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Genetic diversity and population structure of cotton (Gossypium spp.) of

the New World assessed by SSR markers

Mauricio Ulloa, Ibrokhim Y. Abdurakhmonov, Claudia Perez-M., Richard Percy, and James McD. Stewart

Abstract: A global analysis of cotton (Gossypium spp.) genetic diversity is the first step to understanding its geographical
distribution, dissemination, genetic relatedness, and population structure. To assess the genetic diversity and population
structure in Gossypium species, 111 cotton accessions representing five allotetraploids (AD,-ADg genomes), 23 Asiatic dip-
loids of the Old World (A, and A, genomes), and 82 diploids of the New World subgenus Houzingenia (D,-D,; genomes) species
were assessed using simple sequence repeats (SSR) markers with wide genome coverage. The mean genetic distance (GD)
between the two most important New World tetraploid cottons (Upland (Gossypium hirsutum L.) and Pima (Gossypium
barbadense L.)) was 0.39. Among the three shrub type sections (Houzingenia, Integrifolia, and Caducibracteolata) and three
arborescent sections (Erioxylum, Selera, and Austroamericana), the GD ranged between 0.19 and 0.41. Phylogenetic analyses
clustered all species into distinct phylogenetic groups, which were consistent with genomic origin, evolutionary history,
and geographic distribution or ecotypes of these accessions, suggesting the existence of clear structured strata. With all of
the genomes, the highest statistical analysis of Structure test through measurements of ad hoc (AK) occurred at K = 2, with
group Q1 with the Old World diploid A genomes and with group Q2 with all the New World diploids of the D genome.
AD genome accessions shared nearly equal alleles from both Q1 and Q2 groups. With all of the diploids of the New World
D genomes, the highest value of AK occurred at K = 5. These results are consistent with the fundamental knowledge of
tetraploid AD-genome formation and the rapid radiation of the American diploid cotton linage that took place somewhere
in southwestern Mexico, followed by a differentiation-speciation during angiosperm evolution. In addition, SSR markers
provide an alternative solution for distinguishing phylogenetic relationships between accessions of different ecotypes and
for elucidating population structure of cottons of the New World.

Key words: Gossypium, cotton, D genome, molecular diversity, genetic resource, phylogenetic relationship, germplasm improvement.

Résumé : Une analyse globale de la diversité génétique du coton (Gossypium spp.) constitue un premier pas pour en
comprendre la distribution, la dissémination, la parenté génétique et la structure des populations. Pour évaluer la diversité
génétique et la structure des populations, en utilisant les marqueurs a large couverture génomique des espéces, les auteurs
ont étudié 111 accessions représentant cinqg especes allotétraploides (génomes AD,-AD;), 23 diploides asiatique de 1'Ancien
Monde (génomes A, and A,), et 82 diploides du Nouveau Monde du sous-genre Houzingenia (génomes D,-D,,). La distance
génétique moyenne (DG) entre les deux cotons tétraploides les plus importants du Nouveau Monde (hautes terres (Gossypium
hirsutum L.) et Pima (Gossypium barbadense L.) est de 0.39. Parmi les trois sections arbustives (Houzingenia, Integrifolia, et
Caducibracteolata) et les trois sections arborescentes (Erioxylum, Selera, et Austroamericana), la DG va de 0.19 a 0.41. Les
analyses phylogénétiques regroupent toutes ces especes en groupes phylogénétiques distincts, ce qui est congru avec
l'origine génomique, 1'histoire évolutive et la distribution géographique ou les écotypes de ces accessions, ce qui suggere
l'existence d'une nette structure stratifiée. Pour I'ensemble des génomes, 1'analyse statistique de structure la plus élevée de
la mesure ad hoc (AK) survient a K = 2), dans le groupe Q1 chez les génomes diploides A de I'Ancien Monde et dans le groupe
Q2 chezles diploides du génome D de I'Ancien Monde. Les accessions du génome AD partagent presque également les alléles
a la fois des groupes Q1 et Q2. Avec l'ensemble des génomes diploides D du Nouveau Monde, la plus haute valeur de AK
survient a K=5. Ces résultats sont congrus avec la connaissance fondamentale de la formation des génomes tétraploides AD
et larapide radiation de la lignée diploide américaine ayant eu lieu quelque part dans le sud-ouest du Mexique, suivie d'une
différenciation-spéciation au cours de 1'évolution des angiospermes. De plus, les marqueurs SSR fournissent une solution
alternative pour distingue les relations phylogénétiques entre les accessions de différents écotypes et pour élucider la
structure des populations de coton du Nouveau Monde. [Traduit par la Rédaction]

Mots-clés : Gossypium, coton, génome D, diversité moléculaire, ressource génétique, relations phylogénétiques, amélioration des
germplasmes.
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Introduction

The allotetraploid cotton (Gossypium spp.) produces the world's
leading natural fiber and is the second most important oilseed
crop. New World tetraploid cottons (Upland, Gossypium hirsutum L.
(AD,); Pima, Gossypium barbadense L. (AD,)) dominate world produc-
tion (98%), whereas Old World Asiatic cottons, Gossypium herba-
ceum L. (A,) and Gossypium arboreum L. (A,) still remain primarily for
nonindustrial consumption in India and Asian adjacent countries
(Ulloa et al. 2007; Kantartzi et al. 2009). Even though Upland and
Pima cottons dominate world production, the genetic diversity of
Upland in the United States (Abdalla et al. 2001; Wallace et al.
2009), China (Xu et al. 2002), Australia (Multani and Lyon 1995),
Pakistan (Rahman et al. 2002), and Greece (Linos et al. 2002) is very
low. This low genetic diversity is the result of human domestica-
tion and breeding of all major crops used in modern agriculture.
During domestication, cultivated plants underwent bottleneck
selection (Tanksley and McCouch 1997) that generally reduced
their genetic diversity relative to their wild ancestors. This low or
narrow genetic diversity in cotton cultivars has been suggested as
a contributor to an apparent plateau in breeding progress
(Meredith 1992; Ulloa 2006), and potentially could limit future
cotton improvement (Ulloa et al. 2009).

One solution to the narrow genetic diversity of cultivated plants
is to collect, evaluate, and utilize a broader range of cotton germ-
plasm, with special emphasis on diploid species of the Gossypium
genus (Ulloa et al. 2007; Abdurakhmonov et al. 2011). Species of
Gossypium are donors of important genes for cotton improvement
(Ulloa et al. 2006). Introduction of genetic diversity into elite cot-
ton germplasm is difficult and the breeding process is slow. When
breeders use new and exotic germplasm sources, which possess
desirable genes for crop trait improvements, large blocks of un-
desirable genes are also introgressed during the recombination
between the two parental lines (also called linkage drag) (Tanksley
and McCouch 1997; Ulloa et al. 2007). This linkage drag has limited
the use of such germplasm. However, continuing the introduction
of genetic diversity into cultivated plants is important for reduc-
ing crop vulnerability (Ulloa et al. 2009). A global analysis of New
World cotton genetic diversity is the first step to understanding
its geographical distribution, dissemination, genetic relatedness,
and the population structure of these species of the Gossypium
genus.

The amplitude of genetic diversity of cotton is exclusively wide
with disperse geographic and ecological niches (Abdurakhmonov
2007; Abdurakhmonov et al. 2011). The Gossypium genus of the
Malvaceae family contains more than 45 diploid species and five
well documented allotetraploid species (Fryxell et al. 1992;
Percival et al. 1999; Ulloa et al. 2007). These species are grouped
into nine genomic types (x = 2n = 26, or n = 13) with the following
designations: AD, A, B, C, D, E, F, G, and K (Percival et al. 1999). The
New World AD tetraploid cotton species are large shrubs to trees
(Fryxell 1979, 1992; Percival et al. 1999). The center of morpholog-
ical diversity for G. hirsutum (AD;) is Mesoamerica (southern
Mexico-Guatemala), but the indigenous range includes the Carib-
bean, northern South America, and some Pacific Islands. Gos-
sypium barbadense (AD,) is indigenous to South America but does
extend into Mesoamerica and the Caribbean. Gossypium tomento-
sum Nuttall ex Seemann (AD,) is indigenous to the Hawaiian Is-
lands. Gossypium mustelinum Miers ex Watt (AD,) is indigenous to
northeastern Brazil, and Gossypium darwinii Watt (AD;) is indige-
nous to the Galdpagos Islands (Percival et al. 1999). Only two of the
0Old World diploid species (G. arboreum and G. herbaceum) and two
of the New World tetraploid cottons (Upland and Pima) are culti-
vated (Kantartzi et al. 2009).

The New World diploid Gossypium comprise 14 species (one non-
described taxon US-72, Ulloa et al. 2006; Alvarez and Wendel 2006;
Feng et al. 2011) from the D genome (Fryxell 1992; Ulloa et al. 2006).
Taxonomically, these species are recognized as the Houzingenia
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subgenus (Fryxell 1979, 1992). Twelve of the 14 species of this
group are distributed in Mexico and extend northward into Ari-
zona. Five species are adapted to the desert environments of Baja
California and Sonora (Gossypium armourianum Kearney (D,_,), Gos-
sypium harknessii Brandegee (D,_,), and Gossypium davidsonii Kellogg
(D5.4)) and northwestern mainland Mexico (Gossypium turneri Fryx-
ell (D,,) and Gossypium thurberi Todaro (D,)). An additional seven
species (G. sp. US-72, Gossypium aridum (Rose & Standley) Skovsted
(Dy), Gossypium lobatum Gentry (D), Gossypium laxum Phillips (D),
Gossypium schwendimanii Fryx. & Koch (Dy,), Gossypium gossypioides
(Ulbrich) Standley (D), and Gossypium trilobum (Mocifio & Sessé ex
DC.) Skovsted (Dg)) are located in the Pacific coast states of Mexico
and, with the exception of the last species, are arborescent in
growth habit (Ulloa et al. 2006). Two other species have disjointed
distributions, as follows: Gossypium raimondii Ulbrich (Ds) is en-
demic to Peru, whereas Gossypium klotzschianum Andersson (D, ) is
found in the Galdpagos Islands. The D-genome species (subgenus
Houzingenia) are classified into the following six sections: section
Houzingenia Fryxell (D, and Dg); section Integrifolia Todaro (D, 4 and
D, ); section Caducibracteolata Mauer (D, D, ,, and D,,); section
Erioxylum Rose & Standley (US-72, D,, D,, Dy, and D,,); section Selera
(Ulbrich) Fryxell (Dg); and section Austroamericana Fryxell (D)
(Percival et al. 1999). Although none of these D-genome diploid
species produce long or commercially useful fibers, the D genome
is one of the parental lineages of the allotetraploid modern culti-
vated cotton, Upland and Pima (Ulloa et al. 2007).

The most recent taxonomic classification Gossypium species was
made by Fryxell (1992) and Fryxell et al. (1992). However, tradi-
tional taxonomy based on morphology (plant canopy, plant
height, leaf and capsule shapes, flowers and petal spots, seed size,
etc.) may not distinguish two species with intermediate pheno-
types. Molecular methods provide an alternative solution of re-
solving poorly defined morphological differences between two
species. In other crops such as rice (Ram et al. 2007) and maize
(Vigouroux et al. 2008), molecular markers such as microsatellites
or simple sequence repeats (SSR) have been used to reveal genetic
diversity and to distinguish poorly defined differences between
species or wild relatives. In cotton, numerous molecular analyses
have been performed. Gossypium species have been evaluated by
internal transcribed spacer (ITS) of ribosomal DNA (Wendel et al.
1995; Pillay and Myers 1999), ribosomal DNA (Wendel et al. 1995;
Buckler et al. 1997), and chloroplast DNA (Small et al. 1998), or by
repetitive DNA (Zhao et al. 1998; Hanson et al. 1998, 1999), a few
loci, such as the Adh gene (Small et al. 1998; Cronn et al. 1999;
Small and Wendel 2000a, 2000b), FAD2-1 gene (Liu et al. 2001), and
Ces Al gene (Wendel et al. 2002). More recently, the phylogeny of
the New World diploid Gossypium was analyzed based on the se-
quences of three low-copy nuclear genes (Alvarez et al. 2005).
Phylogenetic relationships among species of the D genome still
remain unclear despite previous molecular studies (Feng et al.
2011). Relationships are unclear in sympatric or closely related
species, and marker analyses are needed to resolve local popula-
tion structures.

Evaluation of the New World D-genome species of Gossypium,
especially section Houzingenia and section Erioxylum, has been lim-
ited by the lack of resource material for ex situ evaluation. Re-
cently, the United States Department of Agriculture and the
Mexican Instituto Nacional de Investigaciénes Forestales Agrico-
las y Pecuarias (INIFAP) jointly sponsored Gossypium germplasm
collection trips by United States and Mexican cotton scientists
(Ulloa et al. 2006; Feng et al. 2011). As a result of these efforts, a
significant number of additional Gossypium accessions of the sub-
genus Houzingenia from various parts of Mexico are now available
for evaluation, including several accessions of each of the arbo-
rescent species (Ulloa et al. 2006).

In 2011, Feng et al. (2011) examined molecular diversity and
phylogenetic relationships among 33 accessions of arborescent
Gossypium including 23 of G. aridum. These accessions are the most

< Published by NRC Research Press
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Ulloa et al.

Table 1. Summary of the 111 accessions used to investigate genetic diversity and population structure of the New World cottons (Gossypium spp.).

No. of
accessions Species Genome Entry ID
2 G. hirsutum AD, TM-1 and Acala Maxxa
1 G. barbadense AD, Pima 3-79
1 G. tomentosum AD, G-tom
1 G. mustulemun AD, G-must
1 G. darwinii ADg G-darw
12 G. herbaceum Ay Ars1 Ao Ars Avos ALty Avgs Avrer Arazs Arzz Araor Arge, AN Apg,
n G. arboreum A, Az gy Az ar Aoz Dot Aagzs Aogzs Ao Azrars Azros Azza, ANA Ay pyy
7 G. thurberi D, Dy, Dyys Di2ss Dinas Dygs, Disy, and Dyssxpse
5 G. armourianum D, D4, Doy Dy Doy and Dy o7
5 G. davidsonii D, Ds4, Dyy, Dyss, Dase, and Dy o
32 G. aridium D, D,.p (US004), D, p (US005), D, 5., (US010), D,_, o (USO11), D, 5. (USO12), D¢ (USO13), D,
(US15), D5 (US016), D65 (USO17), D,10.0 (US041), Dy 4y (US072), D,y qp (USO76), Dyys
(US078), D114 (US080), Dyys. (USO81), Dy (UST17), Dy (US120), Dy (US121), Dy
(US122), Dy z9.c (US126), D,y 5,5 (US128), D5y (US130), Dypzy (US136), Dy py (US138), Dypscc
(D4-168a), D, ¢ . (D4-168b), D, 5. (D4-168¢), Dy 55 (US147), D, 0 (US148-2), D, 50 (US148-D),
D31 (US149), and D, 5,  (US150)
3 G. raimondii Dy D5, D5, and Dy 5
2 G. gossypioides D¢ Dg.1.0 (US043) and D,  (US046)
10 G. lobatum D, D,...m (US086), D, (US101), D5, (US103), D,,_, (US104), D5 (US105), D 5.0 (US106), D,
(US109), D, 4 5, (US110), Do 5, (US111), and D, 1 5, (US112)
9 G. trilobum Dg Dg_1.m (US160), Dy, 0 (US162), Dg 50 (US163), Dg o, Dgg, Dgy, Dgs, Dg 10, and Dg gxpi35
5 G. laxum D, Dg.1. (US065), Dy, ¢; (US066), Dy_; (US068), Dy (US070), and Dg ¢, (US098)
1 G. turneri Do Djo1.s (US156)
3 G. shwendinammii D, Dy11m (US083), Dy (US084), and Dy, 5y, (US100)

Note: C, Colima; G, Guerrero; ], Jalisco; N, Nayarit; M, Michoacan; O, Oaxaca; P, Puebla ecotypes; S, Sonora.

widely distributed of the arborescent Mexican diploid Gossypium
species. With random amplified polymorphic DNA and amplified
fragment length polymorphism fragments, Feng et al. (2011)
found that two-thirds of the loci among the G. aridum accessions
had allelic frequencies lower than 80%. The genetic distance (GD)
between G. gossypioides (subsection Selera) and species of subsec-
tion Erioxylum ranged between 0.64 and 0.84, and the GD between
two recognized species, G. lobatum and G. schwendimanii, within
subsection Erioxylum was 0.32. Most molecular data support the
traditional classification of Gossypium species and the geographi-
cal ecotypes of the G. aridum accessions. However, these results
(Feng et al. 2011) also indicated that an additional study to estab-
lish a defensible taxonomic treatment of the various taxa was still
needed. A comprehensive phylogenetic analysis of the New World
cottons at the DNA level is still missing. In this study, we exam-
ined 111 accessions with microsatellite or SSR markers, which
included the five allotetraploids (AD genomes), 23 Old World Asi-
atic diploids (A genomes), and 82 New World diploid (D genomes)
accessions of the subgenus Houzingenia from various parts of Mex-
ico (Ulloa et al. 2006; M. Ulloa and J.M. Stewart, unpublished data)
to provide additional insight into phylogenetic relationships of
species, population structure, and evolution of the New World
cottons.

Material and methods

Plant material

One-hundred eleven cotton accessions that included five allo-
tetraploids (AD,-ADs), 23 Asiatic diploids of the Old World (A, and
A,), and 82 diploids of the subgenus Houzingenia (D,-D;, genomes)
(Table 1) were assessed with SSR markers (see Supplementary Ta-
ble S1Y). The taxa were examined for identification codes, species
names, and designation based on the currently accepted classifi-
cation scheme of Fryxell (1992). Fifty-six of the accessions and (or)
species (United States numbers) were newly collected in 2002-
2006 (Table 1). The US designation was assigned to each accession

using each collector's first letter of his last name, Ulloa and Stew-
art (Ulloa et al. 2006; Supplementary Table S2). The remaining
accessions were from the United States Department of Agricul-
ture — Agricultural Research Service (USDA-ARS) Cotton Germ-
plasm Collection at College Station, Texas, USA. These accessions
were from the northwestern part of the range of G. turneri col-
lected in the Mexican state of Sonora to the southern part of the
range of G. aridum collected in the Mexican state of Oaxaca. Be-
cause the main objective of the work was not to detect evidence
of introgression within accessions, but rather to obtain a broad
measure of diversity within the subgenus, except for G. aridum
collected ecotypes, only one plant per accession was examined.
However, each plant from each accession represented an in situ
habitat of more than three shrubs or trees. Descriptions of the
main collections that were the source of the studied accessions
are available in Supplementary Table S2 (also at http//www.lbk.
ars.usda.govpsgd/index-cotton.aspxj).

Marker analysis

The protocols of DNA extraction and amplification of microsat-
ellite or SSR markers and their resolution on agarose and
polyacrylamide gels were performed according to Park et al.
(2005) and Frelichowski et al. (2006). We used BNL, MUCS, MUSB,
and MUSS SSR markers from the 26 cotton chromosomes. From
the 124 SSR used in this study, 76 SSR are known to be located on
the chromosomes of the At subgenome and 48 on the chromo-
somes of the Dt subgenome of cotton (see Supplementary Ta-
ble S1) (Yu et al. 2010, 2011; CMD: www.cottonmarker.org). PCR
amplification of these cotton molecular markers was performed
in a total volume of 15 pL containing 20 ng of template genomic
DNA, 0.1 pmol/L of each primer (forward and reverse), 1x PCR
buffer, 0.2 mmol/L dNTPs, and 1 U of Taq polymerase (Amplitaq,
Applied Biosystems, Foster City, California, USA) with the follow-
ing cycling profile: 1 cycle of 2 min at 94 °C, 10 cycles of 15 s at

Isupplementary data are available with the article through the journal Web site (http://nrcresearchpress.com/doi/suppl/10.1139/cjb-2012-0192).
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Table 2. Analysis of molecular variance (AMOVA) estimated using ARLEQUIN 2.0. (Schneider et al.
2000) for the 111 that included 18 different genomes (AD, A, and D) of cotton (Gossypium spp.),

including the New Word cottons.

Source of Sum of Variance Percentage

variation df squares components of variation P value
All-genome accessions panel®

Among populations 13 4061.05 38.17 55.87 <0.0001
Within populations 97 2925.25 30.16 44.13 <0.0001
Total 110 6986.30 68.33

Only D-genome accessions panel

Among populations 9 2037.4 28.14 46.41 <0.0001
Within populations 69 2242.1 32.50 53.59 <0.0001
Total 78 4279.5 60.64

Only D-genome accessions panel with Q groups at K=5

Among populations 5 1506.0 20.62 34.95 <0.0001
Within populations 76 2917.3 38.38 65.05 <0.0001
Total 81 4423.3 59.00

%Panel AD, ; genomes, A, genome, A, genome, and D,-D,; genome accessions.

94 °C, 30 s at 60 °C (step —0.5 °C/cycle for cycles 2-10), and 1 min at
72 °C, 35 cycles of 15 s at 94 °C, 30 s at 55 °C, and 1 min at 72 °C.

PCR products were separated on a 3% super-fine resolution
(SFR™) agarose gel (Amresco, Solon, Ohio, USA) containing 1x TBE
at 95 volts for 4-5 h, and visualized by Alphaimager software
(version 5.5, Alpha Innotech Corporation, San Leandro, Califor-
nia, USA) after staining with ethidium bromide. Primer pairs re-
sulting in discrete PCR banding patterns (DNA fragments)
denoting a molecular marker were scored.

Molecular genetic diversity and phylogenetic analyses

The numerical taxonomy and multivariate analysis system
(NTSYS-pc) version 2.1 (Rohlf 2002) and the phylogenetic analysis
using parsimony (PAUP:* 4.0 beta) (Swofford 2002) were used to
calculate the GDs (Lynch 1990; Nei 1972) and to analyze phyloge-
netic relationships of Gossypium species by unweighted pair group
method mean (UPGMA) clustering analysis. Different methods
(parsimony, neighbor-joining (N-]J), and UPGMA (Saitou and Nei
1987)) and 1000x bootstrapping (Felsenstein 1985) were used to
statistically support the groups using PAUP software (Swofford
2002). Trees were presented using the tree-figure drawing tool
FigTree version 1.31. (http://tree.bio.ed.ac.uk/) from the output file
of PAUP (arbitrarily rooted and unrooted N-J tree were chosen).
Only PCR products or DNA fragments that were observed with
good amplification were used for data analysis.

Genetic variation within and among predefined groups and
pairwise Fg; GDs were measured by analysis of molecular variance
(AMOVA) (Reynolds et al. 1983; Weir and Cockerham 1984;
Excoffier et al. 1992) using ARLEQUIN 2.0 (Schneider et al. 2000).
The polymorphic information content was analyzed using the
PowerMarker software package (Liu and Muse 2005). In all genetic
analyses, the SSR data sets were filtered for a 5% minor or low
frequency of alleles to avoid ascertainment bias. Inference of pop-
ulation structure (a model-based approach) implemented in the
software package Structure (Pritchard et al. 2000; Pritchard and
Wen 2004) for dominant markers (coded as 1-9; 2-9), was used to
identify subgroups of cotton accessions. In this type of analysis, a
Bayesian model-based clustering algorithm is implemented, and a
predetermined number of populations (K) are allocated to geno-
typed accessions. Individuals are also allowed to be products of
admixture between two or more populations. The proportion of
its genome is derived from each population (q,). We used admix-
ture co-ancestry model under correlated allele frequencies using
the burn-in time of 50 000 and the number of replications at
100 000 (Pritchard and Wen 2004) with the K up to 10. The statis-
tical analysis of Structure test results (through measurements of
ad hoc (AK) quantity of Evanno statistics (Evanno et al. 2005))
helped us to identify the real number of K populations for our
germplasm accessions.

Results

Genetic diversity and phylogenetic analyses by SSR markers

One-hundred twenty-four primer pairs amplified 694 polymor-
phic SSR amplicons or alleles with a mean of six alleles per SSR
marker primer pair (range from 2 to 13 alleles) in all 111 accessions
representing the five allotetraploids (AD,-AD;), the 23 Asiatic dip-
loid species of the Old World (A, and A,), and the 82 accessions of
the subgenus Houzingenia (D,—D,;, genomes) of the species of the
New World (Table 1). From the 694 alleles, 256 (37%) were minor or
low frequency alleles and observed in only 5% of the genotyped
accessions. The remaining 438 (63%) SSR alleles were highly poly-
morphic. When only the 82 diploid-accessions of the New World
representing the subgenus Houzingenia (D,-D,, genomes) (Table 1)
were considered, SSRs yielded 560 polymorphic alleles with a
mean of five alleles per primer pair. From the 560 alleles, 198 (35%)
were minor or low frequency alleles and observed in only 5% of
the genotyped accessions. The remaining 362 (65%) alleles were
highly polymorphic. The overall polymorphic information con-
tent for the highly polymorphic SSRs ranged from 0.10 to 0.49
with a mean of 0.24.

To estimate genetic diversity within and among genomic
groups, we performed the Wright's Fq; index using AMOVA test.
In the analyses of the data sets for all genomes and the diploid
New World D-genome accessions, the differentiation among
groups was highly significant (P < 0.0001). A great deal of total
genetic variance was attributed to the difference among and
within groups (Table 2).

The highly polymorphic SSR alleles (438) were further investi-
gated to assess the genetic diversity among and between the 111
accessions from all genomes. The mean GDs between the two
most important New World tetraploid, Upland TM-1 (AD,) and
Pima 3-79 (AD,) cottons was 0.39. Between tetraploid AD, genome
and A, ancestral genome, GD mean was 0.26, and between AD,
(Upland TM-1) and A, ancestral genome, GD mean was 0.38. The
GD ranged between 0.19 and 0.41 in the comparisons of the shrub
type sections (Houzingenia (D, and Dy), Integrifolia (D54 and D5 ,),
Caducibracteolata (D, D, ,, and D,,)) and arborescent type sections
(Erioxylum (US-72, D,, D,, Dy, and Dy,), Selera (D¢), and Austroameri-
cana (Dg)). The GD of the arborescent Gossypium species ranged
between 0.19 and 0.40. The two G. gossypioides accessions (subsec-
tion Selera) were quite similar to each other with a GD of only 0.04,
but they were genetically distant from species of the subsection
Erioxylum (ranged between 0.22 and 0.37). The new taxon (D, ;..
US-072) was genetically distant from all species examined. The
smallest GD (0.22) was between US-072 and G. laxum (D, ). The
0.22 GD value was smaller than with any other arborescent spe-
cies. Gossypium schwendimanii was genetically closer to G. laxum
(0.21-0.27) than to other taxa. However, D,, ,, genome accession
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Fig. 1. (A) Phylogenetic neighbor-joining dendrogram arbitrarily rooted of Gossypium accessions based on the proportion of alleles between
accessions and according to the two clusters (Q1 and Q2) identified by the program Structure (Pritchard et al. 2000). (B) Unrooted neighbor-
joining dendrogram of Gossypium accessions. Branch lengths are shown. Groups of cotton species and accessions specific to each ecotype are

color-coded (online version only) for simplicity.
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originally identified (Ulloa et al. 2006) as G. schwendimanii had the
lowest GD (0.19) with D 34, Dyyo, Dyso, and D,q, of the
G. aridum species (accessions presented in Table 1).

The GD among accessions of G. aridum, as currently circum-
scribed, were greater than within any other group (mean GD =
0.25 between collected accessions). These accessions were col-
lected from seven Mexican states and clustered into distinct
ecotypes that, for the most part, reflected their origin (Table 1;
Figs. 1A and 1B). While GD among the Oaxaca accessions was low
(GD averaging 0.15), this group was distinct from the other acces-
sions of G. aridum. Each ecotype group (Colima, Guerrero, Jalisco,
Nayarit, Michoacan, Oaxaca, and Puebla) distinguished between
each other by the GD, ranging around 0.20-0.41. Molecular diver-
sity reflected the differences in habitats (altitude, rainfall, topog-
raphy, and geographical distribution) of the various accessions
(Figs. 1A and 1B; Supplementary Table S2). Based on GD, in addi-
tion to US-072 new taxon, five new collected accessions (D 0.0
(US-041) GD ranging from 0.21 to 0.31, D, » (US-005) GD ranging
from 0.22 to 0.36, D, ,, ¢ (US-076) GD ranging from 0.20 to 0.41,
D, 10.c (US-122) GD ranging from 0.26 to 0.41, and D, 5, (US-150)
GD ranging from 0.22 to 0.36) from five different ecotypes had the
larger GD against any other G. aridum accession from a different
ecotype and any other recognized species.

Phylogenetic analysis clearly grouped all genomic groups into
distinct phylogenetic clusters consistent with genomic origin,
evolutionary history, and geographic distribution or ecotypes of
these accessions (Figs. 1A and 1B). This phylogenetic clustering
also indicated the existence of clear structured population

D,-genome
it D -genome

pome .
=% D,-genome

Dygenome

D.-genome
Dy-genome

A,-genome

groups, suggesting a need for a detailed analysis of population
structure (Fig. 1B). Results from these analyses may also suggest
that this SSR marker set could be used in other collections and
other species in the genus to distinguish phylogenetic relation-
ships.

Assessment of population structure and kinship

To assess the population structure of the 111 germplasm acces-
sions (Table 1; Figs. 1A and 1B), a model-based Structure analysis
(Pritchard et al. 2000; Pritchard and Wen 2004) was used with the
population groups or clusters (K) to generate Q matrix varying
from K =1 up to 10 with 10 replicate-runs of each independent K.
The statistical analysis of Structure (Evanno et al. 2005) output
identified the maximal AK of the real number of K populations
(Fig. 2) of our germplasm accessions. The highest value of AK for
the cotton accessions representing all cotton genomes (A;, A,,
D,-D;;, and AD,-AD; genomes) occurred at K= 2 (Fig. 2), indicating
that these accessions consisted of two real K populations. Cotton
accessions of population structure plots at K = 2 grouped by the Q
matrix (Fig. 3C) included the Old World Asiatic diploids (A, and A,)
as the first group (Q1), whereas the second group (Q2) included all
of the New World D-genome accessions (D;-D,;). The AD-genome
(AD;-ADy) tetraploid cottons shared alleles from both Q1 and Q2
groups. In addition, these results were mostly in agreement with
N-J analysis (Figs. 1A and 1B) that showed clear groupings of A- and
D-genome cotton accessions and in between the AD-genome cot-
tons. Moreover, pairwise Fg; distances placed AD genomes about
half way between A and D genomes (Table 2). Collectively the
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Fig. 2. Ad hoc quantity (delta K) estimate to determine real number of
K populations from the Structure analysis of the cotton accessions.
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results from this study support the fundamental knowledge of
tetraploid AD-genome formation, which was a result of the amal-
gamation of A and D genomes of the Old World and the New
World ancestral species, respectively (Fig. 3C).

A separate analysis of population structure of only 82 diploid
New World D-genome (D,-D,,) accessions revealed several distinct
populations within these D-genome species (Figs. 2 and 3). The
highest value of AK for the cotton accessions representing the D
genome occurred at K = 5 (Fig. 2), indicating that the D-genome
accessions consisted of five real K populations. Cotton accessions
of population structure plots at K = 5 grouped by the Q matrix
(Figs. 3A and 3B) included the D, accessions as a Q1 cluster with
five accessions (Table 1); the D,, D,, and Dy accessions as a Q2
cluster with 15 accessions from the following genomes: the Dg
accessions as a Q3 cluster with nine accessions (Table 1; Figs. 3A
and 3B); the D, and D, accessions as a Q4 cluster with 30 acces-
sions from these two genomes; and the D., accessions as a Q5
cluster with 10 accessions (magneta) (Table 1). There were 13
D-genome accessions (D, D¢, Do, D, and D,,) that shared more or
less genetic structure with one of the above clusters and placed as
mixed samples (Fig. 3B; Table 4). AMOVA and Fg estimates using
these Q clusters or groups suggested that the differentiation
among groups was highly significant (P < 0.0001) (Table 3). We
observed that 34.95% of the total genetic variance was attributed
to the difference among Q cluster or groups, and the remaining
variance (65.05%) was attributed to within groups (Table 2). A great
deal of genetic differentiation (>50%) occurred between Q1 (D,
genome) and Q3 (Dg genome), Q1 and Q5 (D, genome), and be-
tween Q3 and Q5 (Table 4).

Discussion

Knowledge of the genetic diversity and population structure is
one of the first steps to understanding the preservation and the
utilization of genetic resources for crop improvement. To assess
this genetic diversity and population structure in Gossypium spe-
cies of the New World, 111 cotton accessions representing five
allotetraploids (AD,-AD5 genomes), 23 Old World Asiatic diploids
(A; and A, genomes), and 82 New World diploid species (included
yet unsubscribed taxa of the subgenus Houzingenia (D,-D,; ge-
nomes)) were assessed with SSR markers with wide genome cov-
erage. Based on highly polymorphic SSR markers, genetic
diversity, phylogeny, and population structure analyses sup-
ported the genomic origin, evolutionary history, and geographic
distribution of these accessions (or ectotypes) (Table 1; Figs. 1-3).
Assessments of population structure (highest AK occurred at K= 2)
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and phylogenetic analyses yielded consistent results with the fun-
damental knowledge of the origin of allopolyploids, which was a
result of the amalgamation of A and D genomes of the Old World
and the New World ancestral species, respectively. Interestingly, a
separate analysis of population structure (highest AK occurred at
K = 5) of the New World D genome (D,-D,,) cottons revealed that
isolation and distance of habitats appear to be the main factor of
greater GD between two different species accessions of the D ge-
nome.

Our SSR data provided useful insight information into the geo-
graphical, taxonomical distribution, and evolutionary history of
the New World cottons. When considering the GD and structured
groups (Q1-Q5), SSRs supported that interspecific and molecular
differentiation of these species were more common that appreci-
ated in angiosperm evolution (Alvarez et al. 2005). When AFLP
fragments were used to compare between nonsympatric arbores-
cent species, unexpected results were observed (Feng et al. 2011).
Similar unexpected results were observed using SSR data in our
study. Gossypium lobatum and G. schwendimanii are two morpholog-
ically distinct species (Fryxell 1992) and are sympatric in part of
their range. These two species are thought to hybridize in their
native habitats (Ulloa et al. 2006). However, G. schwendimanii was
genetically closer to G. laxum (GD = 0.21-0.27) a nonsympatric
species instead of G. lobatum (sympatric, GD = 0.23-0.31). When
Alvarez and Wendel (2006) and Feng et al. (2011) compared the
new taxon (D, ., US-072) with G. laxum (Do, ) using the AFLP
marker system, similar results were reported of a nonsympatric
versus sympatric species comparison. Our SSR marker system also
revealed similar GD (0.22) estimates between (D, ,, ¢, US-072) and
G. laxum (Dg_,.c) to the above mentioned studies.

Observations of G. aridum accessions indicated extensive differ-
ences in leaf size, vesture of leaves, morphology in the lysigenous
glands on the capsule, and period of flowering. These morpholog-
ical differences reflected for the most part the accessions habitat
or best described their ecotype, especially period of flowering
(M. Ulloa and J.M. Stewart, personal observations and comparison
among herbarium specimens in MEXU). Based on GD, in addition
to US-072 new taxon, five new collected accessions (D oo (US-
041), D, p (US-005), D, (US-076), D0 (US-122), and D, 4,
(US-150)) from five different ecotypes had the larger GD when
compared with any other G. aridum accession and any other rec-
ognized Gossypium species of the D genome, GD > 0.19 and GD <
0.41, respectively. Feng et al. (2011) reported that the GD between
the G. aridum accessions from Colima and accessions from other
Mexican states ranged from 0.32 to 0.38, which was equal to or
greater than the GD between two recognized D-genome species. In
this study, similar GD mean (0.28) was detected between any of
the above five newly collected accessions of the G. aridum with any
other recognized Gossypium species of the D genome or any other
different ecotypes of G. aridum. Based in our GD comparison of the
diploid D genome of the New World cottons, we propose a mini-
mum mean threshold of GD = 0.20 for distinguishing a new taxon,
pending morphological taxonomy. This threshold will definitely
distinguish subspecies and (or) ecotypes from different habitats.
The five newly collected accessions reported herein were also ge-
netically distant between the different ecotypes and from all spe-
cies examined, and may be proposed as new taxa.

Our phylogenetic analysis grouped all species into distinct phy-
logenetic groups consistent with genomic origin and evolutionary
history. In addition, our analysis clustered the diploids of the New
World into six sections with the three bushy types (Houzingenia (D,
and Dy), Integrifolia (D5 4), and Caducibracteolata (D,_,, D, ,, and D))
and three arborescent types (Erioxylum (US-072, D,, D,, Dy, and
D,y), Selera (D), and Austroamericana (Dg)). The circumscriptions of
the subgenus and species boundaries are well understood (Fryxell
1979, 1992). Our results are in agreement with other studies
(Cronn et al. 1999; Small and Wendel 2000b; Alvarez et al. 2005)
(Figs. 1A and 1B).
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Fig. 3. Population structure of cotton (Gossypium spp.) accessions: (A) D-genome cotton accessions population structure plots at K = 5 grouped
by Q matrix, (B) grouped by genomic origins of the D-genome accessions, and (C) all-genome cotton accessions population structure plot at

K =2, where Q1 (red) represents diploid A-genome accessions, Q2 (green) represent diploid Dgenomes, and red and green represents the
amalgamation of the tetraploid AD genomes. Colour coding is for the online version only.
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Table 3. Pairwise and population-specific Fq; of accessions representing all cotton genomes in this study.
1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 AD genomes 0.51

2 A, genome 0.53 0.59

3 A, genome 0.60 0.61 0.60

4 D5 genome 0.41 0.77 0.83 0.60

5 D, genome 0.55 0.77 0.79 0.69 0.57

6 D, genome 0.42 0.73 0.75 0.53 0.52 0.55

7 D; genome 0.54 0.80 0.84 0.76 0.62 0.56 0.59

8 D, genome 0.41 0.54 0.56 0.40 0.39 0.32 0.38 0.52

9 D¢ genome 0.45 0.80* 0.85 0.82* 0.64 0.55 0.76* 0.28 0.61

10 D, genome 0.54 0.75 0.77 0.63 0.59 0.51 0.61 0.29 0.60 0.56

1 Dg genome 0.65 0.83 0.85 0.78 0.65 0.68 0.76 0.42 0.80 0.67 0.59

12 D,, genome 0.29* 0.80* 0.85*  0.76* 0.57* 0.35*  0.73* 0.20* 0.88*  0.53* 0.76*  0.62*

13 D, genome 0.45 0.74 0.78 0.60 0.56 0.47 0.60 0.23 0.53 0.41 0.67 0.45* 0.56
14 D, genome 0.39 0.74 0.79 0.60* 0.53 0.41 0.60 0.13 0.57* 0.37 0.68 0.36" 0.24  0.57

Note: Diagonal elements are population-specific Fgy. Below-diagonal elements are pairwise Fgr.
*Nonsignificant at P < 0.05, remaining comparisons are significant at P < 0.05.

Table 4. Pairwise and population-specific Fg; in a five groups of The history of cotton started with the evolution of the genus
D-genome accessions derived from Structure analysis. around 10-20 million years ago (Wendel and Albert 1992; Percival
Pobulati 1 > 3 ) 5 e et al. 1999), starting with the formation or origin of the American
opulations diploids or New World cottons that may be estimated at around
Q1_D3_5 samples 0.38 6.7 million years ago (Wendel and Albert 1992). Following that was
Q2_D1_D2_D5_15 samples 0.36 0.34 the allopolyploid formation around 1.5 million years ago
Q3_D8_9 samples 0.77 0.42 0.38 (Senchina et al. 2003). Population structure and population-
Q4_D4_D11_30 samples 043 027 045 0.34 differentiation analyses support the fundamental fact of the amal-
Q5_D7_10 samples 0.63 0.37 0.67 0.31 0.37 gamation and evolutionary history of the A and D genomes to
Mixed_D4_D6_D9_D10_D11 13 0.38 0.19 045 0.14 028 034  form the allotetraploid (AD) cottons (Fig. 3C). The existence of
samples confounding population structure has been reported from
Note: Diagonal elements are population-specific Fg;. Below-diagonal ele- analyses of many plant populations (Pritchard et al. 2000; Zhao
ments are pairwise Fgr. et al. 2007) and germplasm resources (Abdurakhmonov and
*All comparisons are significant at P < 0.0001. Abdukarimov 2008).
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Population structure also shed light on the emergence and dis-
persion of the diploids of the New World. Similar consistency with
the New World cottons (Cronn et al. 1999; Small and Wendel
2000b; Alvarez et al. 2005) was observed in the D-genome popula-
tion strata, in which a rapid radiation of the American diploid
cotton linage took place somewhere in southwestern Mexico, and
it was followed by a differentiation-speciation (Small and Wendel
2000D). It has been suggested that this radiation might have oc-
curred before the separation of the Baja California peninsula
(7-12 million years ago) from mainland Mexico (Alvarez et al.
2005). Our population structure analyses indicated that Baja Cal-
ifornia peninsula was colonized from two independent lineages,
one from the subsection Intergrifolia (Q1, D; accessions) and the
second from the subsection Caducibracteata (Q2, D, accessions).
These two species are clearly distinguished on many morpholog-
ical features, as follows: leaves, flowers, seed capsule, pubescence,
etc. This colonization event of the species in the Baja California
peninsula has previously been suggested by phylogenetic analyses
(Alvarez and Wendel 2006).

A coalescent group (Q2) composed of subsections Houzingenia
(D, accessions), Caducibracteata (D, accessions), and Austroameri-
cana (D5 accessions) seems to share alleles from a common ances-
tor (Figs. 3A and 3B). In data supported by phylogenic studies,
subsections Houzingenia and Austroamericana have been reported
to form monophylic groups (Alvarez et al. 2005). Based on geo-
graphic distribution and morphology of some of these species, in
conjunction with the population structure analyses, we can hy-
pothesize that the New World diploid species may derive from
five major lineages (Q1-Q5) that eventually radiate and differenti-
ate about 7-8 million years ago through the country of Mexico.
Species like G. gossypioides (Dg genome), G. laxum (D, genome),
G. turneri (D, genome), and G. shwendinammii (D,; genome) experi-
enced a more recent differentiation event (Fig. 4B). Possibly,
supra-specific coalescence of some alleles in these species may
support the mixed sample group of the 13 D-genome accessions
(D4, Dg, Dy, Dyy, and Dy,), experiencing more recent hybridization
events.

The arborescent subsection Erioxylum are among the most dis-
tinctive in the genus (Fryxell 1992). However, the sectional levels
of G. aridum, as currently circumscribed (Fryxell 1979; Ulloa et al.
2006), remain unresolved. SSR markers have proved to be a pow-
erful tool in elucidating genetic relationships and population
structure of these accessions. The proposed GD minimum thresh-
old (0.20) in this study may be useful to define a new taxon, and
unclear relationships among species or genetically distant geo-
graphical accession ecotypes of G. aridum may be resolved. In ad-
dition, GD threshold will help to place newly collected accessions
in corresponding species groups. Continued efforts of collection,
evaluations, and utilization of a broader range of cotton germ-
plasm, including diploid species of the Gossypium genus, will in-
crease the genetic diversity of cultivated cottons.
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