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Molecular Marker Technology for Cotton
Plant Improvement
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Iftikhar Ahmad Khan, University of Agriculture, Faisalabad, Pakistan

Cotton belongs to the genus Gossypium which contains about
50 species of which 44 are diploid species (2n=2x=26) and six
are dlotetraploid (2n=2x=52). The diploid species comprise
genomic groupsA, B, C, D, E, F, G and K and allotetraploid
species are made up of two sub-genomic groups having an af-
finity with A and D genomes (Stewart, 1995). The cultivated
cottonsinclude G arboreum L and G. herbaceum L, both dip-
loid specieswith an A genome native to Southern Asiaand Af-
rica, and two alotetraploid species, G barbadense L and G
hirsutumL, withan AD genomefrom Central, North and South
America (Endrizzi et a., 1985).

During the past decade, the prospect for genetic engineering of
cotton has soared with recent advancesin the field of biotech-
nology. In 1996, thefirst two transgenic cotton cultivars, engi-
neered for insect and herbicide resistance, were released for
commercial production. The production of transgenic cotton
exhibiting increased yields, enhanced fiber quality, and/or novel
fiber properties holds significant potential for widespread im-
pact on the global economy. Although small gainsinyield and
fiber quality continue to be made by conventional breeding
programs, genetic improvement of agronomic traits is begin-
ning to plateau asaresult of anincreasingly narrow germplasm
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base for selection. To counteract this trend, the use of genetic
engineering of cotton will become increasingly common as a
means of bolstering breeding efforts.

Presently, plant breeders select desirable plants by looking at
the phenotype. Most of the economically important plant traits
are polygenic with complex non-alelic and environmental in-
teractions. The biometrical genetic analysis has also been used
for about half acentury to gain an understanding of the genetic
architecture of quantitative traits, which has helped to guide
genetic improvement programs. Genetic variation between
plantsfor atrait controlled by asingle or afew genesinherited
inasingle, Mendelian fashion, iseasy to manipulatein abreed-
ing program. The biometrical genetic analysis determines the
cumulative effects of all the geneticloci involved in aquantita-
tivetrait, butitisunableto identify the specific locusinvolved.
If quantitative traits could be resolved into individual genetic
components by finding DNA markers closely linked to each
trait, it might be possible to manipulate them with efficiency
for singlegenetraits. Thiswould hel p the advancement of breed-
ing material through consistent progress. DNA markers tech-
nology has provided plant breeders with atool to select desir-
able plants directly on the basis of genotype instead of pheno-
type.

Conventional breeding of the cotton plant generally aims to
improve agronomically relevant, or otherwiseinteresting traits,
by combining characters present in different parental lines of
cultivated speciesor their wild relatives. Thishasbeen achieved
by generating F, populations and screening phenotypes of
pooled or individual plants for the presence of desirable traits.
Then, a time consuming and costly process of repeated back
crosses, selfing and testing begins. All this depends upon accu-
rate screening methods and the availability of lineswith clear-
cut phenotypic characters. Therefore, the combination of com-
plex characters encoded by multiple genes with additive ef-
fects (quantitativetrait loci), recessive genes, or accumulation
(pyramiding of genes encoding the same trait) is difficult to
achieve with classical methods. Molecular markers, however,
facilitate all these processes, and can accel erate the generation
of new varieties and allow connection of phenotypic charac-
ters with the genomic loci responsible for them. Both of these
properties make molecular markers indispensable for cotton
plant improvement.

Morphological and physiological features of plants have been
used by plant scientists to understand genetic diversity. Some
genes named by their physical appearanceirrespective of their
DNA nature and location on chromosomes were identified.
Scorable morphological characters are very few in the cotton
plant compared to biologically active genes. In closely related
cotton plant varieties and species, there are very few morpho-
logical differences, which as a matter of fact do not represent
thetrue genetic differencesat the DNA level. Moreover, in most
cases a plant genome has large amounts of repetitive DNA,
which is not expressed and does not contribute to the physi-
ological and morphological appearance of the plant. Therefore,

thereisaneed to study polymorphism at the DNA level, which
can be indicative of genetic diversity in cotton.

The number of polymorphic morphological markersislimited
inthe cotton plant, especially inintra-specific crosses, and their
expression isinfluenced by the environment. Therefore, more
reliable markers such as protein or, more specificaly, alélic
variants of several enzymes so called isozymes, and other bio-
chemical characters such aslipid or sugars must be considered.
Isozyme numbers are limited and their expression is often re-
stricted to a specific developmental stage of tissues; and their
presence can be determined by electrophoresis and specific
staining. Unlike isozymes, the number of DNA markersisun-
limited, their expression is not necessary for their detection,
and all markers can be detected with a single technique. Poly-
morphism has been detected in restricted genomic DNA of
plants, which paved the way for the development of molecular
markers for cotton plant breeding. Today, various new marker
techniquesand breeding strategies, tail ored for theinclusion of
DNA markers, have been designed. The result of these efforts
is an ever-increasing number of molecular markers of agro-
nomically important traits, available for all crops. In the most
advanced projects, this has aready led to map-based cloning
of the responsible genes.

Techniques

Thetechniquesfor molecular markersinclude restriction frag-
ment length polymorphism (RFLP) and polymerase chain re-
action- (PCR) based random amplified polymorphic DNA
(RAPD); amplified fragment length polymorphism (AFLP); and
mini and micro-satellites. Each is described below.

Restriction Fragment Length Polymorphism
(RFLP)

Restriction endonucleases cut genomic DNA at specific palin-
drome recognition sequences, generating thousands of frag-
ments of defined length, the number of which depends on the
number of recognition sequencesin agiven genome. If arec-
ognition sequence is present at a distinct genome location in
oneindividual but not in the other, the enzyme generates dif-
ferent sized restriction fragmentsof thislocus. Thislength poly-
morphism is detected by a radioactively labeled complemen-
tary DNA probe derived from the samelocus. Such RFL Pswere
the first DNA markers applied to genome mapping. In prin-
ciple, RFLP probes are single copy markers that detect only
onedefined genomic fragment each, athough multilocus probes
such asrepetitive DNA or cDNA, that detect several fragments
a atime, are also used. RFLPs are co-dominant markers, and
their coupling phase can be determined experimentally, because
DNA fragments from all homologous chromosomes are de-
tected. RFLPs are therefore very reliable markers in linkage
analysisand breeding, particularly if alinked traitispresentin
a hetro- or homo-zygous state in an individual. Thisinforma-
tion is highly desirable for recessive traits. The suitability of
RFLPfor the elucidation of QTL hasbeen documented by sev-
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era researchers. Despite their usefulness, the generation of
RFLP markers and their application is time-consuming and
expensive. First, only oneout of several markers provides poly-
morphism. This problem is serious, especiadly in a cross be-
tween closely related cultivated breeding lines. Second, for
every polymorphism locus tested in a cross, a single experi-
ment has to be performed and this is a formidable task with
saturated maps such as those of tomato or maize, with hun-
dreds of markers. As the method also requires alarge amount
of DNA, the material from a F, generation is soon exhausted
and this limits the number of markers that can be tested. To
overcome these problems, the application of stable mapping
popul ations has been suggested. RFL P markers can be used for
the mapping of QTL, genesinvolved for resistance to diseases
and the relationship between the components of tetraploid ge-
nome of Gossypium hirsutum and its ancestors.

Random Amplified Polymorphic DNA (RAPD)

PCR-based RAPD ismuch faster and cheaper than RFL P analy-
sis and is used only in minute amounts of DNA. Instead of
primers complementary to known sequences, asin normal PCR,
randomly generated synthetic oligonucleotides of 9-12 bases
are used as starting points for thermostable DNA polymerases
(Welsh and McClelland, 1990: Williamset. al. 1990). This ap-
proach produces 1-10 fragments from asingle primer PCR re-
action, which are highly polymorphic and can be easily de-
tected on ethedium bromide stained agrose gels. Thisapproach
has several modifications. For example, the use of shorter oli-
gonucleatides, typically 5-15 nucleotidesin combination with
PAGE and highly sensitive silver staining, resultsin many more
visiblebandsin DNA amplification fingerprinting (DAF). The
high sensitivity of the method applied to pre-digested DNA
permits the tagging of specific locus for some characters in
nearly isogenic lines of cotton. RAPD markers can be used for
map-based cloning of disease resistance genesin cotton. The
random amplification process introduces some difficulties in
reproducing RAPD patternsin different laboratoriesand in dif-
ferent thermocyclers. Recent reports claim that these problems
arise from impurities and thus may be solved.

Minisatellites, Microsatellites and Dispersed
Repetitive DNA

Although some RFLP markers, as well as many RAPD mark-
ers, recognize more than onelocusin agiven genome, the num-
ber of loci recognized islimited, asistheir polymorphic infor-
mation content. Markersderived from small, tandemly arranged
repetitive elements offer a way around this limitation. Such
markers are called micro- or mini-satellites or ssmple tandem
repeats (STR), because their sequence organi zation resembles
the tandem arrangement of classical satellite DNA. These se-
guences are arranged in the eukaryotic genomein many copies
of varying repeat-unit numbers. Due to their varying repeat
numbersat agiven locus, the el ements frequently change their
length by slipped-strand mispairing and other, less understood,
processes. The surrounding single copy sequencesare normally

not affected, and therefore provide a valuable source of poly-
morphism for many purposes, including linkage analysis
(Nakamuraet al., 1987), identification of speciesand cultivars
and marker assisted breeding (Beckmann and Soller, 1990)

Minisatellites (repeat units of 9-20 nucleotides) can be hybrid-
ized to restricted and el ectrophoretically separated DNA blot-
ted onto nylon membranes (Jeffreyset d., 1985). Microsatellites
(repeat units of 1-5 nucleoctides) can be hybridized to DNA in
dried gels (Ali et a., 1986) or microsatellites can be cloned,
sequenced, and amplification fragment length polymorphism
detected by PCR, using oligonucl eotidesfrom the surrounding
monmorphic DNA as primers. These sequenced tagged
microsatellite sites (STMS; Beckman and Soller, 1990), like
RFLP are co-dominant markers and therefore highly informa-
tive, which justifies the large amount of work needed for their
generation. Microsatdllitesare present in different formsin plant
genomes.

Amplified Fragment Length Polymorphism
(AFLP)

Thistechniqueisbased on the detection of genomic restriction
fragments by PCR amplification. DNA is cut with restriction
enzymes and double stranded adapters are ligated to the ends
of the DNA fragments to generate template DNA for amplifi-
cation. The sequence of the adapters and the adjacent restric-
tion site serve as primer binding sites for subsequent amplifi-
cation of the restriction fragments. Selective nucleotides are
included at the 3' ends of the PCR primers, which therefore can
only prime DNA synthesisfrom asubset of therestriction sites.
Only restriction fragments in which the nucleotides flanking
the restriction site match the selective nucleotides will be am-
plified.

AFLP producesahigher number of polymorphismsthan RAPD
or RFLP markers. It isarobust and highly reproductive tech-
nique.

Applications

Genetic Diversity

DNA polymorphisms are exploited in cotton plants by an ever-
increasing number of molecular marker techniques for differ-
entiation between individual s, accessions and species of plants,
pathogens and pests. Their high resolution compared with all
other markers makes them a valuable tool for varietal and pa-
rental identification for the protection of cotton breeders’ rights.
DNA markers further add to the repertoire of tools for the de-
termination of the evolutionary relationship between Gossypium
species and families. Molecular markers also allow an under-
standing of the relationship between chromosomes of the re-
lated Gossypium species. Cotton plant pathogens and pestsalso
display genetic diversity, therefore, their distribution, variation
and gene flow can be measured in time and space. Together
with aggressivity tests, the study of genetic diversity provided
the basisfor the detection of annual changesin pathogen distri-
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bution that can be used in forecasting and preventing future
epidemics.

Marker-assisted Breeding

The use of molecular markers enables cotton breeders to con-
nect the gene action underlying a specific phenotype with the
distinct regions of the genome in which the generesides, e.g.,
the phenotypic expression of fiber quality is confined to do-
mesticated species. The genetic advances in fiber quality can
be made indicative of the existence of genesthat contribute to
fiber quality in germplasm that does not express the pheno-
type. Molecular markers could provide the opportunity to use
precision in identifying the phenotype of these traits. Molecu-
lar markers will alow direct selection for genotypes, thereby
providing a more efficient means of selection for fiber proper-
ties. The genetic manipulation of cotton fiber properties using
molecul ar strategiesrelieson theidentification and i solation of
genes that control fiber development and/or directly affect a
particular structural property of fibers. Molecular markers pro-
vide an opportunity to identify and isolate the genesrelating to
fiber characters by map-based cloning. Once markers for an
interesting trait are established, these should allow prediction
of fiber characters, yield or resistance of individual offspring
derived from across, solely by the distribution pattern of mark-
ers in the offspring genome. Besides the exploitation of ge-
nomic polymorphisms for germplasm utilization and protec-
tion of varieties, cotton breeders’ interest in molecular markers
currently focuses on three major issues.

» Theacceeration of theintrogression of singleresistant genes
for plant pathogens from wild species or cultivated donor
linesinto otherwise superior cultivars.

» The accumulation (pyramiding) of major and/or minor re-
sistance genesinto cultivarsfor generating multiple and more
durable (horizontal) resistances against several pathotypes
of the same pathogen.

» Theimprovement of the agronomic value of cotton by breed-
ing for quantitatively inherited traits, such asyield, drought
and cold tolerance.

Breeding for Resistance

In cotton, the main advantage of using molecular markersis
introgression of resistance genesinto the cultivarsto savetime.
The use of DNA markers could speed this process by three
plant generations, by allowing selection of resistant offspring
that contain the lowest amount of the donor genome in every
generation (Tanksley et al. 1989). Single generesistances (ver-
tical resistance) are often rapidly broken by pathogens, thus
converting the previously resistant cultivar into a susceptible
one. Breeders therefore aim to accumulate several minor and
major resistance genes into one cultivar to achieve more du-
rable resistances. With conventional breeding, it is nearly im-
possible to combine so many different genes. The action of
different resistance genes cannot be distinguished even with a
set of different pathotypes. However, many resistanceloci from

different sources can be determined, and their presence detected,
by linked markersin parallel crosses.

Quantitative Trait Loci Analysis

Many agronomically interesting traits, such asyield, are con-
trolled by polygenes, with every gene contributing only asmall
percent to the expression of thetrait. Tagging of polygeneswith
molecular markers requires a saturated linkage map with a
marker spacing of no more than 20 cM and at least 250 F,
individualsfrom across between parental linesthat differ mark-
edly with respect to the trait in question (Tanksly, 1993). First
the offspring istested for the trait and its genotype determined
for every marker locus. Then the likelihood that the observed
datarely onthepresenceof QTL iscalculated, against thelike-
lihood that no QTL is present, using specially designed com-
puter software such as MAPMAKER.

Population Development for DNA
Markers

Population development is an important step in DNA marker
studies. The appropriate design of atest populationisacrucial
step in the devel opment of markers for agronomic traits. Sev-
eral strategies for such adesign, including different segregat-
ing populations and sampling regimes, have recently been de-
veloped. The following types of populations can be used for
DNA marker studies.

Interspecific Crosses

In cotton, crosses of wild species with cultivated lines have
generally been found useful for the generation of genetic maps,
because of therelatively high degree of morphological isozyme
and DNA polymorphismsin wild species. Such crosses hel ped
in the generation of linkage maps and the identification of re-
sistance loci. Once a map has been established and linkage
markers found, commercially important accessions may also
beincluded for linkage analysis using these markers.

F,/F, Segregating Population

F, or F, popul ations can be used for DNA markers. While mak-
ing crosses, the parents should be screened carefully. These
parents should be widely different for the desirable trait. The
segregating population should be phenotypically screened and
the population to be screened should be large, normally about
apopulation of 500 plants, depending upon the expected num-
ber of loci involved for the trait. It is more useful if after the
screening of F, plants, the families of selected F, plants are
raised and final selection of plants for DNA marker studiesis
based on the F, population. The progeny of the F, plants show-
ing segregation should not be included. About 25 plants are
finally selected for each contrasting trait. The presence of poly-
morphic DNA molecules present uniformly in one group of
plants and absent in the other contrasting group of plants show
its linkage with the trait of interest. A large F, population is
most informative for genome mapping, especialy if themapis
at an early stage and only afew markers are mapped. However,
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the F, selection has three major drawbacks for the develop-
ment of markers for the agronomically interesting traits con-
cerned.

* Thesameindividual tested for the trait also has to be used
for linkageanalysis, e. g., some of the plantsaretoo affected
with pathogens and pests to provide enough DNA for link-
ageanalysis.

» After completion of their life cycle, plants die and will no
longer be availablefor backcrosses or further genetic analy-
sis (especially the pheno- and geno-typically characterized
individuals).

» Most multilocus markers, including RAPD and mini and
micro satellitesare dominant markers, whose homo- or hetro-
zygous state cannot be determined. The F, generation does
not allow thesetwo possibilitiesto bedistinguished and much
information istherefore lost.

Recombinant Lines

Advanced lines developed from the cross of two plants can
also be used for DNA markers. A population of at least 500
recombinant linesis screened, and about 20 lines from each of
the contrasting pairs are selected for DNA analysis. When us-
ing F/F, or recombinant lines, after DNA extraction of indi-
vidual plants, bulked segregant analysis (Michellmore et dl.,
1991) can also be used instead of using DNA of individual
plantsin RAPD, RFLP, or AFLP, etc., anaysis.

Isogenic Lines

Isogenic lines devel oped for a particular trait, using the recur-
rent back cross procedure, can aso be used for DNA markers
studies. Theuse of isogenic linesreducesthe number of RAPD/
RFLP/AFLP etc., reaction asonly two lines contrasting for the
trait areused. However, it isatime-consuming and tedious pro-
cedure to develop isogenic lines. For more advanced studies
with very tight linkage between markers and traits, whichisa
prerequisite for pyramiding of resistance genes or map-based
cloning of genes, nearly isogenic lines (NILs), derived from
several rounds of backcrossing of the recipient of an agronomi-
cally interesting gene with the reci pient genotype, are used with
high efficiency in several species. NIL contains normally only
small amounts of donor DNA surrounding the gene of interest.
To avoid thetime consuming generation of NIL, specific genes
can be tagged by bulking DNA from individual F, plants with
identical performance in phenotypic (resistance) tests (bulked
segregant analysis, Michelmoreet. al. 1991). Individual DNA
from existing mapping populations can also be grouped ac-
cording to the distribution of RFLP markers and then RAPD
analysis can be used to tag the region surrounding the gene(s).

DNA markersthus offer two advantages:
» Faster recovery of the recurrent genome.

» More efficient selection of genomes that have recombina-
tion events close to the target gene.

Marker- assisted selectionistill limited by three main factors:
e The number of samplesthat can be analyzed.

* The number of lines that can be improved within a given
time.

» Thebelief that QTL identification isrequired whenever ad-
ditional germplasm is used.

PCR based markers have also opened new doors for genome
manipulation, sincetheir use alow:

» Earlier ssmpling, because of the small amount of tissue re-
quired.

» Faster DNA preparation, because of the small amount of
template DNA required.

» More efficient handling of large sample sizes, because of
the efficiency of PCR technology.

Now isthe timeto consider the development of new breeding
strategiesthat takeinto account genetic characteristics, such as
the complexity of the genome; the nature and the number of the
molecular markers available; the complexity of thetraitsto be
improved; the number of plants that can be screened at each
selection step; and the number of populations that can be con-
currently manipulated. It is also crucial to explore the
complementarity between marker-assisted selection and con-
ventional breeding, and to develop overall strategiesthat tightly
and interactively integrate the two approaches.

Marker-assisted selection for polygenic trait improvement is
an important transition phase, and the field is on the verge of
producing convincing results. Recent efforts in comparative
genetic analysisallow identification across different plant spe-
ciesof gene sequencesinvolved in the expression of target traits.
The superior allelesidentified among genomes in those target
genes can be used as DNA markersto devel op efficient screen-
ing techniques. Finally, technol ogical developments, including
automation, alele-specific diagnostics and DNA chips, will
make marker-assisted sel ection approachesbased on large scale
screening much more powerful and effective.

Map-based Cloning

The detection and cloning of distinct genes in cotton of un-
known sequence and function, when only their involvement in
specific traits and their chromosomal location is known, has
been termed reverse genetics. |n contrast, the conventional ap-
proaches, where ageneis cloned on the basis of aknown prod-
uct or sequence and then localized to a chromosomal region
startswith thelocalization of agene on aspecific chromosomal
region by determining the linkage of the phenotypeit specifies
to a set of flanking molecular markers. These linked markers
arethen used as starting pointsfor physically mapping the gene-
flanking region with pulsed field gel electrophoresis and rare-
cutting restriction enzymes. Large-scale restriction-site map-
ping is necessary because physical and genetic distances be-
tween markers may vary over several orders of magnitude.
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Physical maps are especially useful in polyploid crops such as
cotton where duplicated sequences could prevent the assign-
ment of markersto asingle distinct location.

The construction and screening of yeast artificial chromosome
(YAC) librariesisanext step towardsisol ation of desired genes.
Clones containing at |east one of the markers are selected. End
fragments of these YAC are then used to construct contigs of
the genomic region defined by the markers, to identify cDNA
derived from that location. The cDNA are sequenced and can-
didate sequences retransformed into suitable hetrologus and
homologues hostsfor proving the geneidentity by complemen-
tation in transgenic plants, using different transformation tech-
niques.

An absolute prerequisite for map-based cloning of genes in
cotton isthe availability of tightly linked markers flanking the
locus of interest. These may be found by chance but are nor-
mally the product of a systematic effort to saturate a genome
with polymorphic DNA markers.

Due to the economic dependence of many countries on cotton
production, it is necessary to focus on reducing the cost of pro-
duction, increasing yield and quality, and diversifying the prod-
uct spectrum of fiber. Another objective for cotton research is
to enable farming practices, as well as processing of fiber, to
become moreenvironmentally friendly. Molecular markerstech-
nology has madeit possible to identify genotypes carrying de-
sired characters efficiently and correctly. Thismay help in the
selection of genotypes and boost conventional breeding pro-
grams.
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