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Abstract – The ability of RFLP markers to distinguish between 2 heterogeneous alfalfa ecotypes, “Vogherese” and
“Maremmana”, was correlated with the number of plants sampled in either single-plant or bulk analyses. Independent
subsample populations of 20 and 50 plants were compared for variance component partitioning and band frequencies in
20-, 50- and 100-plant subpopulations of Maremmana. Homogeneity within 3 independent bulks of the same size as
given above was taken as a measure of bulk optimal size. A minimum of 50 plants is required for both single-plant and
bulk analyses; however, for a large majority of bands analysed, no significant differences were detected for their fre-
quency among populations of 20, 50 and 100 plants, with the exception of 6 bands out of 48. One ecotype-specific
marker was found through bulk analysis. Results are discussed in relation to the improvement of RFLP methodology for
cultivar identification in alfalfa. 
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Résumé – Taille de population optimale pour l’identification des cultivars par RFLP chez la luzerne (Medicago
sativa L.). La capacité des marqueurs RFLP de distinguer entre deux écotypes hétérogènes de luzerne, «Vogherese» et
«Maremmana», a été comparée avec le nombre de plantes composant un échantillon utilisé aussi bien pour l’analyse
sur des plantes individuelles que sur des plantes en mélange («bulk»). La partition des composantes de la variance a été
comparée dans des sous-échantillons de populations indépendantes de 20 et 50 plantes, et les fréquences de bandes ont
été aussi comparées dans des sous-populations de Maremmana constituées par 20, 50 et 100 plantes. Le degré d’homo-
généité révelé à l’intérieur de 3 «bulks» indépendants, de tailles identiques à celles qui viennent d’être mentionnées, a
été pris comme mesure de la taille optimale du «bulk». Un minimum de 50 plantes est nécessaire aussi bien pour l’ana-
lyse sur plantes individuelles qu’en «bulk», alors que pour la grande majorité des bandes analysée, aucune différence
significative de leur fréquence n’a été relevée entre les populations de 20, 50 et 100 plantes, à l’exception de 6 bandes
sur 48. Un marqueur spécifique d’un écotype a été trouvé au moyen de l’analyse «bulk». Les résultats sont discutés
dans l’optique d’une amélioration de la méthodologie RFLP servant à l’identification des cultivars chez la luzerne.
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1. Introduction

Cultivar identification is of the utmost impor-
tance in plant breeding to preserve the genetic
makeup of varieties and to protect breeders’ rights
[4]. Genetic fingerprints have proved useful for
this purpose, and at present the classification of
species and cultivars can be based on isozymes [1]
and/or on protein extracted from storage organs
[11]. However, DNA-based markers, being inde-
pendent of the influence of the environment and
virtually unlimited in number, provide a more reli-
able tool for strain/cultivar identification. RFLP
technology was developed nearly 20 years ago
[18], and is now a well established detection
method. Further progress in this domain has
involved the development of PCR-based systems,
namely RAPDs, SSRs and AFLPs. In general,
RFLPs are superior in reproducibility but are
labour-intensive and less cost-effective compared
to PCR-based markers. Among these, AFLPs and
SSRs have proved to be sufficiently effective to
replace RFLPs for genotype identification [13, 14],
while RAPDs are less reproducible [9] due to mis-
match annealing [12]. The choice of the appropri-
ate marker system is critical when high efficiency
and reproducibility at low cost is the target. This is
especially true when heterogeneous populations of
outcrossing and sexually reproduced species are
considered. Whereas the cultivars of autogamous
and vegetatively propagated species can be repre-
sented by one or a few individuals, it is difficult to
find cultivar-specific markers for outcrossing and
seed-propagated species which are generally het-
erogeneous populations. For the latter, it is of inter-
est to improve well-established molecular marker
systems such as RFLPs in order to select the most
informative probe/enzyme combinations and the
appropriate size of sample populations.

Alfalfa (lucerne, Medicago sativa) is one of the
most important leguminous forage crops grown in
temperate environments. It is an autotetraploid (2n
= 4x = 32) outcrossing and seed-propagated
species. These factors contribute to the genetic
complexity of alfalfa at both individual and popu-
lation levels. Furthermore, in Italy a significant
percentage of cultivated alfalfa is represented by
local land races or ecotypes, which may have a

wide genetic base. Two general strategies are fol-
lowed for molecular marker-assisted cultivar iden-
tification in alfalfa: i) computing the genetic dis-
tance between populations on the basis of either
the fraction of shared bands or the differences in
band frequencies [2, 5, 8, 10, 15]; and ii) compari-
son of DNA fingerprints of pooled DNA samples
[10, 15, 20]. Taken together, the available data in
the literature suggest that distinguishing alfalfa cul-
tivars through molecular markers is possible when
they have a narrow genetic base, or are character-
ized by various degrees of Medicago falcataintro-
gressions, or are land races adapted to distant envi-
ronments. However, studies focussed on the
discrimination between commercial ecotypes of
closer origin are still lacking. Pupilli et al. (unpubl.
obs.) approached this problem by verifying
whether the ecotypes had conserved a genetic iden-
tity after years of seed multiplication. In this study,
RFLP markers were used to investigate whether
different seed lots of the same ecotype were homo-
geneous within the ecotype, but differed from
those of another ecotype, using both single plant
and bulk strategies. Single plant analysis showed
that the above condition was not satisfied, and bulk
analysis revealed few cultivar-specific fragments.
Population sampling was limited in this study;
therefore additional work regarding the optimal
number of individual plants is required.

The aim of the present study was to establish
whether the ability of RFLPs to distinguish
between 2 heterogeneous ecotypes depended on
the number of plants analysed. For this purpose
we: i) compared the partitioning of the between-
versus within-population variance components for
genetic diversity in samples of different size, but
belonging to the same populations; ii) investigated
whether significant differences in band frequencies
existed in different-sized subsamples of the same
ecotype; and iii) established the optimal size of
bulked samples.

2. Materials and methods

2.1. Plant material

The foundation seed of 2 Italian commercial
ecotypes, Vogherese and Maremmana, supplied by
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the Istituto Sperimentale per le Colture Foraggere
of Lodi, Italy, was used in this study. Two different
accessions 8, 9 were considered for Vogherese,
whereas Maremmana was represented by one
accession only 55. Each accession corresponded to
a “foundation farm” responsible for the mainte-
nance and multiplication of the foundation seed.
Individual plant populations of 20 and 50 plants for
each accession plus an additional population of
100 plants for accession 55 only were considered.
For bulk preparation, a single trifoliate leaf was
collected from 20, 50 or 100 plants for each acces-
sion, and 3 replicates consisting of bulks of differ-
ent plants, were considered for each sampling size.

2.2. RFLP analysis

Genomic DNA was extracted basically as
described by Saghai-Maroof et al. [16] with some
modifications. For the single-plant analysis a trifo-
liate leaf (weight: 20 ± 2 mg) was ground with liq-
uid nitrogen in 2-mL Eppendorf tubes with a glass
pestle and the powder obtained was resuspended in
300 µL of 2 × CTAB buffer (containing 2% β-mer-
captoethanol) pre-warmed to 65 °C. The mixtures
were incubated at 65 °C for 30 min under gentle
agitation. Five hundred µL of chloroform/
isoamylic alcohol (ratio 24:1) was added to the
mixtures, which were agitated in a rotary mixer for
15 min at 45 rpm and at room temperature. After
centrifugation at 5 000 g for 7 min at room temper-
ature, the aqueous phase was collected and the
nucleic acids were precipitated by adding an equal
volume of chilled isopropylic alcohol. The tubes
were kept on ice for 5 min and then the DNA was
pelletted at 6 000 g for 10 min at 4 °C, vacuum-
dried and resuspended in 40 µl TE buffer (Tris-
HCl 1 mM; EDTA 0.1 mM). For DNA extraction
from bulked plant material, the total fresh weight
was measured and the above procedure was scaled
up accordingly. Approximately 1 and 8 µg of DNA
was digested for single plants and bulked samples
respectively, with 20 units of HindIII (New
England Biolabs) according to the supplier ’s
instructions. The resulting fragments were frac-
tioned electrophoretically in 1% agarose gel and
blotted onto Hybond N+ membranes (Amersham)

according to the standard capillary procedure [19].
Blots were hybridized with 18 32P-labelled probes
from a partial PstI genomic alfalfa library [3],
washed and exposed as reported by Gebhardt et al.
[7].

2.3. Statistical analysis

RFLP bands were scored as present (1) or absent
(0) on autoradiographs to create a binary matrix.
All the monomorphic bands (i.e., bands present in
all individuals of each accession) were excluded.
An estimate of the genetic distance between each
pair of individuals was computed on the basis of
the squared euclidean distance of Excoffier et al.
[6], defined as:

E = e2xy = n(1 − 2nxy/2n)

where nxy is the total number of bands shared by
the 2 plants x and y, and n is the total number of
polymorphic bands. The distance matrix obtained
was subjected to the analysis of molecular variance
(AMOVA) [6] to partition the components of vari-
ance of total genetic diversity into between-acces-
sions and among-plants within accessions. The
number of permutations carried out irrespective of
ecotypes and accessions was set at 100 000 for par-
titioning the overall variance, and at 5 000 with a
significance level of 0.01 (1%), for the pair-wise
comparisons of the accessions. All the AMOVA
analyses were performed with the ARLEQUIN
software version 1.1 [17].

3. Results and discussion

The 18 probes used displayed a total of 127
bands, 13 of which were monomorphic and there-
fore were not considered. The remaining 114 bands
constituted the total data set of the AMOVA analy-
sis. The between- and within-population compari-
son of variance partitioning with samples of 20 or
50 plants of the same accession is shown in 
Table I. Although most of the overall variance is
accounted for by within-population variability 
(> 98%), a small but significant contribution to the P
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total variance was given by between-population
differences in both the 20- and 50-plant samples.
The distinctly higher proportion of within-popula-
tion versus between-population variability can be
attributed to either a large heterogeneity of the eco-
types, or to the relative relatedness of the popula-
tions under study that had evolved in similar envi-
ronments. This contrasts with the results of
Crochemore et al. [5], who attributed 50% of the
total variance to within-population genetic vari-
ability by comparing varieties and land races of
distinctly different origins. In any case, the sam-
pling of 20 or 50 plants per population did not
greatly affect the proportion of total variability dis-
tributed within- and between-populations. 

However, when the populations underwent pair-
wise comparison, significant differences were
detected between the 2 different population sizes
(Tab. II). When 20 plants per population were con-
sidered, the percentage of between-population vari-
ability compared to the total variance was signifi-
cant only when accessions 8 and 55 were
compared, whereas this source of variation was not
significant for the other comparisons irrespective
of whether they belonged to the same ecotype or
not. When 50 plants were sampled, accession 55 of
the Maremmana ecotype differed significantly
from accessions 8 and 9 belonging to the
Vogherese ecotype. The lack of significance attrib-
utable to between-population variability of acces-
sion 8 versus accession 9, already noted when
comparing 20-plant populations, was confirmed.

Again, the between-population variability values in
our study were remarkably lower than that reported
by Crochemore et al. [5] in their variety pairwise
comparisons for the reason given above. 

To investigate whether the detected frequency of
a band varied with the size of the population, the
frequency of the same band was compared in sam-
ples of 20, 50 and 100 plants of accession 55. A χ2

test of heterogeneity was carried out considering 2
phenotypic classes (presence/absence) for each
fragment and data; these were pooled, when neces-
sary, to maintain the expected class frequency at
about 5. A subset of 8 probes, selected on the basis
of their high polymorphism, revealed 48 informa-
tive polymorphic bands. Among these, only 6
showed significant overall heterogeneity indicating
the presence of differences in their frequencies

Table I. Variance partitioning for 20- (A) and 50-plant populations (B) of accessions 8, 9 and 55 using AMOVA.

Source of variation D.f. Sum of squares Variance components Variation (%) Pa

A
Among populations 2 40.567 27.37 × 10-2 1.81 < 0.01
Within populations 57 844.100 14.80877 98.19 < 0.01
Total 59 884.667 15.08247 

B
Among populations 2 48.680 17.46 ×10-2 1.11 < 0.01
Within populations 147 2294.640 15.60980 98.89 < 0.01
Total 149 2343.320 15.78440

a Probability of having more extreme variance components than those observed by random error. 

Table II. Percentage and significance (*) at P < 0.01 of
the between-accession variance compared to total vari-
ance for each pairwise comparison of the accessions
considered in 20- (A) and 50-plant populations (B).

8 9

A
9 1.185
55 2.254* 1.995
B
9 0.728
55 1.084* 1.504* 
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among the 3 subpopulations (Tab. III). Chi-square
partitioning showed that the significant hetero-
geneity was mainly due to the comparison of the
20- versus 50-plant subpopulations, with the
exception of bands 1A115 and 2G114. Curiously
enough, the latter band did not show significant
differences in its frequency when the two 20- and
50-plant subpopulations were compared with each
other, but it did when the 2 pooled populations
were compared against the 100-plant subpopula-
tion. To calibrate the system, the appearance (+) or
absence (-) of the bands analysed in 100-plant
bulks of the same accession was used as control 
(data not shown). The band 2G114, showing a high
frequency in 20- and 50-plant populations and a
low frequency in 100-plant populations, was clear-
ly detectable in the bulks and this indicated that
different fragment frequencies do not necessarily

mean different gene (allele) frequencies. This band
is around 3 500 bp long and its relative quantity in
the 20-, 50- and 100-plant populations of accession
55 is shown in Figures 1A, B and C respectively. It
can be seen that the intensity of this fragment
varies among the different plants, probably reflect-
ing a different allele contribution as a consequence
of the tetrasomic inheritance of alfalfa. Therefore
we can assume that the appearance of the bands in
the bulks depends on the dosage, reflecting the
high number of alleles bulked, even if band fre-
quency is relatively low. This indicates that at least
for those fragments which were of low frequency
across alfalfa populations, the allelic dosage can
prevail over band frequency, as already suggested
by Pupilli et al. [15]. Since the total allelic contri-
bution for each band cannot be established a priori,
these bands might bias the real genetic distance
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Table III. Chi-square analysis of heterogeneity of band frequencies detected among 20-, 50- and 100-plant subpopula-
tions of accession 55. 

D.f. 1A112 1A115 1B43 2G51 2G112 2G114

Total heterogeneity 2 8.75* 11.78** 10.97** 7.06* 7.21* 6.64* 
20 vs. 50 1 5.17* 5.63* 9.79** 4.17* 4.32* 0.21ns

(20 + 50) vs. 100 1 3.58ns 6.15* 1.18ns 2.89ns 2.89ns 6.43* 

*Significant for 0.01 < P< 0.05; **significant for P < 0.01; ns: not significant.

Figure 1. Hybridizing banding pattern of the probe 2G11 with the HindIII-digested DNA of 20- (panel A), 50- (panel B) and 100-
plant (panel C) populations of accession 55 (Maremmana). Arrowheads indicate the band 2G114 (higher molecular weight) and
2G115. Molecular weight markers (first lane on the left) are expressed in kbp. 
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among populations when this is estimated on the
basis of band frequencies. However, in our results
the effect of such bands was negligible; and in
most cases the appearance of a band in a bulk
depended on its frequency in the population. As an
example, the band with lower molecular weight
indicated by the arrowhead in Figure 1 showed a
frequency above 2G114 and it was detected in the
bulk despite a different allelic contribution from
each plant in the population.

To establish the optimal size of the bulked sam-
ples, we compared variability for RFLPs among 3
independent bulks (replicates) each composed of
20, 50 and 100 plants of the same accession. In a
survey of 12 probes showing 96 bands in total, 5
showed 11 polymorphic bands among the three 20-
plant bulks only. One of these probes is illustrated
in Figure 2, in which the arrowheads indicate poly-
morphic bands among three 20-plant bulks of
accession 9, but not in the corresponding 50-plant
bulks. In no cases were differences between the 50-
and the corresponding 100-plant bulks detected. As
expected, such polymorphisms were mainly detect-
ed for bands of minor intensity since, as above
mentioned, these bands occurred at a low intensity
within the populations and therefore were strongly
affected by the sampling effect. 

Determination of the optimal population size for
cultivar identification in outcrossing heterogeneous
species is crucial if a lower labour cost is the tar-
get. Large-scale experiments, saving space in the
greenhouse and cutting down the cost of DNA
manipulations, could render RFLPs competitive
with PCR-based markers such as AFLPs and SSRs.
On the basis of our results we can conclude that

ecotype identification in alfalfa either by bulk
analysis or pairwise comparisons of individual
plants requires a minimum of 50 individuals. Out
of the 12 probes used for bulk analysis, one desig-
nated 1C3, revealed a fragment (arrowhead, Fig. 3)
that is present in all three 50-plant bulks of acces-
sion 55 and that is always absent in the corre-
sponding bulks of accessions 8 and 9. This frag-
ment could constitute an example of a
Maremmana-specific marker, absent in Vogherese.

Since in general no dramatic differences in band
frequency were detected among 20-, 50- and 100-
plant samples, we can state that 20 plants are suffi-
cient to represent the genetic variability of an 

Figure 2. Hybridizing banding pattern of the
probe 1B4 with the HindIII-digested DNA of
20- and 50-plant bulks (in triplicate) of the 3
accessions 8, 9 (Vogherese) and 55
(Maremmana). The arrowheads indicate poly-
morphic bands among 20 plant bulks of the
same accession. Molecular weight markers (first
lane on the left) are expressed in kbp. 

Figure 3. Hybridizing banding pattern of the probe 1C3 with
the HindIII-digested DNA of 50-plant bulks (in triplicate) of
the 3 accessions 8, 9 (Vogherese) and 55 (Maremmana). The
arrowhead indicates a Maremmana-specific band. Molecular
weight markers (first lane on the left) are expressed in kbp. 
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alfalfa ecotype when cultivar identification is
based on this parameter. Gherardi et al. [8] report-
ed 40 plants as the optimal population size for cul-
tivar discrimination in alfalfa. The same authors
stated that because of the dominant nature of the
markers, RAPD analysis was unlikely to provide a
useful tool to measure the real genetic distance
between populations; and also that the occurrence
of bands of identical size but unknown sequences
can underestimate the genetic distance between
individuals. Therefore, as stated by the same
authors, improved co-dominant markers could be
more interesting, and our results seem to confirm
this assumption in alfalfa cultivar identification.
Italian alfalfa ecotypes may cover large geographic
regions, and the problem arises of whether they
still conform to the definition of “ecotype”. The
results presented here indicate that the two eco-
types “Maremmana” and “Vogherese” can be dis-
tinguished on the basis of either single plant or
bulk analysis. Since these two ecotypes have
evolved in similar environments, they probably
share a common gene pool. Nevertheless, RFLP
analysis has sufficient resolution to detect hidden
differences. Therefore good discrimination is
expected in the entire set of Italian ecotypes, which
in many cases are adapted to very different envi-
ronments.
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