Theor Appl Genet (2001) 102:222—229

© Springer-Verlag 2001

A.M. Abdalla - O.U.K. Reddy - K.M. EI-Zik
A.E. Pepper

Genetic diversity and relationships

of diploid and tetraploid cottons revealed using AFLP

Received: 17 January 2000 / Accepted: 4 May 2000

Abstract Gossypium species (+ 49) represent a vast re-
source of genetic diversity for the improvement of culti-
vated cotton. To determine intra- and inter-specific ge-
netic relationships within a diverse collection of Gossyp-
ium taxa, we employed 16 AFLP primer combinations
on three diploid species, Gossypium herbaceum L. (A1),
Gossypium arboreum L. (A2) and Gossypium raimondii
Ulbrich (D5), and 26 AD allotetraploid accessions (Gos-
sypium barbadense L. and Gossypium hirsutum L.). A
total of 1180 major AFLP bands were observed; 368 of
these (31%) were polymorphic. Genetic similarities
among &l taxa ranged from 0.21 (between the diploid
species G. arboreum and G. raimondii) up to 0.89 (with-
in G. barbadense). Phenetic trees based on genetic simi-
larities (UPGMA, N-J) were consistent with known taxo-
nomic relationships. In some cases, well-supported phy-
logenetic relationships, as well as evidence of genetic re-
ticulation, could aso be inferred. UPGMA trees and
principal coordinate analysis based on genetic similarity
matrices were used to identify genetically distinct culti-
vars that are potentially important sources of germplasm
for cotton improvement, particularly of fiber quality
traits. We show that AFLP is useful for estimating genet-
ic relationships across a wide range of taxonomic levels,
and for analyzing the evolutionary and historical devel-
opment of cotton cultivars at the genomic level.
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Introduction

As with many crops, the phylogenetic histories of culti-
vated cottons are reticulate in nature (Rieseberg and
Noyes 1998), with individual taxa related to each other
by a network, rather than as branches on a tree. The most
important point of reticulation was the hybridization of
an Old World ‘A’ genome taxon [related to extant spe-
cies Gossypium herbaceum L. and Gossypium arboreum
L. (2n = 2x = 26)] with a New World ‘D’ genome taxon
[related to Gossypium raimondii Ulbrich and G. gossip-
ioides L. (2n = 2x = 26)], followed by polyploidization
togiveriseto an ‘AD’ disomic tetraploid cotton (2n = 4x
= 52) some 1-2 million years before thepresent (Beasley
1940, 1942; Wendel et al. 1992). The ancestral AD allo-
tetraploid diverged in the New World to give rise to five
extant AD tetraploid species including the cultivated cot-
tons Gossypium hirsutum L. and Gossypium barbadense
L., the world’'s most important textile crops.

The prehistoric distribution of G. barbadense was
widespread, and included much of South America,
southern Mesoamerica and the Caribbean basin (Fryxell
1979). G. hirsutum had a distribution throughout Meso-
america, the shores of the Gulf of Mexico, and westward
to the islands of the central Caribbean. Thus, there were
significant regions of long-term overlap of G. barba-
dense and G. hirsutum. Given the present-day interfertil-
ity between the two species, it islikely that hybridization
occurred where the two species were sympatric (Wendel
et al. 1992). Subsequent reticulation of cotton genomes
involved intentional interspecific and inter-cultivar
crosses (Endrizzi et al. 1985), and natural outcrossing
during field cultivation (which ranges from 1% to 32%
depending on location and pollinator availability). As a
result of this extensive reticulation, the genetic relation-
ships and genomic composition of many cotton cultivars
remain obscure.



The development of New World tetraploid cottons for
intensive fiber production occurred during colonia
times. ‘Sea lsland’ cotton was developed in the Caribbe-
an basin in the late 18th century through selection of G.
barbadense for annual habit and day neutral flowering.
The selection and cultivation of highly productive G.
hirsutum ‘Upland’ cotton cultivars formed the founda-
tion for the cotton-based economies of colonia North
America. The involvement of specialized tetraploid cot-
ton in Egypt began in the late 19th century, largely
through the introduction of ‘Sea Island’-type G. barba-
dense stocks. Egyptian breeding efforts led to the devel-
opment of several elite G. barbadense cultivars, includ-
ing the ‘Giza' cultivars. Germplasm from Egyptian culti-
vars was utilized in the development of the ‘Pima’ culti-
vars (Calhoun et al. 1994), the only G. barbadense pres-
ently grown on alarge scale in North America.

Modern cotton cultivars show significant variation for
agriculturally important traits (El-Zik and Thaxton
1989). For example, the longest, strongest and finest cot-
ton fibers are produced by the G. barbadense cultivars of
the Egyptian, Sea Island, and Pima groups. However,
Upland G. hirsutum cultivars have earlier maturity, high-
er yields, and adapt to a wider range of environments.
An understanding of the genetic and genomic relation-
ships of extant cotton species and cultivarsis critical for
the further utilization of cotton genetic diversity and ge-
nomic information in the development of superior culti-
vars that combine the favorable qualities conditioned by
this diverse germplasm.

A variety of molecular-marker technologies have been
used to study the genetic diversity and relationships of
crop species and their wild relatives. Of these methods,
random amplified polymorphic DNAs (RAPDs) have
been most widely used in cotton (Multani and Lyon 1995;
Tatineni et al. 1996; Igbal et al. 1997). Studies using alo-
zymes (Wendal et a. 1992) and RFLPs (Wendal and
Brubaker 1993) have been limited by low levels of poly-
morphism at the intraspecific and interspecific levels. The
amplified fragment length polymorphism (AFLP) method
(Zabeau and Vos 1993; Vos et al. 1995) has also been suc-
cessfully used to analyze genetic diversity among a wide
range of crop species and their wild relatives (Hill et a.
1995; Maughan et a. 1996; Powell et a. 1996). The major
advantage of AFLP isits power to identify large numbers
of potentially polymorphic loci; this property is referred to
as a ‘high multiplex ratio’. Vroh Bi et al. (1999) recently
used AFLP markers to track the introgression of genetic
material from a tri-species synthetic hybrid into G. hirsu-
tum. The objective of the present study was to determine
the utility of AFLP for estimating genetic diversity and
phenetic relationships among a diverse collection of 29
accessions of diploid and tetraploid Gossypium, and for
the identification of genetically unique cultivars as poten-
tially important new sources of aleles for cotton improve-
ment.

223

Materials and methods

Plant materials

Twentynine accessions from five species of the genus Gossypium
were included in this study (Table 1). The cultivated tetraploid
species were represented by eight G. hirsutum (AD1) and 17 G.
barbadense (AD2) accessions. G. barbadense representatives in-
cluded six Egyptian Giza, five Pima, and six Sea Island cultivars.
Diploid cottons were represented by two G. herbaceum (A1), one
G. arboreum (A2), and one G. raimondii (D5) accessions. Seed of
G. barbadense cultivars and leaves of greenhouse-grown perennial
diploid species were obtained from the cotton germplasm collec-
tion maintained by the USDA-ARS at the College Station, Tex.
(Percival 1987). G. hirsutum seeds were obtained from the Texas
A & M University Multi-Adversity Resistance (MAR) Cotton Pro-
gram germplasm stocks.

AFLP fingerprinting

Genomic DNAs were isolated from leaf tissue by the method of
Igbal et al. (1997). AFLP fingerprinting (Zabeau and Vos 1993;
Vos et al. 1995) was performed using Analysis System | (GIBCO-
BRL Life Technologies) according to the manufacturer’s supplied
protocol, starting with 225 ng of each genomic DNA. Primary am-
plifications were performed with ‘Mix I’ on a Perkin-Elmer 9600
thermocycler. Both the EcoRI and Msel primers used in secondary
amplification had three extra ‘selective’ nucleotides at the 3' end

Table 1 Description of Gossypium taxa studied

Accession number Taxon Genome
Diploids

Al-71 G. herbaceum L. Al
A1-75 G. herbaceum L. Al
A2-7004 G. arboreum L. A2
D5-4 G. raimondii Ulbrich D5
Tetraploids

G. hirsutum L.

SA-1583 Tamcot SP37 AD1
SA-1579 Tamcot CAMD-E AD1
SA-2292 Tamcot Sphinx AD1
SA-1668 Paymaster HS26 AD1
SA-1512 Deltapine 50 AD1
SA-1047 Acala4-42 AD1
SA-2288 AcalaMaxxa AD1
SA-1577 Stoneville 112 AD1
G. barbadense L.

GB-230 Giza22 AD2
GB-605 Giza 47 AD2
GB-236 Giza7 AD2
GB-603 Giza64 AD2
GB-604 Giza45 AD2
GB-738 Giza36 AD2
GB-228 Montserrat Sea lsland AD2
GB-229 Barbados Sea Island AD2
GB-679 Bleak Hall Sealsland AD2
GB-1049 Seabrook Sea lsland AD2
GB-726 14-15 Bar AD2
GB-727 14-25-5 Bar AD2
GB-224 PimaS-1 AD2
GB-851 Pima S-3 AD2
GB-1497 PimaS-5 AD2
GB-1030 PimaS-6 AD2
GB-1023 Pima S-7 AD2
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in order to reduce the number of amplified fragments. Primer no-
menclature follows that of GIBCO-BRL Life Technologies; for
example, the primer E-AGC denotes an EcoRI cohesive primer
with the three selective nucleotides 5'-AGC-3'. The 16 selective
primer combinations used in this study are listed in Table 2. Sec-
ondary amplifications containing 33P labeled EcoRI primer were
aso carried out in a Perkin-Elmer 9600 thermocycler. After the
addition of an equal volume (10 pl) of manual sequencing dye
(98% formamide, 10 mM EDTA, 0.025% xylene cyanol, 0.025%
bromophenol blue), the samples were heated at 94°C for 3 min
and chilled on ice. A 2-pl aliquot of each sample was electropho-
resed on a denaturing 5% polyacrylamide gel containing 7.5 M
Urea and a 0.5 x TBE running buffer (45 mM Tris Borate, 1 mM
EDTA, pH 8) at 60 W for 1.5 h, in @ 30 cm x 40 cm manual se-
quencing apparatus (GIBCO-BRL Life Technologies). The gel
was transferred to Whatman 3MM blotting paper, dried under vac-
uum, and exposed to X-ray film for up to 48 h.

Data analysis

Since the validity of every polymorphic AFLP band could not be
evaluated by an independent method (such as segregation analysis
in an F, or recombinant-inbred population), only distinct, mgjor,
reproducible bands were scored. Minor polymorphic AFLP bands
were excluded from the analysis because these can arise artifactu-
aly from differences in genomic DNA quality and other factors
(Lin and Kuo 1995; Schondelmaier et al. 1996). Presence or ab-
sence of each AFLP fragment was scored as a binary unit charac-
ter (1 = present, 0 = absent). Genetic similarities based on Jac-
card’s coefficient (Jaccard 1908) were calculated using the SIM-
QUAL program of the Numerical Taxonomy Multivariate Analy-
sis System (NTSYS-pc) Version 2.0 software package (Rohlf
1993). The resulting genetic similarity matrices were used to gen-
erate an unweighted pair group method of arithmetic means (UP-
GMA) trees (Sokal and Michener 1958) using the NTSY S-pc or
the UPGMA tree searching algorithm of the Phylogenetic Analy-
sis Using Parsimony (*and Other Methods) (PAUP*4.0b2a) soft-
ware package (Swofford 1998). Secondary analyses were per-
formed using the Neighbor Joining (N-J) method (Saitou and Nei
1987) in the PAUP*4.0b2a Software package. The robustness of
phenetic and phylogenetic trees was evaluated by comparing top-
ologies generated by different methods, and by bootstrapping

Table 2 Polymorphism detected by AFLP in five cotton species

(Felsenstein 1985) using PAUP*4.0b2a. Principal coordinate anal-
ysis (PCA) based on genetic similarity matrices was performed us-
ing the DCENTER and EIGEN algorithms of the NTSY S-pc soft-
ware package (Rohlf 1993).

Results

Sixteen primer combinations were tested for selective
amplification of DNA fragments from a diverse collec-
tion of 29 genotypes representing five Gossypium spe-
cies. A total of 1180 major AFLP bands were observed;
368 of these (31%) were polymorphic within the collec-
tion (Table 2). The number of polymorphic bands gener-
ated by individual primer pairs ranged from 9 (E-
AAC/M-CAC) to 33 (E-AAG/M-CTG and E-AGG/M-
CTG). Within the tetraploid cotton cultivars, the primer
combination E-ACC/M-CTG produced the greatest num-
ber of polymorphic products (24 in total). Out of the 368
bands that were polymorphic in our collection, 143 were
shared between a subset of tetraploid cotton cultivars
and a subset of A-genome accessions (G. herbaceum or
G. arboreum). We have designated these as ‘A-related
markers.’” Eighty four markers were shared between the
tetraploids and G. raimondii; these were designated as
‘D-related markers'.

Genetic similarities among all taxa ranged from 0.21
(between G. arboreum and G. raimondii) to 0.72 (be-
tween G. barbadense and G. hirsutum), with a mean sim-
ilarity of 0.54. Mean genetic similarities within and be-
tween taxonomic species are shown in Table 3. The mean
genetic similarity within our geographically and histori-
cally diverse set of G. barbadense accessions (0.89) was
similar to our G. hirsutum collection (0.86). However, the
number of G. barbadense accessions sampled was larger,
and the total genetic diversity was greater than that of G.

Primers pairs Total amplified Polymorphic Number of bands that are polymorphic
bands bands within the indicated genome group
Tetraploids AD1 AD2 Diploids A

E-AGG/M-CTG? 102 33 16 6 11 24 10
E-AGG/M-CAT 63 17 4 2 1 6 3
E-AGG/M-CTG 51 12 8 7 2 8 0
E-AGC/M-CAA 69 24 10 3 7 21 8
E-AGC/M-CTG 48 27 15 6 11 16 6
E-AGC/M-CAC 55 17 15 11 14 11 3
E-AGC/M-CTA 110 29 14 2 12 21 5
E-AAG/M-CAC 66 19 13 0 13 11 3
E-AAG/M-CTG 80 33 18 11 9 15 5
E-AAG/M-CAT 64 21 3 2 1 14 6
E-AAG/M-CTA 104 31 18 5 16 20 4
E-ACC/M-CAT 39 15 14 9 12 11 2
E-ACC/M-CTG 97 28 24 15 22 15 1
E-AAC/M-CAT 109 28 10 7 2 19 7
E-AAC/M-CTG 70 25 6 3 1 18 9
E-AAC/M-CAC 53 9 2 0 0 7 2
Mean 73.8 23 119 5.6 84 14.8 4.6
Total 1180 368 190 89 134 237 74

aE = EcoR1, M = Msel
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Table 3 Estimated genetic

similarities within and among Gossypium spp. G. barb. G. hirs. G. herb. G. arbo. G. raimo.
Gossypium species based on
AFLP G. barbadense 0.89 0.72 0.42 0.43 0.34
G. hirsutum 0.86 0.41 0.41 0.34
G. herbaceum 0.94 0.66 0.22
G. arboreum NA 0.21
G. raimondii NA
Fig. 1 An UPGMA phenogram Giza 22 A
based on AFLP datafrom 16 7 Giza 47
primer combinations. The num- 62 o
bers adjacent to some nodes in- Giza 7
dicate bootstrap confidence
values (1000 bootstrap repli- Giza 36
cates). Nodes without numbers Barbados SI
had bootstrap values of less
than 50. Cytqgenetic groups 14-15 Bar
and taxonomically defined spe-
cies are indicated at the right 14-25-5 Bar ®
w
Pima S-5 S
Pima S §
ima S-6 <
Montserrat Sl fQ“
Pima S-3 O
63
Pima S-1
72 100 Bleak Hall SI
100 Seabrook Sl
Pima S-7
54
1 Giza 64
Giza 45 V
Stoneville 112
60
Tamcot SP37
100,
Tamcot CAMD-E g
7 3
Paymaster HS26 S
100 Deltapine 50 ‘Q
78 eltapine ;
Tamcot Sphinx
9 98 P
Acala 4-42
-—— Acala Maxxa
100 — G. herb. A1-75 ‘
100 G. herb. A1-71 <
G. arboreum A2 v
G. raimondiiD5 O
022 050 075 0.99

hirsutum. The levels of similarity between the A and D
diploid species were extremely low (0.21 to 0.22) indicat-
ing that AFLP is areliable source of informative genome-
wide markers for phylogenetic studies of cultivated and
wild diploid Gossypium species.

A data set consisting of al 368 polymorphic AFLP
loci was analyzed by UPGMA clustering (Fig. 1). The

Similarity Coefficient

taxafell into four well-supported clusters that are consis-
tent with the cytogenetic genome groups and traditional
taxonomic species: 17 cultivars fell into a G. barbadense
cluster, eight cultivars into a G. hirsutum cluster, three
taxa into an ‘A-genome’ cluster, and one taxon, G. ra-
imondii, comprised the ‘D-genome’ cluster. The Egyp-
tian cultivar Giza 45 occupied a basal position within the
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Fig. 2 A comparison of dendrograms based on UPGMA analysis
of 143 A-related AFLP loci (heavy lines) versus 84 D-related
AFLP loci (light lines). Dashed lines indicate major incongruities
in the topologies generated by the two data sets

G. barbadense cluster. Likewise, the Upland cultivar Ac-
ala Maxxa occupied a basal position within the G. hirsu-
tum cluster. Further, the G. hirsutum and G. barbadense
groups clustered together to form alarge, well-supported
clade representing the combined descendants of the orig-
inal AD allotetraploid.

The genomic complement of modern G. hirsutum and
G. barbadense is composed of two distinct sub-genomes,
one derived from the A-genome ancestor (chromosomes
1-13) and another derived from the D-genome ancestor
(chromosomes 14-26) (Beasley 1940, 1942; Endrizzi et
al. 1985). To the extent that A-related and D-related
AFLP products may be derived from the A- and D-

Fig. 3 Relationships of 25 tet- y4
raploid cotton taxa visualized
by principa coordinate analysis
(PCA) of AFLP-based genetic
similarities. X, Y and Z axes
areindicated

1. Tamcot CAMD-E
2. Deltapine 50

3. Paymaster HS26
4. Stoneville 112

5. Tamcot Sphinx
6. Acala 4-42

7. Tamcot SP37

genome progentors, respectively (see discussion), the
two groups of markers can be used as independent data
sets. The data sets for 143 A-related markers and 84 D-
related markers were analyzed independently by UP-
GMA, then compared (Fig. 2) to evaluate the robustness
of inferred phylogenetic topologies, and to detect evi-
dence of possible reticulation. Based on the total data
set, Giza 22, Giza 47 and Giza 7 formed a distinct cluster
that was well-supported by bootstrap analysis (Fig. 1)
and UPGMA trees from A-related and D-related marker
data sets (Fig. 2). Where topologies were well-supported,
and there was no evidence for reticulation (from molecu-
lar markers or from traditional pedigrees), phylogenetic
relationships could be inferred. Thus, Giza 22, Giza 47
and Giza 7 formed a distinct monophyletic clade. Simi-
larly, the G. hirsutum cultivars Deltapine 50, Paymaster
HS26 and Tamcot CAMD-E aso formed a distinct clade.
In contrast, Giza 45 had a well-supported position at the
base of the G. barbadense cluster when only A-related
markers were considered (bootstrap value = 100), but
was basal to al tetraploid cottons when D-related mark-
ers were analyzed (bootstrap value = 100). Thisinconsis-
tency suggests that the history of Giza 45 included the
introduction of D-related germplasm from outside the
combined tetraploid cluster as defined by this study.

The overall robustness of phenetic and putative phy-
logenetic topologies was evaluated by: (1) bootstrap
analysis of UPGMA trees generated using the total data
set, (2) comparison of UPGMA trees with N-J trees gen-
erated using the total data set (data not shown), and (3)
comparison of trees generated using A-related and D-
related markers. By all three criteria, the topologies of
the G. hirsutum group were, in general, more robust than
those of the G. barbadense group.

Principal coordinate analysis (PCA) based on genetic
similarity matrices was used to visualize the genetic rela
tionships within the tetraploid taxa. The first three eigen-
vectors accounted for 61% of the variation observed.
PCA (Fig. 3) placed most of the cultivars into two clus-
ters: atight G. hirsutum cluster, and a moderately loose
G. barbadense cluster containing a dense sub-cluster of
historically and geographically diverse cultivars includ-
ing traditional Sea Island cottons (Montserrat, Barba-

Giza 36

Giza 7 14-25-5 Bar

i 14-15 Bar
Pima 8-5
Barbados S|
Montserrat Sl

Pima S-6

Giza 64
Giza 22

Giza 45

| Seabrook St
Bleak Hall SI



dos), Giza 36, and Pima S-5. The Sea Island cultivars
Seabrook and Bleak Hall also formed a distinct sub-
cluster within the greater G. barbadense group. Remark-
ably, Giza 45 and Acala Maxxa were found to be geneti-
cally quite distant from either the G. hirsutum or G. bar-
badense clusters.

Discussion

Despite being costly and technically cumbersome (dis-
cussed by Schondelmaier et al. 1996), we found that
AFLP is an effective and appropriate tool for detecting
DNA-level polymorphism in cultivated tetraploid cot-
tons and related diploid species. Significant and informa-
tive polymorphism was detected across a wide range of
taxonomic levels, from between distantly related diploid
Gossypium species to within a group of modern Upland
cultivars. For example, within the tetraploid taxa, each
primer pair detected an average of approximately 12
polymorphic loci (Table 1). UPGMA and N-J analysis of
genetic similarities based on 368 polymorphic markers
places 25 AD tetraploid cotton cultivars into two distinct
monophyletic clades that are in complete agreement with
the traditional taxonomic arrangement of these cultivars
into G. barbadense and G. hirsutum. Among the limited
taxa included in our study, G. barbadense had a greater
diversity, or broader ‘genetic base’ than G. hirsutum.
However, much of this diversity may, in fact, be derived
from G. hirsutum and other Gossypium species (dis-
cussed below).

Our AFLP data-set records the phylogenetic histories
of a large number of individual loci through the evolu-
tion and development of cottons, providing useful infor-
mation for discovering patterns of genome evolution in
cultivated cotton. Out of the 368 bands that were poly-
morphic in our collection, 143 were shared between a
subset of tetraploid cotton cultivars and a subset of A-
genome accessions (G. herbaceum or G. arboreum) and
84 markers were shared between a subset of the tetra-
ploids and G. raimondii (D-genome). The loss of an
AFLP product by mutation should be more probable
than the gain of a product, as is the case for restriction
endonuclease fragments (Nei and Li 1987). Shared
AFLP products are therefore more likely to be
sympleisiomorphic (ancestral) aleles than homoplastic
aleles arising by molecular convergence. Furthermore,
the level of AFLP similarity within the A-genome taxo-
nomic group (0.800) is much greater than similarities
between the A- and D-genome taxa (0.215). Logic dic-
tates that aleles exclusively shared between the A-ge-
nome and the tetraploids are more likely to have been
contributed unilaterally by the A-genome progenitor
than present in both A and D progenitors and lost in the
extant D-genome representative analyzed in this study.
Although we can not make definitive assignments of the
A-related alleles to the A sub-genome, the A-related
markers have a greater probability of being derived
from the A-genome progenitor than markers obtained at
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random from the total data set. Similar arguments can
be made for the probability of origin of the D-related
markers in the D-genome progenitor.

The finding that there were fewer D-related markers
than A-related markers could reflect significant diver-
gence of modern G. raimondii from the ancestral D-
genome parent (as has been speculated by Jiang et al.
1998), or could reflect the estimated 50-60% larger size
of the ancestral A genome relative to that of the D ge-
nome (Edwards et al. 1974; Geever et al. 1989;
Reinisch et al 1994). Based on the probable linkage as-
sociation of markers within the A-related and D-related
marker sets, respectively, we partitioned our data for
UPGMA cluster analysis (Fig. 2). One striking result of
this partitioned analysis is that most taxa show overall
topological congruence of the two data sets while a
small minority of taxa (14-15 Bar, Pima S-7, Giza 45)
show major incongruities, indicating a vastly different
pattern of genomic evolution. One explanation for the
origin of this incongruity is wide intra- or inter-specific
hybridization.

The patterns of AFLP diversity were useful for as-
sessing the genetic contributions of various lineages to
modern cultivars. The progenitor Egyptian cotton culti-
var, Ashmouni, was derived from an intraspecific cross
in the early 1900 s between a** Sealsland’”” cotton and an
obscure G. barbadense tree cotton growing as a garden
ornamental. Traditional pedigrees (Anonymous 1992)
record that Ashmouni was utilized in the subsequent de-
velopment of a number of Egyptian cultivars. Further,
the Pima cultivars also trace the major part of their ge-
netic ancestry to Ashmouni derivatives. These records
are supported at the molecular level by the clustering of
several Pima cultivars with Giza and Sea Island lines in
UPGMA analysis (Fig. 2) and PCA (Fig. 3). In addition,
the effect of the introduction of aleles from G. hirsutum
during the development of the Pima cottons (Calhoun et
al. 1994) is possibly detected by PCA as a minor shift in
the position of Pima cultivars S-1 and S-7 towards the G.
hirsutum group. Similarly, Tamcot Sphinx, Tamcot SP37
and Acala 4-42 are shifted slightly toward the G. barba-
dense cluster, perhaps reflecting the introduction of G.
barbadense germplasm into these lineages (El-Zik and
Thaxton 1989; Calhoun et al. 1994).

We found high levels of similarity within sub-clusters
of the G. barbadense group (Figs. 1, 3). Severa of the
topological arrangements within the G. barbadense clade
were not well-supported by bootstrap analysis, and there
was greater inconsistency between the A-related and D-
related marker sets than in G. hirsutum. Theoretically, a
hybridization event followed by selfing (causing fixation
of alleles) would be predicted to decrease the number of
loci that are polymorphic in subsequent generations by
50%. In addition to creating a set of closely related de-
scendent cultivars, this event would obfuscate phyloge-
netic studies based on unlinked markers situated
throughout the genome, as the various markers would
have independently become fixed to one or the other pa-
rental alele. Thus, one explanation for both the poorly
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supported topologies and high levels of similarity within
G. barbadense sub-clusters is that these lineages have
been subjected to a greater degree of inter-cultivar gene
flow than G. hirsutum (Kellogg et al. 1996; Wendel and
Doyle 1998). Poorly supported and incongruous phylo-
genies can also be explained by the phenomenon of ‘lin-
eage sorting’ (Wendel and Doyle 1998). If there were
significant heterozygosity present at the time that a new
cultivar was selected (a divergence event) then this het-
erozygosity will be ‘sorted out’ into its component al-
leles in each of the separate descendent lineages. How-
ever, since the cultivars in question arose in different
parts of the world, and at different times, this explana-
tion isimplausible.

Analysis of AFLP diversity identified genetically
unique cultivars that are potentially important sources of
diverse cotton germplasm. For example, PCA suggested
that the distinctive germplasm of the Seabrook and Bleak
Hall Sea lsland cottons had not been extensively utilized
in the development of modern Pima and Giza cultivars.
Perhaps the most intriguing result from the present study
is the apparent genetic distinctness of Giza 45 and Acala
Maxxa. Grown mainly in Egypt for speciaty markets,
Giza 45 is renowned for having the highest fiber quality
among the world's cottons [Giza 45 fiber is extra long-
staple with an average length of 40 mm, fiber strength of
392 mN/tex and fineness of 3.0 micronaire units
(Anonymous 1994)]. However, it exhibits below-average
yields and poor adaptability to a range of growing envi-
ronments. According to pedigree records, Giza 45 is a
progeny from a cross between Giza 7 and Giza 28, the
latter of which isitself derived from a cross between ob-
scure Egyptian cultivars “Shaka 3 and **Shaka 4”
(Anonymous 1992). The pronounced genetic differentia-
tion of Giza 45 from Giza 7 suggests, by deduction, that
Shaka 3 or Shaka 4 (or both) is the likely source of the
highly dissimilar germplasm observed — particularly in
the D-related markers —in Giza 45.

In a G. hirsutum cv Tamcot CAMD-E x G. barba-
dense cv Sea Island Seaberry interspecific cross, Jiang et
al. (1998) discovered that most of the QTLs influencing
fiber quality were found in the D sub-genome of cotton.
Jiang et a. (1998) hypothesized that in the wild A-ge-
nome ancestor to the AD tetraploid, loci relevant to fiber
development may have already contained many *‘favor-
able” alleles for fiber characteristics. In this scenario,
modern cotton fiber quality is ultimately limited by the
amount of genetic variation incorporated into the D sub-
genome at the origin of the AD allotetraploid and muta-
tions that have arisen since. Our discovery of highly di-
vergent D-related genetic material in Giza 45 hints at the
possihility of an alternate avenue for the incorporation of
distinct D sub-genome variation that positively effects fi-
ber quality.

Acala Maxxa, grown mainly in the western US, pro-
duces some of the highest quality fibers of the G. hirsu-
tum group. Its pedigree is complex (Calhoun et al. 1994),
and includes germplasm introductions from Pima culti-
vars and from the synthetic ‘triple hybrid' lineage. This

triple hybrid was created beginning in 1938 through
crossing the diploids G. arboreum (A2) and Gossypium
thurberi (D1), followed by chromosome doubling to cre-
ate an (A2D1) alotetraploid (Beasely 1942), and intro-
gression into G. hirsutum. The introduction of alleles
from Pima lines, which are largely G. barbadense at the
genomic level, and from G. arboreum (A2) and G. thur-
beri (D1), are likely sources of the genetic distinctness
of Acala Maxxa. Since both Acala Maxxa and Giza 45
produce superior quality fiber and — based on our analy-
sis— are genetically distant from typical G. hirsutum and
G. barbadense, they could be important sources of allelic
diversity for the improvement of fiber quality. The exis-
tence of substantial AFLP polymorphism between Giza
45 and Acala Maxxa and the more commonly utilized
elite G. barbadense and G. hirsutum lineages indicates
that large numbers of polymorphic markers will be avail-
able to facilitate the identification and mapping of loci
that control fiber quality traits.

Since AFLP is a proven tool for genetic linkage map-
ping (Joerg et a. 1995; Thomas et al. 1995; Mackill et
al. 1996; Schondelmaier et al. 1996) as well as for
phenetic and phylogenetic studies (Heun et al. 1997),
the AFLP loci we identified can readily be placed onto
linkage maps derived from intraspecific (e.g. G. hirsu-
tum x G. hirsutum) and interspecific (e.g. G. barba-
dense x G. hirsutum) crosses. Rouppe Van Der Voort et
al. (1997) used shared AFLP markers to align genetic
maps generated in different potato genotypes. Similarly,
Waugh et al. (1997) discovered that AFLP markers that
were polymorphic in different barley mapping popula-
tions mapped to the same genetic locus. These data indi-
cated that the AFLP products studied in each case were
ancestral or sympleisiomorphic in nature, and demon-
strated the utility of AFLP for tagging a particular ge-
nomic region and identifying homoeologous regions in
other taxa — at least over short evolutionary distances.
An integrated approach combining linkage mapping
with genetic fingerprinting of extant species will pro-
vide detailed phylogenetic histories of individual chro-
mosomal segments throughout the development of mod-
ern cotton cultivars, and alow for the development of a
comprehensive picture of the genome dynamics leading
to the emergence of modern cotton cultivars. Combined
with phenotypic information (concerning fiber quality
and other traits) from diverse germplasm sources, this
enhanced understanding of cotton genome evolution
will be an important new tool for identifying the loci
that control important traits and for uncovering interac-
tions between these loci.
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