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Abstract

Our complete genome collection is one of our most valuable biological resources. A key

challenge for the future is the interpretation of these genomes from an ecological

perspective. In this review, we discuss current work at this increasingly important

interface. In particular, we review ongoing work aimed at developing high quality data

sets that combine ecological, environmental, evolutionary and genomic information.

Such data will help to identify biases in the sequence collection and facilitate future

discoveries about the nature of ecological adaptation at the genome level. These efforts

will be greatly enhanced by the contributions of ecologists.
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I N TRODUCT ION

The first bacteriophage, a genome of only 5386 base pairs

(bp), was sequenced by Sanger et al. (1977), and it took

18 more years until the first whole bacterial genome was

sequenced (Fleischmann et al. 1995). As of this writing,

though, there are more than 2500 complete genomes in the

public domain from eucaryotes (> 30), procaryotes (> 200),

organelles (> 500), plasmids (> 600) and viruses (> 1200),

comprising over 11 billion bp (Field et al. 2005; Wheeler

et al. 2005) and the pace of genome sequencing is only

increasing in speed.

The value of this collection extends far beyond the value

of individual sequences. An organism’s genome sequence is

certainly a tremendous resource to the biologists who

happen to study that organism, not to mention the value of

human and pathogen sequences to human health. In

addition, many scientists reap unquantifiable benefits from

the contributions of model organism sequences to studies

that are applicable to a wide range of organisms. However,

in this review we focus on the scientific value of the genome

collection as a whole, for comparative analyses across a

range of ecological diversity.

Insights from the growing field of comparative genomics

have revealed new insights about genome evolution (e.g.

Moran & Wernegreen 2000; Dobrindt & Hacker 2001;

Tekaia et al. 2002; Wernegreen 2002; Lynch & Conery 2003;

Konstantinidis & Tiedje 2004). However, for the most part

these studies do not consider the influence of an organism’s

ecology. The relative rarity of large-scale comparative

ecogenomic studies that explore the relationship between

organismal ecology and genome features is largely due to the

difficulties of collecting the data required to conduct such

analysis. These difficulties are the limited knowledge of the

ecology of many species and the distributed nature of such

data when it is recorded. Both of these issues must be

tackled through improved interactions between ecologists,

computational biologists and bioinformaticians, and those

sequencing genomes.

In this review, we first discuss the type of insights

revealed by merging ecological and genomic data. We review

ongoing work aimed at developing new databases and data

standards that capture both ecological and genomic data.

We then describe the generation of three data sets for

comparative ecogenomic analyses and discuss some of the

issues involved in collating such metadata (data that

describes genome sequence data). Finally, we use these data

sets to investigate the ecological biases in the current

genome collection and to discuss the types of analyses that

can be applied to ecogenomic data.

B IO LOG I CA L RULE S AND EXCEP T IONS

The value of examining large collections of genome

sequences lies in the potential to detect universal rules

about the structure of genomes. For example, the �genome

size vs. predicted coding sequence (CDS)� relationship is

one of the most robust rules describing procaryotic
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genomes. Genome size is tightly correlated with the number

of CDSs in a genome (Doolittle 2002); in general, bacteria

contain one gene every 1000 nucleotides.

Such rules provide predictive power. For practical

purposes, the genome size–CDS rule can be used to

estimate the number of predicted genes in an unsequenced

genome. However, equally important is that rules allow the

identification of exceptions and subsequent evaluation of

their biological significance. Mycobacterium leprae is an oft

cited example of an exception to this relationship. The

species has far fewer genes than expected and is hypothes-

ized to be undergoing a process of gene loss as it adapts to

its host (Cole et al. 2001). In fact, when pseudogenes

(inactive genes derived from ancestral active genes) are

included, the genome has the expected number of CDSs.

The large number of pseudogenes suggests an ongoing

process of ecological adaptation involving reductive genome

evolution.

Indeed, the factors that determine genome size only

become discernable when considering the ecological context

of the organisms. Highly host-adapted parasites have small

genomes ranging roughly from 0.5 to 1 million bp while

free-living species that live in relatively variable environ-

ments range from 5 to 9 million bp. Thus, genome size

reflects the complexity of metabolic pathways that an

organism requires. A recent study of 115 procaryotic

genomes further revealed a relative enrichment of particular

gene categories in species with large genomes compared to

those with smaller genomes. The patterns in gene compo-

sition suggest that species with larger-sized genomes may be

able to dominate in environments where resources are

scarce but diverse (e.g. soil) and where there is minimal

selection against slow growth (Konstantinidis & Tiedje

2004).

Such patterns only become discernable through the

study of large numbers of genomes. These examples

demonstrate that the examination of basic genomic

features across large numbers of genomes can reveal

striking insights into the genetic basis of ecological

adaptation. These studies further suggest that increased

efforts to examine genome collections from an ecological

perspective will speed up the detection of additional rules

and exceptions of genome features. Open-access data-

bases to which ecologists contribute will enable further

comparative analyses, especially as the diversity and

number of complete genome sequences increases.

ENABL ING LARGE - SCALE COMPARAT I V E

ECOGENOM IC S TUD I E S : GE T T ING ECOLOG I S T S

INVOLVED

Perhaps the most important bottleneck in comparative

ecogenomic studies is the time required to generate and

collect sufficiently high quality metadata describing our

complete genome collection. Therefore, a powerful and

practical way to promote exploration of the interface

between ecological lifestyle and genomic features is for

the community to create open-access repositories of such

data. A new generation of databases is starting to include

ecological data, from habitat preferences to metabolic

attributes. The database efforts mentioned below are

actively soliciting expert contributions and offer a direct

mechanism for ecologists to contribute to the quality and

depth of the metadata associated with the complete

genomes.

The primary international nucleotide databases are

working to increase the amount of metadata, and in

particular ecological metadata, collected from contributors

of complete genomes. For example, the NCBI Genome

Projects database now collects a wider range of data

from contributors of genomes and maintains a list of

genomic and ecological attributes about procaryotic

genomes (http://web.ncbi.nlm.nih.gov/entrez/query.fcgi?db¼
genomeprj). Perhaps the most advanced public effort is

TIGR’s Genome Properties database (Haft et al. 2005). This

database is dedicated to the description of features of

procaryotes and contains over 150 fields of information.

Much of this information is generated automatically from

bioinformatic analysis of the predicted gene content of these

genomes, but ecological data is also curated from the

literature.

The GenomeMine database contains information about

all complete genomes (eucaryotes, procaryotes, viruses,

plasmids and organelles) and hopes to provide a community

resource for the archiving of comparative ecogenomic data

sets (Field et al. 2005). Authors can contribute existing data

sets to this database where they can be viewed in several

formats and downloaded thus promoting their exchange and

re-use. For example, the GenomeMine data set of the

ecological attributes of procaryotic genomes (described

below) has recently been downloaded and incorporated into

the SEED database, a project to manually annotate 1000

genomes from different taxa (http://theseed.uchicago.edu/

FIG/index.cgi). This contextual information is already being

used for further bioinformatic analyses. For example, PSORT,

a computer program for the prediction of protein localiza-

tion sites in cells used by the SEED project, requires input

on the source of the proteins being analysed (e.g. whether a

bacterium is Gram-negative or Gram-positive) to generate

with highest quality predictions (Nakai & Horton 1999).

The primary source of ecological metadata for the above

projects is Bergey’s Manual (Garrity 2001). This procaryotic

reference is currently available only in print, but its Editor,

George Garrity, has recently defined a core set of more than

300 fields of information about all taxa (in SGML format).

If such a dataset were to become electronically available it
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would surely become the gold standard for ecogenomics

work of the future.

The increased interest in genomic metadata has also

prompted calls for the establishment of improved data

standards for both complete genomes (Field & Hughes

2005) and partial sequence data sets (http://www.jgi.doe.

gov/16s/). For example, the isolate list from the Moore

Foundation’s Marine Microbe Genome Sequencing project

is exemplary in containing details of the location (e.g.

depth), isolation method, primary citation and 16S sequence

for each isolate (http://www.moore.org/microgenome/).

To describe partial sequences better, the DOE Joint

Genome Institute (JGI) is currently conducting a survey

soliciting expert help from a range of scientists, especially

microbial ecologists. The JGI aims to formulate a minimum

set of standard sequence-associated information fields for

partial environmental sequences (16S clone libraries and

metagenomic studies). Descriptions will include up to

20 fields of information depending on the habitat sampled.

The importance of such data sets is underscored by the

rapid growth of 16S (Cole et al. 2005) and metagenomic data

sets (Venter et al. 2004; Cowan et al. 2005; Edwards &

Rohwer 2005; Tringe et al. 2005).

GENERAT ING ECOLOG I CA L METADATA FOR THE

GENOME COL L ECT ION

For the sake of reviewing the biases in the genome

collection and performing comparative ecogenomic analy-

ses, we generated three data sets. These data sets have been

archived in the GenomeMine and are freely available for

viewing and downloading (Field et al. 2005). The genomes in

these data sets are summarized in Table 1 and were taken

from the NCBI Entrez genomes database (Wheeler et al.

2004). They represent over 2500 of the first genomes

published for eucaryotes, procaryotes, organelles, plasmids

and viruses. The total number of complete but unpublished

genome sequences is significantly larger, but we have

restricted our list to published genomes for two reasons.

First, these genomes are freely accessible to everyone in the

research community. Second, unpublished genome se-

quences are largely unannotated, and without access to

pre-existing annotation we could not easily summarize the

basic features of those genomes.

The first data set, �Genomic Features�, summarizes

genomic features derived directly from the genome anno-

tations downloaded from GenBank. This was performed for

Table 1 Tally of published genomes as of March 2004 (eucaryotes by June 2004)

Group

Amount sequenced Number of �species� No. of phyla/divisions

No. genomes Total (Mb) No. CDSs Described Estimated Described Sequenced

Eucaryotes* 24 11 016 401 468 1.8 · 106 12 · 106 82 11

Archaea� 17 38 38 818 217
4.5–1000 · 106

4 3

Bacteria� 133 436 404 733 5007 23 14

Viruses� 1299 29 29 457 1550 400 000 72 60

Organelles§

Mitochondria 479 10 7259 – 12 · 106 – –

Plastids 39 5.3 4158 – 720 000 – –

Plasmids–

Eucaryotic 32 0.16 97 – – – –

Procaryotic 576 24 23 486 1000 14 · 106 – –

The term �species� is used very loosely as it must be defined differently across taxa. The number of genomes reported is the number of strains;

therefore, the number of species sequenced is lower. Some of the smaller genomes such as the plasmids are not annotated, so the actual

number of predicted coding sequences (CDSs) is probably higher.

*Described and estimated total eucaryote diversity are working estimates proposed by the Global Biodiversity Assessment (Hammond 1995).

Eucaryotic phyla are based on Margulis & Schwartz (1998).

�The estimate of procaryotic species richness (Archaea and Bacteria together) is the range between conservative estimates from Curtis et al.

(2002) and Dykhuizen (1998) respectively. The number of described bacterial and archaeal phyla are based on Bergey’s Manual (Garrity 2001),

plus two new archaeal phyla recently proposed (Barns et al. 1996; Huber et al. 2002).

�This includes phage (210 strains) and viroids. Virus diversity estimates are from The Committee’s Seventh Report on Virus Taxonomy

(Regenmortel et al. 2000). Number of viral families (rather than phyla) are based on the International Committee on Taxonomy of Viruses.

(http://www.ncbi.nlm.nih.gov/ICTVdb/index.htm) (Regenmortel et al. 2000).

§Mitochondrial diversity is estimated as the number of eucaryotes. Some eucaryotes lack mitochondria, however, excluding them does not

change the rounded, working estimate of eucaryotes. The diversity of plastids (including chloroplasts and cyanelles) is estimated as the

number of plants plus the number of eucaryotic algae (Hammond 1995).

–A very conservative estimate of the diversity of procaryotic plasmids is the estimated number of procaryote species times the average

number of plasmids sequenced per procaryotic host sequenced in the NCBI database (3.2 plasmids per host).
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all genomes except eucaryotes, for which genomic features

were curated from primary genome reports. The second

data set, �Curated Genomic Features and Ecological

Information�, focuses on procaryotes, a group for which

we have a good deal of ecological information and now over

220 complete genomes. The data set summarizes genomic

features that could not be calculated directly from the

published genome annotation, for example, whether a

bacterial genome had one or two chromosomes or whether

it contained plasmids. The data set also includes 20 fields of

ecological information collated from primary species des-

cription publications and Bergey’s Manual (Holt 1984–1989;

Holt et al. 1994; Garrity 2001). Below we discuss eight of

these variables: (i) primary habitat or the major habitat

thought to be used for growth; (ii) optimal growth

temperature, almost always determined by laboratory culture

studies; (iii) whether the strain is an extremophile, i.e. if its

optimal growth temperature was > 48C (thermophile) or

> 80C (hyperthermophile) or if it preferred acidic (pH < 4),

alkali (pH > 8.5) or high salinity (> 15%) environments

(Madigan 2000); (iv) if the organism is primarily free-living

or host-associated, and if host-associated, whether the host

is obligate (needed for long-term persistence) or not; (v) for

a host-associated strain, its primary interaction with the host

(pathogen, mutualist, commensal or predator); (vi) for a

host-associated strain, whether the organism lives within the

host’s cells (is intracellular); (vii) primary energy source

(organic, inorganic or light); and (viii) primary carbon source

(organic or inorganic).

The third data set, �Genomic Interactions,� records the

primary host of all of the organisms whose genomes have

been sequenced. For the viruses, we classify the hosts into

general taxonomic categories. We also identify potential

interactions between the genomes that are already

sequenced, or what we call here �genome pairs.� Thus, if a

sequenced bacteriophage primarily infects one of the bacteria

already sequenced, then this interaction counts as one

genome pair. A genome can participate in multiple genome

pairs; for instance, 25 different plasmids are sequenced from

multiple strains of Lactobacillus lactis. This example highlights

the fact that these interactions are �potential� interactions; the

particular specimens or strains sequenced may have never

interacted with the other genome.

I S SUES SURROUND ING THE ANALYS I S

O F ECOGENOM IC DATA

The collection of these three data sets highlights some general

issues associated with the analysis of ecogenomic metadata. A

key issue is the quality of the ecological data itself. We found it

difficult to curate a complete set of values for some of the

variables in the ecological data set. Some of these values may

be known, but we did not find them in the literature reports.

However, erroneous data is perhaps a more worrisome issue.

In particular, isolates of the same named species can have very

different phenotypic traits, and the ecological data reported

for one strain may not apply to the sequenced strain.

Likewise, the classification of organisms by finite ecolog-

ical categories is not always straightforward. For example, we

call Escherichia coli an obligate, host-associated bacterium. We

label it �host associated� because although it is found in the

environment outside of a host, its primary habitat is the

digestive tract of vertebrates. We call it �obligate� because its

long-term persistence, even in the environment, is probably

dependent on reproduction in vertebrate hosts. In contrast

to E. coli, we call Agrobacterium tumefaciens, a plant pathogen

that reproduces well in the soil without a host, a �non-

obligate, host-associated� bacterium. These detailed decisions

are somewhat arbitrary, and such examples underscore the

importance of expert curation, either by ecologists that work

on the organism or by those close to the sequencing project.

Finally, when performing comparative analyses we must

consider phylogenetic relatedness, otherwise the relation-

ships among species� traits can be misinterpreted because of

uneven phylogenetic sampling (Harvey & Pagel 1991; Hurst

& Merchant 2001). A suite of sophisticated methods have

been developed for this purpose (e.g. Purvis & Rambaut

1995; Harvey & Rambaut 2000; Giannini 2003; Quader et al.

2004). With our current understanding of the tree of life,

these methods are likely to prove useful within specific

clades of Bacteria. However, deep evolutionary relationships

among eucaryotic phyla and bacterial divisions are highly

debated (Doolittle 1999; Wolf et al. 2002; Rokas et al. 2003).

Furthermore, virus taxonomy, largely based on the past

classification of morphological features, is in flux as it is

updated on the basis of molecular features (Büchen-

Osmond 2003), and plasmid �taxonomy�, for example, as

captured within the NCBI database, is only based on host

(procaryotic) taxonomy (Wheeler et al. 2004).

Even in the absence of a complete phylogeny, however,

comparative analyses are still possible when the basic

grouping of organisms are understood (Grafen 1989). For

example, to begin to control for the problem of uneven

phylogenetic sampling, we carried out analyses on procary-

otes (below) with only one species per genus represented.

Where the patterns observed seem to be driven by one

group of related taxa, further analyses can be carried out

without the group. Still, until the apparent effect of

phylogeny can be fully taken into account, such results

should be considered preliminary.

ECOLOG I CA L B IA S E S IN THE SEQUENCED

GENOME COL L EC T ION

While it has been repeatedly noted that the sequenced

genome collection is evolutionarily biased, less attention has
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been paid to ecological biases. It is essential to understand

such biases as they can also influence the outcome of

comparative analyses and limit the applicability of the

results. In the next three sections we use the GenomeMine

data sets to investigate the biases in the current genome

collection with respect to taxonomic diversity, types of

interactions between genomes, and metabolic and habitat

diversity.

Taxonomic bias

The number of genomes sequenced now, and in the

foreseeable future, is miniscule compared with total diversity

on the planet (Table 1). Sequencing of genomes, while often

aimed at assaying novel genetic diversity (Eisen & Fraser

2003), has been significantly biased by four key factors: the

use of cultivated isolates (Floyd et al. 2005), the ease of

sequencing smaller genomes, the tremendous interest in

human pathogens, and the selection of eucaryotes that are

experimental models of human biology. At a broad scale,

the ecological biases of the sequenced genome collection are

related to biases in the taxonomic and evolutionary diversity

sampled. For instance, interest in disease combined with

their small genome size, has made viruses the best

represented group in the genome collection. Indeed, 50%

of all sequenced genomes are those of viruses, and over

three-quarters (60 of 72) of all known viral families have

been sequenced (Table 1).

The next most abundant genomes in the collection are

plasmids and organelles (608 and 518 respectively; Table 1).

Only 5% of the plasmids sequenced are eucaryotic, but this

skew is mostly a reflection of the small number of

eucaryotes sequenced rather than an indication of their

relative diversity. Within the organelles, many more mito-

chondria (479) than plastids (39) have been sequenced.

Because of their use in phylogenetic reconstruction,

mitochondria, more than any other group, have been most

systematically sequenced to maximize taxonomic diversity

(Pollock et al. 2000). Still, the majority of mitochondrial

genomes come from vertebrates and more specifically

mammals, whose diversity (c. 4700 species) makes up a small

fraction of the c. 12 million eucaryotic species that contain

mitochondria.

The phylogenetic representation of the procaryotic

genomes is quite good because of recent attention to

evolutionary biases (Eisen 2000), even though we have

sequenced perhaps < 0.000015% of all procaryotic species

(Table 1). For instance, there are representatives sequenced

from 17 of the 27 described bacterial and archaeal phyla

(Table 1). The missing evolutionary diversity is due to phyla

(alternatively called divisions) that have not yet been

cultured. However, this limitation may be mitigated soon

with the recent advent of new techniques to sequence whole

genomes (Tyson et al. 2004; Venter et al. 2004). There are

also likely undiscovered procaryotic phyla. Half of the

archaeal phyla (two of four) have been reported just in the

last decade (Barns et al. 1996; Huber et al. 2002), and there

are as many as 26 �candidate phyla� of procaryotes known

only from 16S rDNA sequences (Rappe & Giovannoni

2003) suggesting that our picture of the extent of

procaryotic life on Earth remains far from complete.

In contrast, a higher but still tiny (0.0002%), proportion

of eucaryotic species have been sequenced than procaryotic

species, simply because eucaryotic diversity is relatively low

(Table 1). However, phylogenetic representation is not as

broad relative to the procaryotes. Only 11 of 82 eucaryotic

phyla are represented, because of the difficulty in sequen-

cing large eucaryotic genomes. In summary, although the

proportion sequenced of the total diversity of procaryotes,

plasmids and viruses is miniscule, phylogenetic representa-

tion is much higher among these small genomes than among

the eucaryotes and their organelles.

Metabolic and habitat diversity

The metabolism and habitat of an organism are intertwined

components of ecological diversity. Almost two-thirds of

the first 150 procaryotes whose genomes are sequenced are

host-associated, and all of these are chemoorganotrophs, i.e.

they use organic compounds for energy and carbon sources.

In contrast, 53 free-living procaryotes have been sequenced

from a wide variety of habitats representing a variety of

metabolic types (Table 2). Still, most of the free-living

procaryotes sequenced are chemoorganotrophs (Table 2).

Furthermore, the metabolism of the species sequenced is

not randomly distributed among habitats. For instance, the

majority of marine procaryotes sequenced (excluding

thermal vent organisms) are phototrophs (use light as their

energy source). In contrast, the procaryotes sequenced from

soils are overwhelmingly represented by chemoorgano-

trophs. However, at this point the true distribution of

metabolic types among habitats is not known, and thus it is

unclear whether these patterns represent a biased view of

procaryotic diversity.

Another characteristic of the free-living procaryotes

whose genomes are sequenced is that more than 40% are

extremophiles or thermophiles. This bias is especially evident

in the marine procaryotes, where 58% of those sequenced

are thermo- or extremophiles (Table 2). Organisms that live

in extreme environments provide a scale for the range of

biochemical diversity on Earth and are often useful for

industry (Madigan 2000; Rothschild & Mancinelli 2001).

However, it is unlikely that the majority of procaryotic

diversity on the planet falls within these categories. It is also

notable that the extremophiles sequenced so far include

alkaliphiles, acidophiles, halophiles and hyperthermophiles,
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but no psychrophiles (cold-loving species). In fact, the

lowest optimal temperatures of the free-living strains are

around 22–24 �C, those of the marine strains Pirellula (also

called Rhodopirellula) and Prochlorococcus.

A frequency distribution of the optimal temperatures of

the sequenced, free-living procaryotes shows that the

metabolic types are somewhat scattered among temperature

classes (Fig. 1a). Chemoorganotrophs are represented across

the entire range of temperatures. In contrast, few non-

thermophilic chemolithotrophs and few thermophilic pho-

totrophs have been sequenced. There is also a skew in terms

of the temperature range of how Archaea and Bacteria are

sampled. Most of the high temperature genomes are

Archaea (Fig. 1b), whereas there is a complete absence of

low temperature Archaea. While it was once thought that

the Archaea were primarily extremophiles, it is now known

that they inhabit a wide range of habitats including the open

ocean (DeLong 1998).

As with metabolism and general habitat types, not enough

is known about procaryotic diversity to quantify the extent

of the temperature bias within the genome collection. We

guess that extremophiles and chemoorganotrophs are

overrepresented and that there is poor phylogenetic

representation across temperatures. Psychrophiles, at least

are clearly underrepresented.

Ecological interactions

A growing area of comparative ecogenomics research is

how ecological interactions affect genome structure. For

instance, the genomes of bacterial endosymbionts of insects

display many similar features, including low G + C content

(Wernegreen 2002), a bias towards deletions over insertions

(Mira et al. 2001), and signatures of host ecology on

functional genes (Zientz et al. 2001).

The host-associated species (as opposed to free-living

species) in the genome collection interact in many ways with

a variety of host taxa. We define interaction type by whether

the outcome is primarily negative (pathogenic), neutral

(commensalistic) or positive (mutualistic). The group with

the best representation of different interaction types is the

procaryotes, and their representation is, not surprisingly,

highly skewed. Half of the human-associated sequenced

procaryotes are pathogens (Table 3). A less obvious bias is

that this skew varies greatly by host type. For instance, five

of six of the insect-associated sequences are mutualists.

Moreover, these mutualists are obligatorily intracellular,

whereas only 8% of the plant-associated and 16% of the

human-associated procaryotes are intracellular (Table 3).

While there may be true differences in the relative

abundance of interaction types among taxa, so far the

differences among the sequenced collection are likely driven

by human interests.

Although viruses do not vary in terms of interaction

type (they are usually negative, but for potential exceptions

see Levin & Lenski 1985), those sequenced infect a broad

array of hosts (Fig. 2). Most of the sequenced viruses

infect eucaryotes rather than procaryotes, although based

on host diversity, bacteriophage and archaeophage are

probably orders of magnitude more diverse. Because of

Table 2 Primary habitat vs. primary metabolic type of the sequenced free-living procaryotes

Primary habitat n

n (%) thermo-

and

extremophiles

Primary metabolism

Chemoorganotrophs Chemolithotrophs Phototrophs

Mixotrophs/

flexible*

Aquatic

Marine thermal vents 10 10 (100) 5 2 2

Other marine 9 1 (11) 2 6 1

Freshwater 4 1 (25) 1 1 1 1

Salt lakes 1 1 (100) 1

Hot springs (terrestrial) 4 4 (100) 1 1 2

Terrestrial

Soil, rocks 19 2 (11) 15 1 1 2

Solfatara fields 4 4 (100) 2 2

Plants 2 2

Totals� 53 22 (42) 29 7 10 6

The number and per cent of the strains that are thermophiles or extremophiles are also reported. Metabolic types are defined by energy

sources (organic, inorganic or light) and carbon sources (inorganic or organic) following Madigan et al. (1997).

*For convenience, we combine mixotrophs and organisms that are flexible in using organic and inorganic carbon for energy and carbon

sources into one column.

�We exclude Nanoarchaeum equitans from the metabolism categories as its metabolism is unknown.
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their agricultural importance, plant viruses make up the

largest host group accounting for 40% of all the sequenced

viruses. The majority of vertebrate viruses sequenced infect

humans (201); e.g. 86 viral genomes are human papillo-

mavirus.

One of the most exciting and underutilized aspects of the

genome collection is the sequencing of over 700 �genome

pairs,� pairs of genomes from organisms that potentially

interact in the environment. Table 4 reports nine taxonomic

classes of genome pairs, where both partners in the

interaction are fully sequenced. The evolutionary breadth

of these interactions varies enormously across different

pairs. For instance, the breadth of interactions between

bacteria and eucaryotes is narrow; 76 sequenced bacteria

interact with only two different sequenced eucaryotes (mice

and humans). The phage and procaryote pairs are broader;

131 phages have been sequenced that infect 27 sequenced

procaryotic hosts. Still of these phage, 40 infect E. coli,

followed by 15 that infect Lactococcus lactis. The broadest

range of interactions is represented by the plasmid–bacteria

pairs; 292 plasmids interact with 62 different bacteria.

ECOGENOM IC ANALYS I S OF PROCARYOTES

Despite ecological biases, the current genome collection in

conjunction with ecological metadata can address innumer-

able questions about the link between an organism’s ecology

and genomic features. As discussed above, it appears that an

organism’s lifestyle influences its genome size, but there is

also growing evidence that it shapes the form and content

of other genomic features. For example, in a study of

56 genomes, amino acid usage varied between mesophiles,

thermophiles and hyperthermophiles (Tekaia et al. 2002).

Likewise, in a recent study of 90 procaryotic genomes,

codon bias signatures distinguished between thermophiles

and mesophiles and groups of organisms with different

respiratory characteristics (aerobic, anaerobic, facultative

aerobic and facultative anaerobic) (Carbone et al. 2005). The

elucidation of such relationships is critical not only for

understanding why genomes are constructed as they are, but

Table 3 Sequenced procaryotic strains

whose primary habitat is a eucaryotic host
Host

No. of

strains

No. (%)

intracellular

No. of

pathogens

No. of

mutualists No. of commensals

Vertebrates

Humans 70 13 (16) 58 12

Only non-humans 9 1 (11) 6 3

Plants 12 1 (8) 9 3

Insects 6 5 (83) 1 5

Totals 97 20 74 8 15

If the primary habitat of a strain is humans, then it is not included in any other host category

even if it can interact with other vertebrates or insect vectors. The number of strains that are

obligatory intracellular is also reported (followed by the percentage intracellular) and total

strain number is categorized by interaction type (pathogen, mutualist or commensal). This

table does not include opportunistic pathogens; 13 procaryote genomes sequenced are

opportunistic pathogens of humans, but are otherwise free-living organisms.
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Figure 1 Optimal temperatures of the sequenced, free-living

procaryotes by (a) metabolic type (see category explanations in

Table 2) and (b) domain.
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for using genome sequences to infer aspects of organismal

lifestyle.

In this section, we use the GenomeMine data sets we

generated to further demonstrate and discuss the types of

ecogenomic analyses that can be undertaken. We focus on

four genomic features: (i) ORF number; (ii) rRNA gene

copy number; (iii) tRNA gene number; and (iv) G + C

content. In all the analyses, we use only one species per

genus (the first alphabetically), narrowing the data set to

84 procaryotic species.

As discussed above, free-living bacteria contain more

CDSs (and have larger genome sizes) than obligate host-

associated bacteria. The GenomeMine data set confirms this

relationship, but we also find that non-obligate, host-

associated bacteria contain more CDSs than free-living

species (Kruskal–Wallis test, v2 ¼ 17.57; n ¼ 84;

P < 0.001; Fig. 3a). This result suggests that the ability to

be both free-living and host-associated may require more

genes than being solely free-living. Among the free-living

procaryotes, extremophiles have significantly more CDSs

than other species (Mann–Whitney Z ¼ )2.40, n ¼ 84,

P ¼ 0.016; Fig. 3b). This pattern may be driven by

an evolutionary constraint of Archaea compared with

Bacteria, as all but one of the non-extremophile genera is

Bacteria.

Our data also reveal that rRNA gene copies in procary-

otes are lower for free-living species compared with both

obligate and non-obligate host-associated species (Kruskal–

Wallis test; v2 ¼ 7.61; n ¼ 84; P ¼ 0.022). Ribosomal RNA

(rRNA) genes are transcribed to form a key structural

component of ribosomes, which translates messenger RNA.

It is generally thought that rRNA copy number in

procaryotes is related to an organism’s growth rate. In a

laboratory study, Klappenbach et al. (2000) demonstrated
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Figure 3 The average number of coding regions for: (a) obligate

host-associated, free-living and non-obligate host-associated spe-

cies; (b) free-living extremophiles and non-extremophiles. Error

bars represent 1 SE. Only one species per genus is used in the

analyses (total n ¼ 84).

Fish and reptiles

Birds

Mammals

Insects / crustac. /
mollusc

Plants

Protists

Fungi

Archaea

Eubacteria

Figure 2 The distribution of host taxa of the sequenced viruses

(n ¼ 1299).

Table 4 The number of �genome pairs� that are sequenced and

publicly available

Host

Host associate

Eucaryotes Bacteria Viruses Organelles Plasmids

Eucaryotes 3/4 2/76 10/250 12/16 2/3

Bacteria – – 25/129 – 62/292

Archaea – – 2/2 – 3/4

The first number in the cell is the number of hosts that interact

with any organism of that type. The second number is the number

of host-associated organisms that interact with any of the

sequenced host types (counting multiple strains of a species). For

instance, the �3/4� in the cell for eucaryotic host and eucaryotic

parasite counts the interaction between Anopheles gambiae and

Plasmodium falciparum, Homo sapiens and P. falciparum, H. sapiens

and Encephalitozoon cuniculi, H. sapiens and Cryptosporidium parvum,

and Mus musculus and Plasmodium yoelii for a total of three hosts and

four parasites.
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that, within a community of soil organisms, there is a

positive correlation between rRNA copy number and an

organism’s ability to grow quickly on a pulse of resources. If

the same reasoning applies here, then host-associated

organisms may be better adapted to respond to resource

pulses than free-living species.

At the same time, we found no difference in the number

of transfer RNA (tRNA) genes between free-living or host-

associated species. Transfer RNAs translate messenger RNA

into a protein sequence. There is evidence in both bacteria

and eucaryotes that tRNA copy number is related to

intracellular tRNA abundance and that this abundance is

related to growth rate (e.g. Dong et al. 1999; Duret 2000;

Rocha 2004). Rocha (2004) also found that fast-growing

bacteria have more overall tRNAs, but relatively fewer

tRNA anticodon species compared with slow-growing

bacteria. Fewer tRNA types helps to optimize translation

through a dependence on a smaller number of amino acids

and the codons that code for them apparently allow faster

growth. Finally, we found that the number of tRNAs and

rRNAs in genomes are both significantly positively corre-

lated with genome size (Spearman correlation; q ¼ 0.411

P < 0.001 and q ¼ 0.651, P < 0.001 respectively). Alto-

gether, the results suggest that while genome size (and the

ecological factors that influence it) may play a large role in

determining the number of rRNAs and tRNAs in a genome,

the exact numbers of these genes may be under somewhat

different selective pressures.

Organisms vary widely in the GC content (the per cent

guanine and cytosine) of their genomes. This variation is

related to phylogeny (Muto & Osawa 1987) and appears to

be related to some aspects of an organism’s ecology (Haft

et al. 2005). For instance, intracellular mutualists have

relatively low GC content (Moran & Wernegreen 2000),

and organisms living at high temperatures may have

relatively high GC content, at least for some genes (Hurst

& Merchant 2001). GC content can also be used as an

indicator of lateral gene transfer, where some genes may

have been subject to different mutational processes at

different times (Lawrence & Ochman 1998). It has also

recently been noted that the GC content of double-stranded

DNA phages is positively correlated with genome size,

although the reasons for this pattern remain unclear (Pedulla

et al. 2003).

A correlation of GC content among genome pairs can

also provide a signature of genome interactions. A positive

relationship between the GC content of plasmid–procaryote

and phage–procaryote pairs signals tight evolutionary

relationships (Gibbs & Primrose 1976). Our updated

analyses based on pairs of complete genomes draws the

same conclusion, although we find even tighter correlations

than previously reported. The per cent GC content of a

procaryotic host is highly positively correlated with per cent

GC content of its phage (r2 ¼ 0.949; Fig. 4a). A similarly

strong positive correlation holds for plasmid GC content

and that of their hosts (r2 ¼ 0.940; Fig. 4b). The strong

plasmid–host relationship may be partly due to sequencing

the plasmids that are found in the particular host isolates

that are also sequenced, but it would not explain the tight

correlation of the phage and their hosts, which are

sequenced separately. The results suggest that one may be

able to identify if a phage or plasmid host has gone through

a recent host range expansion.

The analyses in this section serve to demonstrate the

types of questions one can ask with the combination of

genetic, evolutionary and ecological data for every fully

sequenced genome. There is certainly far greater scope to

extend these analyses. For instance, one could incorporate

(a)

0

20

40

60

80

Host % GC content

P
h

ag
e 

%
 G

C
 c

o
n

te
n

t

0 20 40 60 80

Host % GC content

(b)

P
la

sm
id

 %
 G

C
 c

o
n

te
n

t

0 20 40 60 80
0

20

40

60

80

Figure 4 The relationship between host vs. (a) phage and (b)

plasmid per cent GC content. If multiple phages or plasmids are

sequenced for a given host, then GC content is given as the average

of the phages or plasmids. Only one host per genus is used in the

analyses. The line x ¼ y is drawn for reference. The regression line

for (a) is y ¼ 0.83x + 6.25 (n ¼ 19; r2 ¼ 0.949) and for (b) is y ¼
0.94x + 0.72 (n ¼ 43; r2 ¼ 0.940) (not shown).
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more detailed genomic features such as numbers of genes in

particular functional categories (Konstantinidis & Tiedje

2004) as well as more refined sets of ecological information

such as the particular habitat from which the sequenced

isolates were collected.

CONCLUS IONS

The current genome collection samples a small and biased

fraction of all extant biodiversity. In the future, it will be

beneficial to sequence organisms from under-sampled

ecological niches if we are to capture a broader range of

the diversity of life on Earth. While the phylogenetic

diversity already captured by the current collection is

encouraging, the ecological diversity represented appears

more skewed. Of special importance is the sequencing of

non-pathogenic relatives of the many pathogens in our

current genome collection. For example, such genomes are

revealing the surprising fact that some genes thought to be

classic virulence determinants actually evolved in free-living

relatives, causing a re-evaluation of both the genetic basis of

pathogenicity and the nature of the genes involved in

adaptation to preferred niche (Horn et al. 2004; Ruby et al.

2005). In addition, a broader range of metabolic types from

within different habitat types should be sequenced. Equally

important is the sampling of novel environments and the

vast wealth of uncultured isolates now accessible through

the advancement of metagenomic approaches (Venter et al.

2004; Cowan et al. 2005; Edwards & Rohwer 2005; Tringe

et al. 2005). Finally, sequencing organisms that potentially

interact with already sequenced organisms will further

promote research on how ecological interactions influence

genomic features.

Despite bias limitations, the current genome collection

represents a considerable amount of taxonomic and

ecological diversity, making it possible to address the

influence of ecological lifestyle on genomic features.

Complimented by ecological metadata, the analyses des-

cribed here demonstrate the types of insights that compar-

ative analyses of sequenced genomes can provide.

This review also highlights the challenges involved in the

collection of a standardized set of basic ecological informa-

tion about already sequenced organisms. While many

genomic features can be automatically extracted from

genome sequences (although not without its own difficul-

ties), ecological data must be painstakingly collected from a

variety of literature sources. Perhaps the most conspicuous

piece of data absent from the vast majority of genome

reports is any information about the geographical location

and specific habitat from which the sequenced specimen

was collected. This information may be well known for

many of the sequences, but has not been consistently

published. Hopefully this will be rectified in the future

through the establishment of new reporting standards (Field

& Hughes 2005).

We propose that ecologists, researchers comfortable with

comparative methodologies and in possession of knowledge

at the organismal, community and ecosystem levels, are in a

special position to make a unique and important contribu-

tion to the development and interpretation of ecogenomic

information. Ecologists can contribute to decisions about

which organisms to sequence, relevant data fields to

incorporate into databases, standardization of methods for

data collection, and interpretation of comparative analyses.

Without this expert contribution, such standards, databases

and analyses risk being poorly formulated, incomplete or

worse, incorrect. Likewise, ecologists are already bringing

new perspectives to the burgeoning field of genomic

analysis (Feder & Mitchell-Olds 2003; Vinogradov 2004;

Brookfield 2005). Further collaborations with bioinforma-

ticians and those generating new genome sequences will

certainly provide innovative insights into ecological adapta-

tion at the genomic level.
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