and prolactin genes show clustering
by DNA strand. This was not detectable for the serpin genes,
although in this case, the order of the three families is broadly

requirement in mice to suckle numerous offspring (in
comparison to humans); and serpins, belonging to a
class expressed in reproductive tissue (Kaiserman et
al. 2002), which is again highly active and rapidly
developing in mice compared with humans. Expan-
sion of these gene families could have two advanta-
geous consequences. Firstly, it could allow the rapid
production of large amounts of protein by mobilizing
multiple genes simultaneously. Secondly, it could allow evolu-
tionary diversification of the gene family, allowing an individual
to express or potentially express multiple variants of a gene type
with subtly different functional characteristics. Expansion of
these gene families could form part of a wider process of adap-
tation by gene duplication (Dehal et al. 2001; Emes et al. 2003).

An implicit assumption of such a model is that the duplica-
tion of genes is more or less equally likely for any gene (poten-
tially a founder of a gene family). This might be because the
genomic processes giving rise to gene families act more or less
uniformly across the genome, or it might reflect the potential for
any gene to find itself in a region predisposed to gene duplica-
tion, giving rise to evolutionarily rapid expansion. We call this
latter model the “gene factory” hypothesis. Segment 1 of the
Del36H region appears to be a candidate gene factory, because it
contains a number of gene families. Locally accelerated gene du-
plication could be driven by high concentrations of TEs, which
are recombinogenic (e.g., Burwinkel and Kilimann 1998; Dein-
inger and Batzer 1999; Hill et al. 2000), and expanded gene fami-
lies in Del36H are associated with high TE concentrations. Con-
centrations of particular classes of element would be expected to
have more effect than a general increase in density of all ele-
ments, as this would increase the chance of out-of-phase recom-
bination during meiosis. However, it is not clear whether some
elements would have greater effects than others—a possible class
of candidate elements are IAP elements, which are relatively
common in segment 1 of Del36H and are associated with c. 10%
of spontaneous mouse mutants (Ostertag and Kazazian Jr. 2001),
whereas L1 elements have recently been implicated in the diver-
sification of the rodent VIR gene family (Lane et al. 2004), al-
though we did not find a significant association of LINEs with
segment 1 compared with other parts of Del36H.

An alternative explanation of the observed association be-
tween gene clusters and TE density is that TE insertion is favored
by processes such as recombination, which also produce gene
clusters. Frequent strand breakage in a locality might favor inva-
sion by TEs. If this hypothesis were true, we would expect to find
the same proportions of TE classes associated with each gene
cluster, but we find the different gene cluster segments to be
enriched in different classes of TE. However, differences in the
sequence characteristics of the different segments might be in-
voked to explain this. Further sequence and experimental analy-
sis will be required fully to resolve these possibilities.
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The three expanded (relative to human) gene families in
Del36H contain considerably different proportions of pseudo-
genes. If gene family expansion in a lineage is adaptive (Dehal et
al. 2001; Waterston et al. 2002; Emes et al, 2003), we might expect
selection against pseudogenization within families, but the vom-
eronasal receptor (VIR) gene family in particular contains numer-
ous pseudogenes. Our preliminary analysis suggests no relation-
ship between the amount of neutral change, as measured by syn-
onymous mutations, that has accumulated in these gene families
and the proportion of pseudogenes. K,/K; ratios for all three gene
families were also not low, suggesting that negative selection on
them is not strong, although there is a possibility that positive
selection has played a role in the evolution of the prolactin and
serpin families. Thus, gene family expansion, at least in Del36H,
appears to affect genes that are not subject to very strong nega-
tive selection. Gene duplication may then be followed by pseu-
dogenization or evolution of new functions, as predicted by gene
duplication theory (Ohno 1970; Lynch and Conery 2000). This
process is akin to the birth and death evolution model of Nei and
coworkers (Nei and Hughes 1992; Nei et al. 1997). The vomero-
nasal receptor family, which has a high proportion of pseudo-
genes, may represent a special case, as individual genes appear to
be expressed in individual neurons of the vomeronasal organ
(Keverne 1999). Gene duplication, combined with rapid evolu-
tion, could provide an increased repertoire of receptors, which
could provide a selective advantage, but copies that are not useful
to the organism would not be subject to purifying selection.

Our definition of a pseudogene implies only that the gene
region concerned is not capable of making a complete protein.
Recent evidence has shown that in some cases, RNA transcribed
from genes of this kind may have regulatory roles (Hirotsune et
al. 2003). It may also encode truncated proteins. We are unable to
distinguish any such cases from wholly nonfunctional gene cop-
ies in this analysis, particularly in the absence of published cDNA
or EST sequences. This is the case in particular for the V1r genes,
which were particularly problematic, as they are also single exon
genes. The current evidence for these genes is based mostly on
similarity to genomic translations derived from other members
of the same cluster, running the risk of an escalating cascade of
self-confirmation.

Although TEs show associations with gene clusters within
Del36H, simple sequences show the opposite relationship, that
is, they correlate negatively and significantly with gene density
over the region. They also tend to lie in blocks around 2.5 Mb
long interspersed with similar length regions containing rela-
tively fewer simple sequences. These correspond to the low gene
density regions lying between the gene-rich segments of Del36H.
This pattern presumably reflects the effective exclusion of micro-
and minisatellite-like sequences by sequences that are mostly not
internally repetitive (coding regions and TEs). Whether the peri-
odicity of gene clusters seen within Del36H also occurs in the rest
of the mouse genome, remains to be investigated.

ECRs

Sequence conservation across species may be a valuable indicator
of both coding and regulatory regions (Mallon et al. 2000). Here,
we have evaluated the level of conservation of ECRs in compari-
sons between mouse and a number of other complete or partially
complete chordate genomes. We have found what appears to be
a massive overrepresentation of ECRs in the mouse/rat compari-
son, despite raising the stringency of our search to 85% match
over 100 bp. Fine tuning of this criterion may reduce the number
of these matches to a number more comparable to those found
for other species, but it may be that rat is too closely related to
mouse to be of use in such studies. Numbers of ECRs observed for
the human/mouse comparison were similar to those observed for
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fish and Ciona, suggesting that there is a core of ECRs that shows
strong conservation over long periods of evolutionary time.
Many of these are noncoding, raising the possibility that they
represent strongly conserved regulatory elements. Some of them
may also be examples of a newly discovered class of ultracon-
served elements (Bejerano et al. 2004).

The distribution of ECRs across Del36H is not homoge-
neous. This was observed whether expected values were calcu-
lated on sequence length or ORF gene content. When gene con-
tent is taken into consideration, the three segments containing
expanded gene families (particularly segment 3, which contains
the prolactin cluster) contain a very low ECR concentration. In
contrast, other segments, notably 4 and 8, showed relatively high
ECR contents. This could result from differences in ECR conser-
vation in different parts of the genome, due to differences in
selective pressure or other processes. However, it might also re-
flect the specialized mode of evolution of regions containing
multiple copies of gene family members. Gene duplication may
not have duplicated regulatory elements along with coding se-
quences. This would result in fewer ECRs per gene and could be
one of the causes of pseudogenization, which itself would reduce
the number of significant PIPMAKER hits. The inverse of this is
that positively selected genes may also not be detected in PIP analy-
sis if they have diverged considerably more than genes under
purifying selection. Finally, the pattern could result from differ-
ences in ECR number per gene. However, observed/expected ra-
tios of C- and NC-ECR content in the different regions correlated
significantly with one another, indicating that genes tend to have
similar numbers of NC- and C-ECRs and providing further evidence
that NC-ECRs may be useful for identifying regulatory regions.

Conclusions
We have sequenced and annotated to a high standard a 12.66-
Mb segment of the mouse genome corresponding to Del36H. We
have identified a number of interesting sequence features in the
region, including a number of gene families that are more exten-
sive in mouse than in human, and association of the loci of these
gene families with high concentrations of TEs. We suggest that
the locations of these expanded gene families may represent gene
factories that may be driven by high densities of recombinogenic
TEs. Simple sequences within the region are arranged in ~2.5-Mb
blocks, probably reflecting the exclusion of this class of sequence
from regions with high gene and TE densities. We also identified
two points of breakage/rearrangement between the mouse and
human genomes, although we have been unable to identify un-
ambiguous sequence features that might have been involved in
these rearrangements. Finally, we have investigated the potential of
ECRs as tools to detect gene regulatory regions, and conclude that
they appear to have potential for identifying conserved regulatory
regions in genes, especially if present in a range of chordate species.
This analysis will form an invaluable starting point both for
further biological analysis of genes located in this region of the
mouse genome and for further analysis of the mouse genome
sequence itself.

METHODS
Physical Mapping

The process of map construction evolved during the project, as
large-scale public data resources became available. Initially, the
RPCI23 BAC library (Osoegawa et al. 2000) was replicated, ar-
chived, and arrayed onto high-density filters (Dunham et al.
1999) at the MRC Rosalind Franklin Centre for Genomics Re-
search (formerly the MRC Human Genome Mapping Project Re-
source Centre). Markers for genes, expressed-sequence tag (EST),
sequence-tagged-site (STS), and microsatellites known to map in
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Del36H (Arkell et al. 2001) were selected for use in physical map-
ping. PCR amplicons or overgos were designed for the markers,
purified, and radioactively labeled, and then pools of up to 12
probes used as hybridization probes (Ross et al. 1999) to screen
the BAC library. High-density filters were obtained either from
Childrens Hospital Oakland Research Institute (CHORI) or from
the MRC Rosalind Franklin Centre for Genomics Research. Bac-
teria representing positive coordinates were grown and arrayed at
low density on nylon filters (Dunham et al. 1999) using a Biomek
2000 (Beckman). These were then screened by hybridization with
individual probes as a secondary screen and to identify potential
clone overlaps. All BACs were restriction-digest fingerprinted
(Marra et al. 1997) and contigs constructed at high stringency
using a combination of fingerprint and marker content data in
FPC (Soderlund et al. 2000).

As the project progressed, we exploited two further mapping
approaches, using human-mouse conserved synteny and the
availability of nearly complete fingerprint data for the RPCI23
and RPCI24 BAC libraries. Human chromosome 6p21.3-6ptel
shows conserved synteny with proximal mouse chromosome 13
(Stephenson and Lueders 1999). Repetitive elements in selected
tile-path clones from the human genome sequence were masked
using RepeatMasker (A.F.A. Smit and P. Green, unpubl.) and
tested for alignment with mouse BAC insert end, gene, and EST
sequences, using the BLAST server at the MRC Rosalind Franklin
Centre for Genomics Research (http://www.hgmp.mrc.ac.uk/
Registered/Webapp/blast/). Mouse sequences with alignments
with BLAST significance values of <10~ * were used to design
overgos or PCR amplicons and then used in hybridization screen-
ing as described above. Selected markers were mapped (Arkell et
al. 2001) using the T31 radiation hybrid panel (McCarthy et al.
1997) to ensure localization to the Del36H interval. Finally, FPC
(Soderlund et al. 2000) was used to “walk” across gaps between
clone contigs by high-stringency comparisons with the public
fingerprint database (http://www.bcgsc.ca/lab/mapping/mouse).
As an independent test of localization, selected BACs were la-
beled and used in fluorescent in situ hybridization (FISH) with
metaphase chromosomes (Buckle and Rack 1993). Sequencing was
performed as described (Lander et al. 2001; Waterston et al. 2002).

Annotation and Analysis

The finished genomic sequence in the form of BACs was analyzed
using an automatic Ensembl pipeline with modifications to aid
the manual curation process. The G+C content of each clone
sequence was determined and putative CpG islands marked. In-
terspersed repeats were detected using RepeatMasker (A.F.A. Smit
and P. Green, unpubl.) and simple repeats using Tandem Repeats
Finder (Benson 1999). The combination of the two repeat types
was used to mask the sequence. This masked sequence was
searched against vertebrate cDNAs and expressed sequence tags
(ESTs) using WUBLASTn (http://blast.wustl.edu) and matches
were cleaned up and aligned using est2genome (http://www.
rfcgr.mrc.ac.uk/Software/EMBOSS/Apps/est2genome.html). A
protein database combining nonredundant data from SWISS-
PROT and TrEMBL was searched using WUBLASTx (http://blast.
wustl.edu). Ab initio gene structures were predicted using
FGENESH (Salamov and Solovyev 2000) and GENSCAN (Burge
and Karlin 1997). By use of modified Acedb software (Durbin and
Thierry Mieg 1991), the predicted gene structures were manually
annotated according to the human annotation workshop
(HAWK) guidelines (Ashurst and Wilming, 2002) and gene cat-
egories used were as described therein as follows: Known genes
are identical to known mouse cDNA or protein sequences and
should have an entry in MGD, Locuslink, or GDB. Novel CDS
genes have an ORF, are identical to spliced ESTs or have some
similarity to other genes or proteins. Novel transcripts are
similar to novel genes, but no ORF can be determined. Putative
genes are identical to spliced mouse ESTs, but do not contain an
ORF. Pseudogenes (processed or unprocessed) are nonfunc-
tional copies of genes with in-frame stop codons and/or frame-
shifts disrupting the ORF. Multiple alignments and bootstrapped
trees were generated by ClustalX (Thompson et al. 1997) using
default parameters (1000 iterations for the trees).

The individual clone sequences were submitted to the Gen-
Bank/EMBL/DDB] databases under the following accession num-
bers: BX001068, BX296547, AL589742, AL589651, AL589879,
AL606968, AL590614, AL645683, AL645546, AL645667,
AL645686, AL645923, AL606472, AL606513, AL627387,
AL669819, AL714025, AL732361, AL592149, AL590388,
AL606464, AL683873, AL590864, AL589744, AL591851,
AL513014, AL589699, AL645533, AL589735, AL589766,
AL670757, AL645748. AL606965, BX119969, AL611951,
AL731562, AL590870, AL837512, AL589722, AL645663,
AL662807, AL731657, AL844606, AL591843, AL589679,
AL662813, ALS592443, AL590522, AL732408, AL627326,
AL606783, AL590616, AL607105, AL590503, AL590626,
AL606488, AL606528, AL606511, AL646015, AL645746,
AL589701, AL645587, AL512647, AL513025, AL450321,
AL645749, AL607131, AL731649, AL611944, AL731659,
AL645745, AL606764, AL606496, AL606782, AL606525,
AL645662, AL589738, AL590625, AL645783, AL645697,
AL645643, AL645763, AL645664, AL645825, AL589737,
AL645799, AL645808, AL645693, AL606533, AL589871,
AL645704, BX545914, AL450331, AL513022, and AL450406.

For ECR analysis, individual finished BAC sequences were
masked using RepeatMasker (A.F.A. Smit and P. Green, unpubl.).
The masked sequences were then BLASTed against the most cur-
rent versions of the genome sequence databases for nine species
as follows: human, chimpanzee, cattle, rat, Takifugu, Tetraodon,
Chicken, Ciona, and Sea Urchin using BLASTN (Altschul et al.
1990). High scoring pairs (HSPs) with an E-value of <1 x 10~ 2°
(1 X 101 for rat) were then extracted and compared with the
set of genome sequences using PIPMAKER or MULTIPIPMAKER
(Schwartz et al. 2000). Concise output files were then processed
using a perl script to extract ECRs with predefined minimum
lengths and percentage matches to the target genome as follows:
Mouse-Human (50 bp in length and 85% identity), Mouse-Rat
(100 bp, 85%), Mouse-Takifugu rubripes (50 bp, 50%), Mouse-
Tetraodon nigroviridis (50 bp, 50%), Mouse-Zebrafish (Danio rerio)
(50 bp, 50%), and Mouse—Ciona Intestinalis (50 bp, 50%). Coding
(C-) ECRs are defined as ECRs that significantly overlap an mRNA
or, in the absence of mRNA sequence, a protein-coding region.
All other ECRs are defined as noncoding (NC-) ECRs.

Sequence repetition across the region was analyzed using
the program SIMPLE (v 3.0; Alba et al. 2002). Briefly, the algo-
rithm passes a 65-bp window along a sequence, awarding a score
to each window, depending on the frequency at which the motif
at the center of the window occurs within the window. The mean
score for the sequence is compared with a mean score generated
for 10 randomized sequences of the same base and dinucleotide
composition, rendering a measure of sequence repetition (Rela-
tive Simplicity Factor, RSF) for the region. The method compen-
sates for base composition and sequence length by simulating
sequences of the same length and base dinucleotide composition
as the original (Hancock and Armstrong 1994).

Synonymous and nonsynonymous sequence differences
were derived from ClustalX multiple alignments using the pro-
gram DnaSP (Rozas et al. 2003).
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