
Abstract Among the Italian walnut (Juglans

regia L.) landraces, ‘Sorrento’ is the most famous.

It originated in the Sorrento peninsula, but today it

is grown in the entire Campania region. ‘Sorrento’

is a mixture of genetic entities and is often hetero-

geneous for important commercial traits such as

fruit size and yield. Consequently, the morpho-

logical description of ‘Sorrento’ is extremely diffi-

cult. To evaluate the genetic diversity in ‘Sorrento’

walnut, we analyzed 16 ‘Sorrento’ plants grown in

Caserta (10 originated from seeds and six from

grafts), and 26 grafted ‘Sorrento’ clones grown in

the Sorrento peninsula. We compared their geno-

types along with six other walnut cultivars using 12

microsatellite (SSR) markers. A total of 66 puta-

tive alleles were detected, 16 of which were unique

to one individual. Two loci, WGA9 and WGA71,

were particularly useful for distinguishing Caserta

samples from Sorrento peninsula clones. The

phylogenetic and STRUCTURE analysis high-

lighted the genetic distance between the Sorrento

peninsula and Caserta groups, assigning the sam-

ples to two different clusters (or populations) cor-

responding closely, but not perfectly, to each

sample’s geographic origin. The name ‘Sorrento’

walnut should not be assigned to samples falling

outside the two genotypic clusters, even if they

have phenotypes traditionally associated with the

‘Sorrento’ walnut.
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Introduction

Juglans regia (walnut) seems to have originated in a

large area among the mountains of central Asia

(Nekrassowa 1927; Komarow 1936; Berg 1937;

Browicz 1976). Thousands of years ago, Greeks

introduced wild J. regia germplasm to the Balkan

Peninsula, Turkey and southeastern Europe. From

there, the species spread to western Europe and

northern Africa via trade within the Roman empire

(Beug 1975; Davis 1982; Huntley and Birks 1983).

In the 18th century, walnut began to be cultivated

in South America by Colonial Spanish who

exported J. regia genotypes from Europe (Bazza-

nella et al. 2001). Finally, in the 19th century,

walnuts were imported to North America
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separately by two men, Felix Gillet, who imported

J. regia plants from France to Northern California,

and Joseph Sexton, who imported J. regia plants

from China to southern California (Beede and

Hasey 1998; Tuleke and McGranahan 1994).

Italy produced more walnuts (J. regia L.) than

any other country in Europe until the beginning

of the 20th century. Italy lost its primacy,

becoming an importer of in-shell walnuts, as a

consequence of the high cost of traditional farm-

ing practices and mixed quality standards that

damage the commercial competitiveness of Ital-

ian producers (Marangoni et al. 2004). In fact, the

high geoclimatic and environmental variability of

Italy is reflected in its crops that, like walnut, are

sometimes genetically heterogeneous (Ducci

2001). While variability within a crop has long-

term benefits, it can have negative consequences

commercially.

Walnut cultivation is carried out over all of

Italy, from Piedmont to Sicily, but it is concen-

trated in Campania, which produces 75% of the

Italian crop (Bazzanella et al. 2001). Italian vari-

eties are made up of genotypes that are similar

but not identical (i.e. without well-defined phe-

notypes), and the varieties are called by the name

of their region of origin (e.g. ‘Sorrento’, ‘Blegi-

ana’, ‘Cerreto’, ‘Feltrino’ and ‘Benevento’).

These ‘‘cultivars’’ are best understood as land-

races [...geographically or ecologically distinctive

crop populations, adapted but variable...in equi-

librium with both environment and pathogens

and genetically dynamic...the result of millennia

of natural and artificial selection...lacking formal

definition and organization (Pingali and Smale

2001; Harlan 1975)].

Among the Italian walnut landraces, ‘Sorrento’

is the most famous. It originated in the Sorrento

peninsula, but today it is grown in the entire

Campania Region (Southern Italy). Most ‘Sorr-

ento’ plantations were established, historically,

for both fruit and timber production. Often these

trees originated by grafting, (although scions were

not always from local genotypes), but sometimes

the scions were seedlings of the ‘Sorrento’ land-

race. In both cases the plants were labeled as

‘Sorrento’ (Regione Campania—Assessorato

all’Agricoltura 2004). Over time, these cultural

habits brought together a mixture of genetic

entities that originated from ‘Sorrento’ but that

include a large range of genetic variability.

The evaluation of the molecular diversity of

plants labeled ‘Sorrento’ growing throughout

Campania is an important pre-requisite for the

selection of closely related plants producing fruits

of standard quality that can compete with those

produced in France or the USA. Knowing and

understanding the genetic structure of landrace

populations is also useful for developing an opti-

mal strategy for in situ conservation (Gomez

et al. 2004), for breeding programs (Portis et al.

2004), for Denomination of Protected Origin

certification (Gemas et al. 2004), or to understand

how the landraces adapt to different ecological

and environmental stresses (Farid et al. 2000). In

the last decade, SSR markers have become an

important tool to understand the molecular

diversity and the genetic relationships within

crops such as tomato (He et al. 2003), pear

(Yamamoto et al. 2002), coconut (Meerow et al.

2003), and peach (Dirlewanger et al. 2002).

Previous studies of walnut genetic diversity were

carried out with isozymes (Arulsekar et al. 1986;

Solar et al. 1994), RFLP (Fjellstrom et al. 1994),

RAPD (Nicese et al. 1998), and ISSR (Potter et al.

2002). A few years ago, we started using AFLP to

study the molecular diversity of ‘Sorrento’ walnuts

in Campania that originated from seed and from

vegetative propagation (Andreakis et al. 2002).

The data indicated a high level of variability among

the seed propagated plants, and clearly indicated

that the plants that grew from seed had different

origins than the vegetatively propagated ones. The

vegetatively propagated plants, although not

identical, were similar to one another, indicating

that they originated from genetically related

mother plants. In a following study, we analyzed

the same genotypes using SSRs, and found that

three ‘Sorrento’ samples were genetically distant

from most of the other ‘Sorrento’ genotypes. We

also described evidence of gene flow between

‘Sorrento’ and the American cultivars ‘Serr’ and

‘Hartley’ (Foroni et al. 2005). In the present study,

our aim was to extend the number of samples

analyzed and the number of SSR loci observed to

characterize the ‘Sorrento’ plants grown in differ-

ent parts of Campania and in particular to compare

the genetic diversity obtained in the previously
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analyzed sample set with plants grown in the Sorr-

ento peninsula, possibly the region containing the

largest genetic variability of the original ‘Sorrento’

landrace.

Materials and methods

Plant material

All the samples originated from grafted ‘Sorren-

to’ or seed grown for several years in Campania

(Fig. 1). Seedling plants (S0–S9) were arbitrarily

selected from a pool of genotypes that originated

from ‘Sorrento’ seeds belonging to the germplasm

collection of the Istituto Sperimentale per la

Frutticoltura (ISF-CE) (Table 1). Two of the

seedling plants had traits associated with ancient

origins; one had rounded fruits (S9), and the other

one (S0), had elongated fruits, a phenotype con-

sidered the most widespread in Campania in the

past (Bazzanella et al. 2001). Grafted plants

(n = 32) were from walnut plantations; six from

the area around Nola (G) plus 26 from the Sorr-

ento peninsula (P). Six walnut cultivars from

Europe [‘Blegiana’ (B), ‘Malizia’(M), ‘Parisienne’

(P), ‘Franquette’(F)], or the US [‘Hartley’(H),

‘Serr’(SR)] were used as controls.

Fig. 1 Map of Campania region with the walnut growing areas (ringed) near Sorrento (MAPS: http://www.knowital.com)
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DNA extraction

Young leaves were ground in liquid nitrogen, and

the DNA extracted and stored at – 80 �C. The

extraction protocol of Doyle and Doyle (1987)

was modified as follows: 1 g of frozen, ground

leaves was added to 10 ml of preheated (50 �C)

2 · CTAB buffer (2% CTAB, 50 mM DTT,

0.3% b-mercaptoethanol, 1.4 M NaCl, 100 mM

Tris, 20 mM EDTA, pH = 8.0) and incubated at

65 �C for 30 min. The aqueous solution was

extracted with 20 ml of (24:1) chloroform–octanol,

Table 1 Origin, name
and code of plants
sampled

a Names refer to
cultivars, plantations or
germplasm
b Samples sharing the
same letter or symbol
were indistinguishable
based on the
microsatellites described
here
* Samples never
previously analyzed

Group/location Namea Code Genotypesb

‘Sorrento’ seedlings MU 6 S1 A
– Caserta – MA 1 S2 B

SORRENTO XI S3 C
CC1 PT1 S4 D
CC1 PT2 S5 E
VR3 PT2 S6 F
VR3 PT3 S7 G
SORRENTO IV S8 H
CASOLLA S9 I
SORRENTO 30 S0 J

‘Sorrento’ Clones NOLA 6 G1 K
– Caserta – NOLA 13 G2 L

NOLA 16 G3 M
NOLA 19 G4 N
NOLA 26 G5 O
NOLA 36 G7 P

‘Sorrento’ Clones BUONOCORE 2 P1 Q
– Sorrento Peninsula*– BUONOCORE 4 P2 Q

CIOFFI 1 P3 Q
CIOFFI 2 P4 Q
DI PAOLA 2 P5 R
DI PAOLA 4 P6 R
DI PAOLA M. 1 P7 R
DI PAOLA M. 3 P8 R
DI PAOLA M. 4 P9 S
MINIERI 1 P10 R
MINIERI 2 P11 R
MINIERI 3 P12 R
MINIERI 8 P13 Q
MONTUORI 1 P14 R
MONTUORI 2 P15 Q
MONTUORI 3 P16 Q
MONTUORI 4 P17 Q
MONTUORI 8 P18 R
MONTUORI 10 P19 T
VANACORE G.1 P20 U
VANACORE G.2 P21 V
VANACORE G.4 P22 W
VANACORE L. 2 P23 X
VANACORE L.3 P24 Y
SCARAMELLINO 1 P25 R
SCARAMELLINO 3 P26 R

Cultivars ‘BLEGIANA’ B Z
‘FRANQUETTE’ F A1
‘HARTLEY’ H B1
‘MALIZIA’ M C1
‘PARISIENNE’ P D1
‘SERR’ SR E1
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centrifuged 15 min at 13,000 rpm, and the aque-

ous layer retained. Two volumes of 100% cold

ethanol were added to precipitate the nucleic

acids. The precipitate was spooled, washed with

0.2 M ammonium acetate in 75% ethanol and air-

dried for 5 min. The pellet was then resuspended

in 500 ll of 65 �C preheated H2O and treated with

125 ll (10 mg/ml) RNase at 37 �C for 30 min. The

DNA was precipitated, washed, dried, resus-

pended in 250 ll H2O and quantified in a 1%

agarose gel stained with ethidium bromide

(10 mg/ml) against DNA lambda standards.

SSR primers and amplification

Eleven primers designed from the sequences of

clones isolated from an enriched (GA/CT)n

library of J. nigra (Woeste et al. 2002) were used

to amplify genomic DNA of J. regia cultivars and

‘Sorrento’ samples. Amplification products from

these reactions were separated on 2% agarose gel

(not shown). Six primers combinations that pro-

duced clear and polymorphic products without

artifactual bands (WGA69, 89, 118, 202, 276, and

321) were selected (Table 2)

PCR reactions contained 3.3 mM MgCl2,

0.10 mM dNTPs, 0.5 unit Taq polymerase (New

England Biolab, Beverly, MA), 0.4 lM unlabeled

primer (reverse), 0.4 lM forward primer labeled

with Hex, Ned or 6 Fam consistent with matrix D

on an ABI 377 automated sequencer (Applied

Biosystems, Foster City, CA), 0.4% BSA, and

15 ng DNA template in a final volume of 10 ll.

Thermal cycling conditions were as follows: dena-

turation 5 min at 95 �C; 35 cycles of 1 min at 94 �C,

1 min at 55 �C and 2 min at 72 �C; and final exten-

sion 10 min at 72 �C. Each amplification included a

negative control reaction without DNA template.

Table 2 Properties of the microsatellite loci used to characterize 48 walnut genotypes

Locus Primers sequences 3¢-5¢ T.m.
(�C)

Size
range (bp)

Total
alleles

Gel
set

Private
alleles1

WGA1* ATTGGAAGGGAAGGGAAATG 48 181–195 3 a
CGCGCACATACGTAAATCAC

WGA5* CAGTTTGTCCCACACCTCCT 47 240–266 7 a 252 bp: S2
AACCCATGGTGAGAGTGAGC 256 bp: F

266 bp: B
WGA9* CATCAAAGCAAGCAATGGG 48 236–248 6 b 236 bp: G4

CCATTGCTCTGTGATTGGG
WGA27* AACCCTACAACGCCTTGATG 51 192–210 5 a 192 bp: F

TGCTCAGGCTCCACTTCC
WGA32* CTCGGTAAGCCACACCAATT 47 120–196 4 b 120 bp: S1

ACGGGCAGTGTATGCATGTA
WGA69 TTAGTTAGCAAACCCACCCG 56 162–182 6 c 164 bp: G5

AGATGCACAGACCAACCCTC 176 bp: P20
WGA71* ACCCGAGAGATTTCTGGGAT 45 136–210 8 b 136 bp: S1

GGACCCAGCTCCTCTTCTCT
WGA89 ACCCATCTTTCACGTGTGTG 53 212–222 5 d 212 bp: P19

TGCCTAATTAGCAATTTCCA 220 bp: SR
WGA118 TGTGCTCTGATCTGCCTCC 62 197–201 3 d

GGGTGGGTGAAAAGTAGCAA
WGA202 CCCATCTACCGTTGCACTTT 56 260–276 4 c

GCTGGTGGTTCTATCATGGG
WGA276 CTCACTTTCTCGGCTCTTCC 55 168–194 6 d 168 bp: P24

GGTCTTATGTGGGCAGTCGT 194 bp: P19
WGA321 TCCAATCGAAACTCCAAAGG 50 227–265 7 c 225 bp: SR

TGTCCAAAGACGATGATGGA 249 bp: S1
265 bp: S1

Total number of
alleles

66 16

Mean 5.5

1 Size of a specific allele that is present only in one individual

* Primers previously published (Foroni et al. 2005)
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To prepare samples for loading, every amplifica-

tion was diluted up to 1:4 in water and then 1.0 ll

PCR product was mixed with 0.5 ll blue dextran

2.5 ml formamide and 0.5 ll Tamra 500-labeled

molecular size standard. The PCR products were

combined into four gel sets (Table 2). Products

within a gel set could be multiloaded to run in a

single lane using a CAL 96 paper comb (The Gel

Company, San Francisco, CA). The samples were

denatured at 94 �C for 1 min before loading onto

an ABI 377 sequencer (Applied Biosystems, Fos-

ter City, CA) and electrophoresed in the 6%

polyacrylamide gels under denaturing conditions

[7 M urea, 1 · TBE buffer (90 mM Tris borate,

pH 8.3, and 2 mM EDTA)]. DNA fragment

lengths were analyzed with the software GENE-

SCAN (Applied Biosystems, Foster City, CA).

Three replicate experiments were carried out for

each SSR primer pair-genotype combination.

Evaluation of polymorphisms and data

analysis

The SSR allele composition of each plant was

determined and the observed heterozygosity (Ho)

value of each microsatellite was calculated

according to the formula (Nei 1987):

Ho ¼ 1�
Xn

j¼1

x2ij

where xij is the frequency of the jth allele for each

SSR marker i and summation extends over n al-

leles.

The CONVERT (Glaubitz 2003, http://www.

agriculture.purdue.edu/fnr/htlm/faculty/rhodes/

student%20and%20Staff/glaubitz/software.htm),

MICROSAT (Minch et al. 1997) and PHYLIP

(Felsenstein 1989) programs were used to analyze

the data and to construct a neighbor-joining

dendrogram based on allele frequency data cal-

culated by Nei’s genetic distance (Nei 1972). The

program STRUCTURE (Pritchard et al. 2000)

was used to investigate population structure, as-

sign individuals to populations, and identify

intermediate genotypes.

The software CONVERT facilitates the con-

version of diploid genotypic data files into for-

mats that can be directly read by a number of

commonly used population genetic computer

programs. It also can calculate a variety of genetic

distance estimates, many of which are appropriate

solely for microsatellites. MICROSAT can be

used to generate numerous ‘bootstrap’ replicate

distance matrices by re-sampling loci with

replacement. We used PHYLIP to produce

dendrograms based on allele frequency data

(Glaubitz 2003).

The data obtained here were analyzed together

with the data of the previous work (Foroni et al.

2005).

Results

Sixty six different amplicons with sizes from 120

to 276 bp were obtained at the 12 loci for the 48

genotypes analyzed. These products were all

considered as different alleles. The total number

of alleles per locus varied from 3 to 8, with a mean

of 5.5 (Table 2). Each genotype had 1 or 2 alleles

per locus, and the 12 loci analyzed were all

polymorphic. Sixteen alleles were private to sin-

gle individuals (Table 2). The allele present with

the highest frequency (81.4)% was the 196 bp

allele at the WGA32 locus, while the alleles with

lowest frequency (1.1%) were the 164 and 176 bp

alleles at locus WGA69. The most polymorphic

locus was WGA71 with eight alleles.

Although a unique SSR genotype was gener-

ated for most of the samples, a few genotypes

were quite similar. For instance genotypes S4 and

S5 differed only at locus WGA321, while geno-

types S0 and S9, G2 and G7 differed only at locus

WGA9.

The Caserta group of genotypes (S0–S9, G1–

G7) was more heterogeneous than the Sorrento

peninsula clones (P1–P26) as measured by the

average number of alleles per locus (Table 3).

Thirty alleles were private to either the Caserta

(23 alleles) or Sorrento peninsula (7 alleles)

provenances. Eleven of the 30 private alleles were

found in one individual only of the Caserta

provenance (Table 3). The 242 and 250 bp alleles

at locus WGA5 were found at a high frequency in

Caserta genotypes (69%) while the 248 bp allele

at the same locus was found in all Sorrento

peninsula clones. A similar result was found at
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locus WGA9, where 81% of Caserta samples had

alleles 240 and 248, while every Sorrento penin-

sula clone had alleles 238 and 246 (Table 4).

Caserta, Sorrento peninsula and other cultivars

groups had different levels of per-locus observed

heterozygosity as well as total numbers of

alleles (Table 5). An average heterozygosity of

0.46 ± 0.21 and 33 alleles was observed for the

Sorrento peninsula genotypes, much lower then

Caserta (0.59 ± 0.16 with 48 alleles) and other

cultivars (0.68 ± 0.12 with 49 alleles). There was

no significant difference among the three groups

in the number of loci that were heterozygous and

homozygous as determined by chi-square (data

not shown).

The Nei’s genetic distance among samples was

calculated on the basis of allele frequency data,

and clusters were generated using the neighbor-

joining algorithm (Fig. 2). The structure of the

resulting tree was tested by 1,000 bootstraps. The

unrooted tree organized most of the samples into

five main clusters. Bootstrap values clearly sup-

ported the relative positions of cluster I, II and V

while, due to the low bootstrap value between

cluster III and IV, branch collapsing cannot be

ruled out. Cluster I includes the Italian cultivar

‘Malizia’ (M) and most of seedlings and clones

from Caserta. The inclusion of the cultivar ‘Mal-

izia’ in this cluster was not unexpected as this

cultivar originated from an open pollination of

‘Sorrento’. Cluster II included only samples from

the Sorrento peninsula. Cluster III included the

Caserta seedling S2, the ‘Sorrento’ peninsula

clone P21, the American cultivar ‘Hartley’ (H),

and the French cultivars [‘Franquette’ (F) and

‘Parisienne’ (P)]. The presence of the cultivars

‘Franquette’, ‘Parisienne’ and ‘Hartley’ in the

same cluster is consistent with previous results

indicating that ‘Hartley’ is derived from crosses

involving French cultivars (Potter et al. 2002).

The ‘Hartley’ and ‘Parisienne’ branches are sup-

ported by 60% bootstrap re-sampling. The pres-

ence of S2 and P21 in this cluster indicates that

these two genotypes are distinct from other

‘Sorrento’ genotypes, and raises the possibility

that there has been recent gene flow between

‘Sorrento’ and other non-Sorrento genotypes. In

fact, S2 has a unique allele at WGA5 locus

(252 bp), and the allelic composition of P21 sug-

gests possible gene flow from ‘Franquette’. Clus-

ter IV included two Caserta seedling samples (S4

and S5) and the American cultivar ‘Serr’ (SR),

confirming previous results (Foroni et al. 2005).

However, Caserta seedling samples S0 and S9 and

the Italian cultivar ‘Blegiana’ (B) were placed

together in cluster V in contrast with previous

work (Foroni et al. 2005). The association of S0

and S9 (seedling plants with nut traits associated

with ancient origins) with ‘Blegiana’ may indicate

that the two groups share some common ancestry.

The same may be true for S4, S5, and ‘Serr’. Four

of the Sorrento peninsula clones (P9, P19, P23

and P24) remain outside the clusters.

When the Sorrento peninsula clones and

Caserta samples (clones and seedlings) were

analyzed without the six cultivars (B, F, H, M, P,

and S) there were three clusters: cluster A

included all Sorrento peninsula clones except P9,

P19, P21, P23 and P24; cluster B included all

Caserta genotypes except S2, S4, S5, S9, and S0;

and cluster C included three Sorrento peninsula

clones (P19, P21, P23) and five Caserta samples

(S2, S4, S5, S9, S0) (Fig. 3). P9 and P24 samples

remained outside all three groups. The organiza-

tion of the three clusters underlines both the

differentiation between the plants of the two

locations (Caserta and Sorrento peninsula) and

the genetic divergence of cluster C plants from

the other two groups of ‘Sorrento’ genotypes,

raising the possibility of a flow of genetic

Table 3 Genotypic diversity within and between Caserta and Sorrento walnut samples

Provenance Samples Unique
genotypes

Alleles per
locus (mean)

Private alleles
(provenance) a

Private alleles
(individual)b

Caserta 16 16 4.2 23 7
Sorrento 26 13 2.8 7 4

a Allele present in only Caserta group or Sorrento peninsula group
b Allele present in only one individual
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information between Caserta and Sorrento pen-

insula plants. Inside cluster B it was possible to

identify two sub-clusters; sub-cluster I included

five seedling plants (S1, S3, S6, S7 and S8) and

two clonal plants (G1 and G3). Sub-cluster II

included only clonal plants from Nola (G2, G4,

G5 and G7). Samples S9/S0, and S4/S5 were very

similar to each other (supported by 92% and 99%

bootstrap re-sampling) but different from cluster

A and B.

The samples were further analyzed with the

software STRUCTURE to assign individuals to

populations (Pritchard et al. 2000). A simple

model of two distinct populations was imposed in

keeping with the results of phylogenetic analysis

and the geographic origins of the samples. The

result showed that nearly all the samples could be

assigned to one of the groups (Fig. 4), and nearly

all the samples were assigned the provenance

they originated from. S0 and S9, the Sorrento

seedlings with nut shapes associated with tradi-

tional ‘Sorrento’ types, were both assigned to

Caserta. Samples P21, P23 and P24, in spite being

of Sorrento peninsula provenance, were grouped

with a population mostly containing Caserta

samples. Caserta samples G1, G4 and S2 and

Sorrento peninsula sample P19 were placed in

an intermediate position indicating uncertain

affinities.

Discussion

Microsatellite markers are useful for genetic

studies at varietal, species and genus level, due to

the high conservation of the flanking regions

(Hamza et al. 2004). In our work, interspecific

transferability of walnut microsatellites, originally

selected to study the genetic diversity in J. nigra

(Woeste et al. 2002), has been tested on J. regia

varieties and closely related members of a land-

race. The average number of alleles per locus in

this study was 5.5, much higher than 1.3 and 3.9

detected in J. regia with RAPDs (Nicese et al.

1998) and ISSRs (Potter et al. 2002), respectively.

The high level of variability observed at 12 SSR

loci we used is consistent with results from studies

carried out on different species (Carriero et al.

2002).T
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Table 5 Heterozygosity index and total number of alleles value calculated to characterize 48 walnut samples

Caserta genotypes Other cultivars genotypes Sorrento peninsula
genotypes

Ho
a Na

b Ho
c Na

d Ho
e Na

f

Locus
WGA1* 0.56 3 0.63 3 0.50 2
WGA5* 0.80 4 0.83 6 0.52 2
WGA9* 0.71 4 0.76 4 0.65 2
WGA27* 0.58 3 0.77 5 0.48 1
WGA32* 0.33 3 0.58 3 0 1
WGA69 0.72 5 0.77 4 0.55 5
WGA71* 0.80 7 0.74 4 0.62 3
WGA89 0.31 3 0.37 4 0.08 3
WGA118 0.51 2 0.71 3 0.50 2
WGA202 0.59 4 0.70 4 0.57 4
WGA276 0.54 4 0.70 4 0.57 5
WGA321 0.69 6 0.70 5 0.54 3
Mean 0.59 ± 0.16 0.68 ± 0.12 0.46 ± 0.21
Total 48 49 33

a, b Number of alleles (Na) and observed heterozygosity (Ho) calculated only for Caserta genotypes
c, d Number of alleles (Na) and observed heterozygosity (Ho) calculated only Other cultivars genotypes
e, f Number of alleles (Na) and observed heterozygosity (Ho) calculated only for Sorrento peninsula genotypes

* Primers previously published (Foroni et al. 2005)
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In previous studies, we analyzed genetic vari-

ation among the Caserta genotypes originated by

graft (G1–G7) and by seed (S0–S9) through

AFLP and SSR markers (Andreakis et al. 2002;

Foroni et al. 2005). We observed considerable

variability among the genotypes, above all among

the seed propagated plants, with some samples

very genetically distant from most of the other

‘Sorrento’ genotypes. In this study, we added 26

samples (P1–P26), and analyzed all the samples

using six new SSR loci (WGA69, WGA89,

WGA118, WGA202, WGA276, and WGA321).

Our objective was to estimate the genetic diver-

sity present in the ‘Sorrento’ landrace and to

tentatively identify plants that could be consid-

ered representative of the ‘Sorrento’ landrace.

A unique SSR genotype was found for 25 out

of the 42 (60%) samples analyzed (Table 3). The

genotypes P5–P8, P10–P12, P14, P18, P25, and

P26 were identical, as were P1–P4, P13, and P15–

P17. This result was not surprising as these trees

were clonally propagated. Thirty alleles were

present only in Caserta or only in Sorrento pen-

insula samples, permitting easy distinction of the

two groups (Table 3). Loci WGA9 and WGA71

were the most informative ones with respect to

their ability to distinguish the two provenances.

The locus WGA71 showed five alleles present

only among Caserta genotypes (alleles 136,198,

200, 202, and 210) and one allele found only

among Sorrento peninsula clones (allele 204);

locus WGA9 showed four alleles present only

among Caserta genotypes (alleles 236, 240, 244,

and 248) and one allele found only among Sorr-

ento peninsula clones (allele 246). WGA9 and

WGA71 are good candidate loci for additional

screening of Campania samples.

The phylogenetic analysis highlighted the

genetic distance between the Sorrento peninsula

and Caserta groups, both commercially labeled as

‘Sorrento’ walnut. In fact, the neighbor-joining

tree grouped almost all the Sorrento peninsula

clones in cluster A and all the Caserta samples

except S2, S4, S5, S9, and S0 in cluster B, indi-

cating differentiation between the provenances.

(Fig. 3).The level of similarity found among S9,

S0, and ‘Blegiana’ either indicates gene flow

among these genotypes or homoplasy (Fig. 2).

The same is true for S4, S5, and SR, and for S2,

P21, ’Hartley’, ‘Parisienne’ and ‘Franquette’.

Gene flow into ’Sorrento’ may be partially

explained by the high level of outcrossing that

occurs in all Juglans species as a result of het-

erodichogamy (McGranahan and Leslie 1990).

The STRUCTURE analysis assigned the

Caserta samples and Sorrento peninsula clones to

different populations corresponding closely, but

not perfectly, with the samples’ geographic origins.

Samples P21, P23, and P24, in spite of their origin in

the Sorrento peninsula, were assigned to Caserta.

The placement of P24 into the Caserta population

is not surprising, as that confirms the result of the

cluster analysis, which showed P24 to be similar to

‘Malizia’. ‘Malizia’ is believed to have originated

from an open pollination of ‘Sorrento’. It is possi-

ble that P21 and P23 are products of crosses

between ‘Sorrento’ and non-Sorrento cultivars.

Genotypes P19, S2, G1, and G4 could not be

assigned and stayed outside the two populations.

P19, G1, and G4 could be ‘Malizia’ offspring, as

they were identical to the Italian cultivar at 10

(P19) and 9 (G1, G4) loci, while S2 was probably

originated from cross between ‘Sorrento’ and non-

Sorrento genotypes, as already discussed.

Both cluster analysis and STRUCTURE indi-

cated that the Sorrento peninsula clones and

Caserta samples are genetically different. Whe-

ther they will remain distinct will depend on how

the forces of selection and gene flow interact. In

the past, some farmers on the Sorrento peninsula

appear to have performed a strong selection in

favor of a small group of plants to improve yield

and quality. However, the ancient types continue

to be cultivated in Caserta.

We believe that the name ‘Sorrento’ walnut

should not be assigned to samples outside cluster

A and B (Fig. 3) even if they have phenotypes,

like S0 and S9, traditionally associated with the

‘Sorrento’ walnut, as these phenotypes are no

longer characteristic of ‘Sorrento’ genotypes.
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