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Abstract Heterosis is an important component of hybrid
yield performance. Identifying high yielding hybrids is
expensive and involves testing large numbers of hybrid
combinations in multi-environment trials. Molecular
marker diversity has been proposed as a more efficient
method of selecting superior combinations. The aim of
this study was to investigate the value of molecular
marker-based distance information to identify high yield-
ing grain sorghum hybrids in Australia. Data from 48 tri-
als were used to produce hybrid performance-estimates
for four traits (yield, height, maturity and stay green) for
162 hybrid combinations derived from 70 inbred parent
lines. Each line was screened with 113 mapped RFLP
markers. The Rogers distances between the parents of
each hybrid were calculated from the marker information
on a genome basis and individually for each of the ten
linkage groups of sorghum. Some of the inbred parents
were related so the hybrids were classified into 75
groups with each group containing individual hybrids
that showed similar patterns of Rogers distances across
linkage groups. Correlations between hybrid-group per-
formance and hybrid-group Rogers distances were calcu-
lated. A significant correlation was observed between
whole genome-based Rogers distance and yield (r =
0.42). This association is too weak to be of value for
identifying superior hybrid combinations. One reason for
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the generally poor association between parental genetic
diversity and yield may be that important QTLs influenc-
ing heterosis are located in particular chromosome re-
gions and not distributed evenly over the genome. Varia-
tion in the sign and magnitude of correlations between
Rogers distance and hybrid-group performance for par-
ticular linkage groups observed in this study support this
hypothesis. The concept of using diversity on individual
linkage groups to predict performance was explored. Us-
ing data from just two linkage groups 38% of the varia-
tion in hybrid performance for grain yield could be ex-
plained. A model combining phenotypic trait data and
parental diversity on particular linkage groups explained
71% of the variation in grain yield and has potential for
use in the selection of heterotic hybrids.

Keywords Sorghum - Genetic diversity - RFLP - QTL -
Heterosis - Stay-green height yield

Introduction

In Australia, hybrid grain sorghum (Sorghum bicolor L.
Moench) is grown predominantly as a rain fed crop in a
wide range of environments from northern New South
Wales to Central Queensland (approximately between
latitudes 22° to 32°S). Australian sorghum breeding pro-
grams use multi-environment trials (METS) in an attempt
to sample a range of the possible types of environments
and select hybrids that show broad adaptation.

Heterosis is an important component of the perfor-
mance of sorghum hybrids. Conventional selection of su-
perior hybrid combinations involves testing of large num-
bers of hybrid combinations in METs, which is expen-
sive. Interest has been shown in methods to reduce the
cost and increase the speed with which superior hybrids
are identified. In other cereals where heterosis is impor-
tant, attempts have been made to use genetic diversity
measures based on molecular or allozyme markers
to identify superior hybrid combinations (Everson and
Schaller 1955; Smith et al. 1990; Zhang et al. 1994, 1995;
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Martin et al. 1995; Lanza et al. 1997). The results of these
studies have been variable but, in general, parental diver-
sity as measured by molecular markers showed higher
correlations with performance when the parents were re-
lated, as opposed to crosses between unrelated parents
(e.g. crosses within heterotic groups of maize as opposed
to crosses between lines from different heterotic groups).
These results are consistent with the theoretical predic-
tions made by Bernardo (1992), Charcosset and Essioux
(1994) and Charcosset et al. (1991). These authors out-
lined a set of conditions that they considered important if
molecular marker diversity was to usefully predict het-
erosis. These conditions included: (1) linkage of a large
proportion of markers to QTLs controlling the trait in
question, (2) gametic phase linkage disequilibrium be-
tween marker alleles and QTL alleles, (3) strong domi-
nance effects, and (4) relatively high trait heritability. The
lack of success in predicting hybrid performance using
genetic distance measures based on genetic markers dis-
tributed across the genome have been attributed to the
failure of experimental populations to satisfy conditions
(1) (Zhang et al. 1994, 1995) and (2) (Frei et al. 1986;
Godshalk et al. 1990; Melchinger et al. 1990a, b).

Sorghum hybrids are produced using a cytoplasmic
male sterility system based on the interaction between
kafir nuclear genes and milo cytoplasm, developed by
Stephens and Holland (1954). Hybrid cultivars are devel-
oped from crosses between male-sterile (A/B) lines in mi-
lo cytoplasm and restorer (R) lines. Heterotic groups are
not as clearly defined in sorghum as in maize. Studies us-
ing molecular markers cluster A/B and R lines separately
(Ahnert et al. 1996); however, the majority of RFLP pat-
terns were common to both groups suggesting that the
A/B and R line groups have not diverged to an extreme
degree (Vierling et al. 1994; Ahnert et al. 1996). Genetic
diversity in elite sorghum lines in the USA is relatively
narrow (Duncan et al. 1991; Poehlman 1987; Ahnert et al.
1996) and the genetic diversity of sorghum in Australia
may be considerably narrower due to selection for genes
for midge resistance through selection, linkage drag and
genetic drift (Jordan et al. 1998). Many Australian sorghum
inbreds share recent common ancestry as a result of selec-
tion for resistance to sorghum midge (Henzell et al. 1986),
leaf disease resistance (Henzell et al. 1982) and Stay
green (non-senescence) (Henzell, personal communica-
tion). Shared ancestry particularly in regions linked to im-
portant traits is likely to result in gametic phase linkage
disequilibrium in both male and female breeding popula-
tions. The pedigree breeding method which is used exclu-
sively by Australian sorghum breeders is likely to main-
tain linkage disequilibrium due to limited opportunities
for crossing over. Hence, the levels of gametic phase link-
age disequilibrium between QTL and marker alleles may
be quite high, fulfilling one of the major criteria necessary
for molecular marker diversity to predict F1 performance.

The paper will dissect the relationship between the
performance of sorghum hybrids and parental genetic di-
versity as measured by RFLP markers with a view to us-
ing the relationship to predict hybrid performance.

Materials and methods

Genetic materials

Seventy sorghum inbred parent lines consisting of 37 male parents
(R lines) and 33 female parents (A/B lines) predominantly from
the Queensland Department of Primary Industry (QDPI) sorghum
breeding program were used in this study. The lines included both
publicly released and experimental germplasm tested during a 14-
year period. Performance data on 137 F1 hybrids generated from
these parents was used for this study. The parent lines were a sam-
ple of the material tested in the program during this period. The
sample was not random in that each of the lines had been tested in
various hybrid combinations and selected over a number of years.
Almost all of the lines had been used for crossing to generate new
breeding material. All parent lines were tested in hybrid combina-
tion in more than one trial and in more than 1 year.

RFLP marker data

Eighty four RFLP markers were chosen to give relatively even
coverage of the ten linkage groups identified by Tao et al. (2000).
The 70 parent lines were then scored with the 113 RFLP markers.
DNA extraction, restriction enzyme digestion, Southern blotting,
DNA probe preparation and labelling, hybridisation and autoradi-
ography were carried out as described by Tao et al. (1996). One of
the following five restriction enzymes, EcoRIl, EcoRV, Hindlll,
Dral and Xbal, was used with each of the RFLP probes. The
probe/enzyme combination was chosen based on the enzymes
found to be polymorphic in the mapping cross of Tao et al. (2000).
The 84 RFLP markers included probes derived from six cereal
species (Tao et al. 2000).

Analysis of RFLP data

Genetic distances between the inbred parents of each hybrid were
estimated using the Rogers distance equation (Rogers 1972):

L Ak 0.5
RD;j =Y {0-5 Y (pikn—pjkn)z] /L,

k=1 n=1

where RD;; is the Rogers distance between inbreds i and j; L is the
total number of RFLP loci compared between inbreds i and j; A is
the number of RFLP alleles at the Kth locus and py,, and pj, are
the frequencies of the nth RFLP allele at the kth RFLP locus in the
inbreds i and j respectively. Since the parent lines used in this
study were homozygous inbred lines, the Rogers distance value
obtained corresponds to the proportion of heterozygous RFLP loci
in each hybrid. Rogers distances were calculated between the par-
ents of each hybrid for the whole set of markers and on an individ-
ual linkage group basis.

Clustering of hybrids

Some of the parents within the male and female parental line
groups were closely related to each other (e.g. lines derived from
the same or a closely related cross). In the breeding program par-
ticular male or female parents were used as testers so in many
cases closely related lines were crossed to the same inbred tester.
Therefore, in a number of instances particular hybrid combina-
tions could have very similar patterns of heterozygosity across
linkage groups. As a result, particular patterns of heterozygosity
across linkage groups were likely to have more representatives
within the sample of hybrids while other combinations would be
under-represented. We were interested in the general relationship
between heterozygosity and hybrid performance, so to avoid po-
tential for bias the 162 hybrids were classified into groups based
on the patterns of heterozygosity across their linkage groups. The



average Rogers distance for each of the ten linkage groups from
the 162 hybrids was used for cluster analysis. The average Rogers
distance data for each linkage group were standardised and clus-
tered using squared Euclidean distances as the dissimilarity mea-
sure and incremental sum of squares as the fusion strategy (Ward
1963; Burr 1968, 1970; Wishart 1969). Using the groups from this
cluster analysis, average Rogers distances and performance for the
traits were calculated for each group of hybrids. In addition, mean,
minimum and maximum Rogers distance were calculated for each
of the ten linkage groups based on the data from the hybrid
groups.

Hybrid performance estimates

The QDPI conducts METSs to test the yield performance of hybrids
produced from crosses between inbred parent lines developed in
the program. Data from 48 of these trials including 15 locations
and 14 years (Henzell, unpublished data) were used to obtain esti-
mates of hybrid performance for 162 F1 sorghum hybrids derived
from the 70 parent lines. Each trial contained only a subset of the
162 hybrids (on average 20). The 162 hybrids consisted exclusive-
ly of hybrids derived from crosses between R lines (male parents)
and A/B lines (female parents). The trials were all replicated using
randomised complete block or alpha designs. Performance data
were for grain yield, maturity, height and stay green (leaf nonse-
nescence). Grain yield was measured on a plot basis. Maturity was
measured as the number of days from planting to 50% anthesis.
Plant height was measured from the ground to the tip of the panic-
le and stay green was a visual rating of the proportion of green
leaf at maturity.

Due to the unbalanced nature of the data set, the residual maxi-
mum-likelihood technique (REML) (Patterson and Thompson
1971) was used to calculate best linear unbiased estimates
(BLUES) of the performance of the hybrid main-effect over the 48
environments for each of the four traits. The BLUEs were calcu-
lated using the computer program ASREML that employs the av-
erage information algorithm (Gilmour et al. 1995). Data were only
available for a subset of 148 hybrids for stay green and 99 hybrids
for height.

The BLUE:S of the hybrid effects for each trait were calculated
for each hybrid using the following linear model:

Vijk :m+h,~+ej+ (he)ij+8ijk7

where y;; is the phenotypic observation k for the trait measured
for hybrid i in environment j(i = 1,..., n;, j = 1,..., n,, k=1,..., n,
where n,, n, and n, are the number of hybrids, environments and
replicates within an environment, respectively); m is a constant
(the grand mean of all observations); h; is the fixed effect of hy-
brid 1, X,;4=0; e, is the effect of environment j, e~N(0, 62,); (he);;
is the effect of/ the interaction of hybrid i witfl environment J,
(he);~N(0, 6%, and &y is the residual variation, &;~N(0, 6%).
The hybrids were assumed to be fixed because they represented a
selected group rather than a random sample. The environments
were assumed to be a random sample of production environments
for sorghum in Australia. Performance estimates for the hybrid
groups from the cluster analysis were calculated by averaging the
BLUE:s of each member of the group.

Statistical analysis

Simple product-moment correlation coefficients were computed
among the trait BLUEs for the hybrid groups and also between
these estimates and the average Rogers distances between the par-
ents of each hybrid group. The correlation coefficients with Rog-
ers distances were computed on a whole genome basis and indi-
vidually for each linkage group. Correlation coefficients were also
calculated between the parental Rogers distances calculated for
each linkage group to determine whether Rogers distances be-
tween parents calculated with markers from one linkage group,
were correlated with the Rogers distances between parents calcu-
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lated using markers from other linkage groups. Finally, correla-
tions were computed between the estimates of hybrid group per-
formance and the Rogers distance between the parents of each hy-
brid group. These correlations were computed for the whole ge-
nome and individually for each linkage group. Stepwise linear re-
gression was used to select sets of independent variables (Rodgers
distances and traits) that were used in regression models to predict
yield. Coefficients of determination (R%) were calculated for the
various models using simple and multiple regression.

Results
Clustering of hybrids

The clustering grouped hybrids that had similar patterns
of heterozygosity across linkage groups. A truncation
level of 75 hybrid groups was chosen where 95% of the
hybrid X Rogers distance (at each linkage group) sums of
squares were retained. The percentage of the interaction
sums of squares retained at a particular truncation level
is equivalent to an R2 value and is a measure of the pro-
portion of the total information which is not lost when
hybrids are grouped together. If each hybrid is consid-
ered as a separate group, 100% of the interaction sum of
squares is retained. The 75 group truncation level was
chosen because the increase in information retained with
increasing numbers of groups began to plateau at this
level. At this truncation level, 24 of the 75 groups con-
sisted of single hybrids, 27 of two hybrids, 14 of three
hybrids, three of four hybrids and seven of five hybrids.
The hybrid groups related strongly to the known pedi-
gree information, with most groups consisting of a single
female or male tester crossed to a group of closely relat-
ed lines.

Genetic distances among parents of hybrid groups

The distribution of Rogers distances for each linkage
group using data from the hybrid groups is presented in
Fig. 1. Distances for each linkage group ranged consider-
ably among the hybrids, in most cases minimum distanc-
es were close to zero and maximum distances varied
from 0.69 to 1 and average genetic distances varied from
0.37 to 0.50.

Correlations among values of parental diversity
at different linkage groups

Correlations were carried out among the parental Rogers
distances calculated for the individual linkage groups in
order to determine the degree of independence of the dis-
tance information calculated for each linkage group (Ta-
ble 1). Of the 45 correlations, nine were statistically sig-
nificant (p < 0.05) and of these eight were positive and
one was negative. Most of the correlations were relative-
ly weak with the strongest correlation between any two
linkage groups occurring between linkage groups B and
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Fig. 1 Box plot showing upper and lower limits of Rogers dis-
tance between parent lines of the 75 hybrid groups for ten linkage
groups considered independently and for all linkage groups con-
sidered simultaneously. The top and bottom of the boxes corre-
spond to the 25th and 75th percentiles

F (r = 0.38). These results indicate that generally most of
the linkage groups provided different information about
Rogers distance among the hybrid groups.

Correlations between traits and genetic distances

Table 2 contains three types of data: (1) linear correla-
tion coefficients between the hybrid group performance
estimates for the four traits; (2) correlation coefficients
between hybrid group heterozygosity estimates and hy-
brid group performance estimates for the four traits; and
(3) the linkage group location of relevant QTLs previ-
ously mapped in sorghum. Height and stay green were
positively correlated with grain yield while maturity was
negatively correlated with yield. A significant positive
correlation was observed between whole genome hetero-
zygosity and yield. Significant positive correlations were
also observed between heterozygosity and yield for five
of the ten linkage groups. Whole genome heterozygosity
was also positively correlated with height. Significant

Table 1 Correlations of

parental Rogers distance among A B C D E F G H I J
individual linkage groups A ]
for 75 hybrid groups B 008 |
C 0.28* 0.05 1
D -0.07 0.27* 0.01 1
E 0.09 0.01 0.10  -0.08 1
F 0.21 0.38***  —0.05 0.02 -0.15 1
G 0.21 0.12 0.14  -0.13 0.32%*%  0.12 1
H 0.34*%+ 0.09 0.14 0.04 -0.25* 0.22 -0.09 1
L I 0.13 -0.03 0.01 0.11 0.25* 0.08 0.06 0.13 1
Significance levels *P < 0.05, 0.11 0.16 -0.01  -0.07  027% 0.1 026% -0.11 003 1

**P < 0.01, #*P < 0.001

Table 2 Correlations between hybrid performance for various traits,
between hybrid performance and parental Rogers distances
and the location of relevant QTLs. The letters T, Z, R, P, N indictae
that QTLs for those traits have been located on those linkage groups
in the following studies T = Tao et al. (2000), Tao YZ unpublished

data, N = Subudhi et al. (2000), Xu et al. (2000), Crasta et al. (1999),
V = Tuinstra et al. (1997), R = Rami et al. (1998), P = Lin et al.
(1995) and Paterson et al. (1995), Z = Pereira and Lee (1995). Super-
scripts indicate the number of QTLs detected if multiple QTLs were
identified on a linkage group by a particular research group

Trait and Grain Maturity Plant Stay

linkage groups yield height green

Maturity —0.28%**

Height 0.47%%* 0.14

Stay green 0.407%* 0.02 0.16

All 0.427%#%* -0.25% 0.47%%%* 0.13

A 0.30%* -0.23% 0.18 TP 0.17 TN2V
B 0.07 -0.09 TP 0.27* TR —0.40%%*%* TNV
C 0.08 -0.09 0.16 TPR 0.12 T

D -0.16 0.08 P 0.17 |4 -0.16

E 0.23* —-0.08 0.19 0.55%#%*

F 0.32%%* 0.07 T 0.29% R -0.08

G 0.57%** -0.21 P 0.31%* P27 0.21 T

H -0.19 0.06 0.07 —-0.26%* N

I 0.09 -0.16 T 0.07 TZ 0.28* T

J 0.47%%%* —0.347%%* 0.31% PRZ 0.24*

Significance levels *P < 0.05, **P < 0.01 ***P < 0.001



Table 3 Coefficients of determination for simple and multiple lin-
ear regression equations predicting hybrid group yield from vari-
ables including genetic diversity measures and various traits. Trait
abreviations SG = stay green, HGT = height, DF = maturity

Independent variable(s) R2%
Markers All markers 18#**
Gand]J 3g*E*
A,F,G,Hand]J S1w**
Traits DF 9*
SG 19k
HGT 23k
SG HGT DF 57#%*
Markers and traits SG, HGT, DF, D 6] ***
SG, HGT, DE, F 60%#*
SG, HGT, DF, G 63 ***
SG, HGT, DF, H 597%#%
SG, HGT, DF, I 6 F#*
SG, HGT, DF, EG.I T1wEE

Significance levels *P < 0.05, **P < 0.01, ***P < 0.001

positive correlations between height and heterozygosity
were observed for five of the ten linkage groups. In con-
trast, the correlations between heterozygosity and matu-
rity were predominantly negative. Significant negative
correlations were observed for whole genome heterozy-
gosity and for heterozygosity on linkage groups A and J.
Whole genome heterozygosity was not correlated with
stay green. However, significant positive correlations be-
tween heterozygosity and stay green were observed for
three of the ten linkage groups and significant negative
correlations were observed for two linkage groups. Con-
siderable variation was apparent in the magnitude of cor-
relations and their direction among linkage groups for
each of the traits. However, most of the correlations were
moderate to weak with the strongest correlation of 0.55
occurring between heterozygosity on linkage group E
and stay green.

Prediction of hybrid performance

The results of the linear regression and stepwise linear
regression are presented in Table 3. Using average genet-
ic diversity as a predictor, 18% of the genetic variation
for grain yield could be explained. However, 51% of the
variation in grain yield could be accounted for by using
variation in heterozygosity on linkage groups A, F, G, H
and J. An R2 of 38% could be obtained by using data
from linkage groups G and J alone. This is compared to a
model with three traits (maturity height and stay green)
which explains 57% of the variation. The best multiple
regression models using five linkage groups, D, F, G, H
and I, significantly improved the R? of the multiple re-
gression model based on the traits alone, with the R? val-
ue increased by between 2 to 6%. The inclusion of aver-
age genetic diversity rather than individual linkage group
did not significantly improve the model. The best model
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combining the three traits and multiple linkage groups
included three linkage groups and this explained 71% of
the variation in yield.

Discussion

Heterosis makes an important contribution to the yield of
hybrid sorghum and as a result sorghum breeders find
that the yield per se of inbred parents is a poor indicator
of hybrid yields (Duvick 1999). Estimates of mid-parent
heterosis for grain yield in sorghum range from 6 to 54%
(Kirby and Atkins 1968; Liang and Walter 1968, 1969;
Wenzel 1988). Generally the advantage of hybrids is in
the order of 30-40% which is less than the figure of ap-
proximately 50% observed in maize (Duvick 1999). Ma-
turity, height and stay green also exhibit heterosis with
estimates of mid-parent heterosis varying from -1 to
—6% for maturity and 5 to 19% for height (Kirby and At-
kins 1968; Liang and Walter 1968; Wenzel 1988). van
Oosterom et al. (1996) observed heterosis of 27% for ab-
solute green leaf area duration which is highly correlated
with stay green.

Plant height, stay green and maturity are all associat-
ed with grain yield in Australian sorghum growing envi-
ronments. The strong correlation (r = 0.47) we observed
between increased plant height and grain yield in this
study is often noted in sorghum (Casady 1965; Graham
and Lessman 1966; Liang et al. 1969; Henzell et al.
1982). The variation in plant height among the geno-
types in this study was not extreme, with all hybrids be-
ing of acceptable height for commercial production. Ma-
turity was negatively correlated (r = —0.28), with the
grain yield, with later maturing hybrids tending to have
lower yields than earlier maturing hybrids. Under condi-
tions where water is not limiting, later maturing geno-
types generally produce higher grain yields. However, in
Australia, post-anthesis drought stress is relatively com-
mon (Chapman et al. 2000) and under these conditions
earlier maturing hybrids are favoured because their water
use is better matched to the available water. Post-anthe-
sis stay green of sorghum is positively correlated with
increased grain yield for environments where water
stress occurs during grain filling (Henzell et al. 1992;
Borrell and Douglas 1996; Borrell et al. 2000b). The
positive correlation between grain yield and stay green
was expected because of the frequency of post-anthesis
water stress in Australian sorghum growing environ-
ments.

Clustering of the hybrids

The decision to cluster the hybrids into groups was based
on our intention to observe the general relationship be-
tween parental diversity and performance among the
germplasm used in this study. The over-representation of
particular patterns of diversity across linkage groups had
the potential to distort this relationship. The hybrid
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groups generated from the clustering procedure related
strongly to the known pedigree information, with most
groups consisting of a single female or male line crossed
to a group of closely related lines. This result gave us
confidence in the clustering procedure. As expected,
some patterns of heterozygosity across linkage groups
were over represented in our sample of hybrids. Some of
the groups contained up to five hybrids, while most
groups contained only one individual. The associations
found with the grouped data were generally similar to
those found using individual hybrids (data not shown).
However, when hybrid groups were used, the magnitude
of the stronger correlations generally increased while the
significance of the weaker associations declined due to
reduced sample size (n = 75 vs n = 162) and reduced
magnitude of the correlations (data not shown).

Correlation between genome wide heterozygosity
and hybrid performance

Average, minimum and maximum Rogers distances be-
tween the parents in this study are considerably lower
than those calculated for the groups of maize hybrids
used by Godshalk et al. (1990) and Melchinger et al.
(1990a, b) but comparable with, though lower than,
those calculated by Lee et al. (1989). The hybrids used
by Lee et al. (1989) were the result of crosses between
maize inbred lines from the same and different heterotic
groups, whereas those hybrids in the former studies in-
volved crosses primarily among inbred lines from differ-
ent heterotic groups. Our results reflect the lower level
of polymorphism in grain sorghum compared with maize
(Tao et al. 1998) and the known shared ancestry of the
male and female breeding populations used in this study
(Jordan et al. 1998; R.G. Henzell, personal communica-
tion).

Yield of the hybrid groups in this study was signifi-
cantly correlated with whole genome parental genetic di-
versity (r = 0.42). The magnitude of this correlation is
comparable to correlations observed in maize studies
that included hybrids produced from crosses among lines
from the same heterotic group (Lee et al.1989; Melchin-
ger et al. 1990b) and considerably greater than the corre-
lations obtained when the experiments involved crosses
primarily among inbreds from different heterotic groups
(Godshalk et al. 1990; Melchinger et al. 1990b; Dudley
et al. 1991).

Plant height was also positively correlated with whole
genome heterozygosity (r = 0.47), while maturity was
negatively correlated (r = —0.25). The sign of the correla-
tion coefficients for these traits is consistent with the di-
rection of heterosis found in other studies. No associa-
tion was apparent between stay green and whole genome
heterozygosity. These results indicate that significant
levels of gametic phase linkage disequilibrium exist be-
tween QTLs and marker alleles within the set of parents
used in this study. However, variation in average hetero-
zygosity explained only 18% of the variation for yield,

which is of limited value for identifying high yielding
hybrid combinations. The phenotypic traits stay green (r
= 0.40) and height (r = 0.47) were as useful for predict-
ing yield as marker diversity.

Correlation between heterozygosity of particular
linkage groups and hybrid performance

In the absence of selection, positive associations might
be expected between parental genetic diversity on differ-
ent chromosomes. Selection for favourable alleles and
their associated linkage blocks on different chromo-
somes has the potential to alter this expectation in unpre-
dictable ways. We found a general lack of strong correla-
tions between the parental Rogers distances on different
linkage groups. This indicated that most of the linkage
groups provided independent sources of information
about genetic diversity among the parents of the hybrid
groups. Polymorphic genes that affect yield are unlikely
to be evenly distributed over the genome, making it like-
ly that the association between heterozygosity and yield
will vary between linkage groups and the evidence from
this study supported this idea.

Correlations between hybrid group heterozygosity
and grain yield showed variation among linkage groups.
Heterozygosity was positively correlated with yield for
five (A, E, F, G and J) of the ten linkage groups. The
correlation coefficients of 0.51 for linkage group G and
0.47 for linkage group J were higher than the correlation
associated with whole genome heterozygosity. Variation
in genetic distance between parent lines for these two
linkage groups can be used to explain 38% of the varia-
tion in F1 yield compared with 18% for whole genome
heterozygosity. Similarly, variations in associations were
observed for the other traits. Height was positively corre-
lated with parental heterozygosity (linkage groups B, F,
G and J). Stay green was significantly correlated with
heterozygosity for linkage groups B, E, H, I and J. The
correlations were positive for linkage groups E, I and J
and negative for linkage groups B and H. In the case of
maturity, heterozygosity was only associated with the
trait for linkage groups A and J.

Association between QTLs identified for particular traits
identified in other studies and linkage groups associated
with those traits in this study

Common RFLP probes were used to align the linkage
groups in the map of Tao et al. (2000) with linkage
groups of sorghum maps used in a number of sorghum
QTL studies (Table 2). All four linkage groups where
height was significantly correlated with heterozygosity
had previously been observed to contain QTLs for plant
height. The genetic control of plant height in sorghum is
complex, with height to the tip of the panicle affected
by internode length (four major genes with modifiers),
the number of internodes (four major genes), peduncle



length and panicle length (Doggett 1988). It is not sur-
prising, therefore that most linkage groups have been
observed to contain genes that affect plant height. Link-
age group J showing a strong association with grain
yield is of particular interest. Pereira and Lee (1995)
and Rami et al. (1998) both presented evidence that this
linkage group contained the dwarfing gene Dw3 that is
known to have a pleiotropic effect on a number of im-
portant characteristics including grain yield (Casady
1965). Our results suggest that this linkage group is
strongly associated with hybrid performance for a num-
ber of traits, including plant height, stay green, maturity
and grain yield.

Neither of the linkage groups that were associated
with maturity were observed to contain QTLs for matu-
rity in other studies. Stay green was significantly corre-
lated with heterozygosity for linkage groups B, E, H, I
and J. Three of the five groups have previously been
shown to contain QTLs for stay green (non-senesence).
Linkage groups E and J have not been shown to contain
stay green QTLs. These correlations may be spurious
associations due to correlations among the linkage
groups (see Table 1.) alternatively they might be driven
by QTLs that are yet to be mapped. All of the stay green
QTLs mapped previously have been derived from the
line B35; at least one different source of stay green de-
rived from the line KS19 exists and appears to have a
different mode of action at the physiological level
(Borrell et al. 2000a). KS19 was used extensively in the
development of the male parents employed in this study.
Three out of five significant correlations were positive,
which is consistent with the general observation of dom-
inance of stay green (non-senescence) over senescence
observed by Walulu et al. (1994) and van Oosterom et
al. (1996).

In general, the data from the QTL studies was of lim-
ited value in identifying linkage groups likely to be asso-
ciated with hybrid performance. This is likely to be due
to a range of factors including the paucity of QTL data
for these traits, the wide crosses used in many of the
mapping populations, the frequency of particular QTLs
segregating in this sample of lines and the size of partic-
ular QTL effects.

The significant negative correlations observed be-
tween stay green and heterozygosity for linkage groups
B and H are of interest. One possible explanation for
these correlations is that these linkage groups contain
genes for stay green with recessive gene action present at
relatively high frequency in this group of sorghum inb-
reds. Recessive gene action has been reported for partic-
ular sources of stay green. (Tenkouano et al. 1993). All
of the linkage groups that showed significant correla-
tions with grain yield also showed significant correla-
tions with one or more of the traits (maturity, plant
height or stay green). Linkage group B contrasts to this
finding. The heterozygosity on this group shows a signif-
icant correlation with both stay green and height but not
with grain yield. In this case heterozygosity on this link-
age group is associated with reduced stay green (unfa-
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vourable for yield) and increased height (favourable for
yield), potentially negating any association between het-
erozygosity and yield.

Implications for identification of high yield
hybrid combinations

Yield of the hybrid groups in this study was significantly
correlated with whole genome heterozygosity, but the
strength of the association is of limited value for identi-
fying high yielding hybrids. Genetic distance between
parents for a combination of specific linkage groups or
regions of linkage groups seems to have promise. Zhang
et al. (1994, 1995) proposed a method whereby heterozy-
gosity at selected markers that were found to be associat-
ed with grain yield was correlated with hybrid perfor-
mance in rice. They found that correlation coefficients
between the selected markers and hybrid performance
were much greater than the correlations between dis-
tance measures based on a larger number of unselected
marker loci. Our results support this type of approach.
Variation in genetic distance of the two most important
linkage groups (G and J) can be used to explain 38% of
the variation in F1 yield compared with 18% for whole
genome heterozygosity. A model combining information
from linkage groups A,F,G,H and J explained 51% of the
variation in hybrid performance. However, most of the
variation in yield appears to be associated with variation
in height (23%), stay green (19%) and maturity (9%).
When combined, the three traits explained 57% of the
variation for yield. The inclusion of markers as well as
trait data improved the prediction of hybrid performance.
Diversity data from the linkage groups D, F, G, H and I
combined individually in a model that included the three
phenotypic traits resulted in a statistically significant im-
provement to the prediction equation. The R? of the mul-
tiple regression based on the traits alone was increased
by 2-6%. A multiple regression equation including the
three traits and linkage groups F, G and I explained 71%
of the variation in performance.

The figure of 71% of the variation in yield suggests
that this information could be used to develop a predic-
tion system for sorghum hybrid performance. Patterns of
parental diversity across linkage groups have the poten-
tial to be exploited in predictions systems. However, the
correlation between grain yield and the traits of stay
green, height and maturity sugest that a more precise
system could be developed. These traits have relatively
high heritabilities and are under predominantly major
gene control making the development of allele-specific
markers for QTLs feasable. Access to allele specific
markers combined with a physiological understanding of
how these traits condition yield should allow a useful
prediction system to be developed.
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