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Commentary

2x genomes—Does depth matter?

Phil Green

Department of Genome Sciences and Howard Hughes Medlical Institute, University of Washington,

Seattle, Washington 98195, USA

This issue of Genome Research marks the publication by collabo-
rators at the NIH, Agencourt Bioscience, and the Broad Institute
of a genome sequence for the domestic cat Felis catus (Pontius et
al. 2007). It was obtained by a whole-genome shotgun approach
in which, on average, each genomic base is represented in
roughly two sequence reads (“2 X ” redundancy), a level at which
there remain many gaps in the sequence due to statistical fluc-
tuations in read placement, biases in subclone libraries, and as-
sembly difficulties. In all, the NHGRI is sponsoring 24 such “low
redundancy” mammalian genome sequences, 17 of which have
already been assembled and released (Table 1). Complete cover-
age of every genome would obviously be preferable; the decision
to acquire multiple incomplete sequences represents a compro-
mise balancing phylogenetic breadth (inclusion of many species)
against redundancy depth for particular species. In this commen-
tary, I discuss some of the issues involved in this compromise,
and touch on the uses, characteristics, and limitations of 2 X
assemblies.

The tradeoff between breadth and depth has actually been a
recurring theme in genome sequencing, because the choice be-
tween spreading available data-generating capacity broadly over
a larger extent of targeted DNA and obtaining deeper coverage of
a more limited target arises in several contexts. The appropriate
balance in each case is far from obvious and depends on a num-
ber of factors, including the relative difficulty of obtaining DNA
sources of various types, available data analysis tools, and the
implications of sequence errors and gaps for downstream utility.
Early in the Human Genome Project, the high level of redun-
dancy required by the shotgun method was often viewed as un-
duly wasteful, and considerable effort was expended toward de-
veloping more efficient directed strategies. These all foundered,
due to a combination of logistical complexity, the problems
posed by interspersed repeats, and the recognition that variation
in data quality makes it impossible to get highly accurate se-
quence without considerable redundancy. Once the superiority
of the shotgun approach was accepted, a key issue became the
breadth of the targeted region: is it better to shotgun a whole
genome, or a series of individual BAC clones (Green 1997; Weber
and Myers 1997)? Although not immediately obvious, this
choice also involves a breadth versus depth tradeoff, in two ways:
with whole genome targets, typically 25% of reads cannot be
assembled (Adams et al. 2000; Venter et al. 2001), thereby reduc-
ing the overall effective depth, and, in addition, the inability to
control redundancy depth in local regions (as can readily be done
in a clone-by-clone approach) implies that a larger fraction of the
genome will be poorly covered. The whole-genome approach is
also unable to resolve many segmental duplications (She et al.
2004) and interspersed repeats (Adams et al. 2000). Nonetheless,
the (considerable) advantage of simpler logistics, combined with
a willingness to tolerate less accurate and less complete sequence,
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have made the whole-genome strategy the current method of
choice for sequencing most genomes.

With completion of the human genome sequence, the
breadth versus depth issue has now shifted to how best to apply
available sequencing capacity across organisms. Broad phylo-
genetic representation accelerates research on a wide variety of
species and provides general insights into the core evolutionary
processes of mutation and selection. However, from the perspec-
tive of the human genome, its main benefit is to help identify
functional features as regions with a reduced frequency of sub-
stitution differences between organisms due to purifying selec-
tion. The statistical power to detect such regions depends on
overall sequence divergence: there is an analogy to shotgun-
sequence assembly, in that one seeks “coverage” of human bases
by multiply aligned orthologous sequences instead of reads, and
the relevant “depth” is total branch length (expected number of
mutations per neutral site) of the phylogenetic tree relating the
species. Theoretical analysis (Eddy 2005) indicates that a surpris-
ingly large branch length is required to resolve small features
with reasonable power—for example, the mouse genome, which
among placental mammals is one of the most highly diverged
from human, yields only enough information to identify con-
served features longer than 50 bp. While there is substantial
branch length available from sequenced non-mammalian verte-
brates, they provide no information regarding mammal-specific
features. The 24 NHGRI 2 X targets, combined with the seven or
so other placental mammals (human, mouse, rat, dog, chimpan-
zee, macaque, cow) having more complete sequences, are pre-
dicted to provide adequate branch length to resolve features of
the size of a typical protein-binding site (6-8 bp) at a false posi-
tive rate of one per 10 kb (http://www.genome.gov/25521745).
This resolution could not be achieved by allocating the same
number of sequence reads to six genomes at a more conventional
8 X redundancy, or even 12 genomes at 4 X.

It is worth noting that effective delineation of conserved
elements via this strategy is not yet a completely solved problem.
Multiple-genome alignments are error prone even with relatively
complete sequences (Prakash and Tompa 2007). Perhaps more
seriously, comprehensive analysis of local genomic regions (EN-
CODE Project Consortium 2007) suggests that, at least with cur-
rent methods, sequence conservation fails to detect some impor-
tant features, even when alignments appear reliable. This likely
reflects, at least in part, the intrinsic plasticity of the sequence
signals involved, and it remains unclear to what extent improve-
ments in computational strategies or additional sequence data
will be able to address this.

What are the consequences of reduced depth for individual
genomes? The primary determinants of sequence utility are as-
sembly accuracy (correctness of read overlaps and of contig order
and orientation) and percent coverage of the genome. For low-
redundancy (~0.5 X to ~3 X) shotguns, both accuracy and cover-
age can be improved by ‘assisting’ the assembly using available
near-complete “reference” genomes from other species. Cat is a
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Table 1.

NHGRI-sponsored 2X genome sequences

The analyses by Pontius et al.

Common name

Scientific name

2Xx Status

(2007) and an earlier “survey se-

Deeper coverage
P J quence” analysis of the dog (Kirkness

in progress?

et al. 2003) reveal the types of bio-

African savannah elephant Loxodonta africana Assembled and released Yes logical information that can be
ENine-bandec;l)grtmaolilIo gasy{u;s novemcjnc/tus ﬁssemg:eg angl re:easeg zes gleaned from low-redundancy ge-
uropean rabbi ryctolagus cuniculus ssembled and release: es . -
Lesser hedgehog (Tenrec)  Echinops telfairi Assembled and released No nomes: a reason.ably comprehensive
European common shrew  Sorex araneus Assembled and released No assessment of interspersed repeat
Guinea pig Cavia porcellus Assembled and released Yes content (although not their specific
European hedgehog Erinaceus europeaus Assembled and released No locations) including the identifica-

Cat Felis catus Assembled and released Yes : : s s
Little brown bat Myotis lucifugus Assembled and released Yes tion of lineage-specific families, par-

Ground squirrel

Spermophilis tridecemlineatus

Assembled and released No

tial sequences of most genes and

Bushbaby Otolemur garnetti Assembled and released Yes other evolutionarily conserved seg-
Tree shrew Tupaia belangeri Assembled and released Yes ments together with a rough orthol-
Horse Equus caballus Assembled and released Yes ;

t f th h -
Pika Ochotona princeps Assembled and released No Ogy/slyn eny map o 1 .elr ¢ r(;mod
Mouse lemur Microcebus murinus Assembled and released Yes som? arrangement re a'tlve to relate
Hyrax Procavia capensis In process No species, and average estimates of mu-
Megabat Pteropus vampyrus Assembled and released No tation rates of various types (includ-
Dolphin Turs::ops truncatus Assembled and released No ing chromosome rearrangements). In
Tarsier Tarsier syrichta In process Yes dditi llelic diff bet
Kangaroo rat Dipodomys spp. In process No addi 10n,. allelic di Aerences ctween
Chinese pangolin Manis pentadactyla In process No overlapping reads yield a large num-
Two-toed sloth Choloepus hoffmanni In process No ber of polymorphisms, providing in-
Alpaca Vicugna pacos In process No formation about population genetic
Flying lemur Dermoptera spp. In process No

history as well as a resource for phe-

Sources: http://www.genome.gov/25521745; http://www.broad.mit.edu/mammals/; A. Felsenfeld (pers.

comm.).

favorable case (relative to other low-redundancy sequences that
are in progress) in having a reasonably close reference sequence,
that of the dog, to which it is ~80% identical at the nucleotide
level, and Pontius et al. (2007, this issue) make effective use of it.
In its most extreme version, assisted assembly consists simply of
aligning reads to the reference genome, using read mate-pair in-
formation to reduce the risk of misassembly due to structural
differences between the two genomes. In this approach, some
reads are effectively lost because they cannot be uniquely placed,
or because of insertions or deletions in one lineage, but experi-
ments by Margulies et al. (2005) suggest that the vast majority
should find their orthologous regions. As redundancy increases,
many reads not directly alignable to the reference sequence can
be incorporated into the assembly by virtue of overlaps with
other reads. For redundancies of 2 X or more, reasonable de novo
(unassisted) assembly becomes possible (Margulies et al. 2005),
but there does not seem to be a strong reason to prefer this to
assisted assembly.

For both a simulated unassisted 2 X mouse genome assem-
bly (Margulies et al. 2005) and the assisted 1.9 X cat genome
assembly of Pontius et al. (2007) euchromatic genome coverage
by assembled contigs was only ~65%, significantly less than the
theoretical Poisson expectation (Lander and Waterman 1988) of
~85%. The shortfall presumably reflects some combination of
subcloning biases and assembly difficulties caused by repetitive
sequence. It will be important to sort this out and, if possible,
alleviate it, because the reduced coverage compromises power to
identify functional elements in the human genome (which is as
noted above the main rationale for the 2 sequences). On the
other hand, accuracy of both assemblies appears reasonably
good. However, there do seem to be many ambiguities in the
order of contigs along the chromosome (although this has ap-
parently not been quantified), and only 54% of the cat genome
is covered by chromosomally mapped contigs.

notype mapping. This is probably the
main benefit of 2 X versus even lower
redundancies.

On the other hand, the low-
percent coverage significantly limits many applications of the
sequence. Inferences about lineage-specific losses of genes or
other functional features are not possible, and it is hard to dis-
tinguish genes from pseudogenes. More seriously, since very few
features of any appreciable size (e.g., genes) will be completely
covered, analyses requiring complete features cannot be carried
out. In addition, as was noted above, whole-genome assemblies
(of any depth) often fail to incorporate a significant fraction of
the repetitive sequence in the genome. This is often considered
to be a relatively minor deficiency, which may be true so long as
the primary research focus is on broadly shared biological fea-
tures. However, it is now apparent that repetitive sequence is a
key agent of evolutionary change: Segmental duplications are
likely the primary source of new genes (Ohno 1970; Sharp et al.
2006), and recent evidence strongly suggests that transposable
elements are important mechanisms of regulatory innovation
(Kamal et al. 2006; Nishihara et al. 2006; Lowe et al. 2007; Mik-
kelsen et al. 2007). As researchers’ attention turns toward under-
standing differences among organisms rather than similarities,
inadequate coverage of these types of sequences will become in-
creasingly problematic.

What are the prospects for correcting these deficiencies?
Fortunately, 11 of the 24 2 X genomes (including cat) are already
slated for deeper sequencing (Table 1). For the others, technical
improvements in assembly, including better discrimination be-
tween different repeat copies and more aggressive assisted assem-
bly strategies, should help somewhat. One hope is that most gaps
could be closed with large numbers of cheap short reads gener-
ated using newer technologies (Bentley 2006). This approach has
been successfully applied to microbial genomes (Goldberg et al.
2006), but it is likely to be less effective with mammalian assem-
blies, since a large fraction of the gap edges tend to lie in repeats
that are unbridgeable by short reads (and even when one is not
interested in the repeats themselves, it is usually impossible to be
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sure that an assembly gap consists entirely of repetitive sequence
except by filling it). Short reads also will not resolve segmental
duplications, although the additional redundancy they provide
should increase power to detect specific duplications that have
been artificially collapsed in the assembly. It seems likely that
regions of particular interest will instead have to be completed
primarily by targeted cloning and sequencing (Thomas et al.
2003; http://bacpac.chori.org/) using the existing assembly as a
scaffold. A major function of the 2X genomes will no doubt
prove to be whetting users’ appetites for more complete se-
quences.
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