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Introduction 
 
The topic of cotton genome sequencing has been informally and formally discussed in several 
meetings including the biennial research conferences of International Cotton Genome Initiative 
(ICGI). At the ICGI meeting on September 18-20, 2006 in Brazil, there was broad and strong 
support for organizing a community effort on cotton genome sequencing. An ad hoc group 
(white paper writing committee) was formed to coordinate writing a white paper on “cotton 
genome sequencing”. 
 
Our goal is to build a community effort on the development, public release, and utilization of 
cotton sequence information. To advance this goal, it was clear the white paper should convey 
the compelling need to sequence the cotton genomes, and thus to foster participation in current 
and future sequencing opportunities in all cotton growing countries. An important aspect of the 
white paper was seen to be the enumeration of options and the pro’s and con’s associated with 
various strategies of resource development and sequencing strategies, and sequence utilization. 
 
We decided not to endorse specific approaches, but to provide guidance and discussion of plans 
for cotton genome sequencing.  We strongly believe that development of a successful sequencing 
effort will establish a new era of cotton research and improvement worldwide.  
 
I. Rationale and justification for sequencing cotton genomes 
 
Cotton, a mallow, is the world’s most important natural textile fiber, and it doubles as an oilseed 
crop.  In nature, cotton plants are perennial woody shrubs and trees, yet cotton is mostly 
cultivated as a domesticated annual crop.  Production is practiced on about 2.5% of arable land, 
and provides the jobs of about 100 million family units.  Each cotton fiber is a single and 
phenomenally elongated cell from epidermal layer of the ovule, with about 25,000 per seed.  The 
seed is an important source of feed and foodstuff.  In addition to their widely known uses for 
apparel and home furnishings, fiber-derived products are found in plastics and many industrial 
products such as digital screens.  World consumption of cotton fiber is ~115-million bales (480 
lbs/bale) or ~27-million metric tons per year. 
 
China is both the largest producer and consumer of raw cotton, but more than 80 countries 
produce cotton, including Australia, Franco-Africa, India, Pakistan, USA, and Uzbekistan. The 
USA is the second largest producer and grows about $6 billion/yr. More than 150 countries are 
involved in import and export of cotton. Economic impact is estimated to be ~$500 billion/yr 
worldwide (National Cotton Council, 2005). Moreover, cotton is a major economic driver for 
some developing countries like Uzbekistan that produces annually ~4 million tons of raw cotton 
and exports ~$900 million worth cotton fiber. 
 
Genetic improvements that enhance the economics of production and fiber processing 
characteristics will ensure competitiveness in the market of this natural-renewable product with 
petroleum-derived synthetic fibers, and the livelihoods of millions of people worldwide.  
Moreover, modifications to expand the use of seed derivatives for food and feed could 
profoundly benefit the diets and livelihoods of millions of people in food-challenged economies. 
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Biologically, cotton fiber is an excellent model system for the study of plant cell elongation and 
cell wall and cellulose biosynthesis (Kim and Triplett, 2001).  The fiber is composed of nearly 
pure cellulose, which is also the largest component of plant biomass.  Annual world production 
of cellulose is ca.100 million metric tons, primarily in the cell walls of all higher plants.  The 
basic study of cellulose biosynthesis in fiber cells is highly pertinent to the applied objectives of 
renewable resource and bioenergy research. 
 
Decoding the cotton genomes will contribute significantly to our understanding of the functional 
and agronomic significance of polyploidy. Gossypium hirsutum and G. barbadense are classic 
natural allopolyploids derived from an interspecific hybridization of an African/Asian A-genome 
and an American D-genome species about 1-2 mya (Wendel and Cronn, 2003). G. hirsutum, 
Upland or American cotton, represents over 95% of the annual cotton crop worldwide.  In the 
US, over 98% is Upland cotton, and the extra-long staple (ELS) or Pima cotton (G. barbadense) 
accounts for less than 2% (National Cotton Council, 2005). 
 
The genus Gossypium occurs naturally throughout tropical and subtropical regions, and includes 
about 45 species split across two ploidy levels, diploid (2n = 2x = 26) and tetraploid (2n = 4x = 
52).  According to meiotic pairing and chromosome size, diploid species (2n = 26) fall into 
genomic groups A, B, C, D, E, F, G, or K.  The A-genome clade, also including B, E, and F 
genome types distinguished from one another based on pairing behavior, chromosome sizes, and 
relative fertility in interspecific hybrids (Beasley, 1942) occur naturally in Africa and Asia, while 
the D-genome clade occurs in America. A third diploid clade exists in Australia, including C, G, 
and K genome types.  Subscripts in each group are used to denote related genomes within a 
genomic group such as G. herbaceum L. (A1) and G. arboreum L. (A2). Both allotetraploids 
originated in the New World from interspecific hybridization between an A-genome-like 
ancestral African diploid species and a D-genome-like American diploid species (Skovsted, 
1934; Beasley, 1940).  The extant species most closely related to these ancestors are G. 
herbaceum L. (A1), G. raimondii (D5) Ulbrich or G. gossypioides (Ulbrich) Standley (D6) 
(Gerstel, 1958; Phillips, 1963).  Ancestral hybridization and polyploidization are estimated to 
have occurred 1–2 mya (Wendel and Cronn, 2003).  The resulting disomic polyploid gave rise to 
the five extant allotetraploid species (Percival et al., 1999).  Domesticated A-genome diploid and 
AD-tetraploid cottons appeared in Indus valley and the New World by 3,500–2,300 B.C, 
respectively (Hutchinson et al., 1947; Jiang et al., 1998).  Cotton fiber production is affected by 
polyploid formation and crop domestication.  The A-genome species produce spinnable fiber, 
whereas the D-genome species do not (Applequist et al., 2001).  Significant impact on fiber traits 
in the allotetraploids by their D-subgenomes has been indicated by marker-assisted QTL 
localization (Jiang et al., 1998) and chromosome substitution line performance (Saha et al., 
2006). 
 
Efficient strategies for capturing the sequence diversity represented within the Gossypium genus 
will be greatly influenced by large differences in genome size and organization across the genus.  
The diploid genomes vary about 3-fold in DNA content, but have the same chromosome number 
and similar gene content.  This variation in genome size appears to have accumulated in about 5-
10 million years since the diploid clades are thought to have diverged from a common ancestor 
(Senchina et al., 2003).  The haploid genome sizes are estimated to be ~880-Mb for G. raimondii 
Ulbrich, ~1.75-Gb for G. arboreum L., and ~2.5 Gb for G. hirsutum L. (Hendrix and Stewart, 
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2005).  DNA content of the allopolyploids is approximately the sum of those of the A and D-
genome progenitors, and nearly all of >22,000 AFLP fragments surveyed are additive in the 
allopolyploids (Liu et al., 2001).  The variation in DNA content in the diploid species might be a 
net result of both increases and decreases in copy number of various repeat families. 
 
Sequenced cotton genomes will ultimately stimulate fundamental research on genome evolution, 
polyploidization and associated re-diploidization, gene expression, cell differentiation and 
development, cellulose synthesis, cell growth, and molecular determinants of cell wall 
biogenesis.  Practical ramifications will include improvement of biological processes key to 
agricultural productivity, economic yield, health, and ecologically-safe production practices, e.g., 
water use efficiency, abiotic and biotic stress tolerance/resistance, fertilizer and pesticide 
requirements, and new opportunities as a source of foodstuffs, expanded use as a feed and 
specialization of fiber types.  While some are more tangible than others, the economic, health 
and ecological and thus societal impacts are truly compelling on both national and international 
scales. 
 
II. Overview of cotton genomics research and resources 
 
Researchers in the cotton community have developed many genomics resources and have 
coordinated efforts on developing DNA markers and genetic maps. 
 
Germplasm resources 
A narrow genetic base is a bottleneck for cotton breeding and cultivar improvement.  Developing 
cotton genomic resources should facilitate better characterization and utilization of diverse 
cotton germplasm collections in many countries such as China, India, France, Mexico, USA, and 
Uzbekistan.  For example, the Centre de Coopération Internationale en Recherche Agronomique 
pour le Développement (CIRAD, France) maintains a germplasm collection of 3200 Gossypium 
accessions, including ca 1000 cultivars created through collaborative projects of CIRAD in 
developing countries, and ca 1000 perennial accessions collected worldwide.  The Cotton 
Research Institutes of the Republic of Uzbekistan have collected and maintained ~17,000 cotton 
germplasm accessions including isogenic and inbred lines, elite allotetraploid varieties, 
monosomic and translocation lines, and wild, primitive and extant representatives of A to G 
genome groups.  A comprehensive nursery has been established by Instituto Nacional de 
Investigaciones Forestales y Agropecuarias (INIFAP, Mexico) and the US for preservation and 
study of Gossypium D genome species (Ulloa et al., 2006).  India maintains approximately 5,990 
G. hirsutum, 1,049 G. barbadense, 1,867 G. arboreum, 568 G. herbaeceum, and 173 wild 
derivatives of crosses from cultivated and wild types.  The Commonwealth Scientific and 
Industrial Research Organisation (CSIRO) Plant Industry in Australia maintains 2,000 G. 
hirsutum accessions for improving disease and fiber traits and additional 500 accessions of 17 
indigenous Australian species covering 3 genomic groups.  Commercial varieties, marketed 
locally as Sicot, Sicala and Siokra and internationally by Bayer as FiberMax is an excellent 
example of germplasm utilization for cotton fiber improvement. 
 
Unraveling the cotton genome will contribute significantly to the characterization and utilization 
of germplasm which is needed for the future of cotton improvement using molecular marker-
assisted introgression (MAI) and marker-assisted selection (MAS) for the genes that control fiber 
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length and quality, agronomic traits, and pest resistance (Wright et al., 1998; Rong et al., 2005; 
Waghmare et al., 2005; Abdurakhomonov et al., 2006; Wang et al., 2006). Classical and 
molecular breeders could use these molecular tools to locate and characterize the sequences of 
DNA and DNA binding regions that control expression of these traits through MAS. 
 
Mapping populations 
High-density genetic maps in tetraploid cotton have been initially developed from interspecific G 
hirsutum x G barbadense F2 (Reinisch et al., 1994) and backcross (Lacape et al., 2005) 
populations.  Incorporating diverse types and sources of DNA markers has served as reference 
maps for many other studies.  An interspecific G hirsutum x G tomentosum F2 population has 
been published (Waghmare et al., 2005), and a G hirsutum x G mustelinum F2 is being mapped 
(P. Chee and A. Paterson, unpublished).  Recently, several groups have developed immortal 
interspecific RIL populations derived from TM-1 x 3-79 (Frelichowski et al., 2006) and 
Guazuncho 2 x VH8 (Lacape, unpublished) and chromosome-specific recombinant inbred lines 
developed for some of the existing disomic substitution lines that contain G. barbadense 
germplasm (S. Saha, unpublished), which will be useful for high-resolution (multi-site) QTL 
mapping. 
 
A total of 191 recombinant inbred lines (RILs) have been developed by single seed decent from 
F2 individuals derived from a cross between TM-1 and 3-79 (R. Kohel and J. Yu, unpublished). 
The RILs display a wide range of phenotypic variability observed throughout the Gossypium 
genus (S. Hoffman and J. Yu, unpublished).  These lines provide stable genetic materials for 
studying important fiber and morphological traits.  A genetic map of 1,238 SSR markers, 
covering 2,870 cM of 26 chromosomes, has been constructed (J. Yu et al., unpublished).  The 
TM-1 x 3-79 RILs are currently used by several cotton research groups to develop a common 
genetic map with additional portable markers (SSRs, AFLPs and SNPs). 
 
Other mapping resources include panels of hypoaneuploid G. hirsutum, their interspecific F1 
hybrids with three other AD species, G. barbadense (Stelly, 1993), G. tomentosum (Saha et al., 
2006), and G. mustelinum (D. M. Stelly, unpublished). The hypoaneuploids cover approximately 
75% of the genome and identify 23 of the 26 cotton chromosomes. The other three have long 
been identified by translocations (Brown, 1980). The hypoaneuploids allow chromosomal 
localization and validation of marker assignments to chromosomes and linkage groups.  A 
number of disomic substitution lines have already been developed for G barbadense 
chromosomes (Stelly et al., 2005) in G. hirsutum background and more are near release.  
Disomic substitutions are under construction for G. tomentosum and G. mustelinum (D. M. Stelly 
and S. Saha, unpublished). 
 
Development of wide-cross whole-genome radiation hybrid panels has enabled the use of 
radiation hybrid mapping in cotton (Gao et al., 2004; Gao et al., 2006), which complements other 
forms of genome mapping in terms of resolution, coverage and independence.  Independent 
panels based on 8-Krad segmentation have been constructed for radiation hybrid maps of G. 
barbadense (Gao et al., 2006) and G. hirsutum (D. M. Stelly, unpublished) genomes. 
 
Genetic maps 
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At least a dozen genetic maps of crosses between diverse cotton species and genotypes are 
available, most made to map specific traits (QTLs).  These maps collectively include ~5,000 
public DNA markers (~3,300 RFLP, 700 AFLP, 1,000 SSR, and 100 SNP).  The published maps 
include sequence tagged site (STS)-based maps consisting of 2584 loci at 1.72 cM (~600 kb) 
intervals based on 2007 probes in tetraploids (AD genomes) and 1014 loci at 1.42 cM (~600 kb) 
intervals detected by 809 probes in diploid (D genome) (Rong et al., 2004; Rong et al., 2005).  
There is a high degree of colinearity among the respective genome types (Rong et al., 2005).  
Another EST-SSR based genetic map was made using 1,710 loci at 1.92 cM intervals in 
tetraploid cotton (Han et al., 2006).  Many A and D homoeologous loci were detected by EST-
SSR primer pairs, confirming the expression origins of A and D subgenomes. 
 
Jean-Marc Lacape and his colleagues have integrated linkage maps into TropGENE-DB, 
http://tropgenedb.cirad.fr/en/cotton.html, using ‘CMap’ comparative map viewer. A similar map 
viewer has been implemented in CottonDB (http://cottondb.org) and in cotton microsatellite 
database (CMD) (http://www.mainlab.clemson.edu/cmd) (Blenda et al., 2006). The integrated 
map include several linkage maps developed by researchers in China (T. Zhang), France (J. 
Lacape), Pakistan (M. Rahman), and the US (A. Paterson and M. Ulloa) (Lacape and Nguyen, 
2005; Lacape et al., 2005).  Additional maps in the community can be integrated.  A large 
number (~4,000) of microsatellites have been developed and are described in CMD 
(http://www.mainlab.clemson.edu/cmd/AboutUs.shtml) and CottonDB. These genetic maps and 
DNA markers will facilitate the development of comprehensive linkage maps that are valuable 
for sequence assembly. 
 
Bacterial artificial chromosome (BAC) resources and physical maps 
BAC libraries exist for several G. hirsutum cultivars, at least one G. barbadense cultivar, and A, 
D, and F genome diploid cottons as well as an outgroup, Gossypioides kirkii (summarized 
below).  A total of 10 genome-equivalent coverage of G. raimondii BACs have been 
fingerprinted using standard procedures (Marra et al., 1997).  To genetically-anchor the 
fingerprints into an integrated physical map, virtually all genetically mapped probes have been 
applied to the fingerprinted BACs using the overlapping oligonucleotides (overgo) method (Cai 
et al., 1998).  Manual editing and revision of the physical map is in progress, incorporating 
genetic marker hybridization data with BAC fingerprint data, and assembly into contigs using 
finger-printed contigs (FPC).  The assembly will be publicly available via a WebFPC site. 
Research is underway to expand the G. arboreum BAC library from 6x to 10x, and to 
genetically-anchor the entire library by hybridization to genetically-mapped DNA probes.  These 
data will be incorporated into the existing ‘BACMan resource’ at the Plant Genome Mapping 
Laboratory web site (www.plantgenome.uga.edu). 
 
BAC libraries (G. hirsutum L. cv. TM-1) were used to develop an integrated physical map (R. 
Khoel, Z. Xu, R. J. Yu, H. Zhang, unpublished) using the latest physical mapping technology 
(Xu et al., 2004) through a collaborative research project among Kohel (USDA-ARS), Yu 
(USDA-ARS), and Zhang (Texas A&M) laboratories.  A total of 103,979 clones (6x) have been 
fingerprinted on capillary sequencers, and 6,031 contigs were assembled and manually edited. 
About 800 markers and 3,490 ESTs were mapped on the contigs by overgo hybridization and 
sequence comparison.  The results indicate that 69% of the contigs are separated by 
chromosome-specific markers, and 31% of the contigs contain clones with duplicated loci 
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originating from homoeologous chromosomes.  Additional BAC-end sequences and TM-1 BAC 
libraries with a larger insert size (>150kb) will help resolve genomic complexity in these regions. 
 
Another BAC library was constructed from a male-sterile fertility restorer line 0-613-2R (G. 
hirsutum L.).  The library has been successfully used for localizing Rf1 gene in a 100-kb region 
(Yin et al., 2006).  The assignment of linkage groups to identified chromosomes has been 
completed using BAC-fluorescence in situ hybridization (FISH) (Wang et al., 2006). 
 
Additional physical resources known to be publicly available include: 
G. hirsutum TM-1 (15.6X, BamHI, HindIII, and EcoRI libraries, average insert size 130-150 kb); 
G. hirsutum Acala Maxxa (8.3X, HindIII library, average insert size 137 kb);  
G. barbadense (Pima S6, 5X, average insert size 100 kb); 
G. barbadense (Pima 90, 6.5X, BamHI / HindIII libraries, average insert size 130 kb); 
G. hirsutum Auburn 623 (2.7X, BamHI library, average insert size ~140 kb); 
G. hirsutum Tamcot HQ95 (2.3X, HindIII library, average insert size 93 kb); 
G. hirsutum 0-613-2R (5.7X, HindIII library, average insert size 130 kb); 
G. arboreum AKA8401 (6X, MboI library, average insert size 120 kb); 
G. arboreum Jinglinzhongmian (6.2X, HindIII library, average insert size 100.2 kb); 
G. longicalyx (being validated); 
G. kirkii (being validated). 
 
EST resources 
As of October 22, 2006, 352,298 Gossypium sequences were in Genbank.  A total of 67,060 
ESTs derived from the G. raimondii D-genome, 39,966 ESTs from the A genome, 230,244 from 
the AD tetraploid (G. hirsutum), and with a few from other members of the genus.  Several 
analyses have been published (Arpat et al., 2004; Udall et al., 2006; Yang et al., 2006).  A recent 
study indicated that during early stages of fiber development there is preferential accumulation 
of ESTs encoding putative transcription factors such as MYB and WRKY and the genes 
predicted to encode proteins involved in auxin, brassinosteroid (BR), gibberellic acid (GA), 
abscisic acid (ABA) and ethylene signaling pathways (Yang et al., 2006).  The data agree with 
the known roles of MYB and WRKY transcription factors in Arabidopsis leaf trichome 
development and the well-documented phytohormonal effects on fiber cell development in 
immature cotton ovules cultured in vitro (Beasley and Ting, 1974).  A-subgenome ESTs of all 
functional classifications including cell cycle control and transcription factor activity are 
dramatically enriched in G. hirsutum L. (Yang et al., 2006), a result consistent with the 
production of long lint fibers in A-genome species.  Additional analyses of ESTs and expression 
patterns using microarrays has led to the identification of many candidate genes involved in fiber 
cell initiation and elongation (Arpat et al., 2004; Lee et al., 2006; Shi et al., 2006; Wu et al., 
2006). 
 
Synteny/colinearity information 
The Malvales (including cotton) are the nearest relative to Arabidopsis outside of the Brassicales 
for which detailed genetic and physical maps have been described.  Among the 2337 probes in 
the inferred cotton map, 2162 (92.5% of) probes representing 2800 (92.8% of) loci could be 
sequenced.  A total of 1738 (62.1%) of the sequenced loci had matches (E<10-10) in Arabidopsis. 
Comparative analyses using this inferred gene order reveal a considerable degree of 
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synteny/colinearity of the ancestral cotton genome to the Arabidopsis genome (Rong et al., 
2005).  Sequence data will permit further substantial improvement because the diploid 
Gossypium species are paleopolyploids tracing to an event thought to have occurred 30 mya or 
more (Bowers et al., 2003; Rong et al., 2005). 
 
III. Sequencing strategies and methodologies 
 
It is likely that a strong case can be made for complete sequencing of one or more representatives 
of each Gossypium genome type, including a tetraploid-derived AD (n = 26) genome, given the 
expected continuing progress in improving sequencing throughput and reducing cost (Paterson, 
2006).  A comprehensive strategy needs to consider present needs along with long-term goals in 
relation to economics and technology. 
 
Sequencing of representatives from each diploid clade, and preferably each genome, will be 
important for molecular dissection of evolutionary patterns and biological phenomena, including 
the genomic and morphological diversity that has permitted species within the genus to adapt to 
a wide range of ecosystems in warmer, arid regions of the world.  Sequences from diploid 
species, especially certain A and D genome species will aid AD genome sequence assembly, and 
could prove to be invaluable in revealing differences in gene content and expression patterns 
across the ploidy levels, and providing piercing insight into polyploid genome evolution.  The 
high degree of conservation of gene order and sequence between diploids and tetraploids 
suggests that the vast majority of data from diploids will extrapolate directly to tetraploids. 
 
Sequencing of diploid and tetraploid species will be invaluable for practical genomics-based 
applications such as marker development for high-throughput marker assisted analyses, e.g., trait 
dissection, QTL mapping, gene identification and marker-assisted selection.  Comparisons of AD 
to A, D and other genomes will be essential for clarifying the genetic basis of adaptations for 
increased lint fiber yield and lint quality.  Sequencing of an elite G. hirsutum genome, AD, will 
provide the ultimate reference and resource for application-oriented structural, functional, and 
bioinformatic needs for the species that accounts for over 95% of world cotton production.  
Sequencing of elite G. arboreum and perhaps G. herbaceum genomes, A2 and A1, will valuable 
data on fiber genes.  Comparisons of four species across two ploidy levels, including A1, A2, D5, 
and AD tetraploid subgenomes, could provide clues regarding how polyploidy affects 
domestication.  Parallel comparisons of domesticated versus non-domesticated forms of the A- 
and AD-genome species may help shed light on the effects of artificial selection versus natural 
selection. 
 
Efficient approaches to capturing the information available from the genus will need to consider 
several constraints that may require the use of different sequencing strategies for different taxa. 
 
1. The diploid clades diverged approximately 5-10 mya (Cronn et al., 2002), and are known to 

have preserved a high degree of genomic content and arrangement.  At the whole-genome 
level, a high degree of colinearity and synteny among the A, D, and tetraploid genomes 
(Reinisch et al., 1994; Brubaker et al., 1999; Rong et al., 2004; Desai et al., 2006) suggests 
that complete sequencing of a small number of genotypes together with reduced-
representation sequencing of representatives of additional nodes might be a cost-effective 
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interim step.  There has been some additional rearrangement of tetraploid chromosomes 
relative to their diploid progenitors (Brubaker et al., 1999; Rong et al., 2004; Desai et al., 
2006), including some evidence of cryptic rearrangements that are supported by cytological 
observations (D. M. Stelly, unpublished) but may not be obvious based on genetic maps 
(Waghmare et al., 2005).  Nonetheless, the high degree of transferability of information 
about gene content and order among the respective genome types suggests that whole-
genome efforts in diploid taxa will provide strong guidance for future efforts in tetraploid 
taxa. 

 
2. Among the diploid cottons alone, there is approximately 3-fold variation in genome size.  

This has obvious ramifications for costs associated with whole-genome sequencing, although 
it invites reduced representation approaches to jump-start progress in the larger genomes (see 
below). 

 
3. Much of the genome size variation among the diploid genome types is due to dispersed 

repetitive DNA (Zhao et al., 1998), especially retrotransposon-like elements (Hawkins et al., 
2006).  There appears to have been large expansions of repetitive DNA content in the 
A/B/E/F and C/G/K genome clades in the 5-10 million years since the divergence of the 
diploid clades, thus many of these element families may include large numbers of relatively 
recently-derived members that are problematic for whole-genome shotgun approaches.  By 
contrast, the D genome clade appears to have only a minimum of such recently-amplified 
repetitive DNA, and may be more amenable to whole-genome shotgun approaches.  A survey 
of about 100 of the most abundant families in the tetraploid genome showed only 4 to be 
abundant in the D genome but rare or absent in the ‘A’ genome, which diverged from the ‘D’ 
genome of G. raimondii about 5-10 mya.  Thus, most high-copy repetitive DNA families in 
the D genome are at least 5-10 million years old and likely to be amenable to assembly by a 
whole-genome shotgun approach.   By contrast, the alternative A genome progenitor contains 
about 50 repetitive element families that are rare or absent from the D genome, suggesting 
that these families amplified in this same 5-10 million year period.  Most of these A-genome 
repetitive element families contain thousands of members, and have continued to amplify and 
transpose since polyploid formation about 1-2 mya (Zhao et al., 1998), rendering the A and 
tetraploid ‘AD’ genomes less amenable to whole-genome shotgun approaches. 

 
4. The tetraploid clades combine the properties of the A and D genome diploids with 

modification by intergenomic concerted evolution.  Concerted evolution of the repetitive 
DNA fraction (Wendel et al., 1995, 1995; Cronn et al., 1996; Zhao et al., 1998) has been 
clearly shown.  The possibility of intergenomic exchange of low-copy DNA remains 
somewhat unclear, with evidence for (Reinisch et al., 1994) and against it (Cronn et al., 
1999), but growing data from other taxa strongly suggest that it may be an important 
dimension of polyploid evolution (Hughes and Hughes, 1993; Moore and Purugganan, 2003; 
Gao and Innan, 2004; Chapman et al., 2006) (X. Wang, H. Tang. J. E. Bowers, F. A. Feltus, 
A. H. Paterson, submitted). 

 
Based on these considerations, one can envision an efficient strategy by which to proceed toward 
molecular dissection of the genomic and morphological diversity of this economically and 
scientifically important genus, with some initial steps detailed below. 



 11 

 
1. Extensive EST data exist for the A, D, and tetraploid genomes but the remaining genomes 

are virtually unexplored. Current ESTs were mainly derived from G. arboreum (A genome), 
G. raimondii (D genome), and G. hirsutum (AD genome) species. Other species in the 
diploid (e.g., C, G, and K genomes) and tetraploid (e.g., G. barbadense, AD) clades should 
be considered for generating additional ESTs.  Comparative analysis of ESTs in diploid and 
tetraploid species may help predict SNPs and genome-specific polymorphism (GSP) and may 
provide new insights into relative abundance of progenitors’ transcripts in cotton tetraploids 
(Yang et al., 2006). 

 
2. Sequencing using gene-enrichment techniques such as methylation filtration and Cot-based 

cloning will generate novel genomic sequences that are absent in EST collections.  To jump-
start progress toward dissecting genomic and morphological diversity in Gossypium, several 
reduced-representation approaches (Rabinowicz et al., 1999; Peterson et al., 2002) might be 
applied to representatives of diploid and tetraploid species, in order to take advantage of the 
relative merits of each (Palmer et al., 2003; Whitelaw et al., 2003; Rabinowicz et al., 2005). 

 
A pilot study in methylation filtration (B. E. Scheffler, S. Saha, and Orion Genomics, 
unpublished) using G. raimondii, G. arboreum, G. hirsutum, and G. barbadense has been 
conducted.  The study illustrates two important facts that might be useful in developing a 
sequencing strategy for Gossypium.  First, methylation filtration is more efficient for G. 
arboreum, requiring only 452,480 sequences for 1X coverage compared to 787,457for the 
smaller D genome of G. raimondii.  While these results appear to be counter intuitive 
because the D genome is almost half the size of the A genome, methylation filtration often 
works better on those genomes with more junk DNA that is methylated.  Second, the 
combined number of sequences needed for the D genome of G. raimondii and the A genome 
of G. arboreum (1,239,937) is relatively equivalent to the number of sequences needed for 
the AD genomes of G. hirsutum and G. barbadense.  This indicates the total amount of 
methylation has not been significantly altered in the creation of the AD tetraploids.  
 
Likewise, pilot studies in Cot-based cloning and sequencing were effective at separating 
repetitive DNA from low-copy DNA in representatives of the A, D, and C clades (T. Wicker, 
J. Robertson, A. H. Paterson, unpublished).  Methylation filtration and Cot-based cloning and 
sequencing appear to offer complementary coverage of the low-copy DNA (Whitelaw et al., 
2003), integration of the two methods may be especially efficient in the discovery of novel 
Gossypium sequences. 

 
3. The whole-genome shotgun sequence of the smallest Gossypium genome would provide 

fundamental information about gene content and organization.  G. raimondii has a relatively 
small genome size (~880Mb) and low amount of repetitive DNA sequences. A partially or 
fully sequenced G. raimondii genome will establish an initial ‘template/backbone’ toward the 
long-term goal of characterizing the spectrum of diversity among the eight Gossypium 
genome types and three polyploid clades.  Whole-genome shotgun based characterization of 
the smallest genome is in theory the most cost effective and easiest of the whole genome 
approaches at the present stage.  For these and other reasons the U.S. Department of Energy 
Joint Genome Institutes has selected G. raimondii for a pilot study for shotgun sequencing 



 12 

0.5x coverage to better define the genome and a workable strategy for its complete 
sequencing. 

 
4. The economic importance of cotton fibers and scientific interests in polyploidy suggest an 

ultimate goal of sequencing G. hirsutum tetraploid.  A BAC-based sequence of a tetraploid 
will elucidate the types and frequencies of changes that have distinguished polyploid from 
diploid cottons.  The process could be greatly enhanced by using a finished diploid genome 
as a template and guide.  The possibility of intergenomic concerted evolution, much like the 
presence of recently-amplified repetitive DNA families, would tend to support the need for a 
BAC-based rather than a whole-genome shotgun approach.  A reasonable approach is to 
establish minimum tilling path of FPC of G. hirsutum L. homoeologous chromosomes.  This 
can be achieved by developing integrated homoeologous chromosome maps using anchored 
DNA markers in genetic maps and BAC-end sequences in physical maps, which can be 
further validated using BAC fluorescence in situ hybridization  (FISH) (Hanson et al., 1995; 
Stelly et al., 1995; Zwick et al., 1998; Kim et al., 2005; Kim et al., 2005; Wang et al., 2006).  
FISH of landed BACs indicated that homoeologous segments were readily detectable by 
BAC-FISH for low-copy probes, and that they seemed amenable to differentiation on basis of 
FISH signal strength (D. M. Stelly, unpublished).  Large duplicated segments have been 
reported within individual corresponding homoeologous chromosomes, suggesting ancient or 
recent genome expansion in cotton genomes (Rong et al., 2005)(K. Wang, W. Z. Guo, and T. 
Z. Zhang, unpublished). 

 
5. Other approaches.  An alternative approach is to develop chromosome-specific BAC libraries 

using chromosome sorting, which has been widely used in sequencing animal and human 
genomes and has recently been demonstrated in polyploid plants with large chromosomes 
such as wheat (Kubalakova et al., 2005).  The available cytological facilities and resources in 
cotton may permit testing the feasibility and utility of this approach. 

 
Note that enrichment techniques may not produce many regulatory sequences important to the 
control of gene expression.  The sequences generated from the enrichment approaches are 
difficult to assemble in continuous chromosomal segments.  Establishing minimum tiling path 
using FPC and integrated DNA markers and BAC FISH will provide chromosomal views of 
genomic sequences but they are time-consuming and relatively expensive.  At the initial stage, 
the technical effectiveness should be compared and evaluated by analyzing the sequences being 
generated in G. raimondii and G. arboreum diploids and G. hirsutum tetraploid using enrichment 
techniques.  Predictably, it is essential to sequence and assemble homoeologous BACs and/or a 
few pairs of homoeologous chromosomes prior to large-scale sequencing of G. hirsutum 
tetraploid genomes. 
 
IV. Resource Development 
 
Successful development of cotton genome sequencing projects and utilization of cotton genome 
sequences will require additional resources be developed, integrated, coordinated with one 
another and with existing resources, and rendered much more accessible to the research 
community, both in silico and physically.  Some priorities for future resource development and 
coordination include the following areas. 
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1. The community needs to experimentally determine the difficulty of sequence assembly from 

the G. hirsutum genome.  The various possible means of rendering the G. hirsutum genome 
sequence data amenable to direct assembly need to be experimentally determined with 
adequate sampling of the genome to allow for a legitimate basis for extrapolated inference; 
their efficacy in terms of time, cost and accuracy need to weighed against alternative options 
such as shotgun, fractionation by reassociation, methylation, and minimum-tiling, and/or 
reliance on sequences from related diploid species. 

 
2. Maps of the various Gossypium genomes should be more closely integrated with each other 

and with closely related species.  There is a strong need to further develop a consensus map 
of at least the [AD]1 genome, which is highly populated with public markers.  The map 
should include all data of linkage maps, cytogenomic maps, contig maps, and genes (ESTs). 

 
3. EST collections need to be expanded, and where possible, converted into integrated and 

comparative genomic markers.  
 
4. One or more minimum-tiling paths need to be constructed using large-insert libraries.  If 

inaccuracies arise at the initial step due to within genome redundancy, additional steps such 
as mapping of all ESTs onto BACs using hybridization and fingerprinting approaches should 
help detect within-genome redundancy. 

 
5. A comprehensive cytogenomic map, including genome coverage, orientation, positions of 

specific loci relative to huge blocks of euchromatin versus pericentromeric heterochromatin, 
relative sizes of chromosomes and arms, and valuable comparisons among related genomes, 
will be for a valuable complement that adds a biological dimension to contig and sequence 
assembly. 

 
6. Means of mapping low-recombination regions would be highly valuable as these will be 

most problematic in terms of sequence assembly.  This suggests that more physical mapping 
is needed, e.g., by FISH, radiation hybrid mapping and/or chromosome sorting might be 
appropriate solutions. 

 
7. In silico mechanisms for integration of other genomic and morphological data would be 

desirable to have in place prior to sequencing, while databases and annotation systems should 
be established when large-scale sequences start to become available. 

 
8. The cotton community needs to develop additional functional genomics resources such as 

genome-specific gene chips, genomic tiling arrays, and bioinformatic tools that will precisely 
predict small RNAs and microRNAs and their targets in cotton. 

 
V. Data management (annotation, curation, and dissemination) 
 
The amount of data generated from various sequencing projects will be extremely large and 
difficult to comprehend for many end users in the cotton community.  Therefore, it is essential to 
develop data management system that can facilitate access and utilization of the genomic and 
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sequence data.  Several cotton project databases are currently available. 
 
CottonDB (http://cottondb.org, prior location http://cottondb.tamu.edu/) is a comprehensive 
database that was established years ago.  Through a website interface, it provides genomic, 
genetic, and taxonomic information, including germplasm, markers, genetic and physical maps, 
trait studies, sequences, bibliographic citations.  The Cotton Portal (http://gossypium.info) offers 
the community a single port of entry to participating Cotton Web resources.  The Cotton 
Diversity Database (http://cotton.agtec.uga.edu) (Gingle et al., 2006) provides for integrative 
queries relating to performance trial, phylogenetic, genetic, and comparative data; and is closely 
integrated with comparative physical, EST and genomic (BAC) sequence data, expression 
profiling resources, and with the capacity for additional integrative queries.  CMD 
(http://www.mainlab.clemson.edu/cmd/AboutUs.shtml) provides centralized access to all 
publicly available cotton microsatellites. TropGENE-DB 
(http://tropgenedb.cirad.fr/en/cotton.html) integrates a subset of published mapping data.  
Several project websites such as cotton functional genomics 
(http://cottongenomecenter.ucdavis.edu/), cotton fiber genomics 
(http://www.cottongenomics.org/), and genetic and physical mapping 
(www.plantgenome.uga.edu) are primarily used for disseminating genomic resources being 
generated from individual research projects.  Some research groups have coordinately distributed 
genomic resources to the cotton research community.  For example, cotton oligo-gene 
microarrays consisting of ~23,000 70-mer oligos designed from 250,000 ESTs are coordinately 
developed in two NSF-funded projects (PI: Chen and PI: Wendel).  The microarray information 
and slide distribution can be found in the website (http://cottonevolution.info/microarray).  EST 
information can be found in several project websites including Cotton Gene Indices (CGI) 
(http://www.tigr.org/tigr-scripts/tgi/T_index.cgi?species=cotton), cotton portal 
(http://cottonevolution.info/pages/estlib/overview.aspx), and Arizona Genomics Institute 
(http://www.genome.arizona.edu/). 
 
There is a great need to expand bioinformatic infrastructure for managing, curating, and 
annotating the cotton genomic sequences that will be generated in the near future.  Some 
community database examples include the Arabidopsis Information Resource (TAIR, 
http://www.arabidopsis.org/), Maize Genetics and Genomics Database (MaizeGDB, 
http://www.maizegdb.org/), Soybase (http://soybase.agron.iastate.edu/), and GrainGenes 
(http://wheat.pw.usda.gov/GG2/index.shtml).  Future cotton sequence database should be able to 
host and manage information resources in cotton using community-accepted genome annotation, 
nomenclature, and gene ontology.  Some existing databases may be upgraded to effectively 
handle a large amount of sequence flow and community requests, but additional resources should 
be sought to support some key bioinformatic needs. 
 
At the beginning, at least one community website should be identified to establish a 
“neswsgroup” list-server that will allow researchers to express and discuss their views and ideas 
about cotton genome sequencing and genomic research including conceptual and technical 
issues.  Some important issues should be collectively discussed in the International Cotton 
Genome Initiative (ICGI) steering committee with a prompt reply to the entire community. 
 
VI. Goals of cotton genome sequencing projects 
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Short-term goals 
 
1. Develop a set of community-wide recommendations for sequencing that is supported by 

cotton researchers from the majority of countries with an interest in cotton genomics.  
 
2. Develop workshops and communication methods for planning, coordinating and executing 

sequencing and post-sequencing activities.  This will involve developing a Web site or 
utilizing existing resources such as the ICGI website.  Coordinate all activities on the same 
web site or have multiple sites and locations connected. 

 
3. Evaluate and identify suitable strategies for sequencing the genome of cotton, both in terms 

of the species chosen and the physical process of generating the sequence.  Given the high 
level of repetitive sequences in plants methyl and/or Cot filtration to target low-copy gene 
sequences in the genome may be useful as an initial sequencing approach for many of the 
Gossypium species.  As cultivated cotton (G. hirsutum L.) is a tetraploid species this could 
present technical challenges to current sequencing methodologies, and sequencing could 
initially start from the nearest living diploid progenitors G. raimondii and G. arboreum. 

 
Long-term goals 
  
4. Fully sequence representatives of each of the Gossypium clades.  Among these, a singularly 

important goal is to establish the complete genome sequence of allotetraploid cotton 
(Gossypium hirsutum, 2n=52, ~2.5-Gb), using the progenitor diploid species genomes as 
frameworks. 

 
5. Integrate functional and structural genomic resources at molecular and in silico levels. 
 
6. Sequence full-length cDNAs for genome annotation and expression assays. 
 
7. Perform detailed annotation of the cotton genome sequence to support gene discovery and 

map based cloning in this species. 
 
8. Develop and implement a large-scale platform for identifying DNA sequence diversity 

(SNPs and GSPs) on a genome-wide scale. 
 
9. Develop a tiling array for the whole cotton genome to support gene expression analysis 

studies of cotton traits of biological and agronomic interest. 
 
10. Sequence and annotate small RNAs and microRNAs and identify their targets. 
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