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The cotton genus (Gossypium ) includes approximately 50 species distributed in arid
to semi-arid regions of the tropic and subtropics. Included are four species that have
independently been domesticated for their fiber, two each in Africa—Asia and the
Americas. Gossypium species exhibit extraordinary morphological variation, ranging
from herbaceous perennials to small trees with a diverse array of reproductive and
vegetative characteristics. A parallel level of cytogenetic and genomic diversity has
arisen during the global radiation of the genus, leading to the evolution of eight groups
of diploid (z = 13) species (genome groups A—G, and K). The evolutionary history of
the genus included multiple episodes of trans-oceanic dispersal, invasion of new
ecological niches, and a surprisingly high frequency of natural interspecific
hybridization among lineages that are presently both geographically isolated
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and intersterile. Recent investigations have clarified many aspects of this history,
including relationships within and among the eight genome groups, the domestication
history of each of the four cultivated species, and the origin of the allopolyploid
cottons. Data implicate an origin for Gossypium 5—15 million years ago (mya) and a
rapid early diversification of the major genome groups. Allopolyploid cottons appear
to have arisen within the last million years, as a consequence of trans-oceanic dispersal
of an A-genome taxon to the New World followed by hybridization with an
indigenous D-genome diploid. Subsequent to formation, allopolyploids radiated into
three modern lineages, including those containing the commercially important species
G. hirsutum and G. barbadense. Genome doubling has led to an array of molecular
genetic interactions, including inter-locus concerted evolution, differential rates of
genomic evolution, inter-genomic genetic transfer, and probable alterations in gene
expression. The myriad underlying mechanisms are also suggested to have contributed
to both ecological success and agronomic potential. © 2003 Academic Press.

I. INTRODUCTION

One of the most remarkable stories in the annals of crop domestication is the
origin of cultivated cotton. Perhaps the most striking aspect of this history is that
it is global in scope, involving ancient human cultures in both the Old and New
Worlds and a convergent or parallel plant domestication process from divergent
and geographically isolated wild ancestors. Indeed, cotton is unique among crop
plants in that four separate species were independently domesticated (Brubaker
et al., 1999a; Brubaker and Wendel, 1994; Percy and Wendel, 1990; Wendel,
1989; Wendel et al., 1992: Wendel et al., 1999) for the specialized single-celled
trichomes, or fibers, that occur on the epidermis of the seeds. This parallel
domestication process involved four species, two from Americas, Gossypium
hirsutum and G. barbadense, and two from Africa—Asia, namely G. arboreum
and G. herbaceum. In each of these four cases, aboriginal people discovered
several thousand years ago that the unique properties of cotton fibers made them
useful for ropes, textiles and other applications. As a consequence, cotton
cultivation became increasingly widespread, such that over the millennia cotton
became firmly established as the world’s most important fiber crop and an
important source of seed oil and protein meal.

Each of the four domesticated Gossypium species has its own unique history of
domestication, diversification, and utilization. Many aspects of this history have
been detailed elsewhere (Brubaker et al., 1999a; Hutchinson, 1951, 1954, 1959;
Hutchinson et al., 1947; Wendel, 1995; Wendel et al., 1999), including the
various stages in the domestication process, the origin of present patterns of
genetic diversity, the shape and severity of genetic bottlenecks that accompanied
the development of landraces and cultivars, and the influence of recent human



POLYPLOIDY AND EVOLUTIONARY HISTORY OF COTTON 141

history on geographic patterns of cultivation. Although all four cotton species
spread far beyond their ancestral homes during the last several millennia, one
species, G. hirsutum, recently has come to dominate world cotton commerce,
having supplanted the vast majority of cultivation of the other three species.
Gossypium hirsutum presently is responsible for over 90% of the annual cotton
crop internationally, having spread from its original home in Mesoamerica to
over 50 countries in both hemispheres. As the world’s leading textile fiber plant,
cotton forms a vital part of global agriculture and is a mainstay of the economy of
the United States, as underscored by the fact that the $100 billion/year cotton
agriculture and textile industry employs 300,000 Americans and ranks among the
largest contributors to the US gross national product. Cotton is grown on about
12 million acres in the United States, more than all crops except maize, wheat, or
soybean (Anonymous, 1997).

Because of its economic importance, G. hirsutum has attracted considerable
scientific interest, not only among plant breeders and agricultural scientists, but
also among taxonomists, geneticists, and evolutionary biologists. Concomitant
with these efforts has been the recent explosion in our understanding of the
organization and structure of eukaryotic genomes. This work, representing
the combined efforts of innumerable investigators in diverse disciplines during
the last century, has increasingly clarified the evolutionary history of cotton and
its genome. Fundamental to this understanding is the realization that both
G. hirsutum (Upland cotton) and G. barbadense (Pima cotton, Egyptian cotton)
have polyploid genomes, resulting from a truly remarkable chance biological
reunion among ancestral diploid genomes that presently are geographically
restricted to different hemispheres.

One generalization that has emerged from the recent massive effort in genome
sequencing and mapping in a diversity of organisms is that genome doubling
through polyploidy is a prominent process in plant evolution and has played a
major role in the evolution of eukaryotic nuclear genomes (Hughes et al., 2000;
Makalowski, 2001; Sidow, 1996; Smith et al., 1999; Spring, 1997; Taylor and
Brinkmann, 2001; Wolfe, 2001; Wolfe and Shields, 1997). Polyploidization has
been especially active and ongoing in higher plants, with up to 70% of all
angiosperms having experienced a relatively recent episode of genome doubling
(Grant, 1981; Leitch and Bennett, 1997; Masterson, 1994; Soltis and Soltis, 1993,
1999; Soltis et al., 1992; Stebbins, 1950, 1971). Although there are various types
of polyploidy (Grant, 1981; Stebbins, 1971), the most common is allopolyploidy,
whereby two differentiated genomes, usually from different species, become
reunited in a common nucleus as a consequence of a hybridization event. In the
simplest case, allopolyploids have one complete diploid set of chromosomes
derived from each parental species, and thus contain a doubled complement of
genes (homoeologues). Examples of such polyploids abound and include many of
the world’s most important agricultural commodities (Hilu, 1993) including
cotton.
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Gossypium hirsutum and G. barbadense are thus classic allopolyploids,
resulting from the merger of two formerly isolated diploid genomes. This history
may have promoted morphological, ecological, and physiological adaptation,
mediated by natural selection on a greatly enhanced level of variation resulting
from an instantaneously doubled complement of genes (Fryxell, 1965, 1979;
Grant, 1981; Harland, 1936; Ohno, 1970; Otto and Whitton, 2000; Soltis and
Soltis, 2000; Stebbins, 1950, 1971; Stephens, 1951a,b). For the same reasons,
genome doubling may have offered novel opportunities for agronomic
improvement through human selection (Hutchinson et al., 1947; Jiang et al.,
1998, 2000b; Wright ez al., 1998).

The evolutionary history of polyploid cottons is reviewed here, with a focus on
the recent insights gleaned from the happy marriage of phylogenetic analysis
with genomic investigations. Our intent is to provide a convenient entry point
into a burgeoning and dispersed literature, by summarizing evidence bearing on
the origin and diversification of the cotton genus and the trans-oceanic voyage
that led to the origin and subsequent evolution of the allopolyploids. In addition
to conveying an understanding of organismal context and history, we also discuss
briefly the evolution of the modern cotton genome. One surprising and recently
revealed aspect of allopolyploid plants is that their genomes need not be strictly
additive with respect to the genomes of progenitor diploids. Instead, in some
cases the merger of two different genomes in a common nucleus is accompanied
by considerable genomic reorganization and non-Mendelian genetic behavior
(reviewed by Wendel, 2000; Wendel and Liu, 2002). Although the extent and
significance of the various phenomena involved are not yet clear, the myriad
underlying molecular mechanisms are clearly relevant to cotton. Accordingly, we
draw attention to some of the mysteries associated with allopolyploidy, with a
focus on novel gene and genome interactions, as well as implications for crop
improvement.

II. TAXONOMIC, CYTOGENETIC, AND
PHYLOGENETIC FRAMEWORK

A. ORIGIN AND DIVERSIFICATION OF THE GOSSYPIEAE, THE
CoTTON TRIBE

The origin of polyploid cotton can be fully appreciated within the context of
the evolutionary history of the genus and its tribe. For more than a century
traditional taxonomic methods have been used to explore the natural affinities of
Gossypium, and more recently this knowledge base has been supplemented by
modern approaches involving comparative analysis of DNA sequences.
A synthesis of these data has led to a reasonably coherent taxonomic concept
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of a group of genera that are aligned into a single small tribe, the Gossypieae.
This tribe, which includes only eight genera (Fryxell, 1968, 1979), has
traditionally been distinguished from other members of the Malvaceae on the
basis of morphological features of the embryo, wood and seed-coat anatomy, and
by the presence of the punctae or lysigenous cavities (“gossypol glands”) that are
widely distributed throughout the plant body. More recently, the monophyly of
the tribe has been confirmed using comparative analyses of chloroplast DNA
restriction site variation (LaDuke and Doebley, 1995) and DNA sequence data
(Seelanan et al., 1997; Wendel et al., 2002).

Four of the eight genera in the Gossypieae are small, with restricted
geographic distributions (Fryxell, 1968, 1979). Lebronnecia is a monotypic
endemic from the Marquesas Islands. Cephalohibiscus, from New Guinea and
Solomon Islands, also contains only a single species and is not found in
cultivation. Two species from East Africa and Madagascar are described in
Gossypioides. The Hawaiian endemic Kokia includes four species, of which one
is extinct. In addition to these four small genera, the tribe includes four
moderately sized genera with broader geographic ranges: Hampea comprises of
21 neotropical species, Cienfuegosia includes 25 species with an aggregate range
that includes the neotropics and parts of Africa, and 17 species are recognized in
the pantropically distributed Thespesia. The largest and most widely distributed
genus in the tribe is Gossypium, which contains more than 50 species (Fryxell,
1992), including the four domesticated species described before. These cultivated
species embody considerable genetic diversity, but this diversity is dwarfed by
that included in the genus as a whole (detailed later), whose species have an
aggregate geographic range that encompasses most tropical and subtropical
regions of the world. Gossypium is distinguished from related genera by a
combination of characters, including: an undivided style, coriacious capsule
containing several seeds per locule, a somatic chromosome number of 26, and the
presence of three foliaceous (usually) involucellar bracts subtending each flower.
As each of these traits is found in related genera, no unique morphological
characters define Gossypium.

Recent molecular phylogenetic analyses have clarified several aspects of the
evolutionary history of the tribe that are particularly germane to an exploration of
polyploid cotton (Cronn et al., 2002b; Seelanan et al., 1997; Wendel et al., 2002).
Most important has been the formal demonstration that the diverse group of
species recognized as belonging to Gossypium do in fact constitute a single
natural lineage (a monophyletic group), despite their worldwide distribution and
extraordinary morphological and cytogenetic diversity (the latter discussed later).
A second significant discovery has been the identity of the closest relatives of
Gossypium. All phylogenetic data sets concur in revealing that two genera
collectively constitute the phylogenetic sister-group to Gossypium, i.e., the
African—Madagascan genus Gossypioides and the Hawaiian endemic genus
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Kokia. These latter genera may thus be used as phylogenetic outgroups for
purposes of studying gene and genome evolution within Gossypium.

An additional insight that emerges from phylogenetic analysis concerns the
temporal component to the genealogy, which is evident in sequence divergence
data that serve as a proxy for time. Using sequence divergence data from the
chloroplast gene ndhF and published sequence divergence rates to calibrate a
molecular clock, Seelanan er al. (1997) suggested that Gossypium branched off
from Kokia and Gossypioides approximately 12.5 mya, with the latter two
genera becoming separated more recently, perhaps 3 mya. The early estimates
are in broad agreement with those recently obtained from a larger data set based
on synonymous site divergences calculated from nearly 8000 aligned sites
representing 10 different nuclear genes (Cronn et al., 2002b). These latter data
show that the mean divergence at synonymous sites between members of
Gossypium and its closest relatives (Gossypioides + Kokia) is approximately
7.0%, with the latter two genera being about 2.8% divergent at synonymous
sites. Although rates of mutation may vary widely among genes and across
lineages (Gaut, 1998; Sanderson, 1998), the magnitude of divergence is
consistent with a Miocene separation between Gossypium and its closest
relatives and a rather recent, perhaps Pliocene divergence between Gossypioides
and Kokia.

We note that the relatively recent split of genera now geographically isolated
from one another by thousands of kilometers of open ocean (Kokia from Hawaii
and Gossypioides from Madagascar and East Africa) implies that trans-oceanic
dispersal was involved in the evolution of one or both genera. In this respect the
Gossypioides—Kokia example represents only the latest in a series of examples of
long-distance, oceanic dispersal as a factor in the evolution of the cotton tribe and
the genus Gossypium (DeJoode and Wendel, 1992; Fryxell, 1979; Stephens,
1958, 1966; Wendel, 1989; Wendel and Albert, 1992; Wendel and Percival,
1990; Wendel and Percy, 1990).

B. EMERGENCE AND DIVERSIFICATION OF THE GENUS
GOSSYPIUM

A GLOBAL RADIATION

As noted earlier, a remarkable diversification accompanied the global
radiation of Gossypium. These morphologies evolved in response to the demands
of particular ecological settings and selective environments. Plant habit, for
example, ranges from fire-adapted, herbaceous perennials in NW Australia to
small trees in SW Mexico that escape the dry season by dropping their leaves.
Corolla colors span a rainbow of blue to purple (G. triphyllum), mauves and
pinks (“Sturt’s Desert Rose,” G. sturtianum, is the official floral emblem of the



POLYPLOIDY AND EVOLUTIONARY HISTORY OF COTTON 145

Northern Territory, Australia), whites and pale yellows (Mexico, Africa—Arabia)
and even a deep sulphur-yellow (G. tomentosum from Hawaii). Seed coverings
range from nearly glabrous to the naked eye (e.g., G. klotzschianum and
G. davidsonii), to short stiff, dense, brown hairs that aid in wind-dispersal
(G. australe, G. nelsonii), to long, fine white fibers that characterize highly
improved forms of the four cultivated species. There are even seeds that produce
fat bodies to facilitate ant-dispersal (section Grandicalyx cottons from NW
Australia, Seelanan et al, 1999). Much of this morphological diversity is
described in detail by Fryxell (1979).

The foregoing discussion suggests that the cotton genus has a history that
extends back millions of years, so perhaps it is not surprising that the genus
achieved worldwide distribution, with several primary centers of diversity in the
arid or seasonally arid tropics and subtropics (Table I). Particularly species-rich
regions include Australia, especially the Kimberley region in NW Australia, the
Horn of Africa and southern Arabian Peninsula, and the western part of central
and southern Mexico. Recognition of these groups of related species and their
individual constituents reflects accumulated scientific understanding that has
emerged from a long history of basic plant exploration and taxonomic and
evolutionary study. The taxonomy of the genus has been summarized in several
useful volumes (Fryxell, 1979, 1992; Hutchinson et al., 1947; Saunders, 1961;
Watt, 1907). The most recent and widely followed taxonomic treatments are
those of Fryxell (1979, 1992), in which species are grouped into four subgenera
and eight sections (Table I). This classification system is primarily based on
morphological and geographical evidence, although most infrageneric align-
ments are congruent with cytogenetic and molecular data sets as well, as will be
discussed later.

At present, Gossypium includes approximately 50 species (Fryxell, 1992), but
remarkably, new species continue to be discovered (Fryxell et al., 1992, Stewart,

Table I
Diversity and Geographic Distribution of the Major Lineages of Gossypium

Genome group Number of species Geographic distribution

Africa, possibly Asia

Africa, Cape Verde Islands

Australia

Primarily Mexico; also Peru, Galapagos Islands, Arizona
Arabian Peninsula, Northeast Africa, Southwest Asia
East Africa

Australia

NW Australia

New World tropics and subtropics including Hawaii
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Craven, Brubaker and Wendel, unpublished). It is a truism that the morphological
and ecological breadth encompassed by the wild species of Gossypium must have
parallels in physiological and chemical diversity. The wild species of cotton,
consequently, represent an ample genetic repository for potential exploitation by
the cotton breeders. Although these wild species remain a largely untapped
genetic resource, examples abound of their productive inclusion in breeding
programs (reviewed by McCarty and Percy, 2001). A brief introduction to the
major groups of diploid cotton species follows.

AUSTRALIAN SPECIES

Australian cottons (subgenus Sturtia ) comprise 16 named species as well as a
new species that is yet to be named (Stewart, Craven, Brubaker, and Wendel,
unpublished). Collectively, these taxa comprise the C-, G-, and K-genome
groups, with two, three, and 12 species, respectively. These three groups of
species are implicated by DNA sequence data (Liu ef al., 2001b; Seelanan et al.,
1997, 1999) to be natural lineages, consistent with their formal alignments into
the taxonomic sections Sturtia (C-genome), Hibiscoidea (G-genome), and
Grandicalyx (K-genome). Relationships among the three groups, however,
remain unclear. Some data place G. robinsonii as basal within the entire
assemblage of Australian species (Wendel and Albert, 1992), suggesting that
radiation of Gossypium in Australia proceeded eastward from the westernmost
portion of the continent. Whether this basal position will withstand the scrutiny of
other data sets is an open question, as the most recent analyses (Liu et al., 2001b;
Seelanan et al., 1997, 1999) are equivocal in this regard.

With respect to the taxonomy within each of the three Australian genome
groups, there is little uncertainty for the C- and G-genome groups, as these are
well represented in collections and have been thoroughly studied (Fryxell, 1979,
1992; Liu et al., 2001b; Seelanan et al., 1997, 1999; Wendel and Albert, 1992;
Wendel et al., 1991, and references therein). Much less certain is the taxonomy of
the K-genome species, which are all placed in section Grandicalyx. Recent
expeditions to the Kimberley area have enhanced our understanding of diversity
within the group and have resulted in the discovery of at least seven new species,
six of which have been formally described (Fryxell et al., 1992). These unusual
species have a distinctive geography, morphology and ecology, and exhibit a
syndrome of features that are characteristic of fire-adaptation. In particular, they
are herbaceous perennials with a bi-seasonal growth pattern whereby vegetative
growth dies back during the dry season, or as a result of fire, to underground
rootstocks that initiate a new cycle of growth with the onset of the next wet
season. Species in section Grandicalyx have pedicels that recurve following
pollination so that the capsules are pendent and open inverted at maturity,
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releasing sparsely vestitured, ant-dispersed seeds that bear elaiosomes to aid
in attracting ants. Many of these species are poorly represented in collections
and are incompletely understood from a taxonomic standpoint. Molecular
phylogenetic analyses have yielded conflicting results regarding interspecific
relationships in this group (Liu et al., 2001b; Seelanan et al., 1999).

AFRICAN-ASIAN SPECIES

Fourteen species from Africa and Arabia are recognized in the most recent
taxonomic treatment of the genus (Fryxell, 1992), collectively comprising the
subgenus Gossypium. The taxonomic section Gossypium contains four subsec-
tions whereas section Serrata contains only G. trifurcatum, from deserts in
eastern Somalia; this species is poorly understood taxonomically and
cytogenetically. The unusual feature of dentate leaves raises the possibility that
it may not belong to Gossypium, and may instead be better referred to
Cienfuegosia (Fryxell, 1992), a possibility that requires future evaluation. This
latter example underscores the provisional nature of much of the taxonomy of the
African—Arabian species of Gossypium, which are sorely in need of basic plant
exploration and systematic study. Within section Pseudopambak, species
recognition and definition are in some cases based on limited material (e.g.,
G. benadirense, G. bricchettii, G. vollesenii) and no analyses have been
conducted on cytogenetic characteristics or molecular phylogenetic affinities.

From a cytogenetic standpoint, the African—Arabian species exhibit
considerable diversity, collectively accounting for four of the eight genome
groups (A-, B-, E-, and F-). The two cultivated cottons of subsection Gossypium,
G. arboreum and G. herbaceum, have been extensively studied (reviewed by
Wendel et al., 1989) and comprise the A-genome. The three African species in
subsection Anomala comprise the B-genome, as discussed before. The sole
F-genome species, G. longicalyx, is cytogenetically distinct (Phillips and
Strickland, 1966), morphologically isolated (Fryxell, 1971, 1992; Vollesen,
1987), and is perhaps adapted to more mesic conditions than any other diploid
Gossypium species. The remaining species, those of subsection Pseudopambak,
are considered to possess E-genomes, although few of these taxa have been
sufficiently studied to verify this supposition.

AMERICAN DIPLOID SPECIES

Subgenus Houzingenia contains two sections and six subsections, whose
species collectively represent the New World D-genome diploids. Given their
proximity to American taxonomists, these species have been thoroughly
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collected and studied than most, and consequently their taxonomy is reasonably
well understood. The subgenus has also received considerable phylogenetic
attention (Cronn et al., 1996; Seelanan et al., 1997, Small and Wendel, 2000b;
Wendel and Albert, 1992; Wendel et al., 1995b), which provides strong support
for the naturalness of most of the recognized subsections. Evolutionary
relationships among the apparently natural subsections are less evident, however,
although increasing evidence (Cronn et al., 1996; Liu et al., 2001b; Small and
Wendel, 2000b) suggests that G. gossypioides is basal-most within the subgenus
(also Cronn and Wendel, unpublished data).

As the center of diversity for the 13 species of D-genome diploids is western
Mexico, it is likely that the lineage became established and initially diversified in
this region. Later range extensions are inferred to have arisen from relatively
recent (probably Pleistocene) long-distance dispersals, leading to the evolution of
endemics in Peru (G. raimondii) and the Galapagos Islands (G. klotzschianum).

C. CHROMOSOMAL EVOLUTION AND THE ORIGIN OF THE
PoLyPLOIDS

GENOME SIZE VARIATION AND THE CONCEPT OF GENOME GROUP

As the genus diversified and spread, it underwent extensive chromosomal
evolution, which has been studied by many researchers (reviewed by Endrizzi
et al., 1985). Chromosome morphology is similar among closely related species,
and this is reflected in the ability of related species to form hybrids that display
normal meiotic pairing and high F; fertility. In contrast, crosses among more
distant relatives are often difficult or impossible to effect, and those that are
successful are characterized by meiotic abnormalities. The collective obser-
vations of pairing behavior, chromosome sizes, and relative fertility in
interspecific hybrids led to the designation of single-letter genome symbols
(Beasley, 1941) for related clusters of species. At present, eight diploid genome
groups (A—G and K) are recognized (Endrizzi et al., 1985; Stewart, 1995;
Wendel et al., 1999). This cytogenetic partition of the genus is largely congruent
with taxonomic and phylogenetic divisions, as discussed later.

Although all diploid Gossypium species share the same chromosome number
(n = 13), there is more than a threefold variation in DNA content per genome
(Bennett et al., 1997; Bennett et al., 1982; Edwards et al., 1974; Edwards and
Mirza, 1979; Kadir, 1976; Michaelson et al., 1991), with 2C contents ranging
from approximately 2 pg per 2C nucleus in the New World, D-genome diploids
to approximately 7 pg per cell in Australian K-genome species (J. McD. Stewart,
personal communication). A-genome species have intermediate values of
approximately 3.8 pg per 2C nucleus. The range in genome sizes is even greater
when other diploid members of the tribe are considered, nearly sevenfold
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variation in DNA content is reported (Wendel ef al., 2002) between the largest
(T. populnea; 2C = 8.2 pg) and smallest (Gossypioides kirkii and K. drynarioides,
each with 2C = 1.2 pg) genomes measured till date in the Gossypieae. This
extraordinary variation in DNA content is widely believed to be caused by
modification of the repetitive DNA fraction, with relatively little change in the
absolute amounts of single-copy DNA (Geever et al., 1989). Increasing evidence
indicates that both genome size expansion and contraction are common in
evolution, not only in Gossypium and Gossypieae but also in angiosperms as a
whole (Wendel et al., 2002).

GENOMIC COMPOSITION OF THE POLYPLOIDS

Cytogenetic investigations, starting as early as the 1920s (Denham, 1924),
revealed that in addition to species having a haploid complement of 13
chromosomes, Gossypium included taxa with a haploid number of 26. Longley
(1933) noted that this doubled chromosome number suggested “a duplication of
the chromosomes of an ancestral type.” Webber (1935) commented that the
formation of 13 bivalents in a hybrid between wild and cultivated American
species “support the hypothesis that the species having 26 pairs are
allotetraploids,” and further suggested that the ancestral diploid donors involved
“wild American species,... and Asiatic species.” This conclusion was also
attained by Skovsted (1934, 1937) based on the analyses of chromosome sizes
and pairing behavior in interspecific hybrids. Historically important confirmation
of the allopolyploid nature of the American tetraploid cotton species emerged
from the work of Beasley (1940) and Harland (1940), who synthesized
experimental allotetraploids from A-genome (Asiatic) and D-genome (Amer-
ican) diploids and showed that these could form fertile hybrids with natural
American tetraploids.

These classic cytogenetic studies demonstrated that the American tetraploid
species are true allopolyploids and that they contain two resident genomes, an A-
genome from Africa or Asia, and a D-genome similar to those found in the
American diploids. Additional and conclusive support (reviewed by Endrizzi
et al., 1985) for the hypothesis of an allopolyploid origin of the American
tetraploids emerged in subsequent decades from diverse sources of evidence,
including genetic studies of duplicate factors controlling morphology (Stephens,
1944b, 1951a), meiotic pairing behavior in synthetic polyploids (Gerstel and
Phillips, 1958; Phillips, 1963, 1964), phytochemical analysis (Parks et al., 1975),
isozyme markers (Saha and Zipf, 1998), comparative genetic mapping (Brubaker
et al., 1999b; Reinisch et al., 1994) and comparative analysis of DNA sequences
(Cronn et al., 1999; Small et al., 1998; Small and Wendel, 2000a). These latter
studies provide particularly compelling proof that the allotetraploid (AD-
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genome) species formed from hybridization between A- and D-genome ancestors:
most nuclear genes are duplicated in the AD-genome cottons, and when both
copies are isolated and sequenced, they correspond phylogenetically and
phenetically to those of the antecedent A- and D-genome diploids.

TAXONOMIC DIVERSITY OF THE POLYPLOIDS

Following their initial origin, allopolyploid Gossypium spread and diversified,
and at present, five distinct species are recognized. It is ecologically noteworthy
that two of these are island endemics that must have originated following long-
distance dispersal events. Gossypium darwinii is native to the Galapagos Islands,
where it may form large and continuous populations in some areas (Wendel and
Percy, 1990). Gossypium tomentosum, from the Hawaiian Islands, has a more
diffuse population structure, occurring mostly as scattered individuals and small
populations on several islands (DeJoode and Wendel, 1992). A third
allopolyploid, G. mustelinum, has an island-like distribution in the sense that it
is an uncommon species restricted to a relatively small region of northeast Brazil
(Wendel et al., 1994). In addition to these three true wild species, there are two
cultivated species (G. barbadense and G. hirsutum), each of which has a large
indigenous range, collectively encompassing a wealth of morphological forms
that span the wild-to-domesticated continuum (Brubaker et al., 1999a; Brubaker
and Wendel, 1994; Fryxell, 1979; Wendel et al., 1992). Gossypium hirsutum is
widely distributed in Central and South America, the Caribbean, and even
reaches distant islands in the Pacific (Solomon Islands, Marquesas). Gossypium
barbadense has a more southerly indigenous range, centered in the northern third
of South America but with a large region of range overlap with G. hirsutum in the
Caribbean. Some have recognized a sixth allopolyploid species (Fryxell, 1979),
G. lanceolatum (= G. hirsutum ‘“race palmeri”), which is known only as a
cultigen. Brubaker and Wendel (1993) reviewed the evidence that bears on the
specific status of this taxon and concluded that G. lanceolatum is more
appropriately considered a variant of G. hirsutum.

D. PHYLOGENETIC RELATIONSHIPS AND THE TEMPORAL
SCALE OF DIVERGENCE

A GENEALOGICAL FRAMEWORK FOR THE GENUS

Relationships within and among the various genome groups have been
addressed in a number of recent molecular phylogenetic investigations, using
variation in cpDNA restriction sites (Wendel and Albert, 1992), DNA sequences
for the 5S ribosomal genes and spacers (Cronn et al., 1996), DNA sequence data
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for the cpDNA gene ndhF and the nuclear 5.8S gene and its flanking internal
transcribed spacers (Seelanan et al., 1997), sequence analysis of Adh genes
(Seelanan et al., 1999; Small and Wendel, 2000b) nuclear introns (Liu et al.,
2001b) and most recently, by extensive analyses of DNA sequence data for 16
different loci from the nuclear and chloroplast genomes, collectively representing
over 17,000 nucleotides per taxon (Cronn et al., 2002b). Each of these studies
shows that the genealogical lineages of species are largely congruent with genome
designations and geographical distributions. Accordingly, each genome group
corresponds to a single natural lineage, and in most cases, these lineages are also
geographically cohesive. This information has been embodied in a synthesis of
relationships and genome evolution, as summarized in Fig. 1, which is largely
based on the thorough molecular phylogenetic analysis of Cronn et al. (2002b).

Several aspects of the phylogenetic history of Gossypium bear highlighting.
First, there exist four major lineages of diploid species corresponding to three
continents: Australia (C-, G-, K-genomes), the Americas (D-genome), and
Africa/Arabia (two lineages: one comprising the A-, B-, and F-genomes, and a
second containing the E-genome species). Second, the earliest divergence event
in the genus separated the New World D-genome lineage from the ancestor of all
Old World taxa. Thus, New World and Old World diploids are phylogenetic
sister groups. Following this basal-most split in the genus, cottons comprising the
Old World lineage was divided into three groups, namely, the Australian cottons
(C-, G-, and K-genome species), the African—Arabian E-genome species, and the
African A-, B-, and F-genome cottons. Third, the African F-genome clade, which
consists of the sole species G. longicalyx, is definitively diagnosed as sister to the
A-genome species. This identifies the wild forms most closely related to those
first domesticated in the A-genome species G. arboreum and G. herbaceum.
Because this relationship is revealed, prospects are raised for ultimately
understanding the genetic basis of the origin of modern lint. Fourth, the
serendipitous merger of the A- and D-genome at the time of allopolyploid
formation represents a chance biological reunion of two genomes descended
from the earliest split in the genus. Thus, the two constituent genomes of
allopolyploid cotton evolved first in different hemispheres and diverged for
millions of years in isolation from one another. Fifth, and finally, the accumulated
data indicate that the major lineages of Gossypium were established in relatively
rapid succession shortly after the genus originated and diverged from the Kokia—
Gossypioides clade. The evolutionary picture thus envisioned is that there was a
rapid and global radiation early in the history of the genus, with temporally
closely spaced 