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Abst rac t  This research was undertaken to identify and 
map quantitative trait loci (QTLs) associated with five pa- 
rameters of rice root morphology and to determine if these 
QTLs are located in the same chromosomal regions as 
QTLs associated with drought avoidance/tolerance. Root 
thickness, root:shoot ratio, root dry weight per tiller, deep 
root dry weight per tiller, and maximum root length were 
measured in three replicated experiments (runs) of 203 re- 
combinant inbred lines grown in a greenhouse. The lines 
were from a cross between indica cultivar Co39 and ja- 
ponica cultivar Moroberekan. The 203 RI lines were also 
grown in three replicated field experiments where they 
were drought-stressed at the seedling, early vegetative, and 
late-vegetative growth stage and assigned a visual rating 
based on leaf rolling as to their degree of drought avoid- 
ance/tolerance. The QTL analysis of greenhouse and field 
data was done using single-marker analysis (ANOVA) and 
interval analysis (Mapmaker QTL). Most QTLs that were 
identified were associated with root thickness, root/shoot 
ratio, and root dry weight per tiller, and only a few with 
deep root weight. None were reliably associated with max- 
imum root depth due to genotype-by-experiment interac- 
tion. Root thickness and root dry weight per tiller were the 
characters found to be the least influenced by environmen- 
tal differences between greenhouse runs. Correlations of 
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root parameters measured in greenhouse experiments with 
field drought avoidance/tolerance were significant but not 
highly predictive. Twelve of the fourteen chromosomal re- 
gions containing putative QTLs associated with field 
drought avoidance/tolerance also contained QTLs asso- 
ciated with root morphology. Thus, selecting for Morober- 
ekan alleles at marker loci associated with the putative root 
QTLs identified in this study may be an effective strategy 
for altering the root phenotype of rice towards that com- 
monly associated with drought-resistant cultivars. 
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Introduction 

Rice (Oryza sativa L.) is cultivated in a wide range of ec- 
osystems under varying temperatures and water regimes. 
The majority of rice ecotypes are semiaquatic plants 
adapted to saturated soil conditions where it is difficult for 
other crop species to survive. Of the 148 million hectares 
of land planted to rice in 1991, about 79 million hectares 
(53%) were planted to irrigated rice and had assured avail- 
ability of water (IRRI 1993). Another 28% of the world's 
ricelands (41 million hectares) are rainfed lowlands, char- 
acterized by alternating flooding and drying as the result 
of irregular rainfall patterns. In these areas, farmers gen- 
erally do not have access to irrigation and yields may be 
seriously jeopardized by drought. In the rainfed lowland 
ecosystem of eastern India, farmers identified drought 
stress as the foremost constraint to higher yields (Widaw- 
sky and O'Toole 1990). About 11% of rice production is 
in soil with no surface water accumulation, and this "up- 
land rice" is almost always exposed to moisture stress dur- 
ing part of the growing season. Water stress, therefore, is 
an important limitation to rice production, particularly 
among low income and subsistence farmers. 

Root morphology and rooting patterns directly affect 
the amount of water available to a crop. In a number of ce- 
real crops, including rice, sorghum and maize, increased 



970 

width,  depth,  and branching  of  root  sys tems have all been 
shown to decrease  plant  water-s t ress  (Mamban i  and Lal  
1983; Wright  and Smith  1983; Lorens  et al. 1987). Whi l e  
measurements  of  root ing depth and root  length densi ty  
alone may  not  predic t  the abi l i ty  of  a genotype  to extract  
soil  water,  computer  s imulat ions  des igned  to assess the 
consequences  of  increas ing  the root  zone depth  in soybean,  
sorghum, and wheat  have sugges ted  that such a change was 
accompan ied  by  increased leaf  area, growth,  photosynthe-  
sis, t ranspira t ion (Jones and Zur  1984), and y ie ld  (Jordan 
et al. 1983; Muchow and Sincla i r  1986; Jones and O ' T o o l e  
1987). In rice, emphas is  on root  diameter ,  depth  of  root-  
ing, and root : shoot  dry weight  rat io  in re la t ion to drought  
res is tance  appears  jus t i f i ed  based  on the pos i t ive  corre la-  
t ions be tween  these characters  and visual  scores of  p lant  
v igor  in upland f ie ld  drought -sc reen ing  trials both in the 
Phi l ippines  (O 'Too le  and Soemar tono  1981; Yoshida  and 
Hasegawa  1982) and in Bouake,  Cote d ' I v o i r e  (Reyniers  
and Binh 1977). A h m a d i  (1983) repor ted  that m a x i m u m  
root  depth and the dry weight  of  roots  be low 30 cm meas-  
ured on rice plants  grown in aeroponic  cul ture were good  
indicators  of  drought  avo idance  when the same genotypes  
were  grown in upland fields.  

Root  length,  thickness,  dry weight ,  and root  length den- 
sity have been repor ted  to be po lygen ic  traits with a sub- 
stantial  p ropor t ion  of  addi t ive  var ia t ion and nar row-sense  
her i tabi l i t ies  greater  than 50% for most  traits (Bhaduri  and 
Ghosh  1965; Armen to -So to  et al. 1983; Ekanayake  et al. 
1985 a; Chang et al. 1987). Though there appears  to be no 
genet ic  barr ier  to select ion for deep and th ick  roots  in rice, 
the trait  is diff icul t  to measure  and has rare ly  been used in 
breeding  programs.  Molecu la r -marke r  t echnology  makes  
it poss ib le  to invest igate  the inher i tance  of  both  s ingle gene 
and po lygen ic  traits and to locate  and manipula te  indiv id-  
ual  genet ic  factors associa ted  with characters  of  interest  
(Tanksley 1993). The avai lab i l i ty  of  a l inkage  map of  r ice 
conta in ing over  700 markers  (McCouch  et al. 1988; Causse  
et al. 1994) provides  a basis  for this analysis .  

The goal  of  our research was to e luc ida te  the genet ics  
of  morpho log ica l  traits commonly  associa ted  with drought  
avo idance  in ra infed lowland  rice. Specif ical ly ,  our objec-  
t ives were:  (1) to gain ins ight  into the genet ic  basis  of  root  
morpho logy  under  cont ro l led  condi t ions;  (2) to ident i fy  
and map the quant i ta t ive  trait  loci  (QTLs)  associa ted  with 
root ing habi t  and drought  avo idance  on the molecu la r  map  
of  rice; and (3) to de te rmine  i f  there is a genet ic  re la t ion-  
ship be tween  root  morpho logy  and drought  avo idance  
under  both upland and ra infed lowland  condi t ions .  Our  ul- 
t imate  goal  is to deve lop  marke r -based  select ion tools  to 
faci l i ta te  select ion for r ice genotypes  with des i rable  root  
sys tems re la ted  to drought  avoidance.  

Materials and methods 

Plant population 

A population of 203 recombinant inbred lines (RI lines), a subset of 
those originally developed to study the genetics of resistance to rice 

blast (Pyricularia oryzae) (Wang et al. 1994), was employed. The 
parents (both Oryza sativa cultivars) differed at the subspecies lev- 
el. The maternal parent was CO39, a lowland indica cultivar devel- 
oped in India, and it was crossed to Moroberekan, an upland japon- 
ica cultivar originally developed in Guinea. Moroberekan is drought 
tolerant and has a deep, thick root system. Conversely, CO39 is sus- 
ceptible to drought and has shallow, thin roots. Recombinant inbred 
lines were developed by single-seed descent to the F 7 generation, 
and panicles were bagged in each generation. 

RFLP analysis 

The RFLP data set used to detect genes controlling resistance to rice 
blast (Wang et al. 1994) provided the basis for the present study. The 
parents were surveyed for polymorphism using five restriction en- 
zymes (DraI, EcoRI, EcoRV, HindIII, and ScaI) and 280 RFLP mark- 
ers distributed throughout the 12 chromosomes of rice (clones were 
from both genomic and cDNA libraries from cv IR36, courtesy of 
Steve Tanksley, Cornell University). Based on segregation in the 281 
RI lines, a map consisting of 127 RFLP markers was constructed. 
The DNA extraction, digestion, Southern blotting, labeling of probes, 
Southern hybridization, band detection, and mapping procedures 
were as described in Wang et al. (1994). 

Map construction 

Marker order and genetic distances between markers along chromo- 
somes were determined using Recombinant Inbred Plant Manager 
(RIPM)/Skew software (Manly 1993). The RIPM/Skew software en- 
abled us to calculate the recombination frequency between markers 
in a recombinant inbred population in which allele frequencies are 
skewed (80% CO39:20% Moroberekan throughout the genome). Re- 
combination frequencies are expressed as Kosambi cM (Kosambi 
1944). The marker order generated by RIPM/Skew was identical to 
that determined by Mapmaker/Exp 3.0 (Lander et al. 1987; Lincoln 
et al. 1992 b), but the genetic distances between markers were cal- 
culated to be slightly greater than those computed using the RI algo- 
rithm in Mapmaker 3.0, due to the adjustment for the skewed allele 
frequency in our RI population. 

Evaluation of root characters 

The evaluation of root morphology was conducted in three different 
greenhouse experiments in pots at IRRI. All experiments used a ran- 
domized complete block design with one plant per pot (rep). Pots 
10-cm diameter and 1-m deep were lined with a plastic sleeve hav- 
ing two drainage holes in the bottom, and filled with soil to within 
8 cm of the top. The soil was a nonagricultural sandy loam taken 
from a river bank near Pagsanhan, Laguna. The natural fertility of 
the soil was assessed and supplemented with full-strength nutrient 
solution (Yoshida et al. 1976). After filling and before planting, pots 
were watered and then refilled with soil until the saturated soil lev- 
el was again within 8 cm of the top. 

At 38 days-after-sowing (DAS) plant height was measured from 
the soil surface to the tip of the longest leaf, the tillers were count- 
ed, and the shoot was excised from the roots near the soil surface. 
The plastic bag containing the soil and roots was then laid out on a 
screen frame and separated into 15-cm sections, measured from the 
soil surface. The lowermost sections of soil were sequentially 
searched in order to identify the maximum rooting depth of any sin- 
gle nodal root (MaxRD). The thickness (THK) of six nodal roots at 
2 cm below the stem base was measured to the nearest 100 microns 
with a graduated optical lens. The shoot and the roots from each 
15-cm section were placed in envelopes and dried at 60C for 2 days. 
Dry weights were used to compute dry root weight/dry shoot weight 
(R/S), dry root weight tiller-1 (R/T), and deep root weight tiller-1 
(DR/T), computed as dry root weight below 30 cm per tiller. The ab- 
breviations for each root parameter are listed in Table 1 and will be 
used throughout the remainder of the text. 



Identification of QTLs associated with root morphology 
experiment 

The root morphology of the 203 RI lines and the two parents were 
evaluated in the first set of greenhouse experiments. The experiment 
was repeated three times (GH1, GH2, and GH3), with three replica- 
tions of each genotype per run, for a total of nine replications. Ex- 
periment GH1 was seeded on 14 September, 1992, GH2 on 3 No- 
vember, 1992, and GH3 on 15 January, 1993. Ten seeds of a single 
RI line or parental cultivar were sown in a pot and thinned to one 
plant per pot 10 days after sowing. All plants in the first and third 
runs were watered three times per week with 300 ml of nutrient so- 
lution. Plants in the second run of the experiment were watered dai- 
ly with 150 ml of nutrient solution. 

The three runs of the QTL identification experiment provided 
three different environments. The greenhouse temperatures were the 
highest for GH1, which coincided with an unseasonable period of 
high temperatures and cloudless days. Plants in GH2 and GH3 ex- 
perienced much cooler temperatures and skies that were overcast 
most of the time. In addition, half of the third replication in each run 
was exposed to a window on two sides and subsequently to cooler 
temperatures than was experienced by the other replications. Signif- 
icantly reduced root growth of the third replication in both GH2 and 
GH3 was observed (ANOVA, P< 0.05). These two replications were 
excluded from the analyses, leaving GH 1 with three replications, and 
GH2 and GH3 with two replications each. Computations of mean 
values were therefore based on a total of seven replications in which 
no significant differences between greenhouse runs were observed 
(two-way ANOVA; P< 0.05). 

Anaerobic conditions experiment 

This experiment was done to determine if the expression of root phe- 
notypic characters was consistent under flooded conditions (simu- 
lating the lowland ecosystem) and well-drained conditions (simulat- 
ing the upland ecosystem). After plants had been scored for root char- 
acters in the QTL identification experiment (see above), a subset of 
15 entries was chosen to represent three composite groups with five 
entries each, i.e., low, medium, and high scores for the five root traits 
combined. Entries were selected based on their overall phenotype, 
considering all traits simultaneously, rather than by considering 
scores for individual traits. The 15 entries were replicated five times. 
They were sown on 14 April, 1993, and grown in the greenhouse 
under the same experimental conditions as described for the QTL 
mapping experiment except that the soil was continuously flooded. 
Plants were harvested at 38 DAS and evaluated as previously de- 
scribed. 

QTLs associated with the seedling early and late vegetative stage 
drought-avoidance experiments 

The 203 RI lines grown in the greenhouse QTL-identification ex- 
periment were dry seeded in three different field experiments (FE1, 
FE2, and FE3) at the IRR1 Central Research Farm on a well-drained 
site of Maahas clay loam soil. Plants were visually evaluated for leaf 
rolling two to four times during each experiment starting when the 
most susceptible entries had tightly rolled leaves in response to mois- 
ture stress. On evaluation days the degree of leaf rolling by each gen- 
otype was visually assessed and scored from "1" to "5" according to 
the scale of Turner et al. (1986). A score of "1" indicates complete- 
ly unrolled leaves (tolerant phenotype), compared with "5" for plants 
with tightly rolled leaves forming a cylinder (susceptible). Evalua- 
tions were made between the hours of 10:00 and 14:30. The results 
of leaf-rolling evaluation on a single date were analyzed. 

The 203 entries were planted at a rate of six seeds per hill in a 
randomized complete block design. Entries were seeded in 2- by 
10-hill plots spaced 20 cm x 20 cm apart (0.4 m-2). For comparison, 
Moroberekan and CO39 were grown side by side every ten plots in 
1-hill by 10-hill plots. After seeding, Carbofuran was applied at 2.5 
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kg ha -1. During periods of no moisture stress, sprinkler irrigation 
was applied three times per week until the soil was saturated. 

The first field experiment (FE 1) was designed to evaluate the ef- 
fect of moisture stress in the late vegetative stage. The late vegeta- 
tive-stage experiment consisted of four replications of the 203 RI 
lines seeded on 19 December, 1991. At 40 DAS, irrigation was ter- 
minated. Rain fell at 48 DAS, after which stress resumed. Due to the 
slow drying time for the soil in this experiment, 22% of the entries 
entered the reproductive phase and were omitted from further anal- 
yses. 

The second field experiment (FE2), designed to evaluate stress 
in the early vegetative stage, consisted of three replications seeded 
on 18 January, 1992. Irrigation water was withheld beginning at 27 
DAS. At 35 DAS, 2 cm of rain fell, temporarily alleviating moisture 
stress. 

The third field experiment (FE3) was a four-replication seedling- 
stage stress experiment, seeded on 24 March, 1992. Irrigation was 
stopped at 21 DAS but this experiment received 2.5 cm of rainfall at 
27 DAS and observations on leaf rolling were taken 10 days after 
the rain. 

Soil water potential was taken on a subset of entries in each field 
experiment at the time of visual evaluation for leaf rolling using soil 
tensiometers placed at 15, 30, and 45 cm below the soil surface and 
located approximately every 250 m -2. This data provided an estimate 
of the relative degree of moisture stress experienced by the plants 
just prior to data collection. Leaf water potentials of 24.1, 22.3, and 
19.0 kPa for the late vegetative, early vegetative, and seedling-stage 
experiments, respectively, were recorded. These readings demonstrat- 
ed that there were differences in the absolute degree of moisture stress 
experienced by the plants when leaf rolling was evaluated in the three 
experiments; the FE3 (seedling-stage) experiment received the least 
degree of stress. These differences were unavoidable because of the 
unpredictability of rainfall under field conditions and because plants 
were analyzed at different growth stages. As determined by these 
measurements, the relative degree of moisture stress within an ex- 
periment was approximately equivalent. 

All three experiments received 30 kg ha i of NPK the day of seed- 
ing, and the late vegetative-stage experiment received an additional 
30 kg ha -1 at 37 DAS. Throughout the experiments the water table 
was deeper than 1.5 m below the surface. 

Statistical analysis 

A standard analysis of variance (PROC GLM, SAS 1988) was used 
to evaluate mean differences between the two classes defined by each 
marker locus for THK, R/S, R/T, DR/T, and MaxRD in the green- 
house QTL identification experiment and leaf rolling was evaluated 
at the seedling stage, early vegetative stage, and late vegetative stage 
in the field experiments. This analysis is referred to hereafter as the 
single-marker analysis. Results were compared to those obtained us- 
ing Mapmaker/QTL (Paterson et al. 1988; Lincoln et al. 1992 a), re- 
ferred to as the interval analysis. Because Mapmaker/QTL does not 
have a specialized algorithm to analyze RI populations, the function 
for F 2 intercrosses was used and all genetic effects were constrained 
to be additive. Dominance effects cannot be analyzed in an RI pop- 
ulation and, in this study, residual heterozygotes were coded as miss- 
ing data. Both single-marker and interval analysis were performed 
on each trait for greenhouse and field experiments. In the greenhouse 
experiment, analyses were performed on the overall mean of each 
root trait and on the mean of each experiment separately. Each trait 
was also checked for genotype-by-experiment interactions. The sig- 
nificance threshold for identification of a QTL was set at F>19.22 
(P< 0.0001) for single-marker analysis. This was equivalent to a 
LOD>4.0, which was used for interval analysis (see Appendix). 

Two variable and higher-order regression models (PROC RSQU- 
ARE, SAS, 1988) were also used to assess the significance of com- 
binations of putative QTLs. In addition, Mapmaker/QTL models 
were examined in which the variance associated with one variable 
was held constant while the remainder of a chromosome was scanned 
for significance of a second putative QTL. 
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Results 

Frequency distribution of phenotypes 

Figure 1 illustrates the distributions observed in FE1 and 
FE3 of the drought-avoidance QTL experiments. Though 
the mean visual score differs in the two experiments, the 
distribution of the lines is similar with transgressive vari- 
ation toward the susceptible type in both cases. Similar fre- 
quency distributions were observed for the FE2 experiment 
and for the five root traits (THK, R/S, R/T, DR/T, and 
MaxRD) (data not shown). The lower leaf-rolling scores 
(indicating higher drought tolerance) in the seedling-stage 
experiment (FE3) are largely explained by the fact that the 
plants experienced less moisture stress in FE3 than in the 
other experiments at the time the data was recorded. 

Table 1 summarizes the average phenotypic values of  
the two parents and the range of values observed in the RI 
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1.00-1.50 2.01- 2.50 3.01- 3.50 4.01-  4 .50 

1,51-2,00 2,51- 3.00 3.51- 4.00 4.51- 5,00 

Mean Visual Score 

Fig. 1 The distribution of recombinant inbred lines for visual leaf 
rolling in two moisture-stress field experiments. M=mean visual 
score of Moroberekan; C=mean visual score of CO39. A score of 
1.00 represents a low level of leaf rolling (high level of drought avoid- 
ance). Note the transgressive variation toward the susceptible type 
in both experiments 

population. The data indicate transgressive variation for 
all traits. The tendency toward smaller, shallower root 
systems is most obvious for R/S, R/T, SS, and LVS, but 
was also evident for THK. Our results are similar to those 
reported in the study by Ekanayake et al. (1985 b). 

Correlation among root characters 

A significant correlation was observed between most traits, 
suggesting that the parameters of root morphology as 
measured in our population are interrelated. The highest 
correlations were found between R/S and R/T (0.52) and 
R/T and DR/T (0.85) respectively. Relatively lower corre- 
lations of  THK with other root traits may indicate greater 
genetic independence of thickness, though we were unable 
to identify individuals in this RI population to test this hy- 
pothesis (see section on pseudolinkage). Additionally, 
plant height was significantly and positively correlated 
with R/T, DR/T, and MaxRD (R=0.38, 0.30, and 0.20, re- 
spectively) in this study. A positive correlation between 
plant height and deep rooting has been reported previously 
by several researchers in soil (Chang et al. 1972; Yoshida 
and Hasegawa 1982) as well as in aeroponic culture 
systems (Armento-Soto et al. 1983). This character will be 
analyzed more fully in future experiments. 

QTLs associated with the root morphology experiment 

All QTLs which exerted a positive effect on root charac- 
ters were derived from Moroberekan. The trait with the 
greatest number of QTLs and the highest level of signifi- 
cance was THK, followed by R/S, R/T, DR/T, and MaxRD, 
in descending order. The statistics presented in Tables 2 
and 3 are based on a consensus set of markers derived from 
single-marker (F> 19.22) and interval analysis (LOD>4.0). 
Values presented in parentheses are significant at F>I  1.0 
(equivalent to LOD>2.4). We chose to present this data de- 
spite lower significance levels because it includes mark- 
ers associated with DR/T that overlap with putative QTLs 

Table  1 Parental values and 
range for each trait Designation Trait CO39 Moroberekan Range 

Mean S . E .  Mean S.E. 

THK 
R/S 
R/T 
DR/T 

MaxRD 
PH 
SS 
EVS 
LVS 

Root thickness (microns) a 710.0 (0.04) 890.0 (0.07) 
Root/shoot ratio (mg/kg) a 157.0 (0.03) 267.0 (0.09) 
Root dry weight per tiller (mg) a 71.0 (0.01) 206.0 (0.13) 
Root dry weight per tiller below 12.0 (0.01) 37.0 (0.03) 
30 cm (mg) a 
Maximum root depth ( c m )  a 85.0 (5.22) 89.4 (11.28) 
Plant height (era) a 80.0 (9.5) 99.0 (18.8) 
Seedling stage leaf rolling b 2.8 (0.56) 1.9 (0.62) 
Early vegetative stage leaf rolling ~ 4.0 (0.68) 2.5 (0.54) 
Late vegetative stage leaf rolling ~ 3.7 (0.63) 1.9 (0.65) 

a Average of seven replications from pot experiments 
b Average visual rating of four replications from field experiments 
c Average visual rating of three replications from field experiments 

650.0 - 990.0 
120.0 - 280.0 
45.0 - 206.0 

4.0 - 45.0 

70.0-98.0 
63.0-108.0 

1.0-4.0 
1.0-5.0 
2.0-5.0 



for other root characters. The R 2 statistic represents the 
proportion of phenotypic variation explained by each pu- 
tative QTL (PROC GLM, SAS 1988). 

The relationship between the F value and the LOD score 
is described in Appendix l. This relationship suggests that 
in our study an F>19.22 is equivalent to a LOD>4.0, and 
that an F>I 1.0 is approximately equivalent to a LOD>2.4. 
Similar sets of markers were identified in most cases us- 
ing single-marker and interval analyses. This was not sur- 
prising, given the inherent similarity of single-marker and 
interval analysis when a saturated genetic map is used as 
a source of markers. Where different results were obtained, 
the significance levels and linkage relationships among 
markers were examined in greater detail using multiple re- 
gression, Mapmaker/QTL scanning, and evaluation of 
pseudolinkage. The set of putative QTLs reported in this 
study are those that met the significance criteria of all the 
analytical procedures employed. 

Root thickness (THK) 

Eighteen marker loci were associated with THK and these 
results are summarized in Table 2, along with the RSq 
(% variance explained) and phenotypic effect (in microns) 
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associated with each marker. The percent variance ex- 
plained ranges from 33% for RG214 (chromosome 4) to 
13% for RZ892 (chromosome 10), and differences of 57 
to 86 microns were observed between groups of RI lines 
carrying Moroberekan or CO39 alleles at individual 
marker loci. Figure 2 illustrates the 1-LOD and 2-LOD sup- 
port intervals for each putative QTL. 

In order to determine the combination of markers that 
could explain the most variation for THK, a step-wise re- 
gression procedure was performed (PROC R-SQUARE, 
SAS 1988). The best three-variable model explained 56% 
of the phenotypic variation and included RG214 (chromo- 
some 4), RG197 (chromosome 1), and RZ398 (chromo- 
some 6). Significant two-way interactions were detected 
among the putative QTLs associated with THK (ANOVA, 
P< 0.01). If the three markers in the multivariate model 
had been additive, they would together have explained over 
80% of the variance. Several three-variable models were 
capable of explaining 50-57% of the observed variation 
and consisted of various combinations of the following 
markers: RG214, RG197, RG811, and RG437. 

The interaction among these loci could be explained as 
epistasis, or alternatively, as pseudolinkage, which might 
have been exaggerated by the skewed allele frequencies in 
the population. These two possibilities could not be distin- 

Table 2 Marker loci associat- 
ed with root characters based 
on a consensus between single- 
marker and interval analysis. 
Where several markers asso- 
ciated with putative QTLs fall 
in one chromosomal region, 
data from the most significant 
marker(s), and from those 
showing convergence among 
traits are presented 

Marker Chrom, THK RIS R/T DR/T 

RSq a Effect b RSq Effect RSq Effect RSq Effect 
(microns) (mg/kg) (mg) (rag) 

RG197 1 0.25 72 
CDO920 1 0.10 31 0.13 28 
RG811 1 0.22 81 
RG140 1 0.12 30 0.13 25 
RG139 2 0.09 29 0.12 28 0.12 6.0 
RG437 2 0.15 71 0.18 34 0.17 7.0 
RG104A 3 0.17 73 0.17 37 0.10 23 
RZ576 3 0.19 74 (0.09 24)* 
RG910 3 0.15 71 0,I7 38 0.18 32 (0,06 5,0) 
RG214 4 0.33 85 0.12 27 
RG788 4 0.15 57 0.16 24 0.12 5.0 
RG190 4 0.13 35 
waxy 6 0.29 84 0.19 36 0.15 26 
RG351 7 0.11 21 (0.06 3.0) 
CDO533 7 0.22 67 
CDO405 7 0.18 32 
RG528 7 0.14 65 0.11 24 
RZ66 8 0.22 75 0.19 37 
RG136 8 0.21 86 0.16 31 (0.07 5.0) 
RG553 9 0.19 77 0.22 42 0.12 26 
RZ12 9 0.19 80 0.14 35 (0.08 5.0) 
RZ892 10 0.13 76 0.14 38 
CDO365 11 0.21 84 0.11 31 
RG181 12 0.14 29 (0.07 5.0) 
RG9 12 0.11 26 
RZ397 12 0.15 74 0.15 37 

"~ "RSq" is the percent of phenotypic variance explained by individual markers 
b "Effect" is the mean phenotypic difference between groups or RI lines carrying Moroberekan or CO39 
alleles at individual marker loci for each root character evaluated 
c Markers in parentheses are significant at F>I 1.0 and < 19.2 (equivalent to LOD >2.4 and < 4.0) 
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Fig. 2 Linkage map of CO39/Moroberekan F 9 recombinant inbred 
lines showing the putative location of QTLs associated with root 
characters from the greenhouse experiments. Boxes represent 1-LOD 
support intervals surrounding each putative QTL; whiskers illustrate 
the associated 2-LOD support intervals. Darkened areas within chro- 
mosomal bars represent putative QTLs associated with drought 
avoidance in all three field experiments; cross-hatched areas within 
chromosomal bars represent regions associated with drought avoid- 
ance in two of the three field experiments 

guished statistically. However,  upon further investigation, 
it was found that the RI lines that carried the Moroberekan 
allele at RG197 (chromosome 1) and the group that car- 
ried the Moroberekan allele at RZ398 (chromosome 6) 
were largely overlapping. This was determined to be the 

effect of  pseudolinkage,  and it was demonstrated that 
RG197 made a significant contribution to thicker roots 
whereas RZ398 did not. Similar analyses suggested that an 
association between T H K  and marker RZ272 on chromo-  
some 7 was also due to pseudolinkage. Based on these re- 
sults, RZ398 and RZ272 were eliminated from our sum- 
mary of  marker loci associated with THK, and the mark- 
ers presented in Table 2 and Fig. 2 are those that showed 
no evidence of  pseudolinkage. 

Root /shoot  ratio (R/S) 

Sixteen putative QTLs were identified for R/S based on 
the overall-means analysis (Table 2, Fig. 2). These mark- 
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ers explained 9-22% of the observed variation. The best 
three-variable model included RG197 on chromosome 1, 
RG910 on chromosome 3, and RG553 on chromosome 9, 
and explained 38% of the phenotypic variation for R/S. No 
pseudolinkage was observed for R/S. It will be noted that 
RG197 was significant in the three-variable model but was 
just below the signficance threshold in single-marker anal- 
ysis for R/S. 

Environmental differences between runs in greenhouse 
experiments affected R/S, but the genotype x experiment 
interaction was not significant (ANOVA, P>0.05). Shoot 
dry weight averaged 4.5 g for GH1, versus 3.2 g for GH2 
and 3.4 g for GH3. Mean root dry weights were, however, 
the greatest for GH3 at 0.82 g versus 0.69 and 0.43 for Runs 
1 and 2, respectively. Analyses of GH2 did not reveal any 
significant markers for R/S, while ten were significant in 
both GH1 and GH3. 

Root dry weight per tiller (R/T) 

Fourteen QTLs were associated with R/T based on over- 
all means (Table 2, Fig. 2), and nine of those loci were iden- 
tified in all three runs. The best three-variable model in- 
cluded markers RG437 (chromosome 2), RG910 (chromo- 
some 3), and RZ740 (chromosome 4), and explained 35% 
of the total phenotypic variation. It is noteworthy that the 
best three-variable models for THK, R/S, and R/T identify 
similar regions on chromosomes 1, 2, 3, and 4. 

MaxRD (RG324-chromosome 2; RG139-chromosome 2; 
RZl2-chromosome 9; and CDO365-chromosome 11), 
while only one putative QTL was detected in GH1 (RZ12), 
and no marker loci were significantly associated with 
MaxRD in GH3. These results suggested that this param- 
eter was highly sensitive to environmental variation. The 
narrow diameter of the pots used in this study (10 cm) may 
also have interfered with our ability to accurately assess 
the genetic potential of the RI lines for MaxRD because 
roots from all RI lines were forced to grow downward af- 
ter contacting the pofwalls. 

Anaerobic conditions experiment 

The three groups of entries selected to represent high, me- 
dium, and low phenotypic expression for each root param- 
eter under aerobic conditions were also tested under anaer- 
obic conditions. With the exception of MaxRD, the high, 
medium, and low ranking of the three groups under well- 
drained conditions was maintained under flooded condi- 
tions for all other root characters measured. This result in- 
dicates stability of many root morphological characters 
under highly variable environmental conditions. MaxRD, 
however, is highly sensitive to environmental variation and 
for this character, the group with the shallowest roots under 
well-drained conditions had the deepest roots under 
flooded conditions. 

Deep root weight (DR/T) 
QTLs associated with the drought avoidance field 
experiment 

Fewer significant QTLs were identified in association with 
DR/T (Table 2, Fig. 2) than with the previously discussed 
traits. This corresponded to a greater coefficient of varia- 
tion, suggesting either sensitivity to environmental varia- 
tion or else large experimental error in measuring this char- 
acter. From the combined analysis, the coefficient of vari- 
ation for DR/T was 48%, while it was less than 10% for 
THK, 33% for R/S%, 34% for R/T, and 8% for MaxRD. 

RG437 (chromosome 2) was the most significant 
marker when overall means were analyzed for DR/T and, 
in analyses of individual runs, it was the only marker that 
was significant in all three runs. When combined in a two- 
variable regression model, markers RZ 12 (chromosome 9) 
and RG139 (chromosome 2) accounted for 18.5% of the 
total variation. Adding a third and fourth locus to the model 
had minimal effect on the proportion of explained varia- 
tion. 

Maximum root depth (MaxRD) 

A significant genotype-by-experiment interaction was de- 
tected for this variable (ANOVA, P< 0.01) and, therefore, 
no QTLs associated with the overall mean MaxRD are re- 
ported. However, based on analyses of individual runs, 
GH2 revealed the largest number of significant markers for 

Table 3 lists the QTLs associated with increased drought 
avoidance in all the field experiments. Eight putative QTLs 
associated with drought avoidance were identified in FE3, 
15 in FE2, and ten in FE1. Most of the QTLs controlling 
drought avoidance were significant in more than one ex- 
periment and demonstrate a degree of stability of response 
over environments (Table 3, Fig. 3). The level of stress for 
the seedling-stage experiment (FE3) was the least (see 
Field experiments section of Materials and methods) and 
may explain why the seedling-stage experiment identified 
the fewest QTLs. Drought avoidance expressed in terms 
of yield could not be measured in this experiment because 
of the poor adaptation of many of the lines and the high 
levels of sterility related to factors other than water stress. 

For FE3, RG662 (chromosome 9) explained the largest 
proportion of the phenotypic variance (19%) and, when 
combined with RG544 (chromosome 2) and RG1 (chro- 
mosome 8) in a multiple regression model, accounted for 
35% of the total variation for leaf rolling at the seedling 
stage. 

In FE2, the markers with the largest effect were RG139 
(chromosome 2) and RG1 (chromosome 8), both of which 
had an RSq of 18. The best three-variable regression model 
consisted of markers RG139, RG214 (chromosome 4), and 
RG462 (chromosome 1), and explained 40% of the total 
variation. 



976 

Table 3 Markers associted 
with drought avoidance evalu- 
ated visually at three different 
growth stages in the field 

Marker Chrom. SS (FE3) a EVS (FE2) b LVS (FE1) ~ 

RSq a Effect ~ RSq Effect RSq Effect a 

RG462 1 0.13 0.48 0.16 0.63 
RG324 2 0.11 0.57 
RG139 2 0,18 0.83 
RG437 2 (0.09 0.54) f 
RG544 2 0.15 0.66 
RZ394 3 
RG910 3 (0.09 0.54) 
RG214 4 0.13 0.45 0.15 0.40 
RG190 4 0.10 0.51 0.12 0.72 
RZ516 6 0.10 0.43 0.10 0.53 
RZ192 6 
CDO533 7 0.11 0.63 
RG1 8 0.11 0.48 0.18 0.72 
RG662 9 0.19 0.57 0.13 0.59 
RZ892 10 
RZ561 10 (0.09 0,62) 
CDO365 11 0.13 0.55 0.11 0.63 
RZ53 11 0.11 0.74 

(0.08 0.43) 

0.16 0.60 
0.13 0.68 

0.11 0.48 
(0.09 0.42) 
0.14 0.60 
0.16 0.61 
0.11 0.58 

0.13 0.65 
0.13 0.81 

a Evaluated at the seedling stage (SS) in field experiment 3 (FE3) for drought resistance 
b Evaluated during early vegetative stage (EVS) in field experiment 2 (FE2) for drought resistance 
~ Evaluated during late vegetative stage (LVS) in field experiment 1 (FE 1) for drought resistance 
d "RSq" is the percent of phenotypic variance explained by individual markers 

"Effect" is the phenotypic difference between groups of RI lines carrying Moroberekan or CO39 
alleles at individual marker loci for each root character evaluated 
f Markers in parentheses are significant at F>I 1.0 and < 19.2 (equivalent to LOD >2.4 and < 4.0) 

The two markers explaining the most variation in FE1 
were RG214 (chromosome 4) and RG662 (chromosome 
9), each accounting for 16% of the total based on one-var- 
iable models. A three-locus model containing RG214, 
RG662, and RG190 accounted for 35% of the total varia- 
tion. 

Correlations among drought-avoidance scores and root 
characters 

Relative drought avoidance among genotypes was consis- 
tent across replications of each field experiment and across 
experiments. The correlation coefficient between the seed- 
ling-stage and early vegetative-stage experiments was 0.62 
(P< 0.0001), compared to 0.57 (P< 0.0001) between the 
seedling-stage and late vegetative-stage experiments. The 
correlation coefficient between the early vegetative-stage 
and late vegetative-stage experiment was 0.60 (P<0.0001). 

More importantly, significant correlations were found 
between means of the root characters measured on RI lines 
grown in the greenhouse experiments and corresponding 
mean drought-avoidance scores in the field (Table 4). The 
correlations between root parameters and visual drought- 
avoidance rating were low, but all were significant and neg- 
ative, indicating that the greater the root parameter, the 
lower the drought-avoidance score. Given the highly var- 
iable nature of roots, the interaction of root characters with 
other facets of plant performance under water stress, and 
the crudeness of the visual evaluations used in this study, 

it is noteworthy that significant correlations were ob- 
served. However, they are not high enough to provide spe- 
cific predictive ability with respect to field performance at 
this time. The putative associations between molecular 
markers and root parameters offers a way of further dis- 
secting this association. 

The relationship between a deep and extensive root 
system and drought avoidance was further investigated by 
comparing the field performance of a subset of RI lines se- 
lected to represent the extremes of the distribution for each 
root trait. Using the means of each root trait from the seven 
replications of greenhouse data the 203 RI lines were 
ranked for each root trait and the 25 entries at each extreme 
were grouped. The two groups were then analyzed in a stan- 
dard analysis of variance to determine if there was a sig- 
nificant difference between groups for drought avoidance. 
Table 5 illustrates that for each root trait the 25 RI lines 
with the most extensive roots had increased drought avoid- 
ance over the 25 RI lines with the least extensive roots. 
This finding was the same in all field drought-avoidance 
experiments. 

Markers for use in future genetic studies and in 
marker-aided selection for root morphology 

Markers were combined in a multiple regression model in 
an attempt to identify a group of markers that could most 
nearly maximize the explained variation for each root mor- 
phological parameter and for each field study. It was found 
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Fig. 3 Linkage map of the CO39/Moroberekan F 9 recombinant in- 
bred lines showing putative locations of QTLs associated with leaf 
rolling as a measure of drought avoidance in field experiments. Box- 
es represent 1-LOD support intervals for each putative QTL; whisk- 
ers show the associated 2-LOD support intervals 

that selecting various combinations of three to four mark- 
ers among RG462, RG437, RG139, RG214, RG190, 
RZ516, CDO533, RG136, and RG570 could account for 
much of the observed variation for each of the phenotypes 
evaluated in this study. As can be seen in Fig. 2, many of 
these markers lie in regions associated with multiple char- 

acters evaluated in both greenhouse and in field studies. 
Significant two-way interactions (ANOVA, P< 0.01) were 
observed among most markers, suggesting epistasis. The 
best-performing lines always had a relatively larger num- 
ber of  random Moroberekan alleles than poorly perform- 
ing lines (though not all of the Moroberekan loci were 
significantly associated with root characters or drought 
performance). This situation is summarized for THK in 
Fig. 4. It may be noted that all lines with roots thicker than 
900 m contained greater than 25% Moroberekan alleles. A 
similar trend was observed for R/S and R/T (data not 
shown). Further crossing and marker-assisted selection 
would allow us to address the question of whether it is pos- 
sible to break these linked and pseudolinked configurations 
o f  j a p o n i c a  alleles in an i n d i c a  background. 
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Table  4 Simple correlations between mean root values measured in 
the greenhouse and visual drought rating of field-grown plants at 
three different growth stages 

Variable SS a E V S  b LVS c 

THK -0.25" -0.43** -0.31"* 
R/S -0.27" -0.43** -0.44"* 
R/T -0.20" -0.35** -0.31"* 
DR/T -0.26" -0.33"* -0.24"* 
MaxRD -0.31" -0.29** -0.23* 

a Evaluated at the seedling stage (SS) in field experiment 3 (FE3) 
for drought resistance 
b Evaluated during early vegetative stage (EVS) in field experiment 
2 (FE2) for drought resistance 
~ Evaluated during late vegetative stage (LVS) in field experiment 1 
(FE 1) for drought resistance 
** Significant at the P< 0.0001 level; * Significant at the P< 0.001 
level 

Table  5 Probability of obtaining a test statistic greater than F for a 
difference in the field performance (based on visual assessment of 
leaf rolling) of the 25 "best" lines and the 25 "worst" lines identi- 
fied in greenhouse experiments for each root character. Plants were 
evaluated at three different growth stages 

Variable SS a E V S  b LVS c 

THK 0.002 0.0001 0.05 
R/S 0.0002 0.0001 0.0006 
R/T NS d 0.0003 0.02 
DR/T 0.004 0.0001 0.07 
MaxRD 0.0001 0.0001 0.02 

a Evaluated at the seedling stage (SS) in field experiment 3 (FE3) 
for drought resistance 
b Evaluated at the early vegetative stage (EVS) in field experi- 
ment 2 (FE2) for drought resistance 
c Evaluated at the late vegetative stage (LVS) in field experiment 1 
tFE1) for drought resistance 

NS, not significant at P<0.I 
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Discussion 

Upon inspection of putative QTL locations for all five root 
traits (Fig. 2), it can be seen that many of the support inter- 
vals overlap between traits. We suggest that these regions 
may contain genes that interact with each other to exert a 
general effect on root morphology in accordance with the 
physics of soil penetration and water uptake. This overlap 
offers insight into the correlations between root traits that 
have been observed by other researchers (Armento-Soto et 
al. 1983; Ekanayake et al. 1985 a, b; Ingram et al. 1990), 
helping to explain the commonly observed relationship be- 
tween root thickness and depth of rooting. In the present 
study, THK was the most reliable variable measured and 
may serve as a predictor of other root characters favorably 
associated with pre-heading drought avoidance. This as- 
sociation will be further tested in future crosses. Figures 2 
and 3 reveal that most of the support intervals for QTLs 
identified for drought avoidance in the field overlap areas 
declared significant for two or more of the root parameters 
identified in greenhouse studies. These regions are hypoth- 
esized to contain one or several genes that exert an influ- 
ence over drought avoidance via root morphology. It is 
likely that some of these regions represent evolutionarily 
significant complexes of adaptive genes which tend to be 
inherited as a unit, providing the plant with a complex phys- 
iological strategy for survival under stress. 

Two analytical approaches were employed in this study. 
QTLs with small effects, such as those for DPUT and 
MaxRD, tended to be more readily identified by single- 
marker analysis, in agreement with the simulations exam- 
ined by Knott and Haley (1992). However, both approaches 
are equally vulnerable to Type-I errors when skewed allele 
frequencies occur throughout the genome. The most prag- 
matic remedy for this problem is to increase the signifi- 
cance threshold for the declaration of a QTL, as presented 
here. 

Development of a deep and extensive root system is one 
adaptive strategy of plants for drought avoidance discussed 
by Ludlow and Muchow (1990). Moroberekan, like many 
upland japonica rice varieties, appears to rely heavily on 
its deep and extensive root system to achieve its demon- 
strated capacity for drought avoidance. Other adaptive 
strategies, more typical of the indica subspecies, include 
shortening of growth duration and tissue-level tolerance 
which Moroberekan lacks. Moroberekan is known to have 
a long growth duration, and recent studies have shown it 
to have very low tolerance to desiccation, and almost no 
detectable osmotic adjustment ability in response to mois- 
ture stress (M. Ludlow, CSIRO, personal communication). 
Whether a drought-avoidance strategy based almost en- 
tirely on a well developed root system can be combined 
with tissue-level tolerance and/or short growth duration to 
improve plant performance under water stress in specific 
environments is a question which is central to drought-re- 
sistance breeding in cereals, and would probably require 
selectively combining complex japonica and indica char- 
acteristics. 
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The phenomenon of "return to parental type" after re- 
peated generations of  selfing following indica/japonica 
hybridization is familiar to rice breeders and makes it dif- 
ficult to obtain favorable recombinants through traditional 
means (Oka 1988; Sato et al. 1990). Both differential ad- 
aptation to edaphic factors, such as soil, water, and tem- 
perature regimes, and genetically controlled sterility bar- 
riers, separate these two major sub-species (Oka 1964). 
Nonetheless, mapping studies in F 2 generations by 
McCouch et al. (1988), Saito et al. (1991) and Kurata 
et al. (1994) suggest that recombination in indica/japon- 
ica crosses is abundant throughout the genome. Therefore, 
early, positive selection based on markers associated with 
QTLs offers the possibility of  obtaining desirable recom- 
binants, even in crosses of this kind. To investigate this 
possibility, further crossing and selection of specific, 
marker-defined "introgression lines" (Eshed et al. 1992) 
need to be undertaken. 

Stable responses of  QTLs over different environments 
have been reported in tomato and maize (Paterson et al. 
1991; Stuber et al. 1992). Though the responsiveness of  
root characters to different environments was tested in the 
present study, based on differences in temperature and in 
watering regimes encountered in the three runs of the QTL 
experiment, the QTLs controlling THK and R/T were 
largely unaffected by these environmental differences. On 
the other hand R/S, DR/T, and MaxRD showed greater vari- 
ation in response to environment. MaxRD was the root 
character most sensitive to environment evaluated in this 
study. The stability of all root characters except MaxRD 
under both aerobic and anaerobic conditions and under 
field conditions suggests the general adaptability of, and 
the usefulness of  the QTLs associated with such charac- 
ters. 

Ludlow and Muchow (1990) have reported that one of 
the most important determinants of  yield is the amount of  
water passing through a plant over the growing season. A 
root system that extends the root zone to more fully exploit 
available soil water thus has the potential to increase yield 
under drought (Mambani and Lal 1983). Having identified 
putative QTLs with major effects on both rice root mor- 
phology and vegetative-stage drought avoidance, our study 
provides an excellent starting point for follow-up studies 
to determine whether any of the Moroberekan-derived al- 
leles identified here can be introgressed into an agronom- 
ically acceptable indica cultivar in an attempt to improve 
its drought-avoidance capability. Multiple regression mod- 
els with this population suggest that selecting for Moro- 
berekan alleles at three or four of the loci with the largest 
effects on root morphology and field drought-avoidance 
scores might substantially alter the root phenotype toward 
that commonly associated with drought-resistant cultivars. 
Though QTLs associated with water-use efficiency in to- 
mato were reported by Martin et al. (1989), the present 
study provides the first report of  specific chromosomal re- 
gions in any cereal which are likely to contain genes af- 
fecting root morphology. Futher, this work has identified 
a set of  molecular markers that enable us to track these pu- 
tative QTLs in future crosses. Based on recent studies of 

synteny among Gramineae species (Ahn et al. 1993), rela- 
tionships between specific markers and root characters 
may provide clues as to the common genetic control of 
these drought-related characteristics in a range of cereal 
crops. 

By observing the performance of selected lines in var- 
ious drought-prone field locations, and by developing a set 
of introgression lines for further genetic analysis, we aim 
to clarify the effect of specific QTLs on root morphology 
and to determine how predictably these root characters are 
associated with drought avoidance under both upland and 
lowland field conditions. 
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Appendix 1 

The relationship between the LOD score and the analysis 
of variance F-statistic when detecting QTLs 
using single markers 

R.W. Doerge 

Biometrics Unit, Cornell University, Ithaca, NY 14853, USA 

Detecting quantitative trait loci (QTLs) using single-marker data may 
be performed using LOD-score analysis at the marker, or by using 
one-way analysis of variance (ANOVA). This work shows that the 
LOD-score calculation is a simple function of the F-statistic that is 
achieved by using an analysis of variance (ANOVA) on single-mark- 
er data (Doerge 1993). 

Under the assumption of normality for the distribution of the 
quantitative trait values in each of the genotype marker classes (say, 
M1M 1 and M1M2) and equality of the sample variances (~2), define 
the individuals X to be in the M1M 1 marker class, and individuals Y 
to be in the M1 M2 marker class. The quantitative trait values in each 
marker class are then distributed as: 

X - N  #aM1M~,~2) 

Y-N ~MIM 2, C; 2) 

where PM1M 1, p M t M  2, c 2 are the means and variance within each 
marker-class. The hypothesis used when trying to detect QTLs us- 
ing single-marker analysis are: 

H0:PM1M~=PMy2 

Ha: ldM1MI~Zt'IMIM2, 
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and the likelihood function is 

L(#M, Mj, 1"1M~ M2 ,G2,XI, '' Xni , Yl . . . . .  Y//2 ) 

= [ 2 ~ T ~ 2 J  e x p [ - ~  ~ xi ~ 

[ ;I 1 Yi - t-IMI M~ 
exp -~-  o- " 

Let O define the three-dimensional parameter space of the alterna- 
tive hypothesis,/aV~M~, pM~M~O -2, and let 0o be the restricted param- 
eter space tdM~MI=IAM,M2=tl, (TO. 
Under (9 the maximum likelihood estimates are: 

]~M1 MI = X  

f-l M, M2---=- y 

(x i -2)  2 + ~ ( Y i - 2 )  2 
~2 = i=li=l 

n I + n 2 

Table 1 LOD score (LOD) as a function of the one-way ANOVA 
(T 2) and sample size (n t + n2) 

n 1 + n 2 T 2 P-value (ANOVA) LOD 

50 1.0 0.3223 0.2239 
3.0 8.97 x 10 -2 0.6582 
5.0 3.00 x 10 -2 1.0759 

10.0 2.70 x 10 -3 2.0547 
20.0 4.70 x 10 5 3.7817 
40.0 8.00 x 10 -8 6.5810 

100 1.0 0.3198 0.2205 
3.0 8.60 x 10 2 0.6548 
5.0 2.80 • 10 -2 1.0806 

10.0 2.10 x 10 -3 2.1099 
20.0 2.10 x 10 -s 4.0328 
40.0 7.60 • 10  -9 7.4327 

200 1.0 0.3188 0.2188 
3.0 8.40 • 10 -2 0.6531 
5.0 2.70 • 10 -2 1.0831 

i0.0 1.80 x 10 -3 2.1398 
20.0 1.30 x 10 5 4.1791 
40.0 1.70 • 10 -9 7.9912 

Substituting these estimates into the likelihood function we have, 

[I l; s u p L =  //~ n1 +n2 exp - (1) 

0 21r i~=l (x  i _ ~ ) 2  +i=l ~ (Yi _ ~ ) 2  

Under | the maximum likelihood estimates are: 

-- n i x - l - n 2 5  

n 1 + n 2 

^ ~ I  ni--~l n2 n l n 2  t C~o 2 = (xi  _ ~ ) 2  + Z ( y i - 5 )  a + ( .V-Y) 2 �9 
i=l nl + n2 

Similarly, the likelihood function evaluated under the restricted pa- 
rameter space gives 

hi+n2 

F sup L = nl + n2 (2) 
HI //2 

o0  + nln  
L L/=1 i< nl Oj 

n 1 + n 2 .  expI ] 
The LOD score is defined (Morton 1955) as 

LOD= loglo [ sup~ L ]. 
[ supo  0 L ]  

Using (1) and (2) 

It is well known from statistical theory that the quantity 

[ nln2 ( 2 _ 5 )  2 
T = ~1' nl + n2 

f 
//2 

/ ~ ( x i - 2 ) 2 + ~  

\1 n I + n 2 -- 2 

has a t-distribution with nl+n2-2 degrees of freedom (Mood et al. 
1974). Also well known is the relationship between the F-distribu- 
tion and the t-distribution. Using this relationship, the statistic T 2 has 
an F-distribution with numerator degrees of freedom equal to 1, and 
denominator degrees of freedom equal to n 1+n2-2 (Mood et al. 1974). 
T 2 is the F-statistic as calculated in a one-way ANOVA. 

Therefore, (3) becomes 

s u p ~  [1-~ T2 1 '~'�89 

supo 0 L = n 1 + ~  - 2 ]  ' 

making the LOD score 

LOD= loglo 1+ 
H 1 + n  2 - 2  

a simple function of the one-way ANOVA F-statistic, T 2. The rela- 
tionship between the LOD score and the one-way ANOVA is dem- 
onstrated in Table 1. 

supo  2 
SUpo ~ L n 1 + n 2 

nl n ~  ( 2 _ ~ ) 2  
n I + n 2 

= 1 +  n~ n2 
~ ( X i  _.~)2  + Z  (Y i - -5 )  2 
i=1 i=1 

n I +lz 2 
2 
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