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Abstract In the present study we have analyzed the

genetic diversity pattern in a sample of 54 Italian maize

landraces, using morphological traits and molecular

markers. Although the 54 landraces surveyed in this study

were restricted to Lombardy, the core region of maize

production in Italy, our data revealed a large genetic het-

erogeneity for both morphological and molecular traits in

the accessions analyzed. Additionally, our data confirm

that the AFLP markers produced a high frequency of

polymorphic bands and were able to unequivocally fin-

gerprint each of the landraces considered. Cluster analysis

based on AFLP markers displayed a clearer separation of

the accessions in comparison to morphological data. Dif-

ferent populations were divided into four major clusters

reflecting the geographical origin and seasonal employ-

ment of the landraces analyzed. Molecular analysis of

variance showed significant (P \ 0.01) differences among

groups, among populations within groups, and among

individuals within populations. Approximately 74% of the

total variance could be attributed to differences within

populations. Conversely, a lower level of differentiation

was detected among groups (*4%). Regarding population

structures, the genetic distance between populations

(FST = 0.25 ± 0.3) and the degree of inbreeding within

groups (FSC = 0.22 ± 0.2), did not diverge significantly,

while both significantly differed from the degree of

relatedness between markers within groups (FCT =

0.04 ± 0.03). Results are discussed in relation to a suitable

conservation method.

Introduction

Because of strong commercial pressures, breeders are

forced to draw from a narrow range of tested elite germ-

plasms during the development of modern hybrids.

Although the substitution of landraces by elite cultivars is

generally admitted to cause a loss of diversity (reviewed in

Pollack 2003), it has still to be proven that plant breeding

inevitably leads to the loss of genetic diversity. In this

context, previous studies have shown that breeding mainly

leads to qualitative rather than quantitative shifts in regis-

tered cultivars (Le Clerc et al. 2006 and references therein).

Thereby, maize breeders have become more aware of the

needs of maintaining genetic diversity among hybrid

varieties and improving the management of genetic

resources through the conservation of traditional popula-

tions, that is, landraces. These are populations with high

genetic variability and fitness to the natural and anthropo-

logical environments where they have originated

(Brandolini 1969). They represent not only a valuable

source of potentially useful traits, such as resistance or

tolerance to biotic and environmental stresses, but also an

irreplaceable bank of highly co-adapted genotypes. In this

respect, Rebourg et al. (2003), in a study on the introduc-

tion and dispersion of American maize in Europe, have

found that introductions of Northern American flint popu-

lations have played a key role in the adaptation of maize to
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the European climate by contributing alleles favoring

maize cultivation in temperate environments.

The analysis of the amount and distribution of genetic

variation within and among plant populations of a crop

species can increase the understanding of the historical

process underlying the genetic diversity and provide basic

information for breeding programmes and for the estab-

lishment of projects to conserve genetic resources.

Achieving this goal in curating gene banks is hampered by

rising costs, decreasing budgets, and large collection sizes.

Therefore, germplasm collection sizes should be optimized

to provide both a maximal preservation of genetic variation

and a minimal redundancy with regard to genotypes, gene

complexes, or possibly even genes (Kresovich et al. 1992).

A broad approach using phenotypic and molecular

markers is required to analyze diversity and to support

conservation, management, and development of plant

genetic resources (Hammer et al. 1999). Phenotypic

markers have been of great value in studies of crop evo-

lution (Gepts 1993), germplasm evaluation (e.g., Bretting

and Wildrlechner 1995), and in revealing differences

between varieties (Gilliland et al. 2000). Molecular mark-

ers provide a direct measure of genetic diversity and go

beyond indirect diversity measures, based on morphologi-

cal traits or geographical origin. They have been

successfully employed to characterize genetic diversity and

for the identification of closely related genotypes (Métais

et al. 2002, and references therein). Both kinds of markers

have their advantages and drawbacks and their combined

utilization is recommended to increase the resolving power

of genetic diversity analyses (Singh et al. 1991).

Among maize landraces, genetic variability has been

primarily characterized by using morphological traits

(Goodman and Bird 1977, and references therein) and

isozymes (e.g., Revilla et al. 1998, and references therein).

Furthermore, in this crop molecular DNA markers have

proven an excellent tool for the assessment of genetic

relationships and to monitor genetic diversity and related-

ness among elite breeding lines (Smith et al. 1997; Ajmone

Marsan et al. 1998; and references therein) and landraces

(Rebourg et al. 2003; Reif et al. 2005, and references

therein). The amplified fragment length polymorphism

(AFLP; Vos et al. 1995) and other multilocus techniques

are very useful for the analysis of within-species variation

because they allow the rapid acquisition of a large amount

of genetic information due to their capability to simulta-

neously identify a large number of amplification products,

that is, a high-multiplex ratio (reviewed in Bonin et al.

2007). The AFLP technique has been largely used in maize

to construct genetic maps or to study phylogenic relation-

ships, genetic diversity and other applications (e.g.,

Lübberstedt et al. 2000; Ajmone Marsan et al. 2001, and

references therein).

The objectives of this study were to evaluate the genetic

diversity and relationship of 54 accessions of Italian

landraces collected in the 1950s in Lombardy, immediately

after hybrid introduction. Genetic diversity and relatedness

were analyzed with morphological traits and with AFLP

markers using single plant DNA samples. As found in

previous works, the analysis of individuals has the advan-

tage of estimating the heterogeneity within varieties and

allows a more reliable scoring than the analysis of bulks

(e.g., Tommasini et al. 2003, and references therein).

Information for an appropriate conservation and manage-

ment of maize germplasm is given.

Materials and methods

Plant materials

Fifty-four Italian maize landraces (Table 1) cultivated up

to 1950s in Lombardy were considered in this study. The

collection sites are distributed across the area of interest

(Fig. 1) covering different geographical territories. These

were extracted from the germplasm collection of the CRA-

Maize Research Unit, Bergamo (Italy). Each population

has been regenerated periodically by bulk intercrossing at

least 200 plants. All entries were grown in field trials at

Bergamo in 2003, 2004, and 2005, in a randomized com-

plete block design with three replications. The

experimental plots consisted of four-rows containing 25

plants per row. The density was 57,000 plants per ha.

Recommended crop-management techniques were applied.

Irrigation was applied regularly as needed.

For each plot, 20 morphological traits (Table 2) were

measured from 10 competitive plants. The traits included

regarded plant architecture, as well as ear, tassel and kernel

related traits. The flowering dates (pollen shedding and

silking) were converted into growing degree days (GDD)

as:

GDD ¼
Xn

d¼1

TXd þ TNdð Þ=2� Tb½ �;

where n is the number of days from planting to flowering,

TXd and TNd are, respectively, the maximum and minimum

temperatures (�C) of day d, Tb (6�C) is the critical tem-

perature under which development is arrested. Kernel-

related traits included were test weight, specific weight,

volume, percentages of total protein, starch, oil, and a

milling index, that is, the predicted percentage of corn grits

in dry-milling, determined using near infrared spectroscopy

(NIR) following the development of calibration curves for

each traits after chemical analysis as described (Motto et al.

1978). All morphological data are available on request.
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Molecular analyses

For each population in Table 1, we extracted DNA from

thirty individual shoots of 2-week-old germinated seedlings

as described in Chittò et al. (2000). Sample sizes were

chosen according to Crossa et al. (1993) and Krauss (2000),

who found that most procedures for estimating diversity

based on AFLP data yield accurate results when approxi-

mately 30 individuals are analyzed per population.

Molecular genotyping was carried out using the AFLP

protocol according to Vos et al. (1995). Briefly, total DNA

of each sample was double-digested with EcoRI and MseI

restriction enzymes and specific adaptors were ligated onto

the digested DNA, pre-amplification was conducted with

EcoRI primer (E00 + A as a selective nucleotide). Upon

pre-amplification, selective amplification was conducted

using 3 selective nucleotides for both EcoRI and MseI

primers. The base sequences of the EcoRI and MseI

primers together with the specific extensions of the selec-

tive primers used are shown in Table 3. Primer

combinations with a high polymorphic detection rate in

maize were employed (Chittò et al. 2000).

Autoradiographs were manually scored for each major

polymorphic amplified fragment. Bands of low intensity

were ignored. A two-dimensional data matrix was

constructed, reflecting the absence/presence of each

polymorphic fragment identified within the landraces

analyzed.

Statistical analyses

Standard analyses of variance were performed on each

morphological data to test the significance of variation

between accessions. These analyses allowed us to estimate

genotypic and environmental variances, as well as broad

sense heritability (per-landrace-mean basis) for each trait.

The 20 morphological descriptors (Table 2) were used

to (1) derive Mahalanobis distances and (2) in principal

Table 1 Origin of the 54 Italian maize landraces used in this study

Identification Denomination Collection Site

VA33 Locale Fiorine Clusone (BGa) (BG)

VA34 Bani Erbusco (BS)

VA35 Quarantino Erbusco (BS)

VA36 Nostrano Erbusco (BS)

VA37w Quarantino Bianco Erbusco (BS)

VA38 Quarantino Nostrano Dello (BS)

VA39 Quarantino Nostrano Buffalora (BS)

VA40 Quarantino Nostrano Brescia

VA41 Quarantino Nostrano Paderno Franciacorta (BS)

VA42 Cinquantino Fenegrò (CO)

VA43 Brianzolo Garbagnate Monastero

(VA)

VA44 Taiolone Stagno Lombardo (CR)

VA45 Ottofile Mantovano Motta Baluffi (CR)

VA46 Quarantino S. Famiglia Stagno Lombardo (CR)

VA47 Centino Stagno Lombardo (CR)

VA48 Quarantino Giallo Gaidella di Quistello (MN)

VA49w Cinquantino Bianco S. Benedetto Po (MN)

VA50 Locale di Passirana Passirana (MI)

VA51 Locale di Rho Rho (MI)

VA52 Agostinin Lacchiarella (MI)

VA53 Ottofile Rozzano (MI)

VA54 Agostinello Isola Melzese (MI)

VA55 Melgonin Motta Visconti (MI)

VA56 Marano Oreno di Vimercate (MI)

VA57 Nostrano dell’Isola Arcore (MI)

VA58 Scagliolo Trezzo d’Adda (MI)

VA59 Giallo Agostanello Concorezzo (MI)

VA60 Giallo Agostano Concorezzo (MI)

VA61 Ottofile Zinasco (PV)

VA62 Nostrano dell’Isola Pala (SO)

VA63 Nostrano Locale Pala (SO)

VA64 Nostrano Locale Pala (SO)

VA65 Locale Chiavenna Verceia (SO)

VA66 Locale Verceia Verceia (SO)

VA67 Locale Tirano Barbone (SO)

VA68 Nostrale Madonna del Piano (SO)

VA69 Locale Forte (SO)

VA70 Locale Somaggia (SO)

VA71 Agostanello Lonate Pozzolo (VA)

VA72 Nostrano Locale Besnate (VA)

VA73 Agostanello Locale Origgio (VA)

VA518 San Pancrazio Salvagna (BG)

VA553 Scagliolo Marne Salvagna (BG)

VA558 Rostrato Cantello (VA)

VA561 Locale Rostrato Fontanella sul Monte (BG)

VA569 Sacra Famiglia Salvagna (BG)

VA571 Sintetico Zanchi Salvagna (BG)

Table 1 continued

Identification Denomination Collection Site

VA572 Nostrano dell’Isola

Finardi

Salvagna (BG)

VA578 Rostrato Torre Boldone (BG)

VA888 Cinquantino di Stezzano Stezzano (BG)

VA903 Cinquantino 2� raccolto Alto Milanese (MI)

VA904 Cinquantino 2� raccolto Alto Milanese (MI)

VA1196 Rostrato di Valchiavenna Chiavenna (SO)

VA1210 Rostrato Carenno (LC)

a Province of collection site: BG Bergamo, BS Brescia, CO Como,

CR Cremona, LC Lecco, MI Milano, MN Mantova, PV Pavia,

SO Sondrio, VA Varese
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component analysis (PCA) allowing to determine the traits

most effective in discriminating between landraces. Com-

mon components coefficients, eigenvector values, and

relative and cumulative proportions of the total variance

expressed by single traits were calculated. Traits with a

correlation [0.6 were considered as relevant for that

component. In addition, a dissimilarity matrix based on

Euclidean distance coefficients was generated to assess the

level of dissimilarity between landraces. All calculations

and analysis were made using the appropriate options of

NTSYS-pc version 1.80 (Rohlf 1993).

The AFLP data were evaluated by means of polymor-

phism information content (PIC) of a marker (Smith et al.

1997). This value is defined as the probability that two

alleles taken at random from a population can be distin-

guished using the marker in question, is a measure of allele

diversity at a locus. The PIC was calculated by the formula

PIC = 1 – Rfi
2, where fi is the frequency of the ith allele.

Because the AFLP technology produces dominant markers,

only two states can be observed at each band position and

consequently, the highest PIC value that can be obtained

equals 0.5.

The genetic similarities (GS) were calculated from

AFLP data according to Nei and Li (1979) as GSij =

2Nij/(Ni + Nj), where Nij is the total number of bands

common to genotypes i and j, and Ni and Nj are the total

number of bands present in genotypes i and j, respectively,

considering all primer combinations. GS values were

converted into genetic distances: GD = 1 – GS, which

Fig. 1 Schematic map of Lombardy. The position of capital cities is

indicated with open circles. Collection sites are indicated with dots.

Abbreviations are as indicated in Table 1

Table 2 List of the 20 morphological descriptors utilized in this study with variety adjusted means and associated standard deviations, ranges,

and broad sense heritabilities computed on a population mean basis as obtained for the landraces used

Abbreviation Morphological descriptor Mean SD Range h2

Min Max

LWT Leaf width (cm) 9.5 1.44 6.0 12.0 0.78

PHT Plant height (cm) 166.0 27.43 110.0 215.0 0.72

EHT Ear height (cm) 77.0 22.42 32.0 120.0 0.82

GDDP Growing degree days pollen shed 682.3 76.52 528.0 801.0 0.78

GDDS Growing degree days silking 710.5 75.10 551.0 825.0 0.81

PBN Primary branch number (no) 13.2 2.90 6.0 20.0 0.72

BTL Branched tassel length (cm) 42.4 6.10 31.0 60.0 0.61

TLG Tassel length (cm) 20.2 3.42 13.0 28.0 0.65

ELG Ear length (cm) 16.9 2.87 12.0 24.0 0.77

EDI Ear diameter (cm) 40.1 4.74 31.0 50.0 0.85

CDI Cob diameter (cm) 25.9 3.53 19.0 33.0 0.68

ERN Ear row number (no) 13.1 2.42 8.0 20.0 0.88

KWE Kernel weight (g 9 103) 245.0 56.46 155.0 420.0 0.77

KTW Kernel test weight (kg/hl) 77.2 3.75 67.2 83.8 0.81

SKW Specific kernel weight (g/cm3) 1.3 0.04 1.2 1.4 0.79

KRV Kernel volume (cm3) 19.7 5.09 12.0 33.0 0.83

MLI Milling index (%) 53.6 2.54 45.9 57.1 0.67

KOC Kernel oil content (%) 6.0 1.24 3.5 8.3 0.63

KSC Kernel starch content (%) 65.3 3.06 58.6 73.1 0.60

KPC Kernel protein content (%) 11.0 1.15 8.3 13.7 0.64
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were used for cluster analysis with NTSYS-pc software

producing a dendrogram using the unweighted pair-group

arithmetic method (UPGMA).

The significance of clustering was assessed by means of

bootstrap analysis with PAST software (Hammer et al.

2001) applying 1,000 replicates. Bootstrap values exceed-

ing a 50% cut-off are indicated above the corresponding

clusters in the respective figures.

An analysis of molecular variance (AMOVA) was

performed on AFLP data to partition the total genetic

variation across the landraces. AMOVA and significance

tests were performed using Arlequin version 3.1 (Ex-

coffier et al. 2005). The degree of inbreeding within

groups (FSC), the degree of relatedness between markers

within groups (FCT), as well the fixation index (FST)

were computed according to Weir and Cockerham

(1984). FST measures the genetic effect of landrace

subdivision as the proportional reduction in overall het-

erozygosity owing to variation in allele frequencies

among different landrace populations. Values of FST

range from 0 (completely undifferentiated) to 1 (com-

pletely differentiated). Populations with little divergence

have FST values less than 0.05, while moderately dif-

ferentiated populations have FST values between 0.05

and 0.15, greatly differentiated populations have FST

values between 0.15 and 0.25, and very greatly differ-

entiated populations have FST values greater than 0.25

(Hartl and Clark 1997). Gene flow was estimated from

FST as follows: Nm = 0.25(1 – FST)/FST (Nei and Li

1979). The result is independent of population size

because the force of gene flow, which is measured by

the fraction of migrants in a population (denoted as m),

is counteracted by the force of genetic drift, which is

proportional to the inverse of the population size (N).

Nm \ 1 indicates a local differentiation of populations,

while Nm [ 1 when a little differentiation among popu-

lations occurs (McDermott and McDonald 1993).

Results

Morphological variation

The variety adjusted mean, range and standard deviation of

the 20 phenotypic traits examined, are reported in Table 2.

An estimation of heritability, made on the assumption that

the accessions taken into consideration are representative

of a reference population, is also provided in this table. The

Italian landraces considered displayed ample variation for

earliness, plant architecture traits, tassel traits, and ear and

kernel characteristics. Plant height varied from 110 cm for

the landraces grown in unirrigated areas to 215 cm for

those from irrigated plains. Leaf width ranged from 6 to 12,

while GDD for female anthesis was between 551 and 825.

Ear type varied from true cylindrical to extra conical, with

a row number varying from 8 to 20 and ear diameter

ranging from 31 to 50 mm. Average ear length varied from

12 to 24 cm, while kernel shape and size were also highly

variable. Protein concentrations between 8.3 and 13.7%

were found, while starch ranged from 58.6 to 73.1%, and

oil from 3.5 to 8.3%. Average kernel test weight and spe-

cific kernel weight ranged from 67.2 to 83.8 kg/hl and from

1.15 to 1.38 g/cm3, respectively. Finally, the milling index

ranged from 45.9 to 57.1%. High heritability values were

observed for the majority of the traits.

Relationships between traits were investigated using

graphs, correlation coefficient estimations and PCA. The

first five principal components (PCs) accounted for 86.3%

of total variation (Table 4). In the first PC, which explained

56.1% of the total variance, the most important traits were

earliness and correlated traits related to plant, tassel, and

kernel size. In the second PC (10.6%), predominant traits

were specific kernel weight and milling index, while the

third PC (9.3%) described variation in traits related to ear

diameter. Correlation of traits is evident when PC’s are

explored graphically. Plotting of PC1 against PC2, which

accumulatively account for *67% of the total variance,

allows visualizing three major correlation groupings.

Groups comprising plant morphology traits, seed mor-

phology traits, and seed quality traits could be identified.

Protein and starch content showed little relationship with

the other quality traits measured (Fig. 2). The first two PCs

obtained in PCA analysis on the whole set of 54 landraces

characterized are illustrated in Fig. 3. The first PC sepa-

rated landraces according to precocity, plant and ear height,

and kernel weight, while the second PC divided the pop-

ulations according to kernel volume and specific weight. It

is notable that VA61 and VA578 were isolated from the

other landraces.

Cluster analysis was used to reveal the association

between landraces. Genetic similarity was calculated from

the morphologic data by UPGMA cluster analysis based on

Table 3 List of AFLP primers used with EcoRI and MseI base

sequences (left columns), primer codings (center columns) and spe-

cific trinucleotide primer extensions (right columns)

EcoRI MseI

E31 AAA M47 CAA

E32 AAC M48 CAC

E33 AAG M49 CAG

E35 ACA M50 CAT

E36 ACC M51 CCA

E38 ACT M60 CTC

G
A

C
T

G
C

G
T

A
C

C
A

A
T

T
C

.N
N

N

G
A

T
G

A
G

T
C

C
T

G
A

G
T

A
A

.N
N

N

M61 CTG
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Euclidian distance coefficients, with similarity coefficients

ranging from 0.07 (VA42 – VA903) to 0.28 (VA47 –

VA578). Cluster analysis divided the 54 landraces into four

distinctive groups (Fig. 4). A first main cluster (I) included

most of the accessions with small kernels, a high number of

rows and a short vegetative cycle once used as second

harvesting crop. The second main cluster (II) was also

highly differentiated. Within this cluster, two distinctive

subclusters were clearly identified. A first sub-cluster was

based on the Nostrano type and derived forms, while in the

second sub-cluster most of the varieties from Valtellina, an

alpine valley in northern Lombardy were found. The third

main cluster (III) was mainly composed of semi-early,

eight-row types and derived forms. Main cluster IV was

also heterogeneous containing several semi-early Marano

types.

Molecular analyses

For each landrace, approximately 100–200 amplified

fragments could be visualized in each AFLP run depending

on the primer pair employed. In total, the 10 primer pairs

used produced 284 polymorphic AFLP bands for the 54

accessions analyzed. Although only major polymorphisms

were scored as described, an average of over 28 markers

could be obtained for each primer combination, confirming

that AFLP analysis is clearly a powerful means of DNA

profiling in maize, with substantial polymorphisms

between varieties. The number of markers ranged from 12

(primer pair E32M61) to 46 (primer pair E35M48).

The existence of 284 AFLP loci appears sufficient to

investigate the genetic structure of the 54 populations, that

is, relatively distantly related entities. An average PIC

value of 0.37 ± 0.12 was obtained, while individual values

ranged from 0.09 to 0.50. Approximately 59% of markers

(167 out of 284) used had a PIC exceeding 0.3, demon-

strating the good discriminatory power of the markers

identified (Fig. 5).

Table 4 Eigenvectors and accumulated variation of the first five

components (PC) from the morphological correlation matrix derived

from 54 Italian maize landraces

Descriptor PC1 PC2 PC3 PC4 PC5

LWTa -0.83* -0.11 0.09 -0.02 -0.19

PHT -0.81 -0.21 0.03 -0.01 -0.04

EHT -0.76 -0.21 0.11 -0.29 -0.15

GDDP -0.92 -0.12 -0.01 -0.22 0.06

GDDS -0.92 -0.14 -0.01 -0.22 0.04

PBN -0.71 -0.43 0.01 0.01 0.05

BTL -0.77 -0.09 -0.15 0.11 0.02

TLG -0.67 -0.02 -0.40 0.18 0.10

ELG -0.57 -0.39 -0.35 0.01 0.07

EDI -0.68 0.03 0.46 0.38 -0.06

CDI -0.32 0.05 0.64 0.34 -0.23

ERN -0.09 -0.48 0.72 -0.00 0.11

KWE -0.61 0.53 -0.26 0.39 -0.15

KTW 0.23 -0.77 -0.06 0.31 -0.09

SKW 0.30 -0.61 -0.14 0.30 0.07

KRV -0.58 0.53 -0.34 0.35 -0.06

MLI 0.37 -0.56 -0.24 0.12 -0.22

KOC -0.03 0.01 -0.10 -0.34 -0.84

KSC -0.15 0.47 0.48 -0.01 0.06

KPC 0.52 -0.05 0.06 0.28 -0.40

Total variance (%) 56.1 10.6 9.3 6.0 4.3

Cumulative variance (%) 56.1 66.7 76.0 82.0 86.3

a For abbreviations see Table 2

* Values[0.6 are presented in bold face and indicate traits important

for PC definition

Fig. 2 Principal component analysis of morphological traits from 54

Italian landraces showing groups of morphological traits analyzed.

The first two components are reported. Coding of traits is as indicated

in Table 2

Fig. 3 Principal component analysis of 54 Italian landraces based on

morphological traits
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Fig. 4 UPGMA clustering of 54 Italian maize landraces based on morphological traits. Bootstrap values are indicated

Fig. 5 PIC values for primer pairs used in AFLP analysis on

landraces. PIC values are distributed across nine 5-percentile classes.

Numbers above bars indicate the amount of PIC values within each

class. A dashed line indicates the cumulative trend of PIC values

Fig. 6 Principal component analysis of 54 Italian maize landraces

based on AFLP markers
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PC analysis based on AFLP markers visualized the

distribution of variance within the 54 landraces considered.

Figure 6 represents a graphical distribution of the landraces

in a plane defined by the first two PCs, which accounted for

24.6% of total variation.

Scoring of the markers allowed the construction of a

284 9 54 binary array, which was subsequently utilized to

compute GD values for all pairs of accessions studied. GD

values ranged from 0.23 for VA569 and VA571 to 0.59 for

the varieties VA50 and VA578. An average GD of

0.437 ± 0.012 was calculated for the entire data set. Dis-

tance measures were subsequently used to construct a

hierarchical tree using the UPGMA method. In the den-

drogram generated from the data set, 4 major clusters could

be identified (Fig. 7).

A first heterogeneous cluster (I) included several varie-

ties of Nostrano and Rostrato derivatives. The second main

cluster (II) mainly consisted of varieties with a short veg-

etative cycle. The third main cluster (III) is highly

heterogeneous and contains several varieties of early and

semi early eight-row derivatives. This major cluster was

further divided in two subclusters: one of these containing

representatives of the population with long cylindrical

(flint) ears of the Nostrano dell’Isola group and from

Valtellina. The fourth main cluster was highly differenti-

ated and contained mainly early type accessions that may

be seen as a case of particular adaptation.

Analysis of molecular variance (AMOVA)

To conduct AMOVA (Table 5), the landraces were orga-

nized into four main groups as suggested from the

dendrogram obtained by grouping landraces based on their

AFLP profiles (Fig. 7). Because similar results were

obtained with different types of classifications, only data

obtained with the first classification are given in Table 5.

Highly significant differences were observed among

groups, among populations within groups, and among

individuals within populations. Approximately 74% of the

total variance could be attributed to differences within

Fig. 7 Dendrogram based on the genetic similarity index and UPGMA clustering of 54 Italian maize landraces based on AFLP markers
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populations. Conversely, a low level of differentiation was

detected among groups (*4%). The genetic distance

between populations (FST = 0.25 ± 0.3) did not signifi-

cantly differ from the extent of inbreeding within groups

(FSC = 0.22 ± 0.2). The degree of relatedness between

markers within groups (FCT = 0.04 ± 0.03) was signifi-

cantly low. The sizeable genetic differentiation among

landrace populations was confirmed by the gene flow

estimate that resulted\1, suggesting a local differentiation

of populations.

Comparison between molecular and morphological

distances

Relationship between morphological and molecular dis-

tances was significant but low (r = 0.165**). Analysis of

the graph (Fig. 8) illustrates that this relationship is not

linear and that a vast dispersion is present. Low marker

distances are associated with low morphological distances.

Conversely, high marker distances are associated with both

high and low morphological distances. Therefore, marker

divergence behaves as a limiting factor of morphological

divergence.

Discussion

The necessity to preserve and characterize genetic maize

resources appeared after the introduction of the first com-

mercial hybrids 50 years ago and led to the birth of many

collections, both at a joint European and national level,

including the Italian collection of the CRA—Maize

Research Unit, Bergamo (Brandolini 1969 and references

therein). For this latter collection, Brandolini and Brando-

lini (2001) have recently reported a classification of 562

Italian maize accessions using numerical taxonomic

methods of 17 phenological, morphological, and geo-

graphical traits. Accessions were grouped into 65 agro-

ecotypes with major clusters containing 34 landraces in

nine racial complexes of common ancestors and/or places

of origin.

In the present study, we have analyzed the genetic

diversity pattern in a sample of 54 Italian landraces, by

using both morphological traits and molecular markers.

Although the 54 landraces surveyed in this study were

restricted to Lombardy, the core region of maize produc-

tion in Italy, our data revealed a large genetic

heterogeneity. The genetic diversity revealed for both

morphological and molecular traits indicates that the pop-

ulations are highly adapted to specific environmental

conditions and uses because of centuries of selection and

local adaptation and hence could be valuable sources of

genetic variability. In fact, since the introduction of maize

in Italy, five centuries ago, one might expect that genetic

diversity was on one hand enhanced by mutation, meiotic

recombination, and new introgression, and on the other

curtailed by genetic drift and natural and artificial selection

(Hartl and Clark 1997). This would result in numerous

open-pollinated varieties adapted to specific local condi-

tions and farmer needs, as is likely the case for the

accessions investigated in the current study. Moreover, our

results are in good agreement with previous studies docu-

menting that maize is the most diverse crop plant known,

containing extensive diversity at both the phenotypic and

molecular levels (see Buckler et al. 2006, for a recent

review). Additionally, studies on European maize germ-

plasm have already pointed out the presence of a great

variability in morphological traits and large molecular

diversity in traditional populations (Gauthier et al. 2002;

Brandolini and Brandolini 2001 and references therein).

Molecular markers can support a more detailed char-

acterization of genetic resources and were proven powerful

tools for studying maize population structures allowing the

classification and identification of core subsets (e.g.,

Table 5 Hierarchical analysis of molecular variance (AMOVA) with

mean squared deviation (MSD), a summary of F-statistics and gene

flow (Nm)

Source of

variation

MSD Variance components % of total

variance

Among groups 1062.1 2.1** 4.5

Among populations 5200.4 10.2** 21.4

Within populations 13310.1 35.2** 74.1

F-statistics

FSC = 0.22 ± 0.20

FST = 0.25 ± 0.30

FCT = 0.04 ± 0.03

Nm = 0.75

** Significant at P \ 0.01

Fig. 8 Relationships between morphological (x axis) and AFLP (y
axis) distances of 54 Italian maize landraces
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Gouesnard et al. 2005, for a review). A large potential lies

in their ability to identify the structure of genetic diversity

within and among accessions, which can be relevant for the

optimization of collections, the planning of seed regener-

ation, and the successful implementation of pre-breeding

approaches. The results obtained in this study confirm that

the use of AFLP markers allowed to unequivocally fin-

gerprint each of the landraces considered and to effectively

detect genetic variation in the 54 landraces. In addition,

AFLP revealed a large number of polymorphic DNA

fragments with an average of 34.7 markers for each primer

combination used. An average PIC value of 0.37 was

obtained, while approximately 59% of the markers (167 out

of 284) used had a PIC exceeding 0.3, demonstrating the

good discriminatory power of the markers identified, and

suggesting that considerable variation is detectable with

AFLP markers. This is in good agreement with previous

studies, demonstrating that, in maize, the degree of poly-

morphism detectable by DNA markers is very high (Smith

et al. 1997; Ajmone Marsan et al. 1998, and references

therein). Our primer pairs differed in their capacity to

amplify bands, but even with the least informative primer

pair (E32M61), the number of loci detected was moder-

ately high (12) when compared to several others DNA

markers. Each genotype had a unique banding profile for

every AFLP primer combination. The results presented

here show that AFLPs are able to reveal variability both

between and within maize landraces, which has three main

purposes for germplasm management: (1) a means of

landrace identification, (2) a way to detect genetic diver-

sity, and (3) a means to reveal genetic relationships.

A criticism that is sometime raised against the use of

AFLPs for profiling purposes is that the chromosomal

locations of the bands are unknown (i.e., they are not

mapped). Thus, it is possible that their distribution is

unrepresentative of the genome as a whole. To partially

overcome this shortcoming, primer combinations were

chosen that had previously been utilized in mapping studies

and for which, consequently, the genome coverage was

known (Castiglioni et al. 1999). Second, AFLP markers are

generally scored as dominant markers, thus it is difficult to

distinguish heterozygous individuals from homozygotes.

Therefore, heterozygosity has to be calculated indirectly,

by assuming that gene frequencies in the studied popula-

tions are in Hardy–Weinberg equilibrium. Since maize is a

highly outcrossing species, this assumption is not widely

violated. Taking into account the technical ease of the

AFLP technique and its high information content, it is

considered an advantageous method for carrying out

genetic population studies (Bonin et al. 2007 for a review).

As expected, the genetic variability found in our anal-

ysis was ample, with AMOVA suggesting that the largest

proportion of available genetic diversity is to be found at

the within-population level (74.1%), with the variation

present among populations being higher (21.4%) than that

among groups of populations (4.5%). Similar results were

obtained in different studies on maize (e.g., Vaz Patto et al.

2004, and references therein) and other crop varieties using

molecular markers (e.g., Tommasini et al. 2003, and ref-

erences therein). The large proportion of variation residing

at the within population level suggests that there would be

enough variation at the population level to select parents to

generate new synthetic populations. This could lead to

developing well-characterized populations to select parents

contributing good adaptation, persistence and yield. In the

long term though, and to avoid exhausting the variability

existing at the within population level, it would be advis-

able to monitor the levels of genetic diversity available and

to introgress valuable alleles from other populations, to

prevent the loss of complementary gene interactions due to

inbreeding.

The distribution of genetic diversity within and among

populations is a function of the rate of gene flow between

populations. The extent of gene flow in a species depends

on the distribution of the habitats it occupies, on the size

and degree of isolation of its populations, and on the

movement of pollen and seeds between populations. In the

landraces as a whole, each population proved to be heter-

ogeneous at a large number of loci. This result can be

explained considering the high rate of free pollinations

within families in any allogamous species such as maize, a

low gene flow due to local isolation of the populations,

and/or large effective population sizes. Therefore, each

sampled landrace is actually a mixture of a large number of

distinct genotypes that casually intercross at each genera-

tion sharing a common gene pool, which belongs to the

landraces because of local adaptation, which may be

ascribed to a combination of climatic conditions and

agronomic practices.

A low correlation was detected between the observed

molecular and morphological variation patterns. This result

is in agreement with previous observations reported by a

number of workers (Rebourg et al. 2003 and references

therein). They showed a tendency towards a triangular

pattern (as seen in Fig. 8) in the distribution of data

between morphological and molecular distances, support-

ing the superiority of molecular marker data to define

groups of populations with similar origins. Such a trian-

gular pattern might be due to the limited number of

molecular and morphological markers examined, to a low

gene flow, which would allow for accumulation of adap-

tative differences, and to the polygenic inheritance of traits.

Indeed, Burstin and Charcosset (1997) reported that a given

quantitative value can be obtained with different gene

combinations and that most of the traits generally consid-

ered for phenotypic distance estimation exhibit polygenic
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inheritance. Most molecular polymorphisms will be

effectively neutral and thus provide no direct assessment of

fitness. The forces that cause differentiation for these

markers would be the result of mutation, genetic drift, and

low gene flow without selection. Conversely, morpholog-

ical traits are generally believed to be subject to natural

selection and their expression is partially under the influ-

ence of environmental factors. Moreover, in contrast to

morphological traits, AFLP polymorphism is based directly

on DNA sequence variation. A change in a nucleotide

repetition can result in a change of pattern. Despite these

differences, low gene flow would allow accumulation of

small or higher adaptive differences, explaining some

concordance between morphological and molecular traits.

Furthermore, differences in uniformity for different mark-

ers might be due to the closeness of some markers to

regions of the genome subject to selection, and, therefore,

selected indirectly. This hypothesis is supported by previ-

ous studies showing that allelic frequencies at some

molecular loci are under functional constraints (Boland

1996).

The increasing costs to efficiently manage large ex-situ

collections encourage curators to form core subsets and to

eliminate residual and duplicated accessions. Although

cross subsets can be assembled to facilitate the in-depth

study of evolution, and use of genetic resources stored in

germplasm collections, this implies a substantial reduction

in the number of accessions compared with the initial

collection and, thus, a possible reduction in the genetic and

phenotypic diversity compared with what exists in the

original collection (Hammer et al. 1999). In maize, strat-

egies for the development of core collections were given by

a number of workers (see Gouesnard et al. 2005, for a

review). The findings of the current study indicate that core

subsets can be formed based on morphological or molec-

ular marker data. Overall, our findings suggest that

although a high molecular variability can be found among

landraces, most plant genotypes belong to the same land-

races. The identity of the landraces as a whole seems to

have been preserved due to the large number of polymor-

phism and the presence of specific alleles for local

adaptation. From a conservation perspective, the high

genetic diversity observed between and within the set of

Italian populations suggests to assemble subcore collec-

tions by intercrossing the more similar landraces, identified

by cluster analysis, and to use an optimal number of

individuals from each population in order to preserve most

of the less frequent alleles in the subcore collections.
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