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Abstract In the last few years, the renewed
interest for emmer wheat (Triticum dicoccon
Schrank) in Italy has stimulated breeding pro-
grams for this crop releasing improved genotypes
obtained not only by selection from landraces, but
even by crosses with durum wheat (Triticum
durum Desf.) varieties. The purpose of this work
has been to uncover the genetic make-up of some
emmer X durum derivatives, specifically by com-
paring the differences from their parents. Genetic
diversity of advanced breeding lines and varieties
derived from a durum X emmer cross has been
evaluated on the basis of AFLP and SSR markers
in comparison with the corresponding emmer and
durum wheat parent for addressing the seminal
question of how much ‘wild’ variation remains
after selection for agronomic type.
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Introduction

The Latin ‘far’ and Mediolatin ‘farrum’ words
indicate an Italian ethnobotanical complex that
includes the tetraploid hulled wheat Triticum
dicoccon Schrank. This crop was widely spread
during the past in the Mediterranean basin, but
neglected during the last century in favour of naked
durum wheats and now rediscovered (Perrino and
Hammer 1982). The market interest for this crop,
explained by some peculiar agronomical and
nutritive characteristics (Castagna et al. 1996;
Cubadda and Marconi 1996; D’Antuono and
Minelli 1998) besides the interest for traditional
food (Porfiriet al. 1998), hasresulted in anincrease
of cultivation in a range of Italian environments.
The widening of the cultivation area for this crop is
in fact justified by its traits of resistance or
tolerance to biotic and abiotic stresses that make
it well adapted to low-input agricultural systems
(Corazza et al. 1986; Damania et al. 1992; Codian-
ni et al. 1996). However, Italian emmer landraces
are still characterized by some negative traits, like
low level of productivity, excessive plant height,
partially brittle rachis and low quality of meal. In
fact, even if quality in wheat is a multidisciplinary
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aspect, depending on the worker and end-use
(Troccoli et al. 2000), emmer landraces show some
quality failures at the different levels of farmers,
milling, pasta industry and consumers (Galterio
et al. 1994). For these reasons, breeding programs
carried out by the Istituto Sperimentale per la
Cerealicoltura (Foggia, Italy) for the improvement
of emmer through crosses with durum wheat
(Triticum durum Desf.), have produced ‘Mose’,
‘Padre Pio’ and ‘Davide’, three new emmer vari-
eties. These varieties and their parents, together
with advanced breeding lines obtained from the
same cross, have been characterized in this work
with SSR and AFLP analysis. Moreover, relation-
ships with a set of emmer landraces, historical and
modern durum wheat varieties, hexaploid wheats
and wild relatives have also been analysed with
AFLP approach. Therefore the purpose of this

work has been to uncover the genetic make-up of
these pool of varieties, specifically by comparing
the differences among emmer x durum wheat
derived lines and their parents.

Materials and methods
Plant materials

A total of 45 wheat accessions, including Triticum
durum Desf., Triticum dicoccon Schrank, Triti-
cum tauschii (Coss.) Schmalh., Triticum spelta L.
(a Swiss landrace, present in the collection of the
Istituto Sperimentale per la Cerealicoltura, Fio-
renzuola d’Arda, as ‘Rotkorn 32’) and Triticum
aestivum L. were used in this study: detailed
informations on area of origin and pedigree are

Table 1 Area of origin or pedigree of the genotypes used in this work

T. durum Pedigree T. aestivum accession or cultivar Pedigree
accession or
cultivar
Appulo (Cappelli x Grifoni 235) x Capeiti 8 Centauro Irnerio x Strampelli
Arcangelo  Creso x Capeiti 8 Chinese Spring Selection from Chinese landrace
Azizia Landrace from Africa Linea 28P Centauro x Altgkorn x Rotkornl
Bronte Berillo x Latino Vaiolet Manital x Linea 119
Capeiti 8 Eiti 6 x Cappelli
Cappelli Selection from Reiichembach landrace 7. dicoccon accession Collection site
Claudio Durango x (Isea 1938 x Grazia) Abruzzo Abruzzo, Central Italy
Duilio Cappelli x (Anhiga x Flamingo) Garfagnana Garfagnana, Central Italy
Fortore Capeiti 8 x Valnova Leonessa Leonessa, Central Italy
Lesina (Capeiti 8 x Creso) x (Creso x Molise Molise, Central Italy
(Valforte x Trinakria)
Ofanto Adamello x Appulo Molisana Molise, Central Italy
Pietrafitta Grazia x Isa Potenza Potenza, Southern Italy
Portorico Ambral x Duilio Umbria Umbria, Central Italy
Preco Edmore x WPB881
Russello Landrace from Sicily T. dicoccon x durum genotypes Pedigree
Simeto Capeiti 8 x Valnova Davide Simeto x Molise
Svevo Cimmyt line x WPB881 Linea 88C Simeto x Molise
Timilia Selection from landrace from Sicily Linea 190C Simeto x Molise
Trinakria B14 x Capeiti 8 Linea 193C Simeto x Molise
Valnova Cappelli x (Sel. F2 (Yt54 x N10B) Linea 238C Simeto x Molise
BY2 LD 390) x (Cappelli x Yuma)
Varano (Capeiti8 x Creso) x Creso X Linea 303C Simeto x Molise
(Valforte x Trinakria)
Verdi Valdur x Regal x Mexical Linea 390C Simeto x Molise
Vesuvio Ofanto x Simeto Mose Simeto x Molise
Padre Pio Simeto x Molise
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reported in Table 1. Six numbered advanced
breeding lines (88C, 190C, 193C, 238C, 303C
and 390C) and three named varieties (‘Mose’,
‘Padre Pio’ and ‘Davide’), all derivatives from a
cross ‘Simeto’ x ‘Molise’, were used together with
parents. The varieties have been bred by using
pedigree selection, taking into account hulled
spikelet trait, short straw as the parental durum
variety and earliness. In particular, multilocation
yield trials have been established in F6 and from
the agronomic results, nine lines have been
chosen and evaluated—as F6—for grain yield,
protein composition and rheological properties of
dough. On the basis of these results three lines
have been included in two-years National List
Trial as ‘Mose’, ‘Padre Pio’ and ‘Davide’ and they
are under registration in the Italian Register of
Varieties. Multiplication stock is under the con-
trol of the Istituto Sperimentale per la Cereali-
coltura, Section of Foggia.

Agronomical and quality traits evaluation

Grain yield, plant height, heading date, 1,000-
kernel weight, grain protein content and SDS

sedimentation values reported in Table 2 are the
means of the data obtained from a two-years field
trial run at the experimental farm of the Istituto
Sperimentale per la Cerealicoltura, Foggia, in
Southern Italy. The emmer X durum derived
breeding lines and varieties were sown for 2 years
at the beginning of November in moist conditions
and no irrigation was applied, thereafter adopting
low-input  practices. Seedling density was
200 seeds m~ and the previous crop was fallow.
About 50 N units per hectare of fertilizers were
split in two applications: 1/3 at sowing, as diammo-
nium phosphate (100 kg ha™') and2/3 at tillering as
ammonium nitrate (120 kg ha ha™"). The soil type
was clay loam with a pH of 7.8. The crop cycle was
from November to the end of June. The size of plot
was 10.2 m? (eight rows, each 7.0 m long and
0.17 m apart), arranged in a randomized complete
block design with three replicates. Plants were
harvested after physiological maturity during early
July.

Statistical analysis was conducted for each
measured agronomic and qualitative parameter
by analysis of variance (ANOVA) and the means
were separated by Tukey’s multiple range test
using Mstat-C version 2.00 software.

Table 2 Agronomical and qualitative characteristics measured on samples from 2-years field trial conducted at Foggia.

Genotype Yield (t/  Heading date (days from 1st Plant height 1,000-kernel weight SDS Protein (%
ha) April) (cm) (2) (mm) dm)

Simeto 493 BC 29DE 8 F 36 F 34BC 147 BD

Molise 448 D 41 A 155 A 41 DE 17E 15.4 AB

Davide 465CD 26F 105 E 57 A 18 E 16.0 A

Mose 5.00 B 28E 87F 52B 28D 131 E

Padre Pio 480BC 30D 108 DE 44 CD 39 A 131 E

Linea 88C 295 F 28E 130 B 38 EF 31CD 120F

Linea 417E 34 B 126 BC 44 CD 32C 153 AC
190C

Linea 297F 34 B 134 B 45 C 31CD 156 A
193C

Linea 540 A 30D 9 F 58 A 20E 120 F
238C

Linea 5.00 B 32C 128 B 43 CD 37AB 142D
303C

Linea 5.00 B 28E 116 CD 35F 17 E 14.5 CD
390C

Values in each column followed by different letters are significantly different (P < 0.01)

Grain yield was determined as the weight of hulled grain mechanically harvested from a plot trial, heading date was
recorded when about half of the culms showed emerging spikes, plant height was measured in all plots during the milk-waxy
maturation, thousand kernel weight was calculated as the mean weight of three sets of 100 grains per plot, grain protein
content was determined in duplicate according to AACC (1995) and expressed on dry weight basis, SDS sedimentation

volume was determined according to Preston et al. (1982)
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Molecular marker analysis

For molecular characterization, each population
or line or variety was represented by a bulk of
10 g of seeds, ground in a Cyclotec mill. Genomic
DNA was extracted from a subsample of flour
from each entry, following Murray and Thomp-
son’s (1988) CTAB procedure.

AFLP reactions were done using the “AFLP
plant mapping” kit from Applied Biosystems for
fluorescent fragment detection. EcoRI and Msel
were used for DNA digestion and selective
amplification was done using six different
EcoRI-Msel primer combinations. The following
combinations were used: ES55/M48; ES56/M50;
E56/M48; E55/MS59; ES9/M59; E59/M48. AFLP
fragments were separated by capillary electro-
phoresis on ABI PRISM 310 DNA Genetic
Analyzer (Applied Biosystems) and GENE-
SCAN 2.1 was used to estimate fragment length:
only the fragments between 70 bp and 450 bp
were scored and a resolution sensitivity of 1 bp
was considered.

For SSR analysis, 53 primer pairs designated as
XGWM and found to produce polymorphisms
between ‘Simeto’ and ‘Molise’, were selected
from a bigger set described by Roder et al.
(1998). PCR amplifications were carried out
according to Roder et al. (1998).

Data analysis

Both SSR and AFLP fragments were scored as
binary characters: either present (1) or absent (0).
The cluster analysis was performed with the
software package TREECON for the construc-
tion and drawing of phylogenetic tree (Van de
Peer and De Wachter 1994). GGT Graphical
Genotypes software (van Berloo 1999) was used
to obtain a graphical representation of SSR data.

Results and discussion

Relationships among emmer X durum wheat
derived varieties or lines and their parents

The emergence of organic agriculture, together
with the demand for health food products, has

@ Springer

stimulated the re-introduction of emmer cultiva-
tion, together with the activation, for this cereal,
of breeding activities directed to the selection of
genotypes adapted to low-input environments
(Perrino and Hammer 1982). However, De Vita
et al. (2006), observing the variability for agro-
nomic and qualitative traits in 20 emmer acces-
sions consisting of landraces, breeding lines or
cultivars selected from landraces, have found that
the genotypes selected from landraces showed
improvement in grain and protein yield, but not in
the quality-related traits. On the contrary, a
pedigree selection program after an emmer X -
durum wheat cross can led to the improvement of
some qualitative traits: in fact, new genotypes,
obtained after ‘Simeto’ X ‘Molise’ cross, have
been selected to be closer to wheat parental not
only for agronomical traits such as earliness,
reduction of height and yield, but above all for
some qualitative aspects, like HMW glutenin
subunit composition (Codianni et al. 1998, 2000)
and SDS. These results obtained can be observed
from data reported in Table 2. Among the three
varieties and the six advanced breeding lines
obtained from ‘Simeto’ x ‘Molise’ cross, six have
yield values equal or major than ‘Simeto’ and all
have earliness and plant height significantly dif-
ferent from ‘Molise’ and closer to durum wheat
parent. The 1,000-weight kernel character shows
large variability, ranging from the minimal values
of 35-36 g of ‘Simeto’ and ‘Linea 390C’ to the
‘Davide’ maximum value of 57 g. Only ‘Padre
Pio’ and ‘Linea 303C’ have SDS values overcom-
ing ‘Simeto’, whereas protein content ranges from
12% to 16% dm. Therefore, the achievement of
advanced breeding lines and varieties like ‘Mose’,
‘Padre Pio’ and ‘Davide’ improved for several
qualitative characteristics, but preserving several
morphological, functional and botanical traits of
emmer, demonstrates the role of durum wheat as
parental in emmer breeding programs.

To address the seminal question of what
proportion of each of the two parent’s haplotype
remains in each derivative and whether the
process of breeding to an agronomic type has
led to any enrichment of identifiable segments of
the parent’s genomes, genetic diversity of parents
and breeding lines, has been evaluated on the
basis of unmapped AFLP and mapped SSR
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markers. After a screening step, 162 Eco-AFLP
unmapped markers and 53 SSR mapped markers
were found to be polymorphic between ‘Simeto’
and ‘Molise’. These two sets of molecular markers
were used to evaluate the genetic contribution of
the two parents to the nine genotypes obtained
from their cross. AFLPs and SSRs evaluate in
different way the genetic contribution of the two
parents to progenies. Figure 1 shows graphically
the percentages of the two parent haplotypes in
the progenies. In particular, according to AFLP
(Fig. 1A), ‘Molise’ haplotype is over-represented
in ‘Mose’, ‘Padre Pio’, 238C’ and ‘390C’ lines,
whereas a more balanced contribution of the two

A Davide AFLP
100

PadreFio 80 Linea190C

Linea193C

Linea88C Linea238C

Linea390C Linea303C

| —+— Simeto haplotype —=— Molise haplotype

B Davide SSR
70

PadrePio Lineal90C

Lineal93C

LineaB8C Linea238C

Linea303C

Linea390C

| —#— Simeto haplotype —#— Molise haplotype |

Fig. 1 Percentages of the parent contributions to proge-
nies based on 162 AFLP unmapped (A) and 53 SSR
mapped markers (B) polymorphic between parents

parents is observed for ‘190C’, ‘193C’, 303C’
and ‘88C’ lines. Figure 1B shows the genetic
contribution of the two parents to all progenies
measured with SSR markers. From the data
obtained all the six advanced breeding lines are
characterised by a contribution of ‘Simeto’ and
‘Molise’ haplotypes very near to 50% for each.
Interestingly, the three varieties ‘Mose’, ‘Padre
Pio’ and ‘Davide’, selected to be the best not only
on the basis of agronomical traits, but even for
additional qualitative traits such as protein com-
position and rheological properties of dough,
show the predominance of ‘Simeto’ haplotype,
that contributes for 60-70%. Both AFLP and SSR
markers show ‘Davide’ closer to ‘Simeto’ parent in
comparison with emmer parent. In Fig. 2A is
represented the proportion of the two parental
haplotypes, estimated on the basis of mapped SSR,
in derivative lines and varieties chromosomes:
‘Simeto’ and ‘Molise’ alleles are equally repre-
sented in chromosome arms 1B, 2A, 3A, 4B and
6A. The less-balanced chromosome arms are 2B
and 6B. In Fig. 2B are reported the graphical
representations of these two chromosome arms
with opposite assortment of parental alleles: the
durum wheat alleles and the emmer alleles are
over-represented, respectively in 2B and 6B. In
conclusion, the selective pressure for durum wheat
traits like plant height, yield and earliness and for
emmer traits like hulled spikelets has produced a
set of genotypes in which there is not an over-
representation of only one of the two parental
haplotypes, but a balanced situation is present in
the majority of lines. However, it is noteworthly
that the lines selected as superior (‘Mos¢’, ‘Padre
Pio’ and ‘Davide’) are shifted toward the durum
genome.

Relationships among emmer x durum wheat
derived lines and a representative set
of tetraploid and hexaploid wheats

AFLP markers were used to study the relation-
ships among emmer x durum wheat derived vari-
eties and lines, a representative set of tetraploid
wheats and some hexaploid wheats. The set of
tetraploid genotypes studied included emmer
Italian ecotypes and durum wheat old and new
varieties widely cultivated in Italy today or in the
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Fig. 2 Percentages of the average parent contributions to
progenies chromosomes based on SSR data (A). Graphical
representations (B) of parental contributions to chromo-
somes 2B and 6B of all tested progenies based on SSR
mapped markers

past. An AFLP-based approach has been selected
because of the high-throughput characteristics of
this kind of markers. A criticism about the use of
AFLP markers as a tool for evaluating genetic
diversity is that they are unmapped markers,
which according to some studies, are clustered in
centromeric regions. However, Heun et al. (1997)
have mapped 75 AFLP loci on diploid wheat,
finding a distribution across all chromosomes and
several other authors demostrated that the large
number of polymorphisms that can be scored with
this approach can reduce the source of error
(Barrett et al. 1998; Bohn et al. 1999; Soleimani
et al. 2002; Almanza-Pinzon et al. 2003).

@ Springer

In this work, six AFLP primer pair combina-
tions were sufficient to detect 750 markers among
the 45 wheat genotypes and to univocally identify
all the genotypes. Starting from AFLP data, the
similarity matrix based on Simple Matching
coefficient was generated, giving values of the
pairwise similarity between 094 and 0.67.
Figure 3 shows the tree constructed on this matrix
using UPGMA clustering method. The relation-
ships among emmer landraces, old and modern
durum wheat genotypes widely cultivated in Italy,
lines and cultivars derived from emmer X durum
wheat crosses and hexaploid wheats are shown in
the tree. Cluster analysis underlies the higher
level of genetic diversity of emmer landraces
respect to the other tetraploid wheats. In fact, the
majority of durum wheat varieties is included in
the cluster A. The pedigree of several of these
varieties is characterized by the presence of °S.
Cappelli’ cultivar. This genotype is in fact,
directly or indirectly, present in the pedigrees of
‘Arcangelo’, ‘Capeiti’, ‘Appulo’, ‘Trinakria’, ‘Val-
nova’, ‘Fortore’, ‘Ofanto’, ‘Varano’ and ‘Duilio’.
These cultivars have been released in Italy during
the period between 1970s and 1990s as results of
CYMMIT germplasm introgression into ‘S. Capp-
elli’ and its derivatives background (Pecetti et al.
2001).

Cluster B includes the hexaploid varieties
‘Centauro’, ‘Vaiolet’, ‘Chinese Spring’ and the
hexaploid line 28P, all characterized by the A, B
and D genomes. The highest values of genetic
distance are shown by Triticum tauschii,
characterized by the D genome.

A third major cluster includes emmer geno-
types from Central and South Italy, including
‘Molise’, tightly clustered with ‘Molisana’ and
‘Potenza’ emmer landraces. ‘Leonessa’ and
‘Umbria’ local populations, whose origins are,
respectively Latium and Umbria regions, are
clustered together. Among emmer genotypes,
the highest values of genetic diversity are shown
by the two landraces ‘Garfagnana’, from Tuscany,
and ‘Abruzzo’, from Central Italy. This is in line
with the results of Barcaccia et al. (2002), who
found that ‘Garfagnana’ type was the most
differentiated from the rest of the Italian emmer
accessions studied. These authors found great
variability even within ‘Garfagnana’ landrace,
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Tauschii

Vaiolet

Gudgasaus)
il

Fig. 3 Tree constructed from AFLP data (6 primer
combinations, 750 fragments) encompassing 23 durum
wheat cultivars, 4 bread wheat genotypes, 7 emmer
landraces, 9 emmer x durum accessions, one spelta land-
race and one Triticum tauschii genotype. Ordination of
genotypes is based on Simple Matching coefficient;
UPGMA clustering. The names of Triticum durum
genotypes are written in green colour, blue for Triticum

according to Pagnotta et al. (2005) who, in a
morphological and molecular characterization of
Italian emmer accessions, have shown that ‘Gar-
fagnana’ has the highest level of within accession
variation. All these authors have underlied the
high level of genetic variation that can be found
both among and within Italian emmer popula-
tions. In the major cluster of the dendrogram is
included even the durum wheat parental ‘Simeto’,
together with the lines and varieties obtained
from the cross ‘Simeto’ x ‘Molise’: these, as
expected, are dispersed between the parentals
(indicated in the figure by arrows). The overall
results underlie the high variability that can be
found among emmer landraces and therefore
their value as an irreplaceable bank of genetically
diversified genotypes. Moreover, genetic diversity

dicoccon, red for lines and varieties obtained from
emmer x durum wheat cross, black for hexaploid wheats
and violet for Triticum tauschii. Each emmer landrace is
associated with a number: the same number on the map of
Italy appoints the location of the collection site for this
specific landrace. The two parents of all the lines and
varieties derived from emmer X durum wheat cross used in
this work are indicated with arrows

of Italian emmer populations in comparison with
a wide collection of Triticum turgidum accessions
from several countries has been evaluated
with RFLP and SSR markers by Figliuolo and
Perrino (2004). These authors found that the
emmer germplam from Italy, showing high values
of genetic distances, appear to belong to a
primitive genepool. Therefore, the high level of
genetic variability, together with the peculiar
traits of emmer, make Italian landraces a valuable
starting point not only for the release of emmer
varieties selected from landraces, but even for
broadening the genetic base of tetraploid wheat
breeding germplasm through emmer X durum
wheat interspecific crosses. Moreover, after an
extensive characterization of the HMW glutenin
subunit variations among 205 cultivated emmer
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accessions, Li et al. (2006) have concluded that
emmer is expected to be a valuable genetic resource
for quality improvement even of cultivated hexa-
ploid wheat.
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