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The use of DNA-based markers for the genetic analysis and manipulation of important
agronomic traits has become an increasingly useful tool in plant breeding. DNA markers have
the potential to enhance the operation of a plant breeding program through a number of ways,
ranging from finger printing of elite genetic stocks, assessment of genetic diversity, increasing
the efficiency of selection for difficult traits, to making environment-neutral selection possible.
However, their greatest potential appears to be in accelerating the rate of gain from selection
for desirable genotypes and in the manipulation of quantitative trait loci (QTL) that condition
complex economic traits. DNA markers also permit plant breeders to correctly map or place
the various interacting genes that condition complex agronomic traits. Genetic mapping is
essential for effective manipulation of important genes. Effective use of marker-based selection
or marker assisted introgression should permit genetic recombination beyond the range
possible in traditional breeding. While the possibilities appear limitless, it should be pointed out
that the application of the science isin itsinfancy and it may take some time before it becomes
aroutine operation of most plant breeding programs.

Molecular markers have been used to identify and characterize QTL associated with severdl
different traits in sorghum including plant height and maturity (Pereira and Lee,1995),
characters concerned with plant domestication (Patterson et al., 1995), disease resistance
(Gowda et al., 1995), and drought tolerance (Tuinstra et a., 1996, 1997, 1998). In addition
several sorghum linkage maps (Hulbert et al., 1990; Melakeberhan et al., 1993; Xu et a., 1994,
Chittenden et al., 1994; Pereiraet a., 1994; Lin et a., 1995; Dufour et al., 1996; Boivin et al.,
1999) have been generated, but they have not yet been properly integrated to produce a more
global and functiona map with 10 linkage groups. At Purdue University, we have used
molecular markers in our program to both produce a linkage map and to address important
research questions in sorghum. The following is a summary of activities in our sorghum
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research program at Purdue University, where we have employed DNA marker technology to
address some important research questions.

Assessment of genetic diversity in sorghum using molecular markers

Analyses of the extent and distribution of genetic variation in a crop are essentia in
understanding the evolutionary relationships between accessions and to sample genetic
resources in a more systematic fashion for breeding and conservation purposes. Traditionaly,
genetic resources in sorghum are classified by taxonomists based on morphological markers.
However, these morphological traits used in classification of sorghum to different races are
conditioned by a relatively small number of genes. On the other hand, important traits which
are related to habitat adaptation and exhibit enormous variability among sorghum germplasm
are complex and quantitatively inherited. Hence, classifying germplasm accessions based solely
on a few discrete morphological characters may not provide an accurate indication of the
genetic divergence among the cultivated genotypes of sorghum. In this study (Menkir et
a.,1997), we used molecular markers to analyze genetic diversity in cultivated races of
sorghum. We hypothesize that both natural and human selection efforts have contributed to
current genetic differences in sorghum and hence landraces of the same race grown in different
habitats may have greater genetic dissimilarity than those of different races from the same
habitat.

We sampled 190 sorghum accessions from the five maor cultivated races , namely bicolor,
guinea, caudatum, kafir, and durra. Accessions representing each race and each of the maor
geographical centers of distribution were randomly selected from the world collection of
sorghum maintained at the International Crop Institute of the Semi-Arid Tropics (ICRISAT).
The 190 accessions were divided into 38 sets, in each of which five randomly selected
accessions from all five main cultivated races of sorghum were included to ensure parallel
comparison of races and minimize biases while scoring marker products. A total of 82 RAPD
primers were used for DNA amplification but only 53 primers produced clearly scorable bands
generating 220 bands across al sorghum accessions.

A high level of genetic variation was detected among sorghum accessions. The results of our
study indicated that genetic diversity within a race was high for race bicolor, and guinea and
low for race kafir. Partitioning the genetic variation further revealed that 86% of the total
genetic variation occurred among accessions and 14% among races. Examination of the degree
of association of accessions with their geographic areas of origin indicated that only 13% of
the total genetic variation was attributable to divergence among regions. In spite of the limited
differentiation among regions, the extent of genetic diversity within and among regions showed
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some trends. Though represented by a large number of accessions, Southern African
germplasm exhibited the least amount of genetic diversity suggesting a narrow genetic base of
accessions from this region. By contrast, West Africa exhibited a high level of genetic
diversity with aleast number of accessions. Genetic diversity in Central and Eastern Africa as
well as accessions from the Middle East was as high as that observed in accessions from West
Africa. In conclusion , our data suggest that molecular markers are suitable to assess genetic
diversity and to identify diverse sources in crop germplasm collections. In particular, genetic
distance estimates determined by molecular markers help identify suitable germplasm for
introgression into breeding stocks. Selecting the most divergent accessions for introgression
may increase the chances for extracting suitable inbred lines from backcross populations. Such
inbred lines may, in turn, become useful sources of favorable alleles to improve the
productivity of varieties and hybrids.

QTL identification and genetic analysis of drought tolerance in sorghum

The development of molecular genetic markers and the use of these markers in quantitative
trait loci (QTL) analysis is increasingly becoming a common approach for evaluating the
inheritance and feasibility of accelerating gains from selection for complex quantitative traitsin
crop plants. Drought tolerance is one such trait for which QTL analysis holds great promise.
The genetic and physiologica mechanisms that condition the expression of drought tolerance
in crops are poorly understood. Controlled by many genes and dependent on the timing and
severity of moisture stress, drought is one of the more difficult traits to study and characterize.
Sorghum is one of the most drought tolerant grain crops and its rich genetic diversity for stress
tolerance makes it an excellent crop model and choice for studying the genetic and physiologic
mechanisms of drought tolerance. Nonetheless, even in sorghum, direct selection for drought
tolerance using conventional approaches has been dow and difficult. A number of
physiological and biochemical traits have been implicated to enhance drought tolerance. Yet,
only afew of these mechanisms has been demonstrated to be causally related to the expression
of tolerance to drought under field conditions. We believe the use of molecular markers and
QTL anaysis based on carefully managed replicated tests has the potentia to aleviate the
problems associated with inconsistent and unpredictable onset of moisture stress or the
confounding effect of other stresses such as heat. To this end, we conducted severa
experiments on both phenotypic selection for drought tolerance as well as QTL anaysis of
drought tolerance in sorghum. We summarize below the highlights of these findings:
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Phenotypic selection for drought tolerance

We have made a slow but significant progress via empirical breeding of sorghum for drought
tolerance by breaking the trait of drought tolerance into specific phenological stages. Our
approach has been to breakdown the complex trait of drought tolerance into simpler
components by studying drought stress expressions at specific stages of plant development. We
have been particularly interested in midseason (pre-flowering) and late-season (post-flowering
) drought expressions in sorghum germplasm. Our rationale is that if individual components
associated with a complex trait can be identified, we can measure the contribution of each of
the factors or mechanisms independently without the confounding effect of other factors.
Using this approach, we have identified sorghum germplasm that are uniquely pre-flowering or
post-flowering drought tolerant and few that combine tolerance at both stages. We have
developed new improved drought tolerant sorghum lines in diverse and elite germplasm
background. Some of these lines have been officially released and distributed to both public
and private sorghum research concerns. Several more await release and distribution following
further characterization and cataloguing to facilitate specific mode of utility. Our breeding and
selection effort was based on reliable phenotypic markers associated with morphological and
yield related symptoms that occur at pre-flowering and post-flowering stages of crop
development. Some of these marker traits are simply inherited and others appear quantitative
rendering them amenable to QTL marker analysis and introgression.

QTL mapping and analysis of drought tolerance

Molecular markers linked to QTL for drought tolerance could be used in increasing efficiency
of breeding efforts to select sorghum germplasm with enhanced drought tolerance once these
markers are identified through carefully monitored characterization of appropriate germplasm
under stress conditions. Such an approach provides a more systematic mode for identifying
specific traits that contribute to drought tolerance. Further analysis of these traits could lead to
better understanding of the biological basis of drought tolerance. In the last severa years, we
undertook a number of studies toward this goal using a set of recombinant inbred (RI)
sorghum lines especially developed for an array of interdisciplinary evaluation of the genetics
and physiology of drought tolerance in sorghum. First, the RI lines were carefully evaluated for
response to drought in a series of pre-flowering and post-flowering stress environments.
Drought tolerance was estimated in several ways. evaluation of grain yield under drought,
stability of yield, rate and duration of grain fill, seed weight, stay green and associated traits.
Evauation of the RI lines indicated segregation of drought tolerance during both
developmenta stages affirming its genetic basis and suggesting complementary interaction of
loci from both parental sources. Second, the RI population was scored for the segregation of
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RAPD, RFLP, and SSR markers and these markers were ordered into a genetic map by linkage
analysis and used to determine the contribution of the parental genotypes to each of the RI
lines. Single factor analysis was used to identify QTL associated with yield and other measures
of agronomic performance under drought and non-drought conditions. Several regions of the
genome were associated with the expression of yield or yield components under pre-flowering
and post-flowering drought, and under fully irrigated conditions. In most cases, the marker
allele associated with higher yield under fully irrigated condition was also associated with
improved tolerance or agronomic performance under drought. On the other hand, two regions
on two separate linkage groups were strongly associated with agronomic performance under
pre-flowering drought but not under full irrigation. Similarly, two other regions of the genome
on yet two other linkage groups were found to be associated with agronomic performance
under post-flowering drought but not under full irrigation. These finding suggest that these
loci mediate the expression of pre-flowering (Tuinstra et al., 1996) or post-flowering drought
(Tuinstra et a., 1997a) tolerance independent of mechanisms that control yield. Several QTL
for staygreen were identified on five linkage groups, however, QTL on three of these linkage
groups were aso positively associated with grain yield under non-drought conditions. This
indicates that there may be a physiological link between the expression of staygreen under
post-flowering drought and grain yield under non-drought conditions.

Development of near-isogenic lines (NILs) that differ for drought QTL

Although our QTL analysis identified regions of the sorghum genome that condition the
expression of drought tolerance, it provided little information concerning the expression of
individual QTL. Analysis of near-isogenic lines that differ at QTL can be an effective approach
for the detailed mapping and characterization of individual loci. However, the use of NILs in
analysis of important agronomic traits has been limited perhaps because of the time and effort
required to develop these lines. We, therefore, developed a procedure for drawing NILs for
any region of the genome that can be anayzed with molecular or other genetic factors
(Tuinstra et al., 1997b). The procedure utilizes molecular markers to identify heterogeneous
inbred families that are isogenic at most loci in the genome from NILs that differ for markers
linked to QTL of interest. Using this procedure we developed NILs for several QTL associated
with yield under drought environments and other morphological traits associated with drought
tolerance.
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Evaluation of NILs that differ for drought QTL

The process of identifying linkage between markers and traits in a mapping population
followed by test of marker effectsin NILs can be powerful and useful to resolve several issues.
First, marker linkage to a QTL can be confirmed by examining the phenotype on NILs that
only differ for individua QTL. Initial QTL anayss indicates regions of the genome that may
contain QTL but the particular phenotypic effects of these loci need to be confirmed. Second,
NILs can be used for fine mapping of QTL. Evaluation of a series of NILs that contrast at a
specific locus can be used to narrow the genetic interval known to contain the QTL. Third,
NILs that differ at a QTL can be used to characterize the expression and function of a specific
locus. In our case, we reasoned that NILs differing for QTL associated with drought tolerance
can be used to identify the specific mechanism of drought tolerance controlled by each QTL.
We focussed on the analysis of NILs contrasting at three loci and evaluated differences in the
size of the genomic region differentiating each set of NILs by testing markers flanking each
target QTL. Agronomic evaluation of these NILs indicated large differences in yield and seed
weight associated with each QTL marker. In most cases, NILs contrasting for as specific locus
differed in phenotype as predicted by QTL analysis (Tuinstra et al., 1998). Further analyses
indicated that differences in agronomic performance may be associated with effects of heat
tolerance, water status, and expression of staygreen suggesting that these loci mediate the
expression of drought tolerance via different biological mechanisms. This can be corroborated
with careful physiological studies that can be more readily undertaken using NILs than random
and unrelated genotypes. We plan to conduct these studies to identify and define the specific
mechanisms of drought tolerance mediated by these loci. We believe that the approach of
narrowly focussing on specific genomic regions associated with drought tolerance holds
promise for developing a clearer understanding of the specific biologica basis of this complex
trait.

Molecular mapping of striga resistance genes

Field resistance to striga is a complex quantitative trait that has been difficult to address via
conventional plant breeding approaches. Successful manipulation of such a trait requires
possible breakdown to component parts that lend themselves to genetic manipulation. We have
had a striga resistance breeding program a Purdue University for severa years and have
employed a mix of biotechnological approaches to address this problem. One such approach
focussed on mapping and identification of genetic loci associated with resistance to striga. This
work is closely integrated with development of laboratory assays that would allow
identification of host variants that are resistant to striga because they disrupt essential
developmenta interaction with the parasite. Our objective is to develop a genetic linkage map
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of sorghum with polymorphic markers dispersed throughout the genome so that we would be
able to manipulate striga resistance genes on the map with reasonable ease.

We genotyped over 230 DNA markers and generated a fairly dense linkage map of sorghum.
The estimated map size is 1628 centiMorgans (cM), with an average interval of 9.5 cM
between adjascent loci. The locus for one of the better characterized mechanisms of resistance
to striga, namely the low germination stimulant (Igs) production is now mapped at 11.8 cM
from an RFLP marker PIO200725 BamH1, and13.5 cM from SSR17g marker. We also used
the linkage map to place putative QTL for striga resistance using phenotypic data from field
evaluation of our mapping population against Sriga hermonthica and Sriga asiatica. Single
marker analyses detected six QTL for resistance to S hermonthica and five QTL for resistance
to S agiatica. The QTL detected for resistance to S. hermonthica accounted for 37% of the
variation in resistance and QTL detected for resistance to S. asiatica accounted for 49% of the
variation in resistance. Two of these QTL were on the same linkage group as the Igs locus.
Interval mapping confirmed most of the QTL detected by single marker analysis.

Genetics of cold tolerance in sorghum

Tolerance to early season cold temperature is a mgor trait that is needed in much of the
sorghum production areas of the United States. The trait is needed for early season stand
establishment to take advantage of the long crop season that would ensue if the crop is planted
and established early. Important advantages have been attributed to seedling vigor, resulting in
greater biomass and grain yield in cold and dry environments. We conducted QTL analyses for
seedling vigor and cold tolerance using a set of RI lines in our mapping population. The RI
lines were evaluated for germination, emergence, and growth under cold temperature and
genotyped using RAPD markers. Markers located on two linkage groups were found to be
significantly associated with seedling cold tolerance as estimated through visual scores of
seedling vigor. Germination at low temperature and emergence and growth under optimum
temperature were mostly under separate genetic control. QTL on one linkage group explained
75-80% of the variation for seedling growth. All markers with significant effects on shoot dry
weight were associated with seedling growth as measured by height of seedlings three weeks
after sowing and with visual scores. The visual score estimates used an estimate expected to
integrate germination, emergence, and seedling height, only explained some 25% of the total
variation. This suggests the presence of undetected QTL and the need for exhaustively
detecting al relevant QTL by generating a series of well controlled and characterized
phenotypic data. QTL determination and their potential utility in breeding programs is only as
good as the quality of the phenotypic data employed in their generation.
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QTL analysisfor grain yield in sorghum lines and hybrids

We aso employed DNA markers to determine if QTL affecting yield in inbred lines and
hybrids are smilar. It is generally believed that good inbreds make good hybrids, though the
correlation between agronomic performance of lines and testcrosses can be poor. These
differences are typicaly explained by differences in combining ability. Early reports on maize
(Jenkins, 1924; Jorgenson and Brewbaker, 1927; Gama and Hallauer, 1977) gave positive
association between performance in inbreds and hybrids for phenologica traits, but
correlations for yield were weak. We evaluated performance of recombinant inbred (RI)
sorghum lines and their hybrids in five different environments. The correlation for grain yield
between RI lines and hybrids were generally low, but significant associations were identified in
high-yield environments. Genetic variation among RI lines and testcrosses was greatest in high
yield environments and lowest in stress environments. We evaluated the genetic basis for the
inbred-hybrid yield correlation through QTL anaysis. We identified two QTL with similar
effects on yield in both lines and hybrids. Severa other QTL were identified for line or hybrid
specific effects explaining perhaps differences in specific combining ability effects among
inbreds. The results of this study indicated that QTL for grain yield of sorghum hybrids can be
identified in testcross populations; however, these QTL may differ from those associated with
performance of lines per se. It also suggests that the power for QTL detection for yield in grain
sorghum is the most favorable under high-yielding or low- stress environments.
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