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(23); in contrast, A145R/Y87H dosed as high as
30 mg per kilogram of mouse body weight
(along with native TNF at 30 �g/kg) resulted in
no mortality or hepatotoxicity (Fig. 4A) (24).
Similarly, lethal doses of native human TNF (30
�g/kg) mixed before injection with varying ra-
tios of A145R/Y87H produced no TNF-induced
damage. This protection was observed at native:
variant ratios as low as 1:1 and with a superle-
thal dose of TNF (Fig. 4A). Further, sandwich
ELISA analyses of serum samples indicated that
a substantial portion (30 ng/ml) of administered
A145R (3 mg/kg) was in heterotrimers with the
endogenous mouse TNF at 1 hour.

A145R/Y87H was next assessed in a
model of chronic disease as an initial test of
the DN-TNF antagonism mechanism in a
disease-relevant setting. We selected the rat
7-day established collagen-induced arthritis
(CIA) model because it simulates chronic
autoimmune joint disease and can be treat-
ed by TNF blockade (25). When dosed after
the onset of symptoms, only interventions
with rapid onset of action would be able to
affect disease progression in this model,
thus requiring rapid exchange in vivo of
TNF variants with endogenous TNF. To
ensure that there were no confounding in
vivo effects of using affinity-tagged vari-
ants, we produced A145R/Y87H that
lacked such tags. Further, to decrease in
vivo clearance, we added one polyethy-
lene glycol (PEG; �5 kD/molecule) to each
monomeric subunit of A145R/Y87H. This
modification had no effect on the
dominant-negative properties of the mole-
cule in vitro (fig. S7). A145R/Y87H re-
duced joint swelling in the CIA model
when dosed once daily at 2.0 mg/kg subcu-
taneously with a loading dose of 2.0 mg/kg
and twice daily at 10 mg/kg intravenously
(Fig. 4B). These results demonstrate the
potential of DN-TNFs to inhibit TNF-me-
diated inflammation and verify that ex-
change occurs rapidly enough to affect pro-
gression of acute symptoms when dosed
therapeutically.

Given their high-yield bacterial production,
theoretical low immunogenicity, and unique
mechanism of action, DN-TNFs show potential
as a new class of anti-inflammatory therapy,
particularly because existing methodologies (i.e.,
PEG modification) can be used to further en-
hance their pharmacokinetic properties (26, 27).
Further, we propose that this dominant-negative
approach should be tested for its potential to
create inhibitors of other multimeric extracellular
signaling molecules, in particular other members
of the TNF superfamily (e.g., RANKL, CD40L,
and BAFF) that have been implicated in human
pathophysiology (28, 29).
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The Dog Genome: Survey
Sequencing and Comparative

Analysis
Ewen F. Kirkness,1 Vineet Bafna,2* Aaron L. Halpern,2*
Samuel Levy,2* Karin Remington,2* Douglas B. Rusch,2*

Arthur L. Delcher,1 Mihai Pop,1 Wei Wang,1 Claire M. Fraser,1

J. Craig Venter2

A survey of the dog genome sequence (6.22 million sequence reads; 1.5�
coverage) demonstrates the power of sample sequencing for comparative
analysis of mammalian genomes and the generation of species-specific re-
sources. More than 650 million base pairs (�25%) of dog sequence align
uniquely to the human genome, including fragments of putative orthologs for
18,473 of 24,567 annotated human genes. Mutation rates, conserved synteny,
repeat content, and phylogeny can be compared among human, mouse, and
dog. A variety of polymorphic elements are identified that will be valuable for
mapping the genetic basis of diseases and traits in the dog.

Our understanding of how the human genome
functions in health and disease will benefit
from comparison of its structure with the
genomes of other species (1, 2). The domestic
dog is a particularly good example, where an
unusual population structure offers unique
opportunities for understanding the genetic
basis of morphology, behaviors, and disease
susceptibility (3, 4 ). The physical and behav-
ioral characteristics of �300 dog “breeds”
are maintained by restricting gene flow be-
tween breeds. Many modern breeds are de-
rived from few founders and have been in-
bred for desired characteristics. This has led
to a species with enormous phenotypic diver-
sity, but with significant homogenization of

the gene pool within breeds. Many of the
�360 known genetic disorders in dogs re-
semble human conditions, and their causes
may be more tractable in large dog pedigrees
than in small, outbred human families (4, 5).
The combination of genetic homogeneity and
phenotypic diversity also provides an oppor-
tunity to understand the genetic basis of many
complex developmental processes in mam-
mals (6 ).

Because of the costs of sequencing mam-
malian genomes to completion, these projects
have been restricted to a few species that are
considered to be of greatest value to biomed-
ical research. The decision as to whether
future projects should aim for complete se-
quence coverage of a few more genomes, or
whether the existing “reference genomes”
can be exploited to characterize a wider va-
riety of genomes that are sequenced to a
lower level of coverage, must be made. Here,

1The Institute for Genomic Research, Rockville, MD
20850, USA. 2The Center for Advancement of
Genomics, Rockville, MD 20850, USA.
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we address this issue by exploring how much
information can be extracted from 1.5� se-
quence coverage of the dog genome.

Assembly of 6.22 million sequence reads
from the genomic DNA of a male standard
poodle yielded 1.09 million contigs and 0.85
million singletons. The dog sequences de-
scribed in this paper have been assigned Gen-
Bank accession numbers AACN010000001
to AACN011089636 and CE000001 to
CE853796. Analysis of start position offsets
for overlapping reads yielded estimates of the
euchromatic genome size that ranged from
2.31 to 2.47 Gb [supporting online material
(SOM) Text ]. These values are similar to the
estimated length of the mouse genome (2.5
Gb) (7 ) but smaller than for human (2.9 Gb)
(8). The rank order of these values is consis-
tent with a previous estimate of mammalian
genome lengths (9). Assuming a haploid ge-
nome size of 2.4 Gb (i.e., 1.5� sequence
coverage), the assembly output resembles a
simple model for the assembly (40 base over-
laps) of 6.22 million reads that lack repeats:
1.16 million contigs (mean length 1414
bases, 5.0 reads/contig) and 0.39 million sin-
gletons (10). An excess of residual singletons
is the principal deviation from the model
assembly and can be explained largely by
their content of repetitive sequence.

The contigs and singletons were ordered
and oriented with Bambus, a general purpose
scaffolder (SOM Text). When single links
were permitted, Bambus generated 522,101
scaffolds with a mean length of 3.8 kb and
mean span of 8.6 kb. Because of a small but
significant rate of mispaired reads in related
studies (0.34%) (11) and uncertainty of con-
tig ordering, the use of single-link scaffolds
here was restricted to analyses where the
results of their use could be validated by an
independent measure (e.g., colocalization of
adjacent markers on the dog and human ge-
nomes) (SOM Text).

To assess the randomness of the shotgun
sequence data and the fidelity of assembly, we
examined the coverage of dog genomic DNA
that had been sequenced independently. The
sequences of four overlapping bacterial artifi-
cial chromosomes (BACs) (GenBank accession
numbers AC114891, AC114332, AC113570,
and AC114890) provided a reference 512 kb
region of the dog genome. Theoretically (10),
random 1.5� coverage should provide se-
quence data for 78% of the region, with 297
gaps of mean length 385 bases. The actual
coverage was 77%, with 265 gaps of mean
length 452 bases and median length 256 bases.
The 512 kb interval was covered by 314 se-
quences. Of these, 10 failed to align over their
complete lengths. Five of the partial alignments
were caused by differential insertions of short
interspersed nuclear elements (SINEs). Four in-
volved single reads that contain either insertions
or deletions of more than 70 bases. These could

be caused by polymorphisms, misassembly of
the BAC sequences, or multiple copies of the
aligned sequences within the dog genome. The
remaining partial alignment involved a contig
where the alignment terminated at a short over-
lap of the assembled reads. This contig (0.4% of
all aligned assemblies) was most likely to be a
partial misassembly.

Approximately 31% of the dog genomic
sequence was identified as repetitive after
comparison with RepeatMasker libraries of
known vertebrate and carnivore-specific re-
peat elements (table S2). This value is smaller
than the content of known repetitive elements
in the human (46%) and mouse (38%) draft
genomes (7 ). At least part of this difference is
likely to be caused by lineage-specific repeats
that have not yet been characterized in the
dog. Indeed, a small sample of repeat-masked
dog sequence was found to contain nine ad-
ditional repetitive sequences that each cover
�1 Mb of genomic sequence, representing an
additional 4.4% of the dog genome (table
S3). These repetitive elements were not de-
tected in either the human or mouse genomes,
and their low divergence (average 15%) in-
dicates that they are lineage-specific.

Recently, a comparison of ancestral re-
peats in the human and mouse genomes in-
dicated that, since divergence from a com-
mon ancestor, the two lineages have been
subject to distinctive mutation rates (7 ).
Here, we performed a similar analysis on all
repeat elements that are common to human,
mouse, and dog and that are represented in the
dog by �0.75 Mb of sequence. This analysis
confirmed a higher level of substitution in
mouse than human (�1.6-fold) (table S4). In
contrast, there was little difference between the
substitution levels for dog and human.

The L1MA family is the youngest of the
mammalian-wide long interspersed nuclear el-
ements (LINE1) and gave rise to most of the
species-specific LINEs that are currently active
(12). In the mouse genome, RepeatMasker
identified a substantial representation of the
subfamilies L1MA10 (oldest) through L1MA5
(youngest). However, in the dog genome, rel-
atively little DNA was classified as
L1MA8, L1MA7, L1MA6, or L1MA5 (fig.
S1). In contrast, a relatively large amount of
the dog genome was identified as L1MA9;
this may derive from early carnivore-spe-
cific LINEs that have not yet been classi-
fied but which arose from L1MA9, and
with which they therefore share greatest
sequence similarity. This supports the view
the dog lineage was the first to diverge
from the common ancestor of human,
mouse, and dog (13, 14 ).

The most abundant class of SINE, repre-
senting 7% of the dog genome, is thought to be
derived from transfer RNA (tRNA)-Lys and
has homologs throughout the carnivore lineage
(15, 16). In the dog, a subfamily of this element

(defined as SINEC_Cf; RepBase release 7.11)
could be distinguished from related SINEs by a
two-base insertion (RG) at position 91. We
estimate that this subfamily is represented by
approximately 230,000 copies in the dog (Re-
peatMasker analysis). Despite such abundance,
these elements display only 4.8% average di-
vergence from their consensus sequence. This
indicates a recent, large expansion of these
elements in the canine lineage.

We aligned the 1.5� dog sequences to the
draft human and mouse genomes [National
Center for Biotechnology Information
(NCBI) build 31 and build 3 respectively]
using BLASTN, and we identified the best-
scoring alignments to segments of dog se-
quence (SOM Text). For comparison, best
alignments of mouse segments to human
were determined similarly. Here, “alignment”
refers to such best alignments unless other-
wise noted. Almost twice as much unique
human sequence could be aligned with the
1.5� collection of dog sequences than with
the more complete 8� collection of mouse
sequences (table S5).

The best alignments of dog and mouse
genomic fragments with the human genome
were compared for their content of genes and
transcripts, as defined by the Ensembl annota-
tion of the human genome (version 11.31.1).
Alignments of mouse contigs to the human ge-
nome covered 80% (29,529) of all human tran-
scripts and 75% (18,311) of all genes; 77% of
the protein coding sequence from hit transcripts
is covered. The fraction of genes covered is
consistent with independent estimates for the
number of genes that have 1:1 orthology be-
tween mouse and human (70 to 80%) (7, 17).
Despite much lower sequence coverage, the dog
alignments covered a similar number of human
transcripts (29,673) and genes (18,473), al-
though only 61% of coding sequence from hit
transcripts was covered.

Of the 29,673 human transcripts that
aligned with dog sequences, 83% were
aligned for more than 50% of their lengths,
compared with 93% against the more com-
plete mouse genome. The main difference
between the two data sets is the distribution
of values for fractional coverage. As expect-
ed, the draft mouse genome provides full-
length coverage for a large proportion of the
transcripts. In contrast, there is a broad dis-
tribution of coverage values, peaking at 70 to
80%, for transcripts that aligned with the dog
sequences (Fig. 1).

There were 7292 human transcripts (6326
genes) that were not represented in the align-
ments of dog sequences. Most of these tran-
scripts are relatively short (less than 600 bases)
(Fig. 1), and the absence of orthologous dog
sequences could be explained by gaps in the
sequence coverage of the dog genome. Howev-
er, a similar number of human transcripts
(7436; 6461 genes) were not included in the
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alignments with the mouse genome. Indeed,
most of these transcripts (82%) failed to yield
best alignments with either mouse or dog se-
quences. Further analysis of the 7292 “missing”
transcripts indicated that 2136 did not display
any significant similarity to dog sequence based
on BLASTN and TBLASTN (peptide align-
ments). In addition to incomplete coverage,
there are several possible explanations for the
failure to detect homologous sequences in the
dog genome. First, some of the human tran-
scripts may be annotated incorrectly and may
not actually represent functional genes. Second,
homologous genes may have been lost from the
dog genome since the divergence of dog and
human lineages. Third, some genes may be
evolving too rapidly to permit identification by
sequence comparisons.

For the remaining 5156 transcripts, there
were homologous dog sequences. However,
these dog sequences had higher scoring align-
ments with other human transcripts. In most
cases [4347 (84%)], the best alignments were
to related human genes (i.e., members of the
same Ensembl gene family). In addition to
the previous explanations, a failure to detect
orthologous dog sequences for these 4347
human transcripts includes the possibility of
genes that have duplicated in the human lin-
eage since divergence from the dog lineage.
Such differential gene expansion, as has been
observed between human and mouse (7 ),
could account for most of the human tran-
scripts that failed to provide best alignments
in this study.

If we consider only those 29,529 human
transcripts for which we found alignments to the
8� mouse genome assembly, 96% also align
with the 1.5� dog genome assembly. Of the
29,673 human transcripts that aligned with dog
sequences, there were 1319 (4%) that did not
align with the mouse genome. It is likely that
these consist largely of common ancestral
genes that have been conserved in human and
dog but have been lost or have mutated sub-
stantially in mouse (18). In addition to pro-
tein-coding sequence, the alignments to
known genes included substantial coverage
(18 to 42%) of noncoding elements (Table 1).
Our data have already been very useful for
designing probes and markers to rapidly char-
acterize regions of the dog genome that have
been associated with genetic disorders (19).

Comparative genomics and survey se-
quencing can be used to identify gene fami-
lies that are relatively expanded or contract-
ed. Where multiple dog sequences best align
to a single coding segment of a human gene,
we call this a “pile-up.” When no dog se-
quences align to a coding segment of a hu-
man gene, we call this a “gap.” In table S6,
1355 and 513 human genes are listed that
have been identified as sites of pile-ups and
gaps, respectively (P � 0.01) (SOM Text).
Like mouse (20), dog appears to have a much

larger complement of olfactory receptor
genes than human, and several large pile-ups
were observed for different subfamilies (table
S7). However, the large repertoire of �140
vomeronasal receptors in mouse (21) is not
reflected in the dog 1.5� sequence, and only
four members of this gene family were iden-
tified. As expected, families of cytochrome
P-450 genes are represented by both gaps and
pile-ups, indicating that dog, like mouse, has
a unique repertoire of genes for oxidative
metabolism of endogenous compounds and
xenobiotics. There are also examples of mul-

tiple pile-ups, but no gaps, in different gene
families that perform related metabolic func-
tions, indicating areas of metabolism for
which dog has an expanded repertoire of
genes relative to human (e.g., peptide metab-
olism by dipeptidyl peptidases) (table S7). In
addition to loss or duplication of single
genes, 10 large (�500 kb) contiguous regions
of the human genome that each contain at
least 10 genes were devoid of best-hits for
any dog sequences (table S8). Some of these
involve clustered gene families (e.g., preg-
nancy-specific �-1 glycoproteins, defensins)

 
Fig. 1. Comparison of human transcripts that are represented by best alignments of dog or mouse
genomic fragments with the human genome. Each bar indicates the number of human transcripts
that have either no coverage (–) or partial or complete coverage (�) by best alignments with the
dog or mouse sequences. For example, of 4150 total transcripts between 200 and 400 bases long,
48% have alignments with dog sequences; of transcripts 3000 to 3200 bases, 95% have such
alignments. Note that many human transcripts (3800 to 4000 bases), did not align with either dog
or mouse sequences. Most of these transcripts (�90%) are annotated as containing reverse
transcriptase domains that were masked, along with other repetitive elements, prior to alignment
of dog and mouse sequences with the human genome. (Inset) Fractional coverage of human
transcripts by dog and mouse genomic fragments. For each human transcript, the fractional
coverage of the protein-coding portion of the transcript (CDS) by best alignments with the dog or
mouse sequences was calculated. The figure illustrates the proportion of all transcripts that fall into
each bin of fractional coverage.
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Fig. 2. The densities of COBs (red) and
coding sequence (black) along human
chromosome 1. They were computed as
number of bases in sliding windows of
20 Mb and were normalized to the sin-
gle largest value for each category.

Table 1. Coverage of human transcripts and intergenic regions by alignments with dog and mouse
genomic sequence. Nonredundant coverage of human genomic sequence by the best dog and mouse
alignments and three-way alignments (COBs) were classified using Ensembl release 11.31.1. Values
represent the total length of coverage for each class of sequence and the percentage of each class
covered.

Sequence class Dog best hits Mouse best hits COBs

Mb % Mb % Mb %

5�-UTR 3.10 41.9 3.82 51.6 1.97 26.6
3�-UTR 10.60 52.2 10.51 50.9 5.66 27.5
CDS 20.58 60.7 26.00 76.6 17.08 50.4
Intron 192.93 26.0 109.91 14.8 46.53 6.8
Upstream (5 kb) 30.29 22.2 22.43 16.4 9.33 6.8
Downstream (5 kb) 35.04 25.9 26.27 19.4 11.75 8.7
Intergenic 360.47 18.3 179.13 9.1 77.05 3.9
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