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Abstract The genetic basis of resistance to rice yellow 
mottle virus (RYMV) was studied in a doubled-haploid 
(DH) population derived from a cross between the very 
susceptible indica variety 'IR64 and the resistant up- 
land japonica variety Azucena. As a quantitative trait 
locus (QTL) involved in virus content estimated with 
an ELISA test has been previously identified on chro- 
mosome 12, we performed a wide search for interac- 
tions between this QTL and the rest of the genome, and 
between this QTL and .morphological traits segregat- 
ing in the population. Multiple regression with all 
identified genetic factors was used to validate the inter- 
actions. Significant epistasis accounting for a major 
part of the total genetic variation was observed. A com- 
plementary epistasis between the QTL located on chro- 
mosome 12 and a QTL located on chromosome 7 
could be the major genetic factor controlling the virus 
content. Resistance was also affected by a morphology- 
dependent mechanism since tillering was interfering 
with the resistance mechanism conditioned by the epi- 
stasis between the two QTLs. Marker-assisted back- 
cross breeding was developed to introgress the QTLs of 
chromosome 7 and chromosome 12 in the susceptible 
'IR64 genetic background. First results confirmed that 
if both QTLs do not segregate in a backcross-derived 
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F2 population, then the QTL of chromosome 12 can- 
not explain differences in virus content. A near-isogenic 
line (NIL) approach is currently being developed to 
confirm the proposed genetic model of resistance to 
RYMV. 

Key words QTL - Complementary epistasis * 

Marker-assisted selection - Quantitative resistance - 
Rice yellow mottle virus 

Introduction 

Rice yellow mottle virus (RYMV) is a highly damaging 
rice pest in Africa (Awoderu 1991; Fomba 1988). Most 
varieties adapted to lowland or intensive irrigated cul- 
ture are highly susceptible, while resistance is usually 
associated to the upland japonica rice varieties (Thot- 
tappilly and Rossel 1993; Rasaonary 1990). During the 
last decade, breeders have tried to introduce resistance 
into indica varieties, but no variety with both a high 
level of resistance and adaptation to irrigated cultiva- 
tion has yet been released (Singh 1995). 

In order to better understand the genetic basis of 
RYMV resistance, a wide search for quantitative trait 
loci (QTLs) has been performed in the population 
'IR64/Azucena' using various approaches including 
morphological traits, symptom expression, incidence of 
artificial inoculation on morphological traits and virus 
content estimated with an ELISA test. Some RYMV 
resistance QTLs and plant architecture QTLs mapped 
on the same chromosomal fragments, suggesting a pos- 
sible implication of morphology on resistance (Albar et al. 
1998). A QTL mapped on chromosome 12 was found to 
be more specifically involved in virus content and 
symptom expression, and it mapped in a region where 
no morphological QTL had been localised. This QTL 
was also evidenced in another DH population derived 
from a 'Irat177 x Apura' cross (Ghesquière et al. 1997). 
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When QTLs show interaction with unlinked genes, 
their effects may be considerably altered when attempts 
are made to incorporate them into another genetic 
background. In maize, for instance, some QTLs did not 
appear in absolute levels (Stuber 1989). The importance 
of epistasis is also supported by the frequent observa- 
tion that the total geno.iypic variation explained by all 
of the detected QTLs is generally much smaller than 
the sum of genotypic variances explained by each QTL 
separately. For this reason, the search for epistasis 
between a characterised QTL and other loci is a pre- 
requisite before the potential utilisation of this QTL in 
plant breeding applications can be envisaged. 

In our previous analyses (Ghesquibre et al. 1997; 
Albar et al. 1998), the QTL mapped on chromosome 12 
seemed to be a major genetic factor of resistance, inde- 
pendent of plant morphology. In the study presented 
here, interactions between this QTL and genetic back- 
ground were tested, and the effect was checked during 
the first steps of a backcross introgression process 
monitored by mapped molecular markers. 

Materials and methods 

Mapping of a doubled-haploid O H )  population 

.A DH population 'IR64/Azucena' (Guiderdoni et al. 1992) was 
analysed to characterise the inheritance of resistance to RYMV 
(Albar et al. 1998). A restriction fragment length polymorphism 
(RFLP) map population had earlier been developed by Huang et al. 
(1997). This map served as the reference for marker analysis, and 
additional markers were generated (Albar et al. 1998). 

DNA extraction, RFLP and sequence-tagged sites-polymerase 
chain reaction'(STS-PCR) assays . 

DNA~extraction was based on the method of Hoisington et al. 
(1994). For RFLP, the preparation of filters, probes and hybridisa- 
tions were performed as described in Ghesquière et al. (1997). Signals 
were detected with anti-digoxygenine antibody (dilution 1/10 000) 
and CSPDTM or CDPStarTM (1/500) using the procedures recom- 
mended by Boehringer. Probes were removed from the membranes 
by washing in 0.1% SDS at 80°C for 20 min. Microsatellite marking 
was carried out according to Chen et al. (1997). PCR products were 
run on 2.5% agarose gels, and marker bands were revealed in 
ethydium bromide. 

_ . .  . 

Phenotypic evaluation of resistance through serological tests 
of the DH population . 

Eighty-nine DH lines were considered for resistance. Sixty lines were 
evaluated in 1993 (Ghesquière et al. 1997), and 29 complementary 
lines were evaluated in 1997. For'the 1997 evaluation, plants were 
grown in a growth chamber in parcels of 10 plants, replicated in two 
complete randomised blocs. The third leaf of each plant was mech- 
anically inoculated 19 days after germination with an isolate of virus 
from Burkina-Faso as in Albar et al. (1998). The last leaf to emerge 
was assayed for virus content 15 days after inoculation. 

Virus content assessment in plants was measured using the 
Double Antibody Sandwich-ELISA method, as described in Albar 
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et al. (1998). The antibody was prepared against.a virus isolate from 
Madagascar. Leaf extracts were ground in phosphate buffer at 
a dilution of 1 g for 20000 mi. This dilution was chosen as it gave 
a good proportionality between optical density and virus concentra- 
tion in preliminary experiments. 

Field evaluation data 

The set of data studied by Albar et al. (1998) was used. One hundred 
and fifteen DH lines were evaluated in 1996 at the IER/CIRAD 
research station in Sikasso, Mali, for field resistance. The experi- 
mental design included two replicates; each DH line was represented 
by two rows of plants facing each other with 5 plants per row. DH 
lines were disposed according to their line numbers inside each 
replicate. The first row was mechanically inoculated, while the 
second row served as the control. Inoculation was performed 
4 weeks after sowing using infected leaves ground in water and 
abrasive. The impact of the disease on plant growth was evaluated 
by the ratio between inoculated and non-inoculated plants. HMr is 
the ratio for height at  maturity, and HDr is the ratio for heading 
date. Tillering was measured on non-inoculated plants and refers 
here to the number of tillers 8 weeks after sowing. 

Data analysis 

A three-step method was used for the identification and validation of 
QTLs. First, conventional QTL mapping (as in Albar et al. 1998) 
was performed with a single-QTL model using simple interval map- 
ping with MAPMAKER/QTL (Lander and Botstein 1989). 
A LOD 2 2.6 was used as a threshold for claiming the presence of 
a putative QTL. The QTLs detected were fixed, and additional 
QTLs were claimed if they contributed to the multi-QTL model by 
an additional LOD 2 2.6. For virus content in the last emerging leaf 
15 days after inoculation, two independent tests were conducted at  
different times (in 1993 and 1997) and with different DH lines. 
A hierarchical design with the year as the hierarchical factor was 
adopted to perform regression. A probability of P I 0.001 was used 
as a threshold for claiming the presence of a putative QTL using 
SAS Proc GLM (Statistical Analysis System 1990) and Type-III 
sums of squares. 

The second step consisted of testing two-way analysis of variance 
with interaction between RG869, mapped on the QTL12, and all 
markers from the linkage map. This step was realised using SAS 
Proc GLM (Statistical Analysis System 1990) and Type-III sums of 
squares. All epistasis between RG869 and any other mark'er signifi- 
cant.at P 5 0.001 were used in further model building steps. 

The third step consisted of testing all identified genetic factors 
including epistasis in a multiple regression model and proceeding to 
a backward stepwise regression technique as suggested by Jansen 
(1993). A probability of P < 0.05 was used as a threshold. Interac- 
tions between the QTLs identified in step 1 and RG869 were added 
even if they did not show up in step 2. All these models were then 
treated as linear additive models using SAS Proc GLM (Statistical 
Analysis System 1990) and Type-III sums of square. 

The heritability (hz) on a plot basis was estimated from the 
following equation: hZ = crk/(cr& + cr;/n) where ai and crz are the 
estimated genotypic and environmental variances, respectively, and 
n the number of repeats. Because of the non-total randomisation of 
the lines in each block, the estimators of the heritabilities calculated 
for HMr and HDr are biased. Nevertheless, as they give to some 
extent an approximation of the non biased heritabilities, they were 
used for further data analysis. Non-biased heritability estimators are 
referred to as hZ and biased heritability estimators as h2*. 

Genotypic correlation was used to detect linkage and/or pleitropy 
between characters. If two characters are considered which are 
measured separately at two different locations, the phenotypic 



correlation is due solely to the genotypic correlation because of 
the absence of environmental correlation. Therefore: r, =.h,h,r, 
where r, and r, are the phenotypic and genotypic correlahon and 
h i  and h: are the heritabilities of the two characters under consid- 
eration (Falconer and Mackay 1989). r, can therefore be estimated : 
rG = rp/J@ih$ and R&,,,,typic = R&,,tyPic/(hX) where R2 repres- 
ents the percentage of variance explained by the regression. 

Monitoring of the introgression process of the QTLs 

In order to introgress two characterised QTLs (denoted by CD0418 
for the QTL located on chromosome 7 and RG869 for the QTL 
located on chromosome 12), we conducted backcross breeding ac- 
cording to Hospital et al. (1992). The P303 DH line was crossed to 
IR64 to give a F,. This F, was backcrossed to 'IR64 to give a BC1 
generation. Twenty-eight BC1 plants were grown in the greenhouse. 
Plants were genotyped in order to select the QTLs to be introgressed 
and to select markers on non-carrier chromosomes, to shorten the 
backcross breeding process. Markers were chosen for their position 
on the genetic map. Seven RFLP markers, two microsatellites and 
the phenotypic marker C (chromogen for anthocyanin, on chromo- 
some 6 ; Kinoshita 1995), were used. For QTL12, plants were 
genotyped using the RFLP marker RG869, but for QTL7 they were 
genotyped using the RFLP marker BNL16-06, because the marker 
CD0418 was not available in the laboratory. BNL16-06 is 
a genomic DNA probe of maize (Burr and Burr 1991). In this 
population BNL16-06 mapped at 5.3 cM from the marker CD0418. 
Two BCIFz populations of 58 plants were evaluated for resistance 
to assure that they still segregated. One of these segregated for both 
BNL16-06 and RG869, while the other one segregated just for 
RG869. The evaluation of virus content was performed as previously 
described, except that inoculation took place 15 days after sowing. 
The most resistant plants, accumulating favourable alleles, were 
genotyped. This step was performed as a preliminary experiment in 
the monitoring of the introgression process. 

Results 

The two parents of the cross differed not only in resist- 
ance to rice yellow mottle virus but also in a wide range 
of adaptive, and agronomic traits. The differences 
among DH lines for virus content (VC) and disease 
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impact on plant height at maturity (HMr) and on 
heading date (HDr) were highly significant. HMr and 
HDr showed the highest heritabilities among all the 
traits used to estimate disease impact on agronomic 
characters (Albar et al. 1998). Variation among lines for 
viral concentration in the last emerging leaf showed 
a rough bi-modal distribution after log transformation, 
HMr and HDr showing continuous variation in the 

did not greatly improve normality of the distribution. 
All interactions between the candidate QTL located on 
chromosome 12 and all the other markers of the rice 
genome were tested for VC, HMr and HDr. The sum- 
mary of all the loci identified to be associated with 
RYMV resistance is represented in Table 1. 

population. For these last two traits, transformation ? 

Virus content in the last-emerging leaf (VC) 

Virus content in the last emerging leaf, 15 days after 
inoculation, showed an estimated heritability of h2 = 
0.92 in the 1997 evaluation. A complementary epistasis 
was observed between RG869 (chromosome 12) and 
CD0418 (QTL7 : QTL located on chromosome 7). 
The percentage of variance explained by this interac- 
tion (QTL12*QTL7) (36.5%) was much higher then the 
one explained by RG869 alone (21%). A QTL located 
on chromosome 4 near marker RG214 was mapped. 
The parent contributing to an increase of resistance 
was the susceptible one, 'IR64'. This last QTL ex- 
plained 10% of the phenotypic variance in 1993, but 
much less in 1997, which could suggest genotypex 
environment interactions. 

Inoculation impact on plant height (HMr) 

HMr showed an estimated heritability of h2* = 0.57. 
Two major interactions between RG869 and other 

* -  

Table 

Character Loci Parent Single-factor model Multiple-locus model R2% all 

Loci associated with resistance considered for multiple regression model 

contributing locus 
higher allele Significance R2 % Significance R2 % 
value 

~ ~~ - 

VC" RG869(12")*CDO418(7) Azu*Azu < 0.0001 36.5" < 0.0001 37.5" 
RG214(4) IR64 0.0131' 10" 0.0046 11" 47.5 

HMr RG869(12)*RZ801(1) AZU*AZU 0.007gd 14.5 0.0011 16 

HDr RG869(12)*RZ801(1) Azu*Azu < 0.0001 36.5 < 0.0001 18.5 
RG869(12)*Pgi-2(6) Azu*IR64 0.0035' 16.5 0.0061 12 . 31 

RZ801( 1) Azu < 0.0001 17 0.0003 12 36 

a For VC, R2 is given for the 1993 evaluation 
bThe number in parentheses refers to the chromosome on which the marker is mapped 
"RG620 closely linked to RG214 is significant at P 5 0.001, but RG214 fits better in multi-regression model and is at the LOD peak in 
interval mapping 
'The interactions are significant at P = 0.001 level in two-way analysis of variance with interaction 
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Table 2 Regression of virus 

respect to the allelic state at the 
RG869 locus (given for the data - 0.0093 0.88 0.72 23 36 
obtained in 1997) IR64 0.0378 0.83' 0.76" 26 41 

content (VC), on tillering with RG869" Significance G C  hZcring R L t y p c  % R:cnolype % 

Azucena NS' 0.87' ' 0.64' - - 

"Nature of the allele at the RG869 locus 
'Non-significant, P > 0.15 
' Partial heritabilities 

markers of the genome were characterised. The 
interaction between locus RG869 and locus RZ801 
(chromosome 1) showed apparent characteristics of 
duplicate epistasis. RZ801 mapped near a plant height 
QTL which corresponds to sd-1, a semi-dwarf gene 
carried by the susceptible parent, 'IR64'. The interac- 
tion between RG869 and Pgi-2 was characteristic of a 
complementary epistasis which does not result from 
Co-adapted genes ; the favourable sets of alleles showed 
the presence of the allele coming from 'Azucena' at one 
locus and of the allele from 'IR64 at the other, in any 
combination. 

Inoculation impact on heading date (HDr) 

HDr showed the highest estimated heritability of all the 
parameters measuring disease impact on agronomic 
traits in the field experiment (h2" = 0.62). A duplicate 
epistasis between RG869, on chromosome 12, and 
RZ801, on chromosome 1, was also characterised for 
this trait. A QTL was mapped in the RZ801 region in 
a single-QTL model and remained significant in the 
multiple regression. 

Tillering as an explanatory variable of resistance 

A positive genotypic correlation between VC and tiller- 
ing was characterised. Tillering showed an interaction 
with the allelic state at the RG869 locus (Table 2). The 
regression of viral concentration on tillering proved to 
be significant for plants with the allele from 'IR64 at 
the RG869 locus and non-significant for the ones with 
the allele provided by 'Azucena'. This interaction be- 
tween RG869 and tillering was significant in both the 
1993 and 1997 evaluations, but it was not significant in 
the joint analysis. The regression model with all identi- 
fied genetic factors explained 61% of the phenotypic 
variance for the 1993 evaluation and 67% for the 1997 
evaluation. In contrast with the model which did not 
include tillering (Table l), this model (Table 3) was not 
linear additive: the sum of the percentages of variance 
explained by individual factors in the multi-factor re- 
gression model was much lower than the percentage of 
variance explained by the model. This suggests the 
presence of a hidden variable brought about by the 

Table 3 Multi-factor regression model for virus content (given for 
the data obtained in 1993) 

Factor Significance . R2% R2% all 
factors 

RG869"Tillering 0.0233 10 
RG869"CD0418 0.0232 13 61 
RG214 0.0183 8 

The sum of the percentage of variance explained in the model by its 
different components is much lower than the percentage of the 
variance explained by the model itself; this observation strongly 
suggests the existence of a hidden variable in the model 

introduction of the interaction of tillering and RG869 
in the model. 

The summary of all identified genetic factors for 
resistance to the rice yellow mottle virus is presented in 
Fig. 1. 

Monitoring of the QTL introgression process 

Since our results suggested a complementary epistasis 
between RG869 (chromosome 12) and CD0418 (chro- 
mosome 7), these two QTLs were chosen for marker- 
assisted backcross breeding. The DH line P303 was 
selected because of (1) its high level of resistance; (2) the 
presence of the alleles derived from 'Azucena' at the 
RG869 and CD0418 loci; (3) recombinations on each 
side of the QTL12, near the RG869 locus; (4) a pre- 
dominant 'IR64 genetic background (60%). A non- 
carrier chromosome selection was performed using 
convenient markers (Fig. 2). No carrier chromosome 
selection took place on BCl plants because: (1) the 
selection for non-carrier chromosomes is the most ef- 
fective at early stages of backcross breeding; (2) a small 
number of plants were obtained in the first backcross 
generation (28 plants); (3) the selection for recom- 
binants around the QTLs to be introgressed had al- 
ready been made in the choice of the P303 DH line. 

Two BC1 plants were selected to check, using their 
F2 progenies, if the QTL located on chromosome 7 
affects the expression of the QTL on chromosome 12. 
The first one, 303-17, selected to continue the QTL 
introgression process, was heterozygous for QTL7 and 
QTL12. The second one, 303-0, was heterozygous only 
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Fig. 1 QTLs and epistasis between QTLs involved in virus content 
(VC), inoculation impact on heading date (HDr) and inoculation 
impact on height at maturity (HMr)  
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Fig. 2 Genetic conformation of the selected d,oubled-haploid line 
P303. In black, chromosomal segments with the ‘IR64‘ allele; in 
white, segments with the ‘Azucena’ allele. Markers near selected 
QTLs are indicated by an arrow. Horizontal bars represent loci 
where the ‘Azucena’ allele has been counter-selected during the first 
backcross generation to give the next backcross generation 
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Fig. 3 BC1-F2 population from self-pollination of the 303-17. Virus 
content is expressed in log (absorbance measured by the DAS- 
ELISA method). Resistant plants show low virus content 

for QTL12. Both Fz populations showed a similar 
distribution of virus content, with a small proportion of 
plants exhibiting very low virus content (see Fig. 3 for 
the BCIFz derived from 303-17). If we assume that the 
most resistant plants were supposed to accumulate all 
of the favourable factors for resistance, then the 
genotyping of resistant individuals can be considered to 
be appropriate to obtain a first validation of the pro-. 
posed model. Four and 12 individuals from the BCIFz 
populations derived from 303-17 and 303-0, respective- 
ly, were genotyped to check segregation at QTL12 and 
QTL7. The 4 most resistant plants derived from 303-17 
were all homozygous for the allele coming from 
‘Azucena’ (P < 0.01) at the RG869 locus, and none of 
these plants was homozygous for the allele coming 
from ‘IR64 at locus BNL16-06. In the 12 most resistant 
plants from the second population, the segregation at 
the RG869 locus was not different from the segregation 
expected if RG869 and VC were independent. The 
totally different results obtained between the two popu- 
lations suggest that the presence of the allele from 
‘Azucena’ at QTLl2 cannot explain the resistance with- 
out the presence of the allele from ‘Azucena’ at QTL7. 

Discussion 

Numerous authors (Edwards et al. 1987; Paterson et al. 
1988; Fatokun et al. 1992; Stuber et al. 1992; DeVicente 
and Tanksley 1993; Schön et al. 1994) have discussed 
the low amount of epistasis found between markers 
with .respect to quantitative trait variation. This is in 
opposition with the frequent observation of epistatic 
variation in classical quantitative genetic studies 
(Bauman 1959). Indeed, if all marker-marker interac- 
tions were to be tested, the amount of epistasis detected 
would not differ from that expected by chance only 
(Xiao et al. 1995). This is why, in this experiment, only 
interactions involving QTL12 were tested. We also 
performed a multiple regression with all of the identi- 
fied genetic factors, which enabled us to remove 

-‘,- .:_... c_ ... ..”_, . . . . . . . ,  i .,y.!””’;! , 
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false-positive interactions due to the genetic back- domestication. The complementary epistasis found for 
ground effects arising from segregating QTLs (Li et al. the viral concentration in the last emerging leaf be- 
1997). tween QTL12 and QTL7 strongly suggests just such 

QTL12 appears for a character for which the differ- a Co-adaptative pattern. In this case, one should expect 
ence in resistance between the two parents of the cross QTL7 to be involved in the same interaction as QTL12. 
would essentially be due to the movement and/or repli- ' Nevertheless, QTL7 was not significant, even in inter- 
cation of the virus. It also appears for the disease action with other QTLs, for inoculation impact on 
impact on agronomic traits, but then it seems to be in heading date and on height at maturity while QTL12 
a duplicate epistasis with a QTL on chromosome 1 was. A tillering QTL has been identified near CD0418 
Co-located with sd-I, a semi-dwarf allele brought by the (Albar et al. 1998) and, while CD0418 was significant 
susceptible parent. to explain tillering, RG869 and the RG869*CD0418 

A very strong positive genetic correlation between interaction were not. Finally, we observed that the 
virus content in the last-emerging leaf and tillering model built in Table 3 was not linear additive. In this 
8 weeks after sowing has been characterised. It points model, the sum of the percentage of variance explained 
to the existence of pleiotropy and/or linkage between by the model's different components was much lower 
resistance and tillering QTLs. QTLs involved in the than the percentage of variance explained by the model. 
number of tillers at maturity were mapped on chromo- Therefore, we have to suppose the existence of a hidden 
some 1, near the semi-dwarf gene sd-I, and on chromo- variable inside the model. This could be due to cis- 
some 7 near CD0418; no QTL was detected for epistasis and/or interaction(s) of a rank superior than 
tillering 8 weeks after sowing, but the probability of two. If QTL12 and QTL7 are Co-adapted loci in terms 
a QTL controlling this trait on CD0418 is P = 0.009 of virus content and as they do not act similarly in 
(Albar et al. 1998). The importance of the genotypic R2 terms of tillering, we have to suppose the existence of at 
and the fact that no major QTL has been identified for least two distinct genes underlying the identification of 
tillering 8 weeks after sowing support the idea of tiller- QTLs and the interaction at the CD0418 marker: one 
ing QTLs having a pleiotropic effect on resistance to being a gene involved in tillering and the other the 
rice yellow mottle virus. The interaction of tillering and Co-adapted gene of QTL12. We would then expect an 
QTL12 shows characteristics of duplicate epistasis sim- epistasis between these two putative genes similar to 
ilar to the one between QTL12 and the region near the the one between QTL12 and tillering. An epistasis 
semi-dwarf gene, sd-I, carried by the elite indica parent. between these two cis-located QTLs close to the 
Tillering might therefore be a morphology-dependent marker CD0418 would explain the hidden variable 
resistance mechanism interfering with another mecha- because the variable tillering would then contain other 
nism of resistance for which QTL12 would be a variables and CD0418 would be represented twice in 
major genetic factor. the model. The fact that QTL7 is not significant even in 

Lark et al. (1995) discussed the possible role of auto- interaction with other QTLs for disease impact on 
gamy in the fixation of unlinked pairs of interacting heading date and on height at maturity could well be 
alleles. The type of interaction for which variation explained by cis-epistasis that would alter the expres- 
controlled by alleles at one locus is conditional upon sion of the QTL detected at the CD0418 locus. 
alleles at another locus has been observed in rice (Li The first results during the monitoring of the intro- 
et al. 1997), soybean (Lark et al. 1995) and in capsicum gression breeding process were in favour of com- 
(Caranta et al. 1997) for resistance to a virus. Here, we plementary interaction between QTLl2 and QTL7. 
described the same type of interaction between the However, in the population derived from plant 303-0, 
QTL located on chromosome 12 and the one located this interaction can not explain the segregation of virus 
on chromosome 7 for virus content assessment in a content. In this case, resistance may be under the con- 
newly emerging leaf. trol of morphological components. In particular, the 

Complementary epistasis and a similar type of action semi-dwarfing gene, sd-1, which plays an important 
and interaction of two genes may suggest that, in an role in resistance (Albar et al. 1998), segregated in the 
obligate inbreeding plant, pairs of selected alleles be- 303-0 F2 population and not in the 303-17 population. 
longing to different linkage groups can be maintained The skewed distribution of virus content in the two 
(Lark et al. 1995). In the case of rice, most of the genetic populations may also indicate that other favourable 
diversity is supposed to be derived from two indepen- interactions could have been lost during the backcross 
dant domestications, and the japonica and indica process. 
groups of varieties can be considered to be subspecies The parents used in this study are representative of 
(Second 1991). The models of hybrid sterility assuming two highly differentiated gene pools. A11 of the upland 
duplicate lethal gametophytic genes (Oka 1974) and japonica tested to this day have shown a good level of 
restriction to recombination in remote crosses, thus resistance. 'Azucena', like many traditional upland 
acceleráting parental phenotype recovery, can reflect japonica varieties, was selected outside of the rice yel- 
Co-adaptation between loci, for morphological and low mottle virus extension zone. The QTLl2 locus was 
physiological traits, before and during the course of significant in explaining resistance in two distinct DH 

- 



populations between upland japonica and indica (Ghes- 
quière et al. 1997). Therefore, it might be possible that 
this locus, whether or not in interaction with other loci, 
would be partly responsible for a non-specific adaptive 
trait not linked to an unfavourable morphologic trait. 

Interactions between complementary resistance 
genes and morphology make it difficult to combine in 
one genotype the resistance level of the uplandjuponicu 
varieties and the agro-morphological characters of 
indica varieties using only phenotypic selection. 
Marker-assisted backcross breeding could facilitate the 
introgression of resistance QTLs not linked to morpho- 
logy and allow genetic background effects to be taken 
into consideration. The ongoing introgression process 
would allow selection on a larger BC2 population. 
Available microsatellite markers (Chen et al. 1997) can 
be used for further non-carrier chromosome selection. 
Further evaluation of the constructed near-isogenic 
lines will either confirm or negate our genetic model for 
resistance to rice yellow mottle virus. 
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