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Summary. Distribution parameters (mean, variance, 
skewness and kurtosis) of 12 quantitative traits were 
evaluated for inbred lines generated through single seed 
descent (SSD) and anther culture (AC) of two japoni- 
ca x japonica hybrids and one japonica x indica hybrid 
of rice. For most of the traits the data were normally 
distributed, and the means and variances were found to 
be identical for SSD- and AC-derived lines of the given 
hybrids. However, for some other traits, differences be- 
tween the two population types were observed, mainly in 
the lines derived from the intra-japonica crosses. A tenta- 
tive explanation for these differences is given. Neverthe- 
less, our results suggest that SSD and AC are equally 
effective breeding techniques for producing agronomi- 
cally useful lines of rice. 
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Introduction 

The first doubled-haploid (DH) rice lines were obtained 
by Niizeki and Oono in 1968. These results proved to be 
of major interest for the improvement of this autoga- 
mous species. The time saved by using doubled haploidy 
for the fixation of pure lines has encouraged many teams 
to develop and improve this now widespread and rou- 
tinely used technique (Zapata et al. 1983; Pulver and Jen- 
nings 1986; Guiderdoni et al. 1986; Chung 1987; Huang 
et al. 1988; Zhang 1989). 

The technique is currently well established, and sub- 
stantial number of doubled-haploid lines have been ob- 
tained. Genetic studies can now be carried out to deter- 
mine whether material produced by doubled haploidy is 
equivalent to that produced by conventional breeding 

techniques. In this context, the single seed descent proce- 
dure can be used for comparison since it also involves 
selection only when the lines are fully fixed genetically. 

Theoretical studies (Snape 1976; Jinks and Pooni 
1981; Snape and Simpson 1981) have provided informa- 
tion on the comparative value of lines obtained by dou- 
bled haploidy and single seed descent. These studies have 
revealed that, in random samples, the potential superior- 
ity of either of the two techniques is dependent on the 
genetic control of the studied trait. Two genetic parame- 
ters which can affect the distribution of inbred lines are 
linkage disequilibrium and additive x additive epistasis 
between genes controlling a trait. The distributions of 
DH and SSD lines obtained from a cross are theoretically 
identical, except when linkage disequilibrium occurs. 
Epistasis can also modify the shape of phenotypical dis- 
tributions, - in particular, the ranking of the inbred line 
means relative to the mid-parental values - but such 
modifications are identical for the two line sources. Con- 
versely, the means and variances of DH and SSD lines 
can differ with linkage disequilibrium. The direction of 
the difference depends on the initial parental configura- 
tion: the initial linkage phase (predominance of coupling 
or repulsion pairs) determines the variance ranking; the 
dominant type of epistasis (complementary or duplicate) 
and the predominant linkage phase of these interacting 
genes determine the ranking of the means. 

Field comparisons of DH and SSD lines have been 
made for different quantitative traits in some species. No 
differences were observed between the two techniques by 
Park et al. (1976), Choo et al. (1982) in barley and Henry 
et al. (1988) in wheat. Various other investigators have 
observed only a few differences, usually ones concerning 
the means more than the variances (Turcotte et al. 1980 
and Powell et al. 1986, in barley; Mitchell et al. 1988 and 
Senghor 1990, in wheat; Charmet and Branlard 1985, in 
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triticale; J inks  et a1.1985, in  tobacco;  K u b b a  et al. 1989, 
in Brussels sprouts).  Such differences were f requent ly  
a t t r ibu ted  to l inkage d i sequ i l ib r ium between epistatic 
genes. The  observa t ions  of  Schnell  et al. (1980) in tobac-  
co and  M o r d e n  et al. (1989) in  bar ley are except ions as 
they indicate  a systematic infer ior i ty  of  D H  lines whose 
exact or igin is cur rent ly  u n k n o w n .  

N o  reports  are avai lable  on  a compar i son  of  D H  and  
SSD lines in rice. The objective of  the s tudy repor ted  here 
was to assess the var iabi l i ty  of  D H  a n d  SSD lines derived 
f rom three rice crosses for several quan t i t a t ive  traits. 

Table 1. Origin, isozymic group and classification of the 
parental varieties of the three crosses 

Genotype Geographical Isozyme Genetical 
origin group ~ group 

IAC 47 (IAC) Brazil VI Japonica 
Mutant of.Makouta Ivory Coast VI Japonica 

(MM) 
IRAT 177 (177) French Guyana VI Japonica 
Apura (AP) Surinam I Indica 

a According to Glaszmann (1987) 

Material and methods 

Plant material 

The inbred lines used in this study were obtained in Guadeloupe 
from three crosses: 

- two japonica x japonica F1 hybrids involving genetically 
close parental pure lines of different geographical origins (Table 
1): I A C x M M  ('IAC 4 7 ' x 'Mu t a n t  of Makouta') and 
177 x MM ('IRAT 177' x 'Mutant  of Makouta'). 

- a japonicaxindica F1 hybrid: 177xAP ('IRAT 
177' x 'Apura'). 

Production and sampling of  the inbred lines 

The DH lines, which arose by spontaneous doubling, were gen- 
erated through in vitro anther culture from F a donors according 
to the technique previously described by Guiderdoni et al. 
(1986). The SSD lines were advanced in isolated plots in the 
field, up to the F 6 generation for japonica x japonica crosses and 
the F v generation for the japonica x indica cross. 

The SSD lines were randomly chosen, whereas the DH lines 
were sorted. A callus step is usually necessary in rice anther 
culture. Natural fragmentation of some calli may occur, which 
can lead to the production of identical lines if the fragments are 
subcnltured independently (Mercy and Zapata 1987; Guider- 
doni et al. 1989). This phenomenon can bias the genetic analysis. 
The supposed clones were thus identified using either multivari- 
ate techniques (dynamic clusters on quantitative traits measured 
during the field trials) for japonica x japonica crosses or qualita- 
tive data (enzymatic and morphophysiological traits) for the 
japonica x indica cross, and then discarded (Courtois 1991). The 
elimination of the clones did not substantially modify the popu- 
lation means and only slightly increased variances. The final 
population sizes are shown in Table 2. 

Field experiments 

Three trials, one per cross, were carried out under upland condi- 
tions using a block design with two replicates, with the parents, 
as checks, inserted alternatively every two randomised inbred 
lines. The basic plot consisted of three 2-m long, 0.3-m spaced 
rows, with plants spaced 10 cm apart within rows. The observa- 
tions were recorded on the 19 plants of the central row excluding 
border plants at each end of the row. 

Traits 

The 12 quantitative traits studied are listed in Table 3. Most of 
these traits are of agronomic interest, and some are yield compo- 
nents. Leaf shape was useful in differentiating indica and japon- 
ica types. 

Table 2. Size of the populations included in this study 

Cross Number of Number of SSD 
DH lines SSD lines generation 

IAC x MM a 45 60 F 6 
177 x MM b 66 77 F 6 

177 x AP 59 60 F v 

" Reduced to 30 DH and 35 SSD lines for 2 traits (NSP, STR), 
due to incidents during harvesting 
b Reduced to 61 DH and 72 SSD lines for 3 traits (GLG, GWD, 
TWD) and 60 DH and 70 SSD for 3 other traits (NSP, STR, 
YLD) 

Table 3. List  of the quantitative traits and sample size for these 
measurements 

Traits Abbre- Number of 
viation measurements 

per plot 

Heading date (d) HDT 1 
Number of panicles per plant NPP 10 
Plant height (cm) HGT 10 
Second underpanicle leaf length (cm) LLG 10 
Second underpanicle leaf width (cm) LWD 10 
Main panicle length (cm) PLG 10 
Grain length (ram) GLG 10 
Grain width (ram) GWD 10 
Thousand grain weight (g) TGW 1 
Number of spikelets per panicle NSP 3 
Sterility (%) STR 3 
Plot yield (g) YLD 1 

Statistical analysis 

Sterility percentages were transformed with the arcsine square 
root transformation before analysis. The distributions of each 
quantitative trait were tested for normality by comparison of the 
Pearson's coefficients of skewness and kurtosis with the critical 
values defined by Pearson and Hartley (1966). 

For traits recorded on an individual plant basis, an analysis 
of variance was separately performed for both DH and SSD 
lines based on a mixed model with a fixed block effect and 
random genotypical, interaction and residual effects. For traits 
recorded on a whole plot basis, the analysis of variance was 
limited to the first three effects. The respective genotypical, 



interaction and residual variances of the two sets of lines were 
then compared using three different Fisher tests (ratios of the 
genotypical, interaction and residual mean squares). The global 
variance comparison was made at the 5% significance level, 
which resulted in the three tests being made approximately at the 
1% significance level. 

For normal distributions and when variances were the same, 
a two-tailed Student's t test was used to compare the means of 
DH and SSD lines. When variances differed, a modified Student 
test (Dagnelie 1975) was applied. For non-Gaussian distribu- 
tions, the Mann and Whitney non-parametric rank test was 
performed to compare DH and SSD line distributions. The 
means of the two sets of lines were compared to the mid-parental 
value using scaling tests (Mather and Jinks 1971). Significance 
levels were set at 5% for all of these comparisons. 

R e s u l t s  a n d  d i s c u s s i o n  

Means and s tandard  deviations per trait  for the D H  and 
SSD inbred lines as well as mid-parenta l  values for the 
three crosses are given in Table 4. Distr ibut ions were 
found to be normal,  as determined according to Pear- 
son's coefficients of  skewness and kurtosis,  except for a 
few traits, notably  sterility, even after da ta  t ransforma-  
tion. However,  a complementary  analysis of  the frequen- 
cy dis tr ibut ion his tograms indicated a tendency to bimo- 
dali ty for some traits such as p lant  height, leaf length and 
width, specifically concerning the two crosses with 'Mu-  
tant  of  Makou ta ' .  

The analyses of  variance, performed separately for 
D H  and SSD lines revealed a highly significant genotyp- 
ical variabil i ty for all but  2 traits: the tillering abili ty and 
yield in the D H  lines of  the IAC x M M  cross. However,  
a clear genetic variance was noted for these 2 traits in the 
SSD lines. Thus, there were p robab ly  allelic differences 
between the parents  for all traits, even when the pheno- 
types seemed identical. 

Compar isons  of  the genotypical,  interact ion and re- 
sidual mean squares for the D H  and SSD lines revealed 
some rare significant differences (Table 5). This con- 
cerned 4 traits, but  genotypic variance differences were 
involved in only 2 i.e. leaf width and grain width of  the 
177 x M M  cross. The other differences concerned residu- 
al variances with, in most  cases, higher variances in the 
SSD lines than in the D H  lines. 

The means of  the two groups of  inbred lines were 
mostly identical (Table 6). However,  there were some 
cases of  differences between the means of  the D H  and 
SSD lines or between one of  them and the mid-parenta l  
value. 

The most  plausible explanat ion of  these results con- 
cerns the genetic control  of  the trait  under consideration.  
According to the theories developed by Snape (1976), 
Snape and Simpson (1981) and Jinks and Pooni  (1981), 
the different categories of  the situations numbered in 
Table 6 can be explained as follows: 
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Table 5. F values for variances for DH and SSD lines 

Trait IAC x MM 177 x MM 177 x AP 

GMS IMS EMS GMS IMS EMS GMS IMS EMS 

HDT 1.14 1.23 - 1.19 1.30 - 1.42 1.25 - 
NPP 1.04 1.06 1.06 1.29 1.26 1.00 1.29 1.38 1.17"* 
HGT 1.10 1.71 1.15 1.22 1.08 1.33 ** 1.28 1.65 1.18 ** 
LLG 1.02 1.85 1.06 1.21 1.26 1.10 1.13 1.39 1.05 
LWD 1.25 1.31 1.09 1.82"* 1.17 1.02 1.28 1.08 1.14 
PLG 1.58 1.04 1.09 1.65 1.08 1.11 1.36 1.02 1.24"* 
GLG 1.26 1.38 1.02 1.19 1.33 1.85"* 1.37 1.07 1.01 
GWD 1.24 1.62 1.09 2.06** 1.77 1.48"* 1.13 1.60 1.01 
TGW 1.04 1.8l - 1.12 1.79 - 1.03 1.58 - 
NSP 2.32 1.07 1.00 1.25 1.46 1.30 1.53 1.06 1.16 
STR" 1.02 1.02 1.32 1.26 1.11 1.13 1.59 1.00 1.22 
YLD 1.00 1.18 - 1.02 1.44 - 1.56 1.45 - 

*'** P significant at 5% or 1% level, respectively 
GMS, ratio of the DH versus SSD genotypic mean squares; IMS, ratio of the DH versus SSD interaction mean squares; EMS, ratio 
of the DH versus SSD error mean squares 
" Tests on angular transformed data 

Table 6. Mean comparisons. Summary of the different situations observed 

IAC x MM 177 x MM 177 x AP 

+ DH = SSD 

1) DH = SSD = m p v  
with crg DH = crg SSD 

2) DH = SSD = mpv 
with ~r~ DH q= cr~ SSD 

3) DH = ~ + m p v  
with crg DH = er e SSD 

+DH~=SSD 

4) DH = mpv > S~D 
or ~ = mpv < SSD 

5) D H > m p v =  SSD 
or DH < m p v =  S-gD 

6) DH =<mpv=<SSD 

NPP, HGT, LLG, STR NPP, LLG, NSP, STR, YLD 

- LWD, GWD 

TGW HDT HDT 

HDT - - 
LWD, NSP, YLD - 

GWD - - 
- TGW - 

PLG, GLG HGT, PLG, GLG NPP 

HGT, LLG, LWD, PLG, GLG, 
GWD, TGW, NSP, YLD 

mpv, Mid-parental value; DH, DH mean; SSD, SSD mean; ~rg, genotypic variance 
= ,  Difference not significant at 5% level; > ,  difference significant at 5% level; =<, not significantly different from the last in rank, 
but significantly different from the last but one 

1) There  were  no signif icant  differences in the means  

and  genotypic  var iances  be tween  the two sets o f  inbred  

lines, and  the means  were  equal  to the mid -pa ren ta l  val-  
ue: this co r responds  to the s implest  case o f  no detec table  

epistasis and  l inkage  equ i l ib r ium in genes con t ro l l ing  the 
trait. 

2) The  s i tua t ion  was ident ical  to ( l )  for  the means ,  bu t  
the geno typ ic  var iances  o f  the two groups  o f  lines dif- 
fered: this could  be evidence o f  a l inkage d i sequi l ib r ium 

in the con t r ibu t ions  o f  coup l ing  and  repuls ion  pairs  in 
the absence o f  non-al le l ic  in teract ions .  F o r  the two  traits 

concerned ,  va r iance  in the D H  lines was h igher  than  in 

the SSD lines, which  suggests a p r eponde rence  o f  genes 

in the coupl ing  phase.  The  ex t rac t ion  o f  D H  lines f r o m  

F 1 hybrids ,  which  results in max imiz ing  the genetic  vari-  
ance while  saving the greates t  a m o u n t  o f  time, appears  to 

be just i f ied for  this specific genetic  conf igura t ion .  

3) The  means  o f  the D H  and  SSD lines, themselves  
identical ,  differed f r o m  the mid -pa ren ta l  value  wi thou t  
any var iance  differences:  this could  be due to epistasis 
w i thou t  l inkage disequi l ibr ium.  

4, 5 and  6 poo led)  The  means  o f  the D H  and SSD 
lines were s ignif icantly different,  wi th  the m e a n  o f  one  o f  
these g roups  o f  lines differ ing f r o m  the mid -pa ren ta l  val-  
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ue: this may indicate a linkage disequilibrium between 
epistatic genes. The only unambiguous situation (where 
the means of the DH and SSD lines and the mid-parental 
value were all significantly different) was not observed. 
In this group of situations, the means of the DH lines 
were, in most cases, lower than the means of the SSD 
lines. According to Jinks and Pooni (1981), this suppos- 
edly occurs if an excess of  coupling pairs is associated 
with duplicate interactions or if an excess of repulsion 
pairs is associated with complementary interactions. 
With respect to traits for which the phenotypes of the two 
parents are markedly different, which is generally the 
case for traits under selection, the hypothesis of an excess 
of coupling pairs, and therefore duplicate interactions, 
would be the most plausible. Thus the extraction of DH 
lines from F 1 hybrids would be justifiable. 

In terms of the frequency of each case, situations with 
no detectable gene interaction or disequilibrium were the 
most common. Situations solely involving alMic interac- 
tions seemed to occur rarely and only concerned specific 
traits (heading date and thousand grain weight), as did 
situations involving only linkage disequilibrium. Howev- 
er, linkage disequilibrium between interacting genes oc- 
curred more frequently. There is no way to bear out such 
a partition in the present data, but a confirmation of the 
genetic effects involved could be obtained by comparing 
the means and variances of DH lines derived from two 
different generations, as demonstrated by Shape and 
Simpson (1986). The method developed by Choo and 
Reinbergs (1982), based on the analysis of skewness and 
knrtosis coefficients, could be another way of detecting 
the presence of additive x additive epistasis, but a large 
sample size and an absence of genotype x environment 
interaction (Pooni et al. 1977) are required. 

Quantitative genetic models were therefore probably 
the most appropriate for explaining the observed situa- 
tions. Nevertheless, to apply these models certain under- 
lying assumptions must be checked because their failure 
could also affect distributions. These assumptions in- 
clude: absence of selection (gametic or genotypic), and 
thus randomness of the sample, and identical effects of 
all genes. 

First, the observed differences could have arisen from 
sampling problems within DH lines that resulted either 
from limited sample sizes due to poor anther culture 
yields or from cloning problems caused by calli fragmen- 
tation that could have been responsible for a residual bias 
in the sample despite our efforts to get rid of the clones. 
This eventual bias concerns only the japonica x japonica 
crosses, since the identification techniques using qualita- 
tive data enabled the elimination of all of the clones in the 
distant cross. 

With respect to gametic selection, experiments with 
rice carried out by Chert et al. (1982), Chen et al. (1983), 
Siva Reddy (1987), Chung (1987) and Courtois (1991) 

using morphological markers indicated that gametic se- 
lection during the anther culture process either did not 
occur or was undetectable in all of the varietal groups 
studied. Conversely, using molecular markers, Guider- 
doni et al. (1989) and Guiderdoni (1991) detected gamet- 
ic selection, independent of the distortions generated by 
distant hybridization, in DH lines derived from indi- 
ca x japonica hybrids; this gametic selection had an ap- 
parent neutral effect with regards to the indica/japonica 
differentiation. However, the japonica x indica cross 
showed the smallest number of differences in this study. 

The hypothesis of identical additive effects for all 
genes is not necessarily justified. The expression of a trait 
could be the result of the combined action of a large 
number of minor genes with weak effects and a few major 
genes with strong effects. For instance, the observed dif- 
ferences in means for plant height and panicle length, 
traits which were probably pleiotropically linked in these 
crosses (Courtois 1991), could be due to the presence of 
a major recessive gene controlling the average height of 
'Mutant of Makouta '  and ' IRAT 177' (C16ment and 
Poisson 1987). This would explain why height distribu- 
tions, although continuous, were not perfectly unimodal 
in the IAC x MM and 177 x MM crosses. Undetected 
major genes might also interfere with the distributions of 
other traits. 

Although the material was obtained after several self- 
ing rounds (F 6 generation for close crosses, F 7 for the 
remote cross), residual heterozygosity might also occur 
in SSD lines in the 177 x AP cross. This hypothesis could 
be supported by the heterogeneity sometimes observed 
with morphological and enzymatic qualitative traits in 
this cross (Courtois 1991) and by the residual variances, 
which were slightly higher for some traits in SSD lines 
than in DH lines. The persistence of a significantly higher 
heterozygosity than should occur at this stage of breed- 
ing could be explained by cross-pollinations that could 
have taken place during selfing of the SSD lines. These 
cross-pollinations were possibly facilitated by the impor- 
tant sterility phenomena; these were observed up to the 
late generations and were partly due to the genetic dis- 
tance between parents. However, distribution differences 
were minimal in the 177 x AP cross, which puts the im- 
portance of this factor in true perspective. The rapidity of 
the fixation of the two japonica x japonica crosses and 
their normal fertility demonstrated that such a hypothe- 
sis could not apply to these crosses. 

Other factors might potentially contribute to differ- 
ences between DH and SSD lines, such as the occurrence 
of genetic variations during the rice anther culture pro- 
cess where a de-differentiated callus step increases risks 
(Oono 1983; Schaeffer 1982; Schaeffer et al. 1984; Zakri 
1986). However, this hypothesis is unverifiable in our 
study since variations were not separable from the over- 
all hybridization-induced variability. 
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Some o f  these factors (residual heterozygosity within 
the SSD lines, variations) should be expressed by an 
apparent  lower vigour in D H  lines. When  differences 
were observed, the D H  line means were generally inferior 
to the SSD line means. However,  no clear conclusions 
could be drawn on this t rend due to the l imited number  
of  these cases. 

The observed differences between the two sets o f  in- 
bred lines seemed to be associated with the type of  cross, 
with the most  frequent abnormali t ies  resulting from 
japonica  x j a p o n i c a  crosses, This could have resulted 
from a sampling p rob lem since the number  of  crosses 
studied was low. Hence, further studies should now be 
carried out  with a greater number  of  intra-  and inter-sub- 
specific crosses. 

Conclusion 

We observed very few differences between rice lines pro-  
duced by the two techniques. When  differences were ob- 
served, several elements indicated that  they probab ly  re- 
sulted from the genetic control  of  the traits, f rom the 
presence of  major  genes and f rom residual heterozygosi ty 
(for the distant  cross). This confirms previous results in 
other species. Assuming that  these results are representa- 
tive and can be further extended to a greater  number  of  
crosses, we consider that  doubled haploidy and single 
seed descent are equally effective techniques in rice to 
obtain high-performance lines f rom single crosses. 
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