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Genome sequencing has changed. Once a slow, expensive process—
the exclusive realm of large groups with enviable funding—it is now
an achievable goal for smaller, individual labs. As the price decreases
and the technological capacity increases, it is still important for the
community to consider how it is directing its efforts to maximize the
scientific knowledge gained. Here, we argue for the importance of
sequencing both phylogenetically and phenotypically diverse species in
order to capture the points at which ecologically important traits
arose. First, we should recognize the current taxonomic bias in
genome sequencing and attempt to capture more genomic informa-
tion on underrepresented groups. Second, sets of genomes should be
chosen for sequencing based on hypotheses that can be tested across
taxa. With concerted effort into targeted sequencing, we can address
questions such as the evolution of immune systems, a topic that we
highlight here. Each genome will of course still provide useful tools to
study single species, but within a broader comparative framework.

WHERE ARE WE NOW?

Genome sequencing first focused on small microbial genomes, a
strategy based on fiscal and technical feasibility. The addition of
eukaryotic genomes, slow at first, has increased dramatically over
the last 2 years with the rapid advancement of new sequencing and
annotation technologies. The associated reduction in sequencing cost
is dramatic, dropping from over 5000 dollars per megabase in 2001 to
23 cents at the start of 2011 (http://www.genome.gov/sequencing
costs). At first, researchers used genome sequencing mostly to provide
tools for geneticists and developmental biologists to study model
organisms. Researchers then sequenced some genomes for compara-
tive needs (for example, chimpanzee). Now, we can ask how genomics
can be effectively utilized to explore questions about the evolutionary
and ecological adaptations that shape all life. From the point of view of
studying ecology and evolution, we suggest two strategies to better
develop an approximation of the ideal genomics toolbox.

CAPTURING GENOMIC DIVERSITY

Sir Robert May famously asked ‘‘how many species?’’, highlighting the
importance of studying biodiversity (May, 1990). May concluded that
we should investigate the biodiversity of our earth for three major
reasons: first, to gain from this biodiversity in a concrete sense (such as,
finding new foods, drugs and sources of energy); second, to learn
about biological systems so that we can assess how they respond to our
perturbations; and third, as a central pursuit of human knowledge.
What are the benefits of capturing genomic diversity, and what is the
strategy for continuing forward?

There is a strong taxonomic bias to the available genomes. Although
researchers have sequenced more animal genomes (45% of all
non-protist eukaryote genome projects are animals) than plant

(17%) or fungal (38%) genomes, animals are grossly underrepresented
when we consider the number of described species (Figure 1a)
(genome data from http://www.ncbi.nlm.nih.gov/genomes/leuks.cgi
and described species data from the 2011 IUCN red list http://
www.iucnredlist.org/documents/summarystatistics/2011_1_RL_Stats_
Table_1.pdf). When we look at these groups at a slightly finer level we
see further bias in sequencing effort. Basidiomycetes are underrepre-
sented relative to Ascomycetes and other fungi (Figure 1b). Similarly,
flowering plants have been more fully sequenced than any other group
of plants but are so diverse that sequencing relative to their biodi-
versity is still below any of the other groups of plants examined here
(Figure 1c). However, the strongest case of inequity between sequen-
cing effort and biodiversity comes from animals, and is entirely driven
by insects (Figures 1d–f). (Data regarding the number of genomic
sequences are from http://www.ncbi.nlm.nih.gov/Taxonomy/, and
accepted species numbers within insect orders are from Chapman
(2009), using the middle of the range when a range was given.)
Including estimated species numbers within animals only exacerbates
this pattern in animals (Figure 1d), but has negligible effects in plants
and fungi (results not shown). Strikingly, the most common group of
insects, beetles (Coleoptera), which consist of approximately 380 000
described species (38% of all described insects, and notably more than
all described plant and fungi species combined) has only a single
fully sequenced genome (Tribolium castaneum) and minimal other
sequence data. Based on these biases, we suggest prioritizing genome
sequencing in groups whose genomic resources are underrepresented
relative to their biodiversity. We suggest coupling this approach with
targeted sequencing in a few groups that, while taxonomically not as
diverse (for example, amphibian and reptiles), have great ecological
importance and evolutionary novelty relative to the paucity of their
available genomic resources.

May’s benefits of understanding the diversity of life on earth also
apply to understanding the genomes underlying this diversity. First,
we can gain from genome sequence availability in a concrete sense.
For example, the search for antibiotics is becoming increasingly
desperate (Palumbi, 2001), and researchers have turned to insect
immune genes to discover novel antimicrobial compounds (Hancock
and Lehrer, 1998). Widely surveying broad taxonomic groups will
reveal far greater novelty of such compounds than staying within the
bounds of known model taxa. Second, having access to genome
diversity will provide insight into the genetic capacity that organisms
may have to respond to environmental perturbations, which is of
particular importance as we enter another great extinction event
(Wake and Vredenburg, 2008). Third, genome sequence availability
across diverse taxa will facilitate scientific exploration and discovery
into novel questions about diverse taxa, furthering the pursuit of
human knowledge and awareness of biodiversity.
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HYPOTHESIS-TARGETED COMPARATIVE SEQUENCING:

A CASE STUDY IN IMMUNITY

Capturing more phylogenetic diversity through genome sequencing
will provide more evolutionary and ecological insight, but it will not
necessarily provide the data necessary to address all intriguing
ecological and evolutionary questions. Thus, we suggest coupling
the phylogenetic diversity strategy with a hypothesis-driven strategy.
As an example, we can turn to our current understanding of the
evolution of innate immunity. Although invertebrates do not have the
adaptive immune system of vertebrates, the innate components of
immunity are strongly conserved across most animals (Flajnik and
Du Pasquier, 2004), and many of the functions and features of this
branch of immunity have been discovered and best characterized in

insects. Most of our mechanistic understanding of invertebrate
immunity has been gleaned from a few well-studied species, and is
built on work in a single species of fruit fly (Park and Lee, 2011). As
new, annotated genomes have become available to the scientific
community, a number of discrepancies have begun to emerge between
these newly sequenced genomes and those of the existing model
organisms. Specifically, immune gene repertoires seem to vary con-
siderably across insects sequenced thus far. The honeybee genome
revealed a considerably reduced immune system compared with fruit
flies, mosquitoes, and the single beetle with an available genome
(Evans et al., 2006). The authors of the honeybee genome project quite
reasonably proposed that honeybees do not need the fortified immu-
nity of these better-characterized insects because bees have the benefits
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Figure 1 Disparity between genomic interest and contribution to biodiversity based on full genome sequencing projects and the number of described species

for each group across (a) three eukaryote kingdoms; (b) fungi; (c) plants; (d) animals; (e) insects based on the number of genomic sequence resources

and described species number (dark portion of bars) and predicted species number (light portion of bars); (f) percent of full insect genome projects by order.
(a–e) Positive numbers means that these classes of organisms are overrepresented in the genomic research.
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of sociality and behavioral adaptations to combat infection. This
makes considerable sense, and behavioral genes have indeed been
linked to immunity in bees (Wilson-Rich et al., 2009). Since the
honeybee genome was sequenced, the genome sequences of several
other Hymenoptera (the group including wasps, bees and ants), have
revealed a similar pattern of reduced immune gene numbers (for
example, Werren et al., 2010; Suen et al., 2011). Unfortunately, as
genomes from only one non-social hymenopteran genus (Nasonia
wasps) are available, it is currently impossible to assess how sociality
has shaped immunity in this group.

The recent sequencing of the pea aphid genome revealed an even
more reduced immune gene repertoire than honeybees (Gerardo et al.,
2010). Pea aphids lack a central immune pathway and all known
antibacterial peptides (although they do have a relatively uncommon
class of potentially antifungal peptides). Aphids can harbor several
species of intracellular mutualistic bacteria. These mutualists can
produce needed amino acids (Douglas, 1998) and can protect their
hosts against parasites and other environmental stressors (reviewed in
Gerardo et al., 2010). Researchers have hypothesized that aphids may
lack these immune components because they are intimately dependent
on bacterial symbionts for survival (Gerardo et al., 2010). Alterna-
tively, the loss of a strong immune response towards bacteria may have
facilitated the establishment of these symbiotic associations. With few
genomes available for symbiont-associated insects, and no genomes
available for other aphids or their close relatives, it is currently
impossible to determine the link between immune gene repertoire
and symbiosis.

Here, we see two evolutionary hypotheses in which targeted-
genome sequencing could answer fundamental questions about
the evolution of immunity. First, do social defenses relax selection
maintaining expensive immune responses? Second, does a reduced
immune response facilitate the establishment or maintenance of
symbiotic associations? For the first question, we have very little
genomic data about the link between sociality and immunity, as
almost all of the sequenced hymenoptera are highly social. Sequencing
solitary bees such as sweat bees, some of which have lost sociality
(Wcislo and Danforth, 1997), and others of which are plastic in their
sociality (Soucy and Danforth, 2002), and more wasps (social and
non-social) would help clarify this relationship. Similarly, sequencing
other social organisms, such as termites, social aphids, social beetles
and naked mole rats, could shed light on the commonality of immune
reduction with sociality, and would also allow exploration of other
traits linked to sociality. To study the connection between immunity
and symbiosis, within aphids and their close relatives, we need to
determine when the reduced immune system arose (before or after
association with obligate symbionts), and we need to work across
phylogenetically diverse groups in order to compare the genomes of
symbiont-associated hosts relative to hosts with less intimate micro-
bial associations. Overall, picking phylogenetically diverse targets will
maximize the potential to reveal important differences within groups,
but this should also be paired with sequencing of closely-related
species that differ in specific ecological traits, such as sociality or
symbiosis, in order to have appropriate comparisons.

AN ECOLOGICAL AND EVOLUTIONARY STRATEGY FOR

PICKING TARGETS

If genomics is to inform studies in ecology and evolution, a strategy of
targeting species that fulfill ecological traits as counterpoints or
comparisons to existing, genomically known, species will provide
valuable, specific, insight into the evolution of these traits, but may
or may not directly expand our taxonomic base of genomic tools.

Thus, we should also sequence widely across taxa, prioritizing cur-
rently genomically underrepresented groups, which will ultimately
allow us to identify interesting patterns of genome evolution and
sources of evolutionary novelty. We, of course, still must take into
account the amenability of follow-up field and laboratory experi-
ments, as a genome is only as powerful as the context in which it can
be placed.

CONCLUSIONS

As sequencing gets ever cheaper, the number of fully sequenced
organisms will grow dramatically. We will achieve greater under-
standing of evolution with every genome, but we can do so more
effectively by prioritizing our efforts. Recent initiatives to sequence
5000 arthropod genomes (Robinson et al., 2011) (I5K: http://
arthropodgenomes.org/wiki/i5K), 10 000 more vertebrate genomes
(http://genome10k.soe.ucsc.edu/), and the Beijing Genomics Institute
initiative to sequence 1000 additional plant and animal genomes are a
very encouraging start, especially as there has been a community
approach to species selection. Groups already sequencing or preparing
to sequence their study organisms should interact with these initiatives
to avoid unintentional duplication of research effort. Individual labs,
research groups and funding agencies should carefully allocate their
available funds in order to maximize the number of questions that can
be addressed by including evolutionary and ecological criteria in their
decision-making. Extending genomic sequencing efforts into ques-
tion-based comparisons and broader-scale phylogenetic sampling of
genomes will not only answer specific questions but will provide tools
for applied technology development, will identify sources of biological
novelty, and will frame our understanding of genome evolution
as a whole.
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