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Abstract Nine polymorphic isoenzymatic systems were 
studied in 39 cultivated sunflower populations originating 
from ten countries. Analysis of combining abilities with four 
tester lines was also performed on these populations for seed 
yield, seed moisture and seed oil content. The MDH, PGI, 
PGD and GOT systems appeared to provide the best dis- 
crimination of specific combining ability effects with the four 
testers. The MDH and GOT systems provided a between- 
population structure that was consistent with the country of 
origin. 

Key words Enzymatic systems �9 Heterosis �9 Markers �9 Sun- 
flower 

Abbreviations MDH, Malate dehydrogenase �9 PGD, phos- 
phogluconate dehydrogenase �9 PGI, phosphoglucoiso- 
merase �9 PGM, phosphoglucomutase �9 ACO, aconitase hy- 
dratase �9 ADH2, alcohol dehydrogenase �9 GOT, glutamate 
oxaloacetate transaminase- LAP, leucine amino pepti- 
dase �9 EST, esterases 

Introduction 

In order to develop new elite commercial hybrids, sunflower 
breeders have to cross many genotypes and test the offsprings 
in trials. Field evaluation is quite time consuming and 
costly. The existence of a relationship between the polymor- 
phism of a polygenic character such as yield and molecular 
polymorphisms, which are easier to measure, may lead to 
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predictors for high yield and combining abilities. Most of 
the studies conducted on enzymatic polymorphisms in the 
Helianthus genus have been used for varietal identification 
or the elaboration of phylogeny from genetic distances 
(Wain 1983; Kahler and Lay 1985; Anisinova 1987; Rieseberg 
et al. 1988; Quillet et al. 1992). Only one publication evaluates 
the relationships between phenotypic and enzymatic 
polymorphisms (Bazan et al. 1988). These authors studied 
the relationships between polymorphisms of nine enzymatic 
systems and the agronomic values of offspring resulting 
from crosses of 21 cultivated sunflower populations origin- 
ating from three countries with four homozygous inbred 
testers. 

In maize (Zea mays L.) a genetic map is available, and 
more informations has been published on this subject (Hunter 
and Kannenberg 1971; Heidrich-Sobrinho and Cordeiro 
1975; Hadjinov et al. 1982; Brunel 1985; Price et al. 1986; 
Lamkey et al. 1987; Lee et al. 1989; Leonardi et al. 1991; 
Charcosset et al. 1991; Bernardo 1992). Charcosset et al. 
(1991) studied the linear correlation between a genetic 
distance index between two parent lines (based on marker 
loci information) and the heterosis observed in the F 1 hybrid 
from the two lines for a quantitative character [determined by 
several loci or by quantitative trait loci QTL)]. They con- 
cluded that the prediction of F1 hybrid heterosis based on 
marker loci would be more efficient if these markers were 
selected for their relationships to alleles implicated in the 
heterotic traits considered. They called these markers "effi- 
cient" markers. Bernardo (1992) has used a computer simula- 
tion to investigate a genetic model involving incomplete 
coverage of QTL by molecular markers. He concluded that for 
the effective prediction of hybrid performance it is necessary 
that at least 30-50% of the molecular markers be linked to 
QTL. 

With respect to cultivated sunflower where no genetic map 
currently exists, our research on heterosis predictors led us to 
study the enzymatic polymorphisms of 39 sunflower popula- 
tions and to evaluate the relationships between these poly- 
morphisms and heterosis. We chose to characterize enzymatic 
systems because it is a cheap and fast first approach to the 
study of molecular variation. 
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Materials and methods 

Agronomic polymorphism 

We have previously computed and studied the combining values of 39 
sunflower populations originating from ten countries with four tester lines 
(Tersac et al. 1993). We now highlight a relationship between country of 
origin and specific combining abilities (SCA). Combining ability values 
and Mandel analyses are used. 

Enzymatic polymorphism 

Thirteen enzymatic systems were analyzed in the 39 sunflower popula- 
tions. These populations are listed Table 1, and details can be found in 
Tersac et al. (1993). Nine of these enzymatic systems were polymorphic: 
MDH (malate dehydrogenase), PGD (phosphogluconate dehy- 
drogenase), PGI (phosphoglucoisomerase), PGM (phosphoglucomutase), 
ACO (aconitase hydratase), ADH2 (alcohol dehydrogenase), GOT (gluta- 
mate oxaloacetate transaminase), LAP (leucine amino peptidase) and 
EST (esterases). Analyses were made on 40 seeds of each population. Seeds 
were allowed to germinate for 24 h at 25 ~ in the darkness, then individ- 
ually crushed in pH 7.4 extraction buffer. After centrifngation, the extract 
was absorbed onto rectangles of Whatman paper, then loaded onto starch 
electrophoretic gels. The electrophoreses were carried out using an acid 
buffer for the PGM, PGD, PGI, ADH, MDH and ACO systems and an 
alkaline buffer for the LAP, GOT and EST systems. Populations F12, 
M18 and R28 were analyzed twice to evaluate a 40-seed sample represen- 
tative of each population. In the H 13 population we used two samples of 
seeds separated by two generations of panmixia to evaluate a possible 
change in allelic frequencies by panmixia. 

Results and discussion 

Direct study of allelic frequencies 

Examinat ion of allelic frequencies shows that  various levels of 
polymorphisms are correlated to each enzymatic system 
(Tables 1-3). Mos t  of the populat ions  have a major  allele, such 
as Mdh-b, Pgi-a, Pgm-b, Adh2-a, Got-b and Lap-b, with a mean 
frequency in all the populat ions  that is at least 0.75. The ACO 
and EST systems are the most  polymorphic  (Table 3). Some 
systems showed rare alleles like Pgm-c (In 14, T 38), Aco-a (E5 
and Spanish populat ions,  da ta  not  shown for Spainish popu- 
lations), Adh2-c (F6, M 23), Got-c (Egyptian, French, Indian,  
Italian, Moroccan,  Russian and Turkish populations) and 
Lap-c (Egyptian, French and Moroccan  populations). When 
several populat ions  showed one of these rare alleles we found 
that  they have different countries of origin. Therefore, we can 
suppose that  crosses had occurred between these populat ions  
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or, more likely, that they have common ancestors. We noticed 
that only 2 populat ions  carry allele Adh2-c: the F6 populat ion 
displays a low frequency of 0.1 while the M23 popula t ion  has a 
frequency of 0.8 for this allele. Therefore, the first populat ion 
may be derived from the second. 

Study of the Nei distances 

Russian breeding work to convert sunflower from a low-oil 
content crop to a high-oil content one has shown that  most of 
cultivated oil-type sunflower populations have originated from 
Russian populations.  Therefore, we a t tempted to measure a 
genetic distance based on the most common ancestor, and 
from among the various kinds of distances, we selected the Nei 
distance (Nei 1972). The dendrogram of the Nei distances is a 
binary type tree, and this visualization may bend reality 
(Fig. 1). Nevertheless, we make the following observations. (1) 
If one considers the control  populat ions from which two 
samples of seeds were analyzed, the distance is always smaller 
between these two samples than between two samples coming 
from 2 different populat ions (except of R28 where one sample 
is nearer T 37 than the other sample, but  the 2 populat ions  are 
nevertheless very close). (2) Concerning the H13 populat ion,  
where two samples of seeds separated by two generations of 
panmixia  were analyzed, the distance between these two 
samples is 0.001. The allele frequencies do not seem to be 
changed after two generations of panmixia  (3) Our  knowledge 
of the genetic origins of populat ions  is very limited, however 
we do know that  French populat ions  F7, F8 and F10 have 
common ancestors and that  the distance between F7 and F8 
has to be closer than between F7 (or F8) and F10. The Nei 
distances agree with this knowledge. (4) N o  linkage related to 
country of origin appears in this dendrogram. 

Study of relationships between heterosis and enzymatic 
polymorphisms 

The da ta  concerning combining values and Mandel  analyses 
have been extended from those presented in the previous 
article of Tersac et al. (1993). To highlight the relationship 
between enzymatic and phenotypic variabil i ty we used three 
methods: (1) the correlations between phenotypic and enzy- 
matic  distances, commonly used in such cases; (2) direct 
correlations between combining values and allelic frequencies, 
because we theorize that  some enzymatic systems may have 

Table 2 Allele frequencies for the nine enzymatic systems found in the four testers 

Code MDH PGD PGI PGM ACO ADH2 GOT LAP EST 

a a a a b b c a b b b b c Nul 

T1 1.00 1.00 1.00 1.00 0,00 0.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 0.00 
T2 1.00 1.00 1.00 0.00 1.00 0.00 1,00 1.00 0,00 1.00 1.00 0.00 0,00 1.00 
T3 1.00 1.00 1.00 0.00 1.00 0.00 1.00 0.50 0.50 1.00 1.00 0.00 1.00 0.00 
T4 1.00 1.00 1.00 0.00 1.00 1.00 0.00 0.00 1.00 1.00 1.00 0.00 1.00 0.00 
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Fig. 1 Dendrogram of Nei distances with the U P G M A  method for the 
nine enzymatic systems 

better correlations with agronomic variability than others, 
and moreover, method 1 fails to take this information in 
consideration; (3) principal component analysis (PCA) to 
highlight a possible structure of enzymatic polymorphisms. 

Correlations between combining values and Nei distances 

Correlations between Euclidian distances were computed on 
the basis of general GCA and specific combining abilities with 
four testers and Nei distances. Correlations between Nei 
distances and GCA are significant at the 0.05 level for the three 
agronomic characters tested (seed yield, seed moisture content 
and seed oil content), but correlation coefficients are too low 
to be used as predictors or general combining abilities (0.24, 
0.12 and 0.08, respectively, for the three agronomic charac- 
ters). Nei distances are not correlated with SCA effects. 



Correlations between combining values and allelic 
frequencies 

We theorize that some enzymatic systems may have better 
correlations with agronomic variability than others, therefore, 
we computed direct correlations between combining values 
and allelic frequencies at each locus. An analysis where one or 
few points had a major weight were excluded. From the 
significant correlations, shown in Tables 4-6,  we conclude 
that: 

1) The alleles Est-b and Est-c are correlated with the seed 
yield GCA, while allele Pgi-b is correlated with seed moisture 
content GCA (Table 4). 

2) We deduced concordant conclusions both in Tables 5 
and Table 6. (1) For  seed yield, we observed a positive correla- 
tion between Mdh-a and tester T4 and a negative correlation 
between Mdh-a and tester T 1 (Table 5). Table 6 indicates a 
correlation between Mdh-a and Mandel component  2 that 
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opposes tester T4 to testers T I  and T2. A correlation also 
appears between the PGI  system and tester T2. Table 6 
indicates a correlation between the P G I  system and Mandel 
component  2 that opposes tester T4 to testers T2 and T1. 
(2) For  seed moisture content, Table 5 diplays a positive 
correlation between Mdh-a and tester T3 and a negative 
correlation between Mdh-a and tester T2. Table 6 indicates a 
correlation between Mdh-a and Mandel component 2 that 
opposes tester T3 to tester T2. (3) For  seed oil content, Table 5 
shows a positive correlation between Pgi-a and tester T 1 and a 
negative correlation between Pgi-a and tester T2. Table 6 
indicates a correlation between Pgi-a and Mandel compo- 
nent 1 that opposes tester T 1 to tester T2. There also appears 
to be a correlation between the M D H  and G O T  systems with 
tester T 1. 

3) Only 4 enzymatic systems are correlated to specific 
combining abilities: MDH,  PGI,  P G D  and GOT. These are, 
therefore possible "efficient" markers for breeders. 

Table 4 Correlations between allele frequencies and general combining 
abilities of sunflowers populations with the four testers (CC Correlation 
coefficient, R probability of R, S size of population sample) 

Allele Agronomic CC R S 
character 

Est-b Yield GCA -0.47 0.006 33 
Est-c Yield GCA 0.44 0.018 29 
Pgi-b Seed moisture 0.52 0.008 25 

content GCA 

Table 5 Correlations between allele frequencies and specific combining 
abilities of sunflowers populations with the four testers (CC Correlation 
coefficient, R probability of R, S size of population sample) 

Allele SCA population testers CC R S 

Mdh-a T1 (yield) 0.38 0.046 28 
Mdh-a T4 (yield) 0.48 0.009 28 
Pgi-a T2 (yield) 0.43 0.030 25 
Mdh-a T3 (seed moistme content) 0.56 0.002 28 
Mdh-a T2 (seed moisture content) -0.60 0.008 28 
Pgd-a T1 (seed moisture content) -0.37 0.050 29 
Mdh-a T1 (seed oil content) 0.48 0.010 28 
Pgi-a T1 (seed oil content) 0.48 0.016 25 
Pgi-a T2 (seed oil content) -0.47 0.017 25 
Got-b T1 (seed oil content) 0.41 0.012 36 

Table 6 Correlations between allele frequencies and components 1 and 2 
of Mandel analysis (CC Correlation coefficient, R probability of R, S 
size of population sample) 

Allele Mandel components CC R S 

Mdh-a C2 (yield) -0.40 0.036 28 
Pgi-a C2 (yield) - 0.43 0.031 25 
Mdh-a C2 (seed moisture content) -0.60 0.008 28 
Pgi-a C1 (seed oil content) -0.44 0.027 25 

Principal component analysis 

We computed a principal component analysis (PCA) on the 
allelic frequencies of the nine enzymatic systems to check if a 
structure exists in these data. Allelic frequencies were used as 
variables and combining abilities as complementary values. 
Sunflower populations are the individuals of the PCA. The 
explained cumulative percentage of the variation for the five 
principal components are 18.7%, 34.9%, 49.5%, 60.5% and 
68.8%. 

A study of the variables shows that the first axis is chiefly 
determined by the M D H  system with Mdh-b opposite to 
Mdh-a, with a lower contribution by the LAP (Lap.-b opposite 
to Lap-a) and G O T  systems (Got-b opposite to Got-c) (Fig. 2). 
The second axis is determined by the PGI  system with Pgi-a 
opposite to Pgi-b and the P G D  system with Pgd-b opposite to 
Pgd-a. The study of adding values, that are combining ability 
values, shows that axes 1 and 2 give the best discrimination of 
these adding values. Axis 1 states that (1) tester T3 is opposite 
to tester T4 for seed yield SCA (a lower opposition exists 
between testers T1 and T2); (2) tester T2 is opposite to tester 
T3 for seed moisture content SCA; (3) tester T2 and T4 are 
opposite to tester T 1 for seed oil content SCA. Axis 2 states 
that (1) tester T 1 is opposite to tester T2 for seed yield and seed 
oil content SCA; (2) tester T2 is opposite to tester T 1 for seed 
moisture content SCA. These results are in agreement with 
oppositions of testers already observed in Mandel analyses 
(Tersac et al. 1993). 

The study of the individuals of the PCA shows a structure 
correlated to the countries of origin of the populations (Fig. 3). 
Axis 1 positively separates Moroccan, French and Russian 
populations, except for the M 23, R 25 and R 31 populations. 
This clustering is determined by the MDH,  G O T  and LAP 
systems. Bazan et al. (1987) found a structure correlated to 
countries of origin for 21 sunflower populations that is high- 
lighted by the Got-a allele of the G O T  system and by the SCA 
of number of leaves. Quillet et al. (1992) found that the M D H  
system gives the best discrimination between 52 sunflower 
inbreds. Our work is consistent with these results. 



54 

Fig. 2 Correlation circle of the 
principal component analysis. Al- 
lele frequencies are variables (bold 
letters), and combining abilities of 
sunflower populations are comple- 
mentary values of the PCA (italic 
letters). The symbols of combining 
abilities values are: C1 Yi-C2 Yi 
Mandel component 1 and 2 for 
seed yield, C1Mc-C2Mc Mandel 
component 1 and 2 for seed mois- 
ture content, C10c-C20c Mandel 
component 1 and 2 for seed oil 
content, YiT1-YiT4 SCA of seed 
yield for testers T1 and T4, McT1- 
McT4  SCA of seed moisture con- 
tent for testers T1 and T4, OcT1- 
OcT4 SCA of seed oil content for 
testers T1 and T4 
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Conclusion 

From these three approaches of relationships between hetero- 
sis and enzymatic polymorphism, we conclude that axis 1 of 
the PCA highlights a between-population structure consistent 
with combining groups defined by Mandel analyses (Tersac 
et al. 1993). This structure is also consistent with the countries 

of origin of the sunflower populations. Axis 1 of the PCA is 
determined essentially by the M D H  and G O T  systems. These 
systems are more efficient than others in revealing a structure 
consistent with heterosis and in predicting if a population 
belongs to one combining group or to another. This result 
agrees with the conclusions of Charcosset et al. (1991) about 
"efficient" markers to predict heterosis. In Nei distances, the 
nine molecular markers have the same weight, and therefore 
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such a structure cannot be highlighted by a correlation be- 
tween Nei distance and heterosis because the contributions of 
efficient markers are diluted by the contributions of other 
markers. 
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