
Introduction 
•  “Laying a string” and “Filling a vessel” , as described by Noam Chomsky, are two models of 

education that are strikingly different in approach and outcome. 

•  “Laying a string” model is an active teaching and learning method where students are provided 
with a string that can guide them through their learning journey.  The active experience is likely 
to enhance students information retention abilities. 

•  “Filling a vessel” model is comparably a passive method and students are likely to serve as 
vessels that get filled with information that is returned during exams and never retained.  

•  Genomics is a relatively new field of biology that relies on understanding the entire genetic 
content that is referred to as “genome”. 

•  Genomics is an interdisciplinary field that lies in the intersection of biology, genetics, 
bioinformatics, computer science, and engineering. 

•  Genomics is responsible for understanding of the basics of living organisms and is applied in 
medicine, agriculture, food production, and industry. 
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Fig.1. Comparative genomic analysis of students’ extracted data. a-b) Graphs showing the genome 
sequencing strategy and method, respectively, over 18 years period. c) Relationship between genome size and 
number of genes across range of organisms.  Empty circles represent prokaryotic genomes and filled circles 
represent eukaryotic genomes.  d) Comparison between the GC content of extremophile genome versus non-
extremophile genome. 
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Genome sequence, comparative analysis
and haplotype structure of the domestic
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Here we report a high-quality draft genome sequence of the domestic dog (Canis familiaris), together with a dense map
of single nucleotide polymorphisms (SNPs) across breeds. The dog is of particular interest because it provides important
evolutionary information and because existing breeds show great phenotypic diversity for morphological, physiological
and behavioural traits. We use sequence comparison with the primate and rodent lineages to shed light on the structure
and evolution of genomes and genes. Notably, the majority of the most highly conserved non-coding sequences in
mammalian genomes are clustered near a small subset of genes with important roles in development. Analysis of SNPs
reveals long-range haplotypes across the entire dog genome, and defines the nature of genetic diversity within and
across breeds. The current SNP map now makes it possible for genome-wide association studies to identify genes
responsible for diseases and traits, with important consequences for human and companion animal health.

Man’s best friend, Canis familiaris, occupies a special niche in
genomics. The unique breeding history of the domestic dog provides
an unparalleled opportunity to explore the genetic basis of disease
susceptibility, morphological variation and behavioural traits. The
position of the dog within the mammalian evolutionary tree also
makes it an important guide for comparative analysis of the human
genome.
The history of the domestic dog traces back at least 15,000 years,

and possibly as far back as 100,000 years, to its original domestication
from the grey wolf in East Asia1–4. Dogs evolved through a mutually
beneficial relationship with humans, sharing living space and food
sources. In recent centuries, humans have selectively bred dogs that
excel at herding, hunting and obedience, and in this process have
created breeds rich in behaviours that bothmimic human behaviours
and support our needs. Dogs have also been bred for desired physical
characteristics such as size, skull shape, coat colour and texture5,

producing breeds with closely delineated morphologies. This evolu-
tionary experiment has produced diverse domestic species, harbour-
ingmoremorphological diversity than exists within the remainder of
the family Canidae6.
As a consequence of these stringent breeding programmes and

periodic population bottlenecks (for example, during the World
Wars), many of the ,400 modern dog breeds also show a high
prevalence of specific diseases, including cancers, blindness, heart
disease, cataracts, epilepsy, hip dysplasia and deafness7,8. Most of
these diseases are also commonly seen in the human population, and
clinical manifestations in the two species are often similar9. The high
prevalence of specific diseases within certain breeds suggests that a
limited number of loci underlie each disease, making their genetic
dissection potentially more tractable in dogs than in humans10.
Genetic analysis of traits in dogs is enhanced by the close

relationship between humans and canines in modern society.
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The genome sequence (1.9-fold coverage) of an inbred Abyssinian domestic cat was assembled, mapped, and
annotated with a comparative approach that involved cross-reference to annotated genome assemblies of six
mammals (human, chimpanzee, mouse, rat, dog, and cow). The results resolved chromosomal positions for 663,480
contigs, 20,285 putative feline gene orthologs, and 133,499 conserved sequence blocks (CSBs). Additional annotated
features include repetitive elements, endogenous retroviral sequences, nuclear mitochondrial (numt) sequences,
micro-RNAs, and evolutionary breakpoints that suggest historic balancing of translocation and inversion incidences
in distinct mammalian lineages. Large numbers of single nucleotide polymorphisms (SNPs), deletion insertion
polymorphisms (DIPs), and short tandem repeats (STRs), suitable for linkage or association studies were characterized
in the context of long stretches of chromosome homozygosity. In spite of the light coverage capturing ∼65% of
euchromatin sequence from the cat genome, these comparative insights shed new light on the tempo and mode of
gene/genome evolution in mammals, promise several research applications for the cat, and also illustrate that a
comparative approach using more deeply covered mammals provides an informative, preliminary annotation of a
light (1.9-fold) coverage mammal genome sequence.

[Supplemental material is available online at www.genome.org.]

During 2005, the National Human Genome Research Institute
(NHGRI) endorsed a “light” coverage (2!) whole-genome se-
quencing strategy for 26 mammals, including Felis catus, the do-

mestic cat (Supplemental Fig. S1). The domestic cat was included
in this mammalian genome set mainly to stimulate genome re-
search on a species that provides a large number of important
human medical models (Supplemental Table S1). Cats, like dogs,
enjoy an extensive veterinary medical surveillance that has de-
scribed ∼200 genetic diseases analogous to human disorders
(Griffin and Baker 2000; O’Brien et al. 2002; O’Brien 2004). Feline
infectious agents offer powerful natural models of deadly human
diseases including feline immunodeficiency virus (FIV)-AIDS, fe-
line coronavirus (FeCoV)-SARS and avian influenza, canine dis-
temper virus (CDV)-neurotropic viruses, and feline leukemia and
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Initial sequence of the chimpanzee
genome and comparison with the human
genome
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Here we present a draft genome sequence of the common chimpanzee (Pan troglodytes). Through comparison with the
human genome, we have generated a largely complete catalogue of the genetic differences that have accumulated since
the human and chimpanzee species diverged from our common ancestor, constituting approximately thirty-five million
single-nucleotide changes, five million insertion/deletion events, and various chromosomal rearrangements. We use this
catalogue to explore the magnitude and regional variation of mutational forces shaping these two genomes, and the
strength of positive and negative selection acting on their genes. In particular, we find that the patterns of evolution in
human and chimpanzee protein-coding genes are highly correlated and dominated by the fixation of neutral and slightly
deleterious alleles. We also use the chimpanzee genome as an outgroup to investigate human population genetics and
identify signatures of selective sweeps in recent human evolution.

More than a century ago Darwin1 and Huxley2 posited that humans
share recent common ancestors with the African great apes. Modern
molecular studies have spectacularly confirmed this prediction and
have refined the relationships, showing that the common chimpan-
zee (Pan troglodytes) and bonobo (Pan paniscus or pygmy chimpan-
zee) are our closest living evolutionary relatives3. Chimpanzees are
thus especially suited to teach us about ourselves, both in terms of
their similarities and differences with human. For example, Goodall’s
pioneering studies on the common chimpanzee revealed startling
behavioural similarities such as tool use and group aggression4,5. By
contrast, other features are obviously specific to humans, including
habitual bipedality, a greatly enlarged brain and complex language5.
Important similarities and differences have also been noted for the
incidence and severity of several major human diseases6.
Genome comparisons of human and chimpanzee can help to reveal

themolecular basis for these traits aswell as the evolutionary forces that
have moulded our species, including underlying mutational processes
and selective constraints. Early studies sought to draw inferences from
sets of a few dozen genes7–9, whereas recent studies have examined
larger data sets such as protein-coding exons10, random genomic
sequences11,12 and an entire chimpanzee chromosome13.
Here we report a draft sequence of the genome of the common

chimpanzee, and undertake comparative analyses with the human
genome. This comparison differs fundamentally from recent com-
parative genomic studies of mouse, rat, chicken and fish14–17. Because
these species have diverged substantially from the human lineage, the
focus in such studies is on accurate alignment of the genomes and
recognition of regions of unusually high evolutionary conservation
to pinpoint functional elements. Because the chimpanzee lies at such
a short evolutionary distance with respect to human, nearly all of the
bases are identical by descent and sequences can be readily aligned
except in recently derived, large repetitive regions. The focus thus
turns to differences rather than similarities. An observed difference at
a site nearly always represents a single event, not multiple indepen-

dent changes over time. Most of the differences reflect random
genetic drift, and thus they hold extensive information about muta-
tional processes and negative selection that can be readily mined with
current analytical techniques. Hidden among the differences is a
minority of functionally important changes that underlie the phe-
notypic differences between the two species. Our ability to dis-
tinguish such sites is currently quite limited, but the catalogue of
human–chimpanzee differences opens this issue to systematic inves-
tigation for the first time.We would also hope that, in elaborating the
few differences that separate the two species, we will increase pressure
to save chimpanzees and other great apes in the wild.
Our results confirm many earlier observations, but notably chal-

lenge some previous claims based on more limited data. The
genome-wide data also allow some questions to be addressed for
the first time. (Here and throughout, we refer to chimpanzee–human
comparison as representing hominids and mouse–rat comparison as
representing murids—of course, each pair covers only a subset of the
clade.) The main findings include:
. Single-nucleotide substitutions occur at a mean rate of 1.23%
between copies of the human and chimpanzee genome, with 1.06%
or less corresponding to fixed divergence between the species.
. Regional variation in nucleotide substitution rates is conserved
between the hominid and murid genomes, but rates in subtelomeric
regions are disproportionately elevated in the hominids.
. Substitutions at CpG dinucleotides, which constitute one-quarter
of all observed substitutions, occur at more similar rates in male and
female germ lines than non-CpG substitutions.
. Insertion and deletion (indel) events are fewer in number than
single-nucleotide substitutions, but result in ,1.5% of the euchro-
matic sequence in each species being lineage-specific.
. There are notable differences in the rate of transposable element
insertions: short interspersed elements (SINEs) have been threefold
more active in humans, whereas chimpanzees have acquired two new
families of retroviral elements.
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Marine mammals from different mammalian orders share 
several phenotypic traits adapted to the aquatic environment 
and therefore represent a classic example of convergent 
evolution. To investigate convergent evolution at the genomic 
level, we sequenced and performed de novo assembly of 
the genomes of three species of marine mammals (the killer 
whale, walrus and manatee) from three mammalian orders 
that share independently evolved phenotypic adaptations 
to a marine existence. Our comparative genomic analyses 
found that convergent amino acid substitutions were 
widespread throughout the genome and that a subset of 
these substitutions were in genes evolving under positive 
selection and putatively associated with a marine phenotype. 
However, we found higher levels of convergent amino 
acid substitutions in a control set of terrestrial sister taxa 
to the marine mammals. Our results suggest that, whereas 
convergent molecular evolution is relatively common, adaptive 
molecular convergence linked to phenotypic convergence is 
comparatively rare.

Although there are potentially several genomic routes to reach the 
same phenotypic outcome, it has been suggested that the genomic 
changes underlying convergent evolution may to some extent be 
reproducible and that convergent phenotypic traits may commonly 
arise from the same genetic changes1–3. Phenotypic convergence has 
indeed been connected to identical replacements of single amino 
acids within the encoded product of a protein-coding gene occur-
ring independently in unrelated taxa4,5; however, such examples are 
rare and, to the best of our knowledge, no previous study has con-
ducted a genome-wide scan for such convergent substitutions. Here 
we present high-coverage whole-genome sequences for four marine 

mammal species: the walrus (Odobenus rosmarus), the bottlenose 
dolphin (Tursiops truncatus), the killer whale (Orcinus orca) and the 
West Indian manatee (Trichechus manatus latirostris). These genomes 
provide a unique opportunity to address a key evolutionary question 
of what role molecular convergence has had in the evolution of shared 
derived phenotypic adaptations to a novel environment6.

Mammals have evolved to inhabit the marine environment on  
multiple independent occasions. Cetaceans (whales, dolphins and 
porpoises) and sirenians (manatees and dugongs) emerged during the 
Eocene epoch7–10 through diversification from the Cetartiodactyla 
and Afrotheria, respectively. Pinnipeds (seals, sea lions and walruses) 
emerged approximately 20 million years later during the Miocene 
from within the Carnivora7,8. Despite their independent evolution-
ary origins, pinnipeds, sirenians and cetaceans share a number of 
phenotypic adaptations to the pathogenic, locomotory, thermal,  
sensory, communication and anaerobic challenges of an aquatic  
existence, including limbs adapted for swimming, bone density 
adapted to manage buoyancy and a large total oxygen store relative 
to body size6–8.

We sequenced and performed de novo assembly of the genomes of 
killer whale, manatee and walrus and increased the coverage of the 
previous draft genome for bottlenose dolphin by applying a whole-
genome shotgun strategy using the Roche 454 and Illumina HiSeq 
platforms (Supplementary Table 1). We then predicted a set of 16,878 
orthologous genes for the 4 marine mammal genomes and 6 other 
mammalian genomes (human, alpaca, cow, dog and elephant, with 
opossum as an outgroup; Supplementary Table 2). After filtering, we 
included 14,883 protein-coding orthologs for killer whale, 10,597 for 
dolphin, 15,396 for walrus and 14,674 for manatee.

We investigated molecular convergence among these species at two 
levels: first, we identified protein-coding genes evolving under positive 
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Genome sequence of Anopheles sinensis provides
insight into genetics basis of mosquito
competence for malaria parasites
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Abstract

Background: Anopheles sinensis is an important mosquito vector of Plasmodium vivax, which is the most frequent
and widely distributed cause of recurring malaria throughout Asia, and particularly in China, Korea, and Japan.

Results: We performed 454 next-generation sequencing and obtained a draft sequence of A. sinensis assembled
into scaffolds spanning 220.8 million base pairs. Analysis of this genome sequence, we observed expansion and
contraction of several immune-related gene families in anopheline relative to culicine mosquito species. These
differences suggest that species-specific immune responses to Plasmodium invasion underpin the biological differences
in susceptibility to Plasmodium infection that characterize these two mosquito subfamilies.

Conclusions: The A. sinensis genome produced in this study, provides an important resource for analyzing the genetic
basis of susceptibility and resistance of mosquitoes to Plasmodium parasites research which will ultimately facilitate the
design of urgently needed interventions against this debilitating mosquito-borne disease.

Keywords: Genome, Anopheles sinensis, Malaria

Background
Malaria is caused by infection with Plasmodium para-
sites, which are transmitted via the bites of infected fe-
male Anopheles mosquitoes [1]. Malaria is prevalent and
widely distributed in tropical and subtropical regions, in-
cluding much of sub-Saharan Africa, Asia, and the
Americas [2,3]. Indeed, according to the latest World
Malaria Report, in 2010 malaria caused an estimated 216
million clinical episodes and 655,000 deaths worldwide
[4]. Of the few available management strategies for this
disease, vector control offers an important means of lim-
iting the spread of malaria. The effective control of mos-
quito vectors, however, requires information on their
genetic structure, because the biology and physiology of

infections, the development of insecticide resistance, and
the epidemiology of malaria in the human host can all
be affected by genetic variation in the mosquito vector
populations. To date, our understanding of the role of
vector genetics in the dynamics of malaria transmission
is poor. In particular, the function and evolutionary as-
pects of important genes, such as those associated with
vector competence, remains unclear. The paucity of gen-
etic information on Plasmodium-susceptible mosquitoes
is a major obstacle to the development of appropriate
diagnostic and therapeutic tools against malaria.
All malaria vectors belong to the subfamily Anophelinae.

Mosquitoes of the subfamily Culicinae are not susceptible
to infection by Plasmodium parasites and thus, do not
transmit Plasmodium. The genomes of A. gambiae, Aedes
aegypti and Culex quinquefasciatus were sequenced in
2002, 2007 and 2010, respectively. Comparative genomic
studies of these three species have provided important
genetic insights into this vector-disease system including
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Abstract

We performed threefold shotgun sequencing of the silkworm (Bombyx mori) genome to obtain a draft
sequence and establish a basic resource for comprehensive genome analysis. By using the newly devel-
oped RAMEN assembler, the sequence data derived from whole-genome shotgun (WGS) sequencing were
assembled into 49,345 scaffolds that span a total length of 514 Mb including gaps and 387 Mb without
gaps. Because the genome size of the silkworm is estimated to be 530 Mb, almost 97% of the genome
has been organized in scaffolds, of which 75% has been sequenced. By carrying out a BLAST search for
50 characteristic Bombyx genes and 11,202 non-redundant expressed sequence tags (ESTs) in a Bombyx
EST database against the WGS sequence data, we evaluated the validity of the sequence for elucidating
the majority of silkworm genes. Analysis of the WGS data revealed that the silkworm genome contains
many repetitive sequences with an average length of <500 bp. These repetitive sequences appear to have
been derived from truncated transposons, which are interspersed at 2.5- to 3-kb intervals throughout the
genome. This pattern suggests that silkworm may have an active mechanism that promotes removal of
transposons from the genome. We also found evidence for insertions of mitochondrial DNA fragments at 9
sites. A search for Bombyx orthologs to Drosophila genes controlling sex determination in the WGS data
revealed 11 Bombyx genes and suggested that the sex-determining systems differ profoundly between the
two species.
Key words: silkworm; Bombyx mori; WGS; genome sequence

1. Introduction

The domesticated silkworm, Bombyx mori, has long
been used as a model system for basic studies because of
its large body size, ease of rearing in the laboratory, and

Communicated by Michio Oishi
∗ To whom correspondence should be addressed. Tel. +81-29-

838-6120, Fax. +81-29-838-6121, E-mail: kmita@nias.affrc.go.
jp

economic importance in sericulture. The well-developed
genetic resources of this species include more than 400 de-
scribed mutants, which have been mapped to >200 loci,
comprising 28 linkage groups,1 as well as molecular link-
age maps developed by using a variety of markers.2–6 In
addition, BAC libraries7,8 and an EST database based on
36 cDNA libraries totaling more than 35,000 sequences
have been constructed.9 These genetic resources make
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The 3,000 rice genomes project
The 3,000 rice genomes project1,2,3*†

Abstract

Background: Rice, Oryza sativa L., is the staple food for half the world’s population. By 2030, the production of rice
must increase by at least 25% in order to keep up with global population growth and demand. Accelerated genetic
gains in rice improvement are needed to mitigate the effects of climate change and loss of arable land, as well as
to ensure a stable global food supply.

Findings: We resequenced a core collection of 3,000 rice accessions from 89 countries. All 3,000 genomes had an
average sequencing depth of 14×, with average genome coverages and mapping rates of 94.0% and 92.5%,
respectively. From our sequencing efforts, approximately 18.9 million single nucleotide polymorphisms (SNPs) in rice
were discovered when aligned to the reference genome of the temperate japonica variety, Nipponbare. Phylogenetic
analyses based on SNP data confirmed differentiation of the O. sativa gene pool into 5 varietal groups – indica,
aus/boro, basmati/sadri, tropical japonica and temperate japonica.

Conclusions: Here, we report an international resequencing effort of 3,000 rice genomes. This data serves as a
foundation for large-scale discovery of novel alleles for important rice phenotypes using various bioinformatics and/or
genetic approaches. It also serves to understand the genomic diversity within O. sativa at a higher level of detail. With
the release of the sequencing data, the project calls for the global rice community to take advantage of this data as a
foundation for establishing a global, public rice genetic/genomic database and information platform for advancing rice
breeding technology for future rice improvement.

Keywords: Oryza sativa, Genetic resources, Genome diversity, Sequence variants, Next generation sequencing

Data description
Purpose of data acquisition
For much of the world’s poor, rice (O. sativa L.) is the
cereal that provides the majority of daily calories in their
staple diet. Rice is also known for its tremendous
within-species genetic diversity and varietal group differ-
entiation [1,2]. Rice productivity has more than doubled
in recent decades, resulting primarily from the Green
Revolution and continued breeding efforts since the
1960s. However, in order to meet the demands imposed
by the projected increase in global population, the
world’s rice production has to increase by 25% or more
by 2030 [3]. This increase has to be achieved under less

land, less water and under more severe environmental
stresses due to climate change. Thus, accelerated genetic
gains are needed in the next few decades to improve
yield potential and stability, and grain quality of rice.
This requires more complete knowledge of the genetic
diversity in the O. sativa gene pool, associations of di-
verse alleles with important rice traits, and systematic
exploitation of this rich genetic diversity by integrating
knowledge-based tools into rice improvement using in-
novative breeding strategies [4-6].
To date, a few studies on rice have been undertaken to

discover allelic variants through next generation sequen-
cing (NGS) [7-9]. Unfortunately, these studies have been
unable to provide a complete picture of the total genetic
diversity within the O. sativa gene pool, due to either
the small sample size of sequenced accessions [7], or the
low-coverage sequencing depth of the genomes [8,9].
Here, we report an international effort to extend signifi-
cantly our understanding of the total genetic diversity
within the O. sativa gene pool by re-sequencing 3,000
O. sativa genomes using IIllumina-based NGS. Our

*Correspondence: lizhikang@caas.cn; zhanggengyun@genomics.cn;
k.mcnally@irri.org
†The list of project participants and their affiliations is given at the end of
this paper.
1Institute of Crop Sciences/National Key Facilities for Crop Gene Resources
and Genetic Improvement, Chinese Academy of Agricultural Sciences, 12
S. Zhong-Guan-Cun St, Beijing 100081, China
2BGI, Bei Shan Industrial Zone, Yantian District, Shenzhen 518083, China
3International Rice Research Institute, DAPO 7777, Metro Manila 1301, Philippines

© 2014 3K RGP; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.
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wDBTF: an integrated database resource for
studying wheat transcription factor families
Isabelle Romeuf1, Dominique Tessier2, Mireille Dardevet1, Gérard Branlard1, Gilles Charmet1, Catherine Ravel1*

Abstract

Background: Transcription factors (TFs) regulate gene expression by interacting with promoters of their target
genes and are classified into families based on their DNA-binding domains. Genes coding for TFs have been
identified in the sequences of model plant genomes. The rice (Oryza sativa spp. japonica) genome contains 2,384
TF gene models, which represent the mRNA transcript of a locus, classed into 63 families.

Results: We have created an extensive list of wheat (Triticum aestivum L) TF sequences based on sequence
homology with rice TFs identified and classified in the Database of Rice Transcription Factors (DRTF). We have
identified 7,112 wheat sequences (contigs and singletons) from a dataset of 1,033,960 expressed sequence tag and
mRNA (ET) sequences available. This number is about three times the number of TFs in rice so proportionally is
very similar if allowance is made for the hexaploidy of wheat. Of these sequences 3,820 encode gene products
with a DNA-binding domain and thus were confirmed as potential regulators. These 3,820 sequences were
classified into 40 families and 84 subfamilies and some members defined orphan families. The results were
compiled in the Database of Wheat Transcription Factor (wDBTF), an inventory available on the web
http://wwwappli.nantes.inra.fr:8180/wDBFT/. For each accession, a link to its library source and its Affymetrix
identification number is provided. The positions of Pfam (protein family database) motifs were given when known.

Conclusions: wDBTF collates 3,820 wheat TF sequences validated by the presence of a DNA-binding domain out
of 7,112 potential TF sequences identified from publicly available gene expression data. We also incorporated in
silico expression data on these TFs into the database. Thus this database provides a major resource for systematic
studies of TF families and their expression in wheat as illustrated here in a study of DOF family members expressed
during seed development.

Background
Gene expression at the level of mRNA transcription from
DNA is regulated through different mechanisms, the most
widely studied being regulation by transcription factors
(TFs). These DNA-binding proteins control gene expres-
sion by interacting with cis-regulatory elements (CREs) in
the promoters of their target genes. DNA-binding
domains are in general highly conserved among species so
their characteristics are used to classify TFs into families.
Transcriptional control of gene expression influences
many biological processes such as responses to the envir-
onment or stress and regulation of metabolic pathways.

The sequencing of model plant genomes has allowed
many genes coding for TFs to be identified. A total of
1,533 TFs were identified in the Arabidopsis thaliana
genome [1] and classified into 34 families. Comparing
these with TF genes in other eukaryotic genomes, i.e., of
Drosophila, Caenorhabditis elegans, and Saccharomyces
cerevisiae, the size of TF families differs considerably
across the eukaryote kingdoms and about 45% of Arabi-
dopsis TFs are from families specific to plants [2]. In
Oryza sativa spp. japonica, Xiong et al. [3] identified
1,611 TF genes belonging to 37 gene families. Most TF
families are of similar size in rice and in Arabidopsis [3].
Information on the TFs of model species has been

organized into databases. Arabidopsis TF sequences
were compiled and classified into families by several
groups: the Riechmann group, the Sheen group http://
genetics.mgh.harvard.edu/sheenweb/AraTRs.html,

* Correspondence: Catherine.Ravel@clermont.inra.fr
1Institut National de la Recherche Agronomique (INRA), UMR1095,
Génétique, Diversité et Ecophysiologie des Céréales, 234 avenue du Brézet,
Clermont-Ferrand, F-63100 France; Université Blaise-Pascal, UMR1095,
Campus des Cézeaux, F-63170 Aubière, France
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Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

©
 2

01
1 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
  A

ll 
ri

gh
ts

 r
es

er
ve

d.

NATURE GENETICS VOLUME 43 | NUMBER 2 | FEBRUARY 2011 101

A RT I C L E S

Theobroma cacao L. is a diploid tree fruit species (2n = 2x = 20 (ref. 1))  
endemic to the South American rainforests. Cocoa was domesticated 
approximately 3,000 years ago2 in Central America3. The Criollo 
cocoa variety, having a nearly unique and homozygous genotype, was 
among the first to be cultivated4. Criollo is now one of the two cocoa 
varieties providing fine flavor chocolate.

However, due to its poor agronomic performance and disease suscep-
tibility, more vigorous hybrids created with foreign (Forastero) genotypes 
have been introduced. These hybrids, named Trinitario, are now widely 
cultivated5. Here we report the sequence of a Belizean Criollo plant6.

Consumers have shown an increased interest for high-quality 
chocolate, and for dark chocolate, containing a higher percentage of 

cocoa7. Fine-cocoa production is nevertheless estimated to be less 
than 5% of the world cocoa production due to the low productivity 
and disease susceptibility of the traditional fine-flavor cocoa varie-
ties. Therefore, breeding of improved Criollo varieties is important 
for sustainable production of fine-flavor cocoa.

3.7 million tons of cocoa are produced annually (see URLs). 
However, fungal, oomycete and viral diseases, as well as insect pests, 
are responsible for an estimated 30% of harvest losses (see URLs). Like 
many other tropical crops, knowledge of T. cacao genetics and genom-
ics is limited. To accelerate progress in cocoa breeding and the under-
standing of its biochemistry, we sequenced and analyzed the genome 
of a Belizean Criollo genotype (B97-61/B2). This genotype is suitable 

The genome of Theobroma cacao
Xavier Argout1,24, Jerome Salse2,24, Jean-Marc Aury3–5,24, Mark J Guiltinan6,7,24, Gaetan Droc1, Jerome Gouzy8, 
Mathilde Allegre1, Cristian Chaparro9, Thierry Legavre1, Siela N Maximova6, Michael Abrouk2, Florent Murat2,  
Olivier Fouet1, Julie Poulain3–5, Manuel Ruiz1, Yolande Roguet1, Maguy Rodier-Goud1, Jose Fernandes Barbosa-Neto9, 
Francois Sabot9, Dave Kudrna10, Jetty Siva S Ammiraju10, Stephan C Schuster11, John E Carlson12,13, Erika Sallet8, 
Thomas Schiex14, Anne Dievart1, Melissa Kramer15, Laura Gelley15, Zi Shi7, Aurélie Bérard16, Christopher Viot1, 
Michel Boccara1, Ange Marie Risterucci1, Valentin Guignon1, Xavier Sabau1, Michael J Axtell17, Zhaorong Ma17,  
Yufan Zhang15,7, Spencer Brown18, Mickael Bourge18, Wolfgang Golser10, Xiang Song10, Didier Clement1,  
Ronan Rivallan1, Mathias Tahi19, Joseph Moroh Akaza19, Bertrand Pitollat1, Karina Gramacho20, Angélique D’Hont1, 
Dominique Brunel16, Diogenes Infante21, Ismael Kebe18, Pierre Costet22, Rod Wing10, W Richard McCombie15, 
Emmanuel Guiderdoni1, Francis Quetier23, Olivier Panaud9, Patrick Wincker3–5, Stephanie Bocs1 & Claire Lanaud1

We sequenced and assembled the draft genome of Theobroma cacao, an economically important tropical-fruit tree crop that is the 
source of chocolate. This assembly corresponds to 76% of the estimated genome size and contains almost all previously described 
genes, with 82% of these genes anchored on the 10 T. cacao chromosomes. Analysis of this sequence information highlighted 
specific expansion of some gene families during evolution, for example, flavonoid-related genes. It also provides a major source of 
candidate genes for T. cacao improvement. Based on the inferred paleohistory of the T. cacao genome, we propose an evolutionary 
scenario whereby the ten T. cacao chromosomes were shaped from an ancestor through eleven chromosome fusions.
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Genome Structure of the Legume, Lotus japonicus
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(Received 1 April 2008; accepted on 18 April 2008; published online 28 May 2008)

Abstract
The legume Lotus japonicus has been widely used as a model system to investigate the genetic back-

ground of legume-specific phenomena such as symbiotic nitrogen fixation. Here, we report structural fea-
tures of the L. japonicus genome. The 315.1-Mb sequences determined in this and previous studies
correspond to 67% of the genome (472 Mb), and are likely to cover 91.3% of the gene space. Linkage
mapping anchored 130-Mb sequences onto the six linkage groups. A total of 10 951 complete and
19 848 partial structures of protein-encoding genes were assigned to the genome. Comparative analysis
of these genes revealed the expansion of several functional domains and gene families that are character-
istic of L. japonicus. Synteny analysis detected traces of whole-genome duplication and the presence of
synteny blocks with other plant genomes to various degrees. This study provides the first opportunity
to look into the complex and unique genetic system of legumes.
Key words: Lotus japonicus; genome structure; Fabaceae; comparative analysis

1. Introduction

Fabaceae is the third largest family of flowering
plants, comprising 650 genera and 18 000 species
with a variety of characteristics; many of which have
long been targets of breeding because of their agro-
nomic and industrial importance. Among them, a
few species have been chosen as ‘model legumes’ for
use in genetic and physiological studies. Lotus japoni-
cus is a typical model legume with the characteristics
of a short life cycle (2–3 months), self-fertility, and
a relatively simple genome architecture of diploidy

(n ¼ 6), i.e. small in size, 472 Mb. Mutants in
various biological phenomena specific to legumes
such as symbiotic nitrogen fixation, and those
common to flowering plants such as flower morpho-
genesis, have been characterized and the genes
responsible have been isolated and further studied.
The availability of the Agrobacterium-mediated DNA
transformation system and genomic resources includ-
ing a large number of expressed sequences tag
(EST)/cDNA clones,1 high-density genetic linkage
maps,2–4 and partial genome sequences5–9 has
played an essential role in this process.

The whole-genome sequences of two plant species,
Arabidopsis thaliana (Cruciferae) and Oryza sativa
(Poaceae), have drastically accelerated research into
their genetic systems by providing investigators with
both gene sequences and positional information.
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Oceanithermus profundus Miroshnichenko et al. 2003 is the type species of the genus Ocea-
nithermus, which belongs to the family Thermaceae. The genus currently comprises two spe-
cies whose members are thermophilic and are able to reduce sulfur compounds and nitrite. 
The organism is adapted to the salinity of sea water, is able to utilize a broad range of carbo-
hydrates, some proteinaceous substrates, organic acids and alcohols. This is the first com-
pleted genome sequence of a member of the genus Oceanithermus and the fourth sequence 
from the family Thermaceae. The 2,439,291 bp long genome with its 2,391 protein-coding 
and 54 RNA genes consists of one chromosome and a 135,351 bp long plasmid, and is a part 
of the Genomic Encyclopedia of Bacteria and Archaea project. 

Introduction 
Strain 506T (DSM 14977 = NBRC 100410 = VKM 
B-2274) is the type strain of Oceanithermus pro-
fundus, which is the type species of the genus 
Oceanithermus [1] of the family Thermaceae [2]. 
Together with O. desulfurans, there are currently 
two species placed in the genus [1,3]. The generic 
name derives from the Latin noun oceanus, mean-
ing ocean and the Neo-Latin masc. substantive 
(from Gr. adj. thermos) thermus which means hot. 
Therefore, the name Oceanithermus refers to 
warmth-loving organisms living in the ocean. The 
species epithet is derived from the Latin adjective 

profundus meaning deep, which means pertaining 
to the abyss, pertaining to the depths of the ocean 
[1]. Strain 506T was first isolated from samples of 
hydrothermal fluids and chimneys collected at the 
13ºN hydrothermal vent field on the East Pacific 
Rise at a depth of 2600 m [1]. There are no further 
cultivated strains of this species known. The other 
member of the genus, O. desulfurans, is a thermo-
philic, sulfur-reducing bacterium isolated from a 
sulfide chimney in Suiyo Seamount, in the West-
ern Pacific [3]. Here we present a summary classi-
fication and a set of features for O. profundus 506T, 
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Whole-Genome Shotgun Optical
Mapping of Deinococcus

radiodurans
Jieyi Lin,1* Rong Qi,1 Christopher Aston,1† Junping Jing,1‡
Thomas S. Anantharaman,2 Bud Mishra,2 Owen White,3

Michael J. Daly,4 Kenneth W. Minton,4 J. Craig Venter,5

David C. Schwartz1,2§

A whole-genome restriction map of Deinococcus radiodurans, a radiation-
resistant bacterium able to survive up to 15,000 grays of ionizing radiation, was
constructed without using DNA libraries, the polymerase chain reaction, or
electrophoresis. Very large, randomly sheared, genomic DNA fragments were
used to construct maps from individual DNA molecules that were assembled
into two circular overlapping maps (2.6 and 0.415 megabases), without gaps.
A third smaller chromosome (176 kilobases) was identified and characterized.
Aberrant nonlinear DNA structures that may define chromosome structure and
organization, as well as intermediates in DNA repair, were directly visualized
by optical mapping techniques after # irradiation.

Detailed, structural knowledge of whole mi-
crobial genomes is of primary importance to
many genomic studies, but this information
has been difficult to obtain. Pulsed-field gel
electrophoresis (PFGE) plus Southern (DNA)
blot analysis (1) provides primary genome
information but does not confidently size
large circular genomes and frequently ob-

scures the analysis of large episomal ele-
ments. Although an eight-enzyme restriction
map of the Escherichia coli K12 genome was
constructed in 1987 by Kohara et al. (2), this
required a laborious approach involving par-
tial digestion of 3400 phage clones followed
by Southern blot analysis. Physical maps of
the Saccharomyces cerevisiae genome were
also prepared by painstaking restriction map-
ping of clones (3). Modern microbial genome
analysis uses shotgun sequencing, followed
by finishing efforts (4, 5). Whole-genome
restriction maps may become an indispens-
able resource for large-scale genome se-
quencing projects. They facilitate sequence
assembly by providing a scaffold for high-
resolution alignment and verification of se-
quence assemblies (contigs), accurate ge-
nome sizing, and discernment of extrachro-
mosomal elements (6).

Optical mapping is a system for the con-
struction of ordered restriction maps from
individual DNA molecules (7, 8) and has
been used to prepare restriction maps of a
number of clone types, including phage
clones (9), yeast artificial chromosomes (10),
bacterial artificial chromosomes (6), and,
more recently, an entire electrophoretically

separated chromosome ($1 Mb) from Plas-
modium falciparum (11). An optical mapping
approach for whole bacterial genome analysis
is feasible because we can now mount and
map extremely large, randomly sheared DNA
molecules (0.4 to 2.4 Mb) that are digested
with high cutting efficiency (70 to 90%).
These parameters critically control the suc-
cess rate of assembling the fragments and are
well modeled by prior probabilistic (Bayes-
ian) analysis (12). The contigs covering a
whole genome were initially assembled man-
ually, or later with the Gentig algorithm (13),
which automatically computes contigs of
genomic maps.

To efficiently collect such large mole-
cules, we developed a semiautomated image
acquisition system that collects successive
images and correctly assembles them into one
large superimage while maintaining proper
pixel registration between images. A new
image analysis system was developed [Vi-
sionade (14)] that enables markup of molec-
ular images, allows for editing, and automat-
ically calculates fragment masses and cutting
efficiencies. A % bacteriophage DNA sizing
standard was used as follows. First, the total
integrated fluorescence intensity of the stan-
dard was determined to be in the correct
range. Second, the size of each genomic frag-
ment in a particular image was calculated by
dividing the fluorescence intensity of the
DNA fragment by the average fluorescence
intensity of the standards in the image and
then multiplying this by the size of the stan-
dard. The images were not used as data if the
cutting efficiency along the length of the
molecule was less than 75%.

The development of Gentig enabled the
rapid assembly of raw maps into a complete
genome-wide map in minutes rather than
months, with negligible false positives. Con-
tigs of the E. coli genome were assembled
with Gentig into a consensus map, which
both reproduced the map constructed by hand
and correlated with the map predicted by
sequence. Gentig automatically generates
contigs from optical mapping data by repeat-
edly combining the two islands that produce
the greatest increase in probability density,
excluding any contigs whose false positive
overlap probability is unacceptable. The stan-
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Department of Chemistry, New York University, 31
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Genome sequencing and analysis of the filamentous
fungus Penicillium chrysogenum
Marco A van den Berg1, Richard Albang2, Kaj Albermann2, Jonathan H Badger3, Jean-Marc Daran4,5,
Arnold J M Driessen4,6, Carlos Garcia-Estrada7, Natalie D Fedorova3, Diana M Harris4,5, Wilbert H M Heijne8,
Vinita Joardar3, Jan A K W Kiel9, Andriy Kovalchuk6, Juan F Martı́n7,10, William C Nierman3,11,
Jeroen G Nijland6, Jack T Pronk4,5, Johannes A Roubos8, Ida J van der Klei4,9, Noël N M E van Peij8,
Marten Veenhuis9, Hans von Döhren12, Christian Wagner2, Jennifer Wortman3 & Roel A L Bovenberg1

Industrial penicillin production with the filamentous fungus Penicillium chrysogenum is based on an unprecedented effort
in microbial strain improvement. To gain more insight into penicillin synthesis, we sequenced the 32.19 Mb genome of
P. chrysogenum Wisconsin54-1255 and identified numerous genes responsible for key steps in penicillin production. DNA
microarrays were used to compare the transcriptomes of the sequenced strain and a penicillinG high-producing strain, grown
in the presence and absence of the side-chain precursor phenylacetic acid. Transcription of genes involved in biosynthesis
of valine, cysteine and a-aminoadipic acid—precursors for penicillin biosynthesis—as well as of genes encoding microbody
proteins, was increased in the high-producing strain. Some gene products were shown to be directly controlling b-lactam output.
Many key cellular transport processes involving penicillins and intermediates remain to be characterized at the molecular level.
Genes predicted to encode transporters were strongly overrepresented among the genes transcriptionally upregulated under
conditions that stimulate penicillinG production, illustrating potential for future genomics-driven metabolic engineering.

Penicillins and derived b-lactam antibiotics have dramatically trans-
formed health care and quality of life in the 80 years since Fleming’s
discovery of Penicillium that produces penicillins1. Large-scale pro-
duction of b-lactam antibiotics is the result of sustained industrial
strain improvement, representing numerous rounds of mutagenesis
and selection. Although information on industrial processes is pro-
prietary, product titers and productivities have increased by at least
three orders of magnitude in the past 60 years2, representing an
unprecedented success in classical strain improvement.

Current industrial strains are derived from a single natural isolate of
P. chrysogenum, NRRL1951, obtained during WWII from an infected
cantaloupe3. Biochemical and genetic analysis of industrial strains led
to the identification of several important mutations in high-producing
strains, including amplification of penicillin biosynthesis genes4.
However, much of the molecular basis for improved productivity
remains to be elucidated. A detailed understanding of the molecular
biology of P. chrysogenum is not only relevant for ‘classical’ penicillins.
By applying genetic engineering approaches, it has become possible to
extend the range of fermentation products to include b-lactam

derivatives that could hitherto only be produced by chemical
modification leading to great potential in terms of economy and
sustainability. This is exemplified by the expression of the
Streptomyces clavuligerus cefE gene, which encodes an expandase and
has enabled high-yield production of cephalosporins with engineered
P. chrysogenum strains5.

Accessibility to the full range of genomics techniques will be
invaluable for further innovation in antibiotics production. Here, we
present the complete genome sequence of P. chrysogenum Wiscon-
sin54-1255 (ref. 6). An in silico analysis of the genome sequence has
focused on key processes in penicillin production. Moreover, DNA
microarrays have been applied for transcriptome comparisons of the
sequenced strain and a derived high-producing strain.

RESULTS
Genome sequence and analysis
The P. chrysogenum genome was sequenced by the whole-genome
sequencing method. The nuclear genome of 32.19 Mb was covered
by 49 supercontigs, including 21 supercontigs larger than 5 kb and

Received 9 June; accepted 27 August; published online 28 September 2008; doi:10.1038/nbt.1498
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The importance of mushroom-forming fungi in agriculture, human 
health and ecology underscores their biotechnological potential for 
a wide range of applications. The most conspicuous forms of these  
species, most of which are basidiomycetes, are their fleshy, spore-bearing 
fruiting bodies. Although these are primarily of economic value because 
of their use as food1,2 (worldwide production of edible mushrooms 
amounts to ~2.5 million tons annually), mushrooms also produce anti-
tumor and immunostimulatory molecules1,2, as well as enzymes used 
for bioconversions3. Moreover, they have been identified as promising 
cell factories for the production of pharmaceutical proteins4.

Despite their economic importance, relatively little is known about 
how mushroom-forming fungi obtain nutrients and how their fruiting 
bodies are formed. The vast majority of mushroom-forming fungi 
cannot be genetically modified, or even cultured under laboratory 
conditions. The basidiomycete Schizophyllum commune, which com-
pletes its life cycle in ~10 d, is a notable exception insofar as it can be 
cultured on defined media and there are a wealth of molecular tools to 

study its growth and development. It is the only mushroom-forming  
fungus for which genes have been inactivated by homologous recom-
bination. The importance of S. commune as a model system is also 
exemplified by the fact that its recombinant DNA constructs will 
express in other mushroom-forming fungi5. In contrast, constructs 
that have been developed for ascomycetes are often not functional in 
mushroom-forming basidiomycetes.

S. commune is one of the most commonly found fungi and can be 
isolated from all continents, except for Antarctica. S. commune has been 
reported to be a pathogen of humans and trees, but it mainly adopts a 
saprobic lifestyle by causing white rot6. It is predominantly found on 
fallen branches and timber of deciduous trees. At least 150 genera of 
woody plants are substrates for S. commune, but it also colonizes soft-
wood and grass silage7. The mushrooms of S. commune that form on 
these substrates are used as a food source in Africa and Asia.

In the life cycle of S. commune8, meiospores germinate to form a 
sterile monokaryotic mycelium, in which each hyphal compartment 

Genome sequence of the model mushroom 
Schizophyllum commune
Robin A Ohm1, Jan F de Jong1, Luis G Lugones1, Andrea Aerts2, Erika Kothe3, Jason E Stajich4,  
Ronald P de Vries1,5, Eric Record6,7, Anthony Levasseur6,7, Scott E Baker2,8, Kirk A Bartholomew9,  
Pedro M Coutinho10, Susann Erdmann3, Thomas J Fowler11, Allen C Gathman12, Vincent Lombard10,  
Bernard Henrissat10, Nicole Knabe3,18, Ursula Kües13, Walt W Lilly12, Erika Lindquist2, Susan Lucas2,  
Jon K Magnuson8, François Piumi6,7, Marjatta Raudaskoski14, Asaf Salamov2, Jeremy Schmutz2,  
Francis W M R Schwarze15, Patricia A vanKuyk16, J Stephen Horton17, Igor V Grigoriev2 & Han A B Wösten1

Much remains to be learned about the biology of mushroom-forming fungi, which are an important source of food, secondary 
metabolites and industrial enzymes. The wood-degrading fungus Schizophyllum commune is both a genetically tractable model 
for studying mushroom development and a likely source of enzymes capable of efficient degradation of lignocellulosic biomass. 
Comparative analyses of its 38.5-megabase genome, which encodes 13,210 predicted genes, reveal the species’s unique wood-
degrading machinery. One-third of the 471 genes predicted to encode transcription factors are differentially expressed during 
sexual development of S. commune. Whereas inactivation of one of these, fst4, prevented mushroom formation, inactivation 
of another, fst3, resulted in more, albeit smaller, mushrooms than in the wild-type fungus. Antisense transcripts may also have 
a role in the formation of fruiting bodies. Better insight into the mechanisms underlying mushroom formation should affect 
commercial production of mushrooms and their industrial use for producing enzymes and pharmaceuticals.
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Complete genome sequence of
hypervirulent and outbreak-associated
Acinetobacter baumannii strain LAC-4:
epidemiology, resistance genetic
determinants and potential virulence
factors
Hong-Yu Ou1, Shan N. Kuang2, Xinyi He1, Brenda M. Molgora2, Peter J. Ewing2, Zixin Deng1,

Melanie Osby3*, Wangxue Chen4 & H. Howard Xu2

1State Key Laboratory of Microbial Metabolism and School of Life Sciences & Biotechnology, Shanghai Jiaotong University,
Shanghai, China, 2Department of Biological Sciences, California State University Los Angeles, Los Angeles, California, USA,
3Department of Pathology, LAC1USC Medical Center, Los Angeles, California, USA, 4Human Health Therapeutics, National
Research Council Canada, 100 Sussex Drive, Ottawa, Ontario K1A 0R6, Canada.

Acinetobacter baumannii is an important human pathogen due to its multi-drug resistance. In this study,
the genome of an ST10 outbreak A. baumannii isolate LAC-4 was completely sequenced to better
understand its epidemiology, antibiotic resistance genetic determinants and potential virulence factors.
Compared with 20 other complete genomes of A. baumannii, LAC-4 genome harbors at least 12 copies of
five distinct insertion sequences. It contains 12 and 14 copies of two novel IS elements, ISAba25 and
ISAba26, respectively. Additionally, three novel composite transposons were identified: Tn6250, Tn6251
and Tn6252, two of which contain resistance genes. The antibiotic resistance genetic determinants on the
LAC-4 genome correlate well with observed antimicrobial susceptibility patterns. Moreover, twelve
genomic islands (GI) were identified in LAC-4 genome. Among them, the 33.4-kb GI12 contains a large
number of genes which constitute the K (capsule) locus. LAC-4 harbors several unique putative virulence
factor loci. Furthermore, LAC-4 and all 19 other outbreak isolates were found to harbor a heme oxygenase
gene (hemO)-containing gene cluster. The sequencing of the first complete genome of an ST10 A.
baumannii clinical strain should accelerate our understanding of the epidemiology, mechanisms of
resistance and virulence of A. baumannii.

R
ecognized as one of the most problematic bacterial pathogens due to emergence of multidrug-resistant
(MDR) strains1, Acinetobacter baumannii has been responsible for a significant proportion of world-wide
healthcare-acquired infections, including ventilator-associated pneumonia, surgical site and urinary tract

infections and septicemia2–5. Additionally, MDR clinical isolates of this species have been found to infect military
personnel wounded in combat zones6,7.

Hospital outbreaks of A. baumannii infection are often associated with multidrug resistance in the causative
strains8,9. Besides their intrinsic resistance to certain antibiotics due to the presence of native b-lactamase genes,
poor permeability and efflux systems, A. baumannii strains have acquired a large array of antibiotic resistance
mutations and genes, located either on the chromosome or plasmids10,11. Furthermore, clinical strains of A.
baumannii resistant to carbapenems, the last resort antibiotics to treat infections caused by A. baumannii, have
been found to possess acquired bla genes encoding several groups of carbapenem-hydrolyzing b-lactamases, such
as blaOXA-23

12,13, blaOXA-24/33/40
14,15, and blaOXA-58

16. These bla genes appear to have been transferred via mobile
genetic elements such as insertion sequences, transposons or plasmids12,13,15,16.
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Complete genome sequence of the myxobacterium
Sorangium cellulosum
Susanne Schneiker1,17, Olena Perlova2,17, Olaf Kaiser1, Klaus Gerth3, Aysel Alici1, Matthias O Altmeyer2,
Daniela Bartels4, Thomas Bekel4, Stefan Beyer3, Edna Bode2, Helge B Bode2, Christoph J Bolten5,
Jomuna V Choudhuri4, Sabrina Doss6, Yasser A Elnakady2, Bettina Frank2, Lars Gaigalat1, Alexander Goesmann3,
Carolin Groeger6, Frank Gross2, Lars Jelsbak7, Lotte Jelsbak8, Jörn Kalinowski4, Carsten Kegler2, Tina Knauber6,
Sebastian Konietzny4, Maren Kopp2, Lutz Krause4, Daniel Krug2, Bukhard Linke4, Taifo Mahmud9,
Rosa Martinez-Arias3, Alice C McHardy4, Michelle Merai2, Folker Meyer4, Sascha Mormann1,
Jose Muñoz-Dorado10, Juana Perez10, Silke Pradella3, Shwan Rachid2, Günter Raddatz11, Frank Rosenau12,
Christian Rückert1, Florenz Sasse3, Maren Scharfe3, Stephan C Schuster13, Garret Suen14, Anke Treuner-Lange6,
Gregory J Velicer15, Frank-Jörg Vorhölter1, Kira J Weissman2, Roy D Welch14, Silke C Wenzel2,
David E Whitworth16, Susanne Wilhelm12, Christoph Wittmann5, Helmut Blöcker3, Alfred Pühler1 & Rolf Müller2

The genus Sorangium synthesizes approximately half of the secondary metabolites isolated from myxobacteria, including the
anti-cancer metabolite epothilone. We report the complete genome sequence of the model Sorangium strain S. cellulosum So
ce56, which produces several natural products and has morphological and physiological properties typical of the genus. The
circular genome, comprising 13,033,779 base pairs, is the largest bacterial genome sequenced to date. No global synteny with
the genome of Myxococcus xanthus is apparent, revealing an unanticipated level of divergence between these myxobacteria. A
large percentage of the genome is devoted to regulation, particularly post-translational phosphorylation, which probably supports
the strain’s complex, social lifestyle. This regulatory network includes the highest number of eukaryotic protein kinase–like
kinases discovered in any organism. Seventeen secondary metabolite loci are encoded in the genome, as well as many enzymes
with potential utility in industry.

Natural products and their derivatives provide the basis for medicines
targeting a wide range of human diseases. The Gram-negative myxo-
bacteria, members of the d-subgroup of proteobacteria, are an
important source of novel classes of secondary metabolites1. Of
these, the genus Sorangium is particularly valuable, as 46% of
metabolites isolated from myxobacteria1, including the potent anti-
tumor compound epothilone2, derive from this group. The majority
of myxobacterial metabolites are polyketides, nonribosomal polypep-
tides or hybrids of the two structures, many of which are synthesized
on gigantic molecular assembly lines composed of polyketide
synthase (PKS) and nonribosomal polypeptide synthetase (NRPS)
multienzymes3. Sorangium strains exhibit additional characteristic
features, including ‘social behavior’, cell movement by gliding, biofilm

formation and morphological differentiation culminating in complex
multicellular structures called fruiting bodies4. Three myxobacterial
suborders are known5 and the availability of the genome sequence of
Myxococcus xanthus (Cystobacterineae)6 enables comparative analysis
with the Sorangium cellulosum (Sorangiineae) genome to illuminate
the basis for several important behavioral and metabolic differences.
These include the ability of Sorangium strains to degrade complex
plant materials (Fig. 1). S. cellulosum So ce56, an obligate aerobe, was
established previously as a model Sorangium strain7 by virtue of its
favorable growth characteristics and ability to differentiate reprodu-
cibly under laboratory conditions. It synthesizes the cytotoxic
chivosazoles7 and the catecholate-type siderophores myxochelins8.
Comparison of the complete genome sequence of strain S. cellulosum

Received 7 May; accepted 4 October; published online 28 October 2007; doi:10.1038/nbt1354
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A genome draft of the legless anguid lizard,
Ophisaurus gracilis
Bo Song1, Shifeng Cheng1,2, Yanbo Sun3, Xiao Zhong1, Jieqiong Jin3, Rui Guan1, Robert W Murphy3,4, Jing Che3,
Yaping Zhang3,5 and Xin Liu1*

Abstract

Background: Transition from a lizard-like to a snake-like body form is one of the most important transformations in
reptilian evolution. The increasing number of sequenced reptilian genomes is enabling a deeper understanding of
vertebrate evolution, although the genetic basis of the loss of limbs in reptiles remains enigmatic. Here we report
genome sequencing, assembly, and annotation for the Asian glass lizard Ophisaurus gracilis, a limbless lizard species
with an elongated snake-like body form. Addition of this species to the genome repository will provide an excellent
resource for studying the genetic basis of limb loss and trunk elongation.

Findings: O. gracilis genome sequencing using the Illumina HiSeq2000 platform resulted in 274.20 Gbp of raw data
that was filtered and assembled to a final size of 1.78 Gbp, comprising 6,717 scaffolds with N50 = 1.27 Mbp. Based
on the k-mer estimated genome size of 1.71 Gbp, the assembly appears to be nearly 100% complete. A total of
19,513 protein-coding genes were predicted, and 884.06 Mbp of repeat sequences (approximately half of the genome)
were annotated. The draft genome of O. gracilis has similar characteristics to both lizard and snake genomes.

Conclusions: We report the first genome of a lizard from the family Anguidae, O. gracilis. This supplements currently
available genetic and genomic resources for amniote vertebrates, representing a major increase in comparative
genome data available for squamate reptiles in particular.

Keywords: Lizard genome, Anguidae, Squamate reptiles, Limblessness

Data description
Ophiosaurous gracilis genomic DNA was extracted from
the tail of a single male lizard collected from the Tibetan
Plateau and used to construct seven paired-end Illumina
libraries with insert sizes ranging from 180 bp to 20 kbp.
To construct small-insert libraries (180, 500, and
800 bp), DNA was sheared to the target size range using
Covair S2 (Covaris, Woburn, MA, USA) and ligated to
adaptors. For long-insert libraries (2, 5, 10, and 20 kb),
DNA was fragmented using a Hydroshear system (Digilab,
Marlborough, MA, USA). Sheared fragments were biotin
labelled at the ends and fragments of the desired size were
gel purified. A second round of fragmentation was then
conducted before adapter ligation. Both libraries were se-
quenced on an Illumina HiSeq2000 Genome Analyzer
(Illumina, San Diego, CA, USA), with 100 bp and 90 bp

sequencing for short insert size libraries (180–800 bp) and
large insert size libraries (2–20 kbp), respectively. A total
of 274.20 Gbp of raw data was generated, from which
147.08 Gbp of ‘clean’ data was obtained after removal of
duplicates, contaminated reads (reads with adaptor se-
quences), low quality reads (with Solexa quality scores
(Phred64) of less than 7 for >60% and >80% of bases for
short-insert libraries and long-insert libraries, respectively)
and reads with more than 10% ‘N’ bases. The O. gracilis
genome size was estimated to be approximately 1.71 Gbp
using a k-mer-based approach [1]. Based on this estimate,
the clean data corresponds to approximately 86-fold
coverage of the O. gracilis genome. High-quality reads
were used for genome assembly (contig and scaffold con-
struction) and gap closure was performed using the
SOAPdenovo package and default parameters except that
the k-mer size was set at 63 [2]. The final assembly had a
total length of 1.78 Gbp, comprising 6,715 scaffolds as-
sembled from 135,863 contigs, with the longest scaffold
size being 6.68 Mbp. The N50 sizes for contigs and
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The genome sequence of Atlantic cod reveals a
unique immune system
Bastiaan Star1, Alexander J. Nederbragt1, Sissel Jentoft1, Unni Grimholt1, Martin Malmstrøm1, Tone F. Gregers2, Trine B. Rounge1,
Jonas Paulsen1,3, Monica H. Solbakken1, Animesh Sharma4, Ola F. Wetten5,6, Anders Lanzén7,8, Roger Winer9, James Knight9,
Jan-Hinnerk Vogel10, Bronwen Aken10, Øivind Andersen11, Karin Lagesen1, Ave Tooming-Klunderud1, Rolf B. Edvardsen12,
Kirubakaran G. Tina1,13, Mari Espelund1, Chirag Nepal4,8, Christopher Previti8, Bård Ove Karlsen14, Truls Moum14, Morten Skage1,
Paul R. Berg1, Tor Gjøen15, Heiner Kuhl16, Jim Thorsen17, Ketil Malde12, Richard Reinhardt16, Lei Du9, Steinar D. Johansen14,18,
Steve Searle10, Sigbjørn Lien13, Frank Nilsen19, Inge Jonassen4,8, Stig W. Omholt1,13, Nils Chr. Stenseth1 & Kjetill S. Jakobsen1

Atlantic cod (Gadus morhua) is a large, cold-adapted teleost that sus-
tains long-standing commercial fisheries and incipient aquaculture1,2.
Here we present the genome sequence of Atlantic cod, showing
evidence for complex thermal adaptations in its haemoglobin gene
cluster and an unusual immune architecture compared to other
sequenced vertebrates. The genome assembly was obtained exclu-
sively by 454 sequencing of shotgun and paired-end libraries, and
automated annotation identified 22,154 genes. The major histo-
compatibility complex (MHC) II is a conserved feature of the
adaptive immune system of jawed vertebrates3,4, but we show that
Atlantic cod has lost the genes for MHC II, CD4 and invariant chain
(Ii) that are essential for the function of this pathway. Nevertheless,
Atlantic cod is not exceptionally susceptible to disease under
natural conditions5. We find a highly expanded number of
MHC I genes and a unique composition of its Toll-like receptor
(TLR) families. This indicates how the Atlantic cod immune system
has evolved compensatory mechanisms in both adaptive and innate
immunity in the absence of MHC II. These observations affect
fundamental assumptions about the evolution of the adaptive
immune system and its components in vertebrates.

We sequenced the genome of a heterozygous male Atlantic cod
(NEAC_001, Supplementary Notes 1 and 2), applying a whole-
genome shotgun approach to 403 coverage (estimated genome size
of 830 megabases (Mb), Supplementary Note 4 and Supplementary
Fig. 2) using 454 technology (Supplementary Note 3). Two programs
(Newbler6 and Celera7, Supplementary Notes 5 and 6) produced
assemblies with short contigs, yet with scaffolds of comparable size to
those of Sanger-sequenced teleost genomes (Supplementary Note 10 and
Supplementary Fig. 8). Although fragmentation due to short tandem
repeats is difficult to address (Supplementary Note 7), we resolved
numerous gaps attributable to heterozygosity (Supplementary Note 8).
The assemblies differ in scaffold and contig length (Table 1), although
their scaffolds align to a large extent (Supplementary Note 9 and Sup-
plementary Fig. 7). We obtained about one million single nucleotide
polymorphisms (SNPs) by mapping 454 and Illumina reads from the
sequenced individual to the Newbler assembly (Supplementary Note 11).
Both assemblies cover more than 98% of the reads from an extensive
transcriptome data set, indicating that the proteome is well represented
(Supplementary Note 13). The assemblies are consistent with four

independently assembled bacterial artificial chromosome (BAC) insert
clones (Supplementary Note 14 and Supplementary Fig. 9), and with
the expected insert size of paired BAC-end reads (Supplementary Note
15 and Supplementary Fig. 10).

A standard annotation approach based on protein evidence was
complemented by a whole-genome alignment of the Atlantic cod with
the stickleback (Gasterosteus aculeatus), after repeat-masking 25.4% of
the Newbler assembly (Supplementary Note 16 and Supplementary
Table 6). In this way, 17,920 out of 20,787 protein-coding stickleback
genes were mapped onto reorganized scaffolds (Supplementary Note 17).
Additional protein-coding genes, pseudogenes and non-coding RNAs
were annotated using the standard Ensembl pipeline. These approaches
resulted in a final gene set of 22,154 genes (Supplementary Table 7).
Comparative analysis of gene ontology classes indicates that the major
functional pathways are represented in the annotated gene set
(Supplementary Note 18 and Supplementary Fig. 11). We anchored
332 Mb of the Newbler assembly to 23 linkage groups of an existing
Atlantic cod linkage map using 924 SNPs8 (Supplementary Note 19 and
Supplementary Table 8). These linkage groups have distinct orthology
to chromosomes of other teleosts, on the basis of the number of co-
occurring genes, showing that the whole-genome shotgun assembly
reflects the expected chromosomal ancestry (Fig. 1, Supplementary
Note 20 and Supplementary Table 9).
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Table 1 | Assembly statistics
Number Bases (Mb) N50L (bp)* N50 (n){ ML (bp){

Newbler

Contigs1 284,239 536 2,778 50,237 76,504
Scaffolds 6,467 611 687,709 218 4,999,318
Entire assemblyI 157,887 753 459,495 344 4,999,318

Celera

Contigs1 135,024 555 7,128 19,938 117,463
Scaffolds 3,832 608 488,312 373 2,810,583
Entire assemblyI 17,039 629 469,840 395 2,810,583

*Minimum sequence length in which half of the assembled bases occur.
{Number of sequences with lengths of N50L or longer.
{Maximum length.
1Contigs longer than 500 bp.
IScaffolds and unplaced contigs.
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The genomic basis of adaptive evolution
in threespine sticklebacks
Felicity C. Jones1*, Manfred G. Grabherr2,3*, Yingguang Frank Chan1{*, Pamela Russell2*, Evan Mauceli2{, Jeremy Johnson2,
Ross Swofford2, Mono Pirun2{, Michael C. Zody2, Simon White4, Ewan Birney5, Stephen Searle4, Jeremy Schmutz6,
Jane Grimwood6, Mark C. Dickson6, Richard M. Myers6, Craig T. Miller1{, Brian R. Summers1, Anne K. Knecht1,
Shannon D. Brady1, Haili Zhang1, Alex A. Pollen1, Timothy Howes1, Chris Amemiya7, Broad Institute Genome Sequencing Platform
& Whole Genome Assembly Team{, Eric S. Lander2, Federica Di Palma2, Kerstin Lindblad-Toh2,3 & David M. Kingsley1,8

Marine stickleback fish have colonized and adapted to thousands of streams and lakes formed since the last ice age,
providing an exceptional opportunity to characterize genomic mechanisms underlying repeated ecological adaptation in
nature. Here we develop a high-quality reference genome assembly for threespine sticklebacks. By sequencing the
genomes of twenty additional individuals from a global set of marine and freshwater populations, we identify a
genome-wide set of loci that are consistently associated with marine–freshwater divergence. Our results indicate
that reuse of globally shared standing genetic variation, including chromosomal inversions, has an important role in
repeated evolution of distinct marine and freshwater sticklebacks, and in the maintenance of divergent ecotypes during
early stages of reproductive isolation. Both coding and regulatory changes occur in the set of loci underlying marine–
freshwater evolution, but regulatory changes appear to predominate in this well known example of repeated adaptive
evolution in nature.

The genetic and molecular basis of adaptive evolution is still largely
unknown. Some researchers have championed a pre-eminent role for
regulatory changes during evolution of adaptive phenotypes, because
such changes may avoid pleiotropic consequences of protein-coding
alterations1–3. Others have catalogued known phenotypic differences
caused by protein-coding changes and have questioned whether suf-
ficient case histories exist to estimate the relative frequency of regula-
tory and coding changes during adaptive evolution4. Despite progress
on individual traits5, it has been difficult to accumulate enough
examples in any particular group to obtain an overall picture of
molecular mechanisms underlying evolutionary change, particularly
for clearly adaptive phenotypes in wild organisms.

Threespine sticklebacks offer a powerful system for studying the
molecular basis of adaptive evolution in vertebrates. After the retreat
of Pleistocene glaciers, marine sticklebacks colonized and adapted to
many newly formed freshwater habitats, evolving repeated changes in
body shape, skeletal armour, trophic specializations, pigmentation, salt
handling, life history and mating preferences6,7. Recurrent evolution of
similar phenotypes in similar environments indicates that these traits
evolve by natural selection8. Distinctive marine and freshwater forms
can still hybridize, making it possible to map the genetic basis of
individual traits, and identify particular genes underlying armour,
pelvic and pigmentation evolution9–12. At two of these key loci, dis-
tinctive haplotypes were found to be reused when similar phenotypes
evolve in different populations11,12, a pattern that was later found at
additional loci13,14. Ongoing gene flow between marine and freshwater
forms occurs along coastal rivers15,16, making it possible to spread

adaptive alleles among populations, and homogenizing neutral
genomic regions17. Here we use signatures of allele sharing to identify
a genome-wide set of adaptive loci consistently associated with
recurrent marine–freshwater evolution.

Generation of reference genome assembly
To facilitate studies of stickleback evolution, we first generated a
reference genome assembly from a homogametic (female) freshwater
stickleback (Gasterosteus aculeatus) from Bear Paw Lake, Alaska. The
sequenced individual was partially inbred and retained heterozygosity
at approximately 1 per 700 base pairs (bp). The assembly, gasAcu1.0,
was generated with 9.03 coverage in Sanger sequence data
(ABI3730), and has a length-weighted median (N50) contig size of
83.2 kilobases (kb), a length-weighted median (N50) scaffold size of
10.8 megabases (Mb) and a total gapped size of 463 Mb, close to
previous estimates of 530 Mb (ref. 18). The 113 largest scaffolds
(86.9%, 400.4 Mb) were anchored to stickleback linkage groups in
an F2 marine 3 freshwater intercross, whereas 60.7 Mb in 1,812 smaller
scaffolds (N50 5 0.3 Mb) remain unanchored. Use of a single partially
inbred individual, construction and assembly of a range of genomic
library sizes, and the relatively low repeat and duplication content of the
stickleback genome have produced a highly contiguous anchored
genome assembly with contig and scaffold sizes much larger than other
published teleosts19–22 (Supplementary Table 1).

The stickleback sequence was annotated using the Ensembl pipeline,
which predicted 20,787 protein-coding and 1,617 RNA genes (Sup-
plementary Table 2). Of the protein-coding genes, 7,614 showed
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Strategies 
•  The “string” laid out for students was as follows: 

“Genomics string” outcome 
•  Using the genome paper as a string, students first explored the various genome sequencing 

strategies (Bac clone sequencing and whole genome shotgun (WGS sequencing). 

•  DNA sequencing methods (Sanger, illumina, Pyro etc.) were covered as students idntified the 
methods in their papers. 

•  Genome assembly process and the measure of assembly quality (contig N50 or scaffold N50) 
were illustrated as students found variation in these measure across the genome papers.  

•  The reported genes in each genome paper guided introducing structural annotation of 
sequenced genome while distinguishing it from the laborious functional annotation. 

•  The coding portion of genomes (genes) and its different components was covered as students 
identified them in their papers and supplementary material accompanying the papers. 

•  The variation in non-coding component of eukaryotic genomes was used as a guide to introduce 
tandom and interspersed repeats. 

•  Intra-species sequence variation represented by (single nucleotide polymorphisms – SNPs) 
found in each genome paper facilitated teaching and learning about the usability of variation to 
deduce evolutionary history and mapping of traits. 

Conclusion 

The active teaching and learning method of “laying a string” has, as students 
testified, proven to be a fun and versatile way to learn about the science of 

genomes, engage in discussions, and independently answer significant 
biological questions. 

Objectives 

•  Applying “Laying a string” model in the teaching of genomics course (485). 

•  Using published peer-reviewed genome papers as a “string” to guide 
students in discovering: 

1)  Academic concepts - “Academic string”. 

2)  Genome and genomics concepts – “Genomics string”.  

Academic String Genomics String 

Abstract 

Scientific name 

Journals 

Figures 

Tables 

Supplementary 

Thesis statement 

Introduction 

Common name Year published 

Authors 
Team work 

Group discussion 

Reading 1° literature 

Presentation 

References 

Introduction 

Copy number 

Genome size 

GC content 

Sequencing method 

Sequencing strategy 

Coverage Contig 

Scaffold 

Predicted genes 

SNPs 
Operons 

Gene size 

Exon size 

Intron size 

Intron number/gene 

Exon number/gene 

Gene density/Mb LTRs T.E. 

SINE 

LINE 

% coding 

General taxonomic group 

Genome 

% non-coding 

N50 

N90 

STR 
NGS 

Assembly 

Annotation 

Nanopore 

Pyrosequencing 

Illumina 

Bac clones 

Sanger 

Shotgun 

SOLiD 
WGS 

1.  Select three organisms that are 
taxonomically related. 

2.  Conduct a literature search and find the 
genome papers of the three organisms. 

3.  One paper can be old (before 2010) and 
two must be published after 2010. 

4.  Download and/or print the three papers 
and related supplementary material. 

5.  Understand the structure and content of 
scientific papers using the “Academic 
string” (see below) and its concepts. 

6.  Independently, search for concepts as 
an assignment. 

7.  Discuss and share the learned 
academic concepts with peers in 
groups. 

8.  Review peers’ findings by exchanging 
papers in class. 

9.  Change group formation every class. 
10.  Apply the same strategy to the 

“genomics string” (see below).  

“Academic string” outcome 
•  Students experienced searching for peer-reviewed articles and learned the difference between 

open access journal and subscription based ones. 

•  28 genome papers were selected 9 of which were of model organisms and 19 of non-model (6  
prokaryotes and 22 eukaryotes). 

•  Students identified paper elements (title, abstract, introduction etc.) and were able to locate the 
expected information in each element. For example, the title should contain the common name 
and/or scientific name of the organism and the word genome. 

•  Students Gained the ability to correctly extract information from their selected papers and verify 
the extracted information from their peers’ papers. 

•  While focusing on their papers, students were given the chance to review all other paper during 
the group discussion session and the paper exchange activity. 

•  Students learned the basics of presenting their selected papers using a comparative genomics 
approach and focusing on specific hypotheses. 
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Stretching the “Genomics string” 
•  The student extracted data from their genome papers was used collectively to answer questions 

raised as genomic concepts were covered.  Below are examples of questions and their answers. 

•  How often are the different sequencing strategies implemented in the past two decades? 

The WGS is the predominant sequencing strategy in recent years and a reduced implementation of 
sequencing back clones due to its labor intensive and time consuming nature (Fig. 1a). 

•  What is the evolution of sequencing methods in the past two decades? 

Sanger remains a powerful sequencing method due to the length of the reads generated.  The 
sequencing methods referred to as “Next Generation Sequencing -NGS” are relatively recent 
methods that focuses on the high throughput of short reads (Fig. 1b). 

•   What is the relationship between genome size and number of genes? 

While prokaryotic genomes may show a linear relationship between genome size and gene 
number, the size of eukaryotic genomes (including ours!) is not, which is a result of the inflation in 
the non-coding (repetitive) genomic content (Fig. 1c). 

•  Is there a difference in nucleotide composition of extremophiles vs. non-extremophiles? 

The genomes of extremophiles exhibits higher percentage of GC content than their non-
extremophile counterparts to insure the survival and stability of the genetic material (Fig. 1d). 


