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A b s t r a c t  Water stress is one of the major constraints to 
the grain yield of sorghum in tropical and sub-tropical ar- 
eas of the world. Osmotic adjustment has been widely pro- 
posed as a plant attribute that confers adaptation to water 
stress. The inheritance of osmotic adjustment to water 
stress was investigated in a series of generations derived 
from the three possible bi-parental crosses between two in- 
bred sorghum lines with a high capacity for osmotic ad- 
justment (Tx2813 and TAM422; high-OA lines) and one 
with a low capacity (QL27; low-OA line). Broad-sense he- 
ritability on a single-plant basis was generally found to be 
high. Analysis of segregation ratios by the mixture method 
of clustering identified two independent major genes for 
high osmotic adjustment. The line Tx2813 possessed a re- 
cessive gene which is given the symbol oal; the line 
TAM422 possessed an additive gene which is given the 
symbol OA2. There was some evidence that there may be 
other minor genes which influence the expression of os- 
motic adjustment in these crosses as two putative trans- 
gressive segregants, with higher osmotic adjustment than 
the parents, were identified from the cross between Tx2813 
and TAM422. Populations of recombinant inbred lines 
were developed and characterised for osmotic adjustment 
for two of the crosses (QL27 • TAM422, low-OA x high- 
OA; Tx2813 x TAM422, high-oal x high-OA2). These 
will be used to conduct experiments which test hypothe- 
ses about the contribution of the high-osmotic-adjustment 
genes to the grain yield of sorghum under a range of wa- 
ter-stress conditions. 

Communicated by G. Wenzel 

J. Basnayake. M. Cooper ([]). R J. Snell 
Department of Agriculture, The University of Queensland, 
Brisbane, Queensland 4072, Australia 

M. M. Ludlow 
Division of Tropical Crops and Pastures, CSIRO, 
Cunningham Laboratory, St Lucia, Queensland, 4067, Australia 

R. G. Henzell 
Hermitage Research Station, Queensland Department of Primary 
Industries, Warwick, Queensland 4370, Australia 

K e y  w o r d s  Sorghum - Water stress 
Osmotic adjustment �9 Inheritance - Major genes 
Mixture method of clustering 

Introduction 

Water stress is one of the major constraints to the grain 
yield of sorghum in tropical and sub-tropical areas of the 
world. During crop growth, the occurrence of drought leads 
to depletion of soil moisture and decreasing availability of 
water to the plant. Some physiological mechanisms that 
could reduce the deleterious effects induced by water lim- 
itation have been reviewed for grain sorghum by Ludlow 
and Muchow (1990, 1992). They recommended that some 
of these traits should be incorporated as selection criteria 
for plant-breeding programs which target regions prone to 
drought. However, the adoption of these physiological cri- 
teria in breeding programs has been slow. A number of fac- 
tors have contributed to this, including (1) an inadequate 
understanding of the inheritance of these traits, (2) insuf- 
ficient information on the contribution of these traits to 
higher yield over the range of environments encountered 
in the target region, and (3) inability to rapidly and pre- 
cisely screen for appropriate levels of these traits in breed- 
ing populations (Blum 1988). 

Osmotic adjustment to water stress has been identified 
as an important physiological mechanism contributing to 
improved adaptation in a number of crop species grown 
under water-limited conditions (Ackerson et al. 1980; Mor- 
gan 1980; Ludlow and Muchow 1990, 1992). It has been 
claimed that growth and yield under water-limited condi- 
tions can be improved by selecting for lines with higher 
levels of osmotic adjustment in wheat (Morgan 1980), sor- 
ghum (Ludlow and Muchow 1990, 1992), and barley 
(Blum 1989). The contribution of osmotic adjustment to 
higher grain yield in sorghum under water-stress condi- 
tions has been discussed by Ludlow et al. (1990) and San- 
tamaria et al. (1990). While positive contributions of os- 
motic adjustment to grain yield have been reported, Munns 
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(1988) quest ioned the role of osmotic adjustment  in adap- 
tation to water stress. 

Basnayake et al. (1993) reported genotypic variat ion for 
osmotic adjustment  among sorghum lines. High levels of 
repeatabil i ty for the discr iminat ion among lines for os- 
motic adjustment  were achieved under  controlled environ-  
mental  conditions.  While  differences among lines have 
been quantified, there is l imited informat ion on the genetic 
control of the variat ion for this trait in sorghum. Tangprem- 
sri et al. (1991) suggested that maternal  effects were im- 
portant in determining osmotic adjustment.  Basnayake et 
al. (1994) identif ied differences in general- and specific- 
combin ing  abili ty among inbred sorghum lines in a diallel 
analysis.  Grumet  and Hanson  (1986) studied the inheri-  
tance of glycinebetaine accumulat ion as an indirect meas- 
ure of osmoregulat ion in barley. They reported that there 
was no signif icant  cytoplasmic effect for glycinebetaine 
accumulat ion and that additive gene effects were the main  
component  of genetic variation. Morgan (1983, 1991) 
showed that variat ion for osmoregulat ion in a cross be- 
tween two wheat lines was controlled by a single recessive 
gene. The chromosomal  location of this gene was identi-  
fied as 7A (Morgan 1991). In contrast, Gal iba  et al. (1992) 
reported that genes determining the expression of osmo- 
regulat ion in wheat may be located on 5A and 5D. 

An unders tanding of the inheri tance of any trait would 
assist its manipula t ion  in a breeding program. In this paper, 
the inheri tance of osmotic adjustment  is characterised in 
segregating generations developed from three grain sor- 
ghum lines specifically selected for high (Tx2813 and 
TAM422) and low (QL27) expression of osmotic adjust- 
ment  from the studies by Basnayake et al. (1993, 1994). 
Genetic  models for the inheri tance of osmotic adjustment  
were investigated in the P~, P2, F~, F 2, BCP1, and BCP 2 
generations derived from the crosses. In the cross between 
QL27 and TAM422 the F 3 and selfed progeny of the BCP~ 
and BCP 2 generations was also examined.  Recombinan t  
inbred populat ions (F2:5) from two of these crosses 
(QL27 x TAM422 and Tx2813 x TAM422) were devel- 
oped to test the genetic models proposed for these crosses. 

Materials and methods 

Genetic material and development of populations 

Three genetic populations were developed as a series of generations 
derived from the biparental crosses between two parents with high 
(Tx2813 and TAM422; high-OA lines) and one parent with low 
(QL27; low-OA line) capacity for osmotic adjustment to water stress 
(Basnayake et al. 1993). It was hypothesised that the inbred lines 
Tx2813 and TAM422 may possess different genes for high osmotic 
adjustment as they contrasted for combining ability for osmotic ad- 
justment in a half-diallel analysis (Basnayake et al. 1994). 

The F 2 population was developed by selfing the F 1 generation in 
controlled pollination rooms. The backcross (BC) generations were 
made by hand emasculation of each parent and pollination of these 
by their respective F 1 progeny. For the cross QL27 x TAM422, the 
F 3 and self of the backcross generations (BCS) were produced 
by bagging one F 2 and BC head, respectively, for each cross. 
For the two crosses QL27 • TAM422 (low-OA • high-OA) and 
Tx2813 • TAM422 (high-OA • high-OA), single-seed descent 

(SSD) was used to derive recombinant inbred lines (RILs) in the F 5 
generation from a random sample of 50 individuals in the F 2 gener- 
ation (F2:5 RILs). These were grown in separate pots and their heads 
were bagged before anthesis. Two seeds were taken from each F 2 
plant to produce two lines of descent. Therefore, 100 F2:5 RILs were 
examined for both crosses. 

CuItural conditions and experimental design 

The populations were screened for maximum osmotic adjustment to 
water stress under constant conditions in the controlled environment 
(CE) facility at the CSIRO Cunningham Laboratory, St. Lucia, 
Queensland. The environmental conditions provided were: 500 gmol 
m -2 s I photo-irradiance, 14 h photoperiod, 27~ and 25~ day and 
night temperature, respectively, and 60-65% and 90-95% day and 
night relative humidity, respectively (Basnayake et al. 1993). 

Plants were grown in plastic-lined, PVC cylinders (0.25-m diam- 
eter and 1-m height), each containing 50 kg of air-dried soil. The 
field capacity of the soil was 19% and the soil pH was 6.5-7.0. Ad- 
equate amounts of N, P, K and other micronutrients were applied 
3 days before planting and at 21 days after planting to ensure that 
nutrient supply did not limit growth. In all experiments, pots were 
kept well-watered until 21 days after sowing, when the soil water 
content was raised to field capacity. At this point, the first measure- 
ments of leaf water status were made on the unstressed plants. Grad- 
ual water stress was then imposed by withholding water until the 
plants were severely stressed (approximately 38-55 days after with- 
holding water). 

For the evaluation of the P1, P2, F1 generations, ten plants from 
each were tested, while 30 plants were tested from the F 2, F3, BCPI, 
BCP 2 and selfed backcross (BCP 1 S, BCP2S) generations. The capac- 
ity of the controlled environment room restricted the number of plants 
that could be screened at any one time. Therefore, the three popula- 
tions (including P1, P2, F1, F2, BCP1, BCP2 generations from each 
cross) were tested in three consecutive CE experiments. For each 
population, two plants were grown in each pot and the pots were re- 
randomised at weekly intervals throughout the experiment. The two 
RIL populations were tested in consecutive CE experiments. To eval- 
uate each RIL population, a randomised complete block design, with 
two replicates, was used. Two plants derived from the same F 2 line 
were planted in the same pot. The pots were re-randomised within 
replicates at weekly intervals throughout each experiment. Two CE 
rooms were used to test each RIL population. 

While the genetic material was screened in a series of CE experi- 
ments, conditions were controlled to be the same for all experiments. 
Therefore, it was assumed that the relative expression of osmotic ad- 
justment would be consistent across experiments and results could 
be compared between experiments. 

Measurements 

Leaf water potential (~), leaf osmotic potential (re), and relative wa- 
ter content (RWC) were measured three times during the stress cy- 
cle. The first measurements were taken at the commencement of the 
stress cycle and the final measurements were taken when one-third 
of the youngest fully-expanded leaf was necrotic, which approximat- 
ed when 90% of the leaf area had died. The procedures used to take 
the measurements were the same as those used by Basnayake et al. 
(1993). Since the last measurement on osmotic adjustment was tak- 
en just before the plants died, it was considered to be the maximum 
value for each line. 

Generation-means analysis 

The differences among the means of the six generations, PI, P2, F1, 
F 2, BCP 1 and BCP2, for each of the three crosses were analysed by 
the joint scaling test (Cavalli 1952; Rowe and Alexander 1980; Math- 
er and Jinks 1982) to test the fit of the additive dominance model to 
the generation means. The midpoint (m), net additive effect [a] and 
net dominance effect [d] were estimated by weighted least squares 
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and the predicted generation means were compared to the observed 
means using a chi-squared test. Broad-sense heritability (H) on an 
individual plant basis was estimated (Nyquist 1991) from the vari- 
ance components of the F 2, F 1, and parent generations as 

H = 3 (1) 

where, (Y~2, (Y21, (Y~2, and (y~, are the variance components estimat- 
ed for the F 2, P1, Pa and F 1 generations, respectively. Narrow-sense 
heritability (h a) on an individual plant basis was estimated from the 
variance components of the F 2 and backcross generations following 
the procedure described by Warner (1952), 

h2 = 2(y22 - ((~2cp1 + O2cp, ) 
(2) 

where, (y22, 2 2 (~BCPI, (TBCP2 are the variance components for the F 2, 
BCP 1 and BCP2 generations, respectively. 

Segregation ratios 

Segregation ratios within the F 2 and BC generations were investi- 
gated. To test simple genetic models, allocation of individuals to gen- 
otype classes is difficult where discrete classes are not observed. In 
many cases, the choice of the boundaries between classes is subjec- 
tive, resulting in a questionable allocation of individuals to putative 
genotypic classes. A more objective criterion for allocating individ- 
uals to genotypic classes was used in this study. The mixture meth- 
od of clustering (B asford and McLacblan 1985; McLachlan and B as- 
ford 1988) can be applied to a wide range of situations where it is 
desirable to partition individuals into groups, assuming the popula- 
tion comprises a mixture of overlapping normal distributions. This 
is often the case in the study of segregation ratios where quantitative 
data are collected. The mixture method of clustering was used to 
group the individuals in the segregating generations into putative 
genotypic classes. This procedure was used for the F 2, BC, F3, BCS, 
and F2:5 generations. The numbers of individuals allocated to groups 
by the clustering method were tested for their goodness of fit to the 
expected segregation ratios for single- and two-gene models by a chi- 
square test. 

Analysis of recombinant inbred lines (RILs) 

An analysis of variance was performed on the osmotic adjustment 
data for the two available F2:5 populations (QL27 x TAM422 and 
Tx2813 x TAM422). Genetic variance was partitioned into among- 
and within-family components of variance according to the model 
of Hanson and Weber (1960) 

Yijk=m + bk + f,. + (1/J)ij+ eijk, (3) 

where Yijk is the phenotypic observation on line j within family i in 
replicate k; m is the overall mean; fi is the effect of F2-derived fam- 

e ily i, assumed to be distributed as N (0,•f); (1/f)i~ is the effect of line 
2 j within F2-derived family i, assumed to be distributed as N (0,C~l/j); 

b k is the effect of replicate k, assumed to be distributed as N(0,c~); 
and Eij k is the random error effect associated with line j within F 2- 
derived family i and block k, assumed to be distributed as N (0,cry'). 

2 2 Additive [C~(A )] and additive-by-additive [c~ (AA)] components of ge- 
netic variance were estimated from the among-family (c~) and with- 
in-family (G~/f) components of variance as described by Hanson and 
Weber (1960). Heritability on a line-mean basis (b~) in the RIL pop- 
ulations was estimated as 

h~ = C~A) (4) 
2 G~ 

G~A) + (Y(AA) + - -  
Ftr 

where n r is the number of replicates. 

The one- or two-gene models identified from the study of segre- 
gation ratios in the F 2 and BC generations of the crosses 
QL27 x TAM422 and Tx2813 x TAM422 were tested for consisten- 
cy with the segregation ratios identified in their respective F2:5 RIL 
populations. 

Results 

Genera t ion-means  analysis  

There  were s ignif icant  (P< 0.05) d i f ferences  for the ex- 
press ion  of  osmot ic  ad jus tment  among the Pa, P2, F1, F2, 
BCP t and BCP 2 generat ions  der ived  f rom the cross be- 
tween Tx2813 (h igh-OA) and QL27 ( low-OA)  (Table 1). 
The jo in t  scal ing test ind ica ted  that both addi t ive  [a] and 
dominance  [d] genet ic  parameters  were s ignif icant  
(P< 0.01). The magni tudes  of  [a] and [d] were  similar.  The 
net dominance  effect  was negat ive  indica t ing  that high os-  
mot ic  ad jus tment  was inher i ted in a recess ive  manner.  The 
th ree-parameter  mode l  (m, [a], [d]) exp la ined  the differ-  
ences among the genera t ion  means  (;(2=6.27, P=0.10)  sug- 
gest ing there was no epis tas is  inf luencing the di f ferences  
in genera t ion  mean for osmot ic  adjustment .  

There  were  s ignif icant  (P< 0.05) dif ferences  for  the ex- 
press ion  of  osmot ic  ad jus tment  among the six generat ions  
der ived  f rom the cross be tween  QL27 ( low-OA)  and 
TAM422  (h igh-OA) (Table 1). The jo in t  scal ing test indi-  
ca ted that both addi t ive  [a] and dominance  [d] genet ic  pa-  
rameters  were s ignif icant  (P< 0.01). The dominance  effect  
was negat ive;  however ,  its magni tude  was smal l  re la t ive  
to that of  the addi t ive  effect.  Therefore ,  there was some di-  
rect ional  dominance  for osmot ic  ad jus tment  in the 
QL27 • TAM422 cross with a s l ight  t endency  for reces-  
sive express ion  of  high osmot ic  adjustment .  The three-pa-  
rameter  mode l  (m, [a], [d]) exp la ined  the di f ferences  
among the genera t ion  means  ()~2=7.03, P=0.07)  suggest-  
ing that there was no epis tas is  inf luencing the di f ferences  
in genera t ion-mean  osmot ic  adjustment .  

There were  s ignif icant  (P< 0.05) d i f ferences  (Table 1) 
for the express ion  of  osmot ic  ad jus tment  among the six 
generat ions  of  the cross be tween  Tx2813 (h igh-OA) and 
TAM422  (h igh-OA).  The jo in t  scal ing test ind ica ted  that 
both  addi t ive  [a] and dominance  [d] genet ic  parameters  
were  s ignif icant  (P< 0.01). In this cross the dominance  ef- 
fect  was again negat ive  but  was larger  than the addi t ive  ef- 
fect. The th ree-parameter  mode l  (m, [a], [d]) exp la ined  the 
dif ferences  among the genera t ion  means  (Z2=3.16, P=0.38)  
suggest ing there was no epis tas is  inf luencing  the differ-  
ences in genera t ion-mean  osmot ic  adjustment .  

Broad-sense  her i tabi l i ty  on an ind iv idua l  p lant  basis  in 
the F 2 genera t ion  was high for each cross (Table 1). The 
es t imates  of  nar row-sense  her i tabi l i ty  di f fered among the 
crosses.  For  the cross Tx2813 •  nar row-sense  
her i tabi l i ty  was high and for the other two crosses,  
QL27 • TAM422 and Tx2813 • TAM422,  it was in terme-  
diate. The es t imate  of  her i tabi l i ty  on a l ine -mean  basis  
for the F2:5 RIL  popula t ion  der ived  f rom the cross 
QL27 • TAM422 was in termedia te  and that for the cross 
Tx2813 • TAM422 was high. 
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Table 1 Means and standard 
error of the means for parent 
(P), F 1, F 2, F 3, backcross (BC) 
and selfed-backcross (BCS) 
generations, the broad-sense 
heritability (H) and narrow- 
sense heritability (h 2) estimated 
on a line-mean and individual 
plant basis for each cross and 
the genetic parameters and their 
SE for the joint scaling test for 
osmotic adjustment measured 
in the generation means analy- 
sis (GMA) and recombinant 
inbred line (RIL) experiments 

Generations/ Crosses 
genetic parameters 

Tx2813 (P1) QL27 (P2) Tx2813 (P2) 
• • • 

QL27 (P2) TAM422 (P1) TAM422 (P~) 

P1 1.565 _+ 0.019 1.672 +_ 0.014 1.665 + 0.019 
P2 0.762 _+ 0.036 0.789 -+ 0.019 1.600 _+ 0.018 
F 1 0.792 _+ 0.023 1.154 + 0.018 1.242 + 0.015 
F2 0.936 + 0.060 1.120 + 0.059 1.47l _+ 0.046 
BCP 1 1.203 _+ 0.057 1.269 _+ 0.062 1.479 + 0.037 
BCP 2 0.869 _+ 0.034 0.936 _+ 0.037 1.482 + 0.038 
F3 a 1.216 _+ 0.070 a 
BCPI S a 1.558 + 0.053 a 
BCP2S ~ 1.164 -+ 0.069 a 
Heritability (GMA) 

(broad H) 0.933 0.972 0.952 
(narrow h 2) 0.769 0.545 0.651 

F2:5 population mean a 1.129 + 0.037 1.333 _+ 0.030 
F2:5 variance Component 

Within family loYal/t)] a 0.061 _+ 0.018 0.035 _+ 0.012 
Among family[o~f)] a 0.049 _+ 0.021 0.033 _+ 0.013 

O(aA~ a 0.087 --+ 0.071 0.065 --+ 0.046 
fY~AA) ~ a 0.023 + 0.065 0.004 + 0.042 
c~ a 0.053 _+ 0.008 0.043 + 0.006 

Heritability h 2 (RILs) 
Line mean (h 2) a 0.640 0.721 

Genetic Parameters b 
m 1.179"* _ 0.018 1.225"* _+ 0.012 1.637** -+ 0.013 
[a] 0.384** + 0.018 0.442** _+ 0.012 0.032** _ 0.013 
[d] -0.375** _+ 0.030 -0.084** _+ 0.021 -0.388** _+ 0.020 
Z 2 6.273 7.032 3.157 
P 0.099 0.071 0.380 

** Significant at P< 0.01 
a Generation not measured 
b Estimates of genetic parameters m, [a], [d] were based on the P1, P2, F1, F2, BCPI, and BCP 2 gener- 
ations, P is the probability of obtaining the Z2 value by chance 

Segrega t ion  rat ios 

For  the cross be tween  Tx2813 (h igh-OA)  and QL27 ( low- 
OA),  the F 2 f requency dis t r ibut ion was pos i t ive ly  skewed 
and the BCP 1 genera t ion  showed a b imoda l  d is t r ibut ion 
(Fig. 1). Al loca t ion  of  the ind iv idua ls  in the F 2 (Fig. ld )  
and BCP 1 (Fig. l e )  generat ions  into puta t ive  genotyp ic  
classes  using the mixture  method  of  c luster ing p roduced  a 
par t i t ion in the F 2 genera t ion  which  f i t ted a 3:1 segrega-  
t ion ()~2=0.40, P=0.53)  and a par t i t ion  in the BCP 1 gener-  
ation which  f i t ted a 1:1 segregat ion  (Z2=0.13, P=0.72)  (Ta- 
ble  2). The var ia t ion within BCP 2 (Fig. l f )  was s l ight ly  
greater  than that for the P1, P2 and F 1 generat ions  (Fig. la ,  
b, c, respec t ive ly)  but  no ind iv idua ls  with the high osmot ic  
ad jus tment  possessed  by P1 (Fig. la )  were  ident i f ied.  The 
analysis  o f  the segregat ion  rat ios ind ica ted  that there was 
a s ingle gene for the express ion  of  high osmot ic  adjust-  
ment  possessed  by  Tx2813,  which  had a recess ive  expres-  
s ion in the segregat ing  generat ions.  

For  the cross be tween QL27 ( low-OA)  and TAM422 
(h igh-OA),  the F~ f requency dis t r ibut ion showed three dis-  
t inct  genotypic  groups and both the BCP 1 and BCP 2 gen- 
erat ions showed b imoda l  dis t r ibut ions  (Fig. 2). Al loca t ion  
of  the indiv iduals  in the F 2 (Fig. 2d) and BC generat ions  
(Fig. 2e, f) into puta t ive  genotypic  classes  using the mix-  
ture method  of  c luster ing produced  a par t i t ion in the F 2 
which  fi t ted a 1:2:1 segregat ion  (Z2=0.40, P=0.82)  and par-  
t i t ions in the BCP 1 and BCP 2 generat ions  which fi t ted a 
1:1 segregat ion  in both cases (Z2=0.53, P=0.47 and 
Z2=2.13, P=0.14,  respec t ive ly)  (Table 2). This indica ted  
that there was a s ingle gene for the express ion  of  high os-  
mot ic  ad jus tment  possessed  by TAM422,  which  had an ad- 
di t ive express ion  in the segregat ing generat ions.  The F 3 
and BCS genera t ions  showed segregat ing  rat ios of  3:2:3 
and 5:2:1, respec t ive ly  (Fig. 3 and Table 2). These  ob- 
served segregat ion  rat ios were  consis tent  with the expected  
segregat ion  rat ios for a s ingle addi t ive  gene express ion  in 
TAM422.  
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Fig.  l a - f  Frequency distribution of osmotic adjustment in six 
generations derived from the cross Tx2813 x QL27: a Parent 1 
(Tx2813), b Parent 2 (QL27), e F 1 , d F 2, e backcross of F 1 to Tx2813, 
and f backcross of F1 to QL27. D o w n  a r r o w s  (J,) indicate the ap- 
proximate boundaries of different classes 

Maximum osmotic adjustment (MPo) 

Fig. 2 a - f  Frequency distribution of osmotic adjustment in six 
generations derived from the cross QL27 x TAM422: a Parent 1 
(TAM422), b Parent 2 (QL27), e F 1, d F 2, e backcross of F 1 to 
TAM422, and f backcross of F 1 to QL27. D o w n  a r r o w s  ({) indicate 
the approximate boundaries of different classes 

Table 2 Summary statistics for evaluation of the goodness of fit of 
the segregation ratios to one- and two-gene models in the F 2, BCPI, 
BCP 2, F 3, BCP1S and BCP2S generations derived from crosses be- 
tween two lines with high osmotic adjustment (Tx2813 and TAM422) 
and one with low osmotic adjustment (QL27) 

Generations Observed Expected Chi-square 
distribution distribution a values 

Tx2813 x QL27 
F 2 21:9 3:1 0.40, P-- 0.53 ns c 
BCPj 14:16 1:1 0.13, P= 0.72 ns 
BCP2 b b b 

QL27 x TAM422 
F 2 9:14:7 1:2:1 0.40, P= 0.82 ns 
BCP1 17:13 1:1 0.53, P= 0.47 ns 
BCP 2 11:19 1:1 2.13, P= 0.14 ns 
F 3 14:6:10 3:2:3 1.11, P= 0.57 ns 
BCPIS 3:5:22 1:2:5 1.55, P= 0.46 ns 
BCP2S 18:8:4 5:2:1 0.08, P= 0.96 ns 
F2:5 (RIL) 57:39 1:1 3.38, P= 0.07 ns 

Tx2813 • TAM422 
Fz 2:9:19 3:6:7 5.41, P= 0.07 ns 
BCP 1 11:19 1:1 2.13, P= 0.14 ns 
BCP 2 6:7:17 1:1:2 0.60, P= 0.74 ns 
F2: s (RIL) 22:78 1:3 0.13, P= 0.72 ns 

a Expected segregation ratios for different generations based on a sin- 
gle- or two-gene model. Ratios are presented in the orders, low: inter- 
mediate, low: high, intermediate:high or low:intermediate: high 
b For a single recessive gene there is only one phenotypic group ex- 
pected for the BCP 2 generation 
c 2 P is the probability of exceeding the )~ value by chance and ns indi- 

2 cates the Z is non-significant at the 5% probability level 

The  cross  b e t w e e n  T x 2 8 1 3  ( h i g h - O A )  and T A M 4 2 2  
( h i g h - O A )  i n v o l v e d  two  paren ts  wi th  h igh  o s m o t i c  adjus t -  

ment .  T h e  F 2, B C P  1 and B C P  2 f r e q u e n c y  d i s t r ibu t ions  w e r e  
n e g a t i v e l y  s k e w e d  (Fig.  4). A l l o c a t i o n  o f  the i nd iv idua l s  
in the F 2 (Fig.  4d)  and B C  (Fig.  4e, f) gene ra t i ons  in to  pu-  
t a t ive  g e n o t y p i c  c lasses  us ing  the  m i x t u r e  m e t h o d  o f  c lus -  
t e r ing  p r o d u c e d  a pa r t i t ion  in the  F 2 w h i c h  f i t ted  a 3 :6:7  
s e g r e g a t i o n  0{2=5.41, P=0 .07) ,  T h e  par t i t ion  in the B C P  1 
g e n e r a t i o n  f i t t ed  a 1:1 s e g r e g a t i o n  ()r P=0 .14 ) ,  
w h i l e  the B C P  2 f i t t ed  a 1:1:2 s e g r e g a t i o n  ()r 

P = 0 . 7 4 )  (Table  2). T h e s e  o b s e r v e d  s e g r e g a t i o n  ra t ios  w e r e  
cons i s t en t  wi th  the  e x p e c t e d  ra t ios  for  two  i n d e p e n d e n t  
genes  fo r  h igh  o s m o t i c  ad jus tment ,  w i th  a r e c e s s i v e  g e n e  
con t r i bu t ed  by T x 2 8 1 3  and an add i t i ve  g e n e  c o n t r i b u t e d  
by  T A M 4 2 2 .  

R e c o m b i n a n t  i nb red  popu la t i ons  

T h e  ana lys i s  o f  v a r i a n c e  for  the  two  ava i l ab l e  F2:5 R I L  
p o p u l a t i o n s  ( Q L 2 7  x T A M 4 2 2  and T x 2 8 1 3  x T A M 4 2 2 )  
i den t i f i ed  s ign i f i can t  (P<  0 .01)  a m o n g -  and w i t h i n - f a m i l y  
gene t i c  va r i a t ion  fo r  the  two  c rosses  (Table  1). In bo th  
p o p u l a t i o n s  the e s t ima te  o f  add i t ive  v a r i a n c e  a m o n g  the  
R I L s  [O~a)] was  m u c h  la rger  than  that  fo r  a d d i t i v e - b y - a d -  
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Fig. 3a-c Frequency distribution of osmotic adjustment in three 
generations derived from the cross QL27 x TAM422: a F 3 popula- 
tion, b self of backcross of F t to TAM422 (BCP1S), and e self of 
backcross of F 1 to QL27 (BCP2S). D o w n  a r r o w s  (~) indicate the ap- 
proximate boundaries of different classes 

Fig. 4a-f  Frequency distribution of osmotic adjustment in six 
generations derived from the cross Tx2813 x TAM422: a Parent 1 
(TAM422), b Parent 2 (Tx2813), c F l, d F 2, e backcross of F 1 to 
TAM422, and f backcross of F 1 to Tx2813. D o w n  a r r o w s  ($) indi- 
cate the approximate boundaries of different classes 

ditive epistatic variance [(Y~AA)]" In addition, the standard 
error for the additive-by-additive epistatic components of 
variance was larger than the estimate of the component for 
both populations. This suggests it is unlikely that any ad- 
ditive-by-additive epistasis variance was expressed. The 
frequency distributions for osmotic adjustment in the two 
RIL populations were bimodal (Fig. 5). Allocation of the 
lines into putative genotypic classes by the mixture method 
of clustering identified a partition that fitted a 1:1 segre- 
gation ratio for cross QL27 x TAM422 (Fig. 5a) (Z2=3.38, 
P=0.07) (Table 2). While there is an expectation of 6.25% 
heterozygosity in the F 5 generation, the identification of a 
fit to a 1:1 segregation ratio supports the presence of a sin- 
gle major gene for high osmotic adjustment in the 
QL27 x TAM422 cross. For the cross between Tx2813 and 
TAM422 (Fig. 5b), using the truncation point of 1.20 MPa 
between the high and low osmotic adjustment groups iden- 
tified a partition which fitted a 1:3 segregation ratio 
(Z2=0.13, P=0.72) (Table 2). This was the expected segre- 
gation ratio where the recessive (Tx2813) and additive 
(TAM422) genes were combined. However, further anal- 
ysis using the mixture method of clustering identified a 
group comprising of two individuals with higher levels of 

osmotic adjustment than the mean value of the parents 
Tx2813 and TAM422. The pedigree records of these two 
lines identified that they were derived from the same F 2 
plant. This provides preliminary information that, in addi- 
tion to the two major genes identified, there may be minor 
genes segregating in this cross which influence the expres- 
sion of osmotic adjustment. 

Discussion 

Previous genetic analysis (Basnayake et al. 1994) sug- 
gested that the two parents with a capacity for high osmotic 
adjustment (Tx2813 and TAM422) possessed different 
genes controlling high osmotic adjustment. The results of 
the current study confirmed this earlier hypothesis. The 
segregation patterns observed in the generations derived 
from the biparental crosses indicated that TAM422 pos- 
sesses a single additive gene and Tx2813 a single reces- 
sive gene for high osmotic adjustment. 

Analysis of variation among and within the parental, F1, 
F 2, and BC generations derived from the three biparental 
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Fig. 5a, b Frequency distribution of osmotic adjustment in two F2:5 
recombinant inbred populations of crosses QL27 x TAM422 a and 
Tx2813 • TAM422 b. Down arrows ($) indicate the approximate 
boundaries of different classes 

crosses indicated that broad-sense heritability on an indi- 
vidual plant basis was high. Therefore, characterisation of 
the level of osmotic adjustment on an individual plant ba- 
sis was possible with a high degree of confidence. The high 
heritability allowed inspection of frequency distributions 
in segregating generations to test for one- and two-gene 
models. Inspection suggested that the segregation patterns 
resulted from a mixture of overlapping genotypic classes 
due to either one or two genes. The mixture method of clus- 
tering provided an objective procedure for allocating the 
individuals into putative genotypic groups. 

The analysis of the segregation ratios within the F 2, 
BCP t and BCP; generations for the cross between 
Tx2813 x QL27 identified a recessive gene for osmotic ad- 
justment possessed by Tx2813. In the backcross genera- 
tions, the individuals were grouped into two classes and 
the group means of these classes coincided with those of 
either their parents or F 1 generations. A similar analysis of 
the cross between QL27 x TAM422 identified a single 
gene with predominantly additive expression for high os- 
motic adjustment possessed by TAM422. In the F 2 gener- 
ation three genotypic classes, showing a 1:2:1 segregation 
ratio, were identified. The segregation ratios observed for 

the F 3, BC, and BCS generations were consistent with a 
single additive gene for osmotic adjustment in TAM422. 

The recessive gene for high osmotic adjustment pos- 
sessed by Tx2813 is given the symbol oal and the null al- 
lele OA1. The additive gene for high osmotic adjustment 
possessed by TAM422 is given the symbol OA2 and the 
null allele oa2. Using these gene symbols the osmotic ad- 
justment genotypes of Tx2813, TAM422 and QL27 can be 
denoted as oaloaloa2oa2, OAIOAIOA2OA2 and 
OAlOAloa2oa2, respectively. These three genotypes can 
explain the segregation ratios observed for the cross be- 
tween the two parents (Tx2813, TAM422) with high ca- 
pacity for osmotic adjustment. In the segregating genera- 
tions, groups with high, intermediate and low osmotic ad- 
justment were identified. The group with low osmotic ad- 
justment would possess the genotypes OAl_oa2oa2. The 
mean osmotic adjustment of these genotypes was similar 
to that of the low-adjusting parent QL27. The high-os- 
motic-adjustment group resulted from the genotypes 
oaloal_ _ and _ _OA20A2 and this group had a similar 
osmotic adjustment to the high parents Tx2813 and 
TAM422. The intermediate-osmotic-adjustment group re- 
sulted from the genotypes OA1_OA2oa2. The three geno- 
typic classes (low:intermediate:high) were identified in the 
F 2 generation (3:6:7) and in the BCP 2 generation (1:1:2). 
Only the intermediate- and high-osmotic-adjustment 
classes were identified in the B CP 1 generation (1:1). These 
were the expected segregation ratios for two independent 
genes for high osmotic adjustment, where one gene is re- 
cessive and the other additive, when either parent pos- 
sessed only one of the high-osmotic-adjustment genes. 

The segregation ratios for the two available F2:5 RIL 
populations were consistent with the gene models proposed 
from the segregation ratios of the other generations. While 
a small amount of heterozygosity is expected in the F 5 gen- 
eration (6.25 %), the expected and observed segregation ra- 
tio for the cross QL27 •  was 1:1 (low:high) 
which can be explained by the two expected homozygous 
genotypic groups; OAlOAloa2oa2 (low osmotic adjust- 
ment) and OAIOAIOA2OA2 (high osmotic adjustment). 
The expected and observed segregation ratios for the cross 
Tx2813 x TAM422 were both 1:3 (low:high). These two 
groups were the result of accumulating four different ho- 
mozygous genotypes with the genotype OAlOAloa2oa2 
resulting in low osmotic adjustment and the three 
genotypes oaloaloa2oa2, OAIOAIOA2OA2 and 
oaloalOA2OA2 resulting in high osmotic adjustment. 
Analysis of the F2:5 progeny from the cross between the 
two parents with high osmotic adjustment identified two 
lines derived from the same F 2 plant with osmotic adjust- 
ment which was higher than that of both parents. Further 
analysis of these lines is warranted since they may provide 
evidence of additional minor genes influencing the expres- 
sion of osmotic adjustment. 

Now that a set of RIL populations with known geno- 
types for osmotic adjustment have been developed, further 
experiments can be conducted to test hypotheses about the 
contribution of the high-osmotic-adjustment genes to grain 
yield under a wide range of water-stress conditions. 



682 

Acknowledgements The financial support of the Australian Rural 
Industry Research and Development Corporation is acknowledged. 

References 

Ackerson RC, Krieg DR, Sung FJM (t980) Leaf conductance and 
osmoregulation of field-grown sorghum genotypes. Crop Sci 
20:10-14 

B asford KE, McLachlan GJ (1985) The mixture of clustering applied 
to three-way data. J Classification 2:109-125 

Basnayake J, Ludlow MM, Cooper M, Henzell RG (1993) Genotyp- 
ic variation of osmotic adjustment and desiccation tolerance 
in contrasting sorghum inbred lines. Field Crops Res 35:51-62 

Basnayake J, Cooper M, Ludlow MM, Henzell RG (1994) Combin- 
ing ability variation for osmotic adjustment among a selected 
range of grain sorghum (Sorghum bicolor L. Moench) lines. Field 
Crops Res 38:147-155 

Blum A (1988) Plant Breeding for Stress Environments. CRC Press, 
Inc, Boca Raton, Florida, USA 

Blum A (1989) Osmotic adjustment and growth of barley genotypes 
under drought stress. Crop Sci 20:230-233 

Cavalli LL (1952) An analysis of linkage in quantitative inheritance. 
In: Rieve ECR, Waddington CH (eds) Quantitative inheritance. 
HMSO, London, pp 135-144 

Galiba G, Simon-Sarkodi L, Kocsy G, Salgo A, Sutka J (1992) Pos- 
sible chromosomal location of genes determining the osmoregu- 
lation of wheat. Theor Appl Genet 85:415-418 

Grumet R, Hanson AD (1986) Genetic evidence for an osmoregula- 
tory function of glycinebetaine accumulation in barley. Aust J 
Plant Physiol 13:353-364 

Hanson WD, Weber CR (1960) Resolution of genetic variability in 
self-pollinated species with an application to the soybean. Ge- 
netics 46:1425-1434 

Ludlow MM, Muchow RC (1990) A critical evaluation of traits for 
improving crop yield in water-limited environments. Adv Agron 
43:107-153 

Ludlow MM, Muchow RC (1992) Physiology of yield and adapta- 
tion of dryland grain sorghum. In: Foale MA, Henzell RG, Vance 
PV (eds) Proc 2nd Austr Sorghum Conf, Gatton. Australian In- 
stitute of Agricultural Science, Melbourne, Occasional Publica- 
tion No. 68, pp 49-69 

Ludlow MM, S antamaria JM, Fukai S (1990) Contribution of osmot- 
ic adjustment to grain yield of Sorghum bicolor (L) Moench 
under water-limited conditions. II. Post-anthesis water stress. 
Aust J Agric Res 41:67-78 

Mather K, Jinks JL (1982) Biometrical genetics, 3rd edn. Chapman 
and Hall, London 

McLachlan GJ, Basford KE (1988) Mixture models: inference and 
applications to clustering. Statistics: textbooks and monographs, 
vol 84. Marcel Dekker Inc., New York 

Morgan JM (1980) Osmotic adjustment in the spikelet and leaves of 
wheat. J Exp Bot 31:655-665 

Morgan JM (1983) Osmoregulation as a selection criterion for 
drought tolerance in wheat. Aust J Agric Res 34:607-614 

Morgan JM (1991) A gene controlling differences in o smoregulation 
in wheat. Aust J Plant Physiol 18:249-257 

Munns R (1988) Why measure osmotic adjustment? Aust J Plant 
Physiol 15:717-726 

Nyquist WE (1991) Estimation of heritability and prediction of se- 
lection response in plant populations. Crit Rev Plant Sci 10: 
235-322 

S antamaria JM, Ludlow MM, Fukai S (1990) Contribution of osmot- 
ic adjustment to grain yield in Sorghum bicolor (L.) Moench 
under water-limited conditions. I. Water stress before anthesis. 
Aust J Agric Res 41:51-65 

Rowe KE, Alexander WL (1980) Computations for estimating 
the genetic parameters in a joint-scaling test. Crop Sci 20: 
109-110 

Tangpremsri T, Fukai S, Fischer KS, Henzell RG (1991) Genotypic 
variation in osmotic adjustment in grain sorghum. 1. Develop- 
ment of variation in osmotic adjustment under moisture-limited 
conditions. Aust J Agric Res 42:747-757 

Warner JN (1952) A method for estimating heritability. Agron J 
44:427 


