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Introduction
The past ten years has seen remarkable progress in the sequencing and

analysis of genomes, with more than 300 sequences now available from a

broad representation of species across the phylogenetic tree (www.

genomesonline.org). Approximately 80% of these genome sequences are

from bacterial species; however, there is also a large number of archaeal and

eukaryotic sequences included in this vast collection of data. While tre-

mendous biological insights on any given organism can be derived from

analysis of a single genome sequence, comparative analysis of multiple

genomes reveals substantially more information on the biology and evolu-

tion of species. Moreover, this information provides a new starting point for

biological investigations using technologies that enable genome-wide

approaches to the study of gene and protein function. This issue of Current
Opinion in Genetics & Development provides an overview of how comparative

analyses have revealed new insights on gene, genome and species evolution

in a variety of prokaryotes and eukaryotes.

Evolution of prokaryotic genomes
One of the insights to come from bacterial sequencing efforts is the fact that

the bacterial genome is a dynamic entity shaped by multiple forces that

include genome reduction, genome rearrangement, gene duplication, and

gene loss, and gene acquisition by lateral gene transfer. An interesting

bacterial group that has been targeted for genome analysis represents

species that are no longer free-living and, because of genome reduction,

are now dependent on their hosts for survival. These include obligate

intracellular pathogens, endosymbionts, and mutualistic species. The

review by Wernegreen summarizes the current thinking on reductive

evolution and points out that the initial view of this process, in which

minimal organisms were experiencing continual gene loss and little if any

gene acquisition or recombination, should be re-examined on the basis of

recent data for the Rickettsiales and Chlamydiales.

In contrast to intracellular bacteria, free-living bacterial pathogens emerge

and adapt by continual changes in genome structure and gene content. The

review by Lawrence describes the impact of gene loss and gene gain in the

evolution of bacterial and unicellular eukaryotic pathogens. Early views that

these processes represented the random acquisition of novel virulence genes

and the loss of non-essential genes are probably too simplistic and need to be

revised.

One of the important insights from comparative microbial genomics is that

lateral gene transfer plays a more significant role in the evolution of species
Current Opinion in Genetics & Development 2005, 15:569–571

http://www.genomesonline.org/
http://www.genomesonline.org/
doi:10.1016/j.gde.2005.09.013
doi:10.1016/j.gde.2005.09.007


570 Genomes and evolution
diversity than was initially appreciated. This realization

has been derived, largely, from the analysis of multiple

isolates of the same species, which has revealed that, in

some instances, members of the same bacterial species

can differ in gene content by as much as 25–30%. This

leads to the question of whether or not it is possible to

fully identify all of the genes associated with a given

species. In their review,Medini et al. define the microbial

pan-genome as the sum of the core and non-essential

genes for any given species. On the basis of large-scale

analysis of multiple isolates of the human pathogen

Streptococcus agalactiae, they demonstrate that sequencing

of each new genome reveals novel genes. Mathematical

modeling of these data suggests that the S. agalactiae pan-
genome might be infinite in size.

The dynamic nature of the microbial genome has raised

the question as to whether or not it is possible to analyze

the history of entire genomes and construct meaningful

phylogenetic trees. Ouzounis summarizes a number of

approaches that are being used to tackle this problem and

provides a framework for reconstructing the ancestral

state of microbial genomes.

Unicellular eukaryotic genomes
When compared with bacterial genomes, most eukaryotic

genomes are large and gene-poor. However, the smallest

eukaryotic-genomes — those of the microsporidia and

nucleomorphs — represent exceptions to this rule.

Keeling and Slamovits discuss both the causes and the

effects of nuclear genome reduction in eukaryotes, and

the unique features of such hyper-compacted genomes.

Our understanding of the biology of malaria parasites has

been considerably enhanced by the genome sequencing

and functional analysis of four species of Plasmodium
parasites.Hall and Carlton review the properties of these

genomes and emphasize that one of the major differences

among Plasmodium species is in the repertoire of genes

encoding proteins involved in the interaction with the

host immune system. Moreover, they present evidence

that suggests that Plasmodium is an ancient parasite and

that Plasmodium vivax, a human malaria parasite, might

have arisen throughmutations that resulted in a change in

host specificity.

The hemiascomycetous yeasts, which include the model

organism Saccharomyces cerevisiae, cover a very large evo-

lutionary range. Large-scale comparative analysis of this

class of fungi has been completed, andDujon summarizes

how these data have revealed ways in which gene and

genome duplication, chromosomal rearrangements, and

gene loss have shaped the evolution of these species.

Comparative genomics of eukaryotes
Despite their large genome sizes, significant progress has

been made in the comparative genomics of eukaryotes in
Current Opinion in Genetics & Development 2005, 15:569–571
the past several years. The availability of multiple plant

and mammalian genome sequences has begun to reveal

the extraordinary complexities of these species, but at the

same time several recurrent themes have also emerged.

Most of the large variation observed in the size of plant

nuclear genomes can be attributed to the differential

expansion or retention of retrotransposons. Bennetzen
describes the role of transposable elements both in the

genome rearrangement of flowering plants and in the

creation of novel genes — in particular, the contribution

of transposon capture and exon-shuffling to the appear-

ance of new genes.

For the vertebrates, including the 4500–5000 mammalian

species that walk the earth today, comparative genomics is

driven by the desire to annotate the newly completed

human genome — approximately 2.8 billion base pairs

in length. Numerous uncertainties surrounding gene iden-

tification, genome organization, replication, regulation,

noncoding sequence, the sea of repeats, and footprints of

evolutionary adaptation have stimulated the whole gen-

ome sequencing of a score of mammals. Species approved

and funded for high-coverage (greater than 7x) whole

genome sequencing include human, mouse, rat, chimpan-

zee, macaque, dog, cattle, marsupial opossum, and mono-

treme platypus. The recent molecular phylogeny of

placental mammals [1] has provided a framework to select

species for lower-coverage (2x) genome sequencing on the

basis that their genomesequenceswould capture thedepth

of genome diversity created by the mammalian radiations.

To date, 13 additional species have been selected for 2x

whole genome sequence assessment by The National

Institutes ofHealth–NationalGenomeResearch Institute:

elephant, hyrax, tenrec, armadillo, tree shrew, bushbaby,

rabbit, guinea pig, squirrel, common shrew, hedgehog,

horseshoe bat, and domestic cat. The genome sequences

of all these species will be online by March 2006.

Among the many results anticipated from the whole

genome assessment of vertebrate genomes is the char-

acterization of non-genic regulatory elements revealed by

short stretches of DNA sequences that remain highly

conserved among genomes of species from diverse mam-

malian orders (e.g. in comparisons of either human versus

mouse genomes or dog versus platypus genomes). In his

review, Adams highlights the importance of conserved

sequence segments and the approaches used to identify

and validate them as regulatory elements. Baggs et al.
present an authoritative review of the application of

comparative inference to elucidate the transcriptional

regulation of genes and non-genic regions.

More than half of the human genome and of most

mammal genomes are composed of repetitive elements

of different size, abundance and degrees of polymorph-

ism. Most repeats derive by invasion from other species
www.sciencedirect.com
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but can have important consequences for hereditary dis-

ease, phenotypes and also genomic utility (e.g. for gene

mapping, forensics or population genetic structure assess-

ment). Thomas discusses the dispersal of short repeats

(minisatellites, microsatellites and doublets) in mammals,

with emphasis on the disease causation in man, dogs,

voles and other fascinating examples.

Genome evolution comprises a mix of co-evolving auto-

somes, mitochondrial plasmids, and sex chromosome (X

and Y in mammals). Fraser and Heitman tell the story of

the birth of the mammalian Y chromosome some 300

million years ago and trace the tortuous lineage that led to

today’s 50–60Mb Y chromosome, a hall of mirrors with

massive palindromes engulfing a few score functional

genes that are operative in man, mouse and many —

but not all — living mammals. The authors reach back to

fish, plants and fungi to review what we can discern from

comparative inference of this sex chromosome’s hapless

evolutionary adventures. In their commentary, Modi and
Crews assess the mysterious sex chromosomes and sex-

determining mechanisms discovered in reptilian species.

They raise a cogent case for genome sequencing of

selected reptile species (i.e. green anole lizard, American

alligator, garter snake, and turtle). The comparative ana-

lysis of sex-determining mechanisms in higher verte-

brates — including the still poorly understood

temperature-dependent sex determination in many rep-

tile species — plus the knowledge that reptiles have

dominated one of the three major geological eras of our

planet since the dawn of life (trilobite invertebrates and
www.sciencedirect.com
mammals dominate the other two) are reasons enough to

consider their genome sequencing important.

The review by Roca and O’Brien deals with African

elephants — in phylogenetic terms, the most basal spe-

cies of placental mammals, and taxa with much to reveal,

biologically, from genomic assessment. Applications of

genomic technologies recently unearthed a cryptic Afri-

can elephant species and illustrated the disjunctive evo-

lutionary transmission-kinetics of nuclear, mitochondrial,

X and Y chromosomes in newly sympatric species. Ele-

phants are fascinating to humankind and are studied

intensely for behavioral and conservational concerns.

The authors argue that elephants, with their sophisticated

intelligence and large brains, might also pose a plausible

neuroscience subject among mammals.

The promises of comparative genomics are many and go

way beyond the scope of this volume. Nonetheless, some

of the highlights of the new enquiries can be gleaned from

these reviews. The time for testing and validating

uncounted biological hypotheses in a genomic context

has come; and the advances revealed will fundamentally

change our understanding of the past, the present and the

future.
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For better or worse: genomic consequences of intracellular
mutualism and parasitism
Jennifer J Wernegreen
Bacteria that replicate within eukaryotic host cells include a

variety of pathogenic and mutualistic species. Early genome

data for these intracellular associates suggested they

experience continual gene loss, little if any gene acquisition,

and minimal recombination in small, isolated populations. This

view of reductive evolution is itself evolving as new genome

sequences clarify mechanisms and outcomes of diverse

intracellular associations. Recently sequenced genomes have

confirmed a trajectory of gene loss and exceptional genome

stability in long-term, nutritional mutualists and certain

pathogens. However, new genome data for the Rickettsiales

and Chlamydiales indicate more repeated DNA, a greater

abundance of mobile DNA elements, and more labile genome

dynamics than previously suspected for ancient intracellular

lineages. Surprising discoveries of conjugation machinery in

the parasite Rickettsia felis and the amoebae symbiont

Parachlamydia sp. suggest that DNA transfer might play key

roles in some intracellular taxa.
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Introduction
In bacterial evolution, the transition from a free-living

existence to a close relationship with eukaryotic cells

represents a frequent theme. Certain bacterial symbionts

have taken such associations to the extreme by comple-

tely abandoning any semblance of a free-living phase and

replicating solely within the domain of a host cell.

Throughout the history of life, these obligately intracel-

lular bacteria have acted as major evolutionary catalysts,

being involved in the origin of organelles and the diver-

sification of eukaryotes. Present-day intracellular associa-

tions include a range of parasites, mutualists and

commensal symbionts that play important roles in the
Current Opinion in Genetics & Development 2005, 15:572–583
ecology and physiology of their hosts (see Glossary for

many of the terms mentioned in the Introduction) [1].

Owing to their medical and ecological importance, intra-

cellular bacteria have been targets of numerous genome

sequencing projects that have provided insights into the

consequences of this specialized lifestyle (Table 1;

Box 1). We have learned that, typically, these species

have drastically reduced genomes that encode a stream-

lined metabolism, show rapid DNA sequence evolution

and strong nucleotide compositional biases, and exhibit

lower levels of genome flux (i.e. gene acquisition from

foreign sources, and intragenomic changes such as inver-

sions and translocations). The integration of population

genetic processes with knowledge of bacterial physiology

and ecology has helped to clarify mechanisms that might

explain these common features.

In particular, current views of ‘reductive evolution’

emphasize that fundamental evolutionary processes —

natural selection, mutation and genetic drift — might

affect intracellular species differently than they do free-

living ones [2,3]. For instance, genome streamlining

might reflect relaxed purifying selection on metabolic

functions that are dispensable in a resource-rich intracel-

lular niche. In addition, strong effects of nucleotide

mutations in intracellular bacteria might elevate rates

of gene disruption, followed by erosion owing to a dele-

tion bias in bacteria [4]. Many intracellular endosym-

bionts show few if any signs of gene acquisition. This

is thought to reflect their generally low levels of repeats

and mobile DNA, reduced recombination functions, and

limited opportunities for DNA exchange among seques-

tered species [5]. Moreover, reduction of effective popu-

lation sizes (Ne) owing to bottlenecks upon transmission

[6] is expected to increase the rates of fixation of slightly

deleterious mutations [7]. Lack of gene exchange would

exacerbate this effect by preventing the recovery of

beneficial alleles or entire gene regions that are lost [3,8].

This reductive evolution model offers a valuable frame-

work to explain commonalities among intracellular bac-

teria, to identify informative exceptions, and to generate

predictions that can be tested with new sequence data.

The abundance of excellent reviews on this topic illus-

trates the utility of this conceptual framework in assim-

ilating a wealth of new genome information and in

guiding development of the field [9–15]. In this review,

I discuss insights from recent — between 2004 and July

2005 — genome analyses of obligately intracellular bac-

teria that replicate solely within a host cell. These data
www.sciencedirect.com
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Glossary

Commensal symbiont: A symbiont that benefits from an association

without conferring a serious disadvantage or advantage to the host.

Genetic drift: This describes the changes in the frequencies of alleles

or genotypes as a result of chance alone. This stochastic effect plays

an especially important role in small populations, in which drift can

accelerate the fixation of slightly deleterious mutations [7].

Genome flux: A broad term describing changes in gene content or

order owing to gene acquisition by horizontal transfer from foreign

donors or recombination among related strains or species. This also

includes intragenomic changes within a given genome, such as

inversions, duplications, translocations and deletions.

Mobile DNA: Elements such as phage DNA, transposons, conju-

gative plasmids, insertion sequences and other DNA segments that

move among or within genomes, typically without the need of

extensive DNA sequence matches for homologous recombination.

Often considered as selfish DNA that propagates at the expense of

hosts and depends on occasional horizontal transmission for its

maintenance.

Mutualist: A symbiont that provides a benefit to the host and, in turn,

benefits from the association.

Obligately intracellular: An organism that replicates exclusively

within a host cell.

Parasite: A symbiont that propagates by causing some degree of

harm to the host.

Reductive evolution: A conceptual framework that considers the

evolutionary and molecular mechanisms that drive genome stream-

lining in most intracellular bacteria. Current views suggest that gene

loss reflects relaxed selection on dispensable traits, elevated muta-

tion pressure, and even the loss of beneficial functions mutations as a

result of genetic drift in small bacterial populations. Furthermore,

reduced recombination documented in some intracellular associates

might prevent the recovery of lost alleles or gene regions.

Symbiont: Any species that lives in close association with another.

Broadly speaking, symbiosis includes obligate and facultative rela-

tionships that are parasitic, mutualistic or commensal. Among sym-

bionts, endosymbionts are those that live within the tissues or cells of

their hosts for part or all of their life cycles. Endosymbionts that can

replicate within host cells are termed intracellular. Of these intracel-

lular associates, certain highly specialized ones have lost the ability to

replicate outside of host cells and are obligately intracellular — the

focus of this review.

Type III secretion: An assemblage of�20 proteins that spans the cell

membrane, transports proteins out of the cell and mediates the

delivery of specific proteins that suppress defenses or otherwise

facilitate cell invasion.

Type IV secretion: Derived repeatedly from conjugation systems

[83��], this is a secretion pathway that exports distinct DNA or protein

substrates that cause various physiological changes in host cells

during infection.

Box 1 Diverse lifestyles and host effects of intracellular bacteria.

Bacteria ‘make their living’ within host cells through a variety of

strategies. At one end of the spectrum, intracellular parasites

represent unwelcome invaders that spread at their hosts’ expense

and offer models to understand how bacteria exploit cellular

functions. Fully sequenced representatives (Table 1) include

Mycobacterium leprae and Coxiella burnetii, which have adopted

an obligately intracellular lifestyle quite recently, and older intracel-

lular lineages such as Phytoplasma, a plant parasite and close

relative of the epicellular Mycoplasmas, in addition to parasites

within the families Rickettsiaceae and Anaplasmataceae. In addition

to vertebrate pathogens, Anaplasmataceae includes the invertebrate

endosymbiont Wolbachia, typically a parasite in insects that hijacks

host reproduction to increase the production of infected females.

Given that other members of Wolbachia are mutualists involved in

development and oogenesis in nearly all filarial nematodes, this

genus shows a natural lifestyle variation that facilitates comparisons

between mutualists and parasites.

The exclusive intracellularity across known Rickettsiaceae and

Anaplasmataceae implies that they adopted this lifestyle at least

400 mya, a conservative estimate of divergence between the two

families [27]. The even more ancient Chlamydiales acquired an

intracellular lifestyle �700 mya [28��], and today include parasitic

members of the Chlamydiaceae that cause respiratory, ocular and

genital infections, in addition to the recently sequenced Parachla-

mydia sp., a mutualistic symbiont of free-living amoebae and

occasional opportunistic pathogen of humans. Although they share

an obligately intracellular lifestyle, the wide diversity in tissue

tropism, host ranges, life-history nuances, and phenotypic effects of

intracellular parasites remain poorly understood.

Infections don’t always turn out poorly for the host. At the other end

of the symbiotic spectrum, mutualists provide benefits that increase

the fitness of their hosts. In addition to the nematode and amoebae

hosts mentioned above, insects as a group frequently associate with

beneficial intracellular bacteria. These symbionts occur within

specialized host cells, undergo maternal transmission to offspring

and have co-evolved with hosts in stable associations that date back

tens to hundreds of millions of years [69]. For example, estimated

divergence times of host insects imply that the Blochmannia–ant

and Wigglesworthia–tsetse associations originated at least 30 mya,

and the even older Buchnera–aphid symbiosis was established

�150–200 mya. Such endosymbionts provide essential nutrients to

about 10–15% of insects, most of which feed on nutritionally

unbalanced diets (e.g. plant sap or blood). By enabling their hosts to

exploit otherwise inadequate food sources and habitats, the

acquisition of these mutualists can be viewed as a key innovation in

the evolution of their hosts [70,71]. These ‘primary’ endosymbionts

often co-exist with Wolbachia and facultative (‘secondary’) endo-

symbionts [72,73��]. Mutualistic symbionts and reproductive para-

sites might offer new tools for the modification, suppression,

containment or eradication of arthropod populations of medical

and/or agricultural importance (e.g. [74–76,86��]).
enable us to explore expectations of reductive evolution

models — namely, that intracellular bacterial genomes

are (i) severely reduced, (ii) specialized to their particular

host association, and (iii) show patterns of genome

dynamics that differ from those of free-living species.

Genome size reduction
The influx of genome data supports the general trend that

strictly intracellular bacteria have very reduced genomes,

typically in the range of 1 Mb or less (Figure 1). At 416 kb,

the tiny genome of Buchnera BCc, associated with the

cedar aphid Cinara cedri, is the smallest known for bacteria

(A Latorre, unpublished). As expected from their small

genomes, metabolisms of intracellular bacteria are
www.sciencedirect.com
simpler than those of free-living or facultatively intracel-

lular species with larger genomes. This reduction often

involves massive deletions early in the transition to intra-

cellularity (see Update). For example, reconstructions of

early Buchnera evolution indicate deletions of large DNA

segments, some of which encoded 20 open reading frames

(ORFs) or more, in addition to exceptionally high levels

of gene rearrangements compared with other g-Proteo-

bacteria [16,17�]. Sequence data from facultatively or

recently intracellular species provide a window into these
Current Opinion in Genetics & Development 2005, 15:572–583
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Table 1

Obligately intracellular bacteria with full genome sequence data (as of July 2005) or for which genome projects are in progress.

Genome

size (Mb)

Genome released Host Host effects

g-Proteobacteria

Enterobacteriales

*Buchnera aphidicola APS 0.66 2000 Aphid, Acyrthosiphon pisum Nutritional mutualist

*Buchnera aphidicola Sg 0.64 2002 Aphid, Schizaphis graminum Nutritional mutualist

*Buchnera aphidicola Bp 0.62 2003 Aphid, Baizongia pistaciae Nutritional mutualist

*Buchnera aphidicola BCc 0.42a In progress, University of Valencia Aphid, Cinara cedri Nutritional mutualist

*Wigglesworthia glossinidia 0.7 2002 Tsetse fly, Glossina brevipalpis Nutritional mutualist

*Blochmannia floridanus 0.71 2003 Ant, Camponotus floridanus Nutritional mutualist

*Blochmannia pennsylvanicus 0.79 2005 Ant, Camponotus pennsylvanicus Nutritional mutualist

*Baumannia cicadellinicola 0.69b In progress, University of Arizona and TIGR Sharp shooter, Homalodisca coagulata Likely nutritional mutualist

Legionellales

Coxiella burnetii 2.03 2003 Reptiles, birds, and mammals Q fever

a-Proteobacteria

Rickettsiales

Rickettsiaceae

Rickettsia conorii 1.27 2000 Mammals, through insect vectors Rocky Mountain spotted fever

Rickettsia prowazekii 1.11 1998 Mammals, through insect vectors Typhus

Rickettsia typhi 1.11 2003 Mammals, through insect vectors Murine typhus

Rickettsia felis 1.46 2005 Mammals, through insect vectors Spotted fever

Anaplasmataceae

Anaplasma marginale 1.2 2004 Mammals, through insect vectors

Bovine anaplasmosis, human granulocytic

ehrlichiosis

Ehrlichia ruminantium (2 strains) 1.5–1.52 2005 Wild ruminants, through tick host Heartworm disease

Wolbachia wMel 1.27 2004 Fruit fly, Drosophila melanogaster Cytoplasmic incompatibility

*Wolbachia wBm 1.08 2005 Filarial nematode, Brugia malayi Worm development and fertility

Wolbachia wAna 2005 (95% of genome recovered from Trace Archive, [62]) Fruit fly, Drosophila ananassae Cytoplasmic incompatibility

Wolbachia wRi 2005 (75–80% of genome recovered from Trace Archive [62]) Fruit fly, Drosophila simulans Cytoplasmic incompatibility

Wolbachia wUni In progress, EUWOL (European Wolbachia Consortium) Parasitoid wasp, Muscidifurax uniraptor Induction of parthenogenesis

Wolbachia wVul 1.6–1.7 In progress, EUWOL Isopod, Armadillidium vulgare Induction of feminization

Wolbachia wRi 1.5–1.6 In progress, EUWOL Fruit fly, Drosophila simulans Cytoplasmic incompatibility

Wolbachia–Culex �1.5 In progress (http://www.sanger.ac.uk/Projects/W_pipientis/) Mosquito, Culex quinquefasciatus Cytoplasmic incompatibility

*Wolbachia–Onchocerca �1.1 In progress (http://www.sanger.ac.uk/Projects/Wolbachia/) Nematode, Onchocerca volvulus Worm development and fertility

Mollicutes

Acholeplasmatales

Phytoplasma asteris 0.86 2003 Plants, through insect vector Stunted plant growth and other symptoms

Actinobacteria

Actinomycetales

Mycobacterium leprae 3.27 2001 Humans and other vertebrates Leprosy

Chlamydiae group

Chlamydiales

*Parachlamydia sp. 2.41 2004 Free-living amoebae

Chlamydiaceae

Chlamydia muridarum 1.08 2000 Rodents Mouse lung or genital tract infections

Chlamydia trachomatis 1.04 1998 Human and other mammals Chronic genital and ocular infections

Chlamydophila abortus 1.14 2005 Ruminants and swine Ruminant abortion

Chlamydophila caviae 1.18 2003 Guinea pig Guinea pig inclusion conjunctivitis (GPIC)

Chlamydophila pneumoniae (4 strains) 1.23 1999–2003 Human and other mammals Pneumonia, bronchitis and pharyngitis

The list of genomes for which sequencing is in progress is intended to illustrate the rapid growth of this data and is not exhaustive. * Mutualistic association. a Updated fromGil et al. [84]. b Updated fromMoran et al. [85].

Initials after endosymbiont strains often refer to the invertebrate host species from which the bacteria were isolated.
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Figure 1

Genome size and %GC content of bacterial chromosome sequences, illustrating the small genome size and AT-richness of obligate intracellular

associates. Intended as an update to similar published figures (e.g. [77]), this graph includes genomes that were publicly available as of

July 2005. Genomes of multiple, closely related strains are presented with a single point. Blue triangles represent obligately intracellular species.

Red points represent those species that possess two or more chromosomes (the mark reflects values for single chromosomes).
early stages of genome turbulence, when the proliferation

of insertion sequences (ISs) and other mobile DNA

elements might catalyze instability [9]. In addition, the

larger genomes, numerous pseudogenes, and/or dispersed

repeats in recent associates (e.g. Coxiella burnetii, Myco-
bacterium leprae and the Sitophilus oryzae [weevil] primary

endosymbiont [SOPE]) also support an initial instability

[18,19,20��].

Genome size variation within endosymbiont groups indi-

cates that streamlining has continued in the context of

intracellular associations but in a much more gradual

fashion. For example, in contrast to large early deletions,

subsequent gene loss in Buchnera has tended to occur

through gene disruption and gradual erosion, with inacti-
www.sciencedirect.com
vated genes requiring �40–60 million years to erode

completely [21�]. This continued genome shrinkage leads

to further metabolic loss. For instance, reduction in

Buchnera BCc is caused by the loss of protein-coding

genes, in comparison with the numbers in other Buchnera
species, and not by the shortening of ORFs or intergenic

regions [22��].

Specialization to the intracellular niche
What are the metabolic implications of severe genome

reduction? Consistent with the prediction that many

deleted genes were dispensable in a host cell, small

intracellular genomes tend to lose genes for metabolic

diversity but retain those encoding transcription, transla-

tion and other basic processes that are important regard-
Current Opinion in Genetics & Development 2005, 15:572–583
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Figure 2

Percentage of genes encoding particular biosynthetic functions. Y axis indicates proportion of ORFs involved in biosynthesis of (i) amino acids (red), (ii)

cofactors, prosthetic groups, and carriers (blue), and (iii) purines, pyrimidines, nucleotides and nucleosides (yellow). Species in bold are obligately

intracellular mutualists; those underlined are obligately intracellular pathogens. Escherichia coli, Pseudomonas aeruginosa and Bradyrhizobium

japonicum retain a free-living phase and are included for comparison. Full names of other bacteria are listed in Table 1. Values for E. coli and the g-

proteobacterial nutritional mutualists were based on re-analysis of genome sequences [37]. Data for other species was downloaded from the

Comprehensive Microbial Resource at The Institute for Genomic Research (TIGR, http://www.tigr.org/) [78], for a more consistent comparison across

genomes, but might differ from original genome papers. Readers interested in particular taxa are encouraged to refer to the original genome-

publications. In the rare cases that TIGR counted largely overlapping, putative ORFs as two separate genes, these were counted as a single ORF for

the purposes of this figure.
less of ecological niche [2]. The preferential retention of

informational genes also holds within endosymbiont

groups. Analysis of partial genome regions indicates that,

compared with its Buchnera relatives, Buchnera BCc has

undergone a more extensive loss of metabolic than infor-

mational functions [22��].

The nutrient trade balance

Although all parasites and mutualists rely on their host for

certain nutrients, they differ in the degree of their depen-

dency. As expected from their roles in supplementing the

diet of the host, primary, g-proteobacterial mutualists of

insects retain a wide spectrum of biosynthetic genes to

fulfill symbiont functions, devoting a higher fraction of

their genomes to biosynthesis than do free-living bacteria

or pathogens (Figure 2) [11,15]. By contrast, intracellular

parasites apparently rely on their eukaryotic host cell for

many amino acids, cofactors, nucleotides and other com-

pounds.

Though more subtle, the same contrast holds among

species of the Rickettsiales and Chlamydiales orders, in

which mutualists encode a wider array of biosynthetic
Current Opinion in Genetics & Development 2005, 15:572–583
functions than do parasites. The relatively large

(2.41 Mb) genome of Parachlamydia complicates direct

comparison of genome proportions with its �1–1.2 Mb

parasitic relatives, but its retention of twice as many amino

acid and cofactor biosynthetic genes suggests it imposes

fewer metabolic demands on its host cell. Within Rick-

ettsiales, the mutualisticWolbachia wBm, unlike Rickettsia,
retains the ability to synthesize riboflavin and other coen-

zymes [23��]. Biosynthesis of riboflavin andhememight be

key functions of the symbiont, because, to date, neither

pathway has been detected in the Brugia malayi genome

[24]. Wolbachia wBm also retains complete pathways for

biosynthesis of purines and pyrimidines, and might sup-

plement the nematode’s nucleotide pools during oogen-

esis and embryogenesis [23��]. Although the parasitic

Wolbachia wMel shares many of these same functions,

the nematode mutualist devotes a larger fraction of its

smaller genome to these potentially host-beneficial traits.

Shared infection strategies of mutualists and

pathogens

One of the surprises from molecular studies of host-

associated bacteria has been the discovery of ‘virulence’
www.sciencedirect.com
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genes in mutualists [25,26]. As expected, obligately intra-

cellular parasites typically encode numerous mechanisms

to infect various tissue and cell types and to evade an

ever-adapting host immune system. These mechanisms

include Type III secretion (in Chlamydiales), Type IV

secretion (Coxiella and Rickettsiales) [see Glossary], and

paralogous families of polymorphic surface proteins (e.g.

in R. felis, Anaplasma and Ehrlichia) [27].

Certain obligately intracellular mutualists also possess

such so-called pathogenicity genes. The discovery of

Type III secretion in Parachlamydia highlights parallels

with related parasites and implies that the ancestor of this

group could infect cells [28��]. In a similar manner to

certain insect endosymbionts [29], this amoebae associate

might deliver specific proteins into host cells to facilitate

invasion. This exciting discovery pushes the origin of

infectious chlamydia back to �700 million years ago

(mya), arguably the oldest intracellular group that today

spans diverse host associations and effects [30,31�]. In a

similar fashion to its pathogenic relatives, Parachlamydia
imports ATP from the host cytosol using an ATP/ADP

translocase, an ‘energy-parasite’ transport system unique

to Rickettsiales, Chlamydiales, and plant plastids [32�].
Parachlamydia apparently acquired Type IV secretion

through horizontal gene transfer, making it the only

chlamydia to possess this pathway [28��].

Wolbachia spp. might also use common infection strate-

gies across diverse interaction types. As with Wolbachia
wMel and other parasitic a-Proteobacteria, Wolbachia
wBm possesses Type IV secretion in its stable mutualistic

association with nematodes [23��]. The shared presence

of ankyrin repeats in bothWolbachia genomes— although

there are fewer in Wolbachia wBm — might mediate

attachment of endosymbionts to the cytoskeleton, mod-

ulation of host gene expression, or other activities essen-

tial to their intracellular lifestyle. The roles of these and

other Wolbachia genes in shaping its varied host interac-

tions are promising new areas of research [33,34] (see

Update).

Even the long-term insect mutualists possess genes once

considered to be in the purview of parasitism. The urease

gene cluster, which encodes significant virulence factors

in some bacterial and fungal pathogens [35], is retained in

Blochmannia, apparently enabling this ant symbiont to

hydrolyze insect host waste (urea) to ammonia used in

amino acid biosynthesis [36,37]. The overexpression of

GroEL in certain insect mutualists [38] also occurs in

some pathogens, in which this and other heat-shock

proteins are major antigens and candidates for vaccine

development [39–41]. The functions of GroEL in mutu-

alists remain uncertain, but it might help the folding of

endosymbiont proteins that have experienced deleterious

amino acid changes [42], mediate viral transmission

through certain insect hosts [43], or counter irreversible
www.sciencedirect.com
oxidative modifications during stationary phase [44], in

which endosymbionts probably spend much of their life

cycle. Other parallels with pathogens include the reten-

tion of outer membrane proteins and flagellar genes, the

latter of which might be involved in secretion [45]. These

parallels suggest that ‘pathogenicity’ functions might

have evolved in the context of beneficial interactions

and today play generally important roles for host-asso-

ciated bacteria.

Deleterious deletions

In contrast to the above examples of adaptation to an

intracellular lifestyle, it is more difficult to infer cases of

deleterious deletions that are fixed by genetic drift,

another component of the reductive evolution model.

Candidates for harmful deletions include the loss of

several DNA repair functions, a convergent pattern across

intracellular pathogens and mutualists. Notably, in Buch-
nera many DNA repair loci were lost in large, early

deletions that included numerous genes of varied func-

tions, a pattern that is difficult to reconcile with adaptive

fine-tuning of gene content [17�]. The loss of repair

functions might contribute to the drop in %GC content

associated with genome reduction (Figure 1). Namely,

AT bias might reflect greater exposure of an underlying

GC!AT mutational pressure in small genomes that lack

many DNA repair functions (but see the study by Rocha

and Danchin [46] for a metabolic hypothesis for AT bias).

Genome dynamics within a host cell
As noted above, initial genome turbulence of intracellu-

larity is thought to be followed by genetic stability

associated with the consumption of recombination genes

and repeated DNA in large deletions, reduced opportu-

nities for gene exchange in a sequestered environment,

and extinction of mobile DNA species that require hor-

izontal transmission for their maintenance.

Is recent genome data consistent with genetic stability of

long-term intracellular associates? In many cases, the

answer is a resounding yes. Although horizontal gene

transfer can be important in the evolution of new host

associations [47], strictly intracellular associates often

show little evidence of laterally acquired genes. In Buch-
nera, this stability extends to intragenomic dynamics, with

no gene acquisition, inversions or translocations through-

out 50–70 million years of evolution within aphids [48],

and near-perfect conservation of gene order since the

establishment of this association 150–200 mya [49] (bio-

synthetic plasmids have mediated the few exceptions to

genome stability in this group [50,51�]). Within the ant

mutualist Blochmannia, lineages that diverged �20 mya

exhibit a similar pattern of chromosome stasis [37]. Such

stability also characterizes certain long-term intracellular

pathogens, for which rare cases of horizontal transfer (e.g.

a potentially acquired 12 kb sequence in Rickettsia typhi
[52]) appear to be the exceptions, synteny between
Current Opinion in Genetics & Development 2005, 15:572–583
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Figure 3

Fraction of bacterial chromosomes devoted to (a) global direct repeats and (b) global inverted repeats. Although certain obligately intracellular

bacteria have few if any repeats, others have repeat densities that match or exceed those of facultatively intracellular or free-living species.

Values represent only long repeats (�100 nucleotides long, with at least an 80% match among copies), a category that mediates large-scale

inversions, duplications and deletions. Values were obtained from the CBS (Centre for Biological Sequence Analysis) Genome Atlas Database

Current Opinion in Genetics & Development 2005, 15:572–583 www.sciencedirect.com
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species implies few intragenomic rearrangements [48,53],

and repeated DNA is often scarce (Figure 3) [5].

However, recent data indicate that DNA transfer might

play a key role in shaping other intracellular associates.

The R. felis genome revealed the first conjugative plasmid

discovered in intracellular bacteria, and experimental

analysis demonstrated conjugative pili and mating

[54��]. R. felis also stands out among Rickettsia in having

abundant transposases, a >six-fold higher density of

repeats, paralogous gene families encoding surface pro-

teins, and evidence for frequent inversions and transloca-

tions that disrupt synteny. Of the ORFs lacking in other

Rickettsia spp., 91 have closest matches outside of the a-

Proteobacteria, implying that a sizable fraction of this

genome might be horizontally acquired. Notably, in the

transmission of R. felis through flea vectors, co-infection

with Bartonella henselae, Bartonella quintana or Wolbachia
might enable opportunities for gene transfer [54��].

Genetic machinery for DNA transfer also occurs in Para-
chlamydia spp., each of which possesses a genomic island

encoding all tra genes essential for F-like conjugative

DNA transfer, the first evidence for a putative conjuga-

tive system in the Chlamydiales [28��,55�]. Conjugation
might occur within the amoebae host containing numer-

ous bacteria tightly packed in vacuoles [56]. Although

base composition analysis revealed few signs of recent

lateral gene acquisition, the apparent acquisitions of F-

like conjugative DNA transfer and, as noted above, of

Type IV secretion might be important in shaping host

interactions [28��].

In addition to conjugation machinery, certain intracellular

bacteria possess more mobile DNA, such as bacterioph-

age and transposable elements, than previously suspected

[57] (see Update). Although missing from nutritional

mutualists, such elements persist in long-term intracel-

lular species such as Parachlamydia spp., R. felis, Phyto-
plasma asteris, Wolbachia wMel and, to a lesser extent,

Wolbachia wBm [23��,54��,58��,59,60]. These and other

intracellular bacteria also have surprisingly abundant

repeated DNA sequences, devoting a relatively large

fraction of their chromosomes to global direct and

inverted repeats that can mediate large-scale intrage-

nomic rearrangements (Figure 3). The growing list of

examples of disrupted synteny implies frequent inver-

sions and translocations [23��,28��,58��,61�].

Other examples of genome flux come from re-analysis of

available genomes, often within a phylogenetic context.
(Figure 3 Legend Continued) [79,80] and were based on calculation metho

across entire chromosomes, values represent global, rather than just local,

visualized in the Genome Atlas or Repeat Atlas databases (http://www.cbs.

name and, in parentheses, the length of DNA involved in repeats. The Ricke

has an exceptionally high fraction of repeated DNA [54��].
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Detailed phylogenetic analysis showed fifteen cases of

gene transfer into the Chlamydiaceae from plant, fungal,

archaebacterial and bacterial donors [62]. Recombination

among closer relatives was demonstrated by Gomes and

colleagues [63�], who showed that transfer had occurred

between the rodent-associated Chlamydia muridarum and

Chlamydia caviae, and demonstrated frequent recombina-

tion among Chlamydia trachomatis strains at genes encod-
ing polymorphic membrane proteins (pmps), a

Chlamydiaceae-specific family of proteins, members of

which are expressed on the cell surface. The same study

discovered the first IS element in this group. Because

subtle variations in gene content can lead to important

differences in host ranges and phenotypic effects, just a

handful of genes might influence pathogenic signatures

[64]. Thus, even occasional gene transfer might be bio-

logically significant.

At a more local genomic level, recombination among

tandem repeats or among paralogous gene copies enables

certain parasites to respond to the adaptive immune

response of vertebrate hosts. Many intracellular parasites

commit a high percentage of their tiny genomes to para-

logous families of polymorphic surface molecules, sug-

gesting that host immunity is among the ‘highest priority’

of the challenges they face [27] (see Update). By recom-

bining various pseudogenes into a single expression site,

Anaplasma spp. have generated sequential diversity of

membrane proteins, thereby achieving a persistent infec-

tion [65�]. As crucial players in the generation of surface-

coat antigenic variation, such pseudogenes are quite dis-

tinct from those reflecting genome erosion in Rickett-

siales, M. leprae, C. burnetii and other parasites. In

Ehrlichia, continual duplications among numerous tan-

demly repeated genes counter genome reduction by

creating new loci that are important in immune evasion

[66�]. In short, despite the exceptional stability of some

intracellular associates, it is increasingly clear that intra-

cellular lifestyle does not necessarily constrain genome

flux.

Conclusions
The rapidly growing database of bacterial genomes has

enhanced our understanding of processes that shape the

outcomes of intimate bacterial–eukaryotic relationships.

Models of reductive evolution offer a valuable framework

to understand forces shaping the metabolic capabilities of

obligately intracellular bacteria and their potential for

genetic change. Recent genome data have upheld many

expectations from these models, including severe gen-

ome-size reduction and metabolic specialization of intra-
ds described elsewhere [81,82]. Because searches were performed

repeats. The location of the repeats along the chromosome can be

dtu.dk/services/GenomeAtlas/). The Y-axis lists the bacterial species

ttsia felis genome, not yet released when this figure was developed,
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cellular lineages. As predicted, many intracellular gen-

omes are exceptionally stable, showing little evidence of

gene acquisition by lateral transfer and few if any intra-

genomic changes that disrupt synteny among related

strains.

Recent data have also revealed some exciting surprises

that illustrate diverse modes of genome evolution within

host cells. Discoveries of Type III and Type IV secretion

in mutualists highlight parallels among infection strate-

gies and add to the growing evidence that ‘virulence’

genes can play crucial roles in beneficial interactions. In

addition, genomes are teaching us that intracellular

associates can experience various forms of genome flux,

ranging from gene acquisition from phylogenetically dis-

tant donors, to intragenomic lability with frequent inver-

sions and rearrangements, to specific recombination-

mechanisms that generate antigenic diversity. This rather

surprising component of reductive evolution has

prompted new research into the impact of gene transfer

and recombination in these species, including the roles of

mobile elements that manage to persist in certain

anciently intracellular groups.

Completion of additional genomes will provide a richer

context to assess mechanisms of evolution and to make

predictions about functions that mediate host associa-

tions. Testing these predictions will depend on the

development of new experimental approaches to clarify

processes involved in various stages of bacterial infection,

persistence, and transmission to new hosts. Promising

experimental methods often build upon genome data,

such as the use of microarrays to assess gene expression

[67��] and applications of an ever-growing knowledge of

natural mobile DNA sequences to develop tools for the

genetic manipulation of uncultivable bacteria [68].

Update
Since the July submission of this review, several important

papers in endosymbiont genomics have been published

(owing to space limitations, only a few have been added

below). These include an exploration by Nilsson et al.
[87��] of deletion rates and patterns in experimental cul-

tures ofSalmonella enterica. The authors detectedvery large

deletions, similar in magnitude to those considered impor-

tant in the early evolution of endosymbiont genomes.

Full sequences of extrachromosomal DNA (ecDNA) of

Sodalis glossinidius, including three plasmids and a bac-

teriophage of two S. glossinidius isolates, revealed trans-

posases, conjugation functions and evidence for recent

gene acquisition [88��]. These findings illustrate the

importance of gene exchange in the evolution of some

intracellular associates.

In addition, several recent studies have explored the

evolution of a-proteobacterial endosymbionts [89��–
Current Opinion in Genetics & Development 2005, 15:572–583
91��]. These articles include an overview of genome

plasticity in mutualistic and pathogenic a-Proteobacteria

[89��], an investigation of the roles of ankyrin domain

genes in shaping distinct reproductive alterations caused

byWolbachia [90��], and a population genetic study show-

ing a recent global replacement of Wolbachia throughout

Drosophila melanogaster lab stocks and field populations

[91��].
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Common themes in the genome strategies of pathogens
Jeffrey G Lawrence
Genomes of pathogenic bacteria evolve by large-scale

changes in gene inventory. The continual acquisition of

genomic islands, which refines their metabolic arsenal, is offset

by gene loss. Far from this being a passive deletion of genes no

longer useful to pathogens, the removal of genes encoding

problematic metabolic process and immunogenic surface

antigens might be strongly beneficial. Genomes of virulent

eukaryotes show the footprint of similar genomic alterations,

including acquisition of genes by lateral transfer, and genome

degradation in obligate pathogens. These common features

suggest that unicellular pathogens share common strategies

for adaptation.
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Introduction
Gene inventories provide a window into the physiological

capabilities of bacteria. Unlike multicellular eukaryotes,

which adapt by altering the expression of common sets of

genes to enable morphological distinctiveness, bacteria

living in different environments have markedly different

sets of genes that provide biochemical distinctiveness.

Comparative genomics opens the doorway not only for

uncovering the genetic differences between strains — as

was demonstrated strikingly in the comparison of patho-

genic and non-pathogenic strains of Escherichia coli that

share only 40% of their common gene-pool [1] — but also

for understanding the pathways along which bacteria

evolve. Pathogens are characterized by very clear differ-

ences from their non-pathogenic relatives: they have

evolved the ability to cause disease in one or more hosts.

Therefore, the genomic changes seen in these organisms

can often be interpreted using a framework in which poten-

tial causes of genomic changes can be more precisely

defined.

As with all genomes, those of bacterial pathogens evolve

by three major processes: modification of existing genes;
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loss of genes no longer under selection for function; and

gain of genes that confer a benefit in their current eco-

logical niche. There are notable examples in which the

increased pathogenicity of a strain has resulted from the

modification of genes that are also found in less virulent

relatives, such as alteration of the Salmonella pmrD gene to

become regulated by the PhoPQ two-component regu-

latory system [2�], or mutations leading to increased

expression of the Bordetella pertussis ptxA toxin genes

[3]. But the fruits of definitive analyses of differential

gene-expression are hard won, and little is understood

beyond exemplar cases. Rather, initial progress in com-

parative genomics lies in interpretation of changes in

genome inventory.

Here, I review advances in understanding the impact of

gene gain and gene loss in the evolution of pathogens.

Recent work has led to a more sophisticated interpreta-

tion of both processes, beyond the arbitrary accumulation

of genes that enable virulence, and the sloughing of genes

not contributing to the pathogenic lifestyle. In addition,

analyses of the genomes of pathogenic eukaryotic are

showing that they are influenced by many of the same

evolutionary processes that shape the genomes of bacter-

ial pathogens.

Two avenues of gene gain
Gene gain by lateral gene-transfer has long been a hall-

mark of pathogen evolution, first in the acquisition of

antibiotic resistance genes [4] and then in the acquisition

of virulence determinants as pathogenicity islands [5].

First described in animal pathogens, genomic islands are

now well documented in plant pathogens, including

Erwinia carotovora [6] and Leifsonia xyli [7], providing

these bacteria with the molecular toolbox necessary to

exploit this new ecological niche. Yet gene acquisition is

no longer viewed simply as a road taken to achieve

pathogenicity; rather, ongoing gene transfer may impart

new virulence determinants on pathogen genomes. For

example, the genome of Salmonella enterica serovar Cho-

leraesuis contains two pathogenicity islands not found in

the genomes of serovars Typhimurium, Typhi, Enteri-

ditis or Paratyphi [8], and antibiotic resistance genes

continue to be introduced into Staphylococcus aureus gen-

omes [9,10], enabling it to adapt to a changing environ-

ment. Genes need not be introduced from other bacteria;

species of Xanthomonas might have acquired PNP genes

— encoding plant natriuretic peptides — from their host

plant genomes, potentially enabling molecular mimicry

[11], and Entamoeba-infecting Legionella have numerous

eukaryotic-like proteins that are predicted to interact with

host cell proteins [12].
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Horizontal exchange plays another role in pathogen evo-

lution: genes acquired by lateral transfer are shared

among strains of a bacterial species by homologous

recombination, enabling pathogens to synergize their

gene arsenals as they adapt to new or existing hosts.

For instance, frequent recombination leads to the emer-

gence of well defined groups — strains of Neisseria menin-
gitidis, Neisseria lactamica and Neisseria gonorrhoeae form

discrete clades [13] – that share virulence loci and show

distinct patterns of infectivity. Here, the balance between

recombination and selection enables rapid exploration of

‘protein space’ by bringing combinations of new alleles

together [14]. Recombination in Borrelia also helps main-

tain diversity at virulence loci, including the ospC cell-

surface locus [15�], has diversified otherwise clonal strains

of Vibrio parahaemolyticus at antigenic loci [16] and has led

to the emergence of a newly virulent strain of Vibrio
vulnificus by combining strains from otherwise separate

populations [17]. Transfer of antibiotic resistance gene-

bearing plasmids among E. coli strains is evident in a

non-clinical setting in Australia [18]. Thus, lateral gene-

transfer serves not only to create pathogens from non-

pathogens by the introduction of genomic islands but also

continually rearranges genes within pathogen populations

to enable ongoing adaptation to their hosts.

Two avenues of genome loss
Given that bacterial genomes are not ever-increasing in

size, gene acquisition must be balanced by gene loss.

During genome reduction, symbionts and pathogens

experience net gene-loss as their genomes shrink relative

to those of their free-living siblings and ancestors [19].

Here, gene gain by lateral transfer fails to keep pace with

gene loss, and gene content dwindles. Dramatic exam-

ples, such as the pseudogene-laden Mycobacterium leprae
genome [20], remind us that genome reduction can

proceed rapidly and remove large percentages of an

organism’s gene complement. Given that both obligate

symbionts (e.g. Buchnera and Wolbachia) and obligate

pathogens (e.g. Rickettsia and Mycoplasma) with highly

reduced genomes live in relatively constant environ-

ments, genome reduction was thought to reflect a lack

of utility of many metabolic pathways, leading to the

passive loss of genes no longer needed. Yet comparative

genomics and analytical genetics have revealed two inter-

dependent pathways that fuel an active process of gene

loss.

First, the action of some gene products might be detri-

mental to the pathogenic lifestyle. This possibility was

noted some time ago, when the loss of the cadA gene from

Shigella was correlated with an increase in pathogenicity

[21]. Recent analyses of metabolic pathways in Chlamy-
dophila genomes again show that the loss of metabolic

pathways — including loss of tryptophan metabolism and

purine nucleotide-cycling in Chlamydophila abortus, and

loss of biotin biosynthesis in Chlamydophila caviae — is
www.sciencedirect.com
correlated with the onset of virulence [22�]. In addition,

there appears to have been selection for the loss of

metabolic pathways in Mycobacterium tuberculosis, primar-

ily those pathways involved in the synthesis of antigens

[23�]. Therefore, as seen with pseudogene formation in

Yersinia pestis [24] and Salmonella enterica serovar Choler-

aesuis [8], genes can be lost because their absence is

beneficial, not neutral. This possibility increases the

relevance of recombination within pathogen populations,

in which pseudogenes can be propagated among strains

with as much benefit as newly acquired pathogenicity

islands.

Second, genes encoding cell-surface determinants appear

to be preferentially lost from genomes of pathogens. This

phenomenon was noted more than a decade ago in

Shigella, in which loss of the ompT gene was correlated

with increased pathogenicity [25], and increasing num-

bers of examples suggest that it is a common strategy to

enable pathogens to avoid immune detection. Analysis of

genome reduction in Bordetella, the causative agent of

whooping cough, showed that genes encoding cell-sur-

face determinants were over-represented among those

lost in B. pertussis but retained in its less virulent, sibling

species Bordetella brochiseptica [3]. There is also extensive

loss of genes encoding cell-surface determinants among

strains of Mycobacterium tuberculosis [23�]; for example,

many strains lack the antigen-encoding plcA and plcD
genes in addition to the lppA, lppB, lppC, lpqH, lpqS
and lprP genes, which probably encode lipoproteins.

Parallel loss of the same genes in independent lineages

suggests that gene loss was under selection [23�]. Simi-

larly, strains ofFrancisella tularensis have lost genes encod-

ing outer membrane proteins and pilins [26], and

comparison of strains of Pseudomonas aeruginosa isolated

from natural and clinical environments showed a loss of

flagellar loci in clinical isolates [27], again suggesting a

preferential loss of surface-antigens in pathogenic strains.

As with the loss of metabolic pathways, these steps in

genome reduction are not neutral but confer a benefit in

enabling better escape from immune surveillance.

Although some genomes serve as exemplars of certain

processes — gene acquisition by enterohemorrhagic E.

coli O157, or gene loss by Mycobacterium leprae — the

processes of gene gain and gene loss do not operate

independently. For example, both gene transfer and gene

loss have played roles in the turnover of genes encoding

effectors for Type III secretion systems in Pseudomonas
syringae [28]. A mixture of lateral gene transfer and

genome degradation is also evident in the evolution of

the Treponema denticola [29] and Corynebacterium diphtheria
[30] genomes: that is, genomes are not segregated into

those experiencing gene transfer and those experiencing

gene loss; the processes are inter-related, and both con-

tribute to the ongoing evolution of pathogenicity. Only in

strictly intracellular obligate pathogens and symbionts
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does the rate of lateral transfer become so low as to make

genome reduction the dominant evolutionary force.

Similar strategies seen in eukaryotic
pathogens
Lateral gene-transfer is not thought to be widespread

among multi-cellular eukaryotes; this might reflect the

lack of opportunity in these organisms — genes must be

introduced into the germ line and become expressed in

the appropriate tissues — or lack of utility — adaptation

to new environments rarely requires the deployment of

novel biochemistries conferred by acquired genes. But

protozoa do not share these traits, and one might predict

that single-celled eukaryotes could evolve by gene gain as

much as do Bacteria and Archaea. Lateral gene-transfer is

not uncommon among unicellular eukaryotes [31],

including pathogenic and parasitic lineages [32]. Exam-

ples such as the acquisition of degradative loci by rumi-

nant fungi [33] show that eukaryotes can adapt to new

ecological niches by lateral gene-transfer from bacterial

donors. Analyses of the genome sequences of several

eukaryotic pathogens has shown not only that lateral

transfer has played a role in their evolution but that other

features of prokaryotic genome evolution were evident as

well.

Multiple lines of evidence suggest that pathogenicity loci

have been acquired by the pea pathogen Nectria haema-
tococca [34]. The PEP (pea pathogenicity) cluster contains

four genes required for maximum virulence; this cluster-

ing is reminiscent of bacterial genomic islands. The genes

have been characterized by atypical nucleotide composi-

tion, atypical codon-usage bias, features often correlated

with recently acquired genes in bacteria genomes. A more

recent phylogenetic analysis [34] shows that these genes

are absent from closely related fungal taxa, again consis-

tent with their acquisition by lateral gene-transfer. Trans-

fer is implicated in the history of a bacterial-like catalase

gene into the microsporidian Nosema locustae [35], the

citrate synthase gene in the ciliate Tetrahymena [36], and

two tRNA synthase genes into the ancestor of diplomo-

nad algae [37]. Similarly, the Entamoeba histolytica genome

shows evidence of numerous lateral gene-transfer events

[38]. A detailed analysis of the isc locus — encoding iron-

sulfur proteins — shows that these genes cluster very

strongly with bacterial homologues, especially in the e-

Proteobacteria Campylobacter and Helicobacter [39�]; these

data strongly support recent transfer of these loci into the

Entamoeba genome, as opposed to their movement from

the mitochondrial genome, as is seen for large numbers of

genes in the yeast genome [40]. Similar large-scale gene

transfer is proposed for the Trypanosoma brucei genome,

purportedly increasing its metabolic repertoire [41�]. In

addition, there are �1000 non-expressed variable surface-

glycoprotein genes in T. brucei; although some are fully

functional, most appear to be non-functional [41�]. Intra-

genic recombination has been proposed as a mechanism
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that maintains these non-functional copies as a sort of

genomic reservoir, a strategy also seen in some bacterial

pathogens.

Demonstrating further similarities to bacterial pathogens,

eukaryotic pathogens accumulate transposons and pseu-

dogenes on the path towards genome reduction. Approxi-

mately 50% of the Trypanosoma cruzi genome comprises

repetitive elements [42], and 5% of the Cryptococcus
neoformans genome comprises mobile genetic element

[43]; in addition, Cryptococcus genes are highly intron-rich,

unlike genes of related fungi [43]. Full-scale genome

reduction has been observed both for the apicomplexan

Theileria parva [44] and for the microsporidians Encepha-
litozoon cuniculi and Antonospora locustae [45]. Therefore,

we may conclude that gene transfer from unrelated taxa,

gene shuffling by recombination, and selective gene loss

have played similar roles in the evolution of both prokar-

yotic and eukaryotic pathogens.

Beyond pathogenicity
Legionella pneumophila is the causative agent of Legion-

naire’s disease. Yet is has become clear that Legionella is

not an obligate human pathogen; its natural prey are

fresh-water amoebae [46]. Protozoan hosts might be used

by many human pathogens [47], including Salmonella and

Pseudomonas [48]; the same gene products that enable

invasion of prey amoeba, survival in and escape from

feeding vacuoles, and replication within the host cyto-

plasm can be deployed to enable infection of human cells.

When considering disease as one part of pathogen life

history, two spectres are raised: (i) that human pathogens

might simply be bacteria using their metabolic repertoire

on an unfortunately chosen host; and (ii) virulence loci

might be genes the primary functions of which have little

to do with pathogenicity. Although the first scenario can

often be dismissed for many pathogens that are not found

outside of their human hosts, the second scenario is less

easily discounted.

Genes found in pathogenicity islands often contribute to

the pathogenic lifestyle in clear and well-explained ways.

For example, Type III secretion systems deliver effector

molecules to the cytoplasm of host cells, adhesions provide

a mechanism for cell attachment, and siderophores enable

metal ion uptake in ion-poor host environments. Yet the

benefits of some virulence loci are less clear. Recent

insight into bacteria–protozoa interactions raises the pos-

sibility that virulence loci increase the fitness of pathogens

by enabling them to interact more favourably with the

protozoa they encounter, thus indirectly enabling more

efficient invasion of host tissues. For example, Wild-

schutte et al. [49�] showed that variability at the Salmonella
rfb locus, which encodes the O-antigen biosynthetic

machinery, might enable Salmonella to escape particular

protozoan predators. This scenario is satisfying because,

unlike the systemic pathogens Neisseria and Haemophilus,
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Salmonella do not alter their O-antigens upon infection, so

the great diversity of antigenic types is not readily

explained by the conventional argument that antigenic

variation enables escape of immune surveillance. In

another intriguing study, some Salmonella captured by

the ciliate Tetrahymena were released in vesicles that

promoted their survival in the face of subsequent ciliate

grazing [50]. It is not clear that Salmonella promoted their

release from theTetrahymena predator or that expression of

virulence loci enabled long-term survival in this environ-

ment. Yet both studies highlight the importance of exam-

ining the role of microbe–microbe interactions in assessing

the importance of virulence loci, because predation and

competition play critical roles in the survivorship of vir-

tually all organisms.

Conclusions
Both prokaryotic and eukaryotic pathogens can adapt

rapidly by gene acquisition and by gene loss. The benefits

of both processes span the evolutionary life-span of

pathogens, enabling continual adaptation to their hosts.

Unlike the scenario in multicellular eukaryotes, extensive

lateral gene-transfer is seen in pathogenic eukaryotes,

suggesting that major forces in genome evolution are

shared among unicellular organisms.
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The microbial pan-genome
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A decade after the beginning of the genomic era, the question

of how genomics can describe a bacterial species has not been

fully addressed. Experimental data have shown that in some

species new genes are discovered even after sequencing the

genomes of several strains. Mathematical modeling predicts

that new genes will be discovered even after sequencing

hundreds of genomes per species. Therefore, a bacterial

species can be described by its pan-genome, which is

composed of a ‘core genome’ containing genes present in all

strains, and a ’dispensable genome’ containing genes present

in two or more strains and genes unique to single strains. Given

that the number of unique genes is vast, the pan-genome of a

bacterial species might be orders of magnitude larger than any

single genome.
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Introduction to the pan-genome
Ten years after the first sequence of a free-living organ-

ism was revealed, public databases contain 239 complete

bacterial genomes. However, as shown in Table 1, in 83%

and 8% of the cases, only one or two genomes per

bacterial species have been sequenced, respectively. In

a recent work [1��], eight genomes representative of the

serogroup (see Glossary) diversity among group B Strep-
tococcus (GBS) strains were analyzed to answer the ques-

tion of how many genomes are needed to fully describe a

bacterial species. EachGBS strain was found to contain an

average of 1806 genes that are present in every strain (core

genome [see Glossary]), plus 439 genes that are absent in

one or more strains (dispensable genome [see Glossary]).

The dispensable genes are also divided into genes pre-

sent in two or more but not all strains (18% of the genome)
www.sciencedirect.com
and genes unique to each strain (1.5% of the genome).

Mathematical modeling based on the eight genomes

showed that unique genes will continue to emerge even

after hundreds or thousands of genomes are sequenced

[1��]. Hence, core and dispensable genes represent the

essence and the diversity of the species, respectively.

The surprising conclusion from the study is that, in

theory, the bacterial species will never be fully described,

because new genes will be added to the genome of the

species with each new genomic sequence. Therefore, the

best approximation to describe a species is to use the

concept of the pan-genome (‘pan’ — ‘pan’ in Greek —

means ‘whole’ [see Glossary]), which is made up of the

sum of core and dispensable genomes (Figure 1). In the

case of GBS, presently, the pan-genome contains 2713

genes, of which 1806 belong to the core genome, and 907

belong to the dispensable genome. The GBS pan-gen-

ome is predicted to grow by an average of 33 new genes

every time a new strain is sequenced (Figure 1). Similar

analysis [1��] carried out on five strains of Streptococcus
pyogenes revealed a similar genomic diversity, indicating

an asymptotic value of 27 specific genes for each new

genome added, leading, again, to an ‘open’ pan-genome.

A different behavior was observed in the study of eight

independent Bacillus anthracis isolates. In this case, the

number of specific genes added to the pan-genome was

found to rapidly converge to zero after the addition of only

a fourth genome [1��]. Hence, the B. anthracis species has
a ‘closed’ pan genome, and four genome sequences are

sufficient to completely characterize this species.

In this review, we discuss how the concept of the pan-

genome might fit with the available data and consider

which experiments need to be done to address the

questions raised by this concept.

A large microbial gene pool driving evolution
Much indirect evidence had already hinted at the concept

of the pan-genome, even before it was properly defined

by mathematical quantification [1��]. Several studies of

subtractive hybridization and comparative genome hybri-

dization (CGH) using multiple isolates of the same spe-

cies had shown that bacterial species such as Helicobacter
pylori, Staphylococcus aureus and Escherichia coli display an

extensive genetic diversity, with an average of 20–35% of

genes being specific for a single strain [2–4].

The presence of so many strain-specific genes in each of

these species suggests that — as in the case of GBS —

they could also display an open pan-genome. This raises
Current Opinion in Genetics & Development 2005, 15:589–594
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Glossary

Core genome: The pool of genes shared by all the strains of the

same bacterial species.

Dispensable genome: The pool of genes present in some — but not

all — strains of the same bacterial species.

Lateral gene transfer: Mechanism by which an individual of one

species transfers genetic material (i.e. DNA) to an individual of a

different species.

Pan-genome: The global gene repertoire of a bacterial species: core

genome + dispensable genome.

Serogroup: Group of related bacterial strains characterized by the

same composition of the capsular polysaccharide.

Figure 1

The set of genes pertaining to a species, or species pan-genome,

depends on the number of available genome sequences. In this figure,

the size of S. agalactiae (red dots) and B. anthracis (blue triangles)

pan-genomes are shown as a function of the number of sequenced

strains. The curves represent a mathematical extrapolation of the data

to a large number of strains. The size of a species pan-genome can

grow with the number of sequenced strains, or quickly saturate to a

limiting value. The S. agalactiae pan-genome is ‘open’; the B. anthracis

one is ‘closed’. After sequencing a large number of strains, the number

of dispensable genes in an open pan-genome is orders of magnitude

larger than the size of the core genome, forcing us to reconsider the

definition of a bacterial species.
the question of whether the microbial world contains

enough genes to fit the prediction of such a vast gene

pool generated by the pan-genome.

For instance, it has been shown that a single environ-

mental sample of DNA from marine water encodes more

than 1.2 million previously unknown genes from 1800

predicted genomic species [5��]. Similar results have also

been obtained for a totally different ecosystem, the

human gastrointestinal tract. In this case, almost 400

different bacterial phylotypes were identified, of which

244 were novel [6�]. Even more impressive is the recent

estimate of 107 distinct bacterial species in a 10 gram soil

sample containing a total of approximately 1010 cells [7��],
a species diversity two orders of magnitude larger than

previous estimates [8], showing that further quantitative

and rational explorations of microbial ecology are strongly

needed [9�]. Furthermore, a great heterogeneity was also

identified when looking at a single species within a well-

defined natural bacterial population: 16S RNA sequen-

cing and pulse-field gel electrophoresis (PFGE) analysis

were performed to study the diversity associated with the

species Vibrio splendidus within coastal bacterioplankton,

revealing in this same species the presence of as many as
Table 1

Number of genomes sequenced in different bacterial species.

Species with sequenced genome(s)

Streptococcus agalactiae, Bacillus anthracis, Burkholderia mallei

Burkholderia pseudomallei

Staphylococcus aureus, Streptococcus pyogenes

Salmonella enterica, Escherichia coli, Bacillus cereus, Chlamydophila pneu

Haemophilus influenzae, Listeria monocytogenes, Xylella fastidiosa

Prochlorococcus marinus, Buchnera aphidicola, Burkholderia cenocepacia

ruminantium, Legionella pneumophila, Pseudomonas syringae, Streptoc

Yersinia pestis

Streptococcus pneumoniae, Mycobacterium tuberculosis, Neisseria menin

licheniformis, Bifidobacterium longum, Campylobacter jejuni, Chlorobium

Corynebacterium glutamicum, Haemophilus somnus, Helicobacter pylor

Leptospira interrogans, Mycoplasma genitalium, Pseudomonas aerugino

Staphylococcus epidermidis, Synechococcus elongates, Thermus therm

Tropherymaa whipplei, Vibrio vulnificus, Xanthomonas campestris

Various species

Bacterial species for which multiple sequenced strains are available repre

been sequenced to date. In this table, we report the number of strains for the

of sequenced bacterial species.
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1287 distinct genotypes, most of which are differentiated

by the insertion or deletion of large genomic elements

[10��]. Although new genes can originate through dupli-

cation of existing sequences, followed by diversification,

the most common way to acquire new functions is by the
Number of species

(% of the total)

Number of genomes

sequences per species

3 (1.2%) 8

1 (0.4%) 7

2 (0.8%) 6

moniae, 7 (2.8%) 5

, Ehrlichia

occus thermophilus,

8 (3.2%) 3

gitidis, Bacillus

phaeobacteroides,

i, Lactococcus lactis,

sa, Shigella flexneri,

ophilus,

21 (8.3%) 2

211 (83.3%) 1

sent a small fraction of the species for which only one strain has

se species, and the percentage that they represent over the total number
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transfer of genetic material from unrelated organisms.

The importance of the mechanisms of lateral gene trans-

fer (see Glossary) in evolutionary processes has been hotly

debated in recent years [11–16,17�,18], but it is now

generally accepted that it represents an evolutionary ‘fast

route’, which enables an organism to quickly adapt to a

changing environment.

Genes from this large pool are continuously exchanged

within and between bacterial species by three main pro-

cesses: (i) by transformation, when genetic material can be

taken up from the environment; (ii) by transduction, when

the DNA is delivered by a virus; and (iii) by conjugation,

when DNA is directly exchanged between cells. Trans-

formation and conjugation require that the source and

target organisms live in close contact, and bacteriophages

might enable bacterial species populating different envir-

onments to exchange genetic material, which often con-

tains genes that are crucially important for pathogenesis

[19�]. Considering that the global population of phages has
been estimated to be in the range of 1031 and that they are

responsible for an average of 1023 infections per second

[20], it is easy to conclude that the global pool of genes
Figure 2

Diversity of the microbial universe. Recent experimental findings have show

than expected [5��,6�,10��,20], raising the question of what is the origin of th

by conjugation, transformation and phage infection (transduction), and expe

amount of genetic material available in single ecosystems is large enough t

the contribution of mechanisms of lateral gene transfer to the innovation rat

contribution to species diversification [18,19�,20,21]. To date, of all this divers

www.sciencedirect.com
present in themicrobialworld is likely to exceedby several

orders of magnitude any estimate that has been made to

date, and that the presence of billions of genes is no longer

unexpected (Figure 2).

The surprisingly large gene pool described here suggests

that, during evolution, the vast majority of novel func-

tions were probably generated in the microbial world and

not in large animals, such as humans, which have only

25 000–35 000 genes. The consequence of this would

be that microbes and large animals might have totally

different roles in evolution. In fact, under this theory,

microbes would generate new genes and functional mod-

ules, whereas large animals would evolve by first taking

up modules generated by microbes and then by rearran-

ging them in many different ways within the genome

itself and by alternative splicing of the mRNAs.

Core and dispensable genes
In general, the core genome includes all genes respon-

sible for the basic aspects of the biology of a species and

its major phenotypic traits. By contrast, dispensable genes

contribute to the species diversity and might encode
n that the genetic diversity within bacterial populations is much higher

is genetic diversity. Bacteria can acquire genes from the environment

rimental studies on environmental samples have shown that the

o constitute a virtually infinite reservoir of new genes. Estimates of

e show that genes acquired through this route give an essential

ity, less than 1000 microbial genomes have been completely sequenced.
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supplementary biochemical pathways and functions that

are not essential for bacterial growth but which confer

selective advantages, such as adaptation to different

niches, antibiotic resistance, or colonization of a new host.

Such genes are generally clustered on large genomic

islands that are typically flanked by short repeated

DNA sequences and are characterized by an abnormal

G + C content. Investigation and functional annotation of

dispensable genes reveals that hypothetical, phage- and
Figure 3

Dendrograms of the eight Streptococcus agalactiae (a) and thirteen B. cere

shared with other strains was used to define a distance matrix. The matrix w

method, as implemented in the NEIGHBOR program of the PHYLIP suite (h

are proportional to the fraction of the gene content not shared between the

to 1% difference in gene content.

For each S. agalactiae strain, serogroup (bold, roman letters) and sequence

group genomes are available for downloading at http://www.ncbi.nlm.nih.go

S. agalactiae strains is comparable to the distance between B. anthracis sta

B. anthracis as an autonomous species questionable.
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transposon-related genes account for the vast majority of

findings, whereas in a typical genome this type of gene

represents much smaller percentages [21]. The fact that

these genes aremostly associatedwith a limited number of

strains indicates a weak positive selection for these func-

tions and shows that mobile elements contribute poorly to

the overall fitness and differentiation of the species,

although sometimes they can carry important genes

[19�,22��]. Given that these genes are not necessary for
us group (b) genomes. The fraction of genes of one strain that is not

as then used to build a dendrogram with the neighbor-joining

ttp://evolution.genetics.washington.edu/phylip.html). Tree branches

different isolates, and the ruler shows the length corresponding

type (ST) are reported in brackets. The S. agalactiae and B. cereus

v. From the figure, it is evident that the distance between two

ins and other B. cereus group species, making the definition of

www.sciencedirect.com
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survival or maintenance of the species, they can also be

deleted from the genome; however, in pathogenic species,

this loss is often accompanied by a parallel reduction in

virulence. For example, a spontaneous loss of the genes

coding for fimbriae, hair-like projections thought to have

an important role in colonization, has been observed in

successive passages of in vitro cultures of Haemophilus
influenzae and E. coli. Similarly, GBS was recently found

to encode a pilus-like structure, which is not ubiquitous in

all strains, and the presence or absence of which could be

related to either gene acquisition or loss [23].

Serotypes and sequence types do not
correlate with genomic diversity
Classical methods to catalogue bacterial species are based

on knowledge convenient phenotypic traits. The most

popular is the agglutination of bacterial cells by specific

antisera against the capsular polysaccharide surrounding

many pathogens. For a variety of encapsulated bacteria,

this method has been widely used for epidemiology stu-

dies andvaccinedesign, assuming that all strainsbelonging

to the same serogroup are similar. More recently, techni-

ques such as multilocus enzyme electrophoresis (MLEE)

andmultilocus sequence typing (MLST), which are based

on the detection of variability associated with housekeep-

ing genes, were applied to several bacterial species and led

to the classification of strains into ‘clonal complexes’ and

sequence types, respectively.

However, comparison of the whole genome sequences of

GBS strains has shown that the genomic diversity does

not segregate with serotypes or MLST sequence-types

(Figure 3a). In fact, the analysis revealed that, often,

isolates belonging to different serogroups are more closely

related than are isolates of the same serogroup, and that

strains of the same sequence type can be genetically very

distant (Figure 3a). The reason for the absence of correla-

tion between serotypes and genetic diversity is likely to

reside in the fact that capsular specificity genes are

present in the dispensable genome, which is exchanged

freely between strains with different genetic background.

By contrast, the genes used to determine the MLST type

belong to the core genome, and they do not pick up

similarities present in the dispensable genome, which

often are linked to pathogenic features.

Challenging the concept of species
Species can have an open or a closed pan-genome. An

open pan-genome is typical of those species that colonize

multiple environments and have multiple ways of

exchanging genetic material. Streptococci, Meningococci,
H. pylori, Salmonellae and E. coli have these properties

and are likely to have an open pan-genome. By contrast,

other species such as B. anthracis, Mycobacterium tubercu-
losis and Chlamydia trachomatis, which are known to be

more conserved, live in isolated niches with limited

access to the global microbial gene pool. Such species,
www.sciencedirect.com
with a low capacity to acquire foreign genes, have a closed

pan-genome. An extreme example is represented by

Buchnera aphidicola, an endosymbiont of aphids, the gen-

ome of which has undergone no chromosome rearrange-

ments, duplications or horizontal gene transfer in the past

50 million years, thus demonstrating the most extreme

genome stability observed to date [24].

A closer look at the structures of the genetic trees of open

pan-genomic species (such as GBS; see Figure 3a) and

closed pan-genomic species (such as B. anthracis) shows
that the latter species resembles a clone of a B. cereus
species rather than being a true independent species

(Figure 3b). B. anthracis is, in fact, genetically very closely

related to other members of the B. cereus group (B. cereus
and Bacillus thuringiensis species), and the main feature

that distinguishes these organisms is the acquisition of

two virulence plasmids, one of which codes for anthrax

toxin [25]. Although this feature is extremely important in

justifying the classification of B. anthracis as an indepen-

dent species, genetically, this is just a phenotypic trait

encoded by the dispensable genome of the B. cereus
group. This example shows that the criteria used to define

microbial species might be inconsistent with the genetic

information. In the future, we will need to consider how

to handle these inconsistencies.

Conclusions and practical implications
The need to sequence multiple genomes from each spe-

cies to better understand the diversity of bacterial species

is not just a theoretical exercise. Recently, it has been

shown that the design of a universal vaccine against GBS

was only possible using dispensable genes [26�]. In addi-

tion, sequencing of multiple genomes was instrumental in

discovering the presence of the pilus in GBS, group A

Streptococcus, and Pneumococcus, an essential virulence fac-

tor that had been missed by all conventional technologies

for a whole century [23]. It is very likely that the study of

the bacterial pan-genome will continue to surprise us with

fascinating discoveries that cannot be predicted with the

conventional methods used to date in microbiology.
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Ancestral state reconstructions for genomes
Christos A Ouzounis1,2
The recent expansion of phylogenetic analysis from the

traditional field of molecular evolution, analyzing histories of

genes, to the nascent field of ‘genomic evolution’, analyzing

histories of entire genomes, enables the construction of trees

based on genome information, the quantification of the key

processes that shape genome content and, ultimately,

plausible parsimony reconstructions of ancestral genomes.

Thus, when genomes are considered as phylogenetic

characters, it is possible to reconstruct not only the history of

species but also the ancestral states in terms of genome

structure or function. In the future, we might be able to

accurately reconstruct — or retrodict — a chain of events that

led to the emergence of a specific genome sequence and,

ultimately, to synthesize ancestral genomes at will, creating a

‘Jurassic database’ of genomes.
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Introduction
Evolution — from genes to genomes

In recent years, we have witnessed an unprecedented

increase of genome information, marked by the mile-

stones of completed genome projects for 100 species in

2003 [1], 200 species in 2005 [2], and growing. It was thus

unavoidable that, at some point, the evolutionary analysis

of individual genes would expand to encompass genome-

wide characters [3]. Such distinguishing genome traits

include amino acid composition [4], genomic structure

[5], gene fusions [6], gene clusters [7], and global patterns

of genome divergence (e.g. [8�]).

Apart from conveying important structural and functional

detail about the evolution of genomes, these characters —

markedly divergent across species — have also been

exploited for the construction of so-called ‘genome trees’.
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These can be defined as dendrograms based on the

clustering and tree representation of genome relation-

ships, according to various measures of genome diver-

gence, distance metrics and approaches for tree

construction. The fact that we are able to construct

genome trees — reviewed recently [9�] — is important

by itself, but this issue forms only a part of the main

theme of this review.

Instead, we summarize here recent progress in the recon-

struction of ancestral genome states — using genome and

other trees — the quantification of forces that shape

genome content, advances that challenge the notion of

a tree of life, future directions and open problems. It is

crucial to realize that although, from a methodological

viewpoint, the reconstruction of ancestral states for gen-

omes does not strictly require genome trees, the explicit

use of such trees offers a host of superior solutions. This is

because genome trees provide the opportunity to take

into account the key processes shaping genomes, primar-

ily gene loss and horizontal gene transfer (HGT). Using

gene trees, it is not usually feasible to obtain evidence on

whether HGT has or has not taken place, what is its

relative frequency, or which genes are absent and why, for

a particular species. By considering genome trees, these

effects are attenuated, and the reliability of detected

species-relationships increases, by quantifying gene pre-

sence/absence patterns.

The structure of this review is as follows: first, the general

patterns of genome structure that serve as phylogenetic

characters are discussed; second, the treatment of evolu-

tionary forces by a handful of methods is explained; third,

the reconstruction of ancestral states is presented, taking

into account these factors; and, finally, an outline for

certain open problems and future directions is provided.

Genome patterns as phylogenetic characters
The fundamental premise of molecular evolution is that

individual characters under consideration differ substan-

tially across species and, thus, can convey evolutionary

evidence for the reconstruction of species relationships

[9�]. Moreover, it has been pointed out many times that in

traditional work, in which gene or protein sequences are

considered, the dendrograms reflect, mostly, the history

of molecules and not necessarily that of species — unless

specific conditions are met [10]. This important issue is

certainly valid for gene-based trees and possibly for the

emerging field of genome trees as well.

The first genome trees appeared six years ago, simulta-

neously produced by several groups [11–13]. Despite
Current Opinion in Genetics & Development 2005, 15:595–600
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differences in approach, the common theme in these

analyses was the consideration of the presence/absence

of genes or global measures of similarity as the principal

elements in the construction of a distance matrix and tree

(Figure 1a).

All detected homologies were counted in two methods

[11,13], with slightly unsatisfactory results: the generated

trees are less sharp than they are when using orthology

[12], and possibly somewhat inaccurate. It is indicative
Figure 1

Illustration of methods discussed in the three main sections of the text. (a)

The initial data are typically a list of k genes or gene families and their alloc

simplicity, only four gene families are displayed in odd-numbered 1/3/5/7 co

8 is used for an alternative scenario of column 7. In this example, species a

light-brown, dark-green, light-green and beige colors. Present, native genes

genes’). In detail, sp2 and sp4 contain four native genes each, sp1 contains

In all, 13 ‘observed’ genes are distributed across five species and four fami

listing the genes by column from the k�n matrix, so that gene (protein) famil

of similarity, are displayed as grey boxes). Using various procedures (see ‘G

created that represents species relationships (shown in three hues of blue,

from which a genome tree is finally generated. Note that in this example tre

as a dotted line. (b) Algorithms that assess the likelihood that a gene was a

examine each family and infer a parsimonious scenario of its evolutionary h

genes are shown as cyan-lined diamonds (‘inferred genes’): orange is the la

light-grey represents a lost gene (or gene family), and the two purple/red ge

included in the k�k matrix. The inferred genomes for the four ancestral state

and sp5 loses one gene and acquires another one (red gene, in family 3). A

species for sp1 to sp4, an1 and an2 contain the gene and an3 is the last an

scenarios can be imagined (shown in columns 7 and 8). Either family 4 was

and was conserved only in sp2 and sp4 or it was first invented in an2 (or an

(or vice versa; cases in parentheses not shown in the figure). (c) After these

been horizontally transferred, thus creating a ‘net of life’, overlaid on the tre

These examples, shown as dotted arrows, correspond to the two possible
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that the homology approach has not been used subse-

quently.

Other advances, taking into account orthologous clusters

[14] or protein folds [15�], have been made. For a justi-

fication of using protein folds, and an insightful discussion

of eliminating paralogy, see the study by Yang et al. [15�].

An important issue realized early was the need for gen-

ome size normalization [12]: larger genomes have a
Genome trees; (b) Ancestral state inference; (c) The net of life.

ation across n species (right side, or ‘observed genomes’). For

lumns, and even-numbered columns 2/4/6 are left empty; column

re shown (sp1–sp5) in five rows, and are color-coded in dark-brown,

are shown as diamonds in the corresponding colors only (‘observed

three native genes, and sp3 and sp5 contain one native gene each.

lies. (a) After sequence comparison, a k�k matrix is produced,

ies are easily seen (the pairwise matches, and an arbitrary criterion

enome patterns as phylogenetic characters’), an n�n matrix is

and directly reflecting the similarities shown in the species tree),

e four ancestral nodes are present (an1–an4). An outgroup is shown

cquired or lost, based on the observed family distribution patterns,

istory (see ‘Quantifying the forces that shape gene content’). Inferred

st ancestor of each family, yellow depicts all other ancestors,

nes correspond to cases of HGT; for simplicity, these were not

s can thus be compiled (‘inferred genomes’): an4 has two genes,

n easy case to resolve is family 1, one gene (or gene family) per

cestor. The most complex case is family 4, in which two alternative

present in an4 and was subsequently lost in sp1, sp3 and sp5,

1), lost once in sp3 (sp1) and horizontally transferred from sp4 to sp2

phases, it is possible to observe which families are likely to have

e of life (see ‘A net of histories for extant and extinct genomes’).

cases of HGT (purple and red).
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chance to share more genes with similarly large genomes,

irrespective of their relative phylogenetic distance. Con-

versely, smaller genomes are penalized when raw counts

of shared genes are considered, even if they might be

closely related to a species with a large genome. There-

fore, normalization schemes were introduced, limiting the

number of genes that can be shared across two genomes

by dividing with the number of genes in the smallest

genome: this is the maximum ‘share’ value that can be

attained [8�].

This is, in fact, reminiscent of a similar concept at the

protein level, called ‘conservation score’, which repre-

sents a robust measure of similarity [16].

Average DNA or protein sequence similarity was further

proposed as an alternative measure for genome tree

construction. The first such report [17] independently

introduced the concept of normalized score, which was

named ‘self-matching score’, for average sequence simi-

larity.

This was the first case in which the large-scale clustering

of all Proteobacteria resulted in a monophyletic grouping

[17]. This particular example typically serves as a casual

benchmark for several of these methods, owing to the

complexity of genome relationships, independent gen-

ome reduction events (massive gene loss) and extensive

species representation in this group of bacteria. Another

method based on genomic DNA comparison was subse-

quently reported [18], with similarly impressive results.

Other, less scalable methods have also been investigated,

namely substitution rates across proteins [19], and bidir-

ectional best hits [14]. It remains to be seen whether the

application of the latter methods to hundreds of genomes

is possible.

Finally, a composite measure for genome conservation,

for which all hits were considered, has been presented

recently [8�]. A significant advantage of this measure is

that it takes into account both gene presence and

sequence similarity. The robust clustering of 153 species

by the assembly of a genome similarity ‘heat map’ sug-

gests that most of these approaches are resistant against

the effects of HGT. In fact, they challenge the notion that

it is not possible to build a species tree from genome

sequences, owing to the effects of HGT [20,21], because

HGT is limited in the context of entire genome

sequences [22]. We encounter issues of quantifying

HGT and the reconstruction of ancestral genomes in

the following sections of this review.

Taking these issues into account, the importance of

genome trees in this framework is not so much about

their ability to discern evolutionary relationships across

species as an alternative to gene-based trees as it is about

the reassurance that genome trees capture relationships
www.sciencedirect.com
across taxa, without suffering from the symptoms of gene

trees (for example, and most importantly, HGT and gene

loss). In fact, it initially came as a surprise that genome

trees are robust to these effects, and yet at the same time

capture global genome similarities [8�,9�,22]. Quoting a

critical review on HGT, it is stated that: ‘‘Other discon-

tinuous genome events such as gene loss, gene duplica-

tion, and the segregation of paralogs as well as the

generation of orphan sequences provide much more

frequent challenges to genome phylogeny than does

HGT’’ [23].

Quantifying the forces that shape gene
content
Building genome or species trees is, therefore, crucial to

the exploration of evolutionary relationships. Suppose,

however, that a tree was provided by an independent

method that didn’t rely on genome evolution and, thus,

didn’t suffer from certain kinds of artefacts. Then, would

it be possible to overlay our gene or genome information

on such a tree and explore various aspects of molecular

evolution? Although this is indeed the ideal scenario,

unfortunately no such tree exists, with the possible

exception of the vertebrate tree, and our reliance on

the vertebrate fossil record. Indeed, this ‘chicken-and-

egg’ problem — the challenge of both delineating species

relationships and, at the same time, quantifying the

relative contributions of evolutionary forces — has mired

progress to date.

However, several groups have assessed recently the rela-

tive contribution of HGT events in species phylogenies

[24–26]. To achieve this, all these studies employed

various trees, including those (e.g. rRNA trees and

curated taxonomy trees) that do not rely on genome

comparisons. This strategy reflects a classification con-

sensus from multiple sources, in addition to the use of

genome trees, and is thus robust to ‘discontinuous gen-

ome events’ (see above).

Remarkably, most of the protein family distributions for

extant species can be explained by patterns of vertical

evolution, namely gene genesis and loss [24,25], regard-

less of the tree used, thus strengthening the notion that

genome trees (in both cases, gene content trees) are

robust to HGT (Figure 1b).

At least two groups have arrived independently at the

same idea of using parsimony and an optimal HGT

penalty value that effectively represents the expected

relative loss versus HGT frequency [24,25]. The first

study [24] demonstrated that gene fusion or duplication

is virtually independent of HGT, in the case of Archaea

and Proteobacteria, for a total of 17 genomes. The HGT

penalty was explored as a parameter, and alternative

scenarios for the relative contributions of gene gain (gen-

esis and HGT) versus loss were investigated.
Current Opinion in Genetics & Development 2005, 15:595–600
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In a subsequent study [25], encompassing 51 microbial

species, two constraints were exploited to obtain an

optimal HGT penalty value: first, that the expected

relative frequency of HGT versus loss should correspond

to the observed ratio of these events; and, second, that the

average genome size in prokaryotes remains constant

[25]. Intriguingly, both these constraints result in highly

similar value ranges, between 2 and 3, suggesting that

HGT is probably three times less frequent than gene loss.

In both cases, only protein families were considered, thus

eliminating the issue of paralogy across genomes.

Together, these studies demonstrate that the majority of

protein family distributions can be explained most parsi-

moniously by gene loss rather than by HGT. It remains to

be seen whether more sophisticated methods will be able

to infer taxa-specific parameters for gene gain and loss,

what is the role of paralogy and differential gene loss

within gene families, and what the relative contributions

of these factors will be in the case of eukaryotic genomes

(not examined in these studies). Most of these issues will

be resolved when genome data availability becomes

sufficient for these types of analyses.

A net of histories for extant and extinct
genomes
One aim of the above mentioned studies was clearly the

relative quantification of gene gain (genesis and HGT)

versus gene loss. Yet implicit in these methods is the

notion that all internal nodes of a species dendrogram, be

it a curated taxonomy or a genome tree, contain a number

of protein families that can be inferred on the basis of both

the modeling of these evolutionary processes and the

ensuing dendrogram.

The parsimony analysis of extant genomes can, therefore,

result in the reconstruction of the internal nodes of any

tree at any level, given the correct parameters and a

parsimony algorithm. A side-product of one of these

studies was the description of an empirical procedure

developed for this analysis, called GeneTrace [27]. The

reconstruction of ancestral gene content could reveal not

only ancestral patterns of genome structure [3,5] but also,

most importantly, genome function. For instance, the

characterization of the last universal common ancestor,

also known as LUCA [28], has been achieved by taking

into account gene loss processes [26,29]. Previously, this

had been accomplished only by pairwise genome com-

parisons [28] and was thus deemed as an underestimate,

with the expansion of available genome sequences [29].

Armed with reasonable estimates for the major forces that

shape genome content and robust trees, it is possible to

further explore the structure of the microbial, and ulti-

mately the entire, evolutionary space. It has long been

suspected that the structure of the ‘tree of life’ resembles

a net [30]. Various frameworks have been proposed to
Current Opinion in Genetics & Development 2005, 15:595–600
capture structural aspects of the tree, including mathe-

matical formalisms [31], statistical measures [32], prob-

abilistic procedures [33], modeling and simulation (not

considering HGT) [34], and software components that

assess incongruence against ‘standard’ trees [35]. It

remains to be seen whether any of the above methods

are scalable and applicable for genome-wide studies and

hundreds of species.

These attempts were always made amid doomsday sce-

narios that kept suggesting that a tree of life is impossible

to derive, owing to HGT [20,21,36]. Two examples of

such criticisms have appeared [20,36], one against an

analysis of the proteobacterial tree [37] and the other

against a novel method called ‘conditional reconstruction’

[38], respectively.

However, a recent study provides for the first time a visual

in addition to a quantitative representation of the forces

that shape gene content. This was achieved by using the

GeneTrace algorithm for the explicit reconstruction of

ancestral states (internal nodes), the overlaying of vertical

and horizontal transfer events (or gene flows), and the

independent adoption of the term ‘vine’ to capture hor-

izontal gene flows along the ‘trunk’ of the tree of life [39�].
This study currently represents one of the most sophisti-

cated approaches to overlay all available information within

a single framework: 165 species; approximately 200 000

protein families across two major databases; three genome

tree construction methods, including genome conservation

[8�]; and network analysis to examine the topology of the

resulting network (Figure 1c). The conclusions are unequi-

vocal: over 600 000 vertical transfers; over 80 000 gene loss

events; and less than 40 000 HGT cases. In this case, one

could name this process as ‘tree de-construction’, because

the analysis reveals the inner workings of the processes that

shape genome content, structure and function, by inferring

the gene complement of internal (i.e. ancestral) nodes of

the ‘net of life’ [39�]. Thus, the long suspected case of a

network or ring of life [40,41] has been quantified for the

first time. In the future, it will be crucial to overcome

certain shortcomings of this approach (e.g. the demarcation

of HGT directionality [39�]).

Future perspectives: real or virtual ancestral
genomes
The reconstruction of ancestral states for genomes is a

key step towards our understanding of genome structure

and function. This endeavor is expected to expand, by

connecting both to more established and mature frame-

works for the estimation of ancestral states for individual

sequences [42,43] and to functional genomics data, such

as the estimation of ancestral states for gene expression

[44].

The most important challenge is the creation of family-

specific evolutionary change frequencies (c.f. residue-
www.sciencedirect.com
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specific, in the case of individual proteins). In the same

spirit that nucleotides or amino acids are counted within

multiple alignments and their propensity is assessed with

regard to different states (including other residues and

gaps), gene families could be counted within species, and

their propensity to duplicate, be lost or horizontally

transferred can be quantified. Then, we will be able to

achieve a continuum of methods between traditional

molecular evolutionary studies based on precise models

and the novel genomic evolutionary approaches based on

gene content. This rich environment will provide an

unprecedented level of detail for genome evolution,

because it will enable the inference of ancestral states

(inner nodes) of the tree on the basis of extant species

(terminal nodes).

Conclusions
It is conceivable that, one day, entire genomes will be

synthesized or engineered, reminiscent of the spirit

applied to the ‘resurrection’ of entire proteins and their

subsequent biochemical characterization [45��], to test

hypotheses of genome evolution or recreate extinct ances-

tral species. From a bioinformatics perspective, it will be

interesting to see how these new types of extinct genetic

evidence might be incorporated in novel databases, and to

what extent they will become regularly used, in the same

manner that extant sequences and genomes are.
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Causes and effects of nuclear genome reduction
Patrick J Keeling and Claudio H Slamovits
Eukaryotic nuclear genomes are generally considered to be

large and gene-sparse, but extreme reduction has taken place

several times, resulting in small genomes with a high gene-

density. This process involves loosing genes, compacting

those that remain, or often both. Recently sequenced nuclear

genomes include several that have converged to similar gene-

densities by many means: variation in numbers and lengths of

genes, intergenic regions and introns all contribute, but not

equally in any given genome. Genomes of microsporidia and

nucleomorphs have taken compaction much further, and in

these hyper-compacted genomes there is evidence that some

basic processes such as gene expression might be affected by

genome form. In these genomes, normally weak forces might

become more significant drivers of genome evolution.
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Introduction
At the bottom of the rabbit hole, Alice found a bottle

labeled, ‘‘Drink Me’’. When she did, Alice shrank to a

perfectly functioning, ten-inch miniature of herself. In

reality, shrinking can be more difficult than simply drink-

ing a potion, because the component parts of many

systems are not themselves shrinkable, and so the system

fails to function properly. In the world of eukaryotic

nuclear genomes this is probably true, despite the fact

that they vary in size by factors of hundreds of thousands

(Figure 1), much more than all of Alice’s many transfor-

mations combined.

Variations in genome size have been a persistent puzzle,

mostly because genome size does not correspond to

organismal complexity, often referred to as the ‘C-value

paradox’. Many other characteristics have been tied to

genome size, including metabolic rates, body size, effec-
www.sciencedirect.com
tive population size, and cell size or nucleus size [1–3,4�],
the latter being the characteristic that most uniformly

correlates with genome size. As with all complex char-

acteristics, however, genome size is probably controlled

by a variety of factors of varying importance in different

organisms. These correlations are probably important

across a broad spectrum of eukaryotes, but do not explain

everything. Moreover, some genomes seem to depart

from any otherwise stable trends, and these are often

at the extremes of genome size [4�].

Here, we review the smallest eukaryotic genomes, illus-

trate some of the recent findings on how compaction

impacts not only genome form but also function, and,

along the way, point out some interesting characteristics

of cells that have enabled compaction to take place. Some

of the more familiar ‘compact’ genomes, such as that of

yeast, are in reality only mildly compacted. Mildly com-

pacted genomes (with gene densities of approximately

2 kb/gene) are not particularly uncommon and probably

follow most of the same rules as larger genomes. A few

genomes, however, are hyper-compacted (with densities

closer to 1 kb/gene) and it is emerging that, at some point,

such genomes might depart from some rules that govern

other genomes — a point when compaction begins to

affect basic processes such as replication, expression or

recombination. At this point, processes and pressures that

are common to all genomes but are generally relatively

insignificant might become more important in genome

evolution.

Different ways to shrink a genome:
reduction versus compaction
Before examining a small genome, it is helpful to consider

a simplistic division of ways that a genome can shrink: it

can loose genes (elimination) or it can pack genes into a

smaller space (compaction) [5]. Gene elimination results

in a genome with a reduced coding capacity and a

simplified proteome, whereas compaction by itself does

not change the coding capacity but results in a higher

gene density. It is relatively easy to explain gene elim-

ination in many instances because the organisms are

endosymbionts or intracellular parasites. These genomes

have shed a large number of genes because they rely on a

host cell for nutrients and biosynthesis of small mole-

cules. Why compaction takes place is less obvious, and its

effects on the genome are also more subtle, although not

insignificant.

Returning to Alice, depending on what she ate (e.g. eating

mushrooms versus eating cake), the effect on the way she

shrank was different: sometimes she simply got smaller
Current Opinion in Genetics & Development 2005, 15:601–608
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Figure 1
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and sometimes parts of her shrank more than others.

Examining different groups of eukaryotes with com-

pacted genomes we also see different combinations of

elimination versus compaction.

We are fortunate now to have complete genome

sequences for several eukaryotes with mildly compacted

genomes, and also to have more than one closely related

species in a couple of cases (Table 1). Focusing on

protists, the best resource of complete genome sequences

is in the Apicomplexa, a diverse phylum of intracellular

parasites. In addition to Plasmodium [6,7], there are now

complete genomes for two species of Cryptosporidium
[8�,9�] and two species of Theileria [10�,11�], all of which

have mildly compacted genomes with densities in the

order of twice that seen in Plasmodium. Each has achieved

this compaction by different means. All have eliminated

genes to about the same extent, but Theileria has reduced

its intergenic spaces more than Cryptosporidium, whereas

Cryptosporidium has reduced its intron content consider-

ably more than Theileria (Table 1). Comparing the gen-

omes of congeneric relatives has already revealed a high

degree of conservation in gene order in Theileria, and

many features relating to the expansion of species-spe-

cific gene families in both genera [8�–11�]. In other

groups, even just considering the simplistic characteristics

of coding capacity, gene density and intron numbers, we

see similar variations in modes of reduction: Dictyostelium
has retained many genes and introns, but reduced its

intergenic regions [12], whereas Entamoeba has reduced

all three characteristics [13], and Cyanidioschyzon has

reduced gene number and lost nearly all of its introns

[14]. Interestingly, even though many of these genomes

have reduced by eliminating genes, there is also evidence

for acquiring new genes by horizontal gene transfer in

several parasites with reduced genomes [13,15–20].

One of the more interesting compacted genomes is that of

the ciliate Paramecium [21��]. This genome is relatively

large and contains an estimated 30 000 genes. It has

clearly eliminated a small amount, and yet it has com-

pacted this large repertoire of genes significantly. It has

retained many introns but shrunk them near to the lower

limit known, and, most interestingly, has drastically

reduced intergenic lengths (Table 1). This genome

shows, perhaps better than does any other eukaryote to

date, that elimination and compaction do not necessarily

go together. We do not know why, but one possible factor

is the separation of germ and somatic nuclei. In the

development of somatic chromosomes from germ-line
(Figure 1 Legend) The tree of eukaryotes, showing some variations in geno

data according to the study by Keeling et al. [48]. There are five hypothetica

(E), Unikonts (U), Plants (P), Chromalveolates (C) and Rhizaria (R). Genome

based on methods such as CHEF (contour-clamped homogeneous electric-

estimates — in particular, those of larger genomes — are probably erroneo

that the range of genome sizes in eukaryotes is vast. Genome sizes are tak

can be found in the studies by Lynch and Conery [2] and Kapraun [3], and

www.sciencedirect.com
chromosomes, a substantial amount of sequence is dis-

carded: nearly all non-genic, including most or all of the

transposable elements in the genome. The somatic gen-

ome, therefore, has a higher gene density: perhaps this

separation of selective pressures shields the somatic gen-

ome from negative selection on some otherwise deleter-

ious effects of compaction.

Extreme compaction: microsporidia and
nucleomorphs
Even the most gene-dense of the genomes described

above do not fall below 2 kb/gene overall, suggesting

that beyond this density functional difficulties might

arise. It is easy to imagine what kinds of problem might

be faced: for instance, regulatory regions interfering with

one another, or transcriptional fronts colliding [22]. How-

ever, in three different cases, nuclear gene densities have

hyper-compacted: in microsporidia and the nucleomorphs

of cryptomonads and chlorarachniophytes.

Microsporidia are a group of diverse obligate intracellular

parasites now known to be closely related to fungi. This

has been a contentious issue because they were formerly

thought to be early-diverging eukaryotes, until conflicting

phylogenetic data suggested that they were fungi [23].

The reason behind this incongruence has now been

shown in a genome-wide phylogenetic analysis, which

demonstrated a strong correlation between how highly

divergent a gene was and its tendency to show micro-

sporidia branching early in eukaryotes, a classic phyloge-

netic artefact [24�]. Microsporidia are highly adapted to

their parasitic way of life: they have a highly advanced and

sophisticated infection mechanism (Figure 2), but they

are also degenerate in many ways. Known microsporidian

genomes range in length from 19.5 Mb to a mere 2.3 Mb

[25–28], and the complete 2.9 Mb sequence of the Ence-
phalitozoon cuniculi genome has been determined and

shown to be a model of both elimination and compaction

[29,30]. The genome contains just fewer than 2000 pro-

tein-coding genes, a great proportion of which are

involved in replication and gene expression. Many bio-

synthetic pathways have been lost — particularly those

involving the biosynthesis of small molecules such as

nucleotides or amino acids — which, not surprisingly,

suggests a heavy reliance on the host cell for nutrients. In

terms of compaction, the average intergenic size is only

129 bp; by comparison, this is approximately a quarter of

the size of that found in the mildly compacted genome of

Saccharomyces. Furthermore, there are few short repeats,

only one repeated block of the genome, and no evidence
me size. The tree is a composite based on a variety of available

l supergroups, indicated by black circles at their bases: Excavates

sizes are derived either from complete sequences or from estimates

field) gel electrophoresis or quantifying DNA content. Some

us (for example, as a result of polyploidy) but it is nevertheless clear

en from too many sources to list them all, but useful compilations

at www.cbs.dtu.dk/databases/DOGS.
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Table 1

Some characteristics of model genomes compared with compact genomes*.

Organism Genome size (Mb) Number of

genes

Gene density

(kb/gene)

Mean intergenic

distance (bp)

% Intron-

containing �
Mean intron

size (bp)

Homo sapiens 2851 22 287 127.90 �104 85 3365

Arabidopsis thaliana 125 25 498 4.90 2900 79 170

Saccharomyces cerevisiae 12.50 5770 2.09 500 5 287

Apicomplexa

Plasmodium falciparum 12.03 5268 4.34 1694 54 179

Theileria parva 8.31 4035 2.20 405 74 94

Theileria annulata 8.35 3792 2.05 369 71 69

Cryptosporidium parvum 9.11 3952 2.30 566 5 z

Cryptosporidium hominis 9.16 3994 2.29 716 5–20 z

Red Algae

Cyanidioschyzon merolae 16.52 5331 3.10 z 0.5 z

Amoebozoa

Dictyostelium discoideum 33.82 12 500 2.72 z 69 146

Entamoeba histolytica 23.75 9938 2.39 z 25 z

Ciliate

Paramecium tetraurelia 1 �100 �30 000 2.14 202 84 25

Microsporidia

Encephalitozoon cuniculi 2.51 1997 1.25§ 129 0.6 z

Nucleomorphs

Guillardia theta 0.551 486 1.13§ 70 1.8 46

Bigelowiella natans 0.373 �308 1.21§ 113 80 19

* Values for several of these characteristics vary among published reports, in part because they change as annotations improve, and in part

because they are measured in different ways. Accordingly, the values should be taken as an approximation that demonstrates the general trends

in the genome. In general, the values reported here are taken from the most current source or from the report describing the genome
z Value not available.
§ Overall gene density is based on genome size divided by protein-coding gene number. However in the smallest genomes, essential non-

coding regions (e.g. telomeres) and small RNA genes (e.g. tRNAs) have a disproportionate affect on density values compared with their affect

on large genomes. The effective gene density in the chromosomal cores can be much higher (e.g. 20% higher in E. cuniculi), so this value is

useful for comparison, but a more interesting value with respect to the effects of compaction is the mean intergenic length.
� The number of genes containing introns is most commonly reported, but in terms of compaction this value is only partly informative since

the number of introns in each of these genes is also relevant, or the total number of genes across the genome.
1 Based on partial genome.
of transposons. There are only 13 introns, located within

12 genes, known in the entire genome. Overall, these

characteristics result in a gene density of 1.25 bp/gene

[30].

Nucleomorphs are relict nuclei of endosymbiotic algae

found in cryptomonads and chlorarachniophytes

(Figure 2) [31,32]; other groups have endosymbiotic algae

that retain nuclei [33], but virtually nothing is known

about their genome form or content. The apparent func-

tion of nucleomorph genomes is to supply a few proteins

to the plastid with which they are associated. In most

secondary plastids, these protein genes have all moved to

the host nucleus, rendering the endosymbiont genome

obsolete [34,35]. In cryptomonads and chlorarachnio-

phytes, however, the endosymbionts have retained a

small number of essential genes — encoding plastid

proteins and, perhaps, also proteins involving in targeting

— that cannot be lost until these genes also move to the

nucleus. Cryptomonad and chlorarachniophyte nucleo-

morphs evolved independently from red and green algae,
Current Opinion in Genetics & Development 2005, 15:601–608
respectively, but they share many features of overall

structure in common [31]. Their genomes are all com-

posed of three linear chromosomes with gene-dense cores

and rRNA operons as subtelomeric repeats. They are by

far the smallest nuclear genomes known: the genomes of

cryptomonads range from 450 to 710 kb [36], and those of

chlorarachniophytes range from 373 to only 455 kb

[31,37].

Complete genome sequences are known from a repre-

sentative of both groups: the cryptomonad Guillardia theta
[38] and the chlorarachniophyte Bigelowiella natans ([39]

and PR Gilson, V Su, CH Slamovits, ME Reith, PJ

Keeling and GI McFadden, unpublished). These gen-

omes are similar to microsporidia in terms of compaction,

but have eliminated far more genes because of their even

greater dependence on their host. The potential for

reduction in nucleomorphs is higher than that in micro-

sporidia for an intriguing reason: not only are they depen-

dent upon their hosts for energy and small molecules but,

because secondary algae have transferred many genes to
www.sciencedirect.com
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Figure 2

Intracellular life and small genomes. (a) Spores are the only stage of microsporidian obligate intracellular parasites that survive outside another

cell. To the left, two spores (purple) are shown: one is in its dormant state (below); and one (above) is infecting a host (yellow). Infection takes

place using a projectile tube that injects the parasite directly into the host cytoplasm, as shown to the right. Because all growth and development

occurs inside this host cell, the parasite become deeply dependent upon the host for energy and nutrients, enabling them to lose a great

number of genes, and their genomes to shrink (although this does not explain why they compact). (b) Nucleomorphs arose when an alga (green)

was eaten by another eukaryote (pink), as shown on the left. Usually, this meal would be digested, but on several occasions the alga was

retained and the two cells integrated in a process called secondary endosymbiosis, forming a new algal lineage. Sometimes secondary

endosymbionts lose their nucleus altogether, but in two instances the nucleus of the endosymbiont was not lost and, instead, degenerated

substantially to what we now call a nucleomorph (shown on right). The endosymbiont is dependent on the host for energy and nutrients, and

so the degeneration of nucleomorph genomes is similar in many ways to that seen in microsporidian genomes. In addition, however, many

nucleomorph genes appear to have moved to the host nucleus, and their products are targeted back to the endosymbiont, enabling

nucleomorphs to degenerate even further than a parasite might. Overall, endosymbionts and intracellular parasites and the relationship of

each to their host differ in many ways, but there are also many similarities and parallels.
the host and developed a mechanism to target the protein

products back to the plastid [34], they have also become

dependent on their host for most of their proteins.

Accordingly, nucleomorphs might encode fewer proteins

than are needed for the most basic functions. Indeed, the

complete G. theta nucleomorph genome is missing genes

for several essential proteins, such as DNA polymerases

[38]. It has long been speculated that the genes for such

proteins have moved to the host nucleus, but, until

recently, no such gene was found. Now, however, G. theta
nuclear genes for several putatively endosymbiont-tar-
www.sciencedirect.com
geted proteins have been found [40��]. These genes are

one of the ‘holy grails’ of nucleomorph research because

they hold many keys to important questions about pro-

tein-trafficking. Indeed, expressing these genes as green

fluorescent protein (GFP)-fusions in a genetically tract-

able diatom has already proposed an intriguing mechan-

ism for traversing the long-mysterious third membrane of

complex plastids: it is suggested that a plastid outer-

membrane complex is duplicated and present in both

membranes, although the two complexes are subtly dif-

ferent [40��].
Current Opinion in Genetics & Development 2005, 15:601–608
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Genome-wide effects of compaction
Aside from altering the form of the genome, one of the

first features of a functional nature to be noted in the

hyper-compacted genomes of both microsporidia and

nucleomorphs was that the proteins encoded in them

tend to be smaller than their homologues in related

genomes [30,38]. In E. cuniculi it was hypothesized that

these smaller proteins have not arisen directly as a result

of compaction, however, because a shrinking proteome

could result in simpler interaction networks, which

would, in turn, facilitate the loss of protein domains

responsible for these interactions [30].

Perhaps a stronger link to compaction is seen in conserva-

tion of the overall gene order of the genome in micro-

sporidia. Comparisons between the distantly related

microsporidia E. cuniculi and Antonospora locustae revealed

a relatively high number of conserved gene-pairs and

showed that the intergenic regions between these con-

served pairs were markedly shorter in both genomes

[41��]. It was hypothesized that the short intergenic

regions slowed genomic rearrangements simply by redu-

cing the number of possible breakpoints [41��]. In the

mildly compacted genome of yeasts, conservation of

synteny has been linked to short intergenic regions,

but, overall, other factors such as co-expression appear

to be more important [42]. The extreme conditions in

microsporidian genomes might, therefore, place new pro-

minence on otherwise less significant forces. Currently,

there is no comparative genomic data from nucleomorphs,

but they offer a very interesting system to study synteny

over time, because the host nuclear genome has been

evolving in parallel with the nucleomorph. If one could

demonstrate that two host genomes shared significantly

less synteny than the nucleomorph genomes from the

same species, it would prove that the nucleomorph gen-

ome was evolving more slowly than that of the host,

because both host and nucleomorph genomes would have

diverged at exactly the same time. On a more practical

level, the conserved synteny in microsporidia is also an

ideal guide for gene discovery, particularly as the diver-

gent nature of their genes makes identifying them a

challenge. Recently, this conservation was used to iden-

tify, in the absence of sequence similarity, A. locustae
homologues of two E. cuniculi proteins that are crucial for

infection [43�]. Functional studies confirm this identifica-

tion and highlight the practical value of understanding

the dynamics of a genome.

Although these characteristics are each intriguing aspects

of reduction, they do not obviously explain the rarity of

hyper-reduction in nuclear genomes. One potential

explanation has emerged not from the genomes them-

selves but from examining gene expression within them.

Expressed sequence tag (EST) projects from microspor-

idia and both nucleomorph genomes have revealed a high

frequency of overlapping transcription in all three sys-
Current Opinion in Genetics & Development 2005, 15:601–608
tems [44��]. In most eukaryotes, transcripts from one gene

do not typically overlap with those of adjacent genes, and

if they are engineered to do so they often have disastrous

effects on expression of one or both genes [22,45,46]. In

microsporidia, however, about 15% of transcripts appear

to initiate within the upstream gene, terminate within or

beyond the downstream gene, or both [44��,47]. In

nucleomorphs, little initiation within upstream genes

was observed, but most transcripts read through into

downstream genes (97% in G. theta and 82% in B. natans),
sometimes encoding all or parts of as many as four genes

[44��]. It is possible that one of the forces containing

mildly compacted genomes to about 2 kb/gene is the

potential for adjacent genes to interfere with one

another’s expression, and that hyper-compact genomes

have overcome this constraint, but this hypothesis needs a

great deal of work for confirmation.

Conclusions and more questions
Small genomes tend to be the first to get sequenced, so

even in these early days of comparative nuclear genomics

there are already several reduced genomes for further

analysis and comparison, but this is only the beginning.

New genomes of potential interest to reduction and

compaction are on the horizon, including those of the

reduced green alga Ostreococcus, the ciliate Tetrahymena,

and additional Apicomplexa and microsporidia, some

with much larger genomes than those presently analysed.

The number of genomes with densities around 2 kb/gene

is interesting, but whether it represents some functional

line that is difficult to cross needs not only more genomic

data to test the robustness of the observation but also

experimental data that might explain what are the con-

straints on compaction. Moreover, there appear to be

correlations between compaction, synteny and transcrip-

tional properties in hyper-compacted genomes, but,

again, the full strength of comparative analyses have

not yet been brought to bear on these questions.
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Comparative genomics of malaria parasites
Neil Hall and Jane Carlton
In the past few years, the area of comparative genomics of

malaria parasites has begun to come of age, with the

completion of genome sequencing projects of four

Plasmodium species, and several functional genomics studies.

A picture is emerging of a parasite genome that is highly

adapted to its mammalian and vector hosts, and which uses

post-transcriptional gene-silencing as one method for the

control of gene expression. The genome is compartmentalized

into a core of conserved housekeeping genes, sandwiched

between subtelomerically located genes encoding surface

antigens. Species-specific gene families shape the preference

of the parasite for host cells, in addition to determining

interactions with the host immune-system. Recent research

has led to the description of a motif that is conserved across

Plasmodium species and which plays a central role in protein

export into the host cell.
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Introduction
Malaria infects 300–600 million people and causes more

than one million deaths annually in tropical and subtro-

pical parts of the world, making it one of the most

important diseases affecting mankind [1]. The disease

is caused by species of the genus Plasmodium, intracellular

protozoan parasites that are transmitted from host to host

by mosquito vectors. There are four species of Plasmo-
dium that infect humans, including Plasmodium falci-
parum, which is the most virulent species, and

Plasmodium vivax, which is the most prevalent. As Plas-
modium parasites are host-restricted, making studies of

the human-infective species difficult, there has been

considerable interest in model malaria parasites that

can be adapted to growth in laboratory rodents: these

model parasites include Plasmodium berghei, Plasmodium
chabaudi and Plasmodium yoelii, and species, such as
www.sciencedirect.com
Plasmodium knowlesi and Plasmodium cynomolgi, that infect

non-human primates. In addition, the avian malaria para-

site Plasmodium gallinaceum is used as a model for the

study of the mosquito stages.

Genome sequencing projects of four Plasmodium species

have now been published: the complete genome sequence

ofP. falciparum and the rodent malaria parasiteP. y. yoelii in

2002 [2,3], and two further rodent malaria species in 2005

[4��]. Several otherPlasmodium species are currently being

sequenced (see [5�] for review). Examination of data from

all of these organisms shows that the Plasmodium genomes

are haploid, have a standard size of approximately 22–

26 Mb and are distributed among 14 linear chromosomes

with a size range of 0.5–3.0 Mb. Genome composition

varies among species, from the extremely (A + T)-rich

genome of P. falciparum and the rodent malaria species

(�80%) to the more (G + C)-rich P. vivax and P. cynomolgi
genomes (�70%), which, in addition, have an isochore

structure with regions of high (G + C) content interspersed

between regions of high (A + T) content [6]. Each Plas-
modium species appears to have 5000–6000 predicted

genes per genome [2,3], �60% of which are orthologous

among the species. Many of the genes unique to each

species are located within subtelomeric regions, and many

code for immunodominant antigens. The difference in

gene number between species is caused by (i) differential

gene expansion in distinct lineages; and (ii) in some

species, the presence of a large, variant gene family, the

Plasmodium interspersed repeats (PIRs) family, members

of which are predicted to be involved in antigenic varia-

tion. Finally, studies involving mapping of conserved

genes to separations of Plasmodium chromosomes [7–9],

and the generation of a whole genome alignment map

among the rodent malaria species and P. falciparum [3]

have shown that gene location and order, and even exon–

intron boundaries and the fine-scale organization of genes,

are preserved over large regions acrossPlasmodium species.

The degree of conservation of synteny is greatest when

comparing genomes of more closely related species.

In this article, we review the most recent studies of

comparative genomics emerging in the wake of the com-

pletion of four Plasmodium genome sequencing projects.

These studies are in their infancy but promise to provide

a wealth of data greater than that provided by analysis of

the individual genomes alone.

Comparative analysis of Plasmodium
antigens, and antigenic variation
It is now well established that the major differences in

gene content among Plasmodium species occur between
Current Opinion in Genetics & Development 2005, 15:609–613
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genes involved in interaction with the host immune

system. Many of these genes are located in the subtelo-

meric regions of the parasite genome, and sequencing of

these regions in several species has identified such anti-

gen families, some of which are conserved between

species (for example, the P. vivax [10] and rodent malaria

species [3,11��] PIR families, which are clearly related

and might have shared a common ancestor with the rifin
genes of P. falciparum [11��]). P. falciparum contains other

gene families that encode proteins involved in antigenic

variation and evasion of immune responses (the var, rifin,

stevor gene families, with 60, 140 and 25 copies each,

respectively; reviewed in [12]). In P. knowlesi, the SICA-
var (Schizont-infected cell agglutination variant antigen) gene

family has also been described [13]. This gene encodes a

protein that is expressed on the surface of infected

erythrocytes and is implicated in antigenic variation in

this species. There is little homology between the SICA-
var and the var genes, despite their common function.

Recently, a comparative study has identified the P. falci-
parum SURFIN gene family [14�], which forms a clade

with the gene encoding the P. vivax transmembrane

protein PvSTP1 (P. vivax subtelomeric protein 1) [10];

together, these proteins contain features of several

exported and surface-expressed proteins from human,

rodent and monkey malaria species. These studies sug-

gest that species-specific evolution of antigen genes, most

probably in response to pressure from differing host

immune systems, has led to the current diverse repertoire

of malaria antigens found in different species.

More recent whole genome analysis studies have demon-

strated that proteins which are exported to the red blood

cell surface contain a motif (termed the Pexel motif) that

appears to be conserved across several Plasmodium species

[15�,16]. A search of all the P. falciparum proteins identi-

fied many containing the Pexel motif, indicating that

many as yet uncharacterized subtelomeric proteins are

exported to the infected red blood cell surface. Although

this motif is present in var, rifin and stevor genes and in

members of several hypervariable gene families of P.

yoelii, P. vivax and P. gallinaceum, it is not present in

any members of the pir gene family [15�], which might

suggest that proteins of this family are not exported to the

red blood cell surface and might, indeed, have a different

role than originally inferred.

Comparative gene expression and
regulation
Until recently, very little was known regarding the reg-

ulation of gene expression in Plasmodium. Genes are

monocistronically transcribed, implying the presence of

regulatory sequence elements flanking coding regions:

and the few promoters that have been identified appear to

conform to the standard eukaryotic promoter structure

[i.e. a basal promoter regulated by upstream enhancer

elements (reviewed in [17]]. Few of the identified DNA
Current Opinion in Genetics & Development 2005, 15:609–613
elements direct the transcription of Plasmodium genes,

although one promising candidate, the G-box, was

recently identified upstream of several P. falciparum heat

shock protein genes, and was found to be conserved

across several Plasmodium species [18]. Since publication

of the P. falciparum genome sequence, several transcrip-

tome [19,20,21�,22,23] and proteome [3,24,25] studies of

various life-cycle stages have been completed. These

sequences have enabled further insight into gene regula-

tion in Plasmodium; for example, microarray studies have

shown that steady-state RNA levels for many transcripts

change throughout the parasite life-cycle, indicating tran-

scriptional regulation at the level of RNA synthesis and/or

stability. Bozdech et al. [22] generated microarray data for

the P. falciparum asexual stages and suggested that a small

number of transcription factors with overlapping binding

site specificities could account for the mechanical char-

acter of transcriptional control. These studies have also

been cross-referenced to proteomic studies of the asexual,

sexual and mosquito stages of P. falciparum [24,25], sub-

sequently revealing that large proportions of the genome

encode proteins that are used in multiple stages of the

life-cycle. This has led to theories that a complex, multi-

layer regulatory network is employed by the parasite for

gene expression, a different mode of regulation than that

observed in other eukaryotes [22].

More recently, a search for transcription-associated pro-

teins within the complete P. falciparum genome found

that the parasite contained far fewer than expected in

comparison with those of other eukaryotes [26], leading to

the conclusion that Plasmodium protein levels might be

primarily determined by post-transcriptional mechan-

isms. A global analysis of transcript and protein levels

in P. falciparum also led to a similar conclusion [21�]. As a

step towards identifying motifs involved in such gene

regulation, a recent study took advantage of available P.

berghei microarray studies and proteomic data and identi-

fied a motif in the 30UTR (untranslated region) of genes

that are upregulated in gametocyte stages but whose

protein products appear after transmission from the ver-

tebrate to the invertebrate host [4��]. This enabled iden-

tification of the motif as a putative control-element

involved in the translational repression of transcripts

produced during the sexual stages. Downstream regions

of P. falciparum orthologs of these genes did not contain

the same motif, indicating that the regulation of gene

expression could be a major contributor to Plasmodium
host specificity and parasite diversification.

Finally, the first proteomic analysis of separated male and

female gametocytes in P. berghei has shown that expres-

sion of sex-specific proteins is probably controlled by the

50UTR and not by the 30UTR nor through post-transla-

tional processes [27�]. It remains to be seen how applic-

able this finding is to the control of gene expression in

other Plasmodium species.
www.sciencedirect.com
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Comparative evolutionary studies
Comparative genomic methods have been essential in

attempting to understand the evolutionary history of

malaria parasites in addition to the selective pressures

acting upon them (for a recent review, see [28�]). For

example, several studies using a limited number of genes

have proposed a ‘Malaria’s Eve’ hypothesis, which sug-

gests that, on the basis of the sparse genetic diversity

exhibited by the parasite, extant P. falciparum originated

from a population bottleneck around 6000–10 000 years

ago [29,30]. By contrast, Mu et al. generated a SNP (single

nucleotide polymorphism) density map of P. falciparum
chromosome 3 from five geographically distinct isolates,

and based on the level of divergence, dated the origin of

P. falciparum to 100 000–180 000 years ago [31], signifi-

cantly older than Malaria’s Eve. Another comparative

genomics study, which somewhat reconciled these two

extreme views, analyzed the genome sequence of the

6 kb mitochondrial genome from 100 P. falciparum iso-

lates world-wide, and provided compelling evidence of an

ancient origin for the species (50 000–100 000 years old)

but with a recent expansion in the African malaria parasite

population [32]. Such large-scale mitochondrial sequen-

cing studies have been repeated using P. vivax, and this

species, too, was found to be an ancient parasite [33��]
that most probably arose by a host switch from macaque

monkeys [34].

Understanding the diversity of humanPlasmodium isolates

is of serious consequence for control measures, because a

genetically homogenous population is easier to control

than a variable, heterogenous one through the rational

use of drugs and/or vaccines. In addition to the studies

mentioned above, several large-scale genomics approa-

ches have been used to study P. vivax diversity. Feng

et al. [35] sequenced a 100 kb region syntenic to P. falci-
parum chromosome 3 in fiveP. vivax isolates and compared

the perceived evolutionary histories of the orthologs

between species and within species. A highly diverse

P. vivax genome was revealed, and orthologous genes

between the species were found to evolve at different

rates and with different mutation patterns. More recently,

whole genome analysis of P. falciparum and its closest

relative, the chimpanzee species, Plasmodium reichenowi,
has shown that the highest level of divergence occurs

within genic sequences at four-fold synonymous sites,

followed by introns and then intergenic sequences [36�].
This is similar to the pattern seen in primates and suggests

that the greater level of conservation in intergenic sites

might be caused by conserved regulatory sequences [36�].
Comparison of evolution rates in duplicated versus non-

duplicated genes in P. falciparum and P. y. yoelii has

demonstrated that duplicated genes are evolving more

rapidly at the nucleotide level and have accelerated rates

of intron gain and loss [37]. This supports the theory that

paralogous gene family expansion and diversification is

playing a major role in the evolution of malaria parasites.
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Finally, identification of rapidly evolving genes in Plas-
modium species is of considerable interest because such

genes might be interacting with the host immune system.

A genome-wide analysis of selective constraints in the

genomes of P. berghei and P. chabaudi demonstrated that

putative surface-proteins that are expressed in the ver-

tebrae host are evolving more rapidly than those

expressed in the mosquito vector [4��]. As the genome

sequences of more Plasmodium species are completed,

this comparative analysis will become more powerful and

promises to become a useful method for identifying host-

interacting proteins.

Conclusion
Notwithstanding the recent tremendous advances in

understanding Plasmodium biology that have been facili-

tated by comparative genomics of Plasmodium parasites,

there remains much more that can be done. To all intents,

the whole genome comparisons completed to date have

been with only two species of Plasmodium, because the

three rodent malaria genomes sequenced are too closely

related to provide more than a single reference point.

With the completion of the genome sequence of a second

human species (P. vivax) and a second model species

genome (P. knowlesi), expected in Spring 2006, novel

analyses such as determining ‘original synteny’ and dis-

secting the evolutionary pathway of gene expression

regulation might be possible. The landscape of compara-

tive genomics of malaria parasites is set to change sig-

nificantly over the next few years.
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Hemiascomycetous yeasts at the forefront of comparative
genomics
Bernard Dujon
With more than a dozen species fully sequenced, as many as

this partially sequenced, and more in development, yeasts are

now used to explore the frontlines of comparative genomics of

eukaryotes. Innovative procedures have been developed to

compare and annotate genomes at various evolutionary

distances, to identify short cis-acting regulatory elements, to

map duplications, or to align syntenic blocks. Human and plant

pathogens, in addition to yeasts that show a variety of

interesting physiological properties, are included in this

multidimensional comparative survey, which encompasses a

very broad evolutionary range. As major steps of the

evolutionary history of hemiascomycetous genomes emerge,

precise questions on the general mechanisms of their evolution

can be addressed, using both experimental and in silico

methods.
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Introduction
Less than ten years have now passed since the first DNA

sequence of a eukaryotic organism — that of the baker’s

yeast, Saccharomyces cerevisiae—was entirely unveiled [1].

This remarkable achievement quickly contributed to the

emergence of functional genomics. But rare were those at

this time who anticipated that, a few years later, the

genome sequences of many other yeast species would

also become available, promoting these unicellular fungi

to the forefront of comparative genomics. Presently, the

complete, near complete or partial genome sequences of

more than two dozen yeast species have been reported,

offering a collection of genomic information without

equal among other eukaryotic groups (Figure 1). The

significance of this novel situation, made possible by the

progress in sequencing techniques, emerges from the fact

that, despite their similar morphology and common life
Current Opinion in Genetics & Development 2005, 15:614–620
styles, yeasts form a much diversified group. Further-

more, several of them, none more so than S. cerevisiae, are
favoured organisms for genetic experiments. Most yeasts

sequenced to date are members of the Hemiascomycete

class, the group of fungi to which budding yeasts belong

and which, from genome analysis, was recently discov-

ered to cover an evolutionary range larger than that of the

entire phylum of Chordates [2��]. Other yeasts belonging

to the Archiascomycetes or the Basidiomycetes have also

been sequenced but will not be discussed here, because

the phylogenetic distances among those fungal groups are

so considerable that it is difficult to compare genomes in

any detail. By contrast, comparisons within the Hemi-

ascomycetes can be performed at various phylogenetic

distances, depending on the type of question examined.

The large-scale comparative exploration of hemiascomy-

cetous genomes started five years ago. Thirteen yeast

species, selected to sample various branches of the known

phylogenetic tree, were sequenced at low coverage, and

each was compared with S. cerevisiae [3]. The results

indicated the power of rapid genome survey to identify

conserved or specific genes, to examine the evolution of

functional categories or to compare genetic maps in

search of the mechanisms of genome evolution. But yeast

comparative genomics has considerably accelerated over

the past two years, with the successive publications of the

complete or high-coverage sequences of a large panel of

yeast species, selected on the basis of their intrinsic

interest and/or for their phylogenetic position. Some

species are major human pathogens; others are used in

food processing. Some are able to propagate on a variety

of natural substrates; others show specific niche adapta-

tion. The novel genomic data were used to examine

questions of general significance regarding eukaryotic

genome evolution, but they also served to explore and

develop novel methods and strategies of general applic-

ability for comparative genomics. Using the yeast

sequences, a large variety of biological questions can

now be addressed by experimental and/or in silico ana-

lyses. This short review only focuses on a limited number

of prominent results obtained during the past two years.

Comparative genomics on a short
evolutionary range: gene discovery,
speciation and identification of conserved
regulatory sites
Several species of the Saccharomyces sensu stricto clade have
been sequenced and compared [4,5]. Their sequence

divergence is significant but they share very high map-

synteny (see Glossary), interrupted only by a limited
www.sciencedirect.com
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Glossary

Allotetraploidy: The status of a cell or an organism having four full

sets of chromosome complements, two derived from one diploid

species, the other two from another, different, diploid species.

Aneuploidy: The status of a cell or an organism having a non-uniform

number of the different chromosomes. This status can be caused, for

example, by the loss of one chromosome from a complete diploid set,

or by the addition of a supernumerary chromosome copy to a

complete chromosome set.

Autotetraploidy: The status of a cell or an organism having four full

sets of chromosome complements derived from the duplication of an

originally diploid set.

Collinearity: Relates to objects (for example, a gene and its

corresponding protein, or two chromosomes) having corresponding

parts arranged in the same linear order.

Gene conversion: The process by which a gene sequence

(acceptor) is partially replaced by a copy of another gene sequence

(donor) from the same genome. In general, the donor and acceptor

sequences must share a sufficient degree of sequence similarity (for

example, the two alleles in a diploid, or two paralogs).

Paralogy: Homology between two non-allelic genes of the same

genome, derived by duplication from a common ancestor.

Synonymous substitution: A nucleotide substitution, in a gene

sequence encoding a protein, that does not result in an amino-acid

change.

Synteny: The common presence of genes along a given

chromosome or chromosomal segment. The notion generally also

implies the order of those genes. Hence, conservation of synteny

indicates the conservation of the order of homologous genes between

two chromosomes or between chromosomal segments of different

species.
number of chromosomal translocations and a higher num-

ber of single gene-deletions [6]. Species definition is

made on the basis of the post-zygotic barrier: viable

hybrids easily form and are mitotically stable — some

are used for industrial fermentations — but they are

generally sterile at meiosis. In artificially produced inter-

specific hybrids, the viability of meiotic spores can be

partly restored by engineered reconstructions of map

collinearity (see Glossary), but a high trend to aneuploidy

(see Glossary) remains [7].

One of the immediate impacts of genome comparisons

between related organisms is the significant improvement

of sequence annotation. This has been true even for S.
cerevisiae, the initial sequence interpretation of which was

considerably simplified, in comparison with that of multi-

cellular organisms, by the compactness of its genome and

the paucity of introns. Nonetheless, a few dozen over-

looked small genes, often with introns, were found by

comparisons; the coordinates of several other open read-

ing frames (ORFs) were corrected; and about a tenth of

the initially proposed ORFs, often partially overlapping

other genes, were shown to be spurious [3–5,8,9]. Current

estimates predict the actual number of protein-coding

genes of S. cerevisiae to be around 5700 (� 100), a number

that includes the approximately 450 pairs of paralogs (see

Glossary) that remain after the ancestral whole-genome

duplication, and the approximately 1600 other genes that

are members of multigene families originating from other

ancestral duplications (see below). Obviously, the
www.sciencedirect.com
improved annotation of S. cerevisiae can, in turn, facilitate

annotation of other yeasts and other eukaryotic organ-

isms. The novel genes need to be included in future

global functional studies.

The Saccharomyces sensu stricto clade was used to evaluate

the power of comparative genomics to identify novel cis-
regulatory sequences, which are otherwise difficult to

recognize. Sequence alignments of intergenic regions

between these species, as well as withmore distant yeasts,

facilitated the identification of numerous novel regulatory

motifs [4,5]. Elements containing these motifs can then

be experimentally assayed or compared against the

sequences recently determined to be bound to transcrip-

tional regulators [10]. The recent systematic mapping of

transcriptional start sites in S. cerevisiaewill also be helpful
[11]. The success of the comparative methods that have

been developed [12,13], which are of general interest for

investigation ofmany other organisms, obviously depends

on the set of sequenced species available [14]. But,

recently, the procedure has been successfully extended

to larger evolutionary distances, such as those found in

filamentous fungi [15].

The broad evolutionary range covered by
Hemiascomycetes: synteny, genome content,
pathway conservation and niche adaptation
Estimated to have separated from the fission yeast, Schi-
zosaccharomyces pombe, between 350 and 1000 million

years ago [16], Hemiascomycetes cover a broad evolu-

tionary range. Judging by the general distributions of

conserved amino-acid identities between orthologous

proteins, Candida glabrata and S. cerevisiae, for example,

are as distant from each other as are man and fishes [2��].
And much broader distances from S. cerevisiae exist for
other clades (for example, from Candida albicans or Yar-
rowia lipolytica; see Figure 1). The considerable reshuf-

fling of genetics maps is congruent with these large

evolutionary distances between clades [2��,17��,18��].
When comparing species of different clades, mosaics of

short conserved syntenic blocks, separated by numerous

breakpoints and often containing internal inversions of a

few genes, are found between all chromosomes.

Despite the evolutionary distances, there exists a large

set of protein families that are common among these

yeasts, and most of these families are also common to

other groups of fungi or are universally conserved

[2��,17��,18��,19,20]. Within some families, specific

expansion or contraction of gene numbers occurs in the

various yeasts and can be related to their known physio-

logical properties or used to suggest novel ones. Against

this common heritage, each species harbours several

specific genes the function and origin of which is often

unclear but probably contributes to its originality. Spe-

cificity is also obtained by the loss of certain genes that are

common to other species. This phenomenon is frequent
Current Opinion in Genetics & Development 2005, 15:614–620
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Figure 1

The yeast species presently sequenced, and a chart of their evolutionary history. All species, except for S. pombe [45] and Cryptococcus

neoformans [46] (used here as outgroups), belong to the Hemiascomycete class, the general phylogenetic topology of which is indicated

[47,48]. Closely related species are defined as clades (grey triangles). The extensively studied Saccharomyces sensu stricto clade is shown by

a black triangle. Completed or essentially completed sequences are bold and underlined; high coverage (greater than six genome equivalents)

shotgun sequences are bold; others are medium- (approximately 3X) or low-coverage shotgun sequences and/or work in progress. Only

publicly available sequences are indicated. References are in square brackets. URLs of specialized sites where data can be accessed:

Current Opinion in Genetics & Development 2005, 15:614–620 www.sciencedirect.com
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and has happened in every yeast lineage. The same

pathway can be lost independently in several evolution-

ary branches, as in the case of galactose utilization [21].

Reductive evolution by gene loss is particularly striking in

the case of the pathogenic yeast C. glabrata, which has

specifically lost several functional pathways that are pre-

sent in related species [2��].

The evolutionary conservation of functional pathways has

been studied at a large scale using yeast genome

sequences: novel transporters have been identified

[22]; carefully measured metabolic-fluxes can be com-

pared between yeasts and related to their gene content, as

was done for the glucose utilization pathways [23]; the

conservation of genes involved in replication, recombina-

tion and repair has been systematically examined [24];

proteins involved in gene silencing have been shown to

evolve rapidly [25], indicating that several independent

solutions to this problem have been explored throughout

evolution; the evolution of genes involved in mating-type

and sexual cycle has been studied in detail in relation to

the multiple, independent loss of sexuality in the various

Hemiascomycete lineages [25–27]. Finally, the structure

and gene content of subtelomeric regions has been com-

pared between Kluyveromyces lactis and S. cerevisiae [28]:
these regions appear as highly dynamic structures, offer-

ing a preferred location for genes involved in rapid

adaptive evolution, and they contribute to a significant

degree of the global genome redundancy.

A whole genome duplication in the ancestry
of some Hemiascomycete yeasts
The ancient whole-genome duplication in the ancestry of

S. cerevisiae, postulated several years ago [29] on the basis

of the numerous pairs of chromosomal homologous

regions, has been recently confirmed by two independent

criteria. As expected from this hypothesis, the genomes of

Kluyveromyces waltii [17��] and Ashbya gossypii [18��], which
have not inherited this duplication, appear as a succession

of segments, covering nearly their entire lengths, which

show conserved synteny, simultaneously, with two dis-

tinct segments of the genome of S. cerevisiae. Comparison

with C. glabrata [2��] shows an extensive coincidence of

the chromosomal homologous regions of the two species,

indicating that they have inherited the same ancestral
(Figure 1 Legend continued) (a) http://mips.gsf.de/genre/proj/yeast/; (b) ht

(d) http://www.broad.mit.edu/annotation/fgi/; (e) http://agd.unibas.ch/; (f) htt

genolist.pasteur.fr/CandidaDB/; (h) http://wolfe.gen.tcd.ie/ygob/; (i) http://ww

genedb/pombe/. Other yeast genome projects have been mentioned [49,50

approximately 9 Mb (in the case of A. gossypii) and 14 Mb (C. albicans) for

most external branch sequenced to date, in which it reaches 20 Mb and ye

at branch points are the following: (1) origin of the Hemiascomycetes (budd

(3) deviation from universal genetic code; (4) emergence of short, tripartite c

endonuclease (pseudo-homothalism by mating-type switching); (6) whole-ge

emergence of the Saccharomyces sensu stricto group, multiplication of sug

individually in the branches, such as: gene loss (sometimes extensive) or in

segmental duplications; tandem gene formation; horizontal gene transfer (ra

acquisition of introns; chromosomal translocations and rearrangements; and

www.sciencedirect.com
duplication event, which can bemore precisely located on

the phylogenetic tree (Figure 1). But the precise nature of

this ancient event remains uncertain. In S. cerevisiae,
autotetraploids (see Glossary) show a highly elevated rate

of chromosomal instability and fail to arrest in glucose-

limited stationary phase, resulting in low rates of survival

[30]. By opposition, allotetraploids (see Glossary) appear

healthy and relatively stable in mitotic growth but tend to

be meiotically impaired [31]. In agreement with com-

monly held views on evolution, the majority of the

anciently duplicated genes have been lost. Deletions

appear to be random and essentially concern single genes,

not segments, resulting in the observed mosaic nature of

the chromosomal homologous regions [17��,18��]. In C.
glabrata, deletions have been so numerous as to leave only

approximately 2% of the postulated ancestral pairs of

paralogs, compared with the approximately 8% that

remain in S. cerevisiae [2��]. Relics of genes lost bymassive

accumulation of deleterious mutations are also visible in

the genome [6,32]. Cases of functional specialization

between the duplicated copies have been mentioned

[17��], but, in general, a rapid divergence of expression

after duplication seems to have occurred, causing impor-

tant functional asymmetry between the copies [33].

Synonymous substitutions (see Glossary) between the

remaining active pairs of paralogs are not uniform, sug-

gesting a concerted evolution by gene conversion (see

Glossary) [34�,35].

Segmental duplications, tandem gene
arrays, and single gene duplication
Comparative genomics also illustrates the role of other

duplication processes in the evolution of yeast genomes.

Traces of a few segmental duplications were recognized

in the genome of S. cerevisiae, taking into account the

presence of gene relics [32]. Segmental duplications are

also regularly observed in subtelomeric regions [28] and

were recognized in the genomes of several yeast species

[2��]. The spontaneous formation of large segmental

duplications, in which dozens or hundreds of neighboring

genes are simultaneously duplicated, was recently

demonstrated experimentally using a gene dosage recov-

ery assay in S. cerevisiae [36��]. These events are observed

at a frequency of between approximately 10�9 and 10�10

per mitosis in haploid cell cultures, suggesting that, given
tp://www.yeastgenome.org/; (c) http://cbi.labri.fr/Genolevures/;

p://www-sequence.stanford.edu/group/candida/; (g) http://

w.sanger.ac.uk/Projects/C_dubliniensis/; (j) http://www.genedb.org/

] but sequences remain proprietary. Genome size varies between

all Hemiascomycetes, except for Y. lipolytica, the species on the

t has only a slightly higher gene number. Major evolutionary events

ing yeasts); (2) genome size control (range approximately 9–14 Mb);

entromeres and mating-type cassettes; (5) acquisition of HO

nome duplication, emergence of petite-positive yeasts; and (7)

ar utilization genes. Numerous secondary events occurred

activation (relics); loss of transposons; loss of sex; formation of

re); transposon-mediated gene duplications (retrogenes); loss and

divergence of duplicate gene regulations.
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the size of natural yeast populations, they must occur very

frequently over time. Intrachromosomal direct-tandem

duplications are the most frequent events, but tend to

be unstable at meiosis, hence limiting their possible

evolutionary role. But interchromosomal duplications also

occur frequently and might occasionally generate a super-

numerary chromosome. The mechanism at the origin of

the spontaneous segmental duplications has not yet been

elucidated, but indirect evidences suggest accidental

secondary firing of some replicons during S phase.

Short tandem gene arrays are also observed in all yeasts.

Globally, they are more numerous in some species, in

which a few, specific, larger arrays are also observed [2��].
The absence of coincidence of tandem arrays between

species, and the dynamics of expansion and contraction of

some large arrays within populations [37] suggest that

such gene arrays are the sites of rapid adaptive evolution.

Dispersed copies of paralogous genes are also observed in

all yeast genomes and are generally in higher numbers than

those identifiable to all abovemechanisms; however, their

origin remains uncertain. The duplication of single genes

at ectopic locations seems improbable. Dispersed paralogs

might be the remnants of ancient segmental duplications

after deletion of all other genes. But the retrotransposon-

mediated duplication of partial gene copies that has been

recently demonstrated in S. cerevisiae, using a genetic

selection system [38�], offers an attractive alternative

hypothesis. An important consequence of thismechanism,

along with the segmental duplication mechanism, is the

formation of chimeric genes at junctions. Although prob-

ably non-functional in the majority of cases, chimeric

proteins with two distinct functional domains are likely

to emerge over time, and several interesting examples are

observed in yeast genomes [39��].

Accidental horizontal gene transfers
Contrary to its important role in bacteria, horizontal gene

transfer is numerically limited in yeast genomes, for which

only a few cases (less than 0.2% of the total gene number)

have been recorded [2��,40,41]. But the contribution of

these rare events might become significant for niche

specialization over time. When functionally identified,

yeast genes originating from horizontal gene transfer

almost always correspond to enzymatic functions, and,

in several cases, they are duplicated in the species inwhich

they reside, suggesting a selective advantage. A ‘prokar-

yotic-type’ gene encoding a dihydroorotate dehydrogen-

ase in S. cerevisiae and other related yeasts, has been

proposed to be at the origin of those yeast species able

to grow in complete anaerobiosis, because the correspond-

ing enzyme is active in the absence of oxygen, contrary to

the case for the common ‘eukaryotic-type’ enzyme [40,41].

However, other differences between strictly aerobic yeasts

and facultative anaerobes exist, in particular in the large-

scale modulation of the transcriptional network [42��].
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Another example of horizontal gene transfer concerns an

alkylsulfatase-encoding gene of S. cerevisiae, which is

believed to have been horizontally transferred from a-

Proteobacteria, and which confers to its new yeast ‘host’

the ability to grow on sulfur-free minimal medium [41].

Conclusions
The multiple genome comparisons now possible among a

large and rapidly increasing number of yeast species

gradually reveal with ever increasing detail the evolu-

tionary history of this diversified group of eukaryotes, at

the same time as they unveil novel dimensions in our

understanding of gene and genome evolution and offer

multiple tools to explore them. The active evolutionary

dynamics encountered, illustrated by the various modes

of duplication, numerous chromosomal rearrangements,

extensive gene loss, rewiring of transcriptional networks

as briefly summarized above, is such that novel surprises

are likely in the future exploration of novel, carefully

selected yeast genomes. The formation of novel genes

that, for lack of homologs, seem to have occurred in every

yeast lineage remains puzzling. Several other exciting

aspects that could not be addressed in this short review

concern the non-coding RNA genes, introns, transposable

elements, repeated DNA and protein segments. Yeasts

are now a favoured case for fundamental studies on

phylogenies [43] and, with S. cerevisiae in particular, will

soon enable us to explore population genomics. At the

same time, the data collected have important conse-

quences for applications in biotechnology (with the dis-

covery of novel enzymes or the efficient manipulation of

industrial strains), in medicine and in agronomy (with the

complete genetic characterization of important human

and plant pathogens, and the possibility of identifying

novel drug targets). If the variety of known yeast species

is large, their hidden variety is probably much larger,

because many more species remain to be isolated and

identified from the variety of natural environments, as can

be judged from recent explorations [44].
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Transposable elements, gene creation and genome
rearrangement in flowering plants
Jeffrey L Bennetzen
Plant genome structure is largely derived from the differing

specificities, abundances and activities of transposable

elements. Recent studies indicate that both the amplification

and the removal of transposons are rapid processes in plants,

accounting for the general lack of intergenic homology

between species that last shared a common ancestor more

than 10 million years ago. Two newly discovered transposon

varieties, Helitrons and Pack-MULEs, acquire and fuse

fragments of plant genes, creating the raw material for the

evolution of new genes and new genetic functions. Many of

these recently assembled, chimeric gene-candidates are

expressed, suggesting that some might escape epigenetic

silencing and mutational decay, but a proven case of gene

creation by any transposable element activity in plants remains

to be demonstrated.
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Introduction
The use of DNA markers to generate comparable genetic

maps [1–3] led to the suggestion that the nuclear genomes

of flowering plants, the angiosperms, were highly similar

in the number of genes they contained and in their

colinear order on the chromosomes [4]. This apparent

genomic colinearity was observed despite more than 800-

fold variation in genome size across the angiosperms [5].

Subsequent investigations of local genome structure in

plants, primarily by the sequencing of nuclear DNA

inserts within bacterial artificial chromosome (BAC) vec-

tors, indicated that most variation in the size of nuclear

genomes was caused by the differential amplification and/

or retention of retrotransposons that contain long terminal

repeats (LTRs) [6,7]. In large genome species such as

maize, barley or wheat, genes were commonly found in
www.sciencedirect.com
small islands surrounded by seas of LTR-retrotranspo-

sons [6,8,9]. At this scale of comparison, orthologous

genes often exhibited extensive colinearity, otherwise

known as microcolinearity. However, the transposable

elements and other sequences within the intergenic

regions were usually completely different, even in com-

parisons between species such as sorghum and maize or

wheat and barley that had last shared common ancestors

less than 15 million years ago (mya) [10,11]. In addition, a

few non-colinear genes were found in most orthologous

genome segments from different plant species, including

in those instances in which very closely related species

such as maize and sorghum or Arabidopsis thaliana and

Capsella rubella were compared [10,12]. Most of these

comparative analyses were conducted in the cereals,

especially maize, sorghum and rice. Even with conserva-

tive criteria for gene identification, approximately 35% of

genes appeared to have moved to new locations in the

�12 million years since maize and sorghum diverged from

a common ancestor [13,14]. This instability contrasts

dramatically with the higher degree of conservation in

gene order and content seen in mammals, for instance

between mouse and human lineages over �80 million

years of independent evolutionary descent [15].

Most recently, exceptional frequencies of intraspecific

gene rearrangement were described within rice and maize

[16–19,20�].The conclusions that many rice genes [16,17]

and >30% of maize genes [20�] were non-colinear even

within the species was, seemingly, largely incompatible

with the observation that any colinearity could be con-

served in more distant comparisons. However, further

analyses indicated that most or all of the non-colinear rice

genes were transposable elements that had been misan-

notated as genes [17,21�,22], and that most of the non-

colinear sequences that had been annotated as genes in

maize were actually gene fragments [20�]. In this review, I

describe recent discoveries that explain the origin of the

non-colinearities observed in the genomes of flowering

plants. These observations suggest aggressive processes

for gene creation in the angiosperms, which compete with

persistent mechanisms for gene removal and genome

shrinkage.

Adding and removing DNA sequences
As with all other eukaryotes, plants have increased the

DNA content of their nuclear genomes by polyploidy,

segmental duplication and transposon amplification. For

reasons unknown, the rates of at least some of these

processes are exceptionally high in plants. Essentially

100% of flowering plants are current polyploids or can
Current Opinion in Genetics & Development 2005, 15:621–627
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Glossary

Gene models: The genes and their structures predicted by ‘gene-

finding’ computer programs. They are sometimes confirmed by cDNA

sequence or peptide sequence data.

Indels: Term used to describe a difference in DNA sequence content

in a region if one does not know whether it is caused by an insertion in

one chromosomal segment or a deletion in the other orthologous

chromosomal region.

Paleopolyploid: A polyploid that was generated in ancient times,

usually many millions of year before, and that no longer shows the

chromosome pairing or segregation properties of its polyploid origins,

but does show genome-wide duplication of chromosomal segments,

often heavily rearranged.

Solo-LTR: The single long terminal repeat that remains after unequal

intra-strand recombination between the two LTRs in a single LTR-

retrotransposon. The other product of this unequal recombination is a

LTR-retrotransposon circle that contains only one LTR and is usually

degraded or diluted by subsequent mitoses (i.e. it is lost from the

genome).
be traced to one or more ‘paleopolyploid’ (see Glossary)

events within the past 200 million years [23]. Compara-

tive genetic maps indicate segmental duplications, some

comprising whole chromosomes or chromosome arms

[24], and BAC sequence analyses indicate a wealth of

tandem gene families. In all angiosperms with haploid

genomes larger than 2000 Mb that have been investigated

to date, more than 50% of the nuclear DNA has been

found to consist of LTR-retrotransposons and other

repeats [25]. Given that the mean 1C angiosperm genome

size is about 5600 Mb (IJ Leitch, unpublished), it can be

concluded that the majority of plant DNA on the planet is

composed of transposable elements. These great abun-

dances and recent genome size contributions of transpo-

sable elements are also indicated by the fact that most are

recent insertions. For instance, more than 80% of the

intact LTR-retrotransposons in all analyzed angiosperms

can be dated as insertions that occurred within the past

five million years [25–28].

This exceptional rate of growth in the DNA content of

plant genomes is in competition with a very high rate of

sequence removal. Unequal homologous recombination,

commonly by intra-chromatid events, can convert an

intact LTR-retrotransposon into a solo-LTR (see Glos-

sary) [6,8,21�,27,28] or can remove the chromosomal

sequences between two LTR-retrotransposons of the

same family [27,28]. Most DNA sequence removal in

Arabidopsis, rice and wheat, the only species investigated

at this level, appears to be associated with tiny deletions

that can be ascribed to illegitimate recombination

[21�,27–29]. The precise mechanism(s) of illegitimate

recombination are not known in these cases, but deletion

associated with the repair of double-strand breaks [30] is a

likely candidate.

Although the most common size of deletions in flowering

plants — at least, as measured in the rice genome — is 1–

2 bp [21�], these and larger deletions can lead to a very

effective removal of all classes of DNA that are not
Current Opinion in Genetics & Development 2005, 15:621–627
retained by natural selection. For instance, the half-life

of LTR-retrotransposon sequences in rice is less than

three million years and can be associated with removal of

>194 Mb of LTR-retrotransposon DNA in the past eight

million years [21�,28]. Despite this, the genomes of the

two rice subspecies japonica and indica have grown >2%

over the past few hundred thousand years, primarily by a

frequency of LTR-retrotransposon amplification that has

outstripped the progressive removal of DNA by small

deletions [21�].

A simple explanation for the great variation in angiosperm

genome size is either that lineages will differ in the

frequency of genome growth, for instance, as a result

of rare polyploidy and/or episodic transposon bursts, or

that they might differ in the qualitative and/or quantita-

tive properties of DNA sequence removal (Figure 1). For

instance, the repair of double-strand breaks in the small

genome of A. thaliana is accompanied by fewer insertions

and a larger average size of deletions than in the larger

genome of Nicotiana tabacum [30]. It is also possible that

the activities of these competing genome-growth and -

shrinkage mechanisms could be significantly influenced

by dramatic changes in the internal or external environ-

ment, as indicated by the activation of transposable ele-

ments by genome stress (e.g. chromosome breakage) or

the induction of sequence removal processes by the

establishment of a de novo polyploid state [31–33].

Gene creation
Most closely related organisms share the same types of

genes, although gene copy numbers and regulation can

vary over short times of evolutionary divergence. Even

apparently ‘novel’ or ‘orphan’ genes can often be traced to

extensive primary sequence divergence from a clear

ancestral gene [34,35]. Hence, most truly novel genes

were probably created, perhaps from raw genomic

sequence, hundreds of millions of years ago. The more

recent creation of chimeric genes with novel genetic

functions has been proposed by the process of ‘exon

shuffling’, wherein fragments of genes are fused together,

partly relying on the fact that chimeric introns would

often be processed to yield intact exons in a final mRNA

product [36].

Recent discoveries in flowering plants suggest a very high

rate of gene creation by transposon capture and exon

shuffling [37��,38�,39�,40��]. Early studies in maize had

shown that transposons could acquire specific genic

sequences and amplify them across the genome [41–

43]. In the case of the Bs1 LTR-retrotransposon of maize,

a portion of a plasma membrane proton ATPase gene had

been acquired — presumably at the RNA level, because

all introns were missing — whereas subsequent diver-

gence had selectively retained the transmembrane

domains [41]. Although maize Bs1 was the first LTR-

retrotransposon observed, in any organism, to acquire a
www.sciencedirect.com
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Figure 1

A schematic representation of the processes that generate qualitative

and quantitative variation in gene number and overall DNA content in

plant nuclear genomes. Small arrows indicate minor events, and large

arrows indicate large events. Segmental duplication can also be a factor

that increases gene number and genome size, but on a scale less

dramatic than polyploidization. The question mark indicates that it is not

yet clear to what degree transposons like Helitrons and Pack-MULEs

can actually create new genes, rather than just assemble chimeric

structures that look like new genes or duplicate current genes.
gene fragment, numerous instances of the acquisition of

genes by a closely related mobile DNA, the retroviruses

of animals, have been described [44].

Mutator-like DNA elements (MULEs) had also been

seen to acquire genic sequences in both maize and

Arabidopsis [43,45]. However, Jiang and et al. [37��] found

that MULE capture of gene fragments was not an inter-

esting oddity but, rather, a major feature of rice genome

structure. More than 3000 MULEs containing fragments

of genes were found in rice genome sequence and were

named ‘Pack-MULEs’. The small genomic fragments

(averaging 325 bp, with a range of 47–986 bp) had been

acquired at the DNA level, with both exons and introns

present, but various rearrangements were sometimes

identified within the acquired sequence. These rearran-

gements could have occurred either during or after the

acquisition process. Gene fragments from different rice
www.sciencedirect.com
genes were found together in �23% of Pack-MULEs, and

at least 5% of Pack-MULEs were found to be expressed,

as evidenced by full-length cDNAs with an identical

DNA sequence match. More than 90% of these expressed

Pack-MULEs appear to have been transcriptionally

initiated within the element itself [37��]. Hence, by

the criterion of expression at the RNA level, many of

these Pack-MULEs are already new genes.

A mechanism for gene fragment acquisition by Pack-

MULEs has not been proven, but ectopic gene-conver-

sion across a nicked cruciform structure [46] has been

proposed. Although MULEs are abundant components of

most or all angiosperm genomes, the frequency of Pack-

MULEs has not been calculated in any species other than

rice [37��]. However, preliminary analysis of genomic

sequence data from Lotus japonicum, a distant angiosperm

relative of rice, indicates a similar abundance of Pack-

MULEs (J Jiang and SR Wessler, unpublished), thereby

suggesting that they will be major components of most or

all flowering plant genomes.

Research in maize has shown the presence of numerous

clusters of gene fragments, with all fragments in the same

predicted transcriptional and translational orientation

[47]. Lal et al. [48] found that one such cluster was, in

fact, a Helitron that had recently inserted into the maize

Sh2 gene to cause an inactivational mutation. Helitrons are

a new class of eukaryotic transposable element, initially

discovered through database analyses in A. thaliana, rice

and Caenorhabditis elegans [49], and now found in insects,

vertebrates and fungi as well [50,51]. Helitrons, unlike

other transposons in eukaryotes, do not have terminal

repeats and do not cause duplications of target site DNA,

so their detection can be quite challenging. Helitrons often

contain open reading frames (ORFs) that are predicted to

encode a protein with replication initiator and helicase

activities associated with rolling-circle replication of bac-

terial transposons [52], plus an RPA (replication protein

A)-like protein that could also provide a singled-stranded

DNA binding activity needed for DNA replication.

Hence, rolling-circle replication seems a likely model

for Helitron transposition [49]. The 30 ends of Helitrons
contain a region that could form a 12–18 bp hairpin (with a

2–4 bp unpaired loop) that is followed 5–8 bp down-

stream by the consensus sequence CTRR at the end of

the element, whereas the 50 end contains the terminal

sequence TC. These conserved components might be

the only cis sequences required for Helitron transposition.

Helitron insertions are inserted within the target sequence

AT, so that the 50 end is always A/TC and the 30 end is

always CTRR/T.

The mechanism of gene sequence acquisition by Heli-
trons is not known, although it appears that gene frag-

ments are incorporated progressively at several possible

locations, including the 50 end or near the 30 end
Current Opinion in Genetics & Development 2005, 15:621–627
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Figure 2

The structure of a parental non-autonomous Helitron (top) and two

Helitrons derived from it by transposition (bottom). The boxes indicate

exons, and the colors indicate different genes that donated these

exons and the intervening introns. The Helitron on the lower left has

acquired a new gene fragment. The stem-loop structure at the

right (30) end of each Helitron is a conserved structure in these

elements, but it is drawn much larger than scale.
(Figure 2) [53�]. Identical copies of some Helitrons can be

found at more than one genomic location, indicating that

transposition does not require element rearrangement.

No size limit for sequence acquisition is known, but most

insertions are relatively small, such that larger Helitrons
are commonly composed of small insertions from multiple

genes rather than a few large genic insertions. For

instance, the 17.7 kb Helitron insertion in maize Sh2
contains fragments of 12 identified genes [48]. A parti-

cularly interesting aspect of new sequence acquisition is

the observation that gene fragments are usually in the

same predicted transcriptional and translational orienta-

tion as seen for the predicted helicase and RPA-like

ORFs, even in defective elements that lack these ORFs.

As seen with Pack-MULEs, transcripts have been

observed that have homology to Helitrons, including those

with multiple gene fragment insertions [40��,53�]. These

transcripts are mostly spliced correctly to remove introns,

thus fusing exons from different genes into a single

transcript. Hence, in a manner similar to Pack-MULEs,

Helitrons in maize are producing chimeric transcripts that

could lead to the creation of new genes.

The rapid loss of recently created genes
Both Pack-MULEs and Helitrons appear to be abundant

in many plant genomes, but the copy numbers of indi-

vidual elements are quite low within any single genome.

For instance, although there were >3000 Pack-MULEs

found in rice [37��], most individual elements had copy

numbers of less than five. This is in stark contrast to the
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more abundant plant LTR-retrotransposons that can have

copy numbers exceeding 10 000 per genome [7,25]. This

observation suggests that individual Pack-MULEs and

Helitrons are quickly silenced [54] before they can amplify

to high abundances within the nucleus. Given their

structure and frequent expression, many of these ele-

ments could produce chimeric RNAs and fused peptides

that would interact with all of those genes and gene

products from which they have borrowed. Hence, it is

likely that many chimeric Helitron or Pack-MULE RNAs

will not only induce their own epigenetic regulation (e.g.

silencing) but also contribute to the epigenetic regulation

of the intact genes that have donated gene fragments to

the element [40��]. If translated, chimeric Pack-MULE or

Helitron peptides might also alter cellular enzymology

and/or regulation, for instance by serving as dominant-

negative inhibitors through the poisoning of multiprotein

complexes. In cases in which these chimeric RNAs or

proteins affect phenotype, selection for or against their

expression will become a significant factor in their reten-

tion or removal, respectively.

If the recently assembled chimeric sequences inside Heli-
tronsor Pack-MULEs do not provide a trait beneficial to the

host plant, point mutations and indels (see Glossary) will

eventually occur within cis-essential components of the

elements, thereby making permanent an inactivation that

might have been initially epigenetic. As with all other

sequences in plant genomes, Pack-MULEs and Helitrons
will be exposed to the persistent processes of sequence

removal, which are primarily associated with the small

deletions created by illegitimate recombination [21�,27–

29]. Hence, most potential chimeric genes created by Pack-

MULEs or Helitrons will be lost within a few million years.

Those rare exceptions in which a chimeric gene survives

over a long time period, and is thus shared in a conserved

state by descendant genomes, will provide compelling

evidence for a significant contribution of these transpo-

sons to gene creation and resultant biological diversifica-

tion. The gene fragment inserted into Bs1, and some

(>10%) of the predicted chimeric genes within Pack-

MULEs exhibit the DNA sequence characteristics asso-

ciated with selection for a conserved protein function

[37��,41]; however, this selection could be for element

function (e.g. more effective transposition) and not for

any host biological process. Hence, convincing evidence

for retained function at the sequence level in any chi-

meric gene would need to be manifested in Pack-MULE-

or Helitron-derived genes that had lost their mobility (e.g.

by terminal deletions). Equally convincing proof for the

creation of a new gene by Pack-MULE- or Helitron-

mediated exon-shuffling would be the identification of

a mutant phenotype in the plant by a mutation (e.g.

inactivation) in any element-derived chimeric gene.

Neither of these forms of evidence has yet been described

for any predicted new gene created by a Helitron or Pack-
www.sciencedirect.com
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MULE, at least partly because such statistical and experi-

mental analyses have not been pursued to any compre-

hensive degree in any plant species.

Gene and genome rearrangement
The hyper-variability of the non-genic sequences that

make up the majority of angiosperm genomic DNA is

primarily because most of these are mobile sequences, and

because plants very rapidly remove nuclear DNA that is

not retained by natural selection (Figure 1). Some trans-

posable elements also stimulate other types of genome

rearrangement, including inversion, duplication or dele-

tion of adjacent DNA, by chromosome-breaking, by

aborted transposition, or by ectopic recombination

between homologous transposable elements at different

chromosomal locations. Hence, genome structure in any

organism is, largely, the outcome of transposable element

action and of the cellular processes that act on transposons.

In plants, most genes appear to retain similar or identical

function despite their very different chromosomal envir-

onments in different plant species. For instance, the adh1
gene and one adjacent gene of unknown function were

moved to a new chromosome in a common ancestor of

maize and sorghum [13], and thus adh1 is found in a non-

syntenic location when compared with its location in

more distantly related grasses like rice or wheat. Despite

this movement, plus the subsequent deletion of the

adjacent mobilized gene, and the accumulation of sur-

rounding seas of LTR-retrotransposons, the tissue speci-

ficity, induction profile and developmental timing of adh1
gene expression appear to be unchanged. This routine

observation suggests that plant genes are very well insu-

lated from their surrounding chromosomal environments.

Hence, movement of an intact gene to a new chromoso-

mal location will often yield a functional locus, thereby

permitting its retention under natural selection.

How often do transposable elements mediate these gene

movements? Although gross chromosomal rearrange-

ments are commonly traced to the action of transposable

elements in maize, for instance, the more common,

single-gene rearrangements observed in comparisons of

different plant species [13,14] are not yet associated with

any proven molecular mechanism. Reciprocal tandem

duplications and/or deletions, and small inversions, are

likely to be caused by unequal recombination, but it is not

clear whether gene movement from chromosome to

chromosome often occurs by this same process in plants.

Given the random loss of unselected DNA in plants, the

sequence hallmarks for a transposable element vector in

gene movement would be rapidly lost, and thus only

observed in very recent gene-rearrangements [11].

Conclusions
The frequent acquisition of gene fragments by Pack-

MULEs and Helitrons suggests a possible role for these
www.sciencedirect.com
elements in the redistribution of genes across the gen-

ome. However, in both element types, the fragments

acquired are significantly smaller than most intact genes.

It is possible that rare fragment-acquisitions will include a

complete gene, but no such case has yet been found. Also

significant, at an analytical level, is the fact that predicted

chimeric gene fusion products within Pack-MULEs or

Helitrons will be mis-annotated as genes in assessments of

microcolinearity [14,16–19], thereby predicting less genic

colinearity than truly exists. Hence, reassessments of

microcolinearity in plants are warranted now that the

presence and properties of Pack-MULEs and Helitrons
have been demonstrated.

Future studies will investigate the frequency with which

plant mobile DNAs, especially Pack-MULEs and Heli-
trons, have contributed to the genetic repertoire and

variable arrangement of angiosperm genomes. It is

astounding that so much interesting structural novelty

has been discovered in plants genomes, given that many

fewer plant genomes have been subjected to comprehen-

sive sequence analysis than have genomes from the

prokaryotic, fungal and animal kingdoms. As more plant

genomes are sequenced, more raw material for genome

analysis will be generated, and a wealth of unexpected

outcomes can be predicted.
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Conserved sequences and the evolution of gene
regulatory signals
Mark D Adams
Studies of evolutionary conservation of gene regulatory signals

have led to a paradox: extensive sequence similarity implies

functional conservation in non-coding regions across

mammalian species; however, this stands in contrast to our

understanding of transcriptional regulatory sites composed of

degenerate recognition sequences for transcription factors that

can maintain functional equivalence despite considerable

sequence divergence. The latter observation provides an

explanation for the rapid evolution of new traits through the gain

and loss of transcription factor binding sites that bring new

genes under the control of an existing genetic regulatory

network. The former observation might point to novel

mechanisms of gene regulation and/or chromosome function

that are currently unappreciated. Recent comparative genome

analysis has highlighted extensive conserved sequences in

mammalian genomes that are beginning to be functionally

characterized.
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Introduction
Two fundamental features of genomes define the way in

which heritable information is expressed to conduct an

organism through development to a functioning adult: the

complement of genes encoded in the genome; and the

orderly pattern of expression of those genes. Considerable

progress has been made in defining the protein-coding

genes in the human genome, on the basis of finished

genomic sequences [1], and automated [2,3] and manual

[4] gene annotation programs. Mammalian genomes

encode a remarkably consistent set of genes [5–7], with

clear orthologs present for a large majority of these genes

in human, mouse and rat. Where differences occur, they

are primarily in paralogous duplications of certain gene

families. Given that a similar set of genes exist in each
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mammalian species, it has been proposed that regulatory

differences might play an important role in defining the

differences among the species [8].

The activity of a gene might be regulated at numerous

stages of its expression, and each of these stages might be

subject to evolutionary pressure. Mammalian gene reg-

ulatory mechanisms fall — currently — into one of three

recognized categories: (i) regulation of transcription in cis,
mediated by promoters and enhancers; (ii) regulation in
trans, mediated by transcription factors binding to cis
sites, RNA interference and microRNAs (miRNAs);

and (iii) regulation on the basis of the modification state

of the DNA (e.g. CpG methylation [9]) and how it is

packaged (e.g. histone acetylation and methylation [10]).

Of course, further modulation of gene activity occurs at

the level of alternative splicing, RNA stability, translation

efficiency, protein stability and protein activity, none of

which will be considered here.

Study of the regulation ofmany genes overmany years has

led to the basic understanding of transcription initiation at

core promoters, regulated by adjacent enhancers, silencers

and insulators [11,12]. The promotion of transcription is

not merely the result of a simple binary interaction of

regulatory protein with DNA but the concerted effort of

several factors that bind both DNA and one another [11–

13].The panoply of factors that control the amount, timing

and location of expression are unknown for most genes. It

is not currently possible to predict the set of genes regu-

lated by a given transcription factor, let alone how amino

acid substitutions in a transcription factor might affect its

function, and we are far from being able to predict the

pattern of expression of a gene simply from analysis of its

flanking DNA sequence. Understanding the mechanisms

of gene regulation, particularly during development, and

howevolution of thepattern of gene regulation contributes

to morphological and phenotypic differences among

organisms are fundamentally important goals in the gen-

ome era. Comparative genomics is a powerful new tool to

identify and characterize functional sequences using evo-

lutionary analysis methods.

In this review, I discuss recent studies that address the

importance of gene expression differences in species evo-

lution and the potential role(s) of conserved non-coding

sequences in gene regulation and genome function.

Gene expression as an evolutionary variable
Variation in patterns of gene expression can have evolu-

tionary consequences. A particularly compelling example
www.sciencedirect.com
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of the impact of altered gene regulation comes from

comparison of freshwater and marine populations of

the threespine stickleback [14��]. Reduced expression

of the transcription factor gene Pitx1 during development

in freshwater threespine sticklebacks, compared with

expression in marine populations, results in loss of the

pelvic skeleton [14��]. Although the molecular mechan-

ism for the expression difference has not yet been dec-

iphered, this provides a strong indication that regulatory

changes can have a direct and rapid evolutionary impact.

As another example, subtle variation in cardiac gene

expression is associated with divergent metabolic output

between groups of individuals of the killifish Fundulus
heteroclitus [15]. Gene expression variation can affect quite

complex social traits as well. Differences in expression of

the vasopressin 1a receptor as a result of microsatellite

polymorphism lead to marked differences in social beha-

vior, including partner preference in related species of

vole [16,17].

Studies of the evolution of gene regulatory patterns

have been facilitated by the availability of whole-genome

microarrays [18–20]. By treating gene expression levels

as a quantitative trait in a segregating population,

Schadt et al. [20] were able to map quantitative trait loci

(QTLs) affecting the expression of more than 3000

mouse genes. The most statistically significant QTLs

tended to be those that were coincident in location with

the gene whose expression was monitored, suggesting

that these QTLs were controlling expression through cis
effects. By contrast, QTLs of more moderate significance

tended to be using trans effects to mediate gene expres-

sion. Using a classic cis–trans test, Doss et al. [21] showed
that a majority of the predicted cis QTLs are likely to be

true positives, and nearly all map to regions that do not

share single nucleotide polymorphism haplotypes

[22,23].

Morley et al. [24�] used microarrays to determine gene

expression levels of �3500 human genes; these levels

were treated as phenotypes that were genetically mapped

in 14 large families, revealing over 1000 loci that con-

tributed to the expression phenotype. Interestingly, a

majority of these loci act in trans to the gene that is

regulated. The fact that expression levels of genes can

vary in populations and that these differences are heri-

table reinforces the idea that changes in expression level

can have an evolutionary impact.

Distinguishing important functional differences in gene

expression from benign or neutral changes is quite chal-

lenging [25��,26]. Khaitovich et al. [25��] compared gene

expression profiles in human, chimpanzee, orang-utan

and macaque and concluded that expression differences

have accumulated linearly with time, suggesting that

global changes in gene expression patterns were not a

major factor in primate evolution. The same group sub-
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sequently introduced an evolutionary model of gene

expression that attempts to distinguish neutral from

accelerated changes and to improve the prediction of

specific changes that have had evolutionary consequences

[26].

Identifying functional sequences by
comparative genomics approaches
The impact of evolution is most readily seen in the

pattern of sequence conservation and variation among

species. Sequencing of the mouse and rat genomes has

revealed remarkable features of evolutionary conserva-

tion [5–7]. About 5% of each genome is under selective

constraint, of which only about 1.5% is protein-coding.

This conservation extends throughout mammalian spe-

cies [27–30,31��]. The importance of gene regulation is

highlighted by the fact that two-thirds of the sequence

conserved among mammals is not protein-coding. These

‘conserved non-coding sequence elements’ (CNEs) are

largely unique in each genome (i.e. non-repetitive), and,

to date, no readily recognizable clusters, classes or sub-

divisions have been defined that might be useful in

further characterizing them.

Members of a subset of CNEs show extraordinary con-

servation. Bejarano et al. [32��] described 481 ultra-con-

served elements with perfect identity over more than

200 bp in human, mouse and rat. These elements are also

highly conserved in non-mammalian vertebrates but not

in invertebrates. Ultra-conserved elements tend to be

located in the vicinity of genes important in develop-

mental processes, suggesting that their exceedingly

strong conservationmight be owing to their having crucial

roles in specifying the developmental program that is

shared among vertebrates. Conversely, extensive conser-

vation is not sufficient for defining functional importance:

sequence comparison between mammals as divergent as

human and mouse might fail to reveal shared functional

sequences [33,34].

It is difficult to imagine what function of DNA requires

strong conservation over scores of base pairs. Transcrip-

tion factors and other DNA-binding proteins typically

recognize only 6–12 bases and generally tolerate

some degeneracy in recognition sequence. The informa-

tion content of transcription factor binding sites is too

low for computer algorithms to accurately predict

which transcription factor binding site might be used

in vivo [35]. Xie et al. [36�] have searched for short

regulatory sequences in human promoters and 30 un-

translated regions (UTRs) by examining 6–18-nucleo-

tide motifs that are over-represented genome-wide in

multiple alignments of human, mouse, rat and dog

sequences. In promoter regions, most previously known

transcription factor binding sites were identified, and

over 100 new motifs were predicted to have cis regulatory
activity.
Current Opinion in Genetics & Development 2005, 15:628–633
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Figure 1

Potential roles of CNEs in gene regulation. Conserved non-coding

sequence elements (CNEs) might have a diverse array of functions

related to gene regulation and maintenance of chromosome structure.

Some roles for CNEs include (a) acting as cis-regulatory elements; for

example, as an enhancer, silencer or insulator to modulate transcription

of an adjacent gene; (b) interacting with components of chromatin re-

modelling complexes, which create ‘open’ structures that promote

active transcription or ‘closed’ structures that inhibit it; and acting in

concert to bridge regulatory elements located at long distances, either

(c) on the same chromosome or (d) on another chromosome.
Potential functions of conserved non-coding
sequences
At least three explanations can be offered for the function

of CNEs: (i) they represent traditional enhancers that are

composed of collections of transcription factor binding

sites upon which the complexity of the regulatory pattern

has imposed a particularly strong constraint; (ii) they are

involved in establishment and maintenance of local chro-

matin structure; and (iii) they are components of longer-

range genome structure determinants that specify the

spatial organization of chromosomes in the nucleus

(Figure 1).

Several CNEs have been confirmed to have regulatory

activity. Non-coding sequences— surrounding the devel-

opmental genes SOX21, PAX6, HLXB9 and SHH — that

are highly conserved between human and Fugu rubripes
were tested for their ability to act as tissue-specific

enhancers in zebrafish embryos [37��]. Putative enhan-

cers were co-injected with a green fluorescent protein

reporter gene coupled to a minimal promoter from the

mouse b-globin gene. Out of twenty-five CNEs located

near the four genes that were tested, twenty-three

showed enhancer activity in one or more tissues [37��].
Poulin et al. [38] showed that a very highly conserved

CNE adjacent to the mouse Dach1 gene has enhancer

activity. Transgenic mice carrying the CNE in a lacZ
reporter construct showed expression that was specific to

certain brain regions during development. Some modifi-

cations to the CNE abolished this activity, but, interest-

ingly, two small insertions in the most conserved region

did not detectably alter the enhancer function.

Not all active enhancers are well conserved, however.

Plessy et al. [39�] found that only 11 of 104 experimentally

validated enhancer sequences in mouse have sequence

matches in the zebrafish genome. All eleven of the

conserved enhancers function during embryonic devel-

opment in mice, suggesting that they contribute to a

common core of signals that lead to specification of the

vertebrate body plan. It is likely that at least some of the

remaining enhancers contribute to species-specific

expression regulation. Anand et al. [40] demonstrated

considerable divergence of Hoxc8 enhancer activity

between mouse and fish — when assayed in transgenic

mouse embryos. They concluded that ‘‘remodeling of

Hox regulatory elements in different species has played a

significant role in generating morphological diversity.’’

Are CNEs essential? As is the case with many conserved

protein-coding genes, mice deficient in CNEs might

show no phenotype. Nobrega [41�] examined the effect

of deleting more than 1000 CNEs present in two large

gene-deserts in mouse. Although it is impossible to assess

the evolutionary impact of this deletion, the mice were

viable and fertile, and no gross phenotypic changes were

observable.
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Quite complex developmental patterns of gene expres-

sion can be conserved in the absence of detectable

sequence similarity, suggesting considerable plasticity

in how a regulatory program is encoded in DNA. Devel-

opmental expression of the homeobox geneOtx is remark-

ably similar in the ascidians Halocynthia roretzi and Ciona
intestinalis despite lack of cis regulatory sequence con-

servation [42��]. Rather, the presence of a shared set of

transcription factor binding sites, albeit in different num-

ber, order and orientation, seems sufficient to direct the

regulatory program for this crucial gene. A similar situa-

tion has been seen in Drosophila, in which substantially

diverged enhancers can direct identical and quite precise

expression of the even-skipped gene in the blastoderm

embryo [43]. A male-specific wing spot has evolved in
www.sciencedirect.com
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Drosophila biarmipes — but not in the closely related

species melanogaster and pseudoobscura — as a result of

a small number of mutations that create transcription

factor binding sites and bring the yellow gene under the

control of the Engrailed regulatory network, which is

active in specifying wing development [44��]. Taken

together, these studies imply that strict sequence con-

servation is not essential for maintaining regulatory func-

tion and that CNEs might not be primarily serving as

tissue-specific enhancers.

Dermitzakis et al. [31��] showed that the number of CNEs

and the extent of sequence conservation among species is

not biased with respect to the location of genes, as would

be expected if CNEs act in a cis regulatory fashion.

Evidence that CNEs might be involved in longer-range

determination of chromosome structure comes from an

observed enrichment of nuclear matrix attachment sites

in CNEs [45].

Perhaps evenmore compelling is the argument [31��] that
CNEs might be involved in specification of the spatial

location of chromosomes in the nucleus [46,47]. Gene

regulation at the b-globin locus involves interaction of a

locus control region located more than 50 kb away from

the b-globin promoter [48,49]. Furthermore, physical

interactions between promoters on different chromo-

somes have recently been shown to regulate the alter-

native expression of IFN-g and IL-5 in mice in the

differentiation of naı̈ve CD4+ T-cells to TH1 or TH2

cells [50��]. Recent advances in methods to study chro-

mosome organization [48,51] will facilitate analysis of the

role of CNEs in long-range regulatory activities.

Other contributors to regulatory diversity
Epigenetic mechanisms, including DNA methylation,

histone modification, and binding of chromatin-remodel-

ing factors, also directly influence rates of transcription

[52]. In yeast, a consistent scheme (the so-called ‘histone

code’) has been observed for the contribution of histone

modification to transcriptional status [53]. Early experi-

ments examining human and mouse chromosomes have

also shown a consistent and conserved pattern, with

increased histoneH3 lysine 4methylation associated with

active transcription [54�]. The mechanism by which

particular chromatin domains are established and main-

tained is not well known, but it appears that histone

modification states are conserved between mouse and

human in the absence of broad sequence similarity, so the

DNA elements that specify chromatin structure might be

either subtle or located at some distance from the chro-

matin domain.

Our ignorance of basic regulatory processes has been

highlighted by the recent discovery of a large class of

genes encoding small RNAs that perform a pervasive

gene-regulatory role [55–57]. In zebrafish, much more
www.sciencedirect.com
than 100 miRNAs are expressed late in development in a

highly tissue-specific manner andmight contribute to late

events in cellular differentiation and tissue maintenance

[58��]. miRNA genes are conserved in sequence and

structure [59], but the extent to which evolution in these

genes or their targets might contribute to heritable

changes in gene regulation has not yet been addressed.

Conclusion
Complete and draft genome sequences have given us

tantalizing clues about the extent of functional and

potentially regulatory sequence in mammalian genomes.

The pattern of evolution that is inferred from analysis of

these sequences has lead to the identification of tissue-

specific enhancers, matrix attachment sites, and miRNA

targets, but most conserved sequence remains unclassi-

fied. Thus, it seems that there might be several functional

classes of conserved sequence involved not only in local

gene-regulation but also in the spatial organization of the

genome to promote coordinated gene expression.

It would be premature to speculate on which of the many

modes of gene regulation are subject to the strongest

evolutionary constraint, or which might contribute most

to divergence among species, but the extent of conserva-

tion suggests unappreciated roles for a large amount of

conserved sequence throughout the mammals.
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Comparative genomics as a tool in the understanding of
eukaryotic transcriptional regulation
Julie E Baggs, Kevin R Hayes and John B Hogenesch
Comparative genomics approaches are having a remarkable

impact on the study of transcriptional regulation in eukaryotes.

Many eukaryotic genome sequences are being explored by

new computational methods and high-throughput

experimental tools such as DNA arrays and genome-wide

location analyses. These tools are enabling efficient panning for

common regulatory cassettes underlying fundamental

biological processes, extending the use of existing techniques

for the discovery of response elements to mammals,

deciphering the transcriptional regulatory code in eukaryotes

and providing the first global insights into a recently described

post-transcriptional regulatory mechanism. Collectively,

these approaches are rapidly expanding both our knowledge

and our definition of transcriptional regulation.
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Introduction
The completion of dozens of eukaryotic genome sequence

projects led to an initial wave of analyses focusing on

the complete description of all protein-encoding genes

(NCBI Genomic Biology, http://www.ncbi.nlm.nih.gov/

Genomes). One surprise from this effort, the non-linear

relationship between organismal complexity and gene

number, has become widely accepted in recent years

and, in turn, has fostered a second wave of comparative

genome analyses [1]. These approaches take advantage of

novel computational methods to analyzemultiple genome

sequences to understand gene regulation. Experimental

biology is then employed to test these hypotheses in a

systematic manner.

Here, we discuss recent investigations in which compara-

tive genome analysis has been used to understand tran-

scriptional regulation in eukaryotes (Figure 1). We start
Current Opinion in Genetics & Development 2005, 15:634–639
by looking at how the study of global RNA expression,

enabled by DNA chip analysis (see Glossary), is being

employed across species to gain insight into fundamental

biological processes. Next, we explore how recent

advances in informatics, experimental biology, and com-

parative genomics are being used to define response

elements in mammals, in addition to being integrated

with large-scale experimental studies aimed at the defini-

tion of the regulatory code of eukaryotes. We extend our

review to the combinatorial analysis of these response

elements in higher-order structures called enhancers.

Finally, we highlight the remarkable impact that com-

parative genomics has had on the description of a more

complete description of microRNAs (miRNAs; see also

Glossary), newly defined trans-factors that regulate gene

expression at both the message and the protein level, and

at their downstream target genes [2].

Comparing patterns of gene expression
In addition to complete genome sequences — or partly as

a result of them — recent technological developments in

the field of RNA dynamics have made it possible to

measure global transcriptional output in eukaryotes on

a single chip. This has enabled comparative studies aimed

at analyzing global transcriptional output to provide

insight into fundamental biological processes. For exam-

ple, McCarroll et al. [3] used this approach to investigate

transcriptional responses during aging in Caenorhabditis
elegans and Drosophila melanogaster and found a cassette of

genes that are involved in metabolism, catabolism and

DNA repair, and which turn on in adulthood in both

organisms. The authors go on to explore other large-scale

datasets and demonstrate the power of this approach in

uncovering transcriptional signatures for several other

fundamental biological processes. Khaitovich et al. [4�]
used cross-species expression analysis in primates to

explore evolution of genomes and transcriptomes. By

comparing the transcriptional output between chimpan-

zees and humans, they found that some tissues, such as

the brain, displayed similar expression patterns whereas

other tissues had greater inter-species differences, indi-

cating that transcriptional output in these tissues can have

differing rates of divergence. In addition, uniformly

expressed genes were found to harbor fewer changes in

amino acid sequence than do more-specifically expressed

genes [4�]. The authors conclude that this behavior is

consistent with a model of neutral evolution with nega-

tive selection; however, they note that for X chromosome-

expressed genes in testis, patterns suggestive of positive

selection apply to both the expression signatures and the

amino acid sequences [4�]. In a second report by the same
www.sciencedirect.com
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Glossary

50RACE experiments: Rapid amplification of 50 complementary DNA

ends. A method to extend a cDNA clone by amplification of

corresponding mRNA.

BLAT: BLAST-like alignment tool. A tool to find regions of similarity

between sequences.

ChIP (chromatin immunoprecipitation)-on-chip: A method to

identify nucleotide sequences bound by a specific protein such as a

transcription factor. The targets are identified by hybridizing labeled

DNA to arrays that harbor target sequences.

DNA chip analysis: Amethod for analyzing the expression of nucleic

acid targets in parallel on glass arrays.

HeLa cells: Immortalized human epithelial cell line commonly used in

laboratory experiments.

MicroRNAs: Small RNA molecules that are negative regulators of

gene and protein expression.

Positional weight matrix: A description of binding-site sequence

frequency by position that can be used to evaluate new sequences for

similarity to the matrix.
group [5], the authors use reporter assays in cell lines to

examine some of the functional differences between the

activities of human and chimpanzee promoters. The

behavior of these promoter sequences in cell lines is

remarkably poorly conserved, suggesting the possibility

that rapidly accruing sequence differences in these

regions contribute to expression differences [5]. These

results show that the application of comparative genomics

to the study of RNA expression can lead to insight into

fundamental biological processes such as aging and evo-

lution [6].
Figure 1

Depiction of conserved DNA elements that play an important role in transcr

(TSS) include both single response elements (REs) and organized groups of

untranslated regions (UTRs) encode regions for post-transcriptional regulati

regulation by microRNAs (Ms) The microRNAs act as trans-factors and can

www.sciencedirect.com
Response element discovery and the
transcriptional regulatory code
Comparative genomics has long held the promise for the

identification of response elements in eukaryotic gen-

omes [7]. Initially, these searches were conducted with

consensus sequences and positional weight matrices (see

Glossary) and were confined to the detection of known

elements. Later, ab initio approaches showed great poten-

tial for the identification of response elements in lower

eukaryotic organisms [8,9]. The sheer size and complex-

ity of mammalian genome sequences, however, has con-

founded the application of these approaches to the study

of mammalian transcription [10]. Recently, robust meth-

ods to define common regulatory motifs have emerged in

yeast and, later, in mammals [11,12,13��]. Kellis et al. [12]
explored three sequenced yeast strains for common reg-

ulatory motifs, identifying with both sensitivity and spe-

cificity 72 genome-wide elements, including most of the

known response elements. In addition, they extended

these analyses to the mammalian genome. By aligning

and exploring the genome sequences of human, mouse,

rat and dog, Xie et al. [13��] identified 174 common

regulatory motifs in mammalian promoters, including

72% of the known motifs in Transfac, a transcription

factor database, and 105 novel motifs. Many of these

elements show tissue-specific expression and proximity

to transcriptional start sites, suggesting that they have a

role in mediating binding of bona fide trans-factors. Several
groups have taken advantage of comparative genomics
iptional regulation. Elements proximal to the transcriptional start site

them in enhancer (EN) regions. Other elements in the 50 and 30

on, including sites for RNA binding proteins (RBPs) and sites for

have multiple targets.
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and positional weight matrices to identify new target

genes of known trans-factors, such as p53 and CREB

[14,15]. This approach has recently been automated in an

integrated system that combines cross-species analysis

with co-expression information from DNA expression

analaysis [16]. Thus, the past two years of research in

comparative genomics has extended ab initio response

element discovery from lower eukaryotes to higher eukar-

yotes and has expanded the toolset for researchers in

mammalian biology who are interested in discovering

new targets of specific transcription factors.

One of the more compelling recent trends has been the

development of large-scale experimental approaches that

focus on elucidating transcriptional regulation at the net-

work level. Genome-wide location analysis, or chromatin-

immunoprecipitation on arrays (ChIP-on-chip; see also

Glossary), has emerged as a powerful tool to determine

the DNA target sequences of specific transcription factors

[17,18]. Harbison et al. [19��] integrated genome-wide

location analysis with comparative genomic methods to

elucidate the transcriptional regulatory code of yeast. In

this heroic study, the group performed ChIP-on-chip

analysis with 203 different yeast transcription factors,

determining thousands of unique interactions between

these trans-factors and promoters. They merged this

dataset with response elements predicted by six different

element-discovery algorithms and phylogenetic foot-

printing data from six other yeast strains. This combined

analysis was synthesized into a first version of the tran-

scriptional regulatory code containing 3353 sites in 1296

promoters. This work resulted in the thorough character-

ization of known transcription factor–response element

combinations and, more importantly, determined the

sites bound by many previously uncharacterized factors.

The authors went on to explore the arrangement of the

binding sites within the promoter (promoter architecture)

and developed models for transcriptional responses to

environmental change [19��]. Another approach to deter-

mine the sites bound by specific transcription factors used

DNA array technology to measure specific binding of in
vitro labeled transcription factors to promoter sequences.

This data was fed into an ab initio response-element

prediction algorithm, and the new sequences were both

retrospectively and experimentally validated [20��].
These approaches hold great promise for the construction

of regulatory networks in eukaryotes, and when combined

with other types of data (e.g. RNA dynamics experi-

ments) they promise to build predictive models of tran-

scriptional regulation that codify normal physiology and

responses to environmental change.

Combinatorics: response elements and
enhancers
More often than not, response elements act in association

with other elements in larger structures known as enhan-

cers, silencers or insulator sequences [21–23]. Recent
Current Opinion in Genetics & Development 2005, 15:634–639
studies to identify DNA regions that function in endo-

genous message expression have focused on co-occur-

rence of response elements in global comparative

genomics studies [12]. For example, Kreiman [24] used

co-expression, prior knowledge of the characteristics of

described response elements, and phylogenetic footprint-

ing to determine known and unknown elements that

contribute to specific expression patterns in Drosophila
pattern formation and in human skeletal muscle. Com-

parative genomic studies used different species of flies to

examine in detail the even-skipped (eve) stripe 2 enhan-

cer, which comprises specific combinations of activator

and repressor elements [25–27]. These studies have

combined the latest generation of sequence comparison

algorithms with elegant genetic studies aimed at eluci-

dating regulatory mechanisms that contribute to complex

expression patterns (reviewed in [28]). Early studies

employed sequence comparisons with transgenic analysis

and showed that, surprisingly, distantly related sequences

from four fly strains, Drosophila melanogaster, Drosophila
yakuba, Drosophila erecta and Drosophila pseudoobscura,
yielded the same pattern of expression when fused to a

reporter gene in transgenic D. melanogaster flies [29].

However, chimeric enhancers constructed from two spe-

cies failed to lead to normal expression in vivo, suggesting
that these enhancer sequences do not function analo-

gously [30]. This suggestion was recently supported by

reverse-genetic studies that demonstrated the importance

of both spatial and temporal gene expression in addition

to dosage [31��]. An enhancer from the more distantly

relatedD. pseudoobscurawas able to functionally rescueD.
melanogaster flies lacking this region, whereas the enhan-

cer fromD. erecta, a less divergent strain, was not [31��]. In
sum, these studies indicate that enhancer sequences have

evolved different solutions to the problem of dosage and

spatio-temporal patterning, using the same (or similar)

complement of trans-factors.

MicroRNAs: novel post-transcriptional
regulators
Perhaps the greatest recent impact that comparative

genomics has had on the understanding of eukaryotic

transcriptional regulation is its application to the study of

miRNAs and their mechanisms of gene regulation. miR-

NAs can act as trans-factors to degrade mRNAs by precise

or imprecise base-pairing and can also act to inhibit

translation through poorly understood mechanisms [32].

miRNAs were first identified in forward genetic screens in

C. elegans [33] and have since been found in all Metazoa

examined. These genetic screens have the tremendous

advantage of relating the existence of a miRNA to a given

biological phenotype (for example, the identification and

characterization of lin-4 and let-7 mutants led to the

determination that miRNAs play crucial roles in devel-

opmental timing in worms [33,34]). However, forward

genetics approaches are laborious, time consuming and, as

yet, cannot be directed toward one particular class of
www.sciencedirect.com
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entities, such as miRNAs. Comparative genomics has

been used effectively as a tool in plants, flies and mam-

mals to discover and catalog a more complete collection of

miRNAs. In general, these methods take advantage of

computer models of known miRNA structures and search

several genome sequences for candidate miRNAs. Lai

et al. [35] used such an approach to identify 48 novel

miRNAs in Drosophila, validated the expression of 24 of

these and concluded that flies probably contain �110

miRNA genes [35]. Similarly, Lim et al. [36] used com-

putational methods in addition to molecular identification

and validation to determine a more complete set of C.
elegansmiRNAs. The vast majority of these are conserved

across different strains of worm; a quarter are conserved

in humans; and more than a third are differentially

expressed during development, highlighting their poten-

tial importance in this process [36]. Computational meth-

ods have also been used to greatly expand the known

repertoire of miRNA genes in vertebrates. Examination

of human and Fugu consensus structures and phylogen-

etically conserved stem loop structures found 188 known

and novel miRNAs [37]. Extrapolating from these data,

the authors estimate an upper limit of no more than 255

miRNAs in humans [37]. A different computational

approach was taken during the study by Xie et al.
[13��], in which they aligned human, mouse, rat and

dog genome sequences to define a lexicon of common

regulatory motifs. In addition to defining response ele-

ments, this work resulted in the identification of 129 new

predicted miRNAs, and in validation studies the expres-

sion of half of their test set was confirmed. Lastly, a

BLAT-based searching method (see Glossary) using

known miRNA sequences found 35 additional human

and 45 additional mouse miRNAs [38]. Thus, compara-

tive genomics has led to the rapid increase in our catalog

of miRNAs in several eukaryotic organisms.

Comparative genomics has also played an indispensable

role in determining the targets of miRNAs. By comparing

Arabidopsis and rice genomes, Rhoades et al. [39] were
able to use the homology of miRNA sequences to their

target sequences and identified potential regulatory tar-

gets for 14 of the 16 miRNAs that had been described at

that point. These initial studies exploring the Arabidopsis
and Oryza genomes were extended to enable the identi-

fication of 83 putative miRNA genes, the prediction of

their target genes, and the use of independent microarray

data to show anti-correlation between the expression of

miRNAs and these targets [40�]. Finally, three of these

microRNA–target pairs were confirmed experimentally

by 50RACE experiments (rapid amplification of 50 com-

plementary DNA ends; see also Glossary) [40�]. A similar

approach was used to determine the targets of known

Drosophila miRNAs, by comparing 30UTR (untranslated

region) sequences from D. melanogaster, D. pseudoobscura
and Anopheles [41]. More recently, the genome sequences

of seven Drosophila species were used to investigate
www.sciencedirect.com
miRNA targets, predicting that each miRNA targets 54

messages on average [42]. Several groups have performed

similar studies on vertebrates. Lewis et al. [43] have used

computational methods, taking advantage of the human,

mouse, rat, and fish genomes, to predict �400 targets of

conserved vertebratemiRNAs; some of these targets were

experimentally validated using reporter assays in HeLa

cells (see Glossary). In a second study, cross-species

analysis of human, mouse, rat and fish genomes identified

more than 2000 miRNA targets, suggesting that 10% of all

mammalian genes are regulated by these mechanisms

[44�]. More recently, Xie et al. [13��] performed a com-

prehensive analysis of 30UTRs and suggested that about

20% of all mammalian genes are regulated by miRNAs

[13��]. Collectively, these studies have offered the first

comprehensive analyses of miRNA targets, highlighting

the power of comparative genomics. Future work incor-

porating larger-scale experimental studies will be

required to confirm the validity and importance of this

regulation.

Conclusion
The past two years have witnessed an explosion of

activity in the application of comparative genomics to

the understanding of transcriptional regulation. Insight

into global organization of transcription is being gathered

from cross-species comparisons of RNA expression data.

Robust methods to discover response elements, once only

possible in less complex organisms, are now being

enabled by comparative genomics and applied to mam-

malian genomes. These methods are also now being

integrated with large-scale experimental strategies aimed

at defining the regulatory code of eukaryotes for the first

time. Finally, comparative genomics has played the lead

role in defining the larger complement of miRNAs and

their target sequences. The next few years should see

improvements in these methods and an increase in their

power as additional genome sequences are made avail-

able. Genomes, they’re not just for finding genes any-

more.
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Short, local duplications in eukaryotic genomes
Elizabeth E Thomas
Short, local duplications lead to an increase in the local copy

number of a 1–100 bp sequence motif. They are usually

unstable and evolve rapidly. When they involve a functional

sequence such as a transcription factor binding site or a

protein–protein interaction domain, they can drive phenotypic

diversity. Short, local duplications have been implicated in the

dramatic morphological differences among different dog

breeds, and in the differences in social structure between two

sister species of voles. Several human diseases and disorders

are also caused by this class of duplication, which

encompasses microsatellites, minisatellites and doublets.
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Introduction
Duplicative processes are central to eukaryotic genome

evolution. This is evident both in the abundance of large

duplications, which can duplicate single genes, genomic

regions or entire genomes, and in the abundance of short

duplications, which can increase the local copy number of

transcription factor binding sites, peptide motifs and

subunits of gene structure. Here, I focus on the latter

class of duplications and their role in genome biology and

evolution. There are three classes of short, local duplica-

tions: microsatellites, minisatellites and doublets (see

Figure 1).

Microsatellites are tandem arrays made up of many copies

of a short repeating unit that is 1–9 bp in length. They are

relatively simple sequences, and the exact copy number

of the array can change rapidly. They are found in both

coding and non-coding parts of genes. Some microsatel-

lites are binding sites for transcription factors, facilitating

DNA–protein interactions; others form homopeptide

tracts within proteins and mediate protein–protein inter-

actions.
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Minisatellites are very similar to microsatellites, but with

longer repeating units, typically 10–100 bp in length.

They have at least two copies of the repeating unit,

but might have hundreds of copies. Their higher infor-

mation content makes them more likely to duplicate

regulatory or protein-coding sequences.

Non-tandem or ‘nearby’ doublets are a recently described

type of short, local duplication. They are similar to min-

isatellites, but with the repeating units spaced apart rather

than in tandem. Only pairs of repeats have been studied,

and the two copies of the repeat tend to be about 1 kb apart.

Microsatellites
Microsatellites are tandem arrays composed of multiple

copies of a short repeat unit (generally 1–9 bp). They are

the most unstable type of short, local duplications. Long

microsatellites, with high numbers of copies of the repeat-

ing unit, are more abundant in eukaryotic genomes than

would be expected by chance [1]. The length of the

repeating unit, its sequence, and the number of conse-

cutive repeat units affect the instability of microsatellites

[2,3]. Point mutations that disrupt the periodic pattern

increase microsatellite stability. It has been suggested

that several mechanisms that involve replication, recom-

bination and/or repair might lead to expansion and con-

traction of microsatellites, but it is not clear which are the

most important [2–5]. In general, microsatellites are both

highly abundant and highly variable.

It is clear that the expansion of microsatellites in either

coding or non-coding sequences can have deleterious

effects, and at least 13 different human diseases have

been associated with the expansion of coding CTG/CAG

or CCG/CGG repeats [2,3,6]. However, microsatellite

expansions can have more subtle phenotypic effects. In

prokaryotes, microsatellites have been found that mod-

ulate the expression or amino acid sequence of virulence

factors, thereby accelerating the evolutionary rate of these

genes [7,8��].

The domesticated dog has undergone strong artificial

selection for a variety of morphological traits. Fondon

and Garner [9��] hypothesized that gene-associated

microsatellites have probably contributed to the resulting

phenotypic variation. They looked at orthologous micro-

satellites in both human and dog and found that, overall,

the microsatellites of both species were equally likely to

have their periodic patterns interrupted by point muta-

tions. In a subset of 17 developmental genes known or

suspected to be involved in morphological development,

dog microsatellites are considerably less likely to have
www.sciencedirect.com
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Figure 1

Three types of short, local duplications.
point mutations than those of human, indicating that they

might have undergone recent changes in length, and that

they are less stable than the orthologous human repeats.

The authors sequenced the repeats from 92 different dog

breeds and found that 15 of the 17 genes contain at least

two microsatellite alleles. In the Alx-4 gene, they found a

repeat allele, in the Great Pyrenees breed, associated with

the presence of an extra digit on both hind paws. It

appears that alleles of this gene with differences in

microsatellite length differ both in their ability to bind

the LEF-1 protein and in their expression pattern in the

limb bud [9��,10]. The authors also found a pair of

variable microsatellites in the Runx-2 gene. The relative

lengths of these two microsatellites are correlated with

quantitative measures of skull morphology. These coding

microsatellites, and others like them, might have played

an important role in generating the phenotypic diversity

currently seen in the domesticated dog.

Although many coding microsatellites have been impli-

cated in human disease [6,8��,11], homopeptide tracts

only seem to cause problems after a threshold amount of

expansion — typically, to at least 30 copies [2,3,6,11] —

and homopeptide tracts are found in many eukaryotic

proteins [11,12]. Homopeptide tracts are not uniformly

distributed throughout all functional classes of proteins;

they are enriched in transcription factors, DNA-binding

proteins and, more generally, proteins involved in large

protein–protein or protein–nucleic acid complexes. This

enrichment in certain functional groups suggests that
www.sciencedirect.com
these tracts have a functional role. In some cases, it is

known that the repeats are important in mediating pro-

tein–protein interactions [11–13]. An unstable microsa-

tellite that mediates the ability of a protein to form

protein–protein interactions can lead to individual differ-

ences in the wiring of the protein-interaction network,

facilitating network evolution [12].

Microsatellites can also affect a gene in a regulatory

fashion. Prairie and montane voles are closely related

species that vary both in their social structure and in their

regulatory microsatellite content. Prairie voles are social,

biparental and form life-long pair bonds. Montane voles

are socially indifferent, lack paternal care and are pro-

miscuous. One of the differences between these two

species is variation in the length of a microsatellite

upstream of the vasopressin 1a receptor gene (avpr1a). A

luciferase reporter assay indicated that changes in this

microsatellite modify the gene expression level in a cell-

dependent manner [14]. Hammock et al. [15��,16] looked

at the intraspecific variations in the lengths of this micro-

satellite in prairie voles. They found that males with the

longer allele of the microsatellite had increased expres-

sion of avpr1a in specific areas of the brain, that they more

frequently licked and groomed their pups, and that they

showed increased preference for their partners over stran-

ger females. This microsatellite appears to have facili-

tated rapidly evolving changes in mammalian behavior

and social structure, mediated by changes in gene expres-

sion.

To identify variable microsatellites that might affect

human gene expression, Iglesias et al. [17�] scanned

through the human genome for all microsatellites within

10 kb upstream of annotated genes. They checked for

polymorphisms in this group and found 51 polymorphic

microsatellites. The most interesting is the class of CTC

microsatellites, which tend to be within 1 kb of the

transcription start site. The class of genes whose members

have at least five tandem copies of a CTC sequence is

significantly enriched for TATA-less genes, indicating

that these repeats might be important in the initiation of

transcription for this type of gene.

To study the role of tandem duplication in regulatory

evolution, Sinha and Siggia [18] looked at 76 experimen-

tally validated cis-regulatory modules in both Drosophila
melanogaster and Drosophila yakuba. They found that more

base pairs of variation between the two species were

caused by insertions or deletions (indels) than by point

mutations, and that indels tend to coincide with micro-

satellites. They also found a significant overlap between

transcription factor binding sites and microsatellites.

Taken together, these results suggest that microsatellites

have played an important role in the evolution of the

Drosophila genome and have impacted the evolution of

regulatory sequences.
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642 Genomes and evolution
The inherent instability of microsatellite sequences,

combined with the ability of some microsatellites to alter

protein–protein or DNA–protein interactions, makes

them an important contributor to quantitative genetic

variation [8��,19].

Minisatellites
Minisatellites are similar to microsatellites, but with a

longer repeat unit, typically 10–150 bp in length. They

can have as few as two copies of the repeat unit. Minis-

atellites are more stable than microsatellites, and expand

and contract as a result of recombination more frequently

than they do by replication slippage. Minisatellites vary a

lot in their stability, and some work has been done to

identify hypervariable minisatellites. Parameters that

increase their rates of polymorphism include GC content

and the purity of the repeating units [20].

Minisatellites have been implicated in genomic imprint-

ing, chromosome pairing, and fragile chromosome sites

[21]. They can be found within or near genes, and in some

cases they are known to affect gene function by modify-

ing either gene regulation or protein sequence. Many

proteins contain tandem protein domains, and the sim-

plest explanation for this phenomenon is that they are

derived from historical, minisatellite, tandem duplica-

tions [22–24]. Minisatellites enable a gene to amplify

an aspect of its function by adding additional copies of

a functional motif, domain or exon.

One example of this is seen in the FLO1 gene in Sacchar-
omyces cerevisiae [25��]. This gene encodes a cell-surface

adhesin that enables the organism to adhere to other

organisms and to its environment. Within the gene is a

coding minisatellite with a repeat unit of approximately

100 bp. The copy number of the repeat varies between

wild yeast strains. The authors tested a spectrum of

constructs with different copy numbers and found that

long alleles correlate with increased adherence between

the organism and either a polystyrene substrate or another

yeast cell. Presence of this variable, coding minisatellite

can lead to evolutionarily rapid changes in adherence,

important in maintaining a balance between staying in a

rich environment and exploring a new environment. In

pathogenic fungi, modulating adhesion factors is impor-

tant both in populating a host and in evading the immune

system.

One example of a functional human minisatellite poly-

morphism is found in the promoter of the reduced folate
carrier (RFC) gene, which is important in cellular uptake

of members of the antifolate class of cancer drugs [26].

There is a minisatellite within the promoter region of this

gene, and the repeat unit contains binding sites for two

different transcription factors. Alleles with more repeat

units have been shown to drive a statistically significant

increase in gene expression in vitro, indicating that this
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polymorphism is a potentially important predictor of

patient response to antifolate cancer drugs.

The TNFRSF11A (tumour necrosis factor receptor super-
family member 11a precursor) gene seems to be a hot spot

for the creation of two-copy minisatellites. Three related

skeletal disorders have been traced back to tandem

duplications in the same region of the gene [27–30]. Each

of these insertions is of a different length, with a different

repeat unit. All of the repeat units have the same 30

boundary and overlap the signal peptide of the RANK

(receptor activator of nuclear factor-kappa) protein, which

is encoded by this gene. At least two of the insertions have

been shown to prevent cleavage of the signal peptide,

leading to increased activation of the downstream signal-

ing pathway [27].

Minisatellites are more stable than microsatellites, and

their greater information content enables them to dupli-

cate more complex functional modules. In a similar

manner to microsatellites, their expansion and contrac-

tion can lead to either subtle or drastic phenotypic

changes.

Doublets
Doublets are a recently described type of short, local

duplication [31��]. Doublets have been defined as pairs of

identically duplicated sequence, at least 25 bp in length,

found in a background of unique sequence at distances of

between 100 bp and 10 kb, but typically tightly concen-

trated around 1 kb. The longest exact repeated sequence

observed is approximately 300 bp, but most are much

shorter. They appear to be distinct from long, segmental

duplications.

In a similar fashion to microsatellites and minisatellites,

doublets should be able to amplify modular functions of a

gene. The doublet-creation process seems to work by

copying a short patch of DNA from one region and

inserting it within about 1 kb of the original sequence.

Paired, spaced duplications matching the characterization

of doublets are seen in a variety of eukaryotes, from plants

to nematodes to humans, suggesting that the doublet-

creation process is ubiquitous.

In an earlier study, Achaz et al. [32] found similarly spaced

paired duplications across a variety of eukaryotic genomes

and proposed that these duplications arise as tandem

duplications that are later dispersed by chromosomal

rearrangements [32,33]. Comparative sequence analysis

of human doublets indicates that this is not the case;

rather, the second copy of the repeat unit is inserted at a

distance from the original without affecting the interven-

ing sequence [31��].

These types of short, local duplications could give rise to

the scrambled patterns of transcription factor binding
www.sciencedirect.com
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sites seen in some comparative promoter analyses. The

promoter of the hunchback gene in insects is one example

of a promoter in which the functional motifs have had

their relative orientation and spacing changed over time,

as is evident in a comparison of motif sequences and

locations in the hunchback promoters of Musca domestica
and Drosophila melanogaster [34].

There are two significant ways in which doublets differ

from microsatellites and minisatellites in their evolution-

ary potential and dynamics. First, no sequence signature

has been found that leads to the creation of a doublet; it

seems that any sequence could potentially be duplicated

to become a doublet. Second, there is no evidence that

doublets are unstable; the doublet creation process leads

to an increase in the local copy number of a sequence

without introducing instability.

Conclusions
Microsatellites, minisatellites and doublets are three

classes of short, local duplications that can modulate

the local copy number of a functional sequence. Both

microsatellites and minisatellites have been shown to

cause intraspecific phenotypic variations by altering

either protein coding sequence or gene regulation,

thereby providing a substrate for evolution. It is not

yet clear whether doublets play a similarly important

role.
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Chromosomal sex-determining regions in animals,
plants and fungi
James A Fraser and Joseph Heitman
The independent evolution of sex chromosomes in many

eukaryotic species raises questions about the evolutionary

forces that drive their formation. Recent advances in our

understanding of these genomic structures in mammals in

parallel with alternate models such as the monotremes, fish,

dioecious plants, and fungi support the idea of a remarkable

convergence in structure to form large, non-recombining

regions with discrete evolutionary strata. The discovery that

evolutionary events similar to those that have transpired in

humans have also occurred during the formation of sex

chromosomes in organisms as divergent as the plant Silene,

the fungus Cryptococcus and the fish medaka highlights the

importance of future studies in these systems. Such

investigation will broaden our knowledge of the evolution and

plasticity of these ubiquitous genomic features underlying

sexual dimorphism and reproduction.
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Introduction
A long-considered fundamental question of genomic

biology is how different species have evolved the com-

plex structures recognized as sex chromosomes. This

question has been driven by the observations that the

sex chromosomes of different organisms vary wildly, with

multiple examples indicating the independent evolution

of systems that have ultimately undergone a convergence

of structure and function — the evolution of hetero-

morphic structures that share multiple features and are

the cornerstones of sex determination.

Almost 40 years ago, Ohno proposed how animal sex

chromosomes might have been forged [1]. In this model,

the original master sex-determining gene was autosomal
www.sciencedirect.com
and was only later captured onto the incipient sex chro-

mosome in conjunction with other genes encoding sex-

related functions. Building on this more discrete genomic

foundation, the evolution of distinct sex chromosomes

was then proposed to have occurred by suppression of

recombination — by mechanisms including inversions —

leading to the divergence of large genomic tracts and the

emergence of heteromorphic sex chromosomes. Gene

capture and suppression of recombination, therefore,

punctuate sex chromosome evolution, because differen-

tiation of the nascent sex chromosomes is only acceler-

ated when recombination is decreased.

Because synonymous substitutions accumulate at a linear

rate over time, comparison of their occurrence in sex

chromosome genes reveals how long such genes have

been diverging from a common ancestor. These analyses

can, therefore, be used to date evolutionary events, such

as inversions, that have suppressed recombination and

driven the formation of genomic sex-determining regions,

ushering in a new era in the understanding of these

complex genomic regions.

In this review, we focus on the recent advances in our

understanding of sex chromosome evolution, and on the

remarkable similarities present in highly divergent model

organisms.

From humans to birds
The evolutionary history of the human sex chromosomes

is a paradigmatic example of the formation of genomic

sex-determining regions. In humans, �300 million years

ago the ancestral Y chromosome was an autosome on

which recombinational suppression was limited to a small

portion of the chromosome around the sex-determining

SRY gene [1,2]. The male-specific �50–60 Mb Y chro-

mosome subsequently evolved by chromosomal rearran-

gements, gene conversion, duplication and degeneration

over �300 million years [2,3]. Analysis of synonymous

substitution rates between X- and Y-linked gene homo-

logues reveals five temporal clusters, or gene strata,

representing the sequential acquisition of genes to the

male-specific region [3,4��]. Other genes have been lost

through a process of Y degradation caused by the absence

of recombination in the male-specific region [5]. All that

remains of once extensive recombination between the

X and the Y are two small, remnant pseudoautosomal

regions.

Unlike the Y chromosome, the human X is highly stable

and is colinear with the canine X, and it only shows a low
Current Opinion in Genetics & Development 2005, 15:645–651
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level of rearrangement in rodent lineages, in agreement

with predictions that the human X is identical to the

putative ancestral eutherian X chromosome [4��,6]. Geno-

mic comparisons have also identified steps in the evolu-

tion of this more stable sex chromosome, including the

translocation of new genetic material (the ‘X-added

region’) from an autosome before the radiation of the

eutherians �105 million years ago. This material has since

been engulfed by the sex-specific region and become

highly degenerate on the Y. Also, there is evidence for

transposition of non-pseudoautosomal X sequences to the

Y within the past �4.7 million years, again with the

subsequent degradation of the Y copy, highlighting the

rapid degeneration of sequences on this very different

structure [4��]. This degeneration of the Y chromosome in

the absence of recombination is emphasized by the

observation that the X chromosome now only shares

�25 genes with the Y outside of the pseudoautosomal

recombining regions.

The sequence of the human X chromosome still holds

many secrets to be revealed. An example of this is the

recently discovered relationship between retroposed

genes and this sex chromosome. A genome-wide survey

has shown that the X chromosome has generated and

recruited a disproportionately high number of functional

retroposed genes in both human and mouse, possibly

owing to differences in chromatin structure relative to

that in other chromosomes [7,8].

Are the human X and Y representative of sex chromosome

evolution? Recent studies in the mouse have confirmed

the presence of equivalent strata, indicating that these

structures might be common on eutherian sex chromo-

somes [9]. However, these species are relatively closely

related. In birds, a ZZ/ZW chromosomal system evolved

during the past 300 million years and governs the estab-

lishment of sexual identity in a fashion opposite to that in

humans; in birds, females are the heterogametic sex (ZW)

and males the homogametic (ZZ). The bird Z and W sex

chromosomes evolved from a different pair of autosomes

than did the human X and Y: the chicken Z has homology

to human chromosome 9, whereas the human X has

homology to chicken chromosomes 1 and 4 [4��,10,11].

Nevertheless, these systems share several similarities: the

X and Z are both large and gene-rich, whereas their Y and

W counterparts are small and gene-poor. Both the Y and

the W maintain gene families involved in sex determina-

tion by gene conversion of amplicons [12,13]. Moreover,

the forces that created these structures were similar, and

analysis of the chicken genome unveiled the existence of

at least two evolutionary strata on the Z chromosome [14].

Until recently, it was thought that bird and eutherian sex

chromosomes evolved independently. However, land-

mark studies of the duck-billed platypus (Ornithorhynchus
anatinus) dispelled this notion, unifying sex chromosome
Current Opinion in Genetics & Development 2005, 15:645–651
evolutionary models. Mammals diverged from birds

�300–350 million years ago [15]. The platypus is a

monotreme, and diverged from the mammalian lineage

�210 million years ago. This was the earliest offshoot

from the mammalian lineage, �30 million years before

the divergence of the marsupial and placental mammals

[16], providing a unique evolutionary vantage point. In

this unusual Australian mammal, the male karyotype is 21

pairs of chromosomes and 10 unpaired sex chromosomes.

These ten chromosomes share short regions of homology

that enable them to form an X1Y1X2Y2X3Y3X4Y4X5Y5

multivalent chain at male meiosis, adopting an alternating

pattern to segregate into X1X2X3X4X5- and Y1Y2Y3Y4Y5-

bearing sperm [17,18��].

The unique translocation chain in the platypus has been

hypothesized to have formed in a step-by-step fashion,

beginning with a translocation between a heteromorphic

sex chromosome pair and an autosome, which subse-

quently continued by serial sex chromosome–autosome

translocations [18��]. The location of homologues of

human X-linked genes in the platypus genome provides

evidence of a further translocation, suggesting that sex

chromosome rearrangement in monotremes is ongoing

[19]. How does this fascinating system shed light on the

evolution of sex chromosomes in other animals? In the

multivalent chain, the largest chromosome, which lies at

one end of the chain, contains homologues of multiple

genes from the human X, whereas a much smaller chro-

mosome that lies near the other end has homology to the

bird Z chromosome [18��]. Although, to date, no sex

chromosomes have been sequenced to completion, these

data indicate a previously unforeseen link between mam-

malian and bird sex chromosome evolution that will be

elaborated further as more data becomes available.

A simpler view of sex chromosomes
Although animal sex chromosomes are fascinating, they

are ancient and large and, therefore, more difficult to

study. Characteristics of other, less developed systems

provide further insights (Figure 1). For example, a high

repeat content is a common feature in sex chromosomes

from many species. This is highlighted in certain vole

species, in which the sex chromosomes have expanded to

unusual size. These ‘giant sex chromosomes’ are at their

most extreme in the European field vole Microtus agrestis,
in which the X chromosome represents nearly 20% of the

genome [20], and this enlargement is the result of the

rapid accumulation of repetitive sequences to form large

heterochromatic blocks [21]. Smaller sex chromosomes

also yield informative insights: for example, studies in the

fish medaka (Oryzias latipes) reveal a sex chromosome at

an earlier evolutionary stage (<10 million years) [22].

Here, the Y chromosome was formed by a duplication

of the Y-specific DM domain gene, DMY (also known as

Dmrt1) [23,24], which served as the seed for the formation

of an �250 kb male-specific region that is rich in repe-
www.sciencedirect.com
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Figure 1

Proto-sex chromosomes in animals, plants and fungi. Early genomic sex-determining regions identified in animals such as the fish medaka

(Oryzias latipes), plants such as papaya (Carica papaya) and fungi such as Cryptococcus reveal that the early stages of sex chromosome

evolution occur through common mechanisms in these very different eukaryotes. The sex-specific regions are labeled (X and Y, or a and a),

and the approximate proportion of the proto-sex chromosome occupied by these regions is given as a percentage.
titive elements and which represents less than 1% of the

chromosome upon which it resides [25]. Similarly, in the

three-spine stickleback (Gasterosteus aculeatus), the master

sex-determining locus maps to a small, repeat-rich sex-

specific region on one end of chromosome 19, in a region

that became sex-specific less than 10 million years ago

[26�,27]. Therefore, these fish represent a unique system

in which to study the early steps of sex chromosome

evolution in animals.

How rapidly can a species develop discrete sex chromo-

somes? Discoveries in Drosophila species have indicated

that this can occur over a relatively short evolutionary

time-span. Comparison of Drosophila melanogaster [28]

and Drosophila pseudoobscura [29] uncovered that the

original Y chromosome has become an autosome in this

divergent lineage, and that a new chromosome has

evolved to take its place [30�]. Although the precise

mechanism behind this genomic plasticity is not entirely

clear, comparison with other closely related Drosophila
species has revealed that the process has occurred in less

than 18 million years.

These mechanisms of sex chromosome evolution are

widespread in other multicellular eukaryotes

(Figure 2). Studies in papaya (Carica papaya) have iden-

tified primitive, repeat-rich sex chromosomes that bear a

4.4 Mb male-specific region on one chromosome (�10%

of its length; Figure 1) [31�,32]. However, much more

complex structures have been observed in other plants.

Perhaps best understood at this time is the structure of

the sex chromosomes of the dioecious plants belonging to

the genus Silene. Studies of X- and Y-linked alleles of

several genes in Silene latifolia, Silene dioica and Silene
diclinis have shown that these heteromorphic sex chromo-

somes have evolutionary strata — similar to eutherian

chromosomes but, in this case, three strata rather than the

eutherian five — indicating evolution by a similar

mechanism of gradual expansion of sex-specific chromo-

somal regions to produce fully fledged sex chromosomes

[33��,34].
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All of these sex chromosome models involve diploid

eukaryotes. However, work in the dioecious liverwort

Marchantia polymorpha has shown that the evolution of

sex chromosomes is not dependent on a diploid genome.

This haploid plant also has heteromorphic sex chromo-

somes — in this case, the Y is larger than the X —

although individuals bear only one chromosome or the

other. Studies of the Y have revealed that male-specific

repeats occupy at least a quarter of the 10 Mb chromo-

some, interspersed with copies of a sex-specific RING-

finger gene family. Therefore, although no more detail is

known about this structure, it clearly shares similarities

with the Y chromosome of eutherians [35].

Revelations from fungal mating-type loci
Are these chromosomal sex-determining features also

present in the haploid, genetically amenable fungi, which

have much smaller genomes? In contrast to animals and

plants, fungal cell-type identity and sexual cycle are

orchestrated by a more restricted chromosomal region,

known as the mating type (MAT) locus. However, in

several cases, clear parallels can be drawn between the

structures of MAT and of animal sex chromosomes

[36,37]. An example is the basidiomycete Cryptococcus,
a ubiquitous human fungal pathogen with a bipolar mat-

ing-type system involving haploid a and a cells. Sequen-

cing of the Cryptococcus MAT locus revealed it is unusually

large (>100 kb), contains >20 genes and is composed

almost entirely of divergent alleles of a common gene set

[38,39��]. MAT represents �6% of the chromosome upon

which it resides [40] and, therefore, represents a propor-

tionately larger sex-specific region than do some ‘sex

chromosomes’ in animals such as the medaka

(Figure 1). The unusual structure of the Cryptococcus
MAT locus has been characterized in a and a isolates of

a Cryptococcus species-cluster diverging over 40 million

years. Although the size and content of MAT is conserved,

gene positions within MAT are highly rearranged, possibly

either as a consequence or as a driving force of speciation.

Using techniques similar to those applied to studies of

animal and plant sex chromosomes, including analysis of
Current Opinion in Genetics & Development 2005, 15:645–651
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Figure 2

Birth of a sex chromosome. Studies in a wide variety of eukaryotes have revealed that sex chromosomes evolve by a series of common evolutionary

mechanisms. Starting with a master sex-determining (SD) gene on an autosome, the chromosome becomes sex-specific through a series of

evolutionary events including, but not restricted to, inversion-mediated suppression of recombination, acquisition of additional genes involved in the

sexual cycle by transposition and translocation, and accumulation of transposable elements.
gene order, phylogeny and synonymous substitution

rates, the evolutionary steps that fashioned MAT were

deduced. First, MAT expanded by the acquisition of sex-

related genes into two unlinked clusters on different

autosomes. Next, these independent regions fused to

form a single, larger sex-determining genomic structure

in one mating type. The opposite mating type was then

converted to an equivalent structure by gene conversion

or recombination between the linked and the unlinked

sex-determining regions. These steps are highlighted

by the presence of four evolutionary gene strata similar

to those seen in mammals, birds and plants. Finally,

MAT was then subjected to ongoing intra- and inter-allelic

gene conversion, and inversions that suppress recombina-

tion, thereby giving rise to the extant structures of today

[39��].

Therefore, the evolution of MAT in Cryptococcus shows

remarkable parallels to the evolution of the human Y

chromosome (Table 1) [39��]. As with animal and plant
Current Opinion in Genetics & Development 2005, 15:645–651
sex chromosomes, MAT is rich in repeated elements, with

transposons and other repeats representing �25% of the

structure, roughly five times more common than their

occurrence in other genomic regions. Beyond these fea-

tures common to most sex chromosomes, MAT has even

further similarity to the human Y. Analysis of the phylo-

geny of each gene in the MAT locus identified ancient

boundaries of the expanding sex-determining regions

where the part of a gene on one side of the boundary

is MAT-specific and part on the other is not — a similar

scenario to the amelogenin locus, which spans an ancient

pseudoautosomal boundary in primates [41]. And finally,

as with duplicated genes involved in fertility on the

human Y chromosome [12], the Cryptococcus pheromone

genes are present in multiple copies and arranged in

inverted repeats that are maintained by intra-allelic gene

conversion, enabling gene repair in the absence of a

paired chromosome for recombinational repair. In short,

the Cryptococcus MAT locus bears many of the hallmarks

of the evolutionary events responsible for the formation of
www.sciencedirect.com
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Table 1

Conserved features of sex-chromosome evolution in animals, plants, and fungi.

1 Master sex determinants emerged on autosomes and served as the origin of a non-recombining sex chromosome or MAT locus.

2 The sex-determining region is composed of gene strata of distinct evolutionary ages, which might have been rearranged.

3 Coherence of gene function in the sex-determining genomic locus.

4 Sex-unique genes are duplicated in inverted repeats, enabling repair by intrachromosomal recombination.

5 These regions of the genome are sheltered from recombination and, therefore, accumulate transposable elements at a higher level than

elsewhere in the genome, which might contribute to evolution and rearrangement.

6 New genetic material is introduced by translocations from autosomes, creating sex-specific alleles of genes not previously linked to sex.
the human Y chromosome, and all within a structure that

is only a fraction of the size (Table 1).

Cryptococcus represents one of several examples of con-

vergent evolution of complex genomic sex-determining

regions in fungi. In the basidiomycete Ustilago hordei, the

two small unlinked MAT loci — known as a tetrapolar

mating system — normally found in species of this

phylum are, instead, linked, forming a single larger locus

— a bipolar system — that spans �500 kb, more than one-

sixth of the �2.8 Mb chromosome on which it resides

[42,43]. Again, this expansion of the sex-determining

region in a bipolar system to occupy a substantial portion

of a chromosome is a key feature shared with mammalian

sex chromosomes. Furthermore, recombination is sup-

pressed across the entire region, which is rich in trans-

posons and repetitive elements (JW Kronstad,

unpublished). A similar scenario has been observed in

the ascomycete Neurospora tetrasperma, in which one

allele of the mating-type locus has undergone a dramatic

rearrangement and now occupies a large recombination-

suppressed region of its host chromosome [44,45]. Finally,

in the basidiomycete Microbotryum violaceum, the mating-

type chromosomes are large (2.9 Mb and 3.5 Mb, for the

A1 and A2 chromosomes, respectively), exhibit clear

heteromorphism and are also rich in repetitive elements

[36,46,47].

Therefore, the fungi represent a unique window on the

evolution of sex chromosomes, and the genetic and

genomic tractability of these organisms make them attrac-

tive systems in which to dissect further this complex,

fascinating evolutionary drama played out on a genomic

stage.

Conclusions
Our understanding of the evolutionary forces that drive

the formation of sex chromosomes has grown dramatically

over the past decade. Although the foundation of our

knowledge has come from the study of these structures in

humans, much has come from newer and less traditional

systems. Our understanding of sex chromosome evolution

is growing rapidly: ranging from the bewildering yet

fascinating evolution of the ‘conga-line’ sex chromosomes

of the platypus to the remarkably animal-like chromo-

somes in plants and, finally, to the small yet complex

fungal mating-type loci.
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Although we can certainly expect further enlightenment

of this process from more traditional sources, the com-

plexity of the story of sex chromosome evolution is

gaining chapters from some very unexpected and unlikely

sources. Further genomic information, whether from the

platypus genome project, the fungal genome initiative or

elsewhere, will continue to illuminate this fascinating

saga of convergent genomic evolution in highly divergent

eukaryotes.
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Genomic inferences from Afrotheria and the
evolution of elephants
Alfred L Roca and Stephen J O’Brien
Recent genetic studies have established that African forest and

savanna elephants are distinct species with dissociated

cytonuclear genomic patterns, and have identified Asian

elephants from Borneo and Sumatra as conservation priorities.

Representative of Afrotheria, a superordinal clade

encompassing six eutherian orders, the African savanna

elephant was among the first mammals chosen for whole-

genome sequencing to provide a comparative understanding

of the human genome. Elephants have large and complex

brains and display advanced levels of social structure,

communication, learning and intelligence. The elephant

genome sequence might prove useful for comparative genomic

studies of these advanced traits, which have appeared

independently in only three mammalian orders: primates,

cetaceans and proboscideans.
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Introduction: genomics and the Afrotheria
A leading criterion used to select mammalian taxa for

whole-genome sequencing is the role of comparative

genomics in understanding the human genome [1,2].

Regions of crucial function in genes and non-coding

elements tend to be conserved across taxa [1,2]. Aligning

human DNA sequences to those of divergent taxa might

facilitate the identification of genomic regions of impor-

tance to human health and disease, which can be targets

for further study [1,2]. Eutherian (placental) mammalian

orders comprise four primary superordinal groups

(Figure 1a), the most basal of which includes elephants,

hyraxes, sirenians (dugongs and manatees), aardvarks,

elephant shrews, golden moles, and tenrecs [3,4��].
The superordinal group was designated Afrotheria (see

Glossary), or ‘African beasts’, because its constituent
Current Opinion in Genetics & Development 2005, 15:652–659
orders had differentiated within Africa [3]. Afrotheria

diverged from other eutherian mammals approximately

104 million years ago, coincident with the tectonic isola-

tion of Africa from other continents [3,4��,5]. The diver-

gent position of Afrotheria among superordinal eutherian

clades (Figure 1a) suggested that representative species

of Afrotheria should be included among the first set of

mammals selected for whole-genome sequencing [1]; the

African savanna elephant (Loxodonta africana) and tenrec

(Figure 1a) were selected.

Several additional factors make an elephant the ideal

candidate within Afrotheria for whole-genome sequen-

cing (Figure 1b). Elephants comprise the best-studied

afrotherian order [6�], with more research articles and

DNA sequences generated than for all other afrotherian

taxa combined. Elephants have a unique morphology [1],

with derived structures such as their trunk and tusks, and

lungs adapted for snorkeling, and well-developed senses

of olfaction, hearing and touch [6�,7,8]. Their long life-

spans may be of interest for research on longevity, and

they are subject to diseases, including anthrax, herpes-

virus, orthopoxvirus and tuberculosis, that have analogues

in humans or livestock [6�,7,8]. Endogenous repetitive

elements [9,10] and remarkable cytonuclear genomic

patterns [11��] have been characterized. Elephants have

large brains, which enable them to exhibit complex

systems of communication and social interaction, and

relatively high levels of learning and memory

[6�,12,13�]. The three extant elephant species are

endangered [6�,7,14,15�], and genomic sequencing of

one species will generate markers useful in conservation

genetics for all three. The African forest elephant (Lox-
odonta cyclotis) was a candidate less ideal for sequencing:

it is absent from zoos, precluding sample collection; it is

relatively unstudied [6�]; and it displays high genetic

diversity [11��,16,17], which complicates genome

assembly. The African savanna elephant (L. africana)
was selected over the Asian elephant (Elephas maximus)
because the former has been studied more extensively

using nuclear DNA markers [11��,16,17]. The L. afri-
cana individual at the San Diego Zoo selected for

sequencing derived from the Kruger National Park

population, which displays the low genetic diversity

typical of savanna elephants [11��,16,17]. Initially,

two-fold coverage of the genome is being generated,

although the elephant should prove a strong candidate

for high-quality complete genome assembly, which

would enable comprehensive studies of repetitive ele-

ments, rearrangements, and changes in copy numbers

[18].
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Glossary

Afrotheria: A superordinal clade of mammals including the six

eutherian orders Proboscidea (elephants), Sirenia (dugongs and

manatees), Hyracoidea (hyraxes), Macroscelidea (elephant shrews),

Tubulidentata (aardvarks) and Afrosoricida (tenrecs and golden

moles).

Conplastic: Describes lineages, such as selectively bred strains of

laboratory rodents, in which the nuclear genome from one species (or

strain) has been crossed onto the cytoplasm of a different species (or

strain). This occurs after a male from the first species mates with a

female of the second species, followed by ten or more generations of

recurrent backcrossing of female hybrid offspring to non-hybrid males

of the first species.

Fission–fusion society: A flexible form of social organization in which

fusion into larger groups or fission into smaller groups occurs

depending on the activity of the group or the season of year.

Haldane’s rule: ‘‘When in the F1 offspring of two different animal races

one sex is absent, rare, or sterile, that sex is the heterozygous [het-

erogametic] sex.’’ Originally formulated by JBS Haldane in 1922 [51].

Metagenomic: Studying the genomes of multiple organisms by

treating a microbial or environmental community as a single entity.

Used in the context of ancient DNA, it describes a genetic library that

includes a mix of DNA from the target fossil genome and from

contaminating bacterial or environmental DNA.
When savanna met forest: cytonuclear
genomic dissociation and the African elephant
species question
Although recent studies have identified two species of

elephant in Africa, conservation strategies for African

elephants traditionally treated them as a single species

[15�]. Relative to savanna elephants, the elephants in
Figure 1

Selecting taxa within Afrotheria for whole genome sequencing. (a) Molecula

including Afrotheria, which separated from other mammals approximately 10

lengths are depicted with permission (Nature Publishing Group) [5]. (b) The

sequencing as a representative of Afrotheria useful for annotation of the huma

of other criteria (right of vertical line) that also make the African savanna ele

sequencing.
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Africa’s tropical forests are smaller, with straighter and

thinner tusks, rounded ears, and marked differences in

skull morphology [14]. There is little overlap in the

geographic range occupied by the two species

(Figure 2); the forest elephant inhabits the tropical forests

of Africa, whereas the savanna elephant lives in savanna,

bush and lightly forested regions [14]. The forest ele-

phant is more of a browser and frugivore, lives in smaller

groups and communicates with lower-frequency vocaliza-

tions [14]. A comprehensive morphological comparison of

295 African elephant skulls of known provenance in

museums concluded that forest and savanna elephants

‘‘rank as perfectly distinct species, with absolute differ-

entiation between them’’ [19], and with only a relatively

narrow habitat contact zone in which intermediate

morphologies were detected. A second morphological

survey [20] that sought to question the forest–savanna

elephant split nonetheless produced concordant results,

with 46 of 48 skulls readily identified as forest or savanna

elephants following the geographic distribution recog-

nized for the two groups [14]. The two morphologically

intermediate specimens were from regions (Kanyatsi and

Katanga) [20] where a few hybrids might be expected

under the two-species model [14,19,21].

Genetic studies using nuclear DNA markers provided

solid evidence indicating that forest and savanna ele-

phants comprise two distinct species of African elephant.

Genetic distances based on nuclear gene sequences sug-

gested that the two species diverged from a common
r phylogeny of four superordinal clades of placental mammals;

4 million years ago (mya) [3,4��,5]. Inter-ordinal relationships and branch

African savanna elephant was initially suggested for whole-genome

n genome, and because of its unique morphology [1]. There are a variety

phant the ideal candidate among the Afrotheria for whole-genome

Current Opinion in Genetics & Development 2005, 15:652–659
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Figure 2

Cytonuclear genomic dissociation in African elephant species. Populations from which elephant DNA samples were sequenced for multiple

genetic markers are shown, with savanna elephant habitats colored beige, tropical forests dark green, and intermediate habitats light green [11��,21].

Pie charts summarize results of genetic markers that are inherited maternally (left pie charts), biparentally (center) or paternally (right). With very few

exceptions, alleles were distinct between forest and savanna elephants for the Y-chromosome and biparentally transmitted markers. However,

some savanna populations with only savanna-typical nuclear markers carried mtDNA typical of forest elephants (locale codes labeled with an

asterisk have significantly higher levels of forest-typical mtDNA than of forest-typical nuclear genes) [11��]. This could not be accounted for by

recent hybrids, which would be expected to show a mix of forest and savanna alleles (inset) but, instead, indicates a conplastic pattern (inset)

caused by repeated unidirectional hybridization (see Figure 3) [11��]. The unusual cytonuclear pattern might suggest areas of research that

would merit future investigation, such as whether low fertility among some zoo elephants could be associated with a conplastic cytonuclear

configuration; or whether there might be a role for parasites in excluding savanna elephants from tropical forests [49]. Reproduced with

permission (Nature Publishing Group) [11��]. Locales: forest populations: DS, Dzanga Sangha; LO, Lope; OD, Odzala; savanna populations:

AB, Aberdares; AM, Amboseli; BE, Benoue; CH, Chobe; HW, Hwange; KE, Central Kenya; KR, Kruger; MA, Mashatu; MK, Mount Kenya; NA,

Namibia; NG, Ngorongoro; SA, Savuti; SE, Serengeti; SW, Sengwa; TA, Tarangire; WA, Waza; and ZZ, Zambezi; and the mixed habitat

zone of GR, Garamba.
ancestor approximately three million years ago [11��,16].
Multiple fixed nucleotide-site differences were detected

between forest and savanna elephants, which also

grouped into two reciprocally monophyletic clades [16].

Computation of FST indicated that a remarkably high

proportion (94%) of the genetic variation among African

elephants was a result of differences between forest and

savanna elephants, and only 6% was caused by intra-

group genetic variation [16]; this was later verified using

microsatellites (forest–savanna RST = 0.90) [17]. Analysis

of nuclear gene haplotypes [11��,16] provided further

strong support for species-level distinction. An autosomal

gene (GBA) haplotype found in 96% of savanna elephant

chromosomes was completely absent from forest popula-

tions, whereas two autosomal gene (CHRNA1 and VIM)

insertion–deletion variants common in forest elephants

across the Congolian forest were absent in savanna popu-

lations [16]. For three X-linked genes, BGN, PHKA2 and
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PLP, a total of 1762 (99.9%) chromosome sequences out

of 1764 inspected in savanna elephants carried haplotypes

completely absent in elephants from tropical forest

locales, whereas 100% of 293 chromosome segments

examined in forest populations had forest-typical haplo-

types (Figure 2, middle pie-charts) [11��]. Similarly, two

distinctive Y-chromosome lineages (Figure 2, right pie-

charts) were detected among males (n = 205), and these

lineages split into forest and savanna elephant clades

with only a single, exceptional male [11��]. Thus, only

a small number of forest–savanna elephant hybrids were

detected using nuclear genes [11��,16,17].

Mitochondrial DNA (mtDNA)markers in the same popu-

lations also form two highly divergent clades [11��,20],
but these did not always correspond to the nuclear geno-

type of the elephants that carried them (Figure 2)

[11��,16,17]. In some savanna populations, even among
www.sciencedirect.com
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Figure 3

Generation of conplastic cytonuclear patterns in savanna elephants. The cytonuclear dissociation apparent in African elephant species (Figure 2)

could only result from inter-species hybridization between forest elephant females and savanna elephant males [11��]. As habitats changed, large

savanna males (unshaded) would gain access to forest females (shaded black), enabling hybridization to occur. Given that reproductive success

among male elephants depends largely on body size [6�,22,23], recurrent backcrossing would occur between hybrid (intermediate shading) females

and large savanna males, which would out-compete the smaller forest or hybrid males. The forest elephant component of the nuclear genome

would be diluted and replaced, although herds would retain maternally inherited forest-typical mtDNA haplotypes. Other deleterious effects of

hybridization that differentially harm male hybrids (Haldane’s rule) could have also played a role.
those geographically distant from present-day forest habi-

tats, many individuals with only savanna-specific nuclear

genotypes nonetheless carried mtDNA typical of forest

elephants (Figure 2, left pie charts) [11��]. The pattern

cannot be attributed to recent hybridization [20], because

recent hybrids would display a mix of forest and savanna

nuclear gene alleles (Figure 2, inset). Instead, a ‘con-

plastic’ (see Glossary) pattern is present, in which savanna

elephants without forest-typical nuclear alleles nonethe-

less carry forest-typical mtDNA (Figure 2, inset). The

conplastic cytonuclear pattern could only be interpreted

as resulting from a three-step process of (i) species iso-

lation and divergence; (ii) ancient inter-species hybridi-

zation between forest elephant females and savanna

elephant males; and (iii) low reproductive success for

hybrid males (Figure 3) [11��]. This scenario is plausible

if one considers that fully grown savanna bulls are much

larger than forest bulls, with no size overlap between the

oldest males [14,19], and that reproductive success in

male elephants depends largely on body size [6�,22,23].
Recurrent backcrossing of female hybrid elephants to

large savanna males, out-competing the smaller forest or

hybrid males, would dilute and replace the forest elephant

component of the nuclear genome but would retain the

maternally inherited forest-typical mtDNA haplotypes

(Figure 3) [11��]. Other deleterious effects of hybridization

that differentially harm male hybrids (Haldane’s rule; see

Glossary) might have also played a role.
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The promise of elephant conservation
genomics
The persistence of residual forest elephant mitochondria

in savanna elephant herds (Figures 2 and 3) would render

evolutionary interpretations based onmtDNAmisleading

[11��]. The African elephant cytonuclear dissociation

(Figures 2 and 3) [11��] implies that applying species

concepts to elephant mtDNA sequence trees [20] would

amount to an error of confusing the topology of a singu-

larly unrepresentative gene tree for that of the species

tree, because elephant mtDNA markers can mislead

when they do not parallel the pattern present in the

nuclear genome (see Figure 4a) [11��]. Nonetheless,

mtDNA markers remain useful for some applications.

For example, Nyakaana and colleagues [24,25] used

mtDNA to show that gene flow in elephants is largely

male-mediated. They also demonstrated that the typical

social structure of elephants, in which females remain

with their maternal family groups, was disrupted in

Uganda by intensive poaching that led surviving ele-

phants to form novel family units of unrelated females

[26].

Asian elephants also display unusual mtDNA phylogeo-

graphic patterns, with the mtDNA haplotypes carried by

elephants in Sundaland (Borneo, Sumatra and the Malay

Peninsula) similar to those carried by many Sri Lankan

elephants, whereas geographically intermediate mainland
Current Opinion in Genetics & Development 2005, 15:652–659
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Figure 4

The promise and pitfalls of elephant conservation genomics. (a) Genetic markers can mislead if they are unrepresentative of the diversity present

in the nuclear genome, especially if used to assess overall population structure. In many species, mtDNA and nuclear markers imply similar

phylogenetic or phylogeographic patterns (left); however, the conplastic cytonuclear pattern in many savanna elephants (Figures 2 and 3)

means that mtDNA markers can be representative of a different evolutionary history from that of the nuclear genome. The nuclear genome

includes >100 000-fold more sequence and contains >1000-fold more coding genes than the mitochondrial genome [18,50]; thus, the utility of

mtDNA for describing the systematics or overall population structure of elephants can be quite circumscribed. (b,c) Wasser et al. [36] have proposed

the use of microsatellites to pinpoint the provenance of ivory. Their method must overcome four difficulties: (1) the geographic clustering of sampling

sites in some regions, notably western forest and central savanna (ii) might confer a misleading accuracy to the method. For example, 50% of

elephants in the central savanna region were assigned to within �338 km of their actual origin (i) [36], but this distance must be placed in context by

noting that the only two locales included as part of the region (Benoue [BE] and Waza [WA] in Cameroon; Figure 2) are only �346 km apart [15�];

(2) many elephants were grossly mis-assigned to a location very distant from their true provenance (iii) [36]. For example, savanna elephants from

as far away as Botswana were assigned to Waza, and 10% of Garamba elephants were assigned to the most distant forest locale in the study,

the Tai Forest of Côte d’Ivoire (Venn diagrams) [36]; (3) the percent accuracy of assignment calculated by Wasser et al. [36] does not reflect the

lack of precision caused by elephants being mis-assigned to a locale from elsewhere. For example, 100% accuracy is calculated for the

Tai Forest, because the two Tai Forest elephants were correctly assigned. Yet ten elephants from other locales were also incorrectly assigned

to the Tai Forest (Venn diagrams) [36]; (4) finally, better sampling could actually diminish the accuracy of assignments. The addition of

more nearby locales might increase the mis-assignment of elephants, because geographically close elephants will tend to have similar

genotypes. Thus, for Hwange (HW), with many nearby sampled locales surrounding it (same as in Figure 2) all elephants were mis-assigned by

Wasser et al. (Venn diagram) [36].
populations mostly carry mtDNA haplotypes that form a

distinctive (� 1.2 million years) clade [27–29]. Proposed

explanations for the unusual mtDNA phylogeography

include the retention and subsequent loss of haplotypes

in some regions, the mixing of two expanding populations

that had been isolated in the Pleistocene, or the separa-

tion and hybridization of two ancestral elephant species

[27,28]. Substantial trade in Asian elephants might have

also affected the phylogeographic patterns [27], although

the widespread belief that wild elephant populations in

Borneo derived from introduced domestic animals was
Current Opinion in Genetics & Development 2005, 15:652–659
contradicted by recent genetic studies showing that their

mtDNA haplotypes are distinctive [30�]. A different

subclade of haplotypes is carried by Sumatran elephants;

thus, each of the two island populations has undergone

lengthy isolation, forms an evolutionarily significant unit

and is a priority for conservation [27,30�]. Given that

mtDNA is often not reflective of overall population

structure among African elephants (Figure 4a) [11��], a
microsatellite survey of Asian elephants would appear to

be crucial for determining conservation priorities among

mainland and Sri Lankan populations.
www.sciencedirect.com
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The elephant genome sequence will facilitate develop-

ment of additional nuclear markers useful for a variety of

important endeavors: for estimating elephant population

sizes through multi-locus genotyping of dung samples

[31]; for determining the sex of individuals and calculat-

ing sex ratios in a population [31]; or for identifying

conservation priorities. Microsatellite analysis suggests

that African savanna elephants in the Sudanian vege-

tation region [21] may be considered a conservation

priority, because Cameroon elephants are genetically

different from eastern and southern savanna populations

[17], while savanna populations west of Cameroon

should be at least as distinctive. Analysis of mtDNA

sequences had initially suggested that forest and

savanna West African elephants together might com-

prise a separate species of Loxodonta [31,32]. However,

this contention was undermined by the discovery that

some Central African elephants carried mtDNA haplo-

types similar to those of West African elephants [33�],
and it was further weakened after mtDNA patterns in

other savanna locales proved to be incongruent with

overall population structure (Figure 2) [11��]. Morpho-

logical analyses have been inconclusive, and the West

African dataset of elephant skulls in museums is

believed to be unrepresentative of elephants in the

region [34]. Resolution of the genetic status of savanna

and forest West African populations remains a major

goal for elephant conservation genetics, especially given

that West Africa has the smallest elephant numbers and

most-highly fragmented habitats of any African region

[15�].

DNA has been successfully extracted from small amounts

of ivory anywhere along the length of a tusk [35�], and
microsatellite genotyping has been proposed for deter-

mining the provenance of illicit ivory [36]. However,

although nuclear genetic markers accurately and precisely

differentiate among the three extant elephant species

[11��,16,17], and in a more limited way identify broad

regional geographic patterns within species [17], attempts

to further pinpoint the provenance of ivory through

spatial smoothing of genotypes [36] are of uncertain

practical utility, as a result of several important caveats

(see Figure 4b).

Conclusion: trumpeting the future and
the past
One spectacular recent advance in genomic studies

involved the construction of ancient DNA ‘metagenomic’

(partly contaminated; see also Glossary) libraries using

two 40 000 year-old fossils of the extinct cave bear (Ursus
spelaeus), demonstrating that the libraries have the poten-

tial for 10-fold coverage of the entire genome of a fossil

animal [37��]. Using the savanna elephant genome

sequence as a comparative standard, extinct taxa across

four proboscidean families could be candidates for meta-

genomic sequencing, if specimens with intact DNA are
www.sciencedirect.com
located [7,8]. An excellent candidate for metagenomic

sequencing is the woolly mammoth, Mammuthus primi-
genius, which is in the same family (Elephantidae) as the

three living elephant species. Mammoths are the only

extinct proboscidean for which mitochondrial and nuclear

DNA have been sequenced by multiple laboratories, with

conflicting reports of its phylogenetic relationship to

living elephants [8,9].

The elephant genome sequence might shed light on the

evolution of large brains and advanced behaviors. Ele-

phants have larger absolute brain weights and cortical

volumes than do humans or other terrestrial mammals,

with only marginally fewer cortical neurons than humans

[12,13�]; relative to humans, though, myelinated fiber

thickness is much lower in elephants and cetaceans,

giving them reduced information processing capacity

[13�]. Although not all studies concluded that elephants

have high intelligence [38], wild and captive elephants

have been known to engage in tool use [39,40] and

communicate within and between social groups using

tactile, chemical and vocal means [41–43]. Elephants

can modify their vocalizations in response to auditory

experience, suggesting a flexible and open communica-

tion system [43]. Older matriarchs can recognize the

contact calls of approximately 100 others in the popula-

tion, learn to readily discriminate between familiar and

unfamiliar conspecifics, and gear the defensive behavioral

response of their family groups accordingly [44,45]. Older

matriarchs lead larger family groups [46�] that are repro-

ductively more successful than those headed by inexper-

ienced females [44]. Elephants have a multi-level,

fission–fusion social structure (see Glossary), being the

first non-human animal in which four hierarchical tiers of

social organization have been rigorously demonstrated

[46�]. It has even been suggested that social trauma such

as early disruption of attachment can affect the physiol-

ogy, behavior and ‘culture’ of elephants, much as post-

traumatic stress disorder affects humans [47]. The genet-

ics of large brains and advanced traits is not well under-

stood; however, elephants, primates and cetaceans [48]

comprise the only distinct mammal lineages (Figure 1a)

in which such advanced traits could be studied on a

comparative basis [4��,12,13�]. It should soon be possible

to examine candidate genes for these traits in elephant

and cetacean genomes, or to scan across all mammalian

genomes for genes showing evidence of selection in the

elephant, cetacean and primate lineages but not in other

mammals. The advanced intelligence of humans — rela-

tively speaking—might result from the combination and

enhancement of properties found in non-human animals

rather than from unique properties, making comparative

studies appropriate [13�]. Although in recent years mod-

ern genetic methods have taught us much about the

evolutionary history of elephants, future genomic studies

might use elephants to study the traits that make us

human.
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Sex chromosomes and sex determination in reptiles
Commentary
William S Modi1 and David Crews2
Reptiles occupy a crucial position with respect to vertebrate

phylogeny, having roamed the earth for more than 300 million

years and given rise to both birds and mammals. To date, this

group has been largely ignored by contemporary genomics

technologies, although the green anole lizard was recently

recommended for whole genome sequencing. Future

experiments using flow-sorted chromosome libraries and high-

throughout genomic sequencing will help to discover important

findings regarding sex chromosome evolution, early events in

sex determination, and dosage compensation. This information

should contribute extensively toward a general understanding

of the genetic control of development in amniotes.
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Introduction
Reptiles are a familiar group of vertebrates, having

existed for more than 300 million years. Although these

animals reached their zenith during the Jurassic and

Cretaceous periods, today they are represented by only

four orders (turtles, crocodilians, squamates [snakes and

lizards] and sphenodontians [tuatara]) (Figure 1). How-

ever, not only do these animals occupy a pivotal position

on the phylogeny of vertebrates — they are the direct

ancestor to birds and mammals — but they also possess

several unique biological attributes that, if better under-

stood, could contribute significantly to understanding

basic evolutionary biology and the molecular mechanisms

behind human health and disease. Recent technical

advances in DNA sequencing have made whole genome

sequencing possible for a variety of species. One mission

of the ambitious National Human Genome Research

Institute (NHGRI) is whole genome sequencing of var-

ious animal species. Among vertebrates, whole genome

sequences are now available for chicken, Xenopus and
Current Opinion in Genetics & Development 2005, 15:660–665
three species of fish, and the sequences of over 20 species

of mammals are complete or underway (http://www.

genome.gov/11007951). Interestingly, reptiles have

remained impervious to the watchful eye of the NHGRI’s

comparative sequencing program. However, at NHGRI’s

request, the Reptile Genome Consortium met in April

2005 at Washington University’s Genome Sequencing

Center in St Louis. Their subsequent mission was to

consult the scientific community and make recommen-

dations to the Institute on which species should be

considered for whole genome sequencing. Their recom-

mendation was submitted to NHGRI as a ‘White Paper’

in July 2005, and the community overwhelmingly chose

the green anole lizard, Anolis carolinensis, as its first target

species, with the American alligator, garter snake and/or

painted turtle to follow (http://reptilegenome.com). The

green anole is an excellent choice, having been used as a

model system for reptilian physiology, neurology and

reproductive behavior for many years [1].

In addition to the whole genome sequencing of Anolis and

subsequent species, parallel investigations into reptilian

genomics will unlock many of the fascinating secrets that

nature has bundled into these intriguing animals. This

review summarizes research on reptilian sex chromo-

somes and sex determination, and recommends the pre-

paration of flow-sorted chromosome-specific libraries (see

Glossary). Such libraries will enable reconstruction of the

evolutionary events involved in sex chromosome diversi-

fication and will provide the raw materials necessary to

study the expression of specific genes involved in sex

determination and dosage compensation.

Has the mechanism of sex determination
evolved independently in different reptilian
lineages?
Sex chromosomes are distinct from autosomes in that they

differ in size, number, staining characteristics, and gene

content when the two sexes are compared. Ohno’s law [2]

asserts that heteromorphic sex chromosomes originated

from an autosomal ancestor following a mutation that

conferred a sexual advantage. Additional sex-linked

mutations in other genes then accumulated on the same

homologue. Recombination between the primordial sex

chromosomes was suppressed by chromosomal rearrange-

ments such as inversions to preserve the block of sex-

linked genes. The absence of recombination fostered the

accumulation of mutations and repetitive sequences with

subsequent ‘heterochromatization’ of the sex-specific

chromosome. Deletions of heterochromatin account for

the smaller sizes usually observed for the Y or W chromo-
www.sciencedirect.com
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Glossary

Boids: The snake taxonomic family Boidae contains boa constrictors

and pythons.

Diploid–triploid somatic mosaicism: The presence of different

chromosome numbers in different adult tissues of the same individual.

In this case, certain tissues have a diploid (2n) complement, whereas

other tissues have a triploid (3n) complement.

Flow-sorted chromosome-specific libraries: A sample of genomic

DNA enriched for a specific chromosome, prepared by separating a

suspension of mixed chromosomes with fluorescence-activated cell

sorter.

Male- or female-permissive temperature: The ambient

temperature that causes embryonic development of a bipotential

gonad into a testis or ovary in species with temperature-dependent

sex determination.

Subtractive hybridization analyses: A molecular biological

procedure that compares RNA levels from different tissues in an

attempt to identify transcripts that are over- or under-expressed in

one tissue relative to in others.

Viperids: This family of poisonous snakes contains Old World vipers,

such as puff adders, bushmasters and sand vipers.
somes compared with the X or Z chromosomes, respec-

tively.

Reptiles exhibit some of the most extraordinary variabil-

ity in sex chromosome structure and patterns of sex

determination seen among vertebrates (Figure 1) [3].

For example, all crocodilians, the tuatara, most turtles

and many lizards have temperature-dependent sex deter-

mination (TSD), in which adult anatomical sex is a

function of the temperature at which eggs are incubated.

Species that display TSD do not reveal karyotypic differ-
Figure 1

Vertebrate phylogeny illustrating sex determination modes in different

taxa. ‘‘Female’’ and ‘‘Male’’ represent genetic sex determination with

female and male heterogamety, respectively. TSD represents

temperature-dependent sex determination. An unanswered question in

contemporary reptilian phylogenomics regards the relationships of

turtles to other reptiles.

www.sciencedirect.com
ences between males and females, and the range in

temperature that produces all males or all females can

be as little as 1 8C [4].

By contrast, several turtles, some lizards and all snakes are

subject to genetic sex determination (GSD), in which

adult sex is chromosomally determined at the time of

fertilization. At least two species of turtles and some

lizards have male heterogamety (XY males and XX

females), whereas other turtles, other lizards and all

snakes have female heterogamety (ZZ males and ZW

females). Other turtles are chromosomally monomorphic,

and additional experiments are needed to determine if

they have GSD or TSD. The ZW chromosomes of snakes

reveal increased differentiation as one progresses from

the phylogenetically primitive boids to the more

advanced viperids (Figure 2a; see also Glossary). The

origin of heteromorphic XY sex chromosomes in two

species of turtles is thought to have occurred indepen-

dently, and these same chromosomes appear as auto-

somes in other species of turtles with TSD (Figure 2b)

[5,6].

The variability seen among reptilian sex chromosomes

suggests that sex chromosome and sex determination

systems have evolved independently in different

lineages. However, definitive molecular cytogenetic

and gene mapping data for reptilian sex chromosomes,

which would precisely define their evolutionary histories,

are lacking. An important set of experiments would use

flow cytometry [7] to prepare flow-sorted W, X, Y, and Z

chromosome-specific libraries from several species with

heteromorphic sex chromosomes (Table 1). In an effort to

trace the origin of sex chromosome differentiation, these

sex chromosome-specific libraries could then be used as

hybridization probes in fluorescence in situ hybridization

to metaphase chromosomes from various species having

both TSD and GSD.

Identification of genes involved in vertebrate
sex determination
A plausible hypothesis posits that sex-determining sys-

tems evolve by the retrograde addition of regulatory

elements upstream of established developmental pro-

grams [8–11]. If this is accurate, then various sex-deter-

mining systems can be thought of as one evolutionarily

conserved core network regulated by various taxon-spe-

cific upstream factors. For example, many of the same

genes that are important in mammalian sex determination

are found in other species and show strong similarity in

their temporal patterns of expression during gonadogen-

esis (Figure 3).

Little is known about the cellular and molecular

foundations of sex determination in reptiles. The most

sought-after but least well-understood are the tempera-

ture-transduction mechanism(s) that initiate the TSD
Current Opinion in Genetics & Development 2005, 15:660–665
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Table 1

Species of reptiles with heteromorphic sex chromosomes that could

DNA libraries.

Common name Scientific name

Mexican musk turtle Staurotypus salvin

Asian black pond turtle Siebenrockiella cr

brown-roofed turtle Kachuga smithii

tiger whiptail lizard Cnemidophorus t

house gecko lizard Gehyra australis

garter snake Thamnophis sirtal

Russell’s viper Daboia russellii

* XX/XY, refers to genetic sex determination with male heterogameity; ZZ/

Figure 2

Ideogrammatic depiction of heteromorphic sex chromosomes in two

groups of reptiles. (a) Chromosomes from three families of snakes,

illustrating the progressive differentiation of the ZW system when

going from phylogenetically primitive to advanced taxa [2]. (b)

Chromosomes from two genera of turtles, portraying what are

believed to be independently derived XY sex chromosomes in each

case [5,6].
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pathway. One model species for the study of TSD is the

red-eared slider, Trachemys scripta [4,12]. Although adult

testis and ovary morphologies are highly conserved across

amniotes, there are differences in the cellular events

involved in gonadogenesis. Two notable differences

between mouse and turtle include (i) the mechanism

of sex cord formation; and (ii) the initial location and

subsequent behavior of primordial germ cells in the gonad

[13,14]. In turtles, both males and females form primitive

sex cords before sexual differentiation of the gonads. By

contrast, mouse testis cords appear to form de novo in the

male gonad and not at all in the female gonad [15]. In

turtles, primordial germ cells are initially located in the

cortex and, subsequently, migrate into cord structures in

the medullary region of the gonad at male-permissive

temperature, but at female-permissive temperature (see

Glossary) remain in the cortex. It is unclear whether

recruitment of germ cells to sex cords is driven by

supporting cells as it is in mammals or whether germ

cells recruit and/or organize the formation of testis cords.

Furthermore, the turtle orthologs (tSox9, tWt1, tSf1,

tDmrt1, tWnt4, tDax1 and tMis) of the mammalian genes

implicated in sex determination and differentiation are

expressed early in the temperature-sensitive period. This

suggests that incubation temperature is capable of enga-

ging this core molecular cascade.

Details remain to be elucidated concerning the temporal

patterns of gene expression, the cell types that express

these genes, and the functions of their gene products.

Nevertheless, this model predicts that the significant

differences between turtles and mammals are in the

upstream regulators, whereas the core downstream path-

ways mediating ovary and testis development are con-

served. There are significant gaps in our knowledge of

how temperature acts on target cells in the turtle gonad to

influence gene expression, protein activity, mRNA sta-

bility and post-transcriptional events. There are similar

gaps in our knowledge of mammalian sex determination.

In both cases, the identity and action of genes and cells

between the initial trigger (genetic or environmental) and

the up-regulation of the core sex-determining pathway
be used to generate flow-sorted, chromosome-specific, genomic

Mode of sex determination*

ii XX/XY

assicollis XX/XY

ZZ/ZW

igris XX/XY

ZZ/ZW

is ZZ/ZW

ZZ/ZW

ZW, refers to genetic sex determination with female heterogameity.

www.sciencedirect.com
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Figure 3

Selected genes underlying differentiation of the genital ridge into an ovary or testis in amniote vertebrates. Phylogenetic relationships indicated

on the left of the figure. In mammals and birds, gonadal sex is established by the genetic composition inherited at fertilization, a process known

as genotypic sex determination (GSD). In some reptiles, gonadal sex depends, ultimately, on the temperature of the incubating egg, a process

known as temperature-dependent sex determination (TSD). The trigger for gonad determination in mammals is the presence (+) or absence (�) of

Sry; in birds the trigger is unknown but appears to be the Z chromosome to autosome ratio. Note that many of the same genes appear to be

involved in gonadal differentiation for species exhibiting GSD (mammals and birds) and TSD (turtles and crocodilians). Note, also, that for these

selected genes the patterns of expression appear to reflect phylogenetic relationships, with mammals being similar to turtles, and birds more

similar to crocodilians. The regulatory mechanisms behind the expression patterns for most of these selected genes are currently being

investigated, but timing of SOX9 and MIS expression during testis development appears to fall along phylogenetic lines; in mammals and turtles,

SOX9 expression precedes MIS expression, whereas in alligator and bird the reverse pattern is seen. Finally, through manipulating the genetic,

physical or chemical environment it is possible to modify gonadal sex in both GSD and TSD species. Abbreviations: DAX1, dosage-sensitive sex

reversal-adrenal hypoplasia congenital critical region on the X chromosome; DM, DMRT1, doublesex- and mab3-related transcription factor one;

MIS, Müllerian-inhibiting substance; SF-1, steroidogenic factor one; SOX9, SRY-related HMG box nine; SRY, sex-determining region on the Y

chromosome; WT1, Wilm’s tumor one. Plus (+) indicates presence, and minus (�) indicates absence. Up arrow (") indicates up-regulation, and

down arrow (#) indicates down-regulation.
remain obscure. Trachemys scripta offers unique advan-

tages and opportunities for experimental manipulation

and promises to provide insight into early events of testis

and ovary determination.

In organisms subject to TSD, putatively conserved sex-

determining pathways are triggered by unknown mole-

cular mechanisms that respond to temperature during the

middle third of incubation. Reconstructing the evolution

of sex-determining mechanisms is a long-term goal and

requires analysis of both conserved and taxon-specific

components of vertebrate sex-determining pathways.

Although the former is best achieved by examining the

roles of known sex-determining genes in a variety of

vertebrates, elucidation of mechanisms that are unique

to particular sex-determining systems requires de novo
screening in the organism in question. Subtractive hybri-

dization analyses (see Glossary) have identified genes that

differ in their expression in the gonad at male- and

female-producing temperatures. Members of this set of

promising candidate genes might be involved in sex

determination upstream of conserved vertebrate sex-

determining genes. Similarly, using a genomics approach,

one could determine the nucleotide sequence of entire W

and Y chromosomes isolated using flow cytometry. This
www.sciencedirect.com
would produce a list of several hundred genes per chro-

mosome. These sex-specific genes could then be ana-

lyzed using cDNA arrays, hopefully yielding a

manageable subset of candidate genes, the expression

patterns of which could then be studied in reptilian

embryos of species having either GSD or TSD.

Dosage compensation in reptiles?
Species with heteromorphic sex chromosomes are faced

with the dilemma of how to achieve equal levels of gene

expression between the sexes when one sex has only one

copy and the other sex has two copies of a particular

chromosome. Dosage compensation allows for the differ-

ential expression of sex-linked genes [16]. This phenom-

enon has been most intensively studied in three systems

in the animal kingdom: Drosophila, Caenorhabditis elegans
and mammals (primarily human and mouse). Different

processes characterize each of these three systems; how-

ever, there is one essential common feature: in all three

cases, specialized complexes bind to the X chromosome

of one sex, modify its chromatin confirmation and reg-

ulate its transcription. Active areas of research include

determination of the cis-acting site(s) on the X chromo-

some that initiate dosage compensation and elucidation of

the subsequent downstream epigenetic events. Further
Current Opinion in Genetics & Development 2005, 15:660–665
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Figure 4

Diagram indicating the concept of ‘spreading’ in the process of dosage compensation in three model systems. In mammals, an important step in

X chromosome inactivation is the ‘coating’ of the inactive X with Xist RNA, which is encoded by a single gene [22]. In C. elegans, the dosage

compensation complex initially binds to multiple cis-acting recruitment sites on the X, and then spreads out along the entire chromosome [17].

Alternatively, spreading is not thought to occur in Drosophila; rather, a model involving hierarchal affinities of binding sites has been proposed [18].
studies of dosage compensation will provide greater

insight into the mechanisms regulating chromatin domain

organization, which is crucial toward understanding the

regulation of gene expression in development [17].

In Drosophila males, transcription of the single X chromo-

some is doubled so that the amount of gene product

equals that of XX females. Dosage compensation is

carried out by a ribonucleoprotein complex called the

dosage compensation complex (DCC) [18]. This assem-

blage contains six proteins: three male-specific lethals

(MSL1, MSL2 and MSL3); males absent on the first

(MOF); a histone acetyltransferase (HAT); and the

JIL1 histone H3 kinase. In addition, roX1 and roX2,

two non-coding RNAs, are involved [19]. This DCC

accumulates in the males’ cells and coats the X chromo-

some. The histone H4 at lysine 16 on the X becomes

acetylated, the chromatin becomes less compact and

transcription is elevated. The actual mechanism of how

histone modification affects transcriptional activation is

unclear.

In C. elegans, genes on the XX chromosomes of hermaph-

rodites are downregulated so that their transcriptional

output is equal to that of the genes in the XO male. This

downregulation is initiated by a protein called SDC-2 (sex

determination and dosage compensation defect-2), which

assembles a collection of proteins including DPY-26

(DumPY: shorter than wild type protein-26), DPY-27,

SDC-3 and MIX-1 (mitosis- and X-associated protein-1),

which, collectively, are known as the DCC [20]. The

DCC is recruited to multiple cis-acting regions of the X

chromosomes of hermaphrodites and spreads out along

the chromosome from these initial binding sites to effect

suppression of transcription on the entire chromosome

(Figure 4) [17].

In mammals, dosage compensation is achieved by the

transcriptional silencing of one complete X chromosome

in all cells of the female body [21]. This process of X

chromosome inactivation (Xi) takes place early in devel-

opment [16]. It is mediated from a single X inactivation

center (Xic), containing a cis-acting gene called Xist, which
Current Opinion in Genetics & Development 2005, 15:660–665
encodes a non-coding RNA that coats the inactive X

chromosome [22]. Subsequently, this process involves a

series of epigenetic events, including methylation of both

histones and nucleic acids, and histone hypoacetylation

[23]. Furthermore, it has recently been shown that the

PRC1 (protein regulator of cytokinesis 1) complex of

polycomb proteins maintains the inactive state in somatic

cells [24]. Finally, it is known that many human genes on

the inactive X escape inactivation, and these escape genes

are non-randomly distributed along the inactive X chro-

mosome [25].

Given the extreme diversity in reptilian sex chromosome

systems, one would predict that fundamentally distinct

dosage-compensation systems exist in this group and that,

by studying these species, novel molecular mechanisms

controlling chromatin organization and gene expression in

development might be discovered. In addition, we can

ask whether dosage compensation occurs in polyploid

reptiles such as the desert-grasslands whiptail lizard, a

triploid parthenogenetic species descended from the

hybrid union of two sexual species [26]; or the side-

necked turtle, Platemys platycephala, a species having

diploid–triploid somatic mosaicism (see Glossary) [27].

The study of dosage compensation has been restricted to

model species because extensive genomic reagents are

required for assessing gene expression of an entire chro-

mosome. Current genomics technologies are poised to

open this field to previously unstudied species. The

nucleotide sequence of entire reptilian X and Z chromo-

somes would enable cDNA arrays and quantitative PCR

to measure expression level differences between males

and females [28]. Subsequent studies could determine

whether novel mechanisms of gene silencing or expres-

sion are found during reptilian development.

Conclusions and future directions
Mother Nature created an excellent natural laboratory for

studying the genetic control of development when she

designed the sex chromosome and sex determination

systems of living reptiles. Until now, progress in under-

standing these mysteries has been slow; however, the

availability of contemporary genomics technologies such
www.sciencedirect.com
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as chromosome sorting, fluorescence in situ chromosome

hybridization, high-throughput sequencing, subtractive

hybridization and cDNA arrays are poised to bring

about rapid increases in knowledge. As previous devel-

opmental genetic studies have shown, there are simila-

rities and differences when mechanisms from various

species are compared. In this vein, we can expect to learn

not only reptile-specific processes but also findings that

are much more general in nature. These broader, more

general discoveries are of paramount interest because

they will help us understand normal and abnormal devel-

opment of various embryonic stages in different taxo-

nomic groups.
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