
Abstract This work aims at breeding upland cotton
[Gossypium hirsutum L., 2(AD)1 genome] with a re-
duced level of gossypol in the seeds for optimal food and
feed uses, and a high gossypol level in the remaining or-
gans for resistance to pests. Two tri-species Gossypium
hybrids, (G. thurberi–G. sturtianum–G. hirsutum and G.
hirsutum–G. raimondii–G. sturtianum) including G.
sturtianum (2C1) as a donor, G. thurberi (2D1) and G.
raimondii (2D5) as a bridge species, were created. Re-
current selection initiated with these tri-species hybrids
produced backcross (BC) progenies expressing the “low-
gossypol seed and high-gossypol plant” trait at different
levels. We used AFLP markers to assess the genetic sim-
ilarity among the germplasm and RFLP probes to tag the
introgression of specific chomosome segments from the
parental species. Five pairs of AFLP primers generated
477 fragments, among which 417 (87.4%) were poly-
morphic. The genetic similarity between the upland cot-
ton and the wild species ranged from 29.5 to 43.2%,
while similarity reached 80% between upland cotton and
BC3 plants. Introgression of species-specific AFLPs was
evident from all the parental species and confirmed the
hybrid origin of the analyzed progenies. Southern-blot
analysis based on 49 RFLP probes allowed us to trace
the introgression of parental DNA segments in the tri-
species hybrids and in three generations of backcross. In-

trogression was evident from 11, 8 and 7 linkage groups
of G. sturtianum, G. raimondii and G. thurberi respec-
tively. The types of introgression revealed by RFLP
probes are discussed, and breeding schemes to enhance
recombination are proposed. The ability to trace DNA
segments of known chromosomal locations from the do-
nor G. sturtianum through segregating generations is a
starting point to map the “low-gossypol seed and high-
gossypol plant” traits.
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Introduction

Gossypium contains about 50 diploid and tetraploid spe-
cies distributed worldwide in both tropical and subtropi-
cal areas. The diploid species (2n=2x=26) fall into eight
different cytotypes designated A, B, C, D, E, F, G and K
(Endrizzi et al. 1985; Stewart 1994). The tetraploid spe-
cies (2n=4x=52, AADD) contain two distinct subgeno-
mes which are related to the A genome of the Asiatic
cultivated diploid species and the D genome of the
American wild diploid species (Endrizzi et al. 1985).
Four Gossypium species namely G. arboreum, G. barba-
dense, G. herbaceum and G. hirsutum are cultivated, the
upland cotton (G. hirsutum L.) being the most important.

Cotton is the leading fiber crop, but it also ranks high
among food crops (Lusas and Jividen 1987; Alford et al.
1996). In fact, cotton is the second best potential source
of plant proteins and the fifth best oil-producing plant
(Texier 1993). One of the main traits characterizing the
Gossypium genus is the presence of pigment glands con-
taining terpenoid aldehydes, namely gossypol, through-
out the plant. The presence of glands in cultivated cot-
tonseed has economic disavantages to the seed- and oil-
processing industry because gossypol is toxic to non-ru-
minant animals, including humans. During the 1960s and
1970s, there was great interest in the genetics of gossy-
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pol-content in cotton. The alleles gl2 and gl3 identified by
McMichael (1960) effectively removed gossypol from
seed and foliage, enabling the use of cottonseed in food
and feed without the deleterious effect of gossypol.
These glandless phenotypes were considered agronomic-
ally important because gossypol was not stored in the
embryo. It has been shown that terpenoid aldehydes
present in the cotton plant confer natural resistance to
various insect, fungal, and bacterial diseases (Stipanovic
et al. 1975; Altman et al. 1990; Calhoun 1997). Howev-
er, glandless plants are completely devoid of these com-
pounds. The ideal phenotype appears to be a combina-
tion of “low-gossypol seed and high-gossypol plant”
traits in the same variety. In Gossypium, the “glandless-
seed and glanded-plant” trait exists only in some Austra-
lian wild diploid species belonging to the Sturtia and
Hibiscoidea sections (Brubaker et al. 1996). Although
these Australian cottons of C and G genomes are phylo-
genetically remote from the upland cotton, they offer
very interesting possibilities to breeders (Stewart 1994;
Brubaker et al. 1996). In these plants, the genes involved
in gland morphogenesis seem to be controlled by a re-
pressive mechanism which acts until the cotyledons open
and the young plantlets begin to form chlorophyll
(Mergeai 1992). The objective of our research is to intr-
ogress this repressive mechanism from G. sturtianum
(2n=2x=26, 2C1 genome) into the tetraploid upland cot-
ton G. hirsutum.

During the past few years, new strategies based on
marker-assisted selection have been proposed to reduce
time and effort in developing new varieties. The use of
DNA markers to enhance plant breeding efforts has been
described in detail by numerous investigators (Tanskley
et al. 1989; Paterson et al. 1991; Dudley 1993; Lee
1998). However, reports on the application of DNA
markers to cotton improvement remain scarce compared
to the importance of this crop. Random amplified poly-
morphic DNA was used to fingerprint cotton cultivars
(Multani and Lyon 1995), to evaluate diversity in elite
cotton germplasm (Tatineni et al. 1996; Iqbal et al. 1997)
and to assist wide hybridization and recurrent crosses in
cotton (Vroh Bi et al. 1997; Mergeai et al. 1998). Few
applications of restriction fragment length polymorphism
to cotton have been reported (Wang et al. 1995; Shap-
pley et al. 1996; Meredith and Brown 1998). To-date, an
RFLP map of cotton is in construction (Reinisch et al.
1994) and offers a valuable new tool to analyze intro-
gression in breeding programs.

Amplified fragment length polymorphism is a DNA
fingerprinting technique capable of detecting several loci
in a single PCR reaction (Zabeau 1993; Vos et al. 1995).
This technique has been successfully applied in tomato
(Thomas et al. 1995), rice (Zhu et al. 1998), barley
(Becker et al. 1995), potato (Meksem et al. 1995), as
well as in other crops (Hansen et al. 1999; Shan et al.
1999).

We carried out wide hybridization, backcrossing and
selfing to produce seeds, and in vitro culture of seed em-
bryos to obtain mature plants (Vroh Bi et al. 1999). The

objectives of the present study were to: (1) report the
gossypol gland behaviour in backcross seedlings after
germination, as well as gland distribution on the flower
buds which are very sensitive organs to insects, (2) test
the ability of AFLP to establish genetic relatedness be-
tween parents and progenies of cotton under recurrent
selection, and (3) determine the chromosomal composi-
tion of hybrids and backcross progenies using a set of
available RFLP markers with known map locations.

Materials and methods

Plant materials

Plant materials include two tri-species hybrids containing G. hir-
sutum 2(AD)1 as the recipient species, G. sturtianum (2C1) as the
donor parent, and two American wild diploids G. thurberi (2D1)
and G. raimondii (2D5) as bridge species. These hybrids are re-
spectively designated by the initials TSH for [(G. thurberi×G.
sturtianum) doubled×G. hirsutum] and HRS for [(G. hirsutum×G.
raimondii) doubled×G. sturtianum]. The chromosome numbers of
the intermediate bispecific hybrids were doubled with colchicine.
Pedigrees of the two tri-species hybrids are detailed in Vroh Bi et
al. (1998). Both hybrids were involved in backcrosses to produce
backcross (BC) or backcross-selfed (BCsp) progenies as described
in Fig. 1. In total, the two tri-species hybrids and 38 BC progenies
including 12 BC1, 4 BC2, 10 BC2sp and 12 BC3 were analyzed.
Total genomic DNA was extracted from the studied plants as de-
scribed by Vroh Bi et al. (1996).

Gossypol gland evaluation

The gossypol gland density of naked embryos was assessed under
a binocular microscope according to a visual scale ranging from 0,
for totally glandless embryos to 10, which is the gland level in
normally glanded cultivated cottonseed. The in vitro culture of
seed embryos was performed as described by Vroh Bi et al.
(1999). After germination, the evolution of the gland level of in
vitro seedlings was observed daily, considering the gland level in
seedlings of G. hirsutum and G. sturtianum as controls. Leaves
and stems of the backcross progenies were evaluated to assess the
recovery of the highest level of gossypol glands during the growth
of seedlings derived from low-gossypol seeds. The presence of
glands on the calyx crown, a characteristic termed high glanding,
was also scored among the mature plants. This trait is reported to
be highly correlated with resistance to the main insect pests in cot-
ton (Calhoun 1997).
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Fig. 1 Pedigree of backcross progenies obtained from the tri-spe-
cies hybrids G. hirsutum–G. raimondii—G. sturtianum (HRS) and
G. thurberi–G. sturtianum–G. hirsutum (TSH)



AFLP analysis

The AFLP reactions were performed with the AFLP Analysis
System I kit (Life Technologies, Merelbeke, Belgium). Restriction
endonuclease-digestion of total genomic DNA, ligation of adapt-
ers, PCR reactions, primer labelling and electrophoresis of ampli-
fied fragments were all performed following the manufacturer’s
protocol. In short, 250 ng of genomic DNA were digested with
EcoRI and MseI, ligated to adapters and amplified in two succes-
sive steps. In the first reaction, called pre-amplification, genomic
DNA is amplified with AFLP primers having one selective nucle-
otide each. The PCR products of the pre-amplification reaction
were diluted 50-fold and used as templates for selective amplifica-
tion using two AFLP primers containing three selective nucleo-
tides each. Before amplification, the EcoRI selective primer is la-
belled by phosphorylating its 5´ end with alpha-[32P]ATP using T4
polynucleotide kinase. The following five primer combinations
were employed in this study: C1=EcoRI+AAC/MseI+CAA,
C2=EcoRI+AAC/MseI+CTT, C3=EcoRI+AGG/MseI+CTT), C6=
EcoRI+ACT/MseI+CAG, C9=EcoRI+ACG/MseI+CTA. The PCR
reactions were performed in a Perkin-Elmer 2400. Amplification
products were resolved in 6% denaturing polyacrylamide gels by
loading 3 µl of each sample. Gels were exposed at –80°C over-
night to Biomax MR X-ray film (Kodak).

Data analysis

AFLP bands were scored as present (1) or absent (0). The genetic
similarity (GS) based on pairwise comparisons was calculated
according to Jaccard’s coefficient (Jaccard 1908). GS(ij)=
1–M/Ti–Tj–M where GS is the measure of genetic similarity be-
tween individuals i and j, M is the number of band matches be-
tween i and j, Ti and Tj the total number of bands in i and j respec-
tively. A dendrogram based on these coefficients was constructed
using the unweighted pair group method average (UPGMA) on the
SYSTAT software package, version 8.0 (SPSS Inc., Chicago, Ill.).

RFLP analysis

Forty nine available inserts were used for analysis. These clones,
originally selected from the RFLP map of cotton (Reinisch et al.
1994), were kindly provided by Dr. A.H. Paterson (Texas A&M Uni-
versity). Inserts were amplified by PCR using M13 forward and re-
verse primers (SP010 and SP030, Operon, Alameda, Calif.). PCR re-
actions were carried out in a 100-µl vol containing 10 µl of reaction
buffer (500 mM Tris-HCl, pH 8.5; 15 mM MgCl2), 2.5 mM MgCl2,
200 µM of dNTPs, 0.25 µg of each forward and reverse primer and
2.5 U of Taq DNA polymerase (Amersham Pharmacia Biotech,
Roosendaal, The Netherlands). The PCR conditions were as follows:
94°C for 5 min; 25 cycles of 94°C for 1 min 30 s, 45 to 48°C (accord-
ing to the clones) for 1 min 10 s, and 72°C for 3 min 15 s, followed
by a final extension of 72°C for 7 min. The amplifications were per-
formed in a Techne PHC-3 thermal cycler. An aliquot of the PCR
products was electrophoresed in 0.8% agarose to verify amplification
of a single product. PCR products were separated from excess reac-
tion components using microspin columns S-300 HR (Amersham
Pharmacia Biotech, Roosendaal, The Netherlands). Restriction endo-
nuclease digestion, Southern blotting, labelling and hybridization of
RFLP probes were all performed as described by Reinisch et al.
(1994) with the following modifications: 7 µg of genomic DNA were
digested with six restriction enzymes (BamHI, CfoI, EcoRI, EcoRV,
HindIII and XbaI), 50 ng of PCR-amplified fragment were labelled,
10 ml of hybridization buffer were incubated at 65°C overnight in a
Techne HB-1D hybridization oven, and filters were exposed to Kodak
X-OMAT-AR film with an intensifying screen for 1 week.

Scoring for introgression

Introgression from the wild species was assessed by analyzing
profiles showing polymorphism between parental species for the

tested probe/enzyme combinations. When the banding pattern of
hybrids and BC progenies was similar to that of the wild parent
for the RFLP markers, the result was considered “positive” and in-
dicated introgression of the wild parent chromosome segment at
the concerned RFLP locus. Flanking RFLP markers of the putative
positive marker were then checked when available to determine
the approximate size of the introgressed segments in centimor-
gans. When adjacent markers were “negative” for introgression, it
was assumed that the recombination event occurred midway be-
tween the markers (Jena et al. 1992; Garcia et al. 1995).

Results

Gossypol gland evaluation

Backcrossing of the two tri-species hybrids and their
progenies produced, in total, 192 seeds composed of 129
BC1, 23 BC2, 18 BC2sp and 22 BC3. Evaluation of seed
gland level showed that nine seeds were glandless (level
0), eight seeds were completely glanded (10), 158 seeds
had a gland level ranging from 1 to 9, and the remaining
17 seeds were empty (devoid of embryos). Figure 2
shows an example of the gland level in seeds of parental
species and backcross plants. The gland level in the cul-
tivated species G. hirsutum is considered as the maxi-
mum in seeds and seedlings (level 10). After germina-
tion, the increase of gland level on organs of seedlings
was observed simultaneously in the donor parent (G.
sturtianum) and the BC progenies. When the radicule of
the Australian species began to elongate 2 days after in
vitro culture, glands appeared first on the higher part of
the hypocotyl before the glandless cotyledons opened
completely. The stem of the in vitro seedlings of G.
sturtianum exhibited the highest level of glands 5 days
after germination (data not shown). When the cotyledons
turned to green, glands appeared on the margins of the
cotyledonary leaves and increased in number with aging
of the seedlings. The first true leaf emerging 1 week af-
ter germination was fully glanded and showed the gland
pattern of a mature plant. In the BC progenies, recovery
of the highest gland level in seedlings varied mainly be-
tween generations for a given seed gland level. In gener-
al, gland recovery in BC1 seedlings derived from low-
gossypol seed was slower than that of the parents, most
certainly due to their slow growth. The increase of gland
level in BC2, BC2sp and BC3 progenies was intermedi-
ate between that of the cultivated parent G. hirsutum and
the donor parent G. sturtianum. The tri-species hybrids
and their progenies obtained by backcrossing to cultivat-
ed cotton contain the dominant alleles Gl2 and Gl3 of
the two major genes conferring the totally glanded phe-
notype to cultivated cotton (given by the pollen). In
these experiments the parental species used as controls
and the BC progenies were obtained in the same condi-
tions of in vitro culture of embryos, hardening and main-
tenance in the greenhouse (Vroh Bi et al. 1999). The low
gland levels observed in seeds of BC progenies are thus
due to a gene(s) introgressed from the Australian wild
species G. sturtianum. The recovery of high gland levels
in seedlings derived from low-gossypol seeds probably

1235



indicates that the repressive mechanism of G. sturtianum
is acting in the analyzed plants. All the mature plants ob-
tained in this study were glanded, but the shape and dis-
tribution of glands varied between plants and organs.

The studied plants were screened for the high-gland-
ing phenotype (Fig. 3). The cultivated cotton variety C2
used in this study is normal glanding (absence of gossy-
pol gland on the calyx crown). By contrast, the Austra-
lian species G. sturtianum has the high-glanding pheno-
type that can confer insect resistance to cotton plants.
This character is inherited by the two tri-species hybrids
(HRS, TSH), but the calyx crown of TSH was more
glanded than that of HRS. Although the BC progenies
were segregating for the high-glanding trait, calyx
crowns of plants derived from TSH were more glanded
than calyx crowns of progenies from HRS. Table 1
shows the distribution of the high-glanding trait in each
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Fig. 3a–d Gossypol gland distribution on the calyx crown from
parental species, tri-species hybrid and backcross progeny. a Nor-
mal glanding (NG) in the cultivated upland cotton G. hirsutum.
b High glanding (HG) in the donor G. sturtianum. c High glanding
in the tri-species hybrid TSH. d High glanding in a BC1 progeny
derived from TSH and having glandless seed. Arrows indicate the
calyx crown

Table 1 Segregation for the high-glanding trait in backcross gen-
erations

Backcross Number of Number of Number of 
generations high glanding normal glanding plants observed

BC1 11 1 12
BC2 3 1 4
BC2sp 9 1 10
BC3 5 7 12
Total 28 10 38

Fig. 2a–d Patterns of gossypol glands in seeds of parental species
and backcross progenies. a Totally glanded seed of the cultivated
upland cotton G. hirsutum (level 10). b Glandless seed of the do-
nor G. sturtianum (level 0). c Low-gossypol BC3 seed (level 4).
d Low-gossypol BC3 seed (level 1)



backcross generation. The maintenance and segregation
of this phenotype through backcrossing and selfing
should allow the utilization of the present germplasm in
breeding for cotton varieties resistant to insects.

AFLP analysis

The number of bands generated by each primer combi-
nation in the parental species ranged from 72 for C6
(EcoRI+ACT/MseI+CAG) to 132 for C2 (EcoRI+
AAC/MseI+CTT), with a mean of 96 bands. The five
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Fig. 4 AFLP patterns obtained from parental species and proge-
nies using the primer pair EcoRI+AGG/MseI+CTT. The first lane
(1) is the AFLP DNA-ladder from Life Technologies Inc., H=G.
hirsutum (C2), T=G. thurberi, R=G. raimondii, S=G. sturtianum,
HRS and TSH are the tri-species hybrids. AFLP markers specific
to the donor G. sturtianum are indicated with arrows
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primer combinations amplified a total of 477 DNA frag-
ments of which, 417 (87.4%) were polymorphic. Figure 4
shows the AFLP pattern for the primer combination C3.
The introgression of AFLP bands specific to each parent
allowed the confirmation of the interspecific origin of
the two hybrids TSH and HRS. Out of the 70 specific
fragments of the donor parent G. sturtianum, 45 and 44
were present in the tri-species hybrids HRS and TSH re-
spectively, and 43 were segregating in the BC proge-
nies. Besides the polymorphic bands specific to each of
the parental species (G. hirsutum, G. sturtianum, G. ra-
imondii and G. thurberi), some polymorphic AFLPs
were shared by two or three parents. Markers which are
not transmitted to progenies at each generation are ei-
ther located on chromosomes that are not transmitted
during meiosis, or constitute markers undergoing re-
combinations that can modify the primer binding sites.
Four specific markers of G. sturtianum (C genome)
were systematically present in all the BC progenies.
Such fragments should be located on the chromosomes
that are preferentially transmitted to progenies, due to
their higher pairing affinity with the chromosomes of
the other parents, or else should correspond to repeated
DNA dispersed throughout the donor genome of G.
sturtianum (2C1).

The relatedness among the studied genotypes was as-
sessed by similarity analysis using the coefficient of Jac-
card (1908). Table 2 shows the similarity matrix ob-
tained between parental species, tri-species hybrids and
BC progenies. All the BC2, BC2sp and BC3 shown in
Table 2 were derived from a single BC1 plant (S1) ob-
tained by pollinating HRS with G. hirsutum (C2 culti-
var). The similarity between the cultivated species and
the wild parents ranged from 29.5% to 43.2%. Among
the wild species, G. raimondii shared the highest similar-
ity with G. hirsutum (43.2%). This American wild dip-
loid species was supposed to be the donor of the D sub-
genome in tetraploid upland cotton (Endrizzi et al.
1985). Both tri-species hybrids were closer to cultivated
cotton than to the wild species used in the initial crosses,
with 66.2% and 67.1% for HRS and TSH respectively. A
dendrogram generated by UPGMA analysis allowed the
grouping of the genotypes studied (Fig. 5). The positions
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Fig. 5 Dendrogram of genetic relationships among species and
progenies based on AFLP data using UPGMA and Jaccard’s coef-
ficient of similarity. Parental species, tri-species hybrids and BC
generations as indicated in Table 3

of the parental species in the dendrogram is in agreement
with the current phylogenetic classification of Gossypi-
um species based on morphological and cytogenetic data
(Endrizzi et al. 1985). The Australian diploid G. sturti-
anum (2C1 genome) is the first to be separated, followed
by the cluster of the American species G. raimondii (2D5
genome) and G. thurberi (2D1 genome). The cultivated
cotton, G. hirsutum 2(AD)1, is grouped with the tri-spe-
cies hybrids and the BC progenies (ACDD). The com-
parison of subsequent progenies with the cultivated par-
ent showed that the increase of percent similarity
through backcrossing and selfing is not straightforward
(Table 2), indicating that the analysis of genetic similari-
ty as performed here should facilitate the identification
of BC plants in which cultivated cotton has a significant
contribution at each generation.

Fig. 6 RFLP patterns of parental species and progenies. DNA was
digested with XbaI and probed with A1528 specific to linkage
group D07. Parental species and tri-species hybrids as in Fig. 5.
Note introgression of the 7.7-kb allele of G. thurberi and G. sturti-
anum, and of the 6.5-kb allele of G. raimondii. BC1 numbers 1
and 3 show a replacement of the G. hirsutum 13.9-kb allele by the

7.7-kb allele. BC1 number 5 contains a replacement of the G. hir-
sutum 13.9-kb allele by the 6.5-kb allele. BC1 numbers 6, 7, 12
are heterozygous for the 13.9-kb, 7.7-kb, 6.5-kb and 3.6-kb alleles
while BC2 numbers 2, 3, 4 and BC2sp are homozygous for the
13.9-kb and 3.6-kb alleles of G. hirsutum



1239

T
ab

le
 3

D
is

tr
ib

ut
io

n 
of

 R
F

L
P

 m
ar

ke
rs

 in
tr

og
re

ss
ed

 f
ro

m
 th

e 
do

no
r 

G
. s

tu
rt

ia
nu

m
in

 tr
i-

sp
ec

ie
s 

hy
br

id
s 

an
d 

B
C

 p
ro

ge
ni

es

L
in

ka
ge

R
F

L
P

R
es

tr
ic

ti
on

 
P

re
se

nc
e 

(+
),

 a
bs

en
ce

 (
–)

 o
f 

G
. s

tu
rt

ia
nu

m
m

ar
ke

rs
 in

 h
yb

ri
ds

 a
nd

 b
ac

kc
ro

ss
 p

la
nt

s
gr

ou
ps

a
m

ar
ke

rs
en

zy
m

es
H

yb
ri

ds
B

ac
kc

ro
ss

 p
ro

ge
ni

es

H
R

S
T

S
H

B
C

l (
12

)b
B

C
2 

(4
)

B
C

2s
p 

(1
0)

B
C

3 
(1

2)

C
hr

 1
c

A
12

04
E

co
R

I

C
hr

 1
A

14
85

E
co

R
V

C
hr

 1
A

15
93

E
co

R
V

C
hr

 1
A

17
94

E
co

R
I

C
hr

 1
0

A
11

83
H

in
dI

II

C
hr

 1
4

A
17

27
E

co
R

V

C
hr

 1
5

A
11

09
E

co
R

V

C
hr

 2
2

A
13

10
C

fo
I

C
hr

 2
2

G
10

74
E

co
R

I

A
07

–U
07

A
11

35
E

co
R

V

D
04

–C
hr

 1
0

A
11

63
E

co
R

I

D
07

A
15

28
X

ba
I

D
07

–C
hr

 5
A

15
35

X
ba

I

U
01

M
16

–4
0

E
co

R
I

N
um

be
r 

of
 s

eg
m

en
ts

 in
tr

og
re

ss
ed

a
L

in
ka

ge
 g

ro
up

s 
as

 d
es

cr
ib

ed
 in

 R
ei

ni
sc

h 
et

al
. (

19
94

)
b

T
he

 n
um

be
r 

of
 b

ac
kc

ro
ss

 p
ro

ge
ni

es
 a

na
ly

ze
d 

at
 e

ac
h 

ge
ne

ra
ti

on
 is

 in
di

ca
te

d 
in

 p
ar

en
th

es
is

c
C

hr
om

os
om

e 
1



1240

Fig. 7 Linkage groups of the
RFLP map of cotton showing
introgression from the donor
G. sturtianum. RFLP probes
checked for introgression but
not detecting DNA segments of
G. sturtianum are marked with
arrowheads. DNA segments
introgressed from G. sturti-
anum in one or more progenies
are indicated by arrows and
shaded boxes. The remaining
markers are flanking markers
of the introgressed segments, or
markers placed to indicate dis-
tances in centimorgans as pub-
lished in Reinisch et al. (1994)



RFLP analysis

Out of the 49 RFLP markers analyzed, 14 probe/enzyme
combinations (Table 3) detected introgression from the
wild species (G. sturtianum, G. thurberi, G. raimondii)
into the trispecies hybrids and the BC progenies. Figure
6 shows the polymorphism obtained by probing with
A1528 specific to linkage group D07. Analysis of RFLP
patterns indicated that DNA segments were introgressed
from 11 linkage groups of the donor G. sturtianum
(Fig. 7). The tri-species hybrids HRS and TSH contained
segments from 11 and 7 G. sturtianum linkage groups re-
spectively (Table 3). The subsequent BC progenies seg-
regated for these markers and no single BC progeny con-
tained all the introgressed segments. The smallest intr-
ogressed segments were those detected by a single RFLP
marker such as A1593 on chromosome 1, and the largest
introgressed segment (18 cM long) was detected by two
adjacent RFLP markers on chromosome 22 (Fig. 7).
Considering all the plants together, the total size of seg-
ments introgressed from G. sturtianum represents ap-
proximately 51.2 cM for the 14 probe/enzyme combina-
tions detecting introgression from the wild parents. The
positive RFLP probes showed important variation in de-
tecting introgression from G. sturtianum. For example,
probe A1204 on chromosome 1 detected introgression in
13 BC progenies, while probe M16–40 on linkage group
U01 detected introgression in a single BC1 plant
(Table 3). The number of introgressed fragments varied
also between generations. All the 14 G. sturtianum DNA
fragments were present in the BC1 generation, while
eight, five and five were detected in the BC2, BC2sp and
BC3 generations respectively (Table 3). Analysis of in-
trogression from both bridge species (G. raimondii and
G. thurberi) revealed introgression of eight chromosom-
al segments from G. raimondii into HRS and seven chro-
mosomal segments of G. thurberi into TSH. In the BC3
generation, five of the eight markers of G. raimondii
were found, while none of the seven specific markers of
G. thurberi were detected in the BC2, BC2sp and BC3
generations (data not shown).

The introgression from wild species was of two types.
In the most common type, RFLP alleles characterizing
the cultivated and wild cottons were present, and the
progenies were heterozygous at the introgressed locus. In
the second type, one of the G. hirsutum RFLP alleles
was replaced by the corresponding allele of the wild spe-
cies. This last type, which is consistent with reciprocal
recombination, was evident on chromosome 1 with the
probes A1204 and A1593, and on linkage group D07
with the probe A1528. For example, the probe A1528
detected the 7.7-kb allele of G. thurberi and G. sturti-
anum in both tri-species hybrids (HRS and TSH), nine
BC1 and one BC2 progenies. In two cases, the 7.7-kb al-
lele replaced the 13.9-kb allele of the upland cotton
G. hirsutum. The same probe A1528 also detected the
6.5-kb allele of G. raimondii in four BC1 progenies, and
in one case the 6.5-kb allele replaced the 13.9-kb allele
of G. hirsutum (Fig. 6). The probes showing introgres-

sion detected both heterozygous and homozygous proge-
nies for the parental alleles.

Discussion

Interspecific hybridization offers great potential for the
introgression of desirable traits from the numerous wild
Gossypium species into cultivated cottons. However, in
most cases, introgression and recombination events are
not easy to trace by conventional methods. The use of
molecular markers should enhance the ability of cotton
breeders to monitor the introgression of specific chromo-
some segments that are linked to desirable traits in im-
proved lines. We evaluated AFLP markers as tools to de-
termine relationships in cotton germplasm. The classifi-
cation of parental species established with the present
AFLP data fitted the current phylogenetic pattern of the
Gossypium genus. Only five combinations of primers
were able to detect 477 AFLP fragments, which is higher
than the 375 bands produced by 30 RAPD primers in the
same parental species (Mergeai et al. 1998). Although
the percentage of polymorphic bands was slightly lower
for AFLP (87.4%) than for RAPD (90.4%), AFLP prim-
ers appeared more efficient in detecting specific markers
of each wild diploid species. For instance, 70 AFLP
markers specific to the donor G. sturtianum were detect-
ed, while the RAPD study revealed only 49 G. sturti-
anum-specific markers (Mergeai et al. 1998). AFLP is
therefore a powerful technique for DNA fingerprinting
in cotton, as demonstrated in other crops (Maheswaran et
al. 1997; VanToai et al. 1997; Paran et al. 1998). Al-
though the similarity of some BC progenies at the DNA
level with cultivated cotton increased with backcrossing
and selfing, some other progenies expressed a similarity
lower than that observed between their mother parent
and the upland cotton G. hirsutum. The plant having the
highest coefficient of similarity (80.5%) with cultivated
cotton is a BC3 progeny derived from the tri-species hy-
brid HRS, and the genotype most remote from cultivated
cotton is a BC2sp (68.1%). Both these BC3 and BC2sp
progenies were derived from a single BC2 sharing 75%
similarity with the cultivated parent. Since genetic relat-
edness can be used in parental choice and mating design,
the information obtained from the present study is of
practical use. Introgressed individuals whose genome
composition is most similar to that of cultivated cotton
can be selected for the next cycle of cross. This could
potentially accelerate the recovery of cultivated types
(Rafalski and Tingey 1993). DNA introgression from the
wild species, as evidenced by specific AFLP and RFLP
markers, showed that the genomic composition of the tri-
species hybrids and most of their BC progenies is
AADC, with the D subgenome coming from G. hirsutum
2(AD)1 or from the bridge species G. raimondii 2D5 and
G. thurberi 2D1. The three types of D chromosomes
were indistinguishable in previous cytogenetic studies
because of their similar shape and size (Vroh Bi et al.
1998).
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The polymorphism generated by RFLP probes al-
lowed an easy screening of introgressed chromosomal
segments. The exact numbers of linkage groups intro-
gressed from the wild parents may be less than those re-
ported here. For example, the three markers, A1135,
A1163 and A1535, located each on two linkage groups,
can indicate the presence of only one of these respective
groups. Hybridization of RFLP markers also revealed
that most of the introgressed progenies were heterozy-
gous for the parental alleles. This observation is consis-
tent with the introgression of entire chromosomes from
the wild parents and/or introgression by translocations.
Nevertheless, out of the 14 RFLP markers showing in-
trogression from the wild parents, three probe/enzyme
combinations detected reciprocal recombinations. Previ-
ous cytogenetic studies of the present germplasm indi-
cated the presence of univalents of wild species and a
high number of multivalents and chiasmata (Vroh Bi et
al. 1998). Thus, heterozygous progenies at introgressed
loci due to univalents and translocations, and reciprocal
recombinations induced by homoeologous pairings were
both expected in RFLP analysis. Hybridization of addi-
tional probes is however necessary to assess the rate of
each introgression event. If replacements of G. hirsutum
alleles by those of the wild species remain low, then the
crossing schemes will be adapted. For example, back-
crossing of the most-introgressed progenies can be alter-
nated with cycles of selfings and cycles of random inter-
matings of the best plants. This breeding strategy, termed
cumulative selection, could enhance recombination in
hybrids built with parents which are remote genetically
from each other, such as the present parental species
(Demol 1981). Cumulative selection is particularly well-
suited to cotton which is both an open- and a self-polli-
nated crop. The number of univalents and multivalents
decreased whereas bivalents increased in several BC2sp
and BC3 plants. Some of these progenies can undergo
cumulative selection since pollen fertility reached 80%
(Vroh Bi et al. 1999).

Cotton is an important food crop which can contrib-
ute to solving the problem of malnutrition in several
cotton-producing regions of the world. Cottonseed de-
rivatives are however fed mainly to cattle and other ru-
minants because of gossypol. According to the regula-
tions of the U.S. Food and Drug Administration (FDA),
the free gossypol content of edible cottonseed products
should not exceed 450 ppm in order to fit with human
consumption. The protein advisory group of the United
Nations Food and Agriculture and World Health Organi-
zations (FAO/WHO) set a maximum value of 600 ppm
(Lusas and Jividen 1987). Two different approaches are
used to eliminate or minimize adverse effects of gossy-
pol in cottonseed. The first is the development of inno-
vative processes that can remove gossypol from the seed
derivatives (Vix et al. 1971; Kadan et al. 1979; Hron
and Koltun 1984; Liadakis et al. 1993). Although these
procedures are efficient, they increase the oil extraction
cost and decrease the nutritional value of cottonseed
products by reducing bioavailable lysine. The second

approach is the use of genetic research able to create
cotton varieties combining both agricultural and seed-
processing needs.

The present work produced a germplasm expressing
the “low-gossypol seed and high-gossypol plant” traits
at different levels. Entomological research has ad-
dressed the association of cotton plant resistance with
gland density and gland distribution (Hedin et al. 1992;
Calhoun 1997); because the main insects avoid feeding
on gossypol glands containing several toxic com-
pounds, resistance may be achieved by developing cot-
ton plants with a high gland density (Parrott et al. 1989;
Hedin et al. 1992). Gland density in the stem, leaf and
flower bud of some of the BC progenies presented here
is higher than that of upland cotton (Vroh Bi et al.
1999). Considering gland distribution, the high-gland-
ing trait (presence of gossypol glands on the calyx
crown) transmitted to the tri-species hybrids and some
of their progenies was reported to be useful in confer-
ring resistance to insects such as bollworm and tobacco
budworm (Wilson and Shaver 1973; Calhoun 1997).
The first role of the two bridge species (D genome) in
the breeding schemes was to enhance chromosome
pairing in the tri-species hybrids. Their D chromosomes
pair mostly with those of the D subgenome of G. hirsu-
tum (AADD genome), so that the C chromosomes of
G. sturtianum can pair with the A chromosomes of G.
hirsutum (Vroh Bi et al. 1998). Beside this objective,
other valuable traits such as high fiber strength,
drought-, frost-, cold- and disease-resistance can also
be introgressed from the wild parents (Brown and Men-
zel 1950; Louant 1971). The plants analyzed here are
all perennial in growth habit and constitute an interest-
ing germplasm for breeders.

Introgression of “low-gossypol seed and high-gossy-
pol plants” from Australian wild diploid species was pre-
viously attempted (Dilday 1986; Altman et al. 1987;
Shuijin and Biling 1993), but chromosomes acting for
the variable expression of this trait in introgressed genet-
ic backgrounds remain unknown. Our study is the first
attempt to characterize the introgression of chromosomal
segments from an Australian wild diploid cotton at the
molecular level. The ability to trace regions of chromo-
somes from parents to offspring through multiple gener-
ations provides tools to detect linkage to agronomically
important traits. Since the analyzed plants are segregat-
ing for both RFLP markers of known chromosomal loca-
tions and the desired trait, the present study is the first
step towards the mapping of the “low-gossypol seed and
high-gossypol plant” trait.
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