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Large scale molecular analysis of traditional
European maize populations. Relationships
with morphological variation
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A representative sample of 130 European traditional maize populations was analysed for both their
morphological and molecular variation. The morphological analysis of 19 variables revealed a
significant variability. Correlation analysis allowed us to distinguish between traits affected by
earliness (plant and ear height) and structural traits (plant architecture, grain structure). Two main
morphological types could be distinguished. Molecular analyses were performed for 29 RFLP loci on
DNA bulks. The number of alleles detected was high when compared to previous studies (9.59 alleles
per locus). Genetic diversity was also high (0.55), with a strong differentiation between populations
(Gst value of 35.6%). A clear relationship between the genetic diversity of the populations and their
agronomic performances was highlighted. Morphological and molecular distances showed a tendency
towards a triangular relationship. We therefore considered a two-phase process to be the most
efficient approach for the classification of genetic resources: firstly, a molecular study to define groups
of genetically close populations, and secondly a morphological description of populations from each
group. In our European collection, this approach allowed us to separate the populations from
Northern and Southern Europe and to define six groups of genetically close populations, comparable
to European races. This study opens new prospects concerning the molecular analysis of very large
collections of genetic resources, hitherto limited by the necessity of individual analyses, and proposes
a first molecular classification of European maize germplasm.
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Introduction

Starting from early domestication in Mexico, maize was
introduced into many regions worldwide, becoming
adapted to highly contrasting climates and agronomic
conditions. Its is now clearly established that it was first
introduced into Europe following the discovery of the
New World in 1492. Contrasting variety types were then
progressively cultivated in several European regions.
After the Second World War, maize hybrids rapidly
replaced traditional populations in most European
regions. In order to avoid loss of genetic variability,
many maize collections were established in different
countries. It is important to characterize the genetic
diversity of these collections in order to optimize
conservation and facilitate their use. Furthermore, this
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characterization is necessary for the historical under-
standing of the introduction of maize in Europe.
Morphological descriptions of some of these collec-
tions were carried out in the 1960s in Spain, Italy,
Yugoslavia and Romania (see for review Brandolini,
1970). Thereafter, other authors reported descriptions of
populations from Portugal (Costa-Rodrigues, 1971),
France (Gouesnard et al., 1997) and northern Spain
(Llaurad6 & Moreno-Gonzalez, 1993). Several authors
were also interested in classification of populations on a
European scale. Nevertheless, the relevance of morpho-
logical characters for the classification of populations
appears limited, particularly because of the effect of
environment on the expression of characters. The
evaluation of diversity at individual loci overcomes
these problems. Historically, isoenzymatic markers were
first used, and allowed the analysis of different samples
of European populations (Salabounat & Pernes, 1986;
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Geric et al., 1989; Lefort-Buson et al., 1991; Garnier-
Géré, 1992; Llauradod et al., 1993; Revilla et al., 1998).
Subsequently, DNA markers, particularly RFLPs, were
used. This allowed the classification of maize inbred
lines within heterotic groups (Melchinger et al., 1991;
Livini et al., 1992; Messmer et al., 1992; Dubreuil et al.,
1996). RFLP was more effective than isoenzymes for the
analysis of maize populations (Dubreuil & Charcosset,
1998). In order to use RFLPs for the analysis of large
samples of populations, a DNA pooled-sampling strat-
egy was developed (Dubreuil et al., 1999). This method
was tested and proved efficient for the analysis of maize
populations (Rebourg et al., 1999), therefore providing
a convenient tool for the molecular analysis of large
collections of populations.

The aim of this study was to evaluate the potential
of this approach for obtaining a better understanding
of European maize diversity. We analysed 131
European populations, carefully chosen to represent
European origins, in order to define the most import-
ant European types. Besides the molecular analysis,
these populations were evaluated for morphological
and agronomic traits in order to compare molecular
and phenotypic descriptions. This comparison allowed
us to evaluate the best way to combine information in
a comprehensive approach.

Materials and methods

Genetic material

We analysed a sample of 131 European maize popula-
tions. The INRA-PROMAIS maize gene bank (Groupe
Mais DGAP-INRA & PROMAIS, 1994) supplied the
majority, while other European institutes provided the
others (Table 1). We tried to obtain a representative
sample of populations for each country. Unfortunately,
the sample was limited in some cases. The analysis was
carried out on 37 South-Western European populations
(36 from Spain and one from Portugal), 32 French
populations, 16 Italian populations, 32 North-Eastern
populations (13 from Germany, one from Switzerland,
five from Czechoslovakia, eight from Poland, two from
Austria and three from Ukraine) and 14 South-Eastern
European populations (four from Hungary, three from
Romania, four from Yugoslavia and three from
Bulgaria). For some countries, we classified populations
according to the region of origin (see ‘origin’ in Table 1).

Morphological analyses

In 1998, all the populations were sown at two INRA
maize stations, Mauguio (Southern France near
Montpellier) and Le Moulon (Northern France near

© The Genetics Society of Great Britain, Heredity, 86, 574-587.

Paris). German population 23 did not sprout, so that 130
European populations were finally analysed. The popu-
lations were distributed into four earliness groups (based
on preliminary observations performed in 1997) and
randomized within groups. The experimental design had
two replicates in each location, with a one-row plot of 25
plants each. The sowing density was 74 000 plants per ha
at Le Moulon and 58 000 plants per ha at Mauguio.

We measured for each plot 26 morphological traits
taken from 10 competitive plants, and from two kernels
per ear. The kernel texture was noted on initial seeds
with a scale from 1 for flint to 4 for dent. These primary
traits were used to define 19 descriptors (Table 2). The
flowering date was converted into accumulative degree-
days as: T = Y _[(TXq + INy)/2  Tb], where n is the
number of days from sowing to flowering, TX, and TN,
are, respectively, the maximum and minimum temper-
atures (°C) of day d, Th (6°C) is the critical temperature
under which development is stopped (Bonhomme et al.,
1994). The ear shape was estimated using the conicity
index defined by Ordas & De Ron (1988).

We performed analyses of variance in order to test
the significance of wvariation between populations.
These analyses allowed us to estimate genotypic and
environmental variances, as well as the heritability of
each morphological trait. A Principal Component
Analysis was carried out on the phenotypic correlation
matrix of the adjusted means of the populations for the
19 descriptors (Table 2), using the FACTOR procedure
from sas (SAS Institute, 1990). The matrix of distances
between populations was calculated upon the stan-
dardized principal components with eigenvalue higher
than one. We used the Euclidean distance called
‘Mahalanobis generalized distance’ defined by Good-
man (1972) as:

1/2
=1 2

where Y and Y are the values of principal component
k for populations i and j, respectively, and 4, is the
eigenvalue of principal component k. K is the total
number of principal components considered.

ij =

Molecular analyses

RFLP assays were carried out using a DNA pooled-
sampling strategy described more fully in Dubreuil ez al.
(1999) and Rebourg et al. (1999). Each population was
represented by 30 plants, using two DNA bulks each
extracted from leaf disks of 15 individuals. DNA was
extracted according to Tai & Tanksley (1990). DNA
samples were digested separately with three restriction



576 C. REBOURG ET AL.

pueod LE Sdd eyuojodofe]N  0€1 duelq 9¢ Sdd NPy 8 eIeD ‘uredg €TF SAdseUNISY BIoLIR[IA - €€
0SSOy oun JosIoWwI[op
Aery SeL Sdd -uenbur) $8VA 621 duel <101 Sdd Jeuey I8 Auewion CSI 3dI -uryog seunelg ¢
Ae1x SIT Sdd OUBIR]N  8TI RRLLAE | 909 Sdd suissed 08 Auewien 9T MdI Iepulg snedwry (¢
B[OS] [[oP STRULIOUIQ Y]
Aer 989 Sdd OUBNSON SVA LTI duel vLY Sdd uy - 6L Auewion 6T AdI slled 1A 6¢
BUBUSBIUOA
A S9¢ VA Ip ounuenbury 971 30BS[Y “AOURI] ILS Sdd 2a19s 8L Aueuon 9 Adl lopulg selld] 8T
eISIwe
A 18€ Sdd ounuerend 9yvA STl S0BS[Y ‘UBIL] 8¢ Sdd Tewpoy  LL Auewion 6 AdI oppjzined LT
AL L89 Sdd  OMR[OUSI OTVA  1TI 30BS[Y “QOURI] 9 Sdd oped 9L Aueuon 6£¢ AdI Iappejzuans - 9¢
rwLIRd Ip
AeI1 YT VA OuBIISON 071 0BS[Y ‘Q0URI] ¢ Sdd NBUAZJUBA\ G/ AueuLIon SI JdI  II IeAswsiadse) ¢
9S9U0}I0 ],
A L81 Sdd BO IVA 6ll 90BS[Y “OoURI] € Sdd WISYS[NPM  PL Auewion TP Al 108IMQUOPIN T
BLIqR[R)) 0133y
A L8y Sdd Ip e[ozuswaZ I ynog ‘uredg vLL Sdd OgV oulsswi], ¢/ Aueuion I 2AdI  BHSY SDyZ)ouef T
JluowoIeIy)
A I8y VA Ipo[edoT LI yinog ‘uredg 0LL Sdd o4V znfepuy 7L Auewion 8S1 AdI 19JIOpUlBN  CCT
o13ouo3e] Ip
A 69% VA OSAUIYdRRIL  9[1 yinog ‘uredg LEE AWZdH unrewein - [L Auewion Old oped op sunef [T
0ju2AdUdg Ip ueydass
Aer L€y VA o0Indg ounuerend) [l yinog ‘uredg 9¢¢ AINZdd LA 0L Auewron 98¢ Sdd -UsYlem\ I9[BNOY 0T
A 911 Sdd eizadg HOTVA - P11 yinog ‘uredg yee AWZdd BUIPIN 69 Auewion I AdI IoneSwaryy L]
BIRIORIA
Arei £9¢ VA IporesoT €11 yinog ‘uredg £€¢ ANZdd [ruoy 89 BIYBAO[SOYI9Z]) CSAY  BNZ BYSULAQIS 9]
ounjuereng) BUIZOY[OA
Aer Svl VA ouensoN  [11 yinog ‘uredg 0I¢ AWZdd Znfepuy - 99 BIYBAO[SOYIIZ]) I SAY BYSU2A0[S G
ouezjog Ip
A 9¢l VA ouensoN  0I1 yinog ‘uredg €LI AINZdd 91091y op odouelg €9 BIBAO[SOYDIRZD 797 Sdd ~ euey eyoudmg [
epRURID
AreSuny PeS Sdd LIBAOTRASEIN 601 ynog ‘uredg 6ST AWZdd op O[[ll'qed 79 BIYBAO[SOYIIZ]) 87 Sdd Bjuaziied 01
S919Y 71 ®vIANN 9P
Areguny 85 Sdd 1oswezs3aI] 801 ynog ‘ureds  9¢1 AINZdH O[[UBWY 9  BD[BAO[SOYIZ) €7 Sdd  BIOYS BYSA0D0Y 6
Areguny IST Sdd LIeSeAUOMIBIN  LO] yinog ‘uredg €C AINZdd oised 65 PUBLISZ}IMS ¥6 Sdd oeyuey L
Areguny 0v1 Sdd QuIo) Besplog 901 eleD ‘uredg ¥y Sdd OUION 8¢ eLesng 6TS Sdd OAO[OUBIN 9
Nuelq SI Sdd sunese T GOl eren ‘uredg €66 Sdd C eRIERD 'lUL LG euesing 0¢S Sdd viogeyz eielg ¢
Ruelq 1€9 Sdd uodpued 1§ $01 eleo ‘uredg 166 Sdd | enreH ey 96 euesng 89¢ Sdd CoAO[ARIRY 1
SoQuaIAd JOSSIOM
‘ouelg IS0T Sdd SopmoT €0l ewien ‘uredg €86 Sdd osUdIQ ¢S elgsny 09 AdI Iog1eqeIon €
S9QURIAJ
‘ouel] 6¢01 Sdd urjosuelre§ 0l eleo ‘uredg 86 Sdd ueT  $s elysny 86 Sdd  IeswWPpUIydS |
uIsuQO apoD QweN 'ON usuQ IpoD JweN ‘ON usuQ LapoD QweN 'ON

pasATeue suonemdod azrewr ueadoinyg [¢] Y} JO ISIT [ dqBL

© The Genetics Society of Great Britain, Heredity, 86, 574-587.



MOLECULAR ANALYSIS OF EUROPEAN MAIZE POPULATIONS 577

-2ouel anbnouan 1dsuold ‘OId

‘uredg ‘seognuar) sauoresNnsaAuf op Jouadng ofosuo) ‘AWZJA

“A1e1] “eamyjooreard)) el 1od orejuowirodg oIninsu ‘YA

Q0URI ‘SaINI[N)) SIPUBID) SIMAUID) UTRISBWIT YN

"BIBAO[S STV JUSAWBIZ ‘SAY

‘puB[Od ‘QININSU] UONBZIIBWI[IOY Puek uipaalg jueld ‘OdM

BIAR[SOSN X ‘9InINSU] YoIedsay zeN ‘dZIIN

‘Auewion ‘Sunyosiojuozuegdininy] pun ynouaguszueyd InJ 1nsu ddl

"o0uRI] Yueq dUS STVINOIAI-VINI ‘Sdd
"WAY) $AI0IS Jey) yueq duad ay) joaper suonendod 10§ sapod oyt

ureny)
uren|n

ureny)
eIAR[SOSN X
BIAB[SOZN X
eIAR[SOSN X
eIAR[SOSN X
BIUBWOY
BIUBWOY
BIUBWOY
[esnyrod

pue[od

pue[od

puejod

pue[od

puejod
pue[od

pue[od

6¢ AN
8¢ AN

LE AN
9L9 dZTI AN
Ly dZTdN
98¢ dZIIN
8 dZIN
1SS Sdd
LYS Sdd
091 Sdd
PeCl Sdd

€ OdA

T OdA

I 04X

€Sy Sdd

IS¥ Sdd
8 Sdd

0y Sdd

¢ oureryn
g ourenyn

[ durenyn
yeydo-uny nnz
ey nnz
eliuiiog BYsIN
yewso nnz

q] eABING
BNI[BI01IO]
UesaLy

[esnmrog

o[[Azoy

BYSUOSYO

BOOP[AZS

D[SUAZSNA

eyza3uy
eyudrodoyerp

BY0AZouSZIUB A\

LS
9¢1

S9!
123!
(4!
Is1
6l
Syl
el
ovl
6¢l

LET

9¢1

cel

Pel

eel
cel

1€l

SQUAIAJ ‘QourI]

SQQUAIA ‘QouRI
SQQUAIAJ ‘QouBI]

SQQUAIA ‘QouRI
S9QUAIAJ ‘QourI]
SQUAILJ ‘OourI
SQQUAIAJ ‘QouRI
S9QUAIAJ ‘9ourI]
SQUAILJ ‘OourI
SQQUAIAJ ‘QouRI
SOQUAILJ ‘OourI

ouel,]

oueI]

SQQUAIAJ ‘QoUBI]

SQQUAIA{ ‘Qourlg

oueI

Qouel]
oueI

SQQUAIAJ ‘@oUBI]

696 Sdd

L96 Sdd
¥96 Sdd

<09 Sdd
88y Sdd
£€¢ Sdd
¢C Sdd
0C Sdd
¥1 Sdd
1T Sdd
0l Sdd
61 Sdd

LT Sdd

899 Sdd

6£9 Sdd

8¢9 Sdd

£€9¢ Sdd
86 Sdd

19 Sdd

C eunio)
uLuop [0l ELIED ‘uredg 086 Sdd el reeidy g

[ eunio)
boejuog 001 ewreH ‘uredg 6L6 Sdd el reeidy g
SISV 66 eien ‘uredg €88 Sdd oMEeD IS

9)SON °op

juaIneTIS 86 eren ‘uredg 788 Sdd sooue[leWe], (S
meisg L6 eien ‘uredg 088 Sdd uof[oIg op o[gand 6
sunIey 96 eren ‘uredg 8.8 Sdd eprisy B 8f
oIS $6 eren ‘uredg LL8 Sdd opudsawon [y
ope[en uedwe) 6 eien ‘uredg 9.8 Sdd BnzIy - 9f
J1BSSBIN €6 soouaIkq ‘uredg 066 Sdd voseplg Sp
150§ 76 soqualkq ‘uredg 186 Sdd msozrewiQ ¥
J[[oIAIRISH |6 soualAd ‘uredg 986 Sdd urepuaI) ¢
osSAIT 06 SP9UAIL] ‘ureds vey Sdd oeqrg It

opaurog

op oudnbog
sisireq 68 SeoUAIA] ‘uredS 7€z AINZAA uoquewy (Ot

QIION] Quge)

-UOJAL OWO[IIN 88 sddudIkq ‘uredS [L] AINZdH  ®SO[OL dp ofoy  6¢
regeine|
np NI L8 Sddudlkd ‘uredS 891 AINZJA euNpy  §¢
opauldg ap
soqn 98 sedudikd ‘ureds 191 AINZdHA spuern oloy /g
UOURIRIA
g sopue] g8  sodudlkq ‘ureds GG AINZdH op o[juewWy  9¢
[ sopue ] 8  soouadlkq ‘ureds 0L AINZdH [ 09seA  GE
onbseg

Xnoy pueln  ¢g eo1en ‘ureds $86 Sdd SPHMISY 09pESIA b€

© The Genetics Society of Great Britain, Heredity, 86, 574-587.



578 C. REBOURG ET AL.

Table 2 List of the 19 morphological

Abb_re— . . 3 descriptors for maize, with range,
viation Morphological descriptor Range Mean h mean values and heritability
DDS Accumulative degree-days (563-1200.9) 815.6 0.80
to silking
PHT Plant height (cm) (82.4-206.7) 164.2 0.71
EHT Ear height (cm) (20.9-129.3) 72.9 0.83
ELG Ear length (mm) (86.8-179) 138.4 0.75
ERN  Ear row number (8-21.1) 11.8 0.87
ECI Ear conicity index (1.4-9) 4.6 0.61
EDI Ear diameter (mm) (23-49.8) 38 0.85
TLG Tassel length (mm) (355.3-675.1) 560.2 0.77
BTL Branched part/tassel length (14.9-31.8) 21.9 0.65
CTL Central spike/tassel length (27-49.9) 38.2 0.58
PBN Number of tassel primary (6.5-30.4) 16.5 0.77
branches

KLG  Kernel length (mm) (6.4-11.8) 9.2 0.82
KWI Kernel width (mm) (6.1-12.0) 9.3 0.91
KWE 1000 kernels weight (g) (105-425.4) 287.6 0.79
EKN  Ear kernel number (131.3-596.8) 261 0.76
TIL Tillering percentage (0-136) 30.5 0.59
HLL Husk-leaves length (0-25.6) 8.6 0.62
COB Percentage of red cob (0-95) 4.1 —
TEX Kernel texture (scale 1-4) (1-4) 3.9 —

enzymes (EcoRI, HindIIl and EcoRV) and submitted to
electrophoresis according to the Southern Blot proce-
dure described by Sambrook et al. (1989). Separate
DNA fragments were then vacuum transferred from gels
to nylon membranes.

We used 15 UMC (University of Missouri, Colom-
bia, MO) genomic probes, eight BNL (Brookhaven
National Laboratory, Upton, NY) genomic probes,
two NPI (Native Plants Inc., Pioncer Hi-Bred Inter-
national) genomic probes and two cDNA clones.
Seven probes were assayed with EcoRI, 13 with
HindlIll, five with EcoRV and two with both EcoRI
and HindIll, so that we finally analysed 29 probe-
enzyme combinations. DNA probes were radiolabelled
with **P-dCTP by random priming synthesis (Feinberg
& Volgenstein, 1983). Hybridization was performed as
described by Church & Gilbert (1984). After washing,
nylon membranes were exposed to autoradiographic
films.

All autoradiographic films were scanned. The ratio of
the optical density of each band to total optical density
of bands from the same lane was estimated using image
analysis software (RFLPscan, Scanalytics). Probes were
chosen that detected single loci and yielded a single band
pattern, so that the ratio estimated for a band could
be interpreted as the allelic frequency of an allele. For
each population, we estimated allelic frequencies by the
average frequencies of the two DNA pools representing
this population (Fig. 1). The accuracy of this approach

was established in preliminary experiments (Dubreuil
et al., 1999).

Nei’s unbiased genetic diversity (Nei, 1978) was
computed for each locus (H,;) and for all the loci (H,) as

1 =L 2nl a=A; 5
:Z;He, and Hyy = 5=+ | 1 ;(pa,)

where p,; is the frequency of allele ¢ at locus / in the
whole sample, 4;is the number of alleles detected at this
locus, L is the total number of loci analysed and #; is the
number of individuals characterized for locus /. Genetic
diversity within a given population i was estimated
similarly at each locus (H},)) and for all loci (HZ). In this
case, p is the frequency of allele @ at locus / within the
population i considered and 4, is the number of alleles
detected at this locus within this population. The mean
of within-population diversity among the total sample
was then estimated by H,, = 53°1= H! with P the total
number of populations. We evaluated genetic differ-
entiation between populations as Gst= Dgt/H, (Nei,
1973) where Dsr = H, H,.

Genetic distances between populations were evaluated
by the Modified Rogers’ Distance (Rogers, 1972; Wright,
1978) defined as

l L a=A,; 1 s
5 i
MRDij = Z 2 pal al)
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DNA pool “a” extracted from
15 individuals of population 68

68 a =

la
26a
46 a
86a

Fig. 1 Image of autoradiography
resulting from hybridization of maize
DNA digested by EcoRI with probe
BNL5.09. Image analysis software
allowed us to estimate allelic fre-
quencies in each DNA pool extracted
from one population (see example
of population 68). The average
frequencies in the two DNA pools
are computed to estimate allelic
frequencies within the population.

where p), and p/, are the frequencies of allele a at locus
/ within populations 7 and j, respectively, A4, is the
number of alleles detected at this locus / and L is the
total number of loci analysed. We carried out a
Ward’s hierarchical ascendant classification (Ward,
1963) using the cLUSTER procedure from sas (SAS
Institute, 1990).

Results

Morphological variation: distribution of variables

Populations displayed dramatic variation for earliness,
plant architecture traits, tassel traits, and ear and
kernel characteristics, with the exception of kernel
texture and cob colour that were, respectively, flint and
white for most accessions. Consequently, high herita-
bility values were observed for most traits (Table 2).
Relationships between traits were investigated using
graphs, correlation coefficient estimation and principal
component analysis. The first four principal compo-
nents (PC) accounted for 70.6% of the total variation
(Table 3). In the first PC (28.2%), the most important
traits were earliness and correlated traits (plant height
and ear height, number of tassel primary branches).
Ear diameter and kernel length also appeared import-
ant. In the second PC (19.2%), predominant traits
were the ear length, correlated with the tassel length,
the kernel width and associated traits (kernel weight
and number of ear rows). The third PC (14%)
described variation in the traits relating to the shape
of ear (ear length and conicity), plant architecture
(husk-leaf length and tillering) and ear kernel number.
In the fourth PC (9.2%), predominant traits were the
proportions of central spike and branched part in total
tassel length.

© The Genetics Society of Great Britain, Heredity, 86, 574-587.

104 a

~ Allelic frequenc

DNA pool “b” extracted from
15 individuals of population 68

68 b ¢mm

616 a

685 a
814 a

L-Q-D_D_G_D@.Q_D
o )

T2 &8ELE8FEYS
0 = = = F <+ © O

Allele 1

126 a
162 a
403 a
443 a
Mel
Fo4
1b
26b
46 b

69 for allele 1 and 0.3

Table 3 Eigenvectors, eigenvalues and accumulated
variation of the first four principal components (PC) from
the correlation matrix based on maize population means

PCl1 PC2 PC3 PC4
DDS -0.73 0.05 -0.32 -0.26
PHT -0.77 0.34 -0.21 -0.06
EHT -0.88 0.06 -0.06 -0.17
ELG -0.17 0.58 -0.62 —-0.06
ERN -0.51 -0.66 -0.19 0.29
ECI -0.37 -0.35 0.66 0.15
EDI -0.69 0.18 0.30 0.40
TLG -0.20 0.69 -0.46 0.19
BTL -0.47 0.04 -0.04 -0.78
CTL -0.33 -0.06 -0.26 0.60
PBN -0.73 -0.27 -0.20 -0.38
KLG -0.73 0.44 0.25 0.18
KWI -0.03 0.90 0.37 0.02
KWE -0.23 0.81 0.49 0.08
EKN -0.55 -0.42 -0.52 0.27
TIL 0.48 0.26 -0.48 0.03
HLL 0.46 0.32 -0.55 0.20
COB -0.32 -0.07 -0.04 0.23
TEX 0.48 0.12 -0.10 -0.14
Eigenvalue 5.37 3.64 2.66 1.74
Accumulated 28.2 47.4 61.4 70.6

variation (%)

Morphological variation: variation
among populations and geographical origins

The 130 populations were plotted in a plane defined by
the first two PC which accounted for 47.4% of the total
variation (Fig. 2). This representation distinguished dif-
ferent groups with particular morphological characteris-
tics and highlighted a relation between geographical
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39 AN

Fig. 2 Distribution of 130 European
maize populations on the first two
principal components PC1 and PC2

of the PCA performed for morpho-
logical data. Lines link each popula-

PC2 (19.2%) -

-5.6

tion to the barycentre of its
geographical group, represented by
letters: SS (Spain South), SP (Spain
Pyrenees), SG (Spain Galicia), F
(France, excepted Pyrenees and
Alsace), FA (France Alsace), FP
(France Pyrenees), I (Italy), G
(Germany), A (Austria), P (Poland),
H (Hungary), C (Czechoslovakia),
B (Bulgaria), R (Romania),

Y (Yugoslavia) and U (Ukraine).
The most important variables for
each Principal Component are

-6.3 PC1 (28.2%)

origins and morphological characteristics. Axis 1 separ-
ated populations according to precocity, plant height and
ear height. The populations originating from the south of
Spain (group SS, Fig. 2) were tall and late whereas the
populations originating from North-Eastern Europe,
mainly from Germany (group G), Austria (A) and
Czechoslovakia (C) were shorter and earlier. Polish
populations also appeared rather early. Axis 2 separated
the populations according to kernel size and number of
ear rows. It distinguished in particular the Italian
populations (group I), as well as the Ukrainian (U) and
Rumanian populations (R), which were characterized by
many ear rows and very small kernels. The plot also
illustrated the distinctiveness of French Alsatian popu-
lations (group FA) when compared to other French
populations (groups F and FP).

Molecular analysis: structure of polymorphism

Number of alleles A total of 278 alleles was recorded
within the collection for the 29 probe—enzyme combi-
nations. The number of alleles appeared highly depend-
ent on the locus and varied from three (UMC47/EcoR1
and UMCI32/EcoRV) to 18 (SC322/EcoRI and
BNL6.06/HindIIl) with an average value of 9.59 alleles
per locus (Table 4). Within-population mean number of
alleles varied between populations from 1.17 (German
population 29) to 3.52 (Polish population 137) with an
average value of 2.50. Within-population number of
alleles represented 26% of total number of alleles and
therefore appeared restricted when compared to total
variation. Hierarchical analysis of the number of alleles

72 represented.

showed that differentiation (i) between geographical
groups (i.e. South-Western Europe, France, Italy,
North-Eastern Europe and South-Eastern Europe)
(i1) between countries within groups and (iii) between
populations within countries represent, respectively,
28%, 10% and 36% of total number of alleles. Those
observations illustrate a clear structure for the number
of alleles at these different levels.

Diversity Total diversity varied highly with the locus
(Table 4) from 0.106 (BNLS8.29/EcoRI) to 0.793
(SC322/EcoR]I). For all loci, within-population diversity
varied with the population from 0.051 (German popu-
lation 29) to 0.489 (Polish population 137). Average
values for total and within-population diversity were
0.550 and 0.354, respectively. The corresponding Ggt
value of 0.356 illustrated a high relative differentiation
between populations, within-population variation
representing 64% of total diversity.

Differentiation (i) between geographical groups (i.e.
South-Western Europe, France, Italy, North-Eastern
Europe and South-Eastern Europe) (ii) between coun-
tries within groups and (iii) between populations within
countries represent, respectively, 6%, 3% and 27% of
diversity.

Molecular analysis: relationships
between populations

Cluster analysis of the molecular data first underlined a
major differentiation between populations from Nor-
thern and Southern Europe (groups A and B in Fig. 3).
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Table 4 Number of alleles and diversity estimated at 29 RFLP loci in maize populations

Probe—enzyme Chromosome Total no. Average no. alleles

combination location of alleles per population H, H, Gst
BNL5.09-EcoRI 9 4 1.92 0.524 0.314 0.402
BNL5.09-HindIII 9 14 3.15 0.671 0.464 0.309
BNLS8.29-EcoRI 1 6 1.37 0.106 0.084 0.207
UMCI10-EcoR1 3 12 3.40 0.742 0.499 0.327
UMCI103-HindIII 8 8 1.88 0.291 0.233 0.199
UMCS5-EcoRV 2 4 1.76 0.519 0.303 0.415
UMCA47-EcoR1 4 3 1.72 0.233 0.162 0.305
UMCS89-EcoRV 8 S 2.11 0.653 0.465 0.288
BNL5.10-EcoRI 9 11 3.40 0.486 0.258 0.468
UMC4-HindIII 2 8 2.79 0.772 0.526 0.319
NPI270-EcoR1 4 12 3.52 0.756 0.482 0.362
UMCI15-HindIII 4 15 3.05 0.645 0.466 0.278
BNL7.71-HindIII 5 10 2.24 0.551 0.394 0.284
UMCI19-HindlIII 4 9 1.82 0.304 0.193 0.365
BNL14.28—-HindIII 9 13 2.77 0.523 0.335 0.359
UMCI107-HindIII 1 5 1.99 0.505 0.314 0.377
BNL7.56-HindIII 5 4 2.19 0.453 0.298 0.343
UMCI161-EcoRI 1 5 1.82 0.465 0.269 0.422
CSU81-HindIl1 7 8 2.04 0.508 0.337 0.336
BNL5.71-HindIII 5 12 2.73 0.574 0.387 0.326
UMCI132-EcoRV 6 3 2.37 0.618 0.328 0.470
NPI1406—HindIII 1 4 1.73 0.343 0.184 0.464
SC322—-EcoRI 5 18 3.5 0.793 0.523 0.341
BNL5.10-HindIII 9 14 2.88 0.581 0.389 0.331
UMC60-EcoRV 3 14 2.41 0.507 0.310 0.388
UMC85-HindIIl 6 11 2.52 0.689 0.417 0.395
BNL6.06—HindIII 3 18 3.85 0.784 0.524 0.332
UMCI168-EcoRV 7 13 3.00 0.668 0.408 0.389
UMCI106-EcoRI 1 15 2.46 0.673 0.401 0.405
All loci 9.59 2.50 0.550 0.354 0.356

H,, total genetic diversity at each locus /.
H,,, average within-population genetic diversity for locus /.
Gsr, relative differentiation between populations for locus /.

Group A included primarily populations of the North of
Europe, i.e. the populations from France (centre) and
Alsace, from Germany, Austria, Switzerland, Poland,
Ukraine, Czechoslovakia, Hungary and Rumania. It
was divided into two groups Al and A2. The Al group
included mainly the German and Alsatian populations,
referred to as ‘German Flint’. The group A2 was
called ‘North-Eastern European Flint’. Group B
consisted of populations originating from lower
latitudes, i.e. populations from Spain, from the Pyren-
ees, from Italy or from Bulgaria. It was separated into
two subgroups Bl and B2. The group BI itself
regrouped two sets: the ‘Italian Orange Flint’ (Blb)
and various ‘Southern European Flint’ (group Bla,
constituted of populations from southern Spain, Italy
and Bulgaria). The B2 group is a very homogeneous
group made up of the populations from Galicia and the
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Pyrenees, the ‘Pyrenees-Galicia Flint’, except for a small
subset (B2a) which we call the ‘Czechoslovakian type’.
This classification into six groups explained 42% of the
variation observed.

Comparison between molecular
and morphological variation

Relationship between heterozygosity and performance
was investigated through the comparison of diversity
and morphological traits or agronomic characteristics.
Significant positive correlations were observed between
diversity and the height of the plants or between
diversity and the weight of the kernels per ear (Fig. 4).

The relationship between morphological and molecu-
lar distances was significant (r=0.34***). Analysis of
the graph (Fig. 5) illustrates that low distances tend to
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Fig. 3 Cluster analysis of 131 European maize populations
based on RFLP allele frequencies. Ward’s (1963) classification
based on Rogers’ (1972) distance.
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be associated whereas the relationship decreases as the
distance increases. Some asymmetry can be observed in
the sense that morphological similarity can be associated
with rather high molecular divergence whereas the
reverse was not clearly observed.

Discussion

Morphological variability of European
germplasm

This study first confirmed that traditional European
maize populations display a large range of morpholo-
gical variation with the remarkable exception of kernel
texture (flint) and cob colour (white). High heritability
values (higher than 0.6) were observed for most traits.
The traits with the highest heritability were kernel width
and number of ear rows (Table 2), as previously
observed by Gouesnard et al. (1997) for French popu-
lations. The lowest heritability values were observed for
tillering, husk leaf length and ear conicity index. The
Principal Components Analysis (Table 3) revealed on
the first PC a very strong effect of precocity on several
morphological traits: plant height, ear height and
number of tassel primary branches. This major role of
earliness in phenotypic variation is consistent with
observations in different samples of Spanish and French
populations (Llauradé6 & Moreno-Gonzalez, 1993;
Gouesnard et al., 1997). Further components were
determined by traits related to ear shape and kernel
shape, plant structure (i.e. tillering and husk leaf length),
and tassel traits. The second PC was mostly determined
by ear length and tassel length (Table 3). These two
traits were highly correlated, as were number of ear rows
and number of tassel primary branches. These observa-
tions are consistent with an homology between ear and
tassel, consequent to the origin of the ear from the
feminization of a tillering tassel (Iltis, 1983).

The PCA allowed us to distinguish groups with
different morphological characteristics. In particular,
two morphological types were clearly distinct: (i) South-
ern Spain populations (group SS, Fig. 2) consisting of
tall and late plants, with few tillers and short husk leaves,
and (i1) German and Austrian populations (groups G
and A) consisting of shorter and early plants, with many
tillers and long husk leaves. Among French populations,
we could separate Alsatian populations, consisting of
early plants with cylindrical ears, from the others, as was
previously observed by Gouesnard et al. (1997).

The importance of various variables in distance com-
putation was balanced by standardizing the Principal
Components. Nevertheless, earliness still played an im-
portant role in the classification that was obtained. This is
questionable because this trait is highly heritable and can
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be easily modified by several cycles of selection (Hallauer,
1987, personal com.), so that maize populations with the
same genetic background may have different earliness. As
a consequence, morphological analysis does not seem
fully appropriate for the classification of maize popula-
tions according to their genetic origin.

Molecular diversity of European germplasm

Despite being restricted to European germplasm, this
study showed a high number of molecular alleles (9.59
alleles per locus) when compared to previous studies
performed on either lines or populations. Dubreuil et al.
(1996) found 5.9 alleles per locus in a large sample of
116 inbred lines and Rebourg et al. (1999) observed 6.6
alleles per locus in a smaller sample of 65 populations.
Within-population number of alleles represented only
26% of the total number, illustrating a great contrast
between populations. This was confirmed by a Ggt value
of 36%, which is very high when compared to the work
of Hamrick & Godt (1997), who observed values of Ggt
from 23% in allogamous cereals to 59% in autogamous
cereals. It also can be noted that our Gt value is higher
than that previously found in smaller sets of populations
by Dubreuil & Charcosset (1998) and Rebourg et al.
(1999). The significant differentiation between popula-

tions results from the choice of the sample, representa-
tive of a great geographical area. An important part of
diversity was also maintained between populations
within countries (27% of total diversity), which implies
limited gene flow.

Variation in the number of alleles and diversity within
populations was examined in the light of genetic origins
(Table 5). We observed a higher number of alleles in
South-Western Europe (7.90 alleles per locus) than in
North-Eastern (6.24) and South-Eastern Europe (5.72).
Furthermore, populations from North-Eastern Europe
encompassed a smaller average within-population num-
ber of alleles (2.02 allele per locus) than populations from
South-Western Europe (2.78) and South-Eastern Europe
(2.53). This variation of number of alleles between North
and South of Europe was previously observed by
Rebourg ef al. (1999). It is consistent with the facts (i)
that South-Western Europe is considered as being the site
of most introductions of maize (Gay, 1984) and (ii) that
adaptation of maize to Northern and Eastern Europe
probably induced a loss of genetic variability, as a result
of selection for tolerance to lower temperatures.

Populations with the lowest average number of alleles
or diversity originated from Germany. This may be a
consequence of an intrinsic narrow genetic basis of
German germplasm. However, certain populations

Table 5 Partition of allele number and diversity among geographical groups of maize populations

No. of Total allele Average allele
Group populations numbert number] H, Gst
Total sample 131 9.59 2.49 0.550 0.356
North-Eastern Europe 32 6.24 2.02 0.501 0.477
Austria 2 2.14 1.55 0.314 0.411
Switzerland 1 2.28 2.28 0.367 0.000
Czechoslovakia 5 4.21 2.14 0.490 0.435
Germany 13 4.31 1.76 0.458 0.570
Poland 8 4.86 2.56 0.492 0.258
Ukraine 3 2.69 1.74 0.461 0.438
South-Eastern Europe 14 5.72 2.53 0.542 0.310
Hungary 3 4.59 2.67 0.549 0.246
Rumania 3 4.10 2.71 0.499 0.224
Yugoslavia 4 3.93 2.47 0.491 0.261
Bulgaria 3 3.21 2.25 0.413 0.213
Italy 16 5.45 2.30 0.485 0.322
France 32 6.66 2.72 0.512 0.248
South-Western Europe 37 7.90 2.78 0.545 0.251
Spain 36 7.86 2.77 0.544 0.254
Portugal 1 3.07 3.07 0.468 0.000

H,, total genetic diversity within the group.

GsT, relative differentiation between populations in the group.
tAverage per locus.

tWithin-population allele number.
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appeared close to fixation for RFLP alleles (number of
alleles down to 1.17 and diversity down to 0.051) and it
seems more probable that they were multiplied in a
manner that favoured inbreeding. Salabounat &
Pernes (1986) arrived to the same conclusion concerning
some populations originating from Hungary or Czecho-
slovakia.

Investigation of the relationship between diversity and
morphological traits shows that the performance of
these populations is clearly affected by inbreeding
depression (Fig. 4). On the other hand, no population
displayed a very high number of alleles (maximum 3.5).
As a whole, Fig. 4 suggests that the diversity of
European maize populations is determined, at least
partly, by an equilibrium between genetic drift on the
one hand and selection of heterozygotes or allopollen
advantage on the other. It clearly illustrates that drift
generates in some cases a strong inbreeding depression,
that strongly diminishes agronomic performance.

Molecular classification of European populations

We observed a tendency towards a triangular relation-
ship between morphological distances and molecular
distances (Fig. 5), showing that similar phenotypes can
be produced in genetically distant populations. This
observation is consistent with results on inbred lines
and theoretical analyses (Burstin & Charcosset, 1997;
Dillmann et al., 1997). It supports the superiority of
molecular data for defining groups of populations with
similar origins. The best way to classify and describe
genetic resources such as traditional maize populations,
therefore appears to be a two-step process: first a
classification based on molecular data, and secondly a
morphological description of each group.

Following this method, we elaborated a classification
that distinguishes six major groups that are consistent
with the origins of the populations and their morpho-
logical characteristics described below.

‘German Flint’ These 22 populations (group Al, Fig. 3)
are mainly from Germany or Alsace. They are early
flowering and small. Tassels have little ramification. They
have many tillers and long husk leaves. Their ears are
long, fine and cylindrical, presenting 10 rows on average
(from 8 to 14). These populations correspond to the 8—10
row types highlighted by Leng er al. (1962) during the
analysis of populations originating from Italy, Yugosla-
via, Romania and Hungary. They present a morpholo-
gical type near to that of Northern Flint described by
Brown & Anderson (1947). This group also includes
some populations of the type ‘broad ears with §—12 rows’
characterized by shorter and broader ears, but strongly
resembling type ‘8—10 rows’ (Edwards & Leng, 1965).
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‘North-Eastern FEuropean Flint’ These 30 populations
(group A2, Fig. 3) are from very diverse origins, mainly
from France, but also Spain, Portugal and several
Eastern European countries (Poland, Hungary, Yugo-
slavia, Czechoslovakia, Ukraine). They are of inter-
mediate earliness and have many tillers. Their ears are
long, cylindrical and consist of a variable number of
rows (8—18).

‘Southern European Flint’ These 24 populations (group
Bla, Fig. 3) originate from various countries principally
of Southern Europe (southern Spain, Italy, Bulgaria).
They are late, tall, and have ramified tassels. They have
few tillers and short husk leaves. The ears are large,
conical, with 12 rows on average. The kernels are much
lengthened but not very broad.

‘Italian Orange Flint’ This is a rather homogeneous
group (group Bl1b, Fig. 3), made up of 16 populations
mostly originating from Italy, with some others from
southern Spain. The populations are late, with rami-
fied tassels. They have few tillers and short husk
leaves. The ears are short, conical, with many rows
(from 8 to 22, on average 13) and very small kernels.
This type of population seems to correspond to the
type ‘flint with small kernels’ defined by Leng ef al.
(1962) during the study of South-Eastern European
corn.

‘Czechoslovakian type’ This group (group B2a, Fig. 3)
includes only two Czechoslovakian and one German
population. The populations are early, small, with
poorly ramified tassels. They have many tillers and long
husk leaves. The ears are fine, cylindrical and consist of
eight rows with few kernels. The kernels are broad, but
short. This is a rather peculiar group, as the populations
present morphological characteristics close to the popu-
lations of the groups ‘Germany’ and ‘North-Eastern
Europe’, but they are distantly related at the molecular
level.

‘Pyrenees-Galicia Flint’ This group (group B2b, Fig. 3)
consists of 36 populations. It can be divided into two
very homogeneous subgroups, one comprising the
populations from Galicia, the other populations from
the Pyrenees (French and Spanish) and other regions
from France. The populations are early, but tall, and
have short husk leaves. Their ears are short, conical, and
very broad. They have an average number of 12 rows
(from 10 to 18) with very large kernels. During the
morphological analysis of the collection of French
populations, Gouesnard et al. (1997) also highlighted a
‘Pyrenean type’ made up of early populations with
broad kernels. During a morphological analysis of
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Spanish populations, Llauradé & Moreno-Gonzalez
(1993) classified the populations of northern Spain into
only one race. By isoenzyme analysis, Llaurado et al.
(1993) observed differences between Galicia and Cant-
abria. The populations analysed here originate from
Galicia and Asturia, and are close at the molecular level.
Similar populations were described in Portugal under
the name of ‘Conico’ (Costa-Rodrigues, 1971).

Conclusion

This study illustrates the potential of molecular markers
for the large scale analysis of genetic resource collec-
tions, in addition to morphological descriptors. The
molecular analyses were performed by RFLP analysis of
DNA bulks. This technique enabled us to highlight in
this European collection a great genetic diversity and a
strong differentiation between populations. The analysis
of bulks does not allow the estimation of heterozygote
frequency, which can be prejudicial for population
genetics approaches. However, it remains to date the
most effective tool for the RFLP diversity analysis of a
significant number of populations.

The main limitation of this technique is the number of
suitable RFLP probes. It would therefore be interesting
to develop other markers suitable for the analysis of
DNA bulks. In particular, the use of the microsatellite
markers could be interesting because of their higher
polymorphism, lower cost and potential for automation.
These markers should also facilitate the definition of an
international ‘standard’. This would help to compare
results from analyses performed in different laborator-
ies. Ultimately, it would also be interesting to develop
markers within genes of known function.

The methodology which appeared as the most effect-
ive to us for the analysis and the description of large
collections of genetic resources, was a two-phase
process: firstly, a molecular study leading to the defini-
tion of closely related groups at the DNA level; secondly
a morphological study and description of the popula-
tions from the various genetic groups. We could define
six genetic groups for European maize populations.
These different groups can be referred as European
races. Nevertheless, some questions remain, in particular
for countries which were under-represented, or not
represented at all in our study. In particular, it would
be interesting to gain information concerning the
Portuguese material, and to study other populations
from Eastern Europe to better characterize the material
here defined here by only three populations. A project
associating various European laboratories and coordi-
nated by INRA at Montpellier is currently under way
(web page http://meleze.ensam.inra.fr/gap/resgen88). In
addition, the various European races defined here, lead

to questions about their origins. These races could result
from a common origin and have diverged during the
adaptation of maize in Europe. However, it seems more
probable that they have different origins. The joint
analysis of European and American germplasm should
make it possible to identify American races closest to the
various European races, and to make conclusions about
the introduction of maize into Europe (Rebourg, 2000).
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