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Abstract Given the large extent of hybrid cultivation, the
importance of conserving the diversity of crop genetic re-
sources has given birth to numerous collections of old rac-
es. In the present paper, we conduct a molecular character-
isation of alarge collection of 488 European maize popula-
tions using the bulk RFLP analysis. The analysis of 23
RFLP loci showed ahigh allelic richness of 11.5 aleles per
locus. Populations from eastern Europe (Poland, Austria,
Germany, etc.) showed the lowest genetic diversity, a
lower number of unique aleles and a higher percentage
of fixed loci than populations from southern Europe. In
fact, genetic diversity appeared higher in Southern regions
where the first maize populations are thought to have been
introduced. Molecular classification based on Rogers' dis-
tance (i.e. aleles frequencies) alowed us to distinguish
three main clusters which were highly consistent with geo-
graphic origins. A Northeastern cluster grouped together
early or intermediate populations from Northeastern coun-
tries and the Balkans, a southeastern cluster joined late and
partially dent populations from Greece and Italy, and, a
southwestern cluster was made up of early flint popula
tions from northern Spain, Portugal and the Pyrenees. A
correlation between allelic frequencies at some loci and
latitude and/or longitude was observed. Such tendencies
may reflect the direction of gene flow between different
races of maize: for instance, North American (Northern
flint) and Caribbean populations were introduced, respec-
tively, to northern and southern Europe, in the past.
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Introduction

In addition to an emphasis on production that has pre-
vailed in the past for most crop varieties, present selec-
tion criteria have to take into account the necessity for
diversification and environmental preservation. For in-
stance, sources of pest tolerance and drought and cold
tolerance have become important in order to reduce
dependency on chemical pesticides and irrigation. In
maize, open-pollinated varieties appear to be a maor
source of diversity with respect to these objectives. Since
the introduction of maize to Europe five centuries ago,
cultivated populations have evolved under the different
selective pressures imposed in different regions and the
needs of local farmers. The adaptation of landraces to
many niches of European countries for many years ex-
plains the large variability which can be observed today
in collections of populations (first stated by Brandolini
1969).

The necessity to preserve genetic resources appeared
after the introduction of the first commercial hybrids
50 years ago (Edwards and Leng 1965) and led to the
birth of many national maize collections. The necessity
to characterise these collections in order to use their ma-
terial properly in breeding programmes also appeared
quickly. Morphological descriptions and classifications
have been carried out on Spanish (Sanchez-Monge 1962),
Italian (Brandolini and Mariani 1968), Yugoslavian and
Romanian (Pavlicic and Trifunovic 1966), Portuguese
(Costa-Rodrigues, 1971) and, more recently, French
(Gouesnard et a. 1997) national collections. Using iso-
zymes, Geric et a. (1989) analysed genetic diversity and
relationships among 300 Yugoslavian accessions previ-
oudly classified in 18 groups on the basis of morphologi-
cal characters.

However, only a few studies focused on landraces at
the European scale. Leng et al. (1962) described mor-
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phological variation in populations from four countries
of Southeastern Europe: Italy, Hungary, Yugoslavia and
Romania. Comparing these populations from South-
eastern Europe to populations from Spain, Edwards and
Leng (1965) concluded that maize in these two regions
derive from different American origins. Pavlicic (1971)
also compared populations from Italy, Yugoslavia and
Romania. Brandolini realised several syntheses on mgjor
European maize races (1969, 1970, 1971). More recent-
ly, Rebourg et al. (2001) studied the genetic structure of
European populations by means of molecular analysis.

In 1996, seven countries, namely France, Germany,
Greece, Italy, Portugal, Spain and the Netherlands, de-
cided to set up a common programme of preservation,
evaluation and use of maize landrace genetic resources.
This programme, entitled RESGEN CT96-088, was par-
tially funded by the European Union. Its first objective
was to establish an exhaustive inventory of the genetic
resources held by each country, to describe these re-
sources using ecogeographical passport data and to char-
acterise these resources using primary agromorphologi-
cal descriptors. A total of 2900 accessions were placed
in a European database accessible to the public. Follow-
ing this, a series of agro-morphological characterisations
enabled each country to define a representative national
collection of its own populations.

In the study reported here, we analysed the resulting
sub-sample of 394 populations listed by the different
countries using restriction fragment length polymor-
phism (RFLP) markers. Compared with genetic variabil-
ity of morphological traits, molecular polymorphism is
generally considered to be independent of the environ-
ment. Moreover, RFLP markers have proved to be pow-
erful tools for studying, maize population structures
(Dubreuil and Charcosset 1998, 1999). In a separate

study, the same populations have been characterised us-
ing 16 isozyme loci (Revilla, in preparation). From the
results of both RFLP and isozyme analyses, a core col-
lection (Brown 1989), i.e. a sub-collection of 100 acces-
sions representative of the genetic diversity held in the
total European maize collection, will be constituted.

The main objectives of this survey were (1) to investi-
gate the genetic diversity and structure of European
maize populations and (2) to clarify some historical hy-
potheses concerning their origin(s).

Materials and methods

Plant material

A total of 488 European maize populations were used in this study
(Fig. 1), of which 394 were representative of the collections of six
countries involved in the European project: Greece, Italy, Germany,
France, Spain and Portugal. Different European institutes provided
a representative sample of the diversity of their populations. De-
tails concerning the origin (passport descriptors) and some primary
descriptors of this European maize collection are available in
the web database (http://www.ensam.inra.fr/gap/resgen88). The re-
maining 94 populations were previously analysed by Rebourg et al.
(2001). These 94 populations, mostly from eastern Europe, were
included in the present assay to complete our sample with eastern
Europe accessions. The number of populations per country varied
from one (Switzerland) to more than 100 (Italy or Spain). In order
to compare genetic diversity according to geographic origins, pop-
ulations were grouped into geographical groups and sub-groups
(Fig. 1 and Table 2). A group may consist of populations from
severa countries (e.g. the Balkans), a single country (e.g. Greece)
or a part of a country (e.g. France-Centre) or from several regions
in different countries (e.g. Pyrénées). A subgroup may be repre-
sented by populations from a country (e.g. Ukraine) or a region
(e.g. Spain-North-West).

The whole collection was sown in 1999, with the exception of
the 94 populations studied by Rebourg et al. (2001). Two hundred
populations were grown at the INRA maize Station in Mauguio
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Table 1 Allelic richness, within-population diversity (H,,), total diversity (H,) and between population diversity (Gy) estimated at

23 RFLP loci (sonde-enzyme combination)

Probe Enzyme Chromosomic ~ Total number  Average number H, H, Gy

location of alleles of alleles

per population

BNL5.09 EcoRl 9 7 1.98 0.34 0.52 0.35
BNL5.10 ECoRI 9 18 3.36 0.55 0.77 0.29
BNL7.56 Hindlll 5 4 177 0.20 0.32 0.37
BNL8.29 ECoRI 1 7 144 0.11 0.14 0.20
csus1 Hindlll 7 10 2.25 0.40 0.54 0.25
NPI270 EcoRl 4 18 4.02 0.53 0.78 0.32
NPI406 Hindlll 1 8 172 0.17 0.27 0.37
SC322 EcoRl 5 25 4.17 0.58 0.81 0.28
UMCI10 EcoRI 3 15 3.53 0.53 0.79 0.33
UMC19 Hindlll 4 12 1.88 0.22 0.31 0.28
umc47 EcoRl 4 7 1.78 0.18 0.25 0.26
UMC55 EcoRV 2 7 181 0.29 0.44 0.34
uMC89 EcoRV 8 8 2.16 0.30 0.52 0.41
UMC103 Hindlll 8 9 1.88 0.25 0.35 0.30
UMC106 EcoRlI 1 15 2.80 0.46 0.65 0.29
UMC107 Hindlll 1 7 2.10 0.31 0.45 0.31
UMC132 EcoRV 6 3 243 0.42 0.65 0.36
UMC161l EcoRlI 1 5 1.87 0.31 0.44 0.30
UMC168 EcoRV 7 15 331 0.49 0.74 0.33
BNL5.09 Hindlll 9 16 3.20 - - -
BNL6.06 Hindlll 3 18 2.85 - - -
BNL14.28 Hindlll 9 14 2.33 - - -
UMCI15 Hindlll 4 16 2.63 - - -

Mean 11.5 2.49 0.35 0.51 0.31

(near Montpellier, France), 114 at the INRA maize Station of
Le Moulon (near Paris, France) and 80 at |SC station of Bergamo
(Italy). Molecular analyses were performed in the laboratories of
the same three stations. In each laboratory, al 394 populations
were analysed using a subset of RFLP markers.

Molecular analyses

RFLP analyses were carried out using a pooled DNA sampling
method described in Dubreuil et al. (1999) and Rebourg et al.
(1999, 2001). Each population was represented by two DNA bulk
samples, each extracted from leaf disks sampled on 15 individuals.
DNA was extracted according to Tai and Tanksley (1990), and the
samples were digested separately with three restriction enzymes
(EcoRl, Hindlll and EcoRV) and submitted to electrophoreses
according to the Southern Blot procedure described by Sambrook
et al. (1989). Separate DNA fragments were then vacuum-trans-
ferred from gels to nylon membranes.

We used 12 genomic probes UMC (University of Missouri,
Colombia, Mo.), seven genomic probes BNL (Brookhaven Na-
tional Laboratory, Upton, N.Y.), two genomic probes NPI (Native
plants, Pioneer Hi-Bred Int) and two cDNA clones. Eight probes
were assayed with EcoRl, four with EcoRV, nine with Hindl Il and
one with both EcoRI and Hindlll. The 23 probe-enzyme combina-
tions and the chromosomic locations of the probes are indicated in
Table 1. DNA probes were radiolabelled with [5,P]-dCTP by ran-
dom priming synthesis (Feinberg and Vogestein 1983). Hybridisa-
tion was performed as described by Church and Gilbert (1984).
After washing, nylon membranes were exposed to autoradio-
graphic films.

The autoradiographic films were scanned. The ratio of the op-
tic density of each band to total optic density of bands from the
same lane was estimated using image analysis software (RFLP-
SCAN, Scanalytics 1991). As all probes were chosen to be mono-
locus and to yield a single band pattern, the ratio estimated for a
band could be interpreted as the alelic frequency of an allele. For
each population, we estimated allelic frequencies by the average
frequency of the two DNA pools representing the population. The

accuracy of this method was established by Dubreuil et al. (1999)
and fully implemented by Rebourg et al. (2001). In the present
study, this method was applied when the quality of autoradio-
graphic films was good enough to allow a proper use of the scan-
ner, i.e. for 19 probesin all. The allelic nomenclature used was de-
termined by C. Rebourg (C. Rebourg, personal communication).

Data analysis

The number of alleles per locus (further referred to as allelic rich-
ness) was determined for the entire collection and for various
levels within the collection (population, sub-group, group). The
existence of group- or sub-group-specific alleles was determined
subsequently. For the 19 loci for which frequency data were esti-
mated, we calculated total genetic diversity (Hy), genetic diversity
within populations (H,,) and the proportion of diversity resulting
from gene differentiation between populations (G4) according to
Nei (1987).

Two types of genetic distances between populations were cal cu-
lated: (1) the modified Rogers' distance (Rogers 1972; Wright
1978) on frequency data and (2) Nei and Li’s distance (Nei and Li
1979) on binary data (presence versus absence of aleles). The stan-
dardised Mantel coefficient, derived from the Z-statistics of Mantel
(Mantel 1967) was computed to compare the two distances matri-
ces using the Mantel option of GeneTix software (Belkhir 2000).

To investigate the relationships between populations, we car-
ried out a Ward's hierarchical ascendant classification (Ward
1963) using the Cluster procedure from SAS (SAS institute 1989)
with the two distances. For each alele, an analysis of variance
(ANOVA procedure of SAS) was conducted on allelic frequencies
using the main clusters as factor. F values were compared in order
to determine the more structuring alleles.

In addition, two qualitative (kernel texture and ear conicity)
and two quantitative morphological characters (ear row number
and accumulative degree-days to female flowering (base 6)) were
used to describe phenotypically the different clusters. They are
available for each population in the database, given as primary
descriptors.
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Table 2 Partition of allelic richness among geographic groups and sub-groups

Group Number of Total number Mean number Mean number Mean Number
accessions of dleles of aleles of aleles per percentage of unique
per locus locus and of fixed locia aleles
population
Sub-group
Europe 488 264 11.48 2.48 19.1
East 45 150 6.52 2.04 32.6 4
Poland 8 111 4.83 255 10.3 1
Czechoslovakia 5 94 4.09 2.10 304 1
Austria 2 48 2.09 154 56.5
Germany 22 117 5.09 171 46.8 1
Switzerland 1 55 2.39 2.39 17.4
France-Alsace 7 96 4.17 251 9.9 1
Bakans 17 132 574 2.36 189 4
Ukraine 3 59 2.57 171 37.7
Romania 3 93 4.04 2.65 11.6 2
Bulgaria 3 72 3.13 2.20 23.2
Yugoslavia 4 87 3.78 2.45 17.4
Hungary 4 107 4.65 2.67 8.7
France-Centre 47 157 6.83 2.50 16.7 3
Italy 106 175 7.61 245 20.7 7
Italy-Alps 25 135 5.87 2.55 19.0 2
Italy-Po 46 159 6.91 2.63 15.7 2
Italy-South 35 102 5.37 2.14 28.4 1
Greece 50 152 6.61 217 27.2 3
Pyrénées 50 175 7.61 2.71 12.6 2
France-Pyrenees 26 137 5.96 2.64 14.0
Spain-Pyrenees 24 160 6.96 2.80 1.1 2
Spain 102 185 8.04 255 16.9 9
Spain-Northwest 63 162 7.04 2.64 114 5
Spain-South 19 143 6.22 247 24.2 1
Spain-Centre 20 133 5.78 231 275 1
Portugal 71 172 7.48 2.75 11.7 9

aPercentage of fixed loci was estimated as the average percentage of homozygote loci per population
bUnique alleles are specific to agroup or a sub-group as compared to the whole popul ations studied

Correlation between frequencies of structuring alleles and lati-
tude or longitude of collection sites was tested for the 335 popula-
tions which had available geographic coordinates.

Results
Allelic richness

We found a total of 264 alleles for the 23 clone-enzyme
combinations. The number of alleles per loci varied
greatly from 3 (locus UMC132/EcoRV) to 25 (locus
SC322/EcoRl), with an average value of 11.5 (Table 1).
With a mean value of 2.49, within-population alelic
richness accounted for 22% of the total alelic richness.
Populations from the Eastern and Balkan groups ex-
hibited a lower allelic richness (6.52 and 5.74 alleles per
locus, respectively) and a lower number of specific al-
leles (a total of eight) than populations from Southern
groups (Table 2). The percentage of fixed loci per popu-
lation was also highest (33%) in the Eastern group. In

the France-Centre group and in the Southern groups
(Italy, Greece, Pyrenees, Spain and Portugal), alelic
richness ranged from 6.61 aleles per locus for the Greek
populations to 8.04 for the Spanish populations, and the
total number of specific alleles was 33.

Allelic diversity

Allelic frequencies could be determined for only 19
clone-enzyme combinations. We therefore calculated ge-
netic diversity within and among populations only for
these loci (Table 1). Total genetic diversity varied greatly
among loci from 0.14 at locus BNL8.29/EcoRl to 0.81 at
locus SC322/EcoRI, with an average value of 0.51.
Within-population genetic diversity varied for the same
loci from 0.11 to 0.58, with an average value of 0.35.
The corresponding Gg value, which accounts for the
proportion of between-population differentiation within
total differentiation, was 31%.



Fig. 2 Cluster analysis of the
488 European populations:
Weard's classification based on
Rogers' distances. The number
of accessions per cluster are
indicated in italics. Cl Cluster.
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Relationships between populations

Roger’s distance between populations ranged from 0.009
between two Italian populations to 0.655 between a
Spanish (from Spain-Centre group) and a German popu-
lation. Using Nei's index, the distance between popula-
tions ranged from 0.048 between two Portuguese popula-
tions to 0.737 between the Spanish popul ation mentioned
above and another German population.

A Mantel procedure was used to test the correlation
between the genetic distance of Rogers and the genetic
distance of Nei and Li. The two distances were highly
correlated (correlation coefficient of 0.75, P < 0.001).
Only results obtained using Rogers' distances will there-
fore be presented further. The cluster analysis (Fig. 2)
first underlined a major differentiation between popula-
tions from the Northeastern (NE, 107 populations) and
southern Europe (S, 381 populations) main clusters. The
main cluster NE is principally made up of populations
from north and northeast Europe: populations from the
Balkans, East and France-Centre groups account for 70%
of itssize. It is divided into two clusters (NEa and NEb)
and then into five sub-clusters (7, 8, 9, 10 and 11). In
cluster NEa (sub-clusters 7, 8 and 9) 88% of populations
originates from the north and the northeast of Europe,
whereas these populations represent 60% of cluster NEb
(sub-clusters 10 and 11). Main cluster S consists of 91%
of populations from the south of Europe — i.e. popula-
tions from Spain, the Pyrenees, Portugal, Greece and

It (13), Py (10), Sp 8), Fr (6)

Po (57), Sp (5), 1t (6), Gr (4),
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0.08 0.16

Rogers' distance

Italy groups. It is separated into two clusters (SE and
SW) and six sub-clusters (1, 2, 3, 4, 5 and 6). Cluster SE
(sub-clusters 1, 2, 3 and 4) is made up of 67% of popula-
tions from the Greece and Italy groups i.e. population
from southeastern Europe. Cluster SW (sub-clusters 5
and 6) consists of 79% of populations from Spain, Portu-
ga and Pyrenees groups, i.e. populations from south-
western Europe.

Morphological variation in the different clusters

Morphological variation for four characters was ob-
served in detail (Table 3) in the 11 sub-clusters described
in Fig. 2. Sub-clusters 1, 2, 3 and 4, i.e. the South-east
cluster (SE), are made up of late populations, part of
which have dent kernels (Greek, Italian or Spanish popu-
lations). Some Greek populations of sub-cluster 1 pres-
ent very conical ears.

Populations of sub-clusters 5 and 6, i.e. the South-
west cluster (SW), are rather early with flint kernels.
Conical ears are observed in Portuguese populations of
sub-cluster 5. In the North-east main cluster (NE), the
earliness ranges from early in sub-clusters 7, 8 and 9 to
late in sub-cluster 11, with intermediary populations in
sub-cluster 10. Most populations are flint except some
Italian dent populations of sub-cluster 11. Apart from
some German populations of sub-cluster 9 showing coni-
cal ears, ears are cylindrical with a variable number of
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Table3 Morphological variations at two quantitative characters conicity, a third intermediary class completes the percentages to

[degree-days to female flowering (base 6) and ear row number]
and two qualitative characters (ear conicity and texture of kernel).
Bold types indicate extreme values for quantitative characters. For

100; for texture, flint type, which is the more current for European
maize popul ations, completes the percentages to 100

Sub-cluster Degree-daysto Ear row number Conicity Texture
female flowering Dent
No Number Mean Standard Conical Cylindrical (%)
of accessions Mean Standard deviation2 (%) (%)
deviation?
SE 1 35 9735 74.7 111 2.7 31 9 20
2 33 1039.4 15.7 11.0 2.4 9 48 33
3 40 978.9 152.7 12.6 31 5 67 15
4 75 1011.6 120.4 13.3 29 8 53 7
SwW 5 84 866.3 60.7 12.7 2.2 30 26
6 114 867.1 145.7 12.3 3.6 5 53 5
NE 7 20 813.8 128.5 11.0 3.6 5 90 0
8 2 734.3 127.3 8.1 0.0 0 100 0
9 12 796.8 148.8 16.7 7.1 25 58 0
10 16 890.5 166.5 17.7 6.2 6 81 6
11 57 965.9 139.5 13.9 37 0 84 16
Mean 925.3 150.4 12.8 3.6

aStandard error deviation of mean estimates

Table4 Alleles correlated with latitude and/or longitude coordinates of 335 of the 488 European populations studied

Alleles correlated with

Latitude Longitude Latitude and longitude
BNL7.56/  NPI270/ UMC10/ UMC161/ UMCI161/ BNL8.29/ SC322/ SC322/ BNL5.10/
Hindlll EcoRl EcoRI EcoRI EcoRlI EcoRI EcoRl EcoRI EcoRI
Allele 2 Allele5 Allele 3 Allele 2 Allele 1 Allele 3 Allele 4 Allele 1 Allele 6
R2 0.16 0.11 0.25 0.21 0.17 0.15 0.10 0.24/0.15 0.19/0.14
P * % * * % * % * % * % * **/** **/**
Frequency in main clusters
NE 0.18 0.65 0.40 0.33 0.66 0.02 0.03 0.51 0.10
SE 0.03 0.20 0.18 0.15 0.82 0.03 0.04 0.22 0.46
SW 0.01 0.28 0.45 0.41 0.59 0.12 0.22 0.24 0.21

*P<0.05, **P<0.01

rows (from 8.1 to 17.6 in sub-clusters 8 and 10, respec-
tively).

Geographical variation in alelic frequencies

For the whole set of European populations the classifica-
tion shows a north-south (main cluster NE versus main
cluster S) genetic structure and an east-west (cluster SE
versus cluster SW) genetic structure for the Southern
populations only. We thus decided to conduct an analysis
of variance on allelic frequencies in order to determine
which aleles discriminate these three major clusters.
Sixty alleles appeared as discriminating (P < 0.001,
data not shown). Among these, the 20 aleles with the
lowest P values were tested for their correlation with
geographical coordinates. Two aleles were significantly
correlated with latitude and five with longitude and two
with both latitude and longitude (Table 4). Allelic fre-

guencies for these alleles in the three major clusters are
presented in Table 4.

Discussion
The study context

Most genetic research on maize has concerned inbred
lines and their assignation to heterotic groups or pedigree
relationships (e.g. Melchinger et al. 1991, 1992; Livini
et a. 1992; Messmer et a. 1993; Mumm and Dudley
1994; Dubreuil et al. 1996). Only a few studies have been
done on the genetic diversity and structure of maize col-
lections. During the last decade afew isozyme studies de-
scribing relationships among restricted parts of maize
populations have been made on national collections.
Lefort-Buson et a. (1991) and Garnier (1992) character-
ised 115 and 65 populations, respectively, of the French



INRA-PROMAIS collection. Revillaet al. (1998) charac-
terised 47 populations of an extensive Spanish collection.
The present work uses a much larger sample than previ-
ous studies and uses a more powerful molecular tech-
nigue. Comparing the efficiency of isozymes and RFLP
to study genetic diversity within and among ten maize
populations, Dubreuil and Charcosset (1998) showed
the superior discriminative ability of RFLP data. The
use of RFLP for large-scale molecular evaluations of ge-
netic diversity in populations formerly required expensive
and time-consuming effort. The use of bulk analysis
(Michelmore et a. 1991) and its use for maize diversity
analysis with RFLP (Dubreuil et a. 1999) enabled larger
sized samples to be analysed. Using bulk RFLP method,
Rebourg et al. (1999, 2001) described genetic relation-
ships among the 65 populations previously studied by
Garnier (1992) and among 131 other European popula-
tions. Finally, bulk RFLP analyses have been efficiently
used to characterise genetic diversity among the 488 Eu-
ropean maize populations reported in the present paper.

Molecular diversity of European populations

The present study showed a higher molecular allelic
richness (11.5 alleles per locus) than have previous
studies of European maize populations. Working on 131
European maize populations for the same 23 loci as de-
scribed here, Rebourg et a. (2001) found an average
number of 9.1 alele per locus, i.e., 2.4 aleles fewer per
locus, on average. Our G4 value (31%) was lower than
that found in Rebourg et al. (2001) (36%) but similar to
that previous studies that used a lower number of popu-
lations based on RFLP (Dubreuil and Charcosset 1998;
Rebourg et al. 1999) or isozymes (Garnier 1992). This
difference with Rebourg et al. (2001) may result from a
difference in sampling strategy. The latter sampled rela-
tively fewer populations than we did in the Southern
regions, which displayed the highest within-population
diversity. This sample should have increased the relative
genetic differentiation between populations.

Allelic richness was lower in northeastern Europe
(6.52 allele per locus for the East group and 5.74 allele
per locus in the Balkans group) than in southern Europe
(8.04 alele per locus in Spain and 7.61 alele per locus
in Italy). As previously stated by Rebourg et al. (1999,
2001), this result suggests that southern Europe was
the location of most of the introductions of maize into
Europe, or (and) that northern introductions had a lower
genetic diversity than southern introductions. A high se-
lection pressure for adaptation to a cold climate may also
have contributed to the decrease of northern European
maize diversity. In addition to this north versus south
differentiation, we found a differentiation between south-
western and southeastern Europe, which suggests that
the origins of maize are not the same in the two regions.
This hypothesis is supported by the existence of numer-
ous different unique alleles in each region (ten in Italy
and Greece and 18 in Spain and Portugal).
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Among the north-eastern populations, those from
Germany and Austria display a particularly low within-
population polymorphism: 1.7 and 1.5 alleles per locus
and population, respectively. These countries are charac-
terised by a high number of fixed loci (57% for German
populations and 47% for Austrian populations). Among
the southern populations, Greek populations show higher
rates of gene fixation and lower scores for total number
of aleles (6.6), number of alleles per locus and popula-
tions (2.17) and for number of unique alleles (3). As pre-
viously discussed by Sabounat and Pernés (1986) and
Rebourg et al. (2001), it is possible that these popula-
tions were multiplied in a manner that increased inbreed-
ing. Moreover, according to Brandolini (1970), maize
was not introduced into Greece directly from America
but more probably derived from Balkan populations.
Such an historical trgjectory of introduction may also ex-
plain the relatively low diversity of Greek populations.
In contrast, allelic richness and number of unique alleles
is maximum in Portugal, Spain and Italy, where several
great navigators are known to have introduced maize
populations from America during the 16th century
(Revilla et al. 1998). Alternatively, the high allelic rich-
ness observed in Southern Europe may be due to the
large extent of maize growing in this region for several
centuries.

Genetic structure of European populations

Even if the hierarchical classification of the European
populations of the present study (Fig. 2) was obtained
with only 19 loci and 200 alleles, it is in agreement with
the previous work by Rebourg et a. (2001) based on 29
loci and 278 aleles. The latter study suggested five major
groups that could be considered to be races. German
Flint, Northeastern European Flint, Southern European
Flint, Italian Flint and Pyrenees Galice Flint. German
Flint populations of Rebourg et a. (2001) are included in
sub-clusters 7, 8 and 9 of the present study, which all be-
long to main cluster NE. Northeastern European Flint
populations are mainly included in sub-cluster 11, which
also belongs to main cluster NE. Southern European Flint
populations are mostly included in sub-clusters 5 and 2,
which belong, respectively, to main clusters SW and SE.
This separation into two clustersislikely due to the larger
number of southern populations in the present study (see
discussion below). Italian Flint populations are included
in sub-clusters 3, 4 of cluster SE. Pyrenees Galice Flint
mostly belong to sub-cluster 6 of cluster SW.

The 19 loci appear to be sufficient to investigate the
genetic structure in a large set of populations. Investigat-
ing the sampling variance of the RFLP data set in maize,
Tivang et a. (1994) found that the number of bands
required for a coefficient of variance of 10% was 388,
150 and 38 for closely, intermediately and distantly
related inbred, respectively. The existence of 200 bands
would thus be sufficient to characterise 488 populations —
i.e. relatively distantly related entities.
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In addition to the confirmation of a north-south struc-
ture of diversity, our results underline a clear east-west
genetic structure of southern populations, that was not
evident in the study by Rebourg et al. (2001). This dif-
ference could be due to the sampling strategy used in the
present study, which permitted the analysis of represen-
tative samples of Greek and Portuguese populations [50
and 71 populations in the present study, respectively,
when compared to 0 and 1 in Rebourg et al. (2001)]. The
observed genetic structure agreed with the geographical
grouping of populations into groups and sub-groups. Of
the early and flint populations from the East and Balkans
groups, 80% were joined into the NE main cluster. Half
of the France-Centre group and 26% of the populations
from the north of Italy (Italy-Po) also joined this cluster.
The intermediary location of these French and Italian
populations may explain their genetic and morphological
affinities with northeastern populations. Ninety percent
of Greek and 74% of Italian populations grouped to-
gether in cluster SE defining a late, flint-dent cluster.
Eighty seven percent of the Spain-North-West (Galicia),
92% of Portuguese and 79% Spain-Pyrenean populations
grouped together into cluster SW. These populations are
on average flint and early (Table 3), which can be ex-
plained by the wet Atlantic climatic conditions of these
regions. Populations from other Spanish sub-groups
(Spain-South or Spain-Centre) preferentially joined
(79%) cluster SE. As compared to Spain-North-West,
these sub-groups were shown to be more fixed, with
a lower dléelic richness. Climatic conditions in these
regions include a summer drought, which may explain
their similarity with late populations from the southeast
region. Populations from France—Pyrenees, France-
Centre and Italy-Po tend to be distributed among the
three main clusters, which suggests mixed origins and
possible hybridisation phenomena in these regions.
Moreover, the presence of dent populations in sub-clus-
ters 1, 2, 3 and 11 indicates a probable introgression of
recently introduced dent races into older races.

A high correlation was obtained when matrices based
on Nei and Li distances and Rogers distances were com-
pared (R=0.75 in Mantel’s test), suggesting that both dis-
tances give similar estimates of genetic relationships
among the accessions tested. Such a result means that
populations or groups of populations are differentiated
not only by contrasting allele frequencies but also by dif-
ferent alleles.

The origins of European maize
and its present genetic structure

We found a correlation between the frequency of
seven structuring aleles with latitude and/or longitude
(Table 4). Such a tendency may indicate that these
probes, supposed to be neutral, are submitted to selection
effects or linked to selected genes on a chromosome.
However, no referenced quantitative trait loci (QTL)
were found to be associated with these structuring RFLP

loci in the Maize Genome Database (Maize DB on
http://www.agron.missouri.edu/). On the other hand,
such gradual variation in frequency with latitude and/or
longitude may reflect the direction of gene flow between
different races of maize introduced into different Europe-
an locations. We have thus compared the frequency dis-
tributions of these structuring alleles in the European
populations and several representative American origins
(Rebourg 2000). Indeed, three alleles: allele 5 of locus
NPI270/EcoRl, alele 1 of locus SC322/EcoRI and allele
6 of locus BNL510/EcoR1 were correlated with latitude.
The first two were highly frequent in the East and North-
Balkan groups, moderately frequent in the France-Centre
group and lowly frequent in the Southern groups. They
were also present in high frequencies in American
Northern-Flint. In contrast, alele 6 of locus BNL510/
EcoR1, which shows a very low frequency in Northern-
Flint and higher frequencies in South American, Andean
and Caribbean materials was only found in high frequen-
cies in populations from the South of Spain, Portugal,
Italy and Greece. The contribution of American North-
ern-Flint material to the genetic basis of European was
shown by Rebourg (2000). However, it would be neces-
sary to increase the number of American populations per
origin and the number of American origins themselves
to investigate in more detail hypotheses concerning the
origins of European maize.

Conclusion

A study of cytoplasmic markers like ribosome or chloro-
plast DNA, which are less polymorphic than nuclear
DNA, appears to be necessary to study more precisely the
different American origins of European maize. A long
period of isolation followed by multiple events of hybrid-
isation is likely to have complicated the genetic constitu-
tion of these European populations. Nevertheless, the
present study confirms that European maize has multiple
origins, south-eastern populations being clearly distinct
from southwestern ones as previously suggested by the
morphological studies of Leng et a. (1962). The conser-
vation of these traditional populations appears to be of
crucial importance as a reservoir of genetic resources. In
this way, the agronomic evaluation of 100 of these popu-
lations selected as representative of the genetic variability
of the whole collection (* Core collection’) has been start-
ed in April 2001 in the different countries included in the
origina European maize project (RESGEN CT96-088).
This more complete evauation (associating genetic
markers to agronomic evaluation) will probably lead to
the use of the most interesting populations in breeding
programmes.
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