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Abstract Alfalfa (Medicago sativa L.) is a forage legume
of world-wide importance whose both allogamous and
autotetraploid nature maximizes the genetic diversity
within natural and cultivated populations. This genetic
diversity makes difficult the discrimination between
two related populations. We analyzed this genetic di-
versity by screening DNA from individual plants of
eight cultivated and natural populations of M. sativa
and M. falcata using the RAPD method. A high level of
genetic variation was found within and between popu-
lations. Using five primers, 64 intense bands were
scored as present or absent across all populations.
Most of the loci were revealed to be highly polymor-
phic whereas very few population-specific polymor-
phisms were identified. From these observations, we
adopted a method based on the Roger’s genetic dis-
tance between populations using the observed fre-
quency of bands to discriminate populations pairwise.
Except for one case, the between-population distances
were all significantly different from zero. We have also
determined the minimal number of bands and indi-
viduals required to test for the significance of between-
population distances.

Key words Medicago sativa · RAPD · Cultivars ·
Genetic distance

Introduction

Alfalfa (Medicago sativa) is a forage crop of consider-
able world-wide importance (Barnes et al. 1988). How-
ever, despite its agronomical importance, breeding
improvements are complicated by the high genetic
complexity of this species and its cultivated forms.
Cultivated alfalfa is an outcrossing autotetraploid
plant developed by combining different M. sativa and
M. falcata germplasm sources in order to maximize
heterosis and to secure multiple pest resistance. In
addition, cultivated alfalfa varieties exist as synthetic
varieties developed by randomly intermating selected
parents from the nine original germplasm sources. As
a consequence, the genetic structure of alfalfa cultivars
is imprecise compared to fixed cultivated forms like
inbred lines or hybrids.

An accurate genetic characterization of an alfalfa
cultivar is thus difficult, but is nevertheless necessary
since plant breeders need to distinguish between two
cultivars, even closely related ones, and to compare
new ones from those previously registered. Methods for
detecting isoenzyme polymorphisms were first used for
genetic diversity analyses in order to trace the ancestors
of alfalfa cultivars or to quantify the within and be-
tween population components of genetic diversity in
alfalfa germplasms (Quiros 1983). However, the level of
polymorphism detected with such markers in insuffi-
cient for cultivar identification. Neutral DNA-based
molecular markers allows a more precise and non-envi-
ronment-dependant identification of individual plant
genotypes but the first described technique (RFLP),
although useful and efficient, is very laborious when
used routinely on a large number of plants (Brummer
et al. 1991; Kidwell et al. 1994). The report that a single
10-mer oligonucleotide, of arbitrary nucleotide se-
quence, will direct the amplification of discrete loci has
given rise to RAPD (random amplified polymorphic
DNA; Williams et al. 1990) markers. These PCR-based



Table 2 Within-population polymorphism. N refers to the number
of informative individuals tested. The number of bands is the total
number of RAPD bands observed in each population using the five
primers. The % of polymorphic bands refers to bands which are not
observed in all the tested individuals of a population

Population N Number of
bands

% Polymorphic
bands

Europe 45 52 73
Rival 47 46 70
Medalfa 47 49 71
Oro 35 45 75
Gemini 28 51 72
Euver 19 46 70
Monte-Oscuro 20 46 67
Maron 21 51 69

Table 1 Nucleotide sequence of the primers used in RAPD analysis

Primer 5@P3@ Sequence

B1 GTTTCGCTCC
B6 TGCTCTGCCC
B7 GGTGACGCAG
B8 GTCCACACGG
B10 CTGCTGGGAC

dominant markers considerably speed up processes like
the construction of a genetic map (Reiter et al. 1992; Yu
and Pauls, 1993) or the determination of the genetic
diversity within species or populations (Hadrys et al.
1992). Since RAPD markers allow a rapid analysis of
the polymorphism of many individuals, they were
chosen to estimate genetic distances between cultivated
alfalfa varieties. In order to take into account the gen-
etic complexity of alfalfa cultivars, each individual was
studied separately with several arbitrary primers. The
within-population frequency of each marker could thus
be calculated. We propose a mathematical method to
estimate this genetic distance between alfalfa popula-
tions.

The objectives of the present study were to use the
RAPD method: (1) to estimate the genetic distance
between two alfalfa populations, and (2) to evaluate the
minimal number of RAPD bands, and/or individuals,
to be analyzed for this estimation.

Materials and methods

Plant material

The following cultivars representative of alfalfa germplasm origins
(Julier et al. 1995) were employed: Oro (Provence type), Rival,
Europe, Gemini and Euver (Flemish type), Medalfa (intermediate
type) together with two tetraploid wild populations, Monte Oscuro
(M. sativa) and Maron (M. falcata). The alfalfa varieties were pro-
vided by GEVES [Groupe d’Etudes et de Contrôle des Variétés et
des Semences], Le Magneraud (France). The two tetraploid non-
cultivated wild populations, Monte Oscuro (M. sativa) and Maron
(M. falcata), were provided by Dr. P. Guy (Julier et al. 1995). Alfalfa
seeds were surface-sterilized and germinated as previously described
(Truchet et al. 1989) and grown in a growth chamber for 3 weeks.

DNA isolation

For each plant, about 20—40 mg of young leaves were taken and
dried in an oven at 60°C overnight. DNA was then purified as
described by Tai and Tanksley (1990). The yield was about 500 ng of
DNA per mg of leaves (fresh weight).

RAPD-marker analysis

The experimental conditions employed were very similar to those
described by Williams et al. (1990): 20 ng of DNA were amplified
using 50 ng of 10-mer primers (Operon Technologies, Alameda,
USA) in the presence of 1.5 mM of MgCl

2
and 0.4 ¹aq Polymerase

units (Stehelin, Basel, Switzerland) during 40 cycles of PCR amplifi-
cation. These conditions allowed a good reproducibility of the bands
and of their relative intensity. Amplification products were identified
using 2.4% agarose-gel electrophoresis. Analyses were done man-
ually by an examination of the photograph of the gel after staining in
1 mg/l of Ethidium Bromide. For each DNA sample, amplification
gave rise to a characteristic profile which was represented by a num-
ber of bands, each band being denoted as 0 (absence) or 1 (presence).
The intensity of the bands was not taken into account, even if only
the intense ones were considered.

Results

Can RAPD bands be found which discriminate
between populations?

The first objective was to detect if some population-
specific bands could be found. From each population,
we arbitrarily selected 16—50 plants and analysed them
with the RAPD technique. All the individuals were
tested using five arbitrary 10-mer primers (Table 1): B1,
B6, B7, B8 and B10. Each primer gave clear banding
profiles showing various degrees of polymorphism. By
pooling the five primers, a similar number of clear and
reproducible bands (45—52) could be detected after
amplification in each population (Table 2). The total
number of bands observed was 64. Most of the bands
(67—75%) were polymorphic, not only within each
population but also between populations (Table 3, as
an example with a B1 primer). Using population pair-
wise comparisons, it was shown that the number of
bands which discriminated between two populations or
cultivars ranged from 6 to 22 (data not shown). How-
ever, only a limited number of bands allowed a clear
identification (Table 4) and only one band (out of 64)
appeared population-specific: the 600-bp (B10 primer)
band which was present in 32% of the plants of the
M. falcata Maron population but never in the other
populations. For other bands, only high frequency dif-
ferences could be used to differentiate the populations:
for instance with primer B1, the 650-bp band is present

407



Table 3 Banding pattern
polymorphism with the B1
primer. The data refer to the
frequency (%) of individuals
within each population showing
the amplification band. Band
length is expressed in base pairs.
N is the number of individuals
analysed in each population with
a primer

Band
length

Europe Rival Medalfa Oro Gemini Euver M.-Oscuro Maron

1000 21 12 15 7 50 37 16 26
980 100 92 100 100 96 95 100 84
960 58 62 39 43 29 58 27 31
850 100 100 100 100 100 100 100 100
740 2 44 0 0 12 0 0 53
680 100 90 100 97 100 100 94 52
650 2 6 0 0 0 5 0 26
600 15 12 15 35 12 16 22 94
530 2 16 6 23 25 5 0 0
500 4 12 21 5 12 21 0 0
492 10 0 20 7 29 5 0 0
430 97 100 87 95 100 100 100 100

N 46 50 46 39 24 19 18 19

Table 4 Frequency (%) of ten
selected amplified bands. Band
length is expressed in base pairs

Primer Band Europe Rival Medalfa Oro Gemini Euver M.-Oscuro Maron
length

B1 650 2 6 0 0 0 5 0 26
B1 740 2 44 0 0 12 0 0 53
B6 480 10 0 4 8 0 0 65 22
B6 1350 4 54 6 2 0 0 4 0
B7 430 4 18 0 0 8 10 25 56
B7 1018 24 4 0 37 75 89 94 100
B8 1050 26 0 41 26 41 26 35 4
B10 600 0 0 0 0 0 0 0 32
B10 920 0 0 2 0 4 0 0 64
B10 1476 30 64 34 30 41 26 79 0

at 26% in Maron, the 740-bp band at 53% in Maron
and 44% in Rival cultivars, but both bands were also
observed in other populations with a lower frequency.
By contrast, the 1050-bp band (obtained with B8) was
lacking only in the Rival cultivar.

Reflecting the high level of genetic polymorphism
found in alfalfa with these markers, it was not possible
to find two individuals having the same genotype band
pattern over all the primers studied, even within
a single population (data not shown).

Estimation of the genetic distance between complex
allogamous populations using RAPD markers

Estimation of genetic distance

Due to the lack of population-specific bands, a discrim-
ination between cultivars could only be achieved by
using the population frequencies of bands.

The initial approach was to use bands that presented
the largest difference between two populations This
method can be efficient but, as the bands are precisely
choosen for their discriminatory power, it is difficult to
determine the correct threshold for a test of compari-
son. Additionally, such a method cannot be used in
a global way for comparing all the varieties.

Therefore, in what follows we define the following
distance between the populations. The re-sampling
method proposed by Excoffier et al. (1992) will be used
to test for a null value of this distance. For each band b,
(b"1,2,B), yb

ij
denotes the variable value y for indi-

vidual j ( j"1,2 ,N
i
) belonging to cultivar; this

measure is 1 or 0 depending on the presence or
the absence of the band b. We assume that the
individuals studied represent a random sample of the
cultivar. The mean per cultivar value for each band b is
E(yb
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)"pb

i
.
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Table 5 Estimated distance (to
be multiplied by 103) between
populations. ns denotes an
estimated distance not
significantly different from 0

Population Gemini Euver Europe Rival Medalfa Oro Monte-
Oscuro

Euver 5.4 ns
Europe 22.4 21.2
Rival 32.8 38.2 19.2
Medalfa 35.0 28.6 15.4 32.4
Oro 26.2 25.6 14.4 34.4 24.6
Monte-Oscuro 25.6 32.6 32.4 41.2 46.0 21.6
Maron 51.8 50.6 63.4 77.4 77.4 50.0 41.8

where pL b
i
"+ Ni

j/1
yb
ij
/N

i
and pL b

i{
+Ni{

j/1
yb
i{j

/N
i{
. The nega-

tive estimates of the distance are set at zero.
To obtain the distribution of this estimator under the

null hypothesis d"0, we proceed by re-sampling. The
individuals are mixed and associated at random in one
or the other cultivar. We thus obtain a value of the
estimator dK 2

ii{
under the null hypothesis. We repeat this

procedure 500 times and obtain the distribution of dK 2
ii{under the null hypothesis. A dK 2

ii{
value is then con-

sidered different from 0, with a a% type-I error
(a"5%), if dK 2

ii{
is greater than the a quantile of the

distribution.
The estimation and test for the distance between sets

uses the same procedure. Table 5 gives the estimates
dK 2
ii{

, multiplied by 103, of the distance between popula-
tions. The analysis is done on the total number of
bands (B"64) revealed by the primers. We have used
all the bands because, in the genetic distance measure-
ment, each locus, whether polymorphic or not, must be
taken into account in order to avoid over-estimation of
the distance. It appears that all the distances are signifi-
cantly different from 0, except for the distance between
Gemini and Euver.

Minimal number of bands and individuals required to
detect a difference between two varieties

It is important to identify the number of bands and
individuals that are necessary to detect a significant
difference between two populations. To this end, we
need to consider that the observed bands are a sample
of a number of possible bands in the genome. One can
then calculate the variance of the estimator of the
distance dK 2

ii{
between two populations, i and i@, in order

to derive the minimum number of individuals and
bands needed to control a fixed value of the type-I and
type-II errors. This variance, denoted l (dK 2

ii{
, B, N), will

depend on the number B of bands, N the number of
measured individuals, and on the value dK 2

ii{
.

Items (1), (2), (3) and (4), below describe the method
used to calculate this variance. Several results are
obtained using different numbers, N

i
and N

i
, of

measurements for the two populations, but the final
formula is given in the simplified situation where

N
i
"N
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"N. Additional hypotheses are necessary

compared to the previous section; in particular, we
assume that all the bands are independant of each
other.
(1) Let us denote d2
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Fig. 1 Plot of the variability
among the bands versus distance
for all the couples of varieties.
Squared plots are the
hypothetical couples of varieties
used in Fig. 2

Some simplifications are necessary to obtain a
usable formula. For sufficiently large values of N
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and N
i{
, we have l
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We can now deduce a formula to derive the
minimum number B of bands and N of individuals that
are needed to detect a difference between two popula-
tions, with a type-I error of 5%, a power of 90%, and
an actual distance of d2.

The usual test statistic to detect a difference between
two varieties is ¹"dK 2/Jl(0,B,N). This test statistic
follows a standard normal distribution under the null
hypothesis d2"0; the 5% threshold is therefore 1.645.
Under the alternative hypothesis for d2, dK 2, is normally
distributed with an expectation d2 and a variance

l(d2,B, N). We thus have

Pr
d2

(¹51.645)

"Pr
d2AdK 251.645]S
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The formula is therefore

d2"1.645S
0.5

N2B
#1.28Jl(d2, B, N).

Using the hypothesis of independance between the
estimates dK 2
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(b) for different bands, it is possible

to estimate w
ii{

with l[dK 2
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(b)] the empiric variance
between the bands, namely:
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Figure 1 gives the estimate of w
ii{

(y axis) and the
estimates of d

ii{
(x axis) for all the populations. From

this plot, we define four hypothetical pairs of popula-
tions for which we study the necessary number of bands
and individuals to detect a difference. For these four
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Table 6 Estimated distance (to be multiplied by 103) between the
standards of Europe and Rival varieties and two samples of their
commercial lots (20 individuals). ns denotes an estimated distance
not significantly different from 0

Commercial lots Standards

Europe Rival

d 1 0ns 0ns
d 2 0ns 2.66ns

Fig. 2 Link between the number of individuals and the number of
bands to detect a difference with a power of 90%

chosen points, the function that links the minimal num-
ber of individuals to the minimal number of bands to
detect a difference with a power of 90% and a type-I
error of 5% is shown in Fig. 2. For a pair of varieties
that is similar to Europe and Rival (d"0.01,
w"0.0003) at least 25 bands from 40 individuals are
sufficient to detect a difference.

Analysis of commercial sets

We tested if the multiplication of synthetic alfalfa var-
ieties can increase the within-population variability in
such a way that seed lots, from the same cultivar, could
be discriminated. Twenty individuals from standard
cultivars of Europe and Rival, together with two of
their commercial seed lots resulting from two different
multiplications, were analysed using the same meth-
odology. Table 6 shows that the estimates dK 2

ii{
of the

distance between a standard set and the two commer-
cial sets for the cultivars Europe and Rival are not
significantly different from zero. Moreover, the cultivar
standards used in this experiment were not significantly
different from the populations analysed above (data
not shown).

Discussion

The primary objective of this study was to find
a method to evaluate the genetic distance between
alfalfa populations. Alfalfa is an allogamous, polyploid
species resulting in highly heterozygous, heterogeneous
populations. Thus, much of the genetic diversity should
be apportioned among individuals as observed by
Kidwell et al. (1994), Quiros and Bauchan, (1988),
Brummer et al. (1991) and Crochemore et al. (1996).
For this reason, we analysed a number of individuals
within each population using the RAPD method which
rapidly generates many polymorphic bands, each,
a priori, representative of a genetic locus.

Our results show clearly the great genetic diversity
existing within alfalfa populations. About the 2/3rds of
the 64 RAPD bands scored were polymorphic display-
ing a large range of within-population variation; in
none of the eight populations analysed, were we able to
find two identical genotypes. Most of the bands were
present in all the populations and could be observed
with different frequencies varying according to the
population. In only one case, a band (B10-600 bp)
appeared to be specific to a single population: the
M. falcata Maron population; however this band was
present in only 32% of the individuals of this popula-
tion. Conversely, the B7-1018 bp and the B8-1050 bp
bands were present in all the populations except
Medalfa and Rival, respectively. It is noteworthy that
these bands are present with a very low frequency in
other varieties suggesting that their absence could sim-
ply be due to the number of individuals tested.

It is clear from our results that the pairwise compari-
son of populations allowed us to detect, specific bands
that are present in only one of the populations. From
this point of view, Maron (M. falcata) shows the largest
number of discriminating bands. However, when three
populations at a time were compared there is a rapid
shift-down in the number of population-specific bands.
Nevertheless, Table 4 points to some interesting fea-
tures: at least, 10 bands out of 64 show striking vari-
ations of frequency among populations; for instance,
the high frequencies of B1-740 bp in Rival and Maron
or of B6-1350 bp in Rival only.

The discovery of specific bands could be of interest in
order to track the introgression of genetically distant
material, such as a M. falcata origin, within cultivated
alfalfas. However, it is clear that the mixing of the
germplasms which occured during the breeding of
alfalfa is not only likely to prevent this identification
of specific RAPD bands but should be of little value in
the discrimination between two cultivars because they
would not be representative of their global genome.

As a consequence, it is clear that populations can be
distinguished only by an estimation of their genetic
distance which must also take into account the diver-
sity existing between individuals within populations.
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We propose a mathematical method to define the dis-
tance between populations from the polymorphism fre-
quency of individuals. This method is based on the
pairwise comparison of the RAPD band frequency
of a number of individuals taken at random within
populations.

From Table 5, we can see that all except Euver and
Gemini can be discriminated when comparing popula-
tions pairwise. The Maron population gave the greatest
distance with other populations, which is in agreement
with the results of Kidwell et al. (1994), who used RFLP
to measure the genetic distance between nine Medicago
accessions, Julier et al. (1995), using phenotypical traits,
and Crochemore et al. (1996), with RAPD markers.
The close distance between the Monte-Oscurro and
Oro cultivars can be readily explained since Oro is
a Provence-type of alfalfa, predominantly an
M. sativa-type, and Monte-Oscurro is a Mielga popu-
lation originating from spontaneous alfalfa M. sativa
populations.

It should be noted that due to the tetraploidy of
alfalfa and the dominant nature of RAPD markers
(Williams et al. 1990), only one allele out of four is
sufficient to give rise to an amplification product, that
is to a band (Yu and Pauls 1993). Consequently, this
method does not allow one to measure the real genetic
distance between populations but only to discriminate
populations according to their RAPD fingerprints.
Therefore, we can ask if these statistically significant
estimates of distance are really biologically significant.
Nevertheless, this method could be successfully used in
the D.U.S. (distinction, unifomity and stability) test to
compare new cultivars from those previously regis-
tered. For instance, we have compared samples of year-
ly multiplication sets from the Rival and Europe
cultivars. Table 6 shows that this method could also be
used as an additional test for the conformity of cultivar
sets.

Future experimentation to estimate the distance
between two alfalfa cultivars could be done using our
study on the minimal number of bands and individuals.
The minimization of the cost of experimentation, by
reducing the number of bands and the number of indi-
viduals, could be resolved using the shape of function of
Fig. 2: only 25 bands and 40 individuals are sufficient to
detect a difference. However, the genetic hypotheses
made to obtain these functions have to be carefully
kept in mind, in particular the linkage equilibrium of
the bands. Moreover, these functions have been
obtained for one estimated distance; if a new variety is
to be compared with more than one known variety, the
type-1 error of 5% could be too liberal. Nevertheless,
this methodology could be used without difficulty with
another type-1 error or another a priori power.

Furthermore , this method can be used directly with
other dominant markers, such as AFLP markers, or,
with some modifications, with co-dominant markers.
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