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ABSTRACT

In the current climate change scenarios, the choice of seed sources is one of the main factors affecting the establishment and productivity
of plantations of forest trees. Juglans regia L. (walnut) is one of the more valuable hardwood species since it could provide high quality
timber and fruits. The aim of this study was to search peculiar Italian walnut provenances as putative biodiversity sources for seed
orchards and to establish new hardwood plantations. A multidisciplinary approach, integrating molecular markers (ISSR), seed
morphological traits (equatorial and polar diameter, shape, dry weight) and fruit composition (total oil, fatty acids, tocopherol) was
applied to analyze samples collected in ten sites (three in Campania and seven in Abruzzo regions) and samples of four varieties (two
from Southern and two from Northern Italy). Eleven selected ISSR primers exhibited a strong ability to discriminate walnut provenances.
The Principal Coordinate Analysis performed on the ®pr values divided all germplasm in four distinct groups. The genotyping results
were partially confirmed by the morphological and biochemical analysis of fruits. Two walnut provenances, the first from a hilly plateau
in Campania region and the second from mountainous zone of Abruzzo, shown to be different both for genetic, morphological and
biochemical characters, and can be considered promising source of seed for nurseries and hardwood plantations.
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Abbreviations: AMOVA, analysis of molecular variance; ISSR, inter simple sequence repeat; MANOVA, multivariate analysis of
variance; MSWP, mean of square deviations within population; PCR, polymerase chain reaction; PUFA(s), polyunsaturated fatty acid(s);
RAPD, random amplified polymorphic DNA; RFLP, restriction-fragment length polymorphisms; SSR, simple sequence repeat; UPOV,
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INTRODUCTION

In European countries as well as in the other countries
having forestry resources, great attention is devoted to seed
orchard collections as valuable tools for biodiversity con-
servation, and for the diffusion of high quality biological
material. During the last ten years new attention was given
to human and environmental safety, eco-sustainable deve-
lopment and protection of the natural resources and, conse-
quently, there was an increasing awareness by consumers
that the use of tropical timbers may contribute to defores-
tation, resulting in a reluctance to buy them. There are,
therefore, good reasons to believe that valuable, decorative
temperate hardwoods are likely to be in much greater de-
mand as tropical supplies decline (Hemery et al. 2005). The
choice of seed sources is one of the main factors affecting
the establishment and productivity of plantations of forest
trees. According to Callaham (1964), besides appropriate
silvicultural managements, good fruit production can be
mainly obtained using selected cultivar or/and varieties,
whereas the identification of suitable seed source is one of
the critical point for high quality wood production. Indeed,
taking into account the climate change scenarios, from
rising temperature and CO,, to large scale stochastic events
such as increased incidences of fire, drought, flood (fre-
quency and severity) and increase of pests and pathogens
(distribution and impact), the choice of seed source may be
crucial for the success of future plantations (Hemery 2008).
Since the second edition of State of the World’s Forests
(FAO 1997), it was stated that in order to avoid serious
problems, it will be useful to acquire information of which
seed sources are available, what they were selected for,

where they were collected and the ecological conditions
prevailing in these areas. Provenance research provides a
sound basis for the selection of seed sources and refers to
the geographical origin of seeds or trees (Callaham 1964).
Nevertheless the current lack of detailed distribution and
abundance data for the valuable broadleaved tree species in
Europe is relevant.

Among the noble hardwood temperate species Juglans
regia (Common walnut or Persian walnut) is one of the
more valuable since it can provide high quality timber and
valuable nuts in a range of latitudes and altitudes (Hemery
et al. 2005). In Italy, J. regia is a naturalized species living
from Alps to Sicily at different altitudes, from sea level to
over 1500 m elevation. Even if is still debated the walnut
survival during the last glaciation era in Balkans and in
Italy (Huntley and Birks 1983), the increased finding of
walnut pollens allocated to Greek and Roman civilization
periods demonstrate the long cultivation experienced by this
species. Furthermore, it is also debated if walnut survived
the last glaciation era in Balkans and in Italy (Huntley and
Birks 1983). Due to this historical tradition and the wide
distribution of the species, walnut provenances, naturally
selected and adapted to different environments, can be
abundant in Italy and represent a valuable source of seeds.
However, although J. regia is well-known and accepted by
farmers and policy makers, compared to other multipurpose
tree species walnut is not valorised at the same level, so that
in some locations the walnut cultures are still progressively
suppressed. In the light of these situations, it is a logical
consequence that some local and traditional varieties or pro-
venances were neglected.

The differentiation and characterization of walnut vari-
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eties, as for the other multipurpose species, have been
carried out on the basis of morphological and physiological
description and in according to the geographical origin
(McGranahan and Leslie 1991; UPOV 1999). However, the
above characters are often strongly affected by environmen-
tal conditions. This limitation had stimulated the develop-
ment of molecular techniques for detecting DNA polymor-
phism in walnut species. Biochemical markers as isoen-
zymes (Solar et al. 1994; Fornari et al. 1999) and molecular
markers as restriction fragment length polymorphisms
(RFLP) (Fjellstrom and Parfitt 1994), random amplified
polymorphic DNA (RAPD) (Abuin et al. 2002), inter sim-
ple sequence repeat (ISSR) (Potter et al. 2002; Pollegioni et
al. 2003) and simple sequence repeat (SSR) (Dangl et al.
2005; Pollegioni et al. 2009) have been useful tools for
genetic evaluation of natural and semi-natural populations,
cultivars as well as varieties in J. regia. ISSR markers offer
some advantages: the procedure requires no prior sequence
information of locus, being based on polymerase chain
reaction (PCR) amplification using random primers com-
posed of simple sequence repeats units (Zietkiewicz et al.
1994). The procedure is relatively cheap and less time con-
suming compared to SSR, with higher reproducibility and
polymorphism compared to RAPD markers.

The high lipid content in walnut fruit had relevance as
source of carbon and energy during germination and seed-
ling growth (Chenevard et al. 1994). During seed germina-
tion and seedling development, lipids stored in oil bodies
are broken down into fatty acids through the action of
lipases. Fatty acids are then B-oxidized by enzymes in per-
oxisomes. Fatty acid B-oxidation provides carbon for suc-
rose synthesis in the cytosol and also substrates for energy
production in mitochondria (Eastmond and Graham 2001).
Other studies describe the oil content in walnut fruits mainly
in relationship to nutritional and healthy value. Indeed, wal-
nut fruits are rich in -6 (linoleic acid) and ®-3 (linolenic
acid) essential polyunsaturated fatty acids (PUFAs), those
cannot be produced in the human body and must be taken
up through food (Zwarts et al. 1999; Caglarirmak 2003;
Amaral ef al. 2003). In both aspects, germination and human
nutrition, important role have the presence in the seeds of
antioxidant compounds. Walnut fruits exhibit greater total
antioxidant capacity then other nuts (Kornsteiner et al.
2006) and in particular walnut contains significant amounts
of tocopherols, mainly y-tocopherol as the dominant isomer
(Lavedrine et al. 1997; Kornsteiner et al. 2006), which has

an antioxidant protective function of lipid matrix for both
seed germination and consumers (Verardo et al. 2009).

In order to improve the knowledge of the J. regia spe-
cies and draw attention of the scientific community and
consumers to the revaluation of the natural biodiversity
resources, the aim of this study has been the identification
of peculiar Italian walnut provenances, naturally adapted to
different environment conditions, as putative sources for
seed orchards and to establish new hardwood plantations. A
multidisciplinary approach, integrating molecular markers
(ISSR), morphological and biochemical traits of fruits, was
developed to evaluate the ability for discrimination between
Italian walnut provenances.

MATERIALS AND METHODS
Plant material

Walnut trees in Italy are present throughout the peninsula as the
species is well adapted to the temperate pedologic and climatic
condition of the country. ‘Sorrento’ is the most famous Italian wal-
nut variety and growth mainly, such as the ‘Malizia’ variety, in the
Campania region (South Italy); The ‘Bleggiana’ and ‘Feltrina’
varieties grow in two different Northern Italian regions (Trentino
and Veneto respectively). The Italian varieties should be con-
sidered as landraces rather than clonal cultivars. Indeed, they
group genotypes having certain genetic integrity and are morpho-
logically recognizable (Foroni et al. 2005). In addition, distinctive
groups of different walnut genotypes, used especially in the past
for local production and consume of the fruits, are still present and
distributed in rural Italian areas. These walnut groups are
genetically and morphologically variable, and can be considered
ad possible sources of conserved biodiversity. The word ‘prove-
nance’ is normally used to define each group of walnut genotypes
and we use it in this paper.

For the present study, the germplasm was sampled in Cam-
pania and Abruzzo, two Italian regions in which walnut is trad-
itionally cultivated from centuries in plots, private gardens and to
delimitate fields or roads. The collection localities had different
ecological and geographical conditions. The description of the
provenances, localities and the number of samples are reported in
Table 1.

According to the appropriate seasons, young leaves and
mature fruits were collected directly from the crown of adult wal-
nut trees. Leaves from 276 plants for DNA analysis, fruits from a
sub-set of 130 trees (13 per provenance) for morphological and

Table 1 Walnut genotypes investigated, their location with ecological and geographical parameters in Italy.

Provenance Soil Annual temp. Annual Longitude Latitude (°N) Altitude (m) Trees sampled
Variety (°C) rainfall (mm) (°E) (n)
Trescine® Limestone-pyroclastic 15.8 1137 14°50' 40°42' 280 30' 13’
Mesanole® Limestone-pyroclastic 14.8 567.3 14°40' 41°03' 284 16 13
Montella® Limestone-pyroclastic 12.8 1341.3 15°00’ 40°48' 670 33 13
Prat. Peligna® Calcaric 13.7 615 13°51' 41°08’ 330 25 13
Valle Corvo® Calcaric 13.7 615 13°50' 42°03’ 430 17 13
Con. Chiuse” Calcaric 13.7 615 13°51' 42°01’ 500 52 13
Navelli® Limestone 13.7 615 13°45' 42°12' 685 33 13
Vill. Barrea® Calcaric 7.8 1520 13°47' 41°47' 1000 22 13
C. Alfedena® Calcaric 7.8 1520 14°01' 41°45' 1100 17 13
Pescasseroli® Carbonatic with angular clasts 7.8 1520 13°46' 41°49' 1200 31 13
‘Sorrento’™" Slime sandy 16.0 840 14°48' 40°55' 0-100 20 15
‘Malizia**f Slime sandy 16.0 840 14°48’ 40°55' 0-100 20 15
‘Feltrina’f Calcaric phacozem 13.0 1520 11°53' 46°01' 320-500 20 15
‘Bleggiana™" Limestone-alluvial 9.6 1083 10°50’ 46°02' 495-650 20 15
CNR-IBAF®" Vulcanic 12.5 880 12°02' 42°40' 550

* Campania Region, Southern Italy

® Abruzzo Region, Central Italy, Sulmona district

© Abruzzo Region, Central Italy, inside the Abruzzo National Park
4 Veneto Region, Northern Italy

° Trentino Region, Northern Italy

Mtalian model varieties description of native area

¢Umbria Region, Central Italy

" Description of CNR-IBAF Repository

' Column gives number of trees sampled for each provenance and variety analysed for ISSR markers
JColumn gives number of trees on which fruits were sampled for morphological and biochemical analyses
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Table 2 ISSR primers used and polymorphism in 356 walnut genotypes including samples of Italian model varieties.

Primer name Sequence (5'- 3") Annealing Number total bands  Polymorphic bands  Size range (bp)
temperature (°C) (%)
UBC-807 AGAGAGAGAGAGAGAGT 55.0 14 57.1 246-1168.5
UBC-810 GAGAGAGAGAGAGAGAT 55.0 12 58.3 467.4-1476
UBC-811 GAGAGAGAGAGAGAGAC 52.0 12 75.0 360-1629.8
UBC-834 AGAGAGAGAGAGAGAGYT 55.0 13 92.3 430.9-1599
UBC-836 AGAGAGAGAGAGAGAGYA 55.0 13 61.5 381.3-1660
UBC-841 GAGAGAGAGAGAGAGAYC 54.0 14 71.4 246-1537.5
UBC-856 ACACACACACACACACYA 54.0 12 75.0 351.4-1968
UBC-888 BDBCACACACACACACA 59.1 9 71.7 430.5-1199.2
UBC-889 DBDACACACACACACAC 59.8 12 58.3 430.5-1230
UBC-890 VHVGTGTGTGTGTGTGT 58.0 14 85.7 338.86-1476
UBC-891 HVHTGTGTGTGTGTGT 58.0 9 100.0 405.9-1291.5
134 73.8

Y=(C,T);V=(ACG;H=(ACT):;D=(AGT);B=(C,GT)

biochemical studies were sampled. Several reasons caused the dis-
crepancy in the number of samples: mainly the absence of fruit
production for some trees, but also the sudden sawing of some
trees during the summer. In addition, 80 genotypes of four tradi-
tional walnut varieties, ‘Bleggiana’, ‘Feltrina’, ‘Malizia’ and ‘Sor-
rento’ were included in the study for comparison. These genotypes,
already analysed by molecular markers (Pollegioni et al. 2003),
are conserved in the repository of the CNR-IBAF, established in
winter 1995 with seeds derived from the native area of each vari-
ety: ‘Sorrento’ and ‘Malizia’ from Nola (Campania); ‘Bleggiana’
from Bleggio valley (Trentino) and ‘Feltrina’ from Feltre (Veneto).
Mature fruits were sampled directly from the crown of 15 trees for
each variety; a total of 60 genotypes were evaluated for quantita-
tive traits.

Leaves were immediately frozen in liquid nitrogen and then
stored at —80°C while the fruits were conserved in open air for
three weeks and then stored at +4°C until the analyses. Totally 356
plants were analysed by ISSR markers and 190 were evaluated for
morphological and biochemical characters.

DNA extraction

The leaf tissues were powdered in a mortar under liquid nitrogen,
then genomic DNA was extracted according to Doyle and Doyle
protocol (1987) properly modified for J. regia species (Pollegioni
et al. 2003) and stored at —20°C. DNA quantity were assessed by
comparing all samples against six standardized solutions of phage
A DNA (15, 31, 63, 125, 250, 500 ng/uL; Life Technologies), in a
1% agarose gel stained with ethidium bromide and visualized with
UV light. The DNA in the samples was brought to a working con-
centration of 5 ng/pL.

ISSR analysis

Eleven ISSR primers (University of British Columbia series), pre-
viously selected for the efficiency discrimination of J. regia vari-
eties (Pollegioni ez al. 2003), were chosen and amplified in all the
356 genotypes (Table 2). Polymerase chain reaction (PCR) was
done in 12.5 pL of reaction volume containing 20 ng DNA tem-
plate in 10 mM Tris-HCI (pH 8.0), 50 mM KCl, 1.5 mM MgCl,
reaction buffer, 200 uM dNTP (each), 0.4 uM ISSR primer, 100
pg/mL BSA (final concentrations) and 0.4 U of Tag polymerase
(Roche Applied Science). For primers UBC-888, UBC-889, UBC-
890 and UBC-891 an additional amount of formamide was used
(2.5% final concentration). Reactions were performed in a
GeneAmp 9700 PCR (Applied Biosystems) apparatus according to
the following procedure: initial denaturation at 94°C for 7 min, 45
cycles with denaturation at 94°C for 30 sec, annealing at 50-52°C
for 45 sec (depending on the primer), extension at 72°C for 2 min,
and a final extension step at 72°C for 7 min. The amplified frag-
ments were separated by electrophoresis, on a 2.0% agarose gel, in
0.5X TBE buffer (pH 8.0), stained with ethidium bromide and
visualised under UV light.
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Oil extraction

The mature walnut fruits were deshelled and the kernel dehydrated
by freeze-dry. The kernels were powdered in a porcelain mortar
and mixed with hexane (1.5 mL/g tissue). The solution was ener-
getically shaken for 30 min. The extract was then centrifuged (Sor-
vall rotor HB4) at 7000 rpm for 20 min and the upper-liquid col-
lected. The extraction procedure was repeated on the sediment for
three times. The hexane was evaporated in nitrogen flow until con-
stant volume and weight, to have the pure oil fraction. An aliquot
of pure oil (20 pL) was hydrolysed in 1 mL of 1% NaOH in
MeOH, at 80°C for 60 min. The solution dried under vacuum and
the residue was dissolved in 2 mL of H,O plus 0.3 mL of 1 N
H,SO,, and then energetically shaken. The fatty acids, dissolved in
1 mL of hexane, were analysed by the qualitative and quantitative
HPLC system.

Analysis of fatty acid

The fatty acids were separated and quantified by HPLC system
(Jasco Trirotar VI pump, Jasco UV-975 detector) using a Merck
Purospher RP-18 endcapped (250 x 4 mm) column eluted with
acetonitrile: isopropanol: water (50: 30: 20, 1 mL/min) for 20 min
at 18°C. Finally, to check the total hydrolysis of oil, the column
was then eluted for 10 min with acetonitrile: isopropanol: water
(50: 45: 5, 1 mL/min). Data at 210 nm wavelength, using UV-975
detector, were recorded, integrated and elaborated by Borwin soft-
ware program (JMBS Developpements).

Tocopherol analysis

The a, v, and d-tocopherol isomers were separated (when present)
by HPLC system using the Jasco Tritotar III pump and Jasco Uvi-
dec detector. Five-10 pL of extracted pure oil were loaded into a
Merck Chromolith RP-18e column (100 x 4.6 mm), and eluted
with 1.5 mL/min MeOH 95%. The data at 280 nm were acquired
and elaborated by the Borwin software system.

Morphological analysis

In order to estimate differences in the fruit shapes, the UPOV
(1999) guidelines for distinctness and uniformity were followed.
The measured nut length (polar diameter), nut thickness (equa-
torial diameter), the fruit shape, or index of roundness (calculated
by diameters ratio), the nut weight were the descriptive morpholo-
gical traits here considered.

Data analysis

Only repeatable ISSR bands, obtained by two independent ampli-
fications were considered, whereas differences in intensity were
not taken in account. The bands were scored on the basis of their
presence (1) or absence (0). Analysis of Molecular Variance
(AMOVA) was carried out in order to establish the relative
percentage of variance displayed among and within provenances.
AMOVA permitted to quantify the genetic differentiation among
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Table 3 Comparison of the genetic differentiation of provenances and model varieties using Population ®pr value based on 134 total ISSR markers
amplified in 356 walnut genotypes. @pr values are below the diagonals, the significance of test for each comparison, based on 1000 permutations, above

diagonals.
1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
2 0.319 - 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
3 0.322 0.058 - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
4 0.128 0.282 0.251 - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
5 0.289 0.196 0.207 0.265 - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
6 0.184 0.201 0.180 0.140 0.116 - 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
7 0.226 0.140 0.147 0.209 0.089 0.063 - 0.001 0.001 0.001 0.001 0.001 0.001 0.001
8 0.205 0.203 0.181 0.172 0.230 0.131 0.156 - 0.002 0.001 0.001 0.001 0.001 0.001
9 0.178 0.194 0.160 0.136 0.222 0.123 0.161 0.053 - 0.001 0.001 0.001 0.001 0.001
10 0.279 0.213 0.195 0.230 0.222 0.111 0.148 0.133 0.142 - 0.158 0.001 0.001 0.001
1 0.274 0.203 0.197 0.226 0.232 0.138 0.152 0.126 0.121 0.012 - 0.001 0.001 0.001
12 0.298 0.229 0.229 0.244 0.249 0.162 0.193 0.163 0.154 0.096 0.080 - 0.001 0.001
13 0.257 0.213 0.205 0.209 0.206 0.111 0.148 0.147 0.146 0.040 0.060 0.042 - 0.009
14 0.276 0.192 0.189 0.214 0.205 0.124 0.154 0.159 0.164 0.061 0.092 0.056 0.013 -

(1) ‘Bleggiana’; (2) ‘Sorrento’; (3) ‘Malizia’; (4) ‘Feltrina’; (5) Mesanole; (6) Montella; (7) Trescine; (8) Pescasseroli; (9) Civitella Alfedena; (10) Villetta Barrea; (11) Valle

Corvo; (12) Pratola Peligna; (13) Contrada Chiuse; (14) Navelli

groups using the Population PhiPT value (®pr) (Excoffier et al.
1992). AMOVA calculates the analysis of variance on the matrix
of the squared distances between all possible pairs of samples
[6%4]. In a multidimensional space (3; 2 8% /2N) it is equal to the
sum of the squared deviations (SSD) of the samples from the cen-
troid, that is the point having as coordinates the averages of the
variables ®py value, analogous to F index (Peakall and Smouse
2006). AMOVA was deliberately studied to analyse the genetic
diversity by dominant markers. It corresponds to the ratio of the
variance among groups and the total variance. Permuting the ori-
ginal data, e.g. 1000 times, ®py tests both the significance of the
different variance components and of the ®py values. To display
the relative genetic distances among the groups in a bi-dimensio-
nal plot, the Analysis of Principal Coordinates (PcoorA) was con-
ducted on the matrix of ®py values using NTSYS-pc V2.1 soft-
ware (Rohlf 2001).

Analysis of variance (ANOVA) for morphological and bioche-

mical data was performed using XLStatistics software (Carr 2008).

In addition, Canonical Variates Analysis (CVA) was used to study
the variation among groups of variables relative to the average
variation found within the groups. The CVA is a multivariate tech-
nique which is concerned to determining the relationship between
groups of variables in a data set. This analysis can be applied to
carry out a single classification Multivariate Analysis of Variance
(MANOVA). This procedure permits the computation of the Euc-
lidean distances between all pairs of. Moreover, as already applied
in walnut (Malvolti et al. 1994), Castanea sativa (Pigliucci et al.
1990, 1991), oak (Kleinschimit ez al. 1995; Ramirez-Valiente et al.
2009), Nothofagus alessandrii (Torres-Diaz et al. 2007) and in
crop species as safflower (Amini et al. 2008), the statistical cor-
relation among morphological, biochemical traits and genetic
polymorphism was studied using the nonparametric multivariate
Mantel’s test (Mantel 1967). The Mantel’s test calculates a coef-
ficient of correlation between the PhiPT genetic distance (ISSR
markers) and each Euclidean distance matrices (morphological
and biochemical traits) and tests the significance by randomly
permuting rows and columns of a matrix, while keeping the other
constant. This randomization process produces an empirical dis-
tribution of the matrix correlation coefficient that is evaluated
against the observed one (Pigliucci et al. 1991; Malvolti et al.
1994). Pearson’s correlation coefficient (r) was calculated among
quantitative characters. Statistical calculations were carried out by
GenAlEx 6 software (Peakall and Smouse 2006), NTSYS-pc V2.1
software (Rohlf 2001), and XLStatistics software (Carr 2008).

RESULTS
DNA fingerprinting
The selected eleven ISSR primers amplified in all 356 sam-

ples, producing fragments of variable sizes (Table 2). A
total of 134 bands were detected, an average of 12.2 per pri-
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Civ. Alvedena
Montella
Con. Chiuse
Pescasseroli
Malizia
Vill. Barrea
Pra. Peligna
Valle Corvo
Trescine
Feltrina
Navelli
Bleggiana
Sorrento

Mesanole

11
MSWP

Fig. 1 Mean of Square deviations Within Population (MSWP) in each
J. regia provenance and model Italian varieties. AMOVA analysis com-
puted on the basis of 134 total ISSR markers. Dotted line and grey vertical
area indicate the MSWP mean + SD (10.67 £ 0.25) through all genotypes.

mer, ranging from 9 for UBC-888 and UBC-891 to 14 for
UBC-807, UBC-841 and UBC-890. These scored fragments
accounted for 73.8% of polymorphisms with a minimum
value of 57.1% for UBC-807 primer and a maximum value
of 100% for UBC-891 primer.

In order to quantify the genetic diversity among Italian
model varieties and provenances, the pairwise values of
Population PhiPT index (®pr) were computed by the
AMOVA analysis (Table 3). The greatest inter-population
distance detected was between ‘Malizia’ (3) and ‘Bleggiana’
(1) varieties (®pr = 0.322) and between Pratola Peligna (12)
and Mesanole (5) provenances (®pr = 0.249). Low ®py val-
ues were detected between Sulmona district provenaces, but
the lowest genetic differentiation, statistically non signifi-
cant, was measured between Valle Corvo (11) and Villetta
Barrea (10) provenances (®pr 0.012, p 0.158). The
AMOVA analysis based on 134 ISSR markers attributed
16.4% of the molecular variance among groups and 83.6%
within groups using the ®py — statistics (Table 4). As shown
in Fig. 1, Civitella Alfedena provenance was characterized
by the highest molecular variance (MSWP = 12.81), where-
as Mesanole (MSWP = 9.38) and two Italian model vari-
eties, ‘Sorrento’ (MSWP = 9.62) and ‘Bleggiana’ (MSWP =
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Fig. 2 Principal Coordinate Analysis of provenances and model varieties based on Population ®pr values using 134 total ISSR markers. Trees
from Campania region (4), and from Sulmona district (®) and National Park of Abruzzo (m) compared with Northern (V) and Southern (+) Italian model

varieties.

Table 4 Summary of Analysis of Variance for genetic markers (AMOVA),
morphological and biochemical traits (MANOVA) in walnut genotypes,
Italy.

AMOVA @,y Statistic
df Est. Var®  F-stat P-level

Among populations 13 2.127 0.1636 0.001
Within populations 342 10.869

MANOVA Wilk’s Lambda Statistic

(morphological traits) df Est. Var® F-stat P-level
Among populations 9 3.19702  51.399 <0.001
Within populations 432 13.190

MANOVA Wilk’s Lambda Statistic

(biochemical traits) df Est. Var® F-stat P-level
Among populations 36 4.2217 13.596 <0.001
Within populations 753 4228.50

“Est. Var = Estimated Variance

9.78), were genetically more homogeneous.

The Principal Coordinate Analysis performed on the
Opr values, on the basis of 134 amplified ISSR bands, dis-
played the relative genetic distances of the provenances
(Fig. 2). In a bi-dimensional plot the first and the second
principal coordinates, which accounted for 43.35 and
31.72% of the variance, respectively, separated the collected
walnut germplasm into four distinct groups (Fig. 3). The
first cluster clearly included the four provenances collected
in the Sulmona area (Pratola Peligna, Valle Corvo, Contrada
Chiuse and Navelli) and one of three provenances from
Abruzzo National Park (Villetta Barrea). Two out of the
three provenances of the Campania region (Trescine and
Mesanole) and Southern Italian varieties (‘Sorrento’ and
‘Malizia’) were in a close group, revealing a definite gene-
tic distinctness from the Northern Italian varieties (‘Bleg-
giana’ and ‘Feltrina’). The remaining provenances, one
from Campania region (Montella) and two from Abruzzo
National Park (Pescasseroli and Civitella Alfedena) were
not included in the above three groups, but were placed in
the centre of the plot. The third coordinate accounted for
17.15% of the variance and discriminates the provenance
Montella from Pescasseroli and Civitella Alfedena.
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Morphological traits

The morphological traits of the fruits are reported in Table
5. The dry weight of the kernels ranged from 6.72 + 0.88 g
for Pescasseroli to 11.48 + 0.92 g for Southern model
variety ‘Malizia’. The Northern model variety ‘Bleggiana’
and Pescasseroli provenance showed small fruit size and
weight values but with a high intra-individual weight varia-
bility (6.73 + 1.44 g). From equatorial and polar diameters
the ratio was calculated to obtain an indication of the fruit
shape (Table 5). This character divided all provenances and
the model varieties in three distinct groups. The first group
included fruits of Northern model variety ‘Feltrina’; nuts
collected in Sulmona area (Pratola Peligna, Valle Corvo,
Contrada Chiuse and Navelli) and in Villetta Barrea site
(Abruzzo National Park) exhibited an oblong ovate shape
(ratio ranging from 0.936 to 0.881). The second group clus-
tered ‘Bleggiana’ variety, Civitella Alfedena and Pescas-
seroli provenances (Abruzzo National Park) showing roun-
dish fruits (ratio from 0.869 to 0.861). Montella, Mesanole,

Trescine provenances and the two Southern model varieties,
‘Sorrento’ and ‘Malizia’, all from Campania region were
characterized by oblong elliptic fruits (ratio from 0.825 to
0.766) and formed the third group.

The analysis of variance for dry weight, equatorial and
polar diameters per nut is shown in Table 6; significant dif-
ferences were found for all these characters (p < 0.01). The
MANOVA analysis of morphological data attributed
19.54% of variance among groups and 80.46% within
groups, congruent with AMOVA values obtained for genetic
ISSR markers (Table 4). Mantel test detected low, but sig-
nificant, statistical correlation between ISSR and morpholo-
gical data (r = 0.48, p = 0.004).

Biochemical traits

Oil, fatty acids and tocopherol were measured in kernels of
a subset (190) of walnut genotypes. Data of oil, oleic acid,
linoleic acid (), linolenic acid (®;) and y-tocopherol were
reported in Table 7. The analysis of variance (Table 6) indi-

Table 5 Morphological traits of fruits measured for a subset of 190 walnut genotypes from the provenances and model varieties (mean + SD).

Provenance Equatorial diameter (mm)  Polar diameter (mm) Fruit shape” Dry weight (g)
Prat. Peligna 27.80 +1.59 31.53+£2.89 0.8816 7.63+1.11
Valle Corvo 30.31£1.58 32.97+2.01 0.9193 9.83+1.3
Con. Chiuse 29.10 £ 2.06 31.75+£2.37 0.9165 898+1.9
Navelli 29.43+2.92 3343+2.17 0.8829 10.11 £ 1.14
Vill. Barrea 28.76 £2.73 30.72+£2.28 0.9361 7.97+1.34
C.Alfedena 28.23 +0.99 32.77+£2.41 0.8614 8.92+0.74
Pescasseroli 26.84+1.3 31.29+2.17 0.8652 6.72 +0.88
‘Bleggiana’ 26.50 £2.49 30.50 +2.06 0.8698 6.73 +1.44
‘Feltrina’ 28.60 +1.38 32.73 +4.58 0.8871 747 +1.40
‘Sorrento’ 32.57+£2.06 41.82+2.11 0.7804 10.56 + 1.49
‘Malizia’ 31.07+1.63 40.96 £4.13 0.7660 11.48 £0.92
Trescine 29.18+ 1.6 35.62+3.23 0.8230 9.39 +1.46
Mesanole 28.60 £ 1.41 36.62+2.16 0.7910 9.63 £ 1.06
Montella 30.61 £2.19 37.21+2.89 0.8250 9.51+1.75
Mean value 29.11+1.63 34.28 + 3.66 0.857 +0.05 8.92+1.43

* Equatorial / Polar ratio

Table 6 Analysis of variance for morphological and biochemical traits of walnut fruit measured for a subset of 190 genotypes from provenances and

model varieties.

Mean square (morphological traits)

Source df Dry weight Equatorial diameter Polar diameter
Group 13 32.263 45.003 232.731
176
error 1.842 3.427 7.340
P-value 1.75E-25 5.55E-20 2.35E-39
Mean square (biochemical traits)
Source df Total oil ®3 Acid 6 Acid Oleic acid y-Tocopherol
Group 13 136.012 54.063 123.635%* 220.082 0.297
176
error 17.170 9.569 18.000 23.335 0.011
P-value 2.42E-12 1.38E-0.8 1.24E-10 1.07E-14 2.20E-34

* df for single provenances and for total genotypes

Table 7 Biochemical traits of fruits for a subset of 190 walnut tree genotypes from the provenances and the model varieties (mean + SD).

Provenance y-Tocopherol (ng/mg oil)  Total oil (% dry weight) @3 Acid (%) 6 Acid (%) Oleic acid (%)
Prat. Peligna 0.62+0.11 54.95+4.35 15.93 £2.26 60.56 +5.15 23.50+£4.36
Valle Corvo 0.58 +0.13 52.09 +7.55 16.67 +3.38 64.33 +3.56 18.99 +5.57
Con. Chiuse 0.55+0.09 54.46+3.73 15.11 £2.54 62.69 +£4.23 22.19+443
Navelli 0.57 +0.06 52.01 +3.39 16.40 +£2.93 61.80 +3.32 21.79 +£4.37
Vill. Barrea 0.58 +0.07 54.12+3.92 17.95+3.20 59.47 +3.68 22.56 +£4.10
C. Alfedena 0.50+0.06 53.35+4.43 16.94 £ 1.55 62.95+4.14 20.10 £4.52
Pescasseroli 0.59+0.11 53.49+3.18 17.91 £2.68 60.16 + 3.00 2191 +£3.13
‘Bleggiana’ 0.54+0.12 55.35+4.94 14.44 +3.37 57.42+6.33 27.80 +£8.24
‘Feltrina’ 0.63+0.13 53.38+1.80 15.58 +£2.64 60.53 +7.03 23.87+9.35
‘Sorrento’ 0.89+0.01 61.05+3.19 19.43 +£3.43 62.42 +3.79 17.62 +2.46
‘Malizia’ 0.89 +0.01 58.66 +1.52 20.65+3.16 62.47+3.12 16.59 +1.82
Trescine 0.81+0.11 60.70 + 4.82 19.99 +£4.28 64.85+2.19 15.15+4.40
Mesanole 0.81+0.14 57.53+5.95 17.98 +2.87 66.27 +5.23 15.73 +£5.76
Montella 0.82+0.21 52.42+4.24 16.52 +3.27 69.15 +4.69 14.31 +£5.90
Mean value 0.67+0.14 55.25+3.04 17.25+1.83 62.51 £2.98 20.15+3.90
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Table 8 Pearson’s coefficient calculated among morphological and biochemical traits of walnut fruits of 190 genotypes from provenances and model

varieties.

Component 1 2 3 4 5 6 7 8

1 - Eq. diameter

2 - Polar diameter 0.83%**

3 - Dry weight 0.86%* 0.80**

4 - Shape -0.46 ™ -0.86%* -0.54%

5 - y-tocopherol 0.68** 0.91%* 0.62%* -0.86**

6 - ®3-Acid 0.51™ 0.70** 0.57* -0.66%* 0.72%*

7 - 06-Acid 0.53* 0.51™ 0.58* -0.40™ 0.53* 0.25™

8 - Oleic acid -0.67** -0.75%* -0.73** 0.64* -0.77** -0.67** -0.88%**

9 - Total oil 0.38™ 0.65* 0.38™ -0.71%* 0.73** 0.71** 0.07™ -0.41™

* indicates significance at P < 0.05
** indicates significance at P <0.01
"™ no significance

cated large significant differences among groups for all
these biochemical traits of fruit (p <0.01).

The oil content per kernel dry weight ranged between
52.01% for Navelli provenance to 61.05% for ‘Sorrento’
variety. The composition of fatty acids, stored in the seeds
as triglyceride esters, revealed that the oleic and g acids
content varied from 14.31% (Montella) to 27.80% (‘Bleg-
giana’) and from 57.42% (‘Bleggiana’) to 69.15% (Mon-
tella), respectively. The provenance Trescine (19.99 + 4.28)
and the varieties ‘Sorrento’ (19.43 + 3.43) and ‘Malizia’
(20.65 + 3.16) genotypes, all growing in Southern Italy,
produced nuts with the highest percent levels of w; acid
(Table 7).

The y-tocopherol content accounted for over 90% of
total tocopherols in kernel oils. The highest tocopherol con-
centration was found in ‘Sorrento’ (0.895 + 0.008 pg/mg)
and ‘Malizia’ (0.891 + 0.008 pg/mg) varieties, whereas the
lowest levels were measured in the provenance Civitella
Alfedena (0.506 £ 0.06 pg/mg) and ‘Bleggiana’ variety
(0.546 £ 0.12 pg/mg) (Table 7).

The MANOVA analysis of biochemical data (Table 4)
attributed 0.06% of variance among and 99.94% within the
groups. These results can be, at least partially, expected
considering the high standard deviation values within each
provenance and variety. Furthermore, relative biochemical
homogeneity was observed between the provenances col-
lected inside a region, either for Abruzzo and Campania.
Mantel’s test, based on ®p value and Euclidean distance was
performed to test a possible correlation among genetic mar-
kers and biochemical traits. It showed a weak but signi-
ficant statistical correlation between ISSR markers and bio-
chemical traits (r = 0.39; p = 0.008), whereas the correlation
computed on the averaged distances (Euclidean distances)
based on morphological and biochemical data showed
strong significance (r = 0.70, p=0.001). Pearson’s correla-
tion coefficients between morphological traits and bioche-
mical components were given in Table 8. In general, a
negative coefficient between nut shape and some biochemi-
cal traits (y-tocopherol, linolenic acid, total oil) were found.
In particular, the y-tocopherol component was negatively
correlated with shape of fruit (r = -0.86; p < 0.01) and with
oleic acid (r = -0.77; p < 0.01) and positively correlated
with linolenic (r = 0.73; p < 0.01) and linoleic acid ((r =
0.53; p < 0.05) (Table 8). Nevertheless, these correlation
values between y-tocopherol, nut shape and fatty acids may
be biased by the clustering of provenances and model vari-
eties in two distinct groups as shown in Fig. 3A and 3B.

DISCUSSION

The tested 11 ISSR primers, in consequence of their high
sequence variability, exhibited a strong ability to discrimi-
nate inside the walnut provenances and the four Italian
varieties, even if the detected polymorphism level (73.8%)
was lower than the values of 95.9% and 100% observed in
Prunus (Gouldo et al. 2001) and Olea europea (Hess et al.
2000), respectively. However, the degree of polymorphism
(73.8%) computed in this study was higher than 57% and
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65.7% previously reported for J. regia cultivars (Potter ef al.
2002; Pollegioni ef al. 2003).

Molecular markers divided all germplasm in four dis-
tinct groups. Two of three Campania region provenances
(Trescine and Mesanole) showed high genetic closeness
with the two Southern Italian model varieties (‘Sorrento’
and ‘Malizia’) both originated in the Sorrentina peninsula.
The morphological and biochemical parameters of fruits
were also relatively similar. The Southern model varieties
were famous for their quality of fruits with oblong elliptic
shape (ratio of equatorial/polar diameters: 0.75-0.78), high
dry weight of kernel and elevated amount of total lipids
(55-65% of dry weight), the major fatty acids of the Sou-
thern varieties were linoleic (~62%), linolenic (~20%) and
oleic (~17%) acids (Limongelli 1993; Vergano et al. 1995).
The data presented here for the ‘Sorrento’ and ‘Malizia’
varieties were congruent to the previously data above repor-
ted. These characteristics were also all present in Trescine
and Mesanole provenances. Since Trescine and Mesanole
provenances showed high genetic, morphological and bio-
chemical similarity with Italian Southern varieties, it can be
easily hypnotize that trees in Trescine and Mesanole were
originated from seeds (from free pollination) related to the
Southern varieties. The Montella provenance was also
located in Campania region, but was genetically distinct
from other provenances and varieties from the same region.
However, Montella showed a combination of morphological
and biochemical fruit traits (oblong elliptic shape of nuts,
dry kernel weight, y-tocopherol and PUFAs content) similar
to Mesanole and Trescine provenances and ‘Sorrento’ and
‘Malizia’ varieties. Moreover, Montella fruits contained a
high level of linoleic acid (69.15 £ 4.69% of total fatty
acids) that exceeded the values previously detected in other
walnut genotypes (Vergano et al. 1995; Zwarts et al. 1999;
Caglarirmak 2003; Verardo et al. 2009). It is well known
that, aside from genetic background, factors as environment
and/or agricultural practices can affect the fatty acid compo-
sition. It has been proved that a general inverse relationship
between PUFAs and growth temperature exists: PUFAs in-
crease with decreasing temperature in membrane as well as
in seed storage lipids (Neidleman 1987; Rennie and Tanner
1989). This relationship was the result of microsomal wg-
desaturase enzyme activity increase at low growth tempera-
ture (Tocher et al. 1998). Nevertheless, as reported recently
by Verardo et al. (2009), excess nitrogen fertilization can
lead to a higher level of linoleic acid in the walnut kernel.
Although Montella is located in Southern Italy, it is an
Apennine plateau (altitude: 670 m) characterized by abun-
dant rainfall (1341.3 mm), relatively low temperature (an-
nual mean 12.8°C) and limy soil, with pyroclastic and al-
luvial deposit, reach in mineral nutrients including nitrogen,
phosphorous and potassium. The linoleic acid content in
Montella provenance fruits may be influenced by both cold
temperature and/or nitrogen availability in soil either during
the trees growing season and fruits development and filling
period.

The genotypes located in the Sulmona district, at dif-
ferent altitudes (Navelli 685 m, Contrada Chiuse 500 m,
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Valle Corvo 430 m, Pratola Peligna 330 m) and in Villetta
Barrea (Abruzzo National Park, 1000 m) clustered together
and were genetically differentiated from the other walnut
genotypes collected. This was also noticeable for the oblong
ovate shape of the fruits. Nevertheless, the high individual
heterogeneity hindered to identify any genetic structure
within the Sulmona group. The large difference in local en-
vironmental conditions confirmed the high adaptability of
walnut species, as noted for other tree species (Schlichting
1986). The genetic differentiation of Sulmona group could
be due to the selection and propagation, in the past centuries,
of local genotypes for wood or/and fruit production. The
closeness of the traits noticed in the Villetta Barrea prove-
nance to the Sulmona genotypes suggested that the origin of
the former lies within the Sulmona valley. In the last cen-
turies, every summer the local shepherds moved their herds
from the Sulmona valley to the high pastures of the moun-
tains, taking with them the necessary supplies and food-
stuffs, including walnut nuts for their high nutritive value. It
could be supposed that some of these seeds abandoned
along the road have generated trees genetically similar to
the Sulmona genotypes in the Villetta Barrea pasture areas,
traditionally recognized as one of the summer pasture loca-
lity (Paone 2002).

The Pescasseroli and Civitella Alfedena provenances,
sampled in the Abruzzo National Park at 1100-1200 m of
altitude, with an annual mean temperature of 7.8°C and
abundant rainfall (annual mean 1520 mm), resulted gene-
tically distinct from the other J. regia germplasm collected
in Abruzzo region. Plants surveyed in Pescasseroli and
Civitella Alfedena showed small and roundish fruits, having
a relatively high oleic and low linoleic acids content such as
‘Bleggiana’ variety (Alpine valley). The expansion rate of
fruit is mostly related to the temperature in the post setting
and development. The number and the size of cells in fruits
growing in warmer conditions are greater than those on
plants cultivated in cooler condition. This response to tem-
perature has been observed in several herbaceous and arbo-
real species such as tomato (Adams er al. 2001), melon
(Higashi et al. 1999), maize, pea and sunflower (Francis
and Barlow 1988), apple (Bergh 1990), and banana (Jullien
etal 2001).

Although in this study a high variance within prove-
nances was observed using biochemical traits of fruits, it is
interesting to note that the oleic acid content significantly
declined, while the essential PUFAs and y-tocopherol con-
tent were increasing in all provenances of Campania region
and in the Southern model varieties. The opposite trend was
detected in the nuts derived from the Sulmona area, the
Abruzzo National Park and the two Northern model vari-
eties. Tocopherols were correlated negatively to oleic acid
and positively to linoleic and linolenic acid content in seeds
of several species (Kamal-Eldin and Andersson 1997;
Dolde et al. 1999; Richards et al. 2008).

Tocopherols are a major lipid soluble antioxidant pre-
sent in the PUFA enriched tissues. Between tocopherol iso-
mers the highest vitaminic activity was attributed to a-toco-
pherol, nevertheless y- and &-tocopherol act as more ef-
fective antioxidants to protect the fats (Lehmann et al.
1994). Tochopherol levels increase in the responses to a
variety of abiotic stresses and this was often cited as evi-
dence of its protective role (Munne-Bosch and Alegre 2002).
In walnut nuts y-tocopherol as the dominant isomer (80-
97%) has been reported by several authors (cited in Lave-
drine et al. 1997). Comparing two walnut varieties cultivated
in two geographic areas, California (USA) and Dauphine
(France), Lavedrine et al. (1997) suggested that the geogra-
phical origin influence seemed to be more important than
the varietal one for the tocopherol content. The data pre-
sented here for Italian walnut provenances and model vari-
eties confirmed the relationship between tocopherol content
and oil in seeds, and tocopherol and nut shape, giving fur-
ther indication of the influence of both genotype and envi-
ronment on tocopherol content and its putative protective
antioxidant role.
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The results prove that the multidisciplinary analysis
combining molecular, morphological and biochemical
markers, is a valuable approach to increase the basic know-
ledge of J. regia species, to evaluate walnut biodiversity
and to recover the neglected germplasm. The Montella and
Pescasseroli provenances, showing peculiar genetic, mor-
phological and biochemical characters, can be promising
sources of seed for nurseries and hardwood plantations. Till
now fruit traits had been considered; in the future some
wood traits such as wood density or homogenous annual
ring, and/or sensitivity to pests and pathogens can be integ-
rated in the multidisciplinary approach for biodiversity
identification and selection of seed sources. The presented
data can support the idea that the search of walnut pro-
venances in different area along Italy can be profitable and
may have a positive effect either on biodiversity identifi-
cation or on the economical and practical exploitation.
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