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ABSTRACTABSTRACTABSTRACTABSTRACTABSTRACT

Since 1963, investigations are carried out at the
Gembloux Agricultural University, Belgium, to im-
prove genetically the main cultivated cotton spe-
cies (G. hirsutum L.) through interspecific hybrid-
ization. This work has led to the development of
an important collection made of 21 bispecific dip-
loids, 12 bispecific triploids, seven bispecific syn-
thetic allotetraploids, 11 trispecific synthetic allotet-
raploids, 11 bispecific synthetic allohexaploids, 11
bispecific pentaploids and 11 monosomic addi-
tion lines involving species of A, B, C, D, E, F and
G genomes of genus Gossypium. Cytological
analyses were carried out on these hybrid geno-
types to determine the genetic relationships of the
different species involved in their development and
to assess the possibility to exploit them in breed-
ing programs. During the first thirty years, the pri-
ority of the investigations was to improve the tech-
nological quality of the lint (strength, length, fine-
ness and elasticity). Two recurrent selection pro-
grams were carried out in collaboration with INEAC
and INERA in the Congo Democratic Republic to
develop improved cultivars from G. arboreum L. x
G. thurberi Tod. x G. hirsutum trispecific hybrid,
and from G. hirsutum x G. anomalum Wawra, G.
hirsutum x G. thurberi and G. hirsutum x G.
raimondii Ulb. bispecific hybrids. Complementary
work in this field was realized to assess the possi-
bility to use a G. hirsutum x G. areysianum Hutch.
hybrid to improve simultaneously the strength and
the elasticity of the fiber. During the last ten years,
researches have been focused on the improvement
of the seed quality, by trying to develop upland
cotton commercial varieties presenting the
glanded-plant and glandless-seed trait of G.
sturtianum Wil. and on increasing the resistance
of cotton to reniform nematodes (Rotylenchulus
reniformis Lind. & Oliveira) by exploiting the im-
munity to this pest presented by G. longicalyx Hutch
& Lee.  A last program concerns the assessment of
the possibility to exploit Australian diploid species
(C and G genome species) through the develop-
ment of bi-specific hybrids with G. hirsutum. DNA
marker (RAPD, RFLP, AFLP, SSR) assisted selection
methods and in situ hybridization techniques were
used in these new programs in collaboration with
CIRAD, France. The main achievements of this re-
search work are presented here and the prospects
of using in the future the large interspecific hybrid
collection available at Gembloux Agricultural Uni-

versity to improve cotton are discussed.

IntroductionIntroductionIntroductionIntroductionIntroduction

In 1963, a large collection of cotton interspecific
hybrids was duplicated and sent to the Gembloux Agri-
cultural University (GAU) from the Institut National pour
l�Etude Agronomique au Congo (INEAC) research sta-
tion of Gandagika. The building up of this collection
started in Gandajika in 1953 under the direction of
Wouters further a study stay he made in Texas A&M
University (USA) in 1951. At this time, the main objec-
tive of the new interspecific breeding program launched
at Gandagika was to enlarge the genetic variability of
the cultivated tetraploid cotton germplasm in order to
improve drastically the cotton fiber technological prop-
erties (mainly strength and length). The genetic diver-
sity existing in the primary gene pool of G. hirsutum
was then considered as much too narrow to allow a
sufficient quality improvement of cotton lint confronted
with the competition of the new synthetic fibers pro-
duced by the chemical industry. From 1963 onwards,
the interspecific hybrids and wild species brought to
Belgium were used in different investigations programs
that led to (i) the creation of new interspecific hybrids,
(ii) improved knowledge about the possibilities of in-
tensifying gene transfers from diploid genomes to G.
hirsutum genome, (iii) the development of new com-
mercial high quality cotton varieties adapted to the
growing conditions of the Southern Congo Democratic
Republic savannah region, this latter achievement was
obtained in the framework of Belgian-funded coop-
eration projects carried out at Gandajika by GAU ex-
perts, (iv) the introgression of new traits of agronomic
interest in tetraploid cottons. In the current paper the
main achievements of this 40 year work are presented
and the prospects of using these interspecific hybrids in
cotton breeding programs are discussed.

Experimental procedureExperimental procedureExperimental procedureExperimental procedureExperimental procedure

In order to take benefit of the genetic variability
available in the numerous cotton diploid species, three
main crossing schemes were used in Gandajika re-
search station and at GAU. Two of these hybridization
programs end up at the creation of trispecific hybrids.
The first one simulates the process that led to the cre-
ation of the natural amphidiploids from the cross of
two different diploid species. For this reason, this scheme
is called the paraphylletic introgression method (Figure
1). In the latter, the crossing of two diploid species gives
a sterile diploid hybrid whose fertility is partially restored
by chromosome doubling through colchicine applica-
tion. The resulting allotetraploid is then crossed with G.
hirsutum to produce a fertile trispecific hybrid. The same
trispecific hybrid can generally be obtained more eas-
ily by crossing directly G. hirsutum with one of the dip-
loid parents, creating a triploid hybrid. Chromosome
doubling of the hybrid gives a fertile allohexaploid,
which is crossed to the other diploid species, again re-
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sulting in the allotetraploid trispecific hybrid. We call
this second scheme the pseudophyletic introgression
method (Figure 2). The last breeding scheme was used
to develop bispecific hybrids. It consists in crossing only
one diploid species with the cultivated amphidiploid.
The resulting triploid is transformed into a hexaploid
by chromosome doubling, and then backcrossed to G.
hirsutum. This results in a pentaploid, which can either
be selfed or backcrossed to G. hirsutum again until the
tetraploid level is restored. This last scheme, which in-
volves only one diploid species, is called the aphylletic
introgression method (Figure 3) because it differs to-
tally from the natural process that led to the creation of
the amphidiploid cottons. One variant of this method
consists in the development of monosomic addition
lines, which presents a great interest for fundamental
and applied genetic studies. The various experimental
techniques used to carry out hybridization, chromosome
doubling, pollen fertility assessment, cytogenetics ob-
servation, DNA extraction, seed gossypol content evalu-
ation, marker assisted selection programs (RAPD, RFLP,
AFLP, SSRs) and in situ hybridization are presented in
the following publications: Louant (1973), Mergeai
(1993b), Vroh Bi et al. (1996), Vroh Bi et al. (1996),
Mergeai et al. (1998a), Vroh Bi et al. (1999a), Sanogo
et al. (2000), Ahoton (2002), Benbouza et al. (2002),
Ahoton et al. (2003).

ResultsResultsResultsResultsResults

Development of interspecificDevelopment of interspecificDevelopment of interspecificDevelopment of interspecificDevelopment of interspecific
hybridshybridshybridshybridshybrids

Tables 1 to 7 present the hybrid combination and
the genomic formulas of the bispecific diploids,
bispecific triploids, bispecific synthetic allotetraploids,
trispecific synthetic allotetraploids, bispecific synthetic
allohexaploid, bispecific pentaploids and monosomic
addition lines maintained in GAU cotton germplasm
collection. These data update the synthesis presented
by Maréchal (1983) regarding the collection of inter-
specific hybrids of the genus Gossypium maintained at
Gembloux. According to our experience, incompatibil-
ity barriers in cotton germplasm are often less impor-
tant than in other genus and viable seeds can be ob-
tained for almost all the possible crosses without using
in vitro culture techniques of immature embryos pro-
vided a sufficiently large number of pollinations is car-
ried out and an adequate hormone mixture is applied
at pollination. Notable exceptions concern the species
G. gossypioides, G. davidsonii, G. klotzschianum, and
the �sangineum� race of G. arboreum because of the
presence of complementary lethal genes that condi-
tion embryo or seedling death in hybrids with standard
tetraploids.

Assessment of pairing affinities inAssessment of pairing affinities inAssessment of pairing affinities inAssessment of pairing affinities inAssessment of pairing affinities in
interspecific hybridsinterspecific hybridsinterspecific hybridsinterspecific hybridsinterspecific hybrids

The success of an interspecific breeding program
is dependant upon two factors. First, a fertile hybrid
must be developed involving the donor and the recipi-

ent genotype, directly or through the creation of an in-
termediate bridge structure, to allow the confrontation
of the donor and the recipient genotype chromosomes.
Second, genetic recombination between the donor and
recipient chromosomes must occur.  The degree to which
these two events happen depends on the genetic com-
patibility between the donor and recipient species.
Cytogenetic studies allow to assess the �relatedness�
that exist between the different cotton species and to
identify the mating schemes that are best adapted to
succeed an introgression program.  Table 8 summa-
ries the results of the cytogenetic studies carried out in
Gembloux during the last 40 years in order to quantify
the compatibility of different species and the chances
of success for their exploitation in a breeding program.

Identification of agronomic traitsIdentification of agronomic traitsIdentification of agronomic traitsIdentification of agronomic traitsIdentification of agronomic traits
of interest to be introgressed inof interest to be introgressed inof interest to be introgressed inof interest to be introgressed inof interest to be introgressed in
tetraploid cotton from diploidtetraploid cotton from diploidtetraploid cotton from diploidtetraploid cotton from diploidtetraploid cotton from diploid
speciesspeciesspeciesspeciesspecies

The assessment of the interspecific hybrid collec-
tion maintained in Gembloux put in evidence many
useful characteristics that could be obtained from dip-
loid species: (i) Increase in fiber length can be trans-
ferred from G. anomalum, G. stocksii, G. areysianum,
and G. longicalyx (Demol et al., 1978), (ii) Improve-
ment of fiber strength can be obtained mainly from
most of the American diploid species: G. thurberi, G.
harknessii, G. raimondii and G. aridum (Demol et al.,
1978), (iii) Improvement of both fiber strength and elon-
gation at rupture can be obtained from diploid species
of the E genome group (G. stocksii and G. areysianum)
(Demol et al., 1978); (iv) Outstanding fiber fineness
and high fiber maturity may be derived from G.
areysianum (Mergeai et al., 1993), (v) Improvement of
the ginning outturn can be obtained from G. anomalum,
G. sturtianum, G. australe, G. stocksii and G.
areysianum (Demol et al., 1978), (vi) A better resistance
to the drought could be derived from G. stocksii and
G. areysianum (Demol and Maréchal, 1975); (vii) The
production of capsules with recurved pedicel was ob-
served in the plants carrying the chromosome G2-F of
G. australe (Ahoton et al., this volume); this feature may
assist in reducing capsule rot before dehiscence or rain
damage to the lint after dehiscence of the capsule; (viii)
The diminution of the size of the bracts that surround
the reproductive organs (flowers and capsules). This trait
could be obtained from monosomic addition line G2-B
(Ahoton et al., this volume).

Visual quantification of theVisual quantification of theVisual quantification of theVisual quantification of theVisual quantification of the
gossypol content of the seedgossypol content of the seedgossypol content of the seedgossypol content of the seedgossypol content of the seed

Twelve Gossypium genotypes (species, fertile in-
terspecific allotetraploid and allohexaploid hybrids,
backcross progeny of interspecific hybrids) character-
ized by drastic differences in their seed gossypol con-
tent were used to design a visual quantification method
of the gossypol concentration in cotton seeds (Benbouza
et al., 2002). After developing a high performance liq-
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uid chromatographic (HPLC) method that allowed mea-
surement of gossypol content in single seed samples,
the results of 123 HPLC analyses carried out seed-by-
seed were compared to different parameters charac-
terizing the level of gossypol glands in the seed. A sig-
nificant correlation was found between the gossypol
content %G determined on single seeds by HPLC and
the number N of gossypol glands per seed section area
(S, expressed in mm2), leading to the establishment of
the following model: %G = bi (N/S) where the regres-
sion coefficient bi depends on the cotton genotype con-
sidered. The estimation of %G directly from N/S is a
fast and accurate method, which is used in the breed-
ing programs carried out in Gembloux to screen the
progeny of cotton interspecific genotypes showing a
high segregation for their seed gossypol content.

Optimization of DNA extractionOptimization of DNA extractionOptimization of DNA extractionOptimization of DNA extractionOptimization of DNA extraction
and molecular marker applicationand molecular marker applicationand molecular marker applicationand molecular marker applicationand molecular marker application
procedures to cotton germplasmprocedures to cotton germplasmprocedures to cotton germplasmprocedures to cotton germplasmprocedures to cotton germplasm
and use of these markers inand use of these markers inand use of these markers inand use of these markers inand use of these markers in
interspecific breeding programsinterspecific breeding programsinterspecific breeding programsinterspecific breeding programsinterspecific breeding programs

An efficient procedure has been developed in
Gembloux for DNA extraction from cotton by modify-
ing the original CTAB method (Vroh Bi, 1997). The
major improvement concerns the use of activated char-
coal to bind resinous and colored compounds, which
co-purify with the DNA. The efficiency of amplification
by RAPD was used as a criterion to evaluate the action
of activated charcoal. The results obtained in terms of
amplification suggest that the use of activated char-
coal in DNA extraction enhances RAPD amplification.
This technique was initially developed for cotton but it
has been applied successfully to other recalcitrant plants
such as coffee, rubber tree, cassava and banana. The
procedures leading to the application of RAPD, RFLP,
AFLP and SSR markers in interspecific breeding pro-
grams in cotton were also optimized (Vroh bi et al.,
1997; Mergeai et al., 1998a; Vroh Bi et al., 1999;
Ahoton et al., 2003). These markers were used to moni-
tor the introgression of DNA fragments from different
diploid species in G. hirsutum and to choose among
the introgressed genotypes those sharing the highest
similarity with the cultivated cotton. Genomic homolo-
gies between G. australe (genome G2) chromosomes
and those of G. hirsutum (genome AhDh) were revealed
thanks to the SSR flanking sequences conserved in the
two species (Ahoton et al., 2003).

Exploitation of allotetraploidExploitation of allotetraploidExploitation of allotetraploidExploitation of allotetraploidExploitation of allotetraploid
trispecific hybridstrispecific hybridstrispecific hybridstrispecific hybridstrispecific hybrids

All trispecific hybrids are obtained through the
development of an intermediary hybrid, which can be
either allotetraploid or allohexaploid. In these crossing
schemes, besides the choice of the bridge species, the
breeder cannot do much to control the level and the
nature of genetic material exchanges between the dif-
ferent genomes that are confronted in the tri-species
structure. The different breeding programs involving tri-

species hybrids that were carried out at Gembloux con-
firmed the importance of choosing a diploid species
belonging to genome D as bridge species when creat-
ing such materials. Indeed, because chromosomes pre-
fer auto-syndetic pairing at meiosis, recombination is
low for chromosomes with low homology. Genome D
chromosomes being much smaller than the chromo-
somes of the other diploid genomes, their pairing af-
finities with the latter are very low. It means that if an-
other species than a D-genome species is used as
bridge to create the trispecific hybrid, most of the chro-
mosomes of subgenome Dh from G. hirsutum will re-
main unassociated at metaphase I and it will be almost
impossible to obtain a fertile progeny by backcrossing
the trispecific hybrid to G. hirsutum. This is illustrated
by the Metaphase I chromosome configurations ob-
served by Shujing and Biling (1993) in the ABH (G.
arboreum x G. bickii x G. hirsutum, AhA2DhG1) hybrid
and what was observed in the TSH (G. thurberi x G.
sturtianum x G. hirsutum, AhC1DhD5) and HRS G.
hirsutum x G. raimondii x G. sturtianum (AhC1DhD5)
trispecific hybrids developed in Gembloux (Mergeai et
al., 1997). A rather high pairing frequency was ob-
served in TSH and HRS hybrids (Table 8) which gave
rise to a fertile progeny while the number of bivalents
and multivalents was very low in the ABH hybrid
(2n=4x=52=41.01 I + 4.54 II + 0.57 III + 0.41 IV)
from which no viable seeds could be produced. The
application of growth regulators (50 mg.l-1 naphtoxy-
acetic acid + 100 mg.l-1 gibberellic acid) to avoid cap-
sule shedding after pollination and the in vitro rescue
of mature embryos (Vroh bi et al., 1999a) allowed the
exploitation of tri-species hybrids in which the donor
species did not belong to the diploid genomes that are
genetically close of the Ah and Dh subgenomes of G.
hirsutum.  This is notably the case for G. sturtianum
(Genome C) and G. areysianum (Genome E), which
were included in fertile trispecific hybrids. Due to the
unfavorable linkages that exist between agronomic and
fiber quality traits in the trispecific hybrids involving G.
thurberi as bridge species (Demol, 1966), it is recom-
mended to prefer the use of G. raimondii for this pur-
pose (Mergeai, 1992b). DNA molecular markers (RAPD,
RFLP, AFLP, SSR) are very useful to monitor the transfer
of diploid cotton genes in the progeny obtained by
backcrossing the trispecific hybrids to G. hirsutum
(Mergeai et al., 1998b; Vroh bi et al., 1999; Bebouza
et al., this volume).

Exploitation of bispecific hybridsExploitation of bispecific hybridsExploitation of bispecific hybridsExploitation of bispecific hybridsExploitation of bispecific hybrids
The tri-specific pathway using a D-Genome spe-

cies as bridge is interesting because in such allotetrap-
loid combinations the Ah chromosomes have no auto-
syndetic partners and theoretically should pair with the
chromosomes of the donor species. However, the suc-
cessful use of trispecific synthetic tetraploids requires
generally a large effort to produce fertile progeny and
to eliminate the undesirable genetic material contrib-
uted by the diploid donor and bridge species (Mergeai
et al., 1997; Vroh bi et al., 1999). Although the fre-
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quency of homologous recombination between the
donor species chromosomes and the Ah- or Dh-Genome
chromosomes may be lower in bi-specific derivatives
than in tri-specific derivatives, the bi-specific pathway
theoretically offers the possibility of generating more
progeny in the same amount of time and to thus cap-
ture more homologous recombination events. More-
over, in case of direct exploitation of bi-specific hybrids
through backcrossing the hexaploids to G. hirsutum,
recombinant chromosomes are far more likely to be
incorporated into fertile plants. This last method has
also the advantage of allowing a certain control of the
intensity of the genetic exchanges in the interspecific
hybrids at the hexaploid and monosomic addition stages
(Baudoin, 1973; Louant and Maréchal, 1977). In such
fertile interspecific structures, it is possible to cumulate
recombination events over generations.  Genetic ma-
terial transfer from the wild diploid species to the culti-
vated amphidiploids species is enhanced through spon-
taneous production, during the successive hexaploid
generations, of cumulative intergenomic exchanges,
which stimulate the affinities between the genomes.  For
each interspecific combination, it should exist an ideal
number of hexaploid generations that would allow the
production of the optimal level of intergenomic ex-
changes adapted to the genetic nature of the diploid
species associated to G. hirsutum. This trend increases
the chance of capturing a trait in the subsequent back-
crosses to G. hirsutum of the aphyletic introgression
method. The interchanges occurring during the suc-
cessive allohexaploid generations lead to the produc-
tion of pentaploid types differing according to the ex-
tent of the recombinations that occurred in their inter-
specific parent material.  For the genome that are closely
related to the amphidiploid subgenomes (A, D), the
number of allohexaploid generations is limited to one
or two because the very high level of genetic recombi-
nations that occur every generation leads quickly to a
complete sterility of the hybrid. The optimal number of
hexaploid generations for F, B, C and G-Genome spe-
cies still need to be determined.  It should be conversely
proportional to the multivalent frequencies observed at
metaphase I in each hybrid combination. The multipli-
cation of hexaploid generations in bispecific hybrids
involving E-Genome species is not useful because in
such hybrid the very low intergenomic pairing frequen-
cies occurring at hexaploid stage remain unchanged
over generations.  Monosomic addition plants are other
fertile structures on which the breeder can exert a cer-
tain control regarding the introgression into the tetrap-
loid cotton genome of characters from the donor spe-
cies supernumerary chromosome they carry. Besides
monosomic and disomic addition plants, the selfing of
a monosomic addition line gives rise to euploid mate-
rials which can be introgressed by chromosomic frag-
ments of the donor species. The extent of this intro-
gression depends on the pairing affinities existing be-
tween the alien supernumerary chromosome and the
genome of the recipient species. Once an agronomic
trait of interest is identified in a monosomic addition
line, plants carrying the donor diploid species super-

numerary chromosome of this line can be used to con-
duct chromosome specific introgression by selfing them
till incorporation of the desired trait in G. hirsutum
(Baudoin, 1973). This procedure was followed to
introgress simultaneously the improvement of strength
and elasticity of the fiber in the derivatives of a mono-
somic addition line of G. hirsutum x G. areysianum hy-
brid (Mergeai, 1992b).

In order to isolate a large number of monosomic
addition plants when following the aphyletic introgres-
sion method, it is recommendable, provided its pollen
fertility is sufficiently high, to use the pentaploid as male
parent in the backcross to G. hirsutum (Ahoton et al.,
2003). In this type of crosses, the progeny obtained
contains a rather high proportion of monosomic addi-
tion plants (about 10%) besides a large majority of eu-
ploid materials and almost no other aneuploid geno-
types.  When one uses the pentaploid as female parent
in the backcross to G. hirsutum, most of the progeny is
made of auto-sterile plants carrying several alien chro-
mosomes.  This trend is observed in the progeny of
various crosses carried out between G. hirsutum and
pentaploid hybrids involving diploid species of C, G, E
and F-Genome.  It indirectly confirms the better toler-
ance of female gametes to multiple alien chromosome
addition in their nucleus and put in evidence the better
competitiveness of cotton male gametes carrying only
one additional alien chromosome compared to pollen
grains carrying several alien chromosomes.  In the prog-
eny of the pentaploid and the monosomic addition lines,
each alien chromosome addition is characterized by a
particular transmission rate, which is chromosome spe-
cific. These variations can be explained by differences
between the alien additional chromosome and its ho-
mology within the G. hirsutum genome.  It can also be
explained by various factors acting on the viability of
the aneuploid male and female gametes, on the aneu-
ploid zygote development, on the aneuploid seed ger-
mination, and on the survival of the plants carrying an
alien supernumerary chromosome.

Development of new commercialDevelopment of new commercialDevelopment of new commercialDevelopment of new commercialDevelopment of new commercial
varieties from interspecific hybridsvarieties from interspecific hybridsvarieties from interspecific hybridsvarieties from interspecific hybridsvarieties from interspecific hybrids

Some backcross derivatives of the G. arboreum x
G. thurberi x G. hirsutum trispecific hybrid expressing a
very high level of fiber strength (Demol & Niclaes, 1961)
were introduced in a cumulative selection scheme in
order to break genetic linkages between the high te-
nacity of the fiber and some other unfavorable charac-
teristics such as the low ginning percentage (Demol
1966; Demol & Louant, 1972). The material obtained
after three cycles of cumulative selection was re-crossed
in Gandagika with the local �elite� NC8 cultivar and
further selected to develop productive well-adapted lines
called Zaire having fiber of very high technological value
(Demol, 1981). Among these lines, cultivar Zaire 407-
1832 was finally selected in 1976 (De Langhe et al.,
1979; Nzundu, 1985).
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In a second step, several lines directly introgressed
by G. anomalum, G. raimondii and G. thurberi served
as basic material in a cumulative selection scheme
which led to the creation of exceptional cotton plants
(S.C.G. lines) (Demol et al., 1987; Mergeai, 1994). Im-
provement of the fiber strength was obtained from G.
thurberi and G. raimondii while the increase of the fi-
ber length came from G. anomalum and G. raimondii
(Ndungo and Demol, 1989). The use of material
introgressed by G. anomalum allowed the breakdown
of the negative linkages existing between the seed in-
dex and the ginning outturn. It also permitted the si-
multaneous improvement of the fiber length and of the
ginning outturn (Ndungo, 1991). Table 9 shows the
improvements obtained for the best interspecific mate-
rials selected in the research station of Gandagika dur-
ing these two steps of cumulative and genealogical
selection thanks to the support of the Belgian coopera-
tion.

Introgression of new traits ofIntrogression of new traits ofIntrogression of new traits ofIntrogression of new traits ofIntrogression of new traits of
agronomic interest in tetraploidagronomic interest in tetraploidagronomic interest in tetraploidagronomic interest in tetraploidagronomic interest in tetraploid
cottoncottoncottoncottoncotton

Simultaneous improvement of fiber strength andSimultaneous improvement of fiber strength andSimultaneous improvement of fiber strength andSimultaneous improvement of fiber strength andSimultaneous improvement of fiber strength and
fiber elasticityfiber elasticityfiber elasticityfiber elasticityfiber elasticity

The selfing of a monosomic addition line iso-
lated in Gembloux from a bispecific hybrid developed
between G. hirsutum and G. areysianum (André &
Verschraege, 1983) and selections achieved on the field
in the Congo Democratic Republic have allowed the
introduction of improved values of both fiber strength
and fiber elasticity in cultivated cotton (Table 10). As
shown in Figure 3, this association of characters is ac-
companied by the appearance of abnormal wrinkles
on the surface of a significant proportion of fiber
(Mergeai, 1992a; Mergeai et al., 1993a).

Inhibition of the synthesis of gossypol only inInhibition of the synthesis of gossypol only inInhibition of the synthesis of gossypol only inInhibition of the synthesis of gossypol only inInhibition of the synthesis of gossypol only in
the seedthe seedthe seedthe seedthe seed

After evaluating the chances of success of the
different introgression approaches that can be followed
to develop upland cotton plants with low-gossypol seeds
and high-gossypol aerial parts (Mergeai, 1992a), it was
decided to exploit two three-species hybrids including
G. hirsutum L. (2n = 4 x = 52, (AD) 1 genome) created
at Gembloux by using G. sturtianum Wil. as donor par-
ent (2n = 2x = 26, genome C1) and a wild American
diploid cotton (G. thurberi Tor. (2n = 2x = 26, D1 ge-
nome) or G. raimondii Ulb. (2n = 2x = 26, D5 ge-
nome)) as bridge species (Mergeai et al., 1995; Mergeai
et al., 1998b). Both trispecific hybrids were backcrossed
with different G. hirsutum varieties originating from
Central and West Africa to produce BC1, BC2, BC2S1,
BC2S2, BC2S3, BC3, BC3S1 and BC3S2 seeds. Growth regu-
lators application at flowering, in vitro culture of the
mature seed embryos and grafting of the more per-
turbed hybrids on vigorous G. hirsutum seedlings were
necessary to obtain a large number of viable hybrid
materials. The application of a pressure of selection
based on a reduced level of visible gossypol glands on

the seed kernel wall on the backcross and selfed de-
rivatives of the HRS trispecific hybrid permitted the iso-
lation of self fertile tetraploid cotton plants that pro-
duce variable proportions of seeds with very low gossy-
pol content while they present a normal gossypol gland
density on their aerial parts (Benbouza et al., see this
volume). The percentage of seeds with very low gossy-
pol content exceeds 50% for the best-selected BC2S3

material. Mortality rates of germinating seeds and young
plantlets were very high (75%) for BC1 materials but
decreased markedly in the backcross derivatives while
the fertility improves. Cytogenetic observations con-
firmed the soundness of the introgression strategy fol-
lowed. The use of 100 SSR markers mapped on all the
linkage groups of Ah subgenome permitted to determi-
nate that all the BC2S3 and BC3S2 plants isolated from
low gossypol seed were introgressed by a rather large
number of G. sturtianum chromosome fragments. These
fragments were present respectively in six (C3, C4, C5,
C6, C7 and C9) and seven (C2, C3, C4, C5, C6, C7
and C9) of the thirteen Ah linkage groups of the BC3S2

and BC2S3 materials. The probability to find all these
alien chromosomic segments in a fortuitous way in a
same genotype after so many generations of crossing
and selfing is almost nil. One can thus suppose that
they play a major role in the expression of the �low-
gossypol seed and high-gossypol plant� trait and that
the determinism of this trait is controlled by more than
two independent genes. In the future, the use of these
markers should facilitate the selection of commercial
cotton genotypes expressing the �low-gossypol seed and
high-gossypol plant� character from the introgressed
tetraploid genetic stocks developed in Gembloux.

Improvement of the resistance of Improvement of the resistance of Improvement of the resistance of Improvement of the resistance of Improvement of the resistance of GGGGG.....
hirsutum hirsutum hirsutum hirsutum hirsutum to reniform nematodesto reniform nematodesto reniform nematodesto reniform nematodesto reniform nematodes

In order to develop upland cotton plants resis-
tant to Rotylenchulus reniformis Lind. and Oliveira reni-
form nematode, a three-species hybrids including G.
hirsutum L. (2n = 4 x = 52, (AD)1 genome) was created
at Gembloux using G. longicalyx Hutch and Lee as do-
nor parent (2n = 2x = 26, genome F1) and G. thurberi
Tod. (2n = 2x = 26, D1 genome) as bridge species
(Prud�homme, 2001; Konan et al., see this volume).
The morphology and the resistance to reniform nema-
tode of the parents and of thirty plants belonging to the
selfed progeny of G. hirsutum x G. longicalyx x G.
thurberi (HLT) trispecific hybrid were assessed. G.
longicalyx, G. hirsutum x G. longicalyx hexaploid and
all the thirty plants issued from the selfing of HLT hybrid
were very resistant to reniform nematode unlike G.
hirsutum which was very sensitive to it. Cytogenetic stud-
ies showed that HLT hybrid and its direct progeny have
52 chromosomes as the main cotton cultivated species.
HLT hybrid showed good pollen fertility and a high level
of chromosome pairing at metaphase I.  It was self fer-
tile but presented important incompatibility barriers
when crossed as female parent with G. hirsutum.  Ef-
forts are currently made to circumvent these incompat-
ibility barriers and to produce backcross derivatives
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immune to reniform nematode attacks.

Discussion and ConclusionDiscussion and ConclusionDiscussion and ConclusionDiscussion and ConclusionDiscussion and Conclusion

In agreement with the classification proposed by
Harland and de Wet (1971), Stewart (1993) distributed
the cotton germplasm resources in three gene pools
(primary, secondary and tertiary) according to the ease
with which genes could be transferred from the donor
sources to the crop species.  For him, the primary gene
pool contains all natural Gossypium allotetraploids, i.e.
the genetic resources that cross easily with breeding
lines, and which result in direct genetic recombination.
The secondary gene pool includes the genetic resources
that require some level of manipulation to obtain fer-
tile hybrids between the donor and the cultivated line
but which exhibit a high recombination potential once
the hybrids are obtained while the tertiary gene pool
includes diploid species for which the same types of
manipulations are needed as for the secondary gene
pool sources to obtain fertile hybrids but for which the
recombination rate with the tetraploid species
subgenomes is low. On the basis of these criteria,
Stewart (1993) incorporates the A, D, B and F-genome
diploid species in the secondary gene pool and the C,
G and E-genome diploid species in the tertiary gene
pool.

From the results obtained in Gembloux during
the last 40 years, we can say that, even if it is more
difficult to work with interspecific hybrids involving C,
G and E genome species, all the introgression meth-
ods (aphyletic, paraphylletic and pseudophyletic) can
be applied to them with success.  On this basis we don�t
think that a distinction should be made between the
diploid cotton species in terms of gene pool classifica-
tion.  On the other hand, the gene transfer within the
germplasm resources belonging to a tetraploid culti-
vated species, i.e. between elite cultivars, breeding lines,
obsolete cultivars, landraces, feral accessions, is glo-
bally easier than between the germplasm resources of
different tetraploid species. In case of interspecific hy-
brids involving two tetraploid species, one assists often
to a break down of the hybrid performances and a
return of its progeny towards the two tetraploid parents
after F1 generation.  Considering these facts, we pro-
pose to modify the classification of Stewart (1993) in a
way that is more coherent with the original definition of
the gene pool concept of Harland and de Wet (1971).

In this new classification, the primary gene pool
of a cultivated tetraploid cotton species is limited to the
genotypes that belong to this species (elite cultivars,
breeding lines, obsolete cultivars, landraces, feral ac-
cessions), the secondary gene pool contains the ge-
netic resources of all the tetraploid species with which
the concerned cultivated species crosses readily and
the tertiary gene pool involves all the diploid cotton
species, for which the creation of a synthetic polyploid
hybrid (either allotetraploid or allohexaploid) through

chromosome doubling is compulsory (which is not an
insignificant operation) to follow one of the introgres-
sion methods because bi-specific hybrids are generally
totally sterile. The tertiary gene pool of G. hirsutum con-
stitutes an enormous tank of interesting genes for the
improvement of the productivity and of the quality of
the cotton crop that appears only limited by the extent
of our current knowledge of its genetic diversity (Nungo
et al., 1988).  Among the main traits of interest which
could be transferred from diploid species, we can enu-
merate: caduceus bracts (G. armourianum, G.
harkenessii, G. turneri) or very small bracts (G-genome
species), recurved pedicel (K-Genome species), drought
resistance (G. aridum, G. stocksii, G. areysianum, G.
bickii and others), salt tolerance (G. davidsonii), cool
temperature tolerance (G. sturtianum), unique insect-
deterrent chemistry (G. raimondii), partial to excellent
resistance to specific insect and pathogen pests (most
species).  As for the improvement of fiber technological
properties the discovery of novel traits not observable
in parental species is also a possibility when unique
new gene combinations are created.  As in the past,
the exploitation of these genetic materials will take time
and dedication.  They constitute, with the resources
available in the primary and secondary gene pools a
quasi-inexhaustible source of genetic variability that can
be used to meet the demands for increased yield, quality
and pest resistance in under optimal environmental con-
ditions.  We have summarised here most of the knowl-
edge accumulated in Gembloux Agricultural University
during the last forty years that is relevant to this objec-
tive. The three introgression methods described, have
permitted to gain interesting results in terms of genetic
improvement of upland cotton and should allow the
exploitation of almost all the available diploid cotton
genetic resources.  Stewart (1993) proposed a modifi-
cation of the paraphyletic approach that could improve
the percentage of recombination.  As it appears that
cultivated tetraploid cotton suppress chromosome syn-
apses in interspecific hybrids compared to the A-ge-
nome species (Ndungo et al., 1988), it should be pos-
sible to take advantage of the higher recombination
between diploid genome species and A-genome spe-
cies, by using a D-genome species (for example G.
raimondii 2D5) as common parent in the development
of two allotetraploid hybrids, one with 2A1 and one with
2Zx (Zx being the diploid donor species). After conver-
sion in allotetraploid structures (2(A1D5) and 2(ZxD5))
both hybrid could be crossed to give an A1ZxD5D5 triple
hybrid, which should experience greater recombina-
tion between A1 and Zx chromosomes than between
Ah and Zx chromosomes in the traditional paraphyletic
method.  This alternative was to our knowledge never
tested.  Its application would require quite important
efforts compared to the classical aphyletic and
pseudophyletic methods which gave good results so
far with C and G genome species but it might be worth-
while to try it.  As we have seen it, application of the
tools of the molecular biology to exotic germplasm re-
sources greatly expands the usefulness and efficiency
of manipulation of the germplasm pools.  The recent
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development of molecular maps of cultivated cotton
represents a significant step forward in using molecu-
lar markers in breeding.  These maps can be used to
greatly increase the efficiency of selection and intro-
gression of useful traits while rapidly eliminating un-
wanted genetic material.  These tools will be used to
terminate the introgression programs initiated at
Gembloux concerning the inhibition of gossypol syn-
thesis only in the seed and the immunity to reniform
nematodes.  They will also be very useful to assist the
transfer of quantitative traits from the tertiary gene pool
to upland cotton for which the traditional germplasm
resources still presents an attractive option compared
to the genetic engineering techniques.  For the transfer
of this type of traits (such as improved fibers techno-
logical properties) to tetraploid cultivated cottons, the
��remanent� structural heterozygosity that can be pro-
duced by cumulating intergenomic exchanges at hexap-
loid stage could be very useful provided it is conserved
and exploited by maintaining a sufficient level of �cross-
ing over� in the hybrid derivative populations.  This
strategy should allow breaking down undesirable link-
ages between useful and detrimental characters and
can be assisted by a QTL approach.  In opposition to
this strategy, the transfer of qualitative traits controlled
by a limited number of genes will aim at the quick re-
turn to a commercial genetically well-balanced geno-
type carrying only the few genes responsible for the
expression of the desired traits through a classical back-
cross procedure assisted by molecular markers.  The
work carried out by Ahoton et al. (2003) showed that
the isolation of the thirteen monosomic addition de-
rivatives from a bispecific hybrid involving a tetraploid
and a diploid cotton species should be possible in a
rather near future.  These genetic stocks will constitute
very valuable materials that can be used for funda-
mental and applied genetic investigation.  We plan to
use them first to distinguish effects of specific alien chro-
mosomes of diploid species and to conduct chromo-
some specific introgression.
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TTTTTable 1.able 1.able 1.able 1.able 1. Bispecific allodiploids obtained from direct crossing of two diploid species.
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TTTTTable 2.able 2.able 2.able 2.able 2. Bispecific allotriploids obtained from direct crossing of G. hirsutum with a diploid species.

TTTTTable 3.able 3.able 3.able 3.able 3. Bispecific allotetraploids obtained from colchidiploidisation of diploid hybrids.

TTTTTable 4.able 4.able 4.able 4.able 4. Bispecific allohexaploids obtained from colchidiploidisation of triploid hybrids.
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TTTTTable 5.able 5.able 5.able 5.able 5. Bispecific allopentaploids obtained from colchidiploidisation of triploid hybrids.

TTTTTable 6.able 6.able 6.able 6.able 6. Trispecific allotetraploids.

TTTTTable 7.able 7.able 7.able 7.able 7. Monosomic addition lines.
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TTTTTable 9.able 9.able 9.able 9.able 9. Progress obtained in the CDR through the interspecific improvement program.

TTTTTable 10.able 10.able 10.able 10.able 10. Comparison of the mechanical properties of the fibers produced by the G. hirsutum + E3(I)
monosomic addition line to the ones of its cultivated parent (G. hirsutum var C2) and its
introgressed progeny (S49/600/528).

Figure 1.Figure 1.Figure 1.Figure 1.Figure 1.
The
paraphyletic
introgression
method.
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Figure 3.Figure 3.Figure 3.Figure 3.Figure 3.
The aphyletic
introgression
method.

Figure 2.Figure 2.Figure 2.Figure 2.Figure 2.
The
pseudophyletic
introgression
method.

Figure 4.Figure 4.Figure 4.Figure 4.Figure 4.
Fibers produced
by a tetraploid
G. hirsutum x
G. areysianum
hybrid deriva-
tive selected for
the simulta-
neous improve-
ment of
strength and
elasticity
showing
characteristic
wrinkles of G.
areysianum
fiber on their
wall.




