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Summary. Morphological variability was analysed in an 
F~-generation derived from crosses between two eco- 
types of  Plantago lanceolata L. Six allozyme loci, local- 
ised in five linkage groups, were used as markers. For 
two marker loci, Got-2 and Gpi-1, segregations did not 
fit monogenic ratios. In the linkage groups to which 
these two loci belonged, male sterility genes appeared to 
be present. In these crosses, male sterility (type 3, as de- 
scribed by Van Damme 1983) may be determined by 
two recessive loci located in the linkage groups of  Got-2 
and of  Gpi-1. Many correlations of  morphological  and 
life history characters with allozyme markers were ob- 
served. The quantitative trait loci did not appear  to be 
concentrated in major gene complexes. Often many loci 
were involved, sometimes with effects opposite to those 
expected from the population values. Main effects o f  the 
linkage groups appeared to be more important  than in- 
teraction effects in determining variability. It also ap- 
peared that there is a positive correlation between the 
number  of  heterozygous allozyme loci and generative 
growth. 

Key words: Plantago lanceolata L. - Allozymes - Associ- 
ations - Male sterilitiy - Heterosis 

Introduction 

The study of  polygenic characters, many  of  which have 
an important  contribution to fitness characters, has until 
now mainly been done using techniques from the field 
of  biometrical genetics (e.g. Mather and Jinks 1977). 
Depending on the design of  the crosses, the number  of  
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genes involved in each character can sometimes be es- 
timated: the numbers found are often large. The local- 
isation and organisation of  the numerous polygenes, 
that is whether functionally related genes are clustered 
and how they cooperate, has been studied in only a few 
species. In view of  the importance of  quantitative traits 
for fitness, it is worthwhile to study their localisation 
and organisation. 

The localisation of genes for quantitative traits (henceforth 
quantitative trait loci, QTL [Geldermann 1975]) can be done 
by using marker loci. The transmission of a marker gene allele 
is interpreted as the transmission of a chromosome segment. 
On this chromosome segment one or more QTL may be situ- 
ated. The contribution of a particular chromosome segment de- 
pends on the crossover frequencies between the marker gene 
and QTL's, of the dosage of allele effects and of the allele 
combinations at QTL within the chromosome segment (Gel- 
dermann 1975). In the beginning of this study on the organi- 
sation of QTL, morphological markers were used. This gave 
problems due to dominance and the small number of marker 
genes available (Thompson and Thoday 1979). The techniques 
of electrophoresis and analysis of restriction length poly- 
morphisms enlarged the possibilities for studying the organi- 
sation of QTL. These techniques can be used to improve agri- 
cultural varieties, although the economic importance has been 
questioned (Beckmann and Soller 1983; Soller and Beckmann 
1983; Tanksley et al. 1981, 1982). Tanksley et al. (1982), for in- 
stance, used allozyme variation to detect QTL in an interspe- 
cific backcross of tomato. They mapped at least 21 QTL on 8 of 
the 12 chromosomes. 

Van Dijk (1984) has used allozymes as markers in studying 
the genetic basis of quantitative traits in Plantago major sub- 
species. He showed that in this species QTL are concentrated in 
three linkage groups, of which the Pgm-1 linkage group is the 
most important one. For each character, one to four, but most- 
ly one or two, QTL could be located. In this inbreeding species, 
with different ecotypes in different habitats, the QTL con- 
cerned are concentrated in only a few gene complexes. 

Plantago lanceolata is an obligate outbreeder and can be 
considered to be a generalist with plastic responses to en- 
vironmental variation. It is to be found in a great variety of 
habitats (Haeck et al. 1982). Experiments have indicated rela- 
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Table 1. Population means of several characters and signifi- 
cance of  the difference between the two populations measured 
in a greenhouse experiment 

Character Population Signi- 
ficance" 

Heteren West- 
duinen 

Number of  rosettes 2.4 4.0 * 
Number of leaves 25 45 *** 
Leaf angle 39 126 *** 
Cotyledon length (mm) 51 32 *** 
Leaf length (mm) 261 166 *'~' .... 
Leaf width (mm) 29 25 ** 
Number of scapes 15 24 ~ ...... 
Scape length (cm) 54 39 *** 
Spike length (mm) 40 28 *** 
Flowering date 40 46 *** 
Leaft weight (g) 3.69 2.54 ** 
Generative weight (g) 5.75 4.59 ** 
Reproductive effort 1.68 2.18 ns 
Seed weight (mg) 1.80 1.62 ns 
Total seeds ( x  103) 1.80 2.08 ns 
Total seed weight (g) 3.29 3.22 ns 

a P<0.001; ** P<0.01;  * P<0.05;  n s=P>0 .05  (Wolff and 
Van Delden 1986) 

tively high heritabilities for some quantitative and life history 
characters and also a considerable differentiation between 
populations, although often much overlap and a high variabili- 
ty within populations occurs (van Groenendael 1985; Wolff 
and Van Delden 1986). In Table 1 results from a previous ex- 
periment in this series (Wolffand Van Delden 1986) are given, 
showing the differences between two populations for several 
characters. The two populations used are a hayfield popula- 
tion, Heteren (He), and a pasture population, Westduinen 
(Wd) (see for a description of the habitats Van der Toorn et al. 
1980; Van Groenendael 1985). The habitats differ strongly in 
the selective forces operating. In He the emphasis lies on 
competition for light in a high vegetation. The vegetation in 
Wd is low and open but the plants suffer from severe unpre- 
dictable droughts. 

Allozyme variation in P. lanceolata has been investigated 
by van Dijk et al. (in press). It appeared that the electropho- 
retic variation within populations was large and population 
differentiation, for electrophoretic variation, was relatively low, 
compared to other species. Furthermore, none of the alleles 
were specific for one habitat type, nor were there any other 
striking differences, such as a hnkage disequilibrium: it seems 
safe to assume that allozymes can be used as neutral markers 
of  linkage groups. 

In  this s tudy the genet ic  o rgan isa t ion  o f  quan t i t a t ive  
va r i a t ion  is ana lysed  to ob ta in  a be t ter  unde r s t and ing  o f  

quan t i t a t i ve  var iabi l i ty :  select ion work ing  on gene clus- 

ters m a y  have  a d i f ferent  impac t  than  select ion on sepa-  

rate  genes.  This has been  done  by analys ing  an F2- 
gene ra t i on  f rom a cross be tween  two dif ferent  ecotypes  
o f  P. lanceolata. In  v iew of  the high plasticity and  the 
high i n t r apopu la t i ona l  c o m p o n e n t  o f  var iabi l i ty  in P. 

lanceolata, corre la t ions  o f  a l lozyme genotypes  and 
quan t i t a t ive  characters  are  lower  than  in P. major. 

Materials and methods 

Cultivation and electrophoresis 

Cultivation circumstances, the way crosses were performed and 
electrophoresis techniques have been described earlier by Van 
Dijk (1985) and Van Dijk and Van Delden (1981). The pH of 
the staining buffer used for glutamate-oxaloacetate-transamin- 
ase was 8.1 instead of 7.5. 

From seeds sampled in Heteren (He) and from adult plants 
sampled in the Westduinen (Wd) four plants were selected 
(two for each population), with the purpose of obtaining as 
many electrophoretic differences between parents as possible. 
This provided different alleles at six loci, distributed over five 
linkage groups. The distribution of variable enzyme loci over 
linkage groups is as follows (Van Dijk 1985): I: Gpi-1 - Lap-l; 
II: Got-1- I d h -  Est-5; III: To-2-  Pgm-2 -  Est-4; IV: 6Pgd-3- 
Got-2 - Lap-2; V: 6Pgd-1/6Pgd-2 - Pgm-1/Sl,  where SI  is the 
self-incompatibility locus. The enzyme loci used in this paper 
are: Gpi-I (glucose-phosphate-isomerase), Got 1 and 2 (gluta- 
mate-oxaloacetate-transaminase), Pgm 1 and 2 (phospho- 
glucomutase) and To-2 (tetrazolium-oxidase). Allele denomi- 
nation is according to Van Dijk (1985). Of these loci only Pgm- 
2 and To-2 appeared to be in the same linkage group (Van 
Dijk 1985). 

An F2 generation obtained by a cross within an F1 would 
provide inbreeding effects (Van Damme 1983). It was therefore 
decided to select one plant from each of two F1 crosses 
(He1 x Wdl and Wd2 x He2) and make a reciprocal cross be- 
tween these plants to obtain a pseudo-Fz. The genotypes of the 
plants and the crosses are shown in Table 2. Five hundred and 
eighty plants from the reciprocal pseudo-F2 generation (290 of 
each cross) were grown in the greenhouse in a totally 
randomized design. The plant containers were placed in peat 
litter 17 days after germination. Almost all seeds germinated 
(99%), only one plant died during growth and seven plants did 
not start flowering before the end of the experiment. 

Morphological characters 

Cotyledon length (at the two leaf stage) and leaf angle (angle 
between third and fourth leaf at the nine leaf stage) were deter- 
mined. Flowering date was recorded as the day after germi- 
nation on which the first stamens were visible. Sex phenotype 
of the plants was determined as described by Van Damme and 
Van Delden (1982) and Van Damme (1983). The hairiness of 
the plants was determined as the number of hairs on the upper 
side of the ninth leaf, counted on a leaf punch with a radius of 
75 mm, approximately 3 cm from the top of the leaf. 

One or two times during growth some leaf material was 
used to determine the allozyme genotype of the plants. 

Eleven weeks after germination the plants were harvested. 
The following characters were then measured: number of side 
rosettes, number of leaves, number of  scapes, length of the lon- 
gest leaf, width of the widest leave, length of the longest scape 
and length of the spike belonging to this scape. Weight of the 
leaves, generative biomass (scapes+spikes) and seed weight 
was determined after drying. From these measurements were 
calculated: leaf length/width ratio, reproductive effort (genera- 
tive biomass/generative+vegetative biomass), seeds/mm 
spike, total seed number (seeds/mm spike xspike length 
xnumber  of scapes) and total seed weight (total seed num- 
ber x seed weight). 

Statistics 

The data were analysed using subprogram factor, t-test, anova 
and regression from the Statistical Package for the Social 
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Gpil Gotl Got2 Pgml Pgm2 To2 

He 1 SI II SF NN II NF 
Wd 1 SF SI SS SN SF2 NN 

He2 S1 II SF NN IF1 NN 
Wd2 SF SI SS SN IF2 NN 

F1 (HW) SI SI SF SN SI NF 
F1 (WH) IF SI SF SN IF2 NF 

and 

He 1 x Wd 1 --, F1 (HW) 

Wd2 x He2 --, F1 (WH) 

F1 (HW) x Fa (WH) --, F~ 
Ft (WH) x Fa (HW) -, F~ 

Sciences (SPSS, Nie et al. 1975; Hull and Nie 1980). No trans- 
formation was applied to the data since a log transformation 
did not approve normality of the variables. 

The effect of the five linkage groups and of interaction be- 
tween them was surveyed using a five factor analysis of vari- 
ance in which the genotypes of the five linkage groups were 
considered as fixed factors. 

Relative dominance effects were calculated as follows (no- 
tation according to Falconer 1981): mean of both homozy- 
gotes = m, genotypic value of one homozygote is m + a, of the 
other homozygote is m-a ,  the heterozygote is m + d. 

Relative dominance is d/a. 
Significance of a dominance effect is calculated with a 

t-test, with H-o: d--0. The same method is used to test the sig- 
nificance of an overdominance effect with Ho : d = I a ] and H1: 
d>lal. 

Results 

Monogenic segregations and linkage 

The segregat ion at each a l lozyme locus was first tested 
against  the expected ratios (1 : 1 : 1 : 1 for Gpi-1 and  
Pgm-2 and  1 : 2 : 1 for the other  loci). It appea red  that  
for Gpi-1 a n d  Got-2 there was a s t rong devia t ion  from 
the expected propor t ions  (Table  3). This dev ia t ion  was 
equa l ly  large for bo th  reciprocal  crosses. The dev ian t  
segregat ion for Gpi-1 is no t  easy to explain.  In  one  F2 
cross (F~) gametic  selection against  the I -gamete  of  bo th  
paren t s  is p robable ,  since a n  excess o f  SF genotypes  ex- 
ists. In  the o ther  F2 cross (F~), zygotic select ion against  
the II zygote is more  p robab l e  (no excess of  the SF 
genotype),  bu t  gamet ic  selection agains t  bo th  male  a n d  
female gametes  m a y  also expla in  the n u m b e r s  f ound  in  
this cross (no signif icant  Z 2 in  a test for he terogenei ty  us- 
ing  realised gamete  f requencies  for expected geno type  
numbers ) .  For  Got-2, gamet ic  selection agains t  one  
pa ren t  (the male  or the female)  is sufficient to expla in  
the dis tor t ion in  the separate  F2 reciprocal  crosses bu t  
zygotic select ion agains t  the II gamete  can also be pos- 
tu la ted to expla in  the ratios found.  

R e c o m b i n a t i o n  f requencies  be tween  a l lozyme loci 
were calcula ted with the m a x i m u m  l ikel ihood m e t h o d  
(Green  1981) an d  they were found  to be in  accordance  

Table 3. Genotype distribution of the six allozyme loci in the 
reciprocal crosses (see Table 2) and the significance of the 
segregation distortion as calculated with a z2-test (*** 
P<0.001; ** P < 0 . 0 1 ; -  P >  0.05) 

Locus Genotype F~ F~ Total 

Gpi-1 II 46 47 93 
SI 75 70 145 
IF 80 68 148 
SF 82 103 185 
sign. *** *** **-* 

Got-1 II 71 69 140 
SI 134 137 271 
SS 78 83 161 

Got-2 II 42 32 74 
SI 134 137 271 
SS 78 83 161 
sign. *** *** *** 

Pgrn-1 NN 64 71 135 
SN 156 156 312 
SS 61 61 122 
sign. - - - 

Pgm-2 II 76 74 150 
SI 72 76 148 
IF 63 77 140 
SF 70 58 128 
sign. - - - 

To-2 FF 69 76 145 
NF 142 151 293 
NN 73 61 134 
sign. - - - 

with those of  Van  Di jk  (1985). On ly  Pgm-2 a n d  To-2 
showed a l inkage d i sequ i l ib r ium.  

With  a t-test m a t e r n a l  effects ( found  as differences 
be tween  reciprocal  FI • F1 crosses: F~ and  F~) were de-  
tected for leaf  weight,  genera t ive  weight,  r eproduc t ive  
effort, total  seed n u m b e r  and  weight,  leaf  l eng th  and  
leaf  l eng th /w id th  ratio, qhe  F~ cross is super ior  over the 
F,  ~ cross in  a lmost  all characters.  
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Sex phenotypes 

The parents involved in the crossings were all her- 
maphrodites. In the F2 analysed, several sex phenotypes 
segregated (Table 4). Rather high proportions of male 
sterile type 3 (MS3, Van Damme  1983) appeared to be 
present. Male sterile type 1 (MS1) and intermediate 
type 1 (IN1) were present in smaller numbers.  Sex 

Table 4. Distribution of sex phenotypes over the reciprocal 
crosses 

Sex phenotype F2 x F~ Total 

Hermaphrodite 267 262 529 
Intermediate 1 3 3 6 
Male sterile 1 2 2 4 
Male sterile 3 12 21 33 

Table 5. Allele frequencies of the alleles derived from Heteren 
plants for the six allozyme loci in two sex phenotype groups 
(hermaphrodites and all other sex phenotypes) and the signifi- 
cance of the difference between the two groups (g~-test, 
*** P<  0.001; - P >  0.05) 

Locus Hermaphro- Intermediates Significance 
dites + male steriles of difference 

Gpi-1 0.40 0.70 *** 
Got-1 0.48 0.52 - 
Got-2 0.42 0.22 *** 
Pgm-1 0.50 0.60 - 
Pgm-2 0.52 0.54 - 
To-2 0.51 0.55 - 

phenotype numbers  were similarly distributed over the 
two reciprocal crosses. Many hypotheses concerning the 
number  and character of genes involved in the determi- 
nat ion of the sex phenotypes are possible, of which 
some are described below. It is not yet known whether 
one or more of the same genes are involved in de- 
termining MS1 and MS3. The numbers  found may indi- 
cate the determination by two recessive genes, giving an 
expected ratio of I : 15 for MS3 : rest (Z~ = 1.57, ns) or for 
M S I + M S 3 + I N t : r e s t  (Z~=0.22), ns). Both genes 
should be in a heterozygous state in the F1 individuals 
used for making the pseudo-F2. Another hypothesis is 
that two recessive and one dominant  gene are involved 
in MS3, all being in a heterozygous state in both F1 in- 
dividuals, leading to an expected ratio of 3 :64 (g~ 
= 1.50, ns). When the same set of genes are responsible 
for both MS1 and MS3 (2 recessive and one dominant)  
a significant Z~ value is found ( P <  0.05). 

The distribution of the sex phenotypes over the dif- 
ferent genotypes was not random for Gpi-1 and Got-2 
(Table 5). Linkage of male sterility genes with these 
allozyme loci was obvious (no recombination frequen- 
cies were calculated as numbers  were low and selection 
for gametes or zygotes were disturbing ratios). There 
were no MS with genotype SF for Gpi-1 (from Wd) and 
with genotype II for Got-2 (from He). 

Male sterile type 3 showed lower figures for a num-  
ber of fitness traits, like flowering date and seeds/mm 
spike (Table 6). MS1 and IN1 appeared to be as fit as 
hermaphrodites. 

Table 6. Character means for hermaphrodites (H), male sterile types 3 (MS3) and 1 (MS1) and inter- 
mediate type 1 (IN1). The significance of the differences (Students t-test) between H and MS3 and H 
and MS1 +IN1 is shown (*** P<0.001; ** P<0.01; * P<  0.05) 

Sex type No. of No. of Leaf Cotyledon Leaf Leaf 
rosettes leaves angle length length width 

H (n=529) 1.84 36.7 86.4 35.9 181.6 35.7 
MS3 (n= 33) 1.42"* 32.3*** 96.6- 32.8*** 176.9- 38.4** 

MS1 + IN1 1.45- 33.6- 93.3- 35.2- 200.3- 36.9- 

Sex type Hairiness No. of Scape Spike Flowering Leafwt 
scapes length length date 

H 110.2 20.61 31.2 37.70 21.37 274.6 
MS3 86.8- 20.33- 27.1"** 41.41" 29.09*** 284.0- 

MSI + IN1 143.1 - 20.18- 33.4- 41.6- 24.45- 323.4- 

Sex type Generat. Reproductive Seed wt Seeds/ram Total Total seed 
weight effort spike seeds wt 

H 278.2 0.50 0.97 3.03 2,339 2,293 
MS3 200.9*** 0.41"** 1.01- 0.76*** 568*** 509*** 

MS1 +IN1 313.9- 0.46- 1.12" 2.46- 2,399 2,702- 



Correlations 

Many significant correlations existed between charac- 
ters. To obtain a better insight in the many correlations, 
principal components were extracted from the covari- 
ance matrix calculated over all individuals. In Appendix 
1 the factors with their eigenvalue and the percentage of 
total variability are given. The first four components ex- 
plain almost 70% of total variability: the first can be in- 
terpreted as an index of generative capability (positive 
with total number of seeds and negative with flowering 
date); the second as an index of growth with the accent 
on leaf width and length of the organs; the third as a 
contrast of leaf length and leaf angle (index for plant 
height) and the fourth as an index of vegetative growth, 
with the accent on number of units (leaves and rosettes) 
and late flowering. Each individual received a score (its 
loading) on the first four components. The scores were 
considered as characters of the individuals in some of 
the further analyses. 

Linkage of allozyme loci and quantitative trait loci 

An analysis of variance revealed significant differences 
between the genotypes of each allozyme locus for the 
different characters (Table 7). The first genotype of each 
locus contains alleles derived from the He population, 
the last genotype alleles from the Wd population, and 
the intermediate genotype one allele from He and one 
from Wd. The directions of the effects could be pre- 
dicted from population means (Table 1). In Table 7 + 
indicates a difference in the expected direction and - a 
difference in the unexpected direction; * indicates no 
difference between homozygotes or no expectance of 
the direction of the difference. 

All characters were associated with two to five link- 
age groups. The + and - signs showed some con- 
tradictions. Only for some characters did all influences 
have the same (expected) direction. Influences on 
flowering date, for example, were three times in the 
unexpected direction and three times (in two linkage 
groups) in the expected direction. 

Linkage of a character with Pgm-2 often coincided 
wi th  a linkage with To-2, which was expected from the 
linkage between To-2 and Pgm-2. Differences in the 
strength of the correlation of a character and both allo- 
zyme loci give an indication of the localisation of the 
gene or genes for that quantitative trait on the chromo- 
some segment. 

Relative dominance effects were calculated as de- 
scribed and only those with a significant dominance or 
overdominance effects were given (Table 8). For Gpi-1 
and Pgm-2 dominance of the two different alleles from 
Wd were calculated separately. It appears that domi- 
nance effects were present in many cases, even over- 
dominance occurred several times. The differential 
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dominance effects of the distinguishable alleles from 
Wd for Pgm-2 and Gpi-1 (Tables 7 and 8) was striking. 
The influence of Pgm-2 on, for example, flowering date, 
showed a dominance of the S-allele from Wd in the SI- 
genotype, but in the IF genotype the I from He showed 
dominance over the F-allele. 

Interaction components in determining morphological 
variation 

Influences of single additive or dominance effects of the 
loci have been shown (Tables 7 and 8). By applying a 
five factor analysis of variance, with the five linkage 
groups as treatments, main effects and interaction ef- 
fects could be distinguished. Percentages of total vari- 
ation caused by each component separately is presented 
for the characters measured and for the factor scores 
(Tables 9 and 10, respectively). It showed that the most 
important main effects were in linkage groups Got-2 
and Got-l, followed by To-2 and Pgm-1. The group with 
Gpi-1 had the least effect. 

The number of significant interaction effects was 
relatively low. Only in some cases did interaction cause 
a considerable part of total variability (e.g. hairiness). 
Hairiness was the only character which was not nor- 
mally distributed. About half of the plants had no or al- 
most no hairs. Pgm-1 and Got-1 had a strong effect on 
hairiness, Gpi-1 had less effect. Still the exact determi- 
nation of hairiness could not be ascertained, there are 
too many types of interaction present. The handling of 
this character in an anova, conforming to the other 
characters is, in fact, improper. 

Heterozygosity 

To detect differences, if any, in the means or in vari- 
ances between individuals varying in the number ofhet- 
erozygous loci, plants were ordered into seven groups: 
from having zero to six heterozygous allozyme loci. 
Means and variances of the groups were compared for 
all characters except hairiness. Both coefficients of vari- 
ance (CV) and means of the groups were ranked from 
one to seven for each character. Friedmans test (Sokal 
and Rohlf 1981) showed a significant heterogeneity in 
CV over the groups (X~=23.77, P<0.005). The more 
heterozygous individuals are less variable. 

The other comparison between the groups is in 
means of the characters. Friedmans test is significant 
when all characters were involved (Z~ = 28.08, P < 0.001) 
but an even higher X 2 is obtained when vegetative 
characters were left out (X~=42.73, P <  0.001). In the 
set of vegetative characters no heterogeneity was pres- 
ent (~  =6.26, P >  0.05). The generative characters had 
the highest mean in the groups with the most hetero- 
zygous individuals (group with 5 heterozygote lo- 
ci > group with 6 > 2 > 4 > 3 > 1 > 0). Generative 



' F a b l e  7. M e a n s  o f  c h a r a c t e r s  m e a s u r e d  in  t h e  s e g r e g a t i n g  F2 g e n e r a t i o n  f o r  t h e  d i f f e r e n t  g e n o t y p e s  o f  
e a c h  l o c u s  a n d  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e  b e t w e e n  t h e  g e n o t y p e s  as  c a l c u l a t e d  w i th  a n  a n a l y s i s  
o f  v a r i a n c e .  F u r t h e r  e x p l a n a t i o n  in  t h e  text .  + + + ,  - - - ,  * * * P < 0 . 0 0 1 ;  + + ,  - - ,  ** P <  0 .01;  + ,  - ,  * 
P <  0 .05 ;  ns  = P >  0 . 0 5 )  

L o c u s  C h a r a c t e r  

G e n o t y p e  N o .  o f  N o .  o f  L e a f  C o t y l e d o n  L e a f  L e a f  
r o s e t t e s  l e a v e s  a n g l e  l e n g t h  l e n g t h  w i d t h  

Gpi- 1 11 1.68 34.6  90 .3  36.  I 190 36.5 
SI 1.99 36.8 83.8  35.1 184 36.3  
I F  1.76 36 .2  89.7 36 .2  188 35 .9  
S F  1.78 37 .0  86 .3  35 .6  172 35 .3  

ns  ns  ns  ns  + + ns  

Got-1 1I 2 .36  38.8  75 .2  37 .2  192 38.4  
SI 1.70 35.8  84 .9  36.3  184 35.9  
SS 1.45 34 .9  101.0  + 33.5 169 33 .8  

----  + + +  + + +  + + +  + + +  

Got-2 F F  2 .49  41 .5  64 .8  35.1 223  38 .2  
S F  1.76 36.6  85.5 37.1 187 36.7 
SS 1.61 34 .0  98 .4  33.8  156 33.7 

+ + +  + + +  + + +  + + +  

Pgm -1 N N  1.47 32 .9  85 .4  36.1 188 37 .3  
S N  1.84 36.8 89.6  35.7  179 35.7  
SS 1.99 38 .2  83 .9  35.3 179 34.8  

+ + + + + ns  ns  n s  + + + 

Pgm-2 II 1.56 33.7  81.8  36 .8  191 36.7  
SI 1.96 36.6  86 .0  36 .2  184 36 .2  
I F  1.56 35 .2  90 .8  34.6  174 35.3 
S F  2 .09  39.5 91 .8  35.1 175 35 .3  

+ + + + + + ns + + + US 

10-2 F F  1.43 32.3  78 .9  37.1 187 36 .4  
N F  1.82 36.5 88.5 35.6  179 35.7  
N N  2 .19  40 .4  93 .4  34.5 182 36.0  

+ + +  + + +  + +  + +  ns  ns  

L o c u s  C h a r a c t c r  

G e n o t y p e  f t a i r i n e s s  N o .  o f  S c a p e  S p i k e  F l o w e r i n g  L e a f  w t  
s c a p e s  l e n g t h  l e n g t h  d a t e  

Gpi-1 II 109 20 .0  298  38 .9  23 .2  2 .92 
SI 124 20.6 313 38.1 22 .4  2 .85  
I F  81 21.1 316  38.8  22 .2  2 .85  
S F  121 20.5 308  37 .0  20.6  2 .53 

- ns  ns  ns  - + + 

Got- 1 II  90  19.9 315 42.5  25 .3  3.21 
SI 105 20.5 314  37 .4  21 .3  2.73 
SS 134 21 .3  3 0 0  35.3  19.8 2 .39  

- + ns  + + +  + + +  

Got-2 F F  111 18.7 380  38 .8  24 .6  3 .65 
S F  101 20.8  322  39.1 20 .9  2 .89 
SS  122 21 .0  261 36.1 2 2 A  2 .19  

ns  + +  + +  + +  + + +  

Pgm-1 N N  140 19.8 335 37 ,2  20.1 2 .69  
SN 115 21 .0  305  38 .4  21.6  2 .76  
SS 62 20.5  299  38 .2  23 .9  2 .76  

+ + + ns  + + ns  + + + ns  

Pgm-2 II  104 19.8 310  40 .5  19.5 2.81 
S1 113 20 .2  3 1 4  39 .8  24.1  2 .87  
IV 106 21 .4  302  36 .2  19.4 2 .48  
S F  117 21 .2  313  35.1 2 4 0  2.81 

ns  + +  ns  + + +  + + +  + +  

To-2 F F  103 19.6 304  40 .6  18.7 2 .60  
N F  105 21 .0  306  38.3  21 .9  2.75 
N N  127 20 .6  326  34.6  25 .3  2 .95 

ns  + +  + + +  + + +  - 



Table 7 (continued) 

Locus Character 

Genotype Genera- Repro- Seed wt Seeds/mm Total Total 
tive wt ductive scapes seeds seed 

effort wt 

Gpi-1 II 2.57 0.46 1.02 3.14 2.38 2.40 
SI 2.87 0.50 1.01 3.20 2.61 2.61 
IF 2.77 0.50 1.04 2.88 2.38 2.49 
SF 2.72 0.52 1.00 3.10 2.35 2.37 

ns ........ ns ns ns ns 

Got-1 II 2.75 0.46 1.03 2.65 2.28 2.39 
SI 2.75 0.50 1.04 3.06 2.40 2.48 
SS 2.72 0.53 0.97 3.40 2.59 2.49 

ns *** + + + + ns ns 

Got-2 FF 3.23 0.47 1.20 3.28 2.36 2.81 
SF 2.94 0.51 1.02 3.15 2.58 2.62 
SS 2.19 0.50 0.90 2.73 2.08 1.83 

+ + + * + + + *** *** 

Pgm.1 NN 2.96 0.52 ! .03 3.35 2.54 2.58 
SN 2.77 0.50 1.01 3.07 2.47 2.49 
SS 2.45 0.47 1.03 2.73 2.20 2.25 

+ + + *** ns * ns 

Pgm-2 II 2.78 0.50 1.07 2.87 2.31 2.48 
SI 2.74 0.49 1.0 ! 3.15 2.56 2.59 
IF 2.74 0.52 1.01 3.06 2.40 2.39 
SF 2.74 0.49 0.96 3.35 2.54 2.43 

ns ** + + + + + ns ns 

To-2 FF 2.70 0.51 1.06 2.84 2.23 2.38 
NF 2.75 0.50 1.00 3.06 2.47 2.46 
NN 2.76 0.48 1.00 3.43 2.60 2.57 

ns * + + + + * ns 
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characters  inc luded :  n u m b e r  o f  scapes, scape length,  
spike length,  f lower ing  date,  genera t ive  weight ,  repro-  

duc t ive  effort, seed weight ,  to ta l  seeds and  total  seed 
weight .  

The  cor re la t ion  o f  he te rozygos i ty  and  cha rac t e r  

m e a n s  has also been  c o m p u t e d  for ind iv idua l  factor  
scores on  the first four  p r inc ipa l  c o m p o n e n t s  (Table  11). 
The  use o f  p r inc ipa l  c o m p o n e n t s  avoids  get t ing a sig- 

ni f icant  t r end  due  to mul t ip l e  compar i sons .  A signifi- 
cant  cor re la t ion  existed b e t w e e n  he te rozygos i ty  and  fac- 

tor  scores on  PC1,  which  accoun ted  for genera t ive  

growth.  N o  cor re la t ion  with  the o the r  three  c o m p o n e n t s  
was observed .  

D i s c u s s i o n  

Deviating segregations 

The deviations at allozyme loci from the expected segregation 
for Gpi-1 and Got-2 cannot be attributed to lethality during 

germination or later life stages. Selection must be attributed to 
the zygotic and or the gametic phase. It is known that in peren- 
nials about 50% of the ovules set seed (Wiens 1984). In the 
crossings of this experiment the percentage of  seed set is not 
known. Van Damme (1984) found a seed set in P. lanceolata of 
50-80%; this reduced seed set was not caused by a shortage of  
pollen. It could be caused by random abortion but as the re- 
suits of this experiment indicate, possibly also by zygotic selec- 
tion. This has also been suggested by Wiens (1984) who stated 
that crossbreeding in perennials maintains variability but also 
maintains relatively high frequencies of lethal and sublethal al- 
lele combinations causing a lower seed/ovule ratio compared 
to inbreeding species, due to the occurrence of detrimental 
homozygotes. 

Sex phenotypes and their fitness 

Sex d e t e r m i n a t i o n  o f  P. lanceolata has b e e n  ana lysed  
t ho rough ly  by Van  D a m m e  (1983) and  by Van  D a m m e  
and  Van  D e l d e n  (1982). T h e y  showed  tha t  in MS1 at 
least  two recessive and  three  d o m i n a n t  nuc l ea r  genes  
were  invo lved  in add i t ion  to a par t icular ,  cy top lasmic  
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Table 8. Relative dominance and overdominance effects of the six loci for the characters with significant dominance effects, $ = a 
significant overdominance effect is observed (*** P <  0.001 ; ** P <  0.01 ; * P <  0.05) 

Locus No. of No. of Leaf angle Cotyledon Leaf Leaf 
rosettes leaves length length width 

Gpi-1 SI 5.20 ~ . . . . .  
Gpi-1 IF - - . . . .  
Got-1 0.45 ** - - 0.51 * - - 
Got-2 0.66"* 0.31 * 4.08"**$ - 0.33 * 
Pgm-1 - 0.47* 6.59*$ - - - 
Pgm-2 SI . . . . . .  
Pgm-2 IF 1.00"** - 1.59"' 1.12" - 
To-2 . . . .  2.20* 

Locus Hairiness No. of Scape Spike Flowering Leaf wt 
scapes length length date 

Gpi-1 SI . . . . . .  
Gpi-1 IF 5.67***$ 3.40* 2.60* - - - 
Got-1 - - - 0.46*** 0.45** - 
Got-2 2.82" 0.83"** * 1.22"** 2.36"**$ - 
Pgm-1 - 1.67"** 0.67"* - - - 
Pgm -2 SI - - 0.74 ** 1.04 ** - 
Pgm-2 IF - 1.28" - 0.59* .04*** high***$ 
To-2 - 1.80"* 0.82* - - - 

Locus Generative Reproductive Seed wt Seeds/mm Total Total seed 
weight effort spike seeds wt 

Gpi-1 SI 2.30* - - - 16.00"*$ 15.00"$ 
Gpi-1 IF - - 3.00* 12.0"**$ - - 
Got-1 - - 1.33"** - - - 
Got-2 0.44*** 1.17"** 0.20** 0.53** 2.57***$ 0.61 *** 
Pgm-1 . . . . . .  
Pgm-2 SI . . . . .  
Pgm-2 IF - high ***$ . . . .  
To -2 - - 1.00 * - - - 

factor ,  ca l l ed  R. M a l e  s ter i les  o f  type  3 were  no t  a b u n -  

d a n t  in  his  crosses  b u t  a p p e a r e d  occas iona l ly  in  low 

n u m b e r s ;  a p p a r e n t l y  two recess ive  genes  were  invo lved .  

In  the  p a r t i c u l a r  cross  a n a l y s e d  in  o u r  s t udy  it c a n  b e  

a r g u e d  t h a t  two recess ive  genes  were  i n v o l v e d  in the  de-  

t e r m i n a t i o n  o f  the  sex p h e n o t y p e s ,  as the  ra t io  M S / h e r -  

m a p h r o d i t e s  is close to 1 :15 .  The  two loci co inc ide  

poss ib ly  wi th  t he  recess ive  loci V a n  D a m m e  (1981, 

1983) p roposes .  It  c a n n o t  be  c o n c l u d e d  f rom these  ex- 

p e r i m e n t s  w h e t h e r  or  n o t  b o t h  M S  types  are  d e t e r m i n e d  

(par t ly )  b y  the  s a m e  genes.  The  d i f fe r ing  a l l ozyme  fre- 

q u e n c i e s  for  M S  a n d  h e r m a p h r o d i t e s  for  Gpi-1 a n d  Got-  

2 sugges t s  t h a t  the  two recess ive  m a l e  s ter i l i ty  genes  are  

19cated n e a r  Gpi-1 a n d  Got-2.  V a n  Di jk  (1985) c o n c l u d -  

ed  f rom his  e x p e r i m e n t s  t h a t  for the  d e t e r m i n a t i o n  o f  
MS1 at  leas t  two recess ive  m a l e  s ter i l i ty  loci a n d  one  

d o m i n a n t  locus  ( r e spec t ive ly  in  the  P g m - 1 ,  t h e  P g m - 2  

a n d  the  Got-2  l i nkage  g r o u p )  were  p resen t .  The  m a l e  

s ter i l i ty  locus  n e a r  the  S I  locus  ( P g m - 1  g r o u p )  ( V a n  

D i jk  1985) shows  in  o u r  s t u d y  some  b u t  ins ign i f i can t ,  

i n f l u e n c e  a n d  is poss ib ly  the  s a m e  as the  locus  

Van  Di jk  f o u n d  n e a r  Pgm- 1 .  This  h y p o t h e s i s  is a lso 

a p p l i c a b l e  for the  type  1 m a l e s  steri les in  this  exper -  

i m e n t :  two recess ive  a n d  th ree  d o m i n a n t  genes,  all  in  a 

h e t e r o z y g o u s  s ta te  in  one  F1 i nd iv idua l ,  a n d  in the  o t h e r  

Fx i n d i v i d u a l  the  recess ive  genes  are  h e t e r o z y g o u s  a n d  

at  the  d o m i n a n t  loci wi ld  type  al leles a re  p r e s e n t  

( 1 : 1 2 7 ,  wi th  a Z~=0.05 ,  ns).  N u m b e r s  a re  too small ,  

howeve r ,  for f i rm conc lus ions ,  a n d  f u r t h e r  invest i -  

ga t ions  are  necessary .  

Since the  ma le  steri les a p p e a r e d  in b o t h  r ec ip roca l  

crosses,  the  c y t o p l a s m  c o m i n g  f rom H e t e r e n  (via  F~) 
a n d  f rom W e s t d u i n e n  (via F12) b o t h  m u s t  h a v e  the  R 

p l a s m o n .  

The  loci d e v i a t i n g  f rom n o r m a l  s eg rega t ion  were  the  
s a m e  as the  ones  l i nked  wi th  a m a l e  s ter i l i ty  gene  b u t  

the  d i r ec t ion  o f  the  dev ia t ion ,  in  co r r e l a t i on  wi th  the  

MS-al le les ,  was  no t  the  s a m e  for b o t h  a l l o z y m e  loci. 

W h e n  game t i c  se lec t ion  is p o s t u l a t e d  it a p p e a r s  t h a t  in  

the  case o f  the  se lec t ion  aga ins t  the  Gpi-1 I a l le le  ( f rom 

He),  m a l e  s ter i l i ty  is c o u p l e d  wi th  the  s a m e  allele.  Wi th  

Got-2 t he  leas t  v i ab l e  is the  I al lele  ( f rom He)  whi le  M S  
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Table 9. Results of a five factor analysis of variance on several characters of  the individuals of a F2 generation. The significance of  
the separate main effects and interactions is given as well as the part of the total SS caused by each main effect and interactions 
(*** P<0.001; ** P<0.01;  * P < 0 . 0 5 ; -  P>0.05)  

Linkage group Character 

No. of No. of Leaf angle Cotyledon Leaf Leaf 
rosettes leaves length length width 

Gpi-1 - 0 - 0 - 0 - 0 *** 4 * 1 

Got-1 *** 7 *** 2 *** 2 *** 5 *** 4 *** 10 
Got-2  *** 3 *** 4 *** 6 *** 5 *** 22 *** 9 
P g m - 1  *** 2 *** 4 - 0 - 0 - 0 *** 2 

To-2  *** 4 *** 8 *** 7 * 1 - 0 - 0 

Interaction: 
2-way * 9 - 8 - 5 - 5 - 6 - 5 
3-way - 11 - 13 - 9 - 9 - 9 - 9 
4-way - 4 - 5 - 4 - 7 - 6 - 6 

Linkage group Character 

Hairiness No. of Scape Spike Flowering Leafwt  
scapes length length date 

Gpi-1 - 0 

Got-1 ** 1 

Got-2 - 0 

P g m - 1  *** 4 

To-2  - 0 

Interaction: 
2-way - 7 
3 -way * 16 
4-way ** 10 

Linkage group 

- 0 - 0 

* 1 - 0 
*** 3 *** 30 
- 0 * * *  4 

* 1 * 1 

* 1 ** 1 *** 3 
*** 12 *** 7 *** 8 
*** 4 ** 2 *** 18 
- 0 * * *  3 - 0 

* 7 *** 9 * 1 

- 7 - 1 - 7 - 5 - 5 

- 1 4  - 6 - 1 - 9 - 9 

- 8 - 4 - 1 - 1 - 5 

Character 

Generative Reproductive Seed wt Seeds/ram Total Total seed 
wt effort spike seeds wt 

Gpi-1 - 0 

Got-1 - 0 

Got -2  *** 15 
P g m - 1  *** 3 

To-2  - 0 

Interaction: 
2 -way - 7 
3-way - 10 
4-way - 5 

*** 4 - 0 - 0 - 0 - 0 
*** 8 * 1 *** 4 - 0 * 2 
- 0 * * ' 2 1  * * *  9 *** 12 *** 6 

*** 4 - 0 *** 5 * 2 * 2 
* 1 *** 2 *** 4 - 0 * 2 

- 5 - 7 - 8 - 9 - 8 

- 1 2  - 1 7  - 1 4  - 1 4  - 1 4  

- 8 - 5 - 1 5  - 4 - 6 

is c o u p l e d  wi th  the  S allele ( f rom Wd). There  m a y  be  an  

a d v a n t a g e  for a g a m e t e  hav ing  a l inkage g r o u p  ( G o t - 2 )  

with  a ma le  steri l i ty allele and ,  in the o t h e r  case, a dis- 

a d v a n t a g e  for a g a m e t e  hav ing  a n o t h e r  l inkage  g r o u p  

( G p i - 1 )  with  a m a l e  steril i ty allele. W h e n ,  on  the  o the r  

h a n d ,  zygote  se lect ion is p o s t u l a t e d  for G p i - 1  II zygotes,  

this m i g h t  be  a se lec t ion  aga ins t  m a l e  steri le zygotes.  

Male steriles of  type 1 are known to be at least as fit as her- 
maphrodites or to have an even higher survival and repro- 
ductive output (Van Damme 1984; Van Damme and Van Del- 
den 1984). The numbers of MS1 are too low in this experiment 
for statistical tests but the same trend is observed. In an exper- 
iment with transplants from seven populations, male steriles 

flowered earlier than hermaphrodites, however only MS1 and 
MS2, and IN1 and IN2 and not MS3 were involved (Wolff, un- 
published). In the present experiment hermaphrodites flower- 
ed somewhat earlier than MS3. MS3 appeared to be totally dif- 
ferent from MS1 in having a lower reproductive output. 

Q u a n t i t a t i v e  c h a r a c t e r s  a n d  t h e i r  g e n e t i c  d e t e r m i n a t i o n  

The l inkage o f  a l lozyme  loci a n d  QTL is c lear ly  shown .  

In  mos t  cases two to five o f  the  five l inkage g roups  have  

a p r o n o u n c e d  effect  on  m o r p h o l o g i c a l  var ia t ion .  C o n -  

cen t r a t i on  o f  QTL for re la ted  cha rac te r s  in  a specif ic  

l inkage  g r o u p  is n o t  found ;  n o  m a j o r  gene  c o m p l e x e s  
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Table 10. Results of a five factor analysis of variance on factor scores of the individuals on the princi- 
pal component axis. This significance of the effects is given as well as the part of total SS caused by 
the effects. Significant interactions are given: *** P<0.001; ** P<0.01;  * P<0.05;  - P >  0.05 

PC1 PC2 PC3 PC4 

Gpil * 1 ~" 2 
Gotl *** 3 *** 7 ** 2 
Got2 *** 4 *** 11 ~'~ 10 
Pgml *** 3 *** 3 - 
To2 ** 2 

2-way - - - 
interactions Gpi- To* 2 

3-way - - - 
interactions To-Gotl-Got2* 3 

4-way - - - 
interactions To-Gotl-Got2- 

Pgml * 2 

*** 3 

"~""~* 11 

To-Got1 * 2 

Gpi-To-Gotl-Got2* 3 
Gpi-To-Gotl-Pgml ** 4 
To-Gotl-Got2-Pgml ** 2 

Table 11. Means of  individual factor scores on first four principal components of groups determined 
by their number of heterozygous loci (HL) and significance of regression HL on individual factor 
scores (*':' P < 0.01: - P > 0.05) 

Heterozygous loci Sign. 

0 1 2 3 4 5 6 

Means of PC 
PC 1 - 0.337 - 0.345 - 0.025 - 0.038 0.084 0.260 0.271 ** 
PC2 - 0.423 - 0.245 0.152 - 0.017 0.008 0.91 - 0.281 - 
PC3 - 0.119 0.066 - 0.059 0.039 - 0.038 - 0.008 0.230 - 
PC4 0.054 0.222 0.064 - 0.111 0.076 - 0.114 0.215 - 

No. of 10 44 108 158 121 50 15 
plants 

have  b e e n  de tec ted .  This can  also be  c o n c l u d e d  f rom 

the  fact that  specif ic  l inkage  g r o u p  in f luences  on  the 

four  p r inc ipa l  c o m p o n e n t s  are no t  re f lec ted  in the  pa t -  

te rns  o f  l inkage  g r o u p  in f luences  on  the  charac te r s  h igh-  

ly co r re l a t ed  wi th  the  s a m e  specific p r inc ipa l  com-  

ponen t .  

Selective interaction among alleles at different loci is very 
common in nature (Hamrick and Holden 1979). It may lead to 
the formation of gene complexes if these are not broken down 
by randomisation forces. Further forces influencing the con- 
servation of gene associations are, amongst others, close link- 
age, chromosome inversions, selfing and drift in small popula- 
tions whereas by outbreeding and recombination the associ- 
ations may decay (Hedrick et al. 1978). Selection for the 
clustering of functionally related genes on a chromosome is 
plausible: the best allele combinations at the clustered genes 
will not easily be broken down by recombination. In pro- 
caryotes evidence exists for this process (Elston and Glassman 
1967). There is hardly any strong evidence that clustering hap- 
pens in eucaryotes (Elston and Glassman 1967; Hedrick et al. 
1978), except for some exceptional cases as, for instance, can 
happen with the occurrence of  inversions (Van Delden and 
Kamping 1987) and with supergenes in Cepaea, Papilio and 
Primula. In these cases the genes forming the supergene are all 

involved in the determination of facets of the same character. 
In other organisms no strong evidence exists for clustering of  
genes except possibly in the case of  Plantago major (Van Dijk 
1984), which will be discussed later. Apparently the forces 
breaking down gene complexes are stronger than the opposing 
forces in eucaryotes. Some care must be taken in concluding 
that selective forces are the cause of the existence of gene com- 
plexes; nonselective historical causes must first be eliminated 
(Hedrick et al. 1978). 

In a review Brown (1979) expects that inbreeding species 
will show a greater degree of multilocus associations compared 
to outbreeding species. Inbreeders show less variation per pop- 
ulation but more markedly differentiation between popula- 
tions (Brown 1979): often a few specialised types are formed 
(Hamrick and Holden 1979) as, for example, in Plantago major 
(Van Dijk 1985) and in Arena barbara (Allard et al. 1972). In 
these cases selection forces keeping complexes together may be 
stronger than the randomisation forces. The distribution of 
QTL over the genome in the outbreeding species Plantago lan- 
ceolata and in the inbreeding species Plantago major is in ac- 
cordance with what might have been expected (Brown 1979; 
Hedfick et al. 1978). It seems that in Plantago lanceolata the 
randomisation forces are stronger than the complex-forming 
forces, while in P. major gene complexes are possibly present. 
The results of Van Dijk (1985) point to clustering in Plantago 
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major. In some crosses, however, only a few loci were used. 
Some doubts are also created by the fact that in the complex 
situated in the linkage group of Pgm-1 the allele combination 
is not always the correct one. Maybe historical causes at the 
onset of subspecies formation have had an influence. 

Plantago laneeolata experiences a higher environmental 
variability than Plantago major by its higher gene flow (Van 
Dijk et al., in press). Gene complexes, with low recombination 
rates and fixed allele combinations, may be less favorable in a 
situation where gene flow is considerable and the environment 
experienced by the successive generations is more variable as 
in Plantago lanceolata (Maynard Smith 1977). 

Correlations between characters can, among others, be 
caused by pleiotropic effects or linkage of QTL. Probably both 
effects will be present in our crosses. To be able to decide be- 
tween both possibilities it will be necessary to study other 
crosses and other generations, for example, Fx generations. 

Opposing effects of different linkage groups on the charac- 
ters have also been found for P. major (Van Dijk 1984) and for 
tomato (Tanksley et al. 1982). For P. lanceolata, it was to be ex- 
pected from the high intrapopulational component of variabili- 
ty. Tanskley et al. (1982) ascribe the + and - effects to the 
many interaction effects present in their experiment, probably 
partly because in this experiment a backcross between two dif- 
ferent species was used. Interaction effects are, however, unim- 
portant in Plantago lanceolata (Tables 9 and 10). 

The importance of QTL linked to Got-1 and Got-2 in de- 
termining total variation in our crosses is clearly shown. The 
accordance with one of the important linkage groups of P. ma- 
jor must be accidental since the distribution of the allozyme 
loci in the coupling groups is totally different (Van Dijk et al., 
in press). 

Heterosis 

During the last few years a vast amount of work on the dif- 
ferences in character means and stability (variance) of individ- 
uals or populations with differing levels of heterozygosity has 
been published (Mitton and Grant 1984; Livshits and Kobyli- 
ansky 1985). The ideas are based on the work of Lerner (1954) 
about homeostasis. In some cases relations between level of 
heterozygosity and character means or variability have been 
observed (Mitton 1978) and in other cases no relation was pres- 
ent (Zink et al. 1985). The criticism that allozyme heterozy- 
gosity in most experiments does not imply genome heterozy- 
gosity does not hold for our experiment. Correlations of quan- 
titative traits with allozyme loci have been observed in great 
numbers so linkage disequilibria between QTL and allozyme 
loci in this cross are ascertained, meaning that a high allozyme 
heterozygosity also implicates a high genome heterozygosity. 

The lower variability in the more heterozygous groups 
could be brought about by the nature of the material used. The 
individuals in these groups have combinations of alleles from 
two extreme ecotypes, giving a combination of + and - alleles 
with a less variable morphology. 

Heterozygote advantage for morphological characters has 
also been found by Ledig et al. (1983) in pitch pine and by 
Mitchell-Olds and Waller (1985) in Impatiens capensis. It is 
striking that Kahler and Wehrhahn (1986) also found a heter- 
osis effect, but only for seed yield characteristics, in a F2 popu- 
lation of a maize hybrid, as was also found in this experiment. 
It can theoretically be expected in crosses between individuals 
from populations which are slightly or highly inbred. Whether 
this is the case here cannot be decided, although it is not prob- 
able because of the self incompatibility system. Absence of this 
effect in vegetative characters and the presence in generative 
characters cannot be explained by a general outbreeding effect. 

Selection for important fitness characters leads to the loss 
of additive genetic variability (Falconer 1981). For Plantago 
lanceolata this was shown in a study where four populations 
are compared. It was found that especially in the hayfield pop- 
ulation (He) a small additive genetic component of variability 
was present (Wolff and Van Delden, in press). It is possible 
that for the generative characters a high dominance com- 
ponent of genetic variability is left since a high reproductive 
output is important in general, but especially in Wd. It is prob- 
able that in highly heterozygous plants those dominance effects 
are more prominent. 

Concluding remarks 

In  this paper it has been demonstrated that strong 
correlations exist between morphological characters and 
allozyme markers. It must be noted that correlations of 
specific allozyme alleles with a specific morphology is 
coincidental and specific for this cross; the alleles are 
considered neutral. 

Hypotheses about the importance of some morpho-  
logical or life history characters can be formulated in 
view of the general ecological demands of both habitats 
(hayfield and pasture), or in connection with demo- 
graphic data, as has been done by Van Groenendael  
(1985), or by using data on the existence of additive ge- 
netic variability (Wolff and Van Delden 1986). In a re- 
ciprocal transplant of members  of the pseudo-F2 gener- 
ation in both habitats, it can be expected that selection 
will be against plants that have much "strange" genetic 
material. This will show us the meaning of selection on 
morphological characters in both habitats. 
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Appendix 1. Results from a principal component analysis. The 
first four factors and the factor score index of the characters 
with a significant correlation with the components (P<O.O01) 
are given 

Factor Eigenvalue Pct. ofvar. Cum. pct. 

1 5.765 30.3 30.3 
2 3.424 18.0 48.4 
3 2.060 10.8 59.2 
4 1.805 9.5 68.7 

Character/factor 1 2 3 4 

No. of rosettes +0.137 +0.829 
No. of leaves + 0.247 + 0.904 
Leaf angle - 0.760 - 0.155 
Cotyledon length + 0.183 + 0.225 + 0.398 
Leaf length +0.50l +0.737 +0.167 
Leaf width + 0.931 
No. of scapes +0.628 -0.267 -0.259 +0.310 
Scape length + 0.230 + 0.643 + 0.382 
Spike length +0.145 +0.619 +0.300 
Flowering date - 0.475 + 0.380 + 0.545 
Leaf wt + 0.194 + 0.630 + 0.326 + 0.548 
Generative wt + 0.739 + 0.463 + 0.155 
Reproductive effort + 0.569 - 0.264 - 0.217 - 0.535 
Seed wt + 0.286 + 0.302 
Seeds/mm spike + 0.626 
Total seeds +0.935 +0.138 
Total seed wt +0.883 +0.254 +0.221 
I length/width ratio + 0.878 
Scape/spike ratio 


