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In alfalfa (Medicago sativd..) populations
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Unité de Génétique et d’Amélioration de Plantes Fourragéres, INRA, Route de Saintes, 86600 Lusignan, France

(Received 4 October 1999; accepted 19 January 2000)

Abstract — Genetic variation in seed yield and its components was investigated in aifelfecdgo sativa..) in two
experiments established in a spaced plant design. The first experiment evaluated the among-population genetic variation
in a set of 45 cultivated populations. It showed a significant population effect for all the characters evaluated with a dif-
ferent behavior among the Mediterranean and the Nordic materials while the populsamninteraction was only sig-

nificant for the seed yield per plant. A second experiment evaluated the genetic variation among and within-populations

in a set of 11 populations. The among- and within-population effects were significant for almost all the components.
The among-population variance accounted for 5 to 31% of the total genetic variance for seed yield components, while
the within-population variance explained 69 to 95%. In both experiments, the broad-sense heritabilities of characters
varied from 0.27 to 0.43. The number of inflorescences, seed number per plant and seed weight per inflorescence
showed high phenotypic and genetic correlations with seed yield per plant. The possibility of using the seed weight PeEsy
inflorescence as a selection criterion is discussed.
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Résumé — Variabhilité génétique intra- et inter-population pour le rendement grainier et ses composantes chez la
luzerne. Deux essais ont été implantés, en plantes isolées, pour évaluer la variabilité génétique pour le rendement gra'b
nier et ses composantes chez la luzekhed{cago sativd_.). Le premier essai a mis en évidence une variabilité géné- c
tique inter-population au sein d’un ensemble de 45 populations cultivées pour toutes les composantes évaluées avec g
comportement différent des types nordiques et des types méditerranéens. L’interactionpmpmsation n’est signifi-

cative que pour le rendement et le nombre de graines par plante. Le deuxiéme essai a évalué la variabilité génétiq
inter- et intra-population dans un ensemble de 11 populations. Les effets inter- et intra-population ont été significatif
pour toutes les composantes. La variance inter-population représente de 5 a 31 % de la variance génétique totale, e%
variance intra-population de 69 a 95 % pour les différentes composantes. Les héritabilités au sens large desC

Communicated by Mervyn Humphreys (Aberystwyth, UK)

* Correspondence and reprints
huyghe@Iusignan.inra.fr

Plant Ge



334 E.-D. Bolafios-Aguilar et al.

composantes ont varié de 0,27 a 0,43. Le nombre d'inflorescences et le nombre de graines par plante et le poids de
graines par inflorescence sont fortement corrélés phénotypiquement et génétiquement avec le rendement grainier pal
plante dans un dispositif en plantes isolées. La possibilité d'utiliser certaines composantes relatives a l'inflorescence
comme critére de sélection pour le rendement grainier est discutée.

luzerne / rendement grainier / population / variation génétique / critére de sélection

[33]. Therefore, it should be possible to increase
seed yield in alfalfa without a negatively correlated
response on forage yield.

1. Introduction

Alfalfa (Medicago sativel.) is a cross-pollinat- Knowledge of the extent of genetic variation for
ed autotetraploid forage legume. At present, this seed yield components remains an important step
species is grown on more than 33 000 000 ha in the i, gifalfa breeding programs [29]. Hacquet [14]
world and the main alfalfa-producing areas are ygyjewed the relationships between seed yield and
central and eastern Europe, the Mediterranean jis components in alfalfa across varieties and envi-

basin and north America [27]. Variability for agro-
nomic and morphological traits of alfalfa is fre-
guently used in breeding programs for developing
cultivars with a high forage production and quality,
but seed-yielding ability has rarely been an impor-
tant criterion in the early stages of selection pro-
grams. However, the ability of a cultivar to give a
high seed yield determines its effective distribution
to farmers at competitive prices. The seed yield of
alfalfa is very low (256400 kgha?) compared to

its high vegetative biomass, up to 8 000Hay*
[12]. According to Lorenzetti [24], the theoretical
seed vyield potential in alfalfa calculated from the
number of flowers and the number of ovules is
12000 kg/ha, but the actual seed yield achieved
under the most favorable conditions only reaches
4% of this seed yield potential. Many forage breed-
ers expect a negative correlation between dry mat-
ter production and seed yield. However, such a
negative correlation between production of dry
matter and seed is difficult to demonstrate both in
grasses [1] and legumes [23]. In alfalfa, a signifi-
cant positive phenotypic correlation between seed
and forage yield was observed by Bog¢sa and
Buglos [4] and Melton [26], while Heinrichs [15]

ronments. He reported that seed yield was highly
correlated with number of seeds per pod, number
of inflorescences and number of pods per inflores-
cence. Seed yield components such as fertility
(number of pods per 100 flowers), seed number per
pod, mean seed weight, number of inflorescences
and number of pods per inflorescence explained
differences in seed yield among cultivars. They
were used to develop selection criteria for breeding
higher yielding cultivars or for selection of
germplasm [5]. However, all of these studies eval-
uated few seed yield components related to the
inflorescence itself. Crochemore et al. [8] and
Julier et al. [17] have shown a large genetic vari-
ability for some morphological and agronomic
characters associated with forage and seed yield
and quality in alfalfa populations. Because of their
genetic structure, the within-population variation
was shown to be large for morphological and qual-
ity traits [18] as well as for molecular markers [7].
However, nothing is known about the genetic
diversity available within the alfalfa populations
for the seed yield and seed yield components.

The objectives of the present study were to eval-

found no relationship between seed yield and dry uate genetic variation for seed yield and its compo-
matter yield. A positive relationship may be due to nents among and within a large range of alfalfa
architectural attributes such as tall and lodging tol- populations grown in a spaced plant design. Major
erant stems which would enhance both characters emphasis was given to traits associated with the
[13, 22]. The phenotypic correlation between har- inflorescence. The possibility of exploiting genetic
vest index and seed yield is also highly significant variation in breeding programs is discussed.



Genetic variation for seed yield in alfalfa

2. Materials and methods

335

Table 1. Origin of the 45 populations of alfalfa studied

to assess among-population variation. Populations
marked with (*) were used in experiment Il.

2.1. Plant material and experimental design

Population Origin Group
qu e>,<p_eriments \{vere,c'arrieo_l out at the Unité 3. Dem3 Morocco  Mediterranean
de Genetique et d’Amelioration des Plantes 4 pggl5 Morocco  Mediterranean
Fourrageres, INRA, at Lusignan (46°2§ 5. Gabes Tunisia Mediterranean
OOWE), France on a IOamy-CIay soil, pH 6.8. In * 6. Flamande France Nordic
both experiments, plants were established in a 7. Provence France Mediterranean
spaced plant design with 70 cm between plants in 8. Marais de Lucon  France Nordic
both directions. No inoculation was performed  12. Natsuwakaba Japan Nordic
prior to transplanting because of the presence of * 13. Magali France Mediterranean
indigenousRhizobium melilotipopulations. *14. Europe France Nordic
Pollination was ensured by native pollinators, and *15- Medalfa France Mediterranean
was considered not to be a limiting factor. No irri- *16. Rival France Nordic
gation or insecticide were applied during the repro- ig I\R/sz/: ;?nnccee lll\lc?rr;:'cc
ductive development of the plants. 19. Alégro France Nordic
. . *20. Orca France Nordic
2.1.1. Among-population variation 21. 63-28p France Nordic
In experiment |, 45 alfalfa populations of differ- *22. Luzelle France Nordic
ent genetic origins (Tab. I) were analyzed to deter- 23. Julus Sweden  Nordic
mine the genetic variation for seed yield and its 24 Lodi ltaly Mediterranean
components. The populations were either varieties , 2> Aragon Spain Mediterranean
or local landraces and were chosen to cover a wide gg ﬁnpur;ﬂjanc Sgam Mﬁdg?"anea”
range of geographic origin M. sativassp.sativa g Iv:g(rjri?e ”; n ea Ompos S p%?;n M eedit'(t;;;lf:‘n
T_he pppulatlons were cIaSS|f_|ed into two groups of 29. Totana Spain Mediterranean
dlver_sny, the c_ultlvated Nordlq types |ncIl_Jd|ng the 30 coussouls Erance Mediterranean
Flemish material and the cultivated Mediterranean 31 crioula Brazil Mediterranean
types. The seeds were mechanically scarified to 32, w514 USA Mediterranean
obtain a homogeneous germination. The seeds were 33. Alfagraze USA Nordic
germinated in Petri dishes placed for 48 h in a 34. Altfranken-S-S Germany  Nordic
growth cabinet at 24 °C. The seedlings were then 35. CUF101 USA Mediterranean
planted in a greenhouse. After 2 months in the 36. Radouga Russia Nordic
greenhouse, the plants were clipped and transplant- 37. 27-48 France Nordic
ed into the field on 18 April 1994. The trial was  38. Sewa Egypt Mediterranean
established in a randomized block design with three 39- Chypre Cyprus Mediterranean
replications. Each individual plot consisted of 30 - '2"532%2' |Snudci|:n l\'\/fsgi'tt;rrr:::::
random plantg. In two cpnsecutive years, 1995 and , 43, Sabre Canada Nordic
1996, segd yield and yield components were ana- 44. Victory Canada Nordic
lyzed during summer.grovvth. The plots were cuton " Rhizoma Canada Nordic
14 June and 15 May in 1995 and 1996 respectively. 45 [ amia Greece Mediterranean
o ] o *47. Kayserie Turkey Mediterranean
2.1.2. Within-population variation 48. Lutéce France Nordic
For experiment Il, in February 1997 11 of the ‘518- gggg g‘( I\RA';’% I;er]\ii mﬂ'ﬁ
original 45 populations of alfalfa (Tab. I) were 51 68-28 p<Lutece  France Nordie

selected to evaluate genetic variation among- and
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within-populations. Twenty plants per population 2.3. Statistical analysis
were randomly picked from the old nursery. Each
plant was considered as a different genotype based  statistical analyses were carried out using proce-
on the genetic structure of the alfalfa populations. qyres from the SAS program [30].
Each genotype was cloned via cuttings to obtain _ _ _
four clones that were rooted in the greenhouse. " €xperiment |, analysis of variance (ANOVA)
One month later, these clones were transplanted toW@S performed with the population effect as ran-
the experimental field (15 April 1997). The experi- dom and the block effect as fixed. The model was:
mental design consisted of four blocks. A block Xjk =H+ B+ Y+ (PY); + b +¢&, where X, =
was formed of 11 populations with 20 genotypes Phenotypic value observed of populatian year]
each. The seed yield and its components were ana-0F Plockk; = grand mean; ;P effect of popula-
lyzed during the first year of growth. tioni; Y; = effect of yeay; (PY); = populationi x
year] interaction; h = effect of blockk; &, =
o residual error. Variance components were calculat-
2.2. Plant characteristics ed using the VARCOMP procedure. The standard
_ _ _ errors (SE) of variances of the random effects were
In experiment |, seed yield and its components estimated following Becker [3] as: SEQ = (2K2
were evaluated in 1995 and 1996 on a plot basis. 5j [MS2/(f, + 2)])}2 where MS= mean square of
Prior to harvest, the number of plants per plot was effecti used to estimate the variance component g,

counted. For the measurement of the yield compo- f = degrees of freedom corresponding to the effect
nents, the third inflorescence of the longest stem of j k = coefficient ofo? in E(MS). Broad-sense

each plant was sampled. For each plot, the inflores- neritabilities were estimated? b 0929/(02 +02 +
cences were weighed. The two basal pods from 02 with 02, = genetic varianceg? = F?opmgﬁon
each inflorescence were sampled and threshed, andx year intefaction variance arat. = error vari-
their seeds counted. From these data, the number ofance. The standard error of these heritabilities

seeds per pod, the mean seed weight and the seeqSg (r2)] was calculated using the equation of
weight per pod were calculated. The rest of the Becker [3]: SE(R) = {SE (02.)}/ 02, whereo? =
inflorescences were threshed and the seed weighed phenotypic variance anof? 2 gen%type variance.
From these data, the following characters were cal- phenotypic correlations were calculated using the
culated: seed weight per inflorescence, number of CORR procedure from the mean data calculated
pods per inflorescence, number of seeds per inflo- gcross blocks for each populatisryear combina-
rescence. The whole plot was then harvested with a tion. Genetic correlations were calculated from
combine and seed weight measured. The seed yieldyariance-covariance matrices obtained by the mul-
per plant was calculated from the seed yield per tjvariate analysis of variance (MANOVA) proce-
plot divided by the plant number per plot. dure for the genotype effects and y&aropulation

In experiment II, seed yield and its components interaction.
were evaluated on an individual plant basis. At The structure of genetic variation among the
maturity, the first four inflorescences of the longest opylations based on all the seed yield characteris-
stem were collected and the first five pods of each tics was analyzed using a principal component
inflorescence were sampled. These 20 pods were gna|ysis (PCA) on the centred and standardized

threshed and their seeds weighed and counted toyriates using the mean population value across the
cal_culate the number of seeds per ppd, the seedipree replications and the two years.

weight per pod and the mean seed weight. The rest _ )

of the four inflorescences was threshed to deter- !N experiment Il, populations and genotypes
mine the seed weight per inflorescence. After Within populations were considered as random
threshing the rest of the plant, the seed yield per effects and the block effect as fixed in the ANOVA,

plant was calculated as well as the numbers of Performed with the GLM procedure. The model

seeds and inflorescences per plant. was: Y = u+ B +g(P) + b + ey where Y, =
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phenotypic value observed of genotymd popula- The yearx population interaction effect was
tion i for blockk; p = grand mean; P effect of only found to be highly significant (P < 0.001) for
populationi; g(P) = genotypg within population; seed yield per plant and number of seeds per plant.
b, = effect of blockk, &, = residual error. The vari-  However, the population effect for these compo-

ance components were calculated as in experimentnents remained significant when tested against the
I. Broad-sense heritabilities were estimated accord- interaction. The populations which contributed the

ing to Gallais [10] as: 4= (cr2 + 02 ))/(02 most to the yeak population interaction were
(o 90) oze) with o2 = for among populatlon vari- some of the Mediterranean populations which
anceo? o for within-population variance araf, yielded poorly in the second year of seed harvest.

= error variance. Standard errors of the varlance Indeed, some of these populations with low
components and of the heritabilities were calculated autumn dormancy tended to produce weak plants
as in experiment I. The phenotypic correlations with few fertile stems per plant.

were calculated on the mean of the genotypes
across blocks. The genotype correlations were cal-
culated from variance-covariance matrices obtained
by the MANOVA procedure for the genotype effect
and error term from an analysis of variance where
no population effect was declared. This allowed all
the genetic variation to be taken into account.

The estimates of variance components and
broad-sense heritabilities are shown in Table IlI.
The population variance was larger than the year
population interaction variance for all the compo-
nents evaluated. It contributed up to 14.4 and
15.2% of the total phenotypic variance, for seed
yield and the number of seeds per plant respective-
ly. A large error variance was observed for all the
components, especially for the number of inflores-
cences per plant. This led to low broad-sense heri-
tability values, which varied from 0.28 to 0.42. The
3.1. Among-population variation highest heritabilities were observed for the seed
yield per plant, the seed weight per inflorescence
and the number of seeds per inflorescence. The
lowest heritability was for the number of inflores-
cences per plant.

3. Results

The ANOVA for the 45 cultivated populations is
shown in Table II. It showed a highly significant
population effect (P < 0.001) for all of the charac-
ters evaluated. The year effect was also highly sig- Phenotypic and genetic correlations for all the
nificant for all the components, except for seed components evaluated are presented in Table IV.
weight per pod and number of seeds per pod. Seed yield per plant showed strong and positive

Table Il. ANOVA of the different sources of variation for the two experiments.

Character Experiment | (45 populations) Experiment Il (11 populations)
Population Year Yeax population Among-population Within-population

1. Seed yield / plant ok ok ok *x ok

2. No. of seeds / plant i *x *kk ns rxk

3. No. of inflorescences/ plant ok ool ns ok ook

4. Seed weight / inflorescence Fxx *k ns *kk *kk

5. No. of pods/inflorescence Fhk ok ns *xx *xk

6. No. of seeds/inflorescence Fkk ok ns ok ok

7. Seed weight/pod fldl ns ns ok -

8. No. of seeds/pod ok ns ns Hok ok

9. Mean seed weight ok Hokk ns ok o—_—

d.f. 44 1 44 10 203

ns: not significant; *, **, *** significant at the 0.05, 0.01 and 0.001 levels, respectively; d.f.: degrees of freedom.

Plant Genetics and Breeding
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Table Ill. Mean, estimates of variance components and heritability among 45 populations of experiment | for seed
yield and its components. Standard errors (SE) are given in brackets.

Character Mean Population  Populatiopear Error Broad-sense
variance interaction variance heritability
(09 variance 62) ()
Seed yield / plant (g) 37.32 67.204 22.821 68.531 0.42
(19.40) (9.82) (7.22) (0.12)
No. of seeds / plant (30 17.52 14.493 5.720 17.438 0.38
(4.40) (2.48) (1.83) (0.11)
No. of inflorescences / plant 336.7 5155.38 108.88 12579.88 0.28
(1603.4) (2000.0) (1326.0) (0.08)
Seed weight / inflorescence (mg) 117.3 401.256 20.888 531.403 0.42
(103.7) (45.3) (56.01) (0.10)
No. of pods / inflorescences 14.63 2.022 0.518 3.689 0.32
(0.63) (0.38) (0.38) (0.10)
No. of seeds / inflorescences 54.74 77.420 7.165 97.233 0.42
(20.75) (8.93) (10.24) (0.11)
Seed weight / pod (mg) 7.98 0.809 0.0 1.259 0.39
(0.20) (0.07) (0.002) (0.09)
No. of seeds / pod 3.72 0.130 0.0 0.211 0.38
(0.03) (0.01) (0.02) (0.08)
Mean seed weight (mg) 2.14 0.014 0.0 0.021 0.40
(0.003) (0.001) (0.002) (0.08)

Table IV. Phenotypic and genetic correlation coefficients from experiments | and Il (in bold). Phenotypic and genetic
correlations are on the right and left sides of the diagonal, respectively.

Character 1 2 3 4 5 6 7 8 9
Seed yield/plant 0.97** 0.70*** 0.30* 0.39*** 0.32** 0.05ns 0.07ns -0.01ns
0.95%*  0.82** (0.38*** (0.26*** 0.29*** (0.26**  0.17* 0.18**

No. of seeds/plant 0.98 0.69***  0.25* 0.41** 0.34* -0.03ns 0.08ns -0.20ns
0.96 0.79*** 0.34** (0.32*** 0.39*** 0.16* 0.23*** -0.05ns

No. of inflorescences/plant  0.75 0.74 —0.40%*  —0.22* —-0.39*** —0.45%* —0.47*** —-0.05ns
0.81 0.78 -0.08ns -0.01ns -0.12ns -0.08ns -0.16* 0.11ns

Seed weight/inflorescence  0.43 0.37 -0.30 0.80***  0.94** Q. 75%* (0.72*** 0.22 ns
0.46 0.43 -0.06 0.56***  (0.85*** (0.73***  (0.64** (0.24***

No. of pods/inflorescence 0.48 0.49 -0.11 0.81 985 0.22* 0.32** -0.14ns
0.33 0.41 0.03 0.55 0.63*** -0.12ns -0.001ns -0.17*

No. of seeds/inflorescence  0.40 0.41 -0.32 0.95 0.86 0.61*** 0.75** -0.10 ns
0.36 0.47 -0.11 0.87 0.62 0.48**  0.74** (0.26***

Seed weight/pod 0.19 0.10 -0.42 0.84 0.36 0.72 0.85***  0.48***
0.31 0.21 -0.08 0.78 -0.10 0.54 0.78**  0.45%**

No. of seeds/pod 0.16 0.17 -0.48 0.80 0.45 0.84 0.88 -0.02 ns
0.22 0.28 -0.17 0.75 0.07 0.82 0.82 -0.17*

Mean seed weight 0.10 -0.10 0.02 0.26 -0.11 -0.05 0.47 -0.01
0.18 -0.07 0.13 0.15 -0.29 -0.33 0.40 -0.17

ns: non significant; *, **, *** significant at the 0.05, 0.01 and 0.001 level, respectively.
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phenotypic and genetic correlations with number seed harvest, and remained significant for the
of seeds per plant, number of inflorescences per Nordic group in the second year. The lack of rela-
plant, and to a lesser extent with seed weight per tionship for the Mediterranean group in the second
inflorescence, and number of pods and seeds peryear was due to the poor growth of some popula-
inflorescence. The first two characters are very tions, as stated above with regard to the year
variable in a spaced plant design as the plants maypopulation interactions. The number of inflores-
reach contrasting stages of development and pro- cences per plant had significantly negative pheno-
duce a contrasting number of fertile stems. The typic and genetic correlations with almost all the
relationship between the number of inflorescences components except for seed yield per plant and
per plant and the seed yield is shown for both years seed number per plant. The seed weight per inflo-
in Figure 1. The correlations were significant rescence was positively related at the phenotypic
except for the Nordic group in the first year of and genetic level with the number of seeds and
study. The phenotypic correlation between the seed pods per inflorescence. Traits concerning the pod
weight per inflorescence and the seed yield was were not correlated with seed yield. The number of
0.30. The relationship between these traits displays seeds and seed weight per pod were positively
a complex pattern, as shown over both years for related to seed weight per inflorescence or per pod.
the Nordic and Mediterranean groups in Figure 2. Mean seed weight was only related to seed weight
The relationship was positive both for the Nordic per pod which reflects the narrow range of varia-
and the Mediterranean groups in the first year of tion available for this trait.

60
60

50
o
.
50
o
o
-

40
40

Seed yield per plant (g)

Seed yield per plant (g)

30
30

Figure 1. The relationship between number of inflorescence per plant and seed yield per plant ia)1295 1996 B). A regres-
sion line is given when the correlations are significant. A solid line refers to the Nordic group and a dashed line toetheridedi
group. Symbolsa: Mediterranean populationE]: Nordic populations.

20
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200 300 400 500

Number of inflorescences/plant

600

10
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50
50

40
40

30

Seed yield per plant (g)
30

Seed yield per plant (g)

[=] o
N N
= e
50 100 150 50 100 150
Seed weight per inflorescence (mg) Seed weight per inflorescence (mg)

Figure 2. The relationship between seed weight per inflorescence and seed yield per plant iA)189% 1996 B). A regression
line is given when the correlations are significant. A solid line refers to the Nordic group and a dashed line to therdediterra
group. Symbolsa: Mediterranean populationE]: Nordic populations.

The PCA based on the nine seed yield traits population variances were evaluated, compared to
tended to separate the Mediterranean populationsexperiment | (Tab. V). This is likely due to the fact
from the Nordic group (Fig. 3). Both groups were that the data for experiment Il was collected in the
similarly distributed along the first axis which first year after field transplantation and that the
accounted for 48% of the total variation, but they plants originated from rooted cuttings.
were separated by the second axis which accounted

for 31% of the total variation. More seeds per pod L ;
(3.85 versus 3.59) and a higher seed weight per Table II. The among- and within-population effects

pod (8.41 versus 7.56 mg) characterized the Were significant (P < 0.001) for all the characters
Mediterranean group, while the Nordic group had evaluated, except for the number of seeds per plant
more inflorescences per plant (384 versus 286) and @Mong-populations. The estimates of among- and

produced a higher seed yield per plant (40.75 ver- Within-population variance components and broad-
sus 33.72 g). sense heritabilities are presented in the Table V. As

in experiment |, the error variance was large for all

the components evaluated. It accounted for 57 to

3.2. Within-population variation 81% of the total phenotypic variance, depending
on the character. The within-population variance

The mean values for seed yield and seed yield was larger than the among-population variance for
components were lower in experiment I, where all the seed yield components. The within-popula-
both the among-population and the within- tion variance contributed from 69 to 95% of the

The results of the ANOVA are presented in
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Table V. Mean, estimates of variance components among and within 11 alfalfa populations of experiment Il and heri-
tability of seed yield and seed yield components. Standard errors (SE) are given in brackets.

Character Mean Among population Within Error Broad-sense
variance population variance heritability
(@) varizance 6°) )
(Gg(m)
Seed yield/plant (g) 15.31 3.868 32.116 50.776 0.41
(2.64) (4.87) (3.29) (0.08)
No. of seeds/plant (3p 8.25 0.502 10.031 16.227 0.39
(0.56) (1.54) (1.05) (0.07)
No. of inflorescences/plant 191.60 1796.66 5055.74 9075.49 0.43
(945.78) (802.30) (590.15) (0.10)
Seed weight/inflorescence (mg) 82.76 68.613 193.99 592.75 0.31
(39.63) (38.96) (38.42) (0.09)
No. of pods/inflorescences 10.96 0.606 1.656 6.066 0.27
(0.34) (0.36) (0.39) (0.08)
No. of seeds/inflorescences 44.87 27.573 62.586 170.90 0.34
(14.50) (11.84) (11.04) (0.10)
Seed weight/pod (mg) 7.62 0.243 1.479 3.202 0.34
(0.16) (0.25) (0.20) (0.08)
No. of seeds/pod 4.10 0.096 0.361 0.660 0.40
(0.05) (0.057) (0.04) (0.09)
Mean seed weight (mg) 1.87 0.007 0.027 0.081 0.30
(0.004) (0.005) (0.005) (0.09)
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Figure 4. Among- and within-population variation for seed weight per inflorescence evaluated in 11 alfalfa populations.

genetic variance, the lowest value being found for
the number of seeds per inflorescence and the
highest for the number of seeds per plant. Seed
yield per plant variation ranged from 9.37 to
18.32 g among populations and from 0.30 to
30.75 g within populations. Mean seed weight per
inflorescence ranged from 61 to 93 mg among pop-
ulations, and from 20 to 140 mg within populations

(Fig. 4).

The broad-sense heritabilities for all characters
were relatively low because of the large error vari-
ance. They varied from 0.27 to 0.43, the highest
values being found for seed yield and number of
inflorescences per plant. Phenotypic and genetic

correlations between seed yield components are
presented in Table IV. In general, estimates of the
phenotypic and genetic correlations between all
pairs of the nine seed yield characters measured on
individual plants were similar. Phenotypic correla-
tions showed that all the components were associ-
ated with seed yield, the correlations decreasing
progressively according to the scale of the compo-
nent under consideration. Thus, the highest correla-
tions were found for the traits measured at the
plant scale, and the lowest at the pod scale.

With respect to the genetic correlations, number
of seeds per plant and number of inflorescences per
plant also had the highest correlations with seed
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yield per plant. The number of inflorescences per Fryer [6] reported within-population variation for

plant was only positively correlated with seed yield

per plant and number of seeds per plant. As in
experiment I, the number of pods and seeds per

inflorescence were positively related to the seed X .
g variance for all the characters. The error variance

weight of inflorescences, the number of seeds an
seed weight per pod were positively correlated
with seed weight per inflorescence and mean see
weight with the seed weight per pod.

4. Discussion

Both experiments clearly showed a large
among-population range of variation for all the
seed yield components. Experiment Il underlined
that within-population variation was larger than the
among-population variation. Julier et al. [18] found
a large within-population variation compared to
among-population variation for quality and mor-
phological characters. They reported a within-pop-
ulation variation accounting for 31 to 70% of the
total genetic variance for quality and 57 to 100%
for morphological components. Similarly,
Crochemore et al. [7], using RAPD markers, found
that within-population variation accounted for 50%
of the total genetic variance. These large within-
population variations are similar to those reported
for other tetraploid cross-pollinating species such
as Trifolium pratenseg(Kongkiatngam et al. [20]).
The large within-population variation found in the
alfalfa populations is a feature of outcrossing in
natural populations or synthetic varieties [11] and
underlines the broad diversity available for breed-
ing populations.

The large range of variation found for seed yield

the present experiments corresponds with values

reported in the literature. While we found (among

214 genotypes with four replicates) a range of 0.30
to 30.75 g of seed per plant, Rausch [28] reported a
range from 0O to 44 g of seed per plant measured on

1 301 individual plants of alfalfa. The within-popu-
lation variation for seed yield and its components

may have very diverse origins such as differences

in male fertility [34], female fertility [16] and ease
of tripping [19]. As early as 1937, Bolton and

components related to seed yield.

In both the present experiments, the error vari-
ance contributed a major part of the phenotypic

accounted for 43 to 70% of the phenotypic vari-

gance in experiment | depending on the characters

and from 57 to 80% in experiment Il. In both
experiments, the mean seed weight had the largest
error variance (66 and 80% of the total phenotypic
variation for experiments | and Il, respectively).
These large proportions of error variance for mean
seed weight correspond with a narrow range of
genetic variation for seed size in cultivated alfalfa
populations. To decrease the error variance, the
sampling methods should be modified. The error
variances tended to be larger in experiment I,
except for the seed yield per plant and the number
of seeds or inflorescences per plant. However, the
mean values for these traits were much lower in
experiment Il. The larger error variances are relat-
ed to sample size. Indeed, the sampling unit was
four replicates of one plant (or 0.4%nfor the
measurement of seed yield in experiment Il and
three replicates of 30 plants (or 7.3%)nm experi-
ment |. For the assessment of seed weight per
inflorescence, the sample sizes were three repli-
cates of 30 inflorescences and four replicates of
four inflorescences in experiments | and Il respec-
tively. Thus, the sample size should be adapted to
the precision of the measurement required for
breeding.

In experiment |, the population year interac-
tion was not significant for most components, and
only accounted for the 14.4% of the total pheno-
typic variation for the seed yield per plant and
15.2% for the number of seeds per plant. Thus,
populationx environment interaction does not con-
stitute an important factor in the estimation of vari-
ance components for most seed yield components
when studied in a spaced plant design, and is
unlikely to reduce the efficiency of selection pro-

grams.
Because of the large error variances, the broad-

sense heritabilities were low for all the studied
characters, but similar in both experiments, except

Plant Genetics and Breeding



344 E.-D. Bolafios-Aguilar et al.

for number of inflorescences per plant. This later studies were performed under a spaced plant
character showed the lowest heritability (0.28 = design which is necessary for the assessment of
0.08) in experiment |, and the highest heritability individual plants. In dense canopies, competition
(0.43 £ 0.10) in experiment Il, because of the con- among plants is more severe and the main factors
trasting values of error variance. Seed weight per limiting seed yield may be different. Numerous
inflorescence had a high heritability in both experi- studies have reported the effects of canopy struc-
ments. ture on the seed yield of alfalfa, mainly as an effect
of row spacing and plant density [2, 9, 21, 25].

. h ; lati ith q b Under a spaced plant design, the number of fertile
positive phenotypic correlations with seed number o mg and inflorescences may be more variable,

per plant, in_florescence number per plant and _seed depending on the size of the individual plants as
weight per inflorescence. The genetic correlatlonsi

b h | S ound in both of our experiments, while, in dense
etween these components were also strong. See anopies, the number of fertile stems per unit area
weight per inflorescence showed high positive cor-

: X is likely to be more stable.
relations with the number of pods and the seed s i ]
from these two sources. The negative correlation canopies, components related to the inflorescence,
found between the number of seeds per inflores- and especially seed weight per inflorescence, in a
cence and the mean seed weight indicates that'ange of genotypes and environmental conditions.

some biological compensation may occur. Because of its ability to take into account compen-
sation within the inflorescence and because of the

Relationships between seed yield and some of |arge genetic variation reported both among and
the seed yield components analyzed here have within alfalfa populations, seed weight per inflo-
been reported before in alfalfa. Taylor and Marble rescence could be an interesting selection criterion
[32] reported that the number of inflorescences per for seed yield. The number of seeds and inflores-
plant was the most influential component of seed cences per plant could also be considered as poten-
yield. Zambrana [35] reported that the number of tial selection criteria. However, the extent of their
seeds per plant was the main component of seedvariation is likely to be very different depending on
yield, and that relationships between seed yield and plant density and competition among plants or
number of fertile stems, number of seeds per pod stems. Also, the assessment of these two traits on
and number of inflorescences per plant were also an individual plant basis is very time consuming.
high and posﬁwe._l—_lacquet _[14] qnd Rosellini et al. Acknowledgements:E.D. Bolafios-Aguilar is grate-
[31] reported positive relationships between seed | to CONACYT (Consejo Nacional de Ciencia y
yield and number of seeds per pod, while Askarian Tecnologia de México), INIFAP (Instituto Nacional de
et al. [2] and Kowithayakorn and Hill [21] found Investigaciones Forestales y Agropecuarias de México)
no relationship between seed yield and number of and SFERE (Société Francaise d’Exportation de
seeds per pod under various management regimes_Ress_ources Educatlve’s),for financial support. J. Jousse,
In the present study, the relationships between A. Gilly and D. Dos Pénédos, to whom gratitude is aIsp

. S . expressed by the authors, rendered invaluable technical
these components were either non-significant (in assistance.
experiment 1) or very low (in experiment Il). Little
information is available in the literature regarding
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