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Abstract The objective of this study was to use restrict-
ion fragment length polymorphisms (RFLPs) to deter-
mine the genetic location and effects of genomic regions
controlling plant height in sorghum. F, plants (152)
from the cross CK60 x P1229828 were used. Genomic
and cDNA clones (106) identified 111 loci distributed
among ten linkage groups covering 1299 cM. Interval
mapping identified four regions, each in a separate
linkage group. These regions may correspond to loci
(dw) previously identified by alleles with qualitative
effects. Also, these regions identified in sorghum may be
orthologous to those previously reported for plant
height in maize. Gene effects and gene action varied
among genomic regions. In each region, P1229828 alle-
les resulted in increased plant height. Each region ac-
counted for 9.2-28.7% of the phenotypic variation.
Positive, additive effects ranged from 15 to 32 cm. Tall-
ness was dominant or overdominant and conferred by
alleles from PI229828 for three quantitative trait loci
(QTL). At the fourth QTL, PI229828 contributed to
increased plant height, but short stature was partially
dominant. One digenic interaction was significant.
The presence of a P1229828 allele at one region dimin-
ished the effects of the other region. A multiple model
indicated that these four regions collectively accounted
for 63.4% of the total phenotypic variation. The utility
of this information for germplasm conversion through
backcross breeding is discussed.
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Introduction

Restriction fragment length polymorphisms (RFLPs)
have been successfully employed to construct linkage
maps and to locate genes with qualitative and quantita-
tive effects. The usefulness of the maps for basic and
applied aspects of plant genetics has been summarized
(Paterson et al. 1991a). In sorghum [Sorghum bicolor
(L.) Moench], RFLPs have been used for linkage map
construction and comparative analysis of genome struc-
ture with maize (Hulbert et al. 1990; Binelli et al. 1992;
Whitkus et al. 1992; Berhan et al. 1993; Pereira et al.
1994). In the investigation presented here, we report the
detection of genomic regions with major effects on plant
height in sorghum and compare them to regions with
similar effects in maize.

Genetic control of plant height in sorghum has been
characterized in terms of factors with qualitative (Kar-
per 1932; Quinby and Karper 1954) and quantitative
(Hadley 1957) effects. Tallness is partially dominant to
shortness (Hadley 1957). Four independent loci, Dwl,
Dw2, Dw3, and Dw4, have been defined by alleles with
qualitative effects (Quinby and Karper 1954). At each
locus, the tall phenotype is completely dominant. The
effects of the loci are cumulative (Quinby and Karper
1954) but unequal (Hadley 1957). Genetic factors at
other loci may also influence plant height: varieties
genetically identical at the four Dw loci may differ
greatly in height. Quinby and Karper (1954) attributed
this difference to modifier loci.

Alleles at Dw loci primarily influence plant height by
affecting internode length. Also, through the use of
isogenic lines, pleiotropic effects have been attributed to
the Dw loci. Alleles at Dw3 have pleiotropic effects on
yield components (number of seeds per panicle and seed
weight), tiller number, and panicle size (Casady 1965).
The Dw2 locus may have pleiotropic effects on panicle
length, main head yield, seed weight, and leafl area
(Graham and Lessman 1966). Studies of pleiotropic
effects for the other 2 loci (Dwl and Dw4) were not



identified. However, in an investigation comparing tall
revertants with nonrevertants at the Dw4 locus (Quinby
and Karper 1954), pleiotropic effects were not observed
(Karper 1932).

Comparisons of sorghum and maize genomes have
revealed a high degree of homology and synteny (Hul-
bert et al. 1990; Whitkus et al. 1992; Berhan et al. 1993;
Pereira et al. 1994). The conserved molecular and ge-
netic composition suggests that such regions could code
for similar functions. For example, Fatokun et al. (1992)
located major quantitative loci for seed weight in cow-
pea and mung bean. In both species, the respective map
positions with greatest effect on seed weight were identi-
fied by the same RFLP probes, suggesting that the
structure and function of the regions have been con-
served. In maize, loci defined by alleles with qualitative
effects on plant height have been mapped and related to
quantitative trait loci (QTL) (Beavis et al. 1991; Ed-
wards et al. 1992; Veldboom et al. 1994). Integration of
maize genetic maps based on DNA markers, mutant
phenotypes, quantitative trait loci, and comparative
mapping with other monocotyledons should elucidate
many examples of conserved gene order and function
(Ahn and Tanksley 1993). In this study we present
evidence of orthologous regions controlling plant height
in maize and sorghum.

Materials and methods
Genetic material and phenotypic data collection

F, plants (152) from the cross CK60 x P1229828 were used. This
population has been described previously (Pereira et al. 1994). CK60
is aninbred line from the species Sorghum bicolor spp. bicolor with the
genotype dwl Dw2 dw3 dw4 (Quinby and Karper 1954). P1229828 is
representative of Sorghum bicolor spp. drummondii (Duncan et al.
1991; de Wet 1978). The genotype of P1229828 has not been deter-
mined, but the phenotype suggests that it is homozygous at each of
the 4 Dw loci for alleles conferring increased plant height. The plant
height for CK60 and P1229828 is about 109 and 262 cm, respectively
(Table 2).

The seed was hand-planted at the Agronomy and Agriculture
Engineering Research Center near Ames, Towa, on May 27, 1992.
Parental F,, and F, seeds were planted in a rectangular uniform
region in the field, with 91 cm between rows. Seedlings were thinned
to 45 cm between plants within rows.

Plant height was recorded at anthesis. Height of the main stem
was measured in centimeters to the nearest 1 cm from the soil leve] to
the tip of the panicle. Also, at anthesis we recorded the number of
tillers per plant, leaf length and width, stalk circumference, and
anthesis. After harvesting, we recorded panicle length and width,
number of primary branches per panicle, peduncle diameter, and seed
weight. Traits other than plant height will be presented in a related
manuscript.

RFLP assays and linkage map

Leaf samples were harvested from each plant about 2 weeks before
flowering, freeze-dried, ground, and stored at —20°C in a freezer.
Tissue was used for RFLP characterization and linkage map con-
struction as previously described (Pereira et al. 1994). Genomic DNA
isolation, digestion, Southern transfer, clone labeling, and filter hy-
bridizations were conducted as described in Veldboom et al. (1994).
Separate digests were performed using restriction enzymes EcoRI and
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HindIIl. Clones identifying polymorphism between parents were
hybridized against filters containing DNA from the segregating
sorghum population digested with the appropriate enzyme.
Autoradiograms were scored independently twice. Filters contained
DNA from CK60 (score A), P1229828 (score B), F; (score H), and F,
plants.

Six sorghum genomic probes, 34 maize genomic probes, and 66
maize cDNA probes were used to detect 111 RFLP loci (Pereira et al.
1994). Goodness-of-fit to a 1:2:1 ratio of genotypic classes for loci
with codominant alleles and to a 3:1 ratio for loci with dominant
alleles was determined by means of Chi-square analysis performed by
a program written with PC-SAS (K. Lamkey, personal communica-
tion). Linkage analysis was accomplished with MAPMAKER/EXP
version 3.0 (Lander et al. 1987) as previously described (Pereira et al.
1994). Linkage groups were declared with a minimum LOD score of
3.0 and maximum distance of 30% recombination. The Haldane
function was used to estimate the genetic distance in centiMorgans
(cM) between adjacent RFLP loci.

Data analysis
Phenotypic data

Plant height values approximated a normal distribution (W= 0.96;
Shapiro and Wilk 1965) but were skewed slightly toward tall plants
(Fig. 1). The skewness is expected because tall genotypes are partially
or completely dominant in sorghum (Quinby and Karper 1954;
Hadley 1957). Because data transformations, i.e., arc sin and log;,,
failed to completely normalize the distribution and may be inappli-
cable to this situation, untransformed data were used in the analysis.
The slight deviation from normality should not cause significant bias
in QTL identification (Knott and Haley 1992).

QTL identification

Interval mapping (Lander and Botstein 1989) and single factor
analysis of variance (SFAOV; Edwards et al. 1987) were used in the
present investigation. SFAOV was performed using SAS (SAS 1988).
Interval mapping was conducted with MAPMAKER/QTL 1.1
(Paterson et al. 1988). The unconstrained model (Lincoln and Lander
1990) was used. The “sequence” and “scan” commands were used to
scan the genome to detect individual QTL. The “sequence” and
“map” commands were used to determine the total phenotypic
variation of plant height accounted for by a multiple QTL model that
included all significant QTL.

Fig. 1. Histogram of plant height (PH) for 152 F, plants of a
CK60 x PI1229828 population. W is the Shapiro-Wilk test of normal-
ity. The arrows indicate the phenotypic means
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When more than one peak occurred within a linkage group,
the presence of additional (linked) QTL was assessed. The peak with
the largest LOD was “fixed” (Lander and Botstein 1989), and the
genome was rescanned to compute the QTL likelihood plot showing
the LOD score for a two-QTL model. If the LOD for the combined
model was significantly higher (according to the significance thresh-
old) than for one QTL, the presence of two QTL is likely (Paterson
et al. 1991a).

There were 101 intervals in this study. An LOD threshold of 2.4
was used to declare the presence of a putative QTL in a given genomic
region. This threshold level corresponds to a test of the presence of a
QTL at the 0.05 level of significance according to the “sparse-map”
case (Lander and Botstein 1989).

Log-likelihood plots were constructed for the entire length of
linkage groups A, B, E, and H [where interval mapping and single
factor analysis of variance (SFAOV) placed QTL for plant height].
LOD scores at 2.0-cM intervals were calculated and plotted against
map distance for each linkage group. For each QTL, MAPMAKER/
QTL determined the map positions of the boundaries of the 10:1
“confidence interval” surrounding the peak (Paterson et al. 1991).

Gene effects (¢ =additive effect; d =dominance effect) and
percent of phenotypic variation attributable to individual QTL
were estimated at the peaks (maximum likelihood QTL position).
Average level of dominance for QTL was calculated as the ratio
d/a. Gene action was determined according to guidelines presented by
Stuber et al. (1987): additive gene action (A) = 0-0.20; partial domi-
nance (PD)=0.21-0.80; dominance (D)=0.81-1.20; and
overdominance (OD) = > 1.20. The sign of the additive component
of the effect of the B allele (from PI229828) defined the contribut-
ing parent for each QTL: if positive, the allele for increased
plant height came from PI229828; if negative, the allele came from
CK60.

SFAOV was used for each pair-wise combination of quantitative
trait (plant height) and RFLP locus in linkage groups A, B, E and H,
(Edwardset al. 1987). F-tests at 0.001, 0.01, or 0.05 level of significance
determined if significant variation in trait expression was associated
with differences among the three genotypic classes, AA, AB,and BB at
each locus. The reduction of type-1 error (false positives) increases the
probability of type-2 errors (rejecting a true association between a
marker and a QTL). Thus, the probability level of 0.05 has commonly
been used (Dudley 1993).

Two-factor analysis of variance (Edwards et al. 1987) was used to
test for possible digenic epistasis among the four putative QTL (in
linkage groups A, B, E, and H) identified by interval mapping. The
analysis was performed by using SAS’s GLM procedure, considering
a factorial arrangement of the four QTL and the three marker
genotypes (Fatokun et al. 1992). )

Table 1 Location and effects of QTL affecting plant height

Results
Allele segregation and linkage map

Linkage groups, locus order, and relative genetic dis-
tance were congruent with a previous report (Pereira
ct al. 1994). Ten linkage groups were identified by 111
loci, covering a total of 1299 ¢M, with an average inter-
val of 12.9 cM between adjacent loci (Fig. 2). Ratios of
genotypic classes at 16 loci deviated from expectations,
indicating deficiency of the homozygous CK60 class. Of
the loci with deviant ratios, 10 were placed consecutively
in linkage groups A (6 loci) and B (4 loci). At all 10 loci, a
greater frequency of P1229828 alleles was observed. The
average allelic ratio (CK60:P1229828) was 0.43:0.53
and 0.37:0.63 in linkage groups A and B, respectively.

QTL identification

Interval mapping and single-factor analysis of variance
identified four unlinked genomic regions in linkage
groups A, B, E, and H with significant effects on plant
height (Table 1; Fig. 3). Each of these regions accounted
for 9.2-28.7% of the total phenotypic variation. The
multiple QTL model indicated that these QTL, collec-
tively, accounted for 63.4% of the total variation for
plant height. When the genome was rescanned, addi-
tional significant genomic regions were not identified.
This suggests that the two small peaks in linkage group
A (Fig. 3) are associated with the main peak instead of
representing additional QTL.

The QTL displayed unequal gene effects. Additive
effects ranged from 15 (linkage groups B) to 32cm
(linkage group A). Genotypic class averages (Table 2)
illustrates the magnitude and effects of the four QTL.
Differences among homozygous genotypes (CK60/

Linkage Interval® R? LOD® Gene effects® dfa Gene Dir¢
group action
Additive Dominance
cm

A ISU123 29% 8.4 325 331 1.02 D PI
ISU116

B ISU155 9% 2.7 15.0 237 1.57 OD PI
UMC71

E I1SU140 20% 5.6 20.1 252 1.25 OD PI
PIO100016

H ISU032B 12% 38 213 —10.9 —0.51 PD PI
ISU156

Multiple QTL model 63% 25.6

2 Flanking markers of the most likely QTL position

b LOD threshold = 2.4

¢ Additive effects are associated with the allele from P1229828. Thus, a
negative value means that the P1229828 allele decreases the value of
the trait

4 Direction of response is the parent whose additive value of a marker
allele increased the value of the trait
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Fig. 2 RFLP linkage map of Sorghum bicolor L. Moench population
CK 60 x P1229828. Loci (111) were distributed to ten linkage groups
(A — J). The numbers to the right of each linkage group represent the
map distance in ¢M (Haldane). Loci identified by open boxes dis-
played distorted ratios

CK60 versus P1229828/P1229828) ranged from 30cm
for QTL in linkage group B to 65 cm for QTL in linkage
group A. The dominant effects ranged from 11 cm for
QTL in linkage group H to 33cm for QTL in linkage
group A.

Each QTL exhibited specific gene action. In each
region, P1229828 alleles resulted in increased plant
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height. Alleles from P1229828 were dominant or over-
dominant, except in linkage group H where the CK60
allele was partially dominant. At that region, hetero-
zygotes had an average plant height closer to that of
homozygous CK60 genotypes than homozygous
P1229828 genotypes. Gene action indicated by the
multiple QTL model was partially dominant (d/a =
0.66) toward increased plant height.

In agreement with interval mapping, SFAOV identi-
fied the same four unlinked genomic regions in linkage
groups A, B, E, and H with significant effects on plant
height (Fig. 3). Three genomic regions (linkage groups
A, E, and H) were significant at the 0.001 probability
level, and one (linkage group B) was significant at the
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Fig. 3 Log-likelihood plots of linkage groups A, B, E, and H for plant
height. Vertical axes represent LOD score. *, **, *** indicate signifi-
cance at 0.05, 0.01, and 0.001 levels respectively, for SFAOV

Table 2 Class averages of QTL affecting plant height

Linkage Interval® CK/CK CK/PI PI/PI
group (uAA)P (uABy¥  (uBB)?
cm

A ISU123 —ISU116 201 +35° 266 266

B ISU155—-UMC71 226 + 39 265 256

E ISUI40 — PI0100016 224 +37 299 264

H ISU032B—ISU156 244 + 39 254 286
CK60 = 109cm PI1229828 = 262 cm F,=232cm

2 Flanking markers of the most likely QTL position

® Trait mean for a homozygous CK60 with no effect of that QTL
°Trait mean for a heterozygous genotype (CK60/PI1229828). Cal-
culated as uAA + a (additive effect) +d (dominance effect)

¢ Trait mean for a homozygous P1229828. Calculated as uAA + 2a
° Standard deviation associated with the estimated mean of that
interval
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0.01 probability level. In linkage group A, interval
mapping placed the most likely QTL position (likeli-
hood peak) closer to ISU116. In concordance, SFAOV
indicated ISUI116 had the strongest association
(P <0.001) with plant height in that linkage group.
Similar relationships can be observed for the other
three linkage groups containing plant height QTL:
SFAOV indicated that flanking markers for each
most likely QTL position identified by interval mapping
are significantly associated with variation in plant
height.

Digenic epistasis was identified between regions in
linkage groups A and E, represented by loci ISU116
and ISUI40, respectively (Table3). As illustrated
in Table 3, the gene effects of one QTL are dependent
on the allelic constitution at the other locus. The
presence of a P1229828 allele at QTL of linkage group
E is associated with a reduction in the gene effects
of the QTL of linkage group A (from 54 to 7cm of
additive effect). Also, the presence of the P1229828 allele
at QTL of linkage group A reduces the estimated gene
effects of the QTL of linkage group E (from 60 to 13 cm
of additive effect). The other five possible digenic
interactions involving QTL for plant height were not
significant.



Table 3 Digenic interaction between QTL from linkage groups A
(ISU116) and E (ISU140)

Genotype Genetic Genotype Genetic
at effects at effects
ISU140 ISU116 ISU116 ISU140

a® d® a® d°
CK60/CK60 54 66 CK60/CK60 60 10
CK60/PI¢ 40 28 CK60/PI 16 3
PI/PI 7 25 PI/PI 13 29

2 Additive effect in centimeters
® Dominance effect in centimeters
° PI229828

Discussion
Linkage mapping

Linkage groups, locus order, and relative genetic
distance were in good agreement with those presented
in a previous report (Pereira etal. 1994). However,
ratios of genotypic classes at a higher proportion of
loci (5% versus 16%) deviated from expectations.
Previously, loci with deviant ratios were predominantly
at one region of linkage group B. In the present investi-
gation, the loci with deviant ratios were placed not only
at that region, but also at another region in linkage
group A. The same population was used in both studies,
but F, plants were grown in different environments
(greenhouse versus field). Also, seed of the F, generation
was produced in different environments (field in Man-
hattan, Kansas, 1990 for the previous study and in the
greenhouse, Ames, lowa, 1991 for this study). Perhaps
biotic or abiotic stress encountered in the field environ-
ment affected germination of the homozygous CK60
genotypes and caused deviant ratios at loci in linkage
group A. At all loci with deviant ratios in linkage
group A, alleles contributed by PI229828 were re-
covered at a greater frequency than expected. Segrega-
tion distortion of this magnitude or greater has been
observed in other studies involving interspecific crosses
of tomato (Paterson et al. 1991b; de Vicente and Tank-
sley 1993), and maize (Doebley and Stec 1993), and
intraspecific crosses of maize (Edwards et al. 1987). Loci
with deviant ratios should not affect QTL identification,
but would have a minor effect on estimates of the
variance due to additive and dominance effects (Ed-
wards et al. 1987).

Genetic effects

The genomic regions controlling plant height were asso-
ciated with relatively large effects: one QTL (linkage
group A) accounted for almost 29% of the phenotypic
variation, while the smallest amount of variation ac-
counted for by a single QTL was 9.2%. The magnitude
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of effects differed among QTL. These results agree with
those in a previous report of unequal effects for plant
height genes in sorghum (Hadley 1957). The high pro-
portion of variation accounted by the multiple model
(63.4%) agrees with previous heritability estimates
(progeny mean basis) of plant height in sorghum
(Vasudeva-Rao and Goud 1977; Kukadia et al. 1983;
Patel et al. 1983; Kumar and Singhania 1984; Knapp
et al. 1987; Wenzel 1990).

Interval mapping and SFAOV methods were con-
gruent in the identification of genomic regions control-
ling plant height (Fig. 3). For each QTL identified by
interval mapping, SFAOV indicated that the flanking
markers of the most likely QTL position were signifi-
cantly associated with plant height. Such correspon-
dence between the two methods concurs with simulation
studies (Darvasi et al. 1993) and empirical observations
(Stuber et al. 1992).

Gene action

PI1229828 contributed alleles that increased main effects
for plant height at all QTL. The multiple model ex-
hibited partial dominance, which is in agreement with
results from previous studies (Quinby and Karper 1954;
Hadley 1957; Vasudeva-Rao and Goud 1977). Gene
action varied among individual QTL. In linkage group
H, the allele with dominant effects was derived from
CK60, and it reduced plant height. For the other QTL,
tallness was dominant or overdominant and conferred
by alleles from PI229828. Quinby and Karper (1954)
found partial dominance for plant height. However,
some variation in the degree of dominance was at-
tributed to modifiers specific to the genetic background
of the population.

The multiple QTL model indicated a lack of interac-
tion among QTL. The LOD score (25.55) and the total
phenotypic variation (63.4%) were equivalent to the
summation of these parameters from individual QTL.
The lack of interaction was also reported by Hadley
(1957), who suggested that nonallelic interactions, if
present, were either balanced or too small to be detected.
In another investigation (Quinby and Karper 1954),
epistasis was not directly identified, but in strains of very
short stature the effect of a dwarfing allele ranged from
10 to 100 cm. The identification of interaction between

‘QTL in linkage groups A and E by the analysis of

variance in the present study is in agreement with such
variation of effects of the dwarfing alleles previously
reported (Quinby and Karper 1954). The additive effect
of the P1229828 allele ranged from 7 to 54 cm and from
13 to 60cmin QTL linkage groups A and E, respectively.

Relating quantitative and qualitative inheritance

The four QTL detected in the current investigation may
correspond to loci identified by alleles with qualitative
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effects (Dwl, Dw2, Dw3, and Dw4). The genotype for
PI229828 is unknown, although the phenotype suggests
that it does not contain dwarfing alleles at the known
Dwloci. Also, the locations of the Dw loci in the sorghum
genome are not established. As a result, direct compari-
sons between QTL and Dw loci (loci with major effects
on plant height), as in maize (Beavis et al. 1991), are
limited. However, putative pleiotropic effects of the Dw
loci (Karper 1932; Quinby and Karper 1954; Casady
1965; Graham and Lessman 1966; Shertz 1973), and
linkages involving QTL for plant height and other
morphological traits (Pereira et al.,, in prep.) provide
some basis for relating the plant height QTL reported
herein and the Dw loci.

In the present study, the plant height QTL are usually
associated with QTL for other morphological traits.
Briefly, in linkage group A, there are QTL for tiller
number, stem diameter, panicle dimensions, and num-
ber of seed-branches closely linked to or at the plant
height QTL. In linkage group E, the plant height QTL is
not linked to any other QTL. In linkage group H, QTL
for maturity (anthesis), leaf length and width, and
panicle dimensions have been placed at the same region
as the QTL for plant height.

Pleiotropic effects of the Dw loci have been reported.
The Dw3 locus has pleiotropic effects on yield compo-
nents (number of seeds per panicle and seed weight),
tiller number, and panicle length (Casady 1965;
Schertz 1973). Thus, Dw3 may correspond to the QTL
in linkage group A. The Dw2 locus has pleiotropic
effects on leafl area, panicle length, and seed weight,
but not on tiller number (Graham and Lessman 1966).
Therefore, Dw2 may correspond to the plant height
QTL of linkage group H. Pleiotropic effects (Karper
1932; Quinby and Karper 1954) at Dw4 have not been
reported. Thus, Dw4 may correspond to the QTL in
linkage group E.

According to the reported (CK60) and assumed
(PI229828) parental genotypes, 3 Dw loci (Dwl, Dw3,
and Dw4) are possibly segregating in the present popula-
tion; however, four QTL were identified. One explana-
tion would be that the Dw2 locus is also segregating;
and, as alleles from PI1229828 increased the main effect,
the PI229828 allele should be different from Dw2 (of
CK60; Quinby and Karper 1954) and from dw2 (confer-
ring a dwarf recessive phenotype). An allelic series at the
4 height loci may well exist (Quinby 1975). Another
possible explanation should be the presence of another
locus controlling plant height in the current population,
but not yet reported in sorghum.

QTL in sorghum and maize

Maize and sorghum share a high level of homology and
synteny. Thus, regions of the sorghum genome asso-
ciated with plant height may be directly compared with
regions of the maize genome also related to this trait
(Fig. 4).

RFLP loci of linkage group A associated with plant
height exhibit collinearity to a genomic region of the
long arm of the maize chromosome 1. QTL for plant
height in maize have been reported in the same region of
the long arm of the chromosome 1 (Beavis et al. 1991;
Edwards etal. 1992; Veldboom etal. 1994). The
genomic region identified by Beavis et al. (1991) and
Veldboom et al. (1994) includes some of loci that define
the region in sorghum (Fig.4). For example, locus
ISU116 is included by the QTL confidence interval in
both instances. Two genetic loci defined by alleles with
highly qualitative effects (br1 and anl) are located within
the same region in the maize genome (Beavis et al. 1991).
The mutant phenotype of anl is an andromoneocius,
gibberellin-responsive dwar{ with short, broad leaves
and few tassel branches (Neuffer et al. 1968; Emerson
and Emerson 1922). Sorghum QTL in that region (link-
age group A) have significant effects on the number of
primary branches per panicle in the sorghum plant. The
region of sorghum linkage group H controlling plant
height may correspond to a region of the short arm of
maize chromosome 9. The corresponding regions share
6 RFLP loci, 3 in conserved and 3 in inverted order. This
sorghum QTL may be related to a maize QTL reported
by Beavis et al. (1991). The d3 locus is located in the
same region in the maize genome (Beavis et al. 1991).
The d3 mutant is also characterized by thick, broad
leaves and a compact tassel (Neuffer et al. 1968; De-
merec 1926). The sorghum QTL in that region (linkage
group H) affects leaf and panicle dimensions in sorghum.
For the QTL identified in sorghum linkage group E, 1 of
the loci flanking the most likely QTL position is
PI0100016. That probe also detects a locus mapped to
the long arm of maize chromosome 6. Edwards et al.
(1992) and Veldboom et al. (1994) identified QTL affect-
ing plant height in that region. The confidence interval
of the region reported by Veldboom et al. (1994) in-
cludes locus PI0100016. Maize locus pyl is placed to
the same region in the maize genome (Veldboom et al.
1994). The pyl mutant has a pleiotropic effect on the
length of the maize leaves (Neuffer et al. 1968; Suttle
1924; cited by Maize New 1993). However, the sorghum
QTL in that region (linkage group E) does not affect any
trait besides plant height in this population.

Marker-assisted selection and introgression of
exotic germ plasm

The current investigation identified genomic regions
that individually and cumulatively accounted for signifi-
cant portions of the toal phenotypic variation for plant
height in sorghum. The utility of RFLP maps for a plant
breeding program depends, in part, on the identification
of RFLP markers that are closely linked to desirable
genes. For each QTL reported here, there is an RFLP
marker, within approximately 10 cM of desirable genes.
Sorghum is originally a tropical species and unadapted
to machine harvesting for grain. To grow this crop for



Fig. 4A-C Conserved regions
of maize and sorghum genome
having the same RFLP markers
(joined by broken lines). Numbers
and letters in parentheses

Maize(1)
Short arm
ISU152

387

Sorghum(A) Maize(9) Sorghum(H)

Short arm
PIO 10005

1SU152 BNL3.06

indicate maize chromosome 1ISU074
numbers and sorghum linkage
groups, respectively. The shaded
areas are the confidenceintervals
(1.0 log unit as indicated by
Mapmaker-QTL program) for
plant height QTL. In A and

B, the maize QTL were identified
by Beavis et al. (1991), and in

C, the maize QTL was identified
by Veldboom et al. (1994). br1,
anl, d3, and pyl are maize

plant height genes with
qualitative alleles approximately
located in that position of the
maize genome (Maize Newsl
1992). dw2, dw3, and dw4 are
sorghum plant height loci with
qualitative alleles possibly
corresponding to sorghum
plant height QTL. Positions

of the dw loci are hypothetical

BNL5.59
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UMC33
NPI1236

UMC37

Long arm

BNL35.47
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I1SU136

ISU136
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BNL3.06 ISUO32B
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ISU110

ISU123

UMC33 I1SU088

Long arm UMCl114

Sorghum(E) 1SU110

Short arm

P10200714

S

/

Y

PIO10016
Pyl

110 cM

1SU140

Long arm

grain in latitudes of temperate regions, some adaptation
is necessary. Important traits for adaptation are photo-
period sensitivity (maturity genes) and machine har-
vestability (plant height genes). The U.S. Sorghum Con-
version Program (Miller 1982; Duncan et al. 1991) uti-
lizes a backcrossing scheme in which genes at up to 8 loci
(4 for plant height and 4 for maturity) are introgressed
from the temperate, domestic parent to the exotic, recur-
rent parent. Identification of four QTL for plant height,
possibly corresponding to the 4 Dw loci, may be very
useful in accelerating the process of germ plasm intro-
gression via a marker-assisted backcross scheme. For
example, in the present study 1 F, plant has a phenotype
closely resembling CK60 for plant height (127 cm) but
contains a high proportion of the PI1229828 genotype.
The ratio CK60/PI229828, in terms of percent-
age of homozygous loci, is 0.5 for genomic regions
unlinked to the four plant height QTL (twice as many
homozygous PI1229828 loci as homozygous CK 60 loci)
and 1.1 for the total genome. In another F, plant
with a phenotype closely resembling that of CK60 for
plant height (110cm), the ratios were 1.6 and 2.8 for
the unlinked and the total genome, respectively. As
the objective of the Sorghum Conversion Program
is to introgress as many genes as possible from the
exotic, unadapted parent while maintaining the desired
plant stature and maturity, knowledge of the genotype
(RFLP loci) of the segregating progeny could facili-
tate the selection of appropriate individuals to be
backcrossed.
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