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ABSTRACT 

Genetic structure of 12 anthropised European and 3 natural and naturalised Asiatic populations of walnut 
(Juglarzs regia L.) was investigated by means of starch gel electrophoresis for 15 enzyme systems. Population 
genetic parameters and statistics show overall levels of genetic diversity and differentiation lower in Juglans 
regia than in other widespread plant species, outlining a significant amount of genetic erosion suffered by this 
species, mainly in Europe. The levels of differentiation among European and Asiatic populations, higher than 
those among European populations, support the thesis of a native origin of European walnut in postglacial times. 
The closeness to the HW equilibrium and the high levels of heterozygosity and intrapopulation differentiation, 
found in all the populations, show the capability of the species to avoid self-pollination and inbreeding. The 
occurrence of some different alleles among European and Asiatic populations provides an interesting item for 
programs of recovering and conservation of the genetic variability in this endangered widespread species. 

Key words: J ~ ~ g l a n s  regia, isozymes, genetic diversity, genetic differentiation, widespread plant species, 
conservation. 

INTRODUCTION 

Juglaas regia L., whose present day distribution ranges 
from about the 10th to about the 50th parallel northern 
latitude (Figure I),  plays a considerable role in agrofo- 
rest economy both for valuable wood and quality seed 
production. 

It belongs to a monoic wind pollinated tree genus 
characterised by a reproductive strategy based on a 
nearly complete outcrossing. This is achieved through 
heterodichogamy, to prevent self pollination (LUZA & 
POLITO l988), and through areduced fertility of female 
flowers in presence of an excess of pollen grains on 
pistils (BEINEKE&MASTERS 1976; SZENTNANYI 1990), 
likely to hinder inbreeding, as can be gathered consid- 
ering the limited dispersal distance of walnut seeds. 
J. regia is thought primarily differentiate within its 
genus during Eocene period of Cainozoic Era in 
mountains of central Asia (MANCHESTER 1987; FJELL- 
STROM & PARFITT 1995). Presently the species is 
reported to be native from south-eastern Europe to 
north-western China (Xinjiang province) through 
Turkey, Caucasus, northern Iraq, Iran, Pakistan and 
India, Pamir, Nepal, Himalaya and Tibet (LESLIE & 
MCGRANAHAN 1988). From north-western China, or 
from Tibet, J. regia was probably introduced into 
central and eastern China over 4000 years ago, where 
it still occurs both as cultivated and spontaneous forms 
(ZHENG 1978). In Europe it is still debated if the 

species was extinguished during the Pleistocene glacia- 
tions or survived in some refugia in peninsular Italy and 
in Balkans, as suggested by some paleopalynologic 
studies (HUNTLEY & BIRKS 1983). 

In any case during the Holocene, after a prehistoric 
phase of slow natural propagation, in the last 3000 
years the diffusion of J. regia in western Europe was 
ruled by man and presently it is mainly concentrated 
around human settlements, roads and crop fields, 
whereas in eastern Europe it is also present as minor 
component in mixed forests. Human management 
allowed a fast diffusion of J. regia, with an estimated 
rate of 400 my-' (HUNTLEY & BLRKS 1983), but likely 
affected its genetic structure with a loss of diversity and 
a decrease of differentiation. At this regard, in a multi- 
purpose species like J. regia, besides the genetic 
erosion caused by the favoured propagation of the best 
seed producers, the direct dysgenic effect caused by the 
search of the best quality wood must be considered, 
which gives rise to the removal of the most valuable 
trees and the consequent survival of inferior trees left 
to reproduce. 

Since the conservation of a long lived tree species 
does not depend on its census, but on its chance to 
adapting to environmental changing conditions, namely 
on its genetic diversity and differentiation; J. regia 
deserves the inclusion in programs of genetic recover- 
ing and protection. 

In this paper the genetic structure of arepresentative 
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Figure 1. Natural range of Juglarrs regia. in Eurasia and geographic location of the 15 regional populations assayed. 

sample of European populations of J. regia was investi- 
gated to outline and quantify possible genetic erosion 
in comparison with natural (NW China) and naturalised 
(Caucasus and NE China) Asiatic populations, with the 
aim to give a contribution to promote a correct manage- 
ment of the genetic resources of this species both by 
increasing the number of genotypes for breeding 
programmes and by encouraging in situ and ex situ 
conservation interventions. 

MATERIALS AND METHODS 

Sample collection 

It must be considered that at present, because of the 
human intervention, no totally natural population of 
Juglans regia still exists, except possibly in the Chine- 
se Xinjiang province (ZHENG 1978). In spite of that, 
wild plants, born from local seeds, are diffused every- 
where in European agricultural lands. Thus in this 
paper the word 'population' is used in the conventional 
meaning of 'whole of plants'. 

In absence of natural reefs, plants within a maxi- 
mum distance of 10 km from each other were consid- 
ered as belonging to the same deme. The number of 
individuals collected is not the same in each population 
because of the different plant density found in each 
deme. 

A total of 986 individuals were sampled from 29 
demes of Juglans regia in 15 regional populations of 

Europe (21 demes, 12 regions), Caucasus (6 demes, 1 
region) and China (2 demes, 2 regions) with a mean of 
34 plants per deme and 66 plants per regional popula- 
tion. Sampled demes, grouped in the regional popula- 
tions, are listed in table 1 and their geographic location 
is sketched in figure 1.  In each location wintering buds 
were collected on the crown of individual trees and 
stored at -80 "C until analysis. This type of material 
was chosen to avoid electrophoretic variability due to 
ontogenetic effect of the tissues age. Caucasus material, 
kindly provided by Prof. Eric Germain, INRA, Bor- 
deaux (France), came from seedlings grown in a French 
nursery from seeds collected in the 6 Georgian demes. 
Spanish samples were collected and analysed, follow- 
ing previously established protocols and enzymes 
systems, by Dr. Neus AletB, IRTA, Reus (Spain). 
Chinese Sunbe population was sampled in the country 
with the same criterion adopted for European popula- 
tions. Xinjiang population was sampled in the Chinese 
germplasm repository of the Institute of Pomology, 
Tai'an, Shandong, China, by the permission of Pr0f.s 
Wang Fencai and Wang Junji and with the help of Dr. 
Sun Shan. 

Electrophoretic procedures 

Bud tissues were homogenised in 70 pl of homogenisa- 
tion buffer (KIM 1979, 1980, modified by MALvOLTI 
1993a) containing 1.6 mg Tris, 4 mg soluble PVP, 0.12 



Table 1. List of the 29 demes of Juglans regia sampled in 15 regions of Eurasia. In the last column the sample size of each 
regional population is reported. 

Subcontin. Pop. Regional Demes 
location location 

Individuals 

Europe 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 

NW Spain 
NE Spain 
SW France 
SC France 
SE France 
N Italy 
C Italy 
S Italy 
Italy, Sicily 
C Hungary 
E Hungary 
N Greece 

Ria del Ferrol 
Baix Ebre 
Charente-Poitou 
Puy De Dome 
Ain and Drome 
Durlo and Friuli 
Polverina and Sabina 
Tardiano and S. Arsenio 
Bivona and Anapo 
Dunava 
Tiszakorod, Nagyar, Vasarosnameny and Milota 
Macedonia 1 and Macedonia 2 

Caucasus 13 Georgia Alazani, Lagodekhi, Doucheti, Laponkoury, Batsaraski 
and Skra 

China 14 NW China Xinjiang 
15 NE China Sunbe 

Total 986 

mg EDTA II,50 mg DTT, 1 rnl2-mercaptoethanol and 
5 ml Triton X-100, pH 7.3. The homogenate was then 
centrifuged at 12,000 rpm at 4 "C for 10 minutes. The 
supernatant was applied on wicks of Whatman 3MM 
filter paper and used for electrophoresis. Electrophore- 
sis was carried out in 11.5% starch gels as described by 
MALVOLTI et al. (1991) to identify the genotypes of the 
sample. Separation was obtained by applying the 
following buffer systems (gel buffedelectrode buffer): 
Tris-citric acid pH 6.5 and Ashton & Braden (1961) pH 
8.00. Gels were assayed for the following 9 enzyme 
systems: esterase (EST, EC 3.1 .1.2), phosphogluco- 
isomerase (PGI, EC 5.3.1.9), shiki-mate dehydrogenase 
(SKDH, EC 1 . l .  1.25), diaphorase (DIA, EC 1.6.4.3), 
mannose phosphoglucoisomerase (MPI, EC 5.3.1.8), 
phosphoglucomutase (PGM, EC 5.4.2.2), phospho- 
gluconate dehydrogenase (PGD, EC 1.1.1.44), aromatic 
alcohol dehydrogenase (AADH, EC 1.1.1.90), gluta- 
mate oxaloacetate transaminase (GOT, 2.6.1.1). Ge- 
netic analysis of PGI, PGM, EST, PGDH, and SKDH 
was according to ARUSELKAR et al. (1985, 1986) and 
A L E T A ~ ~ ~ ~ .  (1993). For the other systems, putative loci 
were identified on the basis of analysis of half-sib 
families (MALVOLTI et al., 1993b, 1995, 1997). 15 loci 
were scored: Est-1, Pgi-1, Pgi-2, Skdh-1, Skdh-2, 
Dia-I, Din-3, mi -1 ,  Pgnz-1, Pgd-2, Aadh-2 Got-1, 
Got-3, Got-4 and Got-5, where the locus specifying 
the most anodally migrating allozyme is designed as 1, 
the next 2 and so on. 

Genetic analysis 

Genetic structure of the sample was analysed at two 
classification levels: subcontinental (Europe, Caucasus, 
northwestern and north / eastern China) and regional 
population level. According to the supposed phyloge- 
nesis of Juglans regia (LESLIE & MCGRANAHAN 1988; 
HUNTLEY &BIRKS 1983) the two classifications should 
correspond to preglacial and postglacial phylogenic 
relationships. Genetic diversity within samples was 
evaluated with the following parameters, calculated 
across the polymorphic loci: actual allelic multiplicity 
Nu, effective allelic multiplicity N,  (KIMURA & CROW 
1964; GREGORIUS 1978), observed H,, and HW ex- 
pected He heterozygosities and the fixation index F 
(WRIGHT 1951, 1965). Within and among populations 
genetic differentiations were evaluated by means the 
indices of Gregorius 6,, (inner population differentia- 
tion, &, in Gregorius notation) and &,,, (differentiation 
of each population from its complement in the whole 
set, Dj in Gregorius notation; GREGORNS & ROBERDS 
1986; GREGORNS 1987) and with the WRIGHT (1978) 
and NEI (1987) statistics, helping a comparison with 
other analyses. Because of an expected low level of 
differentiation due to the trimillennial human manage- 
ment, genotype frequencies were used to calculate 
Gregorius indices, in order to enhance their discrimina- 
tion. Wright indices were estimated with the Weir and 
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Table 2. Genotype Pij (j > i )  and allele Pi relative frequencies in polymorphic loci of European population samples. Pij and 
Piare reported in the borded triangular and column matrices respectively. Numbers in columns N are sample sizes, their 
fluctuations are due to missing data. 

NW 
SP. 

NE 
SP. 

SW 
Fr. 

SC 
Fr. 

SE 
Fr. 

N 
It. 

C 
It 

S 
It. 

It. 
Si. 

C 
Hu. 

E 
Hu. 

N 

SW 
Fr. 

Gr. 

SC  
Fr. 

SE 
Fr. 

Pgm-I Pgd-2 Pgm-I Pgd-2 

,482 1.694 1 

N 
It. 

N P.. P; N P.; P; 

,524 1.696 1 

C 58 ,034 .052 .034 ,078 58 ,224 ,259 .052 .379 
It. ,448 ,259 ,603 ,121 ,259 .379 1 1 7 2 . 3 1 9  0861,2411 

It. 

Si. ,333 ,136 ,545 

,128 .051 ,346 

.093 ,209 .308 
.023 ,297 

.209 1.593 1 ,012 1.099 1 ,635 1.788 



Table 3. Genotype Pij (j 2 i) and allele Pi relative frequencies in polymorphic loci of European, Caucasian, NW and NE 
Chines samples. P, and Pi are reported in the borded triangular and column matrices respectively. Numbers in columns 
N are sample sizes, their fluctuations are due to missing data. 

Skd11-1 Skdh-2 Dia-1 Dia-3 
Region 

N Pti Pt N PI, Pi N Pu P, N P,, PL 

Europe 745 131 . I  17 ,452 H 7 1 2 / 0 4 1 1  H 7 5 0 p 1  

Caucaus 179 ,447 ,441 @u9m "'17""1 

NW 
China 

China 1 So01 1 1 ,4581 1 1 .500/ 

Mpi-1 Pgm-1 Pgd-2 
Region 

N PI, P, N p, P, N p, p, 

NW 22 " 23 p"' 23 
Chlna ,364 .091 ,614 .043 ,348 .217 

,045 ,136 ,043 SO0 

NE 24 ,125 .375 ,167 ,396 22 ,364 ,636 
China .208 ,083 .438 

,042 ,167 

Cockerham E f indices (WEIR & COCKERHAM 1984). 
Locus averages of Nei and Wright indices were calcu- 
lated across the whole set of loci examined. The jack- 
knifing method was used to calculate the standard 
deviations of sample statistics. 

Genetics software packages used for data elabora- 
tion were: GSED program (v. 1 .O) of E. M. Gillet' for 
Gregorius indices, and FSTAT (v. 1.2) program of J. 
Goudet2 for Weir and Cockerham's estimators of 
Wright statistics. 

'' Abteilung fiir Forstgenetik und Forstpflanzenziichtung, 
Universitat Gottingen, Biisgenweg 2, D-37077 Gottingen, 
Germany. 
'' Institut de Zoologie et d'Ecologie Animale, Bitiment de 
Biologie, UniversitC de Lousanne, CH-1015 Dorigny, 
Switzerland. 

RESULTS AND DISCUSSION 

Out of the 15 loci analysed, 7 (Skdh-1, Skdh-2 Dia-1, 
Dia-3, Mpi-1, Pgm-1, Pgd-2) resulted polymorphic 
and 8 (Est-1, Pgi-1, Pgi-2, Aah-1, Got-1, Got-3, 
Got-4, Got-5) monomorphic for the same allele in the 
whole sample, polymorphism found in the locus Est-1 
by GERMAIN et al. (1993) was likely due to the differ- 
ent ontogenetic stage of the analysed tissue (leaves). 
The proportion of polymorphic loci P = 47% was lower 
than that found on average in widespread species (P = 
59 %, HAMRICK et al. 1991). Genotype and allele 
relative frequencies of the polymorphic loci in the 12 
European samples and the 4 subcontinental samples are 
reported in  tables 2 and 3 respectively. In each poly- 
morphic locus the alleles are ordered according to the 
relative migration distances on the electrophoretic gel, 
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the first allele corresponding to the shortest one. 
A glance of tables 2 and 3 outlines the following 

remarks: 
Skdh-1 and Skdh-2 - These loci show two alleles 
in all but in the NW China sample, which is charac- 
terised by the presence, in both loci, of a third 
allele. In both cases the third allele appears only in 
combination with the first one. That could be 
explained supposing, in this population, a negative 
assortative mating preference of the third allele 
gametes or to some postzygotic environmental 
selection. The Skdh-2 first allele shows a geo- 
graphic pattern in good agreement with the histori- 
cal westward spreading of Juglans regia in Europe, 
with 0.304 < P, < 0.452 in eastern Hungary and 
northern Greece, 0.05 1 2 P,  0.188 in peninsular 
Italy, Sicily and central Hungary and P, 2 0.050 in 
western Europe (Spain, France and northern Italy). 
Dia-3 -Chinese samples show no heterozygotes in 
this locus, suggesting a positive assortative mating 
behaviour of either or both gametes in these popula- 
tions. 
Mpi-1 - This locus is triallelic in Asiatic and bial- 
lelic in European samples, where the third allele is 
missing. The second allele shows an eastward 
decreasing frequency (P2 - 0.88-0.0034 x longi- 
tude). 
Pgm-1 - This locus is triallelic in European and 
Caucasian samples and biallelic in the Chinese 
ones, where the third allele is missing. The first 
allele shows an eastward increasing frequency (P, - 0.04 + 0.0059 x longitude). 
Pgd-2 - This locus is triallelic in Europe, Caucasus 
and NW China and biallelic in NE China, where the 
second allele is missing. An eastward positive 
gradient is found in the third allele frequency (P, 
0.02 + 0.0058 x longitude). 

Diversity measures 

The diversity indices Nu, N, , H,,, He and Fare  reported 
in table 4. 

The within population actual allele multiplicity 
ranged from N, = 2.00 in NW Spain to Nu = 2.57 in 
NW China with a mean Nu = 2.24 in Europe and N, 
= 2.38 in Asia. Even if with due reserve, because of 
the high sensitivity of Nu to the sample size, these 
values, compared to the value typical of widespread 
species (HAMRICK et al. 1991), evinced some scarcity 
of alleles, more pronounced in Europe. 

Allele diversity, measured by the more meaningful 
N,, showed considerable differences among the 4 
subcontinental samples. Samples of natural NW China 

ar,d naturalised NE China populations showed the 
highest diversities, whereas samples from anthropized 
European populations showed lower diversities with an 
overall decreasing trend in the more western ones. The 
lowest diversity was shown by the Caucasian sample, 
in spite of its relatively high N, value. In any case the 
significance of the deviations of the N, from their mean 
across the populations was tested (significance level a 
= 5%) by comparing the statistics (SOKAL & ROHLF 
1995) 

with the Student critical t value (p = 0.05; d.f. = n - 1) 
= 2.145. The test resulted significant only for the NW 
China population, with t = 2.186. 

Both the lower level of allele diversity in Europe 
and its westward decreasing trend clearly point out a 
more intense and westward increasing effect of human 
selection on these populations, respect to the Chinese 
ones. Not very reliable seems the low value of Ne 
found in the Caucasian sample, it is likely attributable 
to a non-random collection of seeds which could give 
rise to individuals too much related each other. 

Unlike N,, N, could not be compared to a typical 
value in widespread species; however it looks relatively 
high, as compared to Nu. In order to show that, we 
measured the deviation between Nu and N,, i.e. the 
skewness of the allele distribution, by means of the 
ratio S, = (N, - N,) / (N, - 1). Since 1 < N, L Nu, S, 
varies from 0 to 1 irrespective of the single locus allele 
multiplicity, reaching 0 when in each locus the alleles 
are equifrequent and approaching 1 as the loci tend to 
the monomorphism. The values of S ,  reported in table 
4, ranged from S, = 0.26 in NE China to S, = 0.61 in 
Caucasus with means S, = 0.47 in Europe and S,  = 0.43 
in Asia. In some other tree species the values of S,, 
calculated with the data found in literature, resulted: 
Nu = 1.63, N, = 1.39, S, = 0.38 in Castanea sativa 
(VILLANI et a/ .  1991 b); 
N,, = 2.78, N, = 1.64, S, = 0.64 in Pinus sylvestris 
(PRUS-GLOWACKI & STEPHAN 1994); 
Nu = 2.51, N, = 1.33, S, = 0.78 in Fagus sylvatica 
(KONNERT 1995); 
No = 3.01, N, = 1 SO, S, = 0.75 in Pinus brutia (KARA 
et al. 1997); 
Nu = 1.83, N, = 1.20, S, = 0.768 in Picea abies (GIAN- 
NINI et al. 1991); 
Nu = 2.85, N, = 1.31, S, = 0.83 in Quercus ilex (YACINE 
& LUMARET 1989). 



Table 4. Actual allele multiplicity N, and averages across the polymorphic loci of effective allele multiplicity N, (harmonic 
averages), skewness of allele distribution S,, observed H,, and expected He heterozygosities and fixation index F. 
* significantly different from the mean (a = 5%). 

Subcont. samples Regional samples Nu Ne & H0 He (4 F (sd) 

NW Spain 
NE Spain 
SW France 
SC France 
SE France 
N Italy 
C Italy 
S Italy 
Italy - Sicily 
C Hungary 
E Hungary 
N Greece 

Europe 

Caucasus 
NW China 
NE China 

Asia 

All pop 

Table 5. Inner 6," and outer 6,,, genotype differentiations in the 15 populations assayed. Means in the last raw are weighted 
with the population sample relative sizes. Locus means in the last columns are  weighted with the relative genotype 
multiplicities of the loci. 

Popula- Skdlz-I Skdh-2 Dia-I Dia-3 Mpi-I Pgm-I Pgd-2 Locus means 

tion st,, so,, h L st,, so,, 6, 6,,, 4, 6,,, s,,, so, 6,, 6,, &(sd) L ( s 4  

NW-SP .612 .I24 ,043 ,266 .615 ,133 ,589 
NE-SP .57 1 ,166 ,000 ,294 .608 .333 S99 
SW-FR ,640 ,122 .093 ,238 .641 ,174 .556 
SC-FR ,660 .I30 ,047 ,264 ,633 ,203 .476 
SE-FR ,486 .230 ,038 ,271 ,642 ,154 ,530 
N-IT ,596 ,074 ,117 ,227 ,618 .I02 ,531 
C-IT .622 ,046 ,341 .074 .618 ,295 .566 
S-IT ,618 ,035 ,479 ,122 3 8  ,193 ,543 
IT-Si ,593 .079 ,187 ,186 ,587 ,273 .664 
C-HU .579 ,179 ,619 ,315 .533 ,275 ,631 
E HU ,538 ,201 ,217 ,175 ,518 ,196 ,522 
NGR ,586 ,114 ,596 ,226 .371 .342 .311 
GEOR ,596 ,337 ,648 ,390 ,399 ,457 .259 
NW CHI ,530 .280 ,609 ,743 ,565 ,148 .467 
NE CHI .522 ,177 .649 ,278 ,649 ,168 ,464 

Mean ,585 ,171 ,338 ,260 ,537 .264 ,479 ,211 .453 ,163 ,633 ,272 .717 ,329 .549 (.022) .242 (.011) 
(sd) (.047)(.085)(.26O)(.l 52)(.O8j)(.O97)(.lO9)(.l22)(.l96)(.l2l)(.O65)(.2l3)(.lOl)(.l89) 
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Except in Castanea sativa, they are higher than in 
walnut, showing in this species a more balanced allele 
distribution and the capability to maintain it even in 
presence of a long selection pressure. 

The mean expected heterozygosities were 
+0.038 + O  048 He = 0.394_0040 in Europe and He = 0.435-0071 in 

Asia; they obviously confirmed the lower diversity 
level in Europe respect to the China and the low 
diversity of Caucasian sample. Moreover the compari- 
son of H, with the observed heterozygosities H, show- 
ed an overall slight deficiency of heterozygotes: both in 
Asia and in Europe it was H, < H, in 67% and H, > He 
in 33% of populations. This slight deficiency of hetero- 
zygotes may be the result of aggregating populations 
subdivisions (demes) which differ slightly in allele 
frequencies (Walund effect). 
Anyway it is worthwhile to point out: 

the overall high level of heterozygosity, even in 
European populations, in comparison with popula- 
tions of other wind pollinated latifoliae namely: 
Juglans nigra (0.21720.145, RINK et al. 1994), 
Castanea sativa (0.274k0.047 VILLANI et al. 
1991a), Castanea mollissitna (0.345+0.035, HUANG 
et al. 1994), Fag~is sylvatica (0.22820.05 1, 
BELLETTI & LANTERI 1996), Quercus rubra and 
Quercus ellipsoidalis (0.310+0.027, HOKANSON et 
al. 1993); 
the substantial HW equilibrium found in all popula- 
tions, as shown by the low level of the mean fixa- 
tion index F that in Europe and in Asia lies in the 

+0.143 + O  040 intervals o , 0 4 2  O1s and o . o  i 2 042, respectively. 
In particular, deviations of F from 0 with a 5% 
significance level were found at the most in 2 loci 
out of 7 in all the samples, except the eastern 
Hungary one, where 4 loci resulted significantly in 
disequilibrium (data not shown). That points out a 
high rate of outcrossing, consistent with the repro- 
ductive strategies of J. regia to avoid self-pollina- 
tion and inbreeding. 
Both the substantial HW equilibrium and the 

considerable heterozygosity levels found in European 
populations confirmed the relevant capability of J. 
regia to preserve a high level of genetic diversity even 
in presence of some genetic erosion. 

Gregorius differentiation indices 

Gregorius inner and outer differentiation indices 6, and 

d,, are reported in table 5 with their weighted averages 

across polymorphic loci and populations. Consistently 

with the feature of a long-lived outcrossed wind polli- 

nated species, the within population differentiations 

were systematically higher than the differentiation 

among populations. The averages across the loci of 6,, 
+0.066 +0.023 ranged in the intervals o .s 4 2 -0,064 and o .s 7 9 -0,022 in 

Europe and in Asia respectively, showing high and 

close together values in all the populations. Corre- 
+0.066 sponding ranges of 6 ,,,, were 0 .  I 9 6 _o,06s and 

+0.047 
o . 4  s 8 _0,071 respectively, showing, on the contrary, 
values in Europe systematically lower (about a half) 

than those found in Asia. The plots of 6, and do,, are 
reported in figures 2 and 3, respectively. Figure 2 
shows, for d,, balanced values in all the populations at 
the loci Skdh-1, Dia-1, Dia-3, Pgm-1 and Pgd-2, 
whereas high values in Asia and scattered values in 
Europe at the loci Skdh-2 and Mpi-1. The last plot 
shows a quite uniformmean inner differentiation across 
all the populations. Plots in figure 3 show lower and 
more scattered values of a,,, across the loci and an 
outlying behaviour of Asiatic populations, quite evident 
in most of the loci and surnmarised in the last plot. The 
clustering of European populations at lower values of 
d,,, is coherent with a postglacial relationship among 
them respect to a preglacial relationship with the 
Asiatic ones. Quite interesting is the unexpected high 
level of internal differentiation found in Europe. They 
confirmed, in agreement with the diversity indices, that 
the long exposure of European J, regia to human 
selection caused a considerable genetic erosion, but 
seems to have not affected noticeably the internal 
genotype differentiation. That could be evidence both 
of the genetic plasticity and reaction of this species. 

Wright and Nei indices 

The averages across all the loci of the Wright and Nei 
indices, estimated in 4 national and 2 continental 
groups of populations, are reported in table 6. Both the 
statistics confirmed and integrated what came out from 
the diversity and differentiation indices. In details: 

The closeness to the HW equilibrium of all the 
populations, shown by the fixation indices, was con- 
firmed by the low values of the inbreeding coefficient 
f in all the groups. Moreover the slightly higher values 
in Spain and Italy revealed an intrapopulation differen- 
tiation, in these groups, more pronounced than in other 
groups. 

In all the groups H, resulted close to the values 
typical of predominantly outcrossed (0.21420.034), 
long lived (0.202+0.038) and widespread (0.183+ 
0.036) plant species (LOVELESS & HAMRICK 1984) 
confirming, in agreement with d,,,, a considerable level 
of intrapopulation differentiation. Even in Europe the 



IUW-SP Dia-1 
NE-CHI, 7 m - S P  

Dia-3 
NW-SP 

hlpi - 1 
NW-SP 

NW-SP 

NE-CHI, T ,hT-SP 

lT-s+ h-rr 

weighted averages 
across polym. loci 

Figure 2. Radar plots of inner population differentiations din in the polymorphic loci. The circle in each plot shows the 
weighted average across the populations; weighted average across the loci is reported in the last plot. 

values of H,, although slightly lower than in Asia, were 
well higher than those estimated by means of RFLP 
markers in cultivated selections of congeneric species 
like J. cinerea (H, = 0.088) and J. nigra (H, = 0.1 11) 
(FJELLSTROM & PARFITT 1994). 

The comparison of 0, D,, and G,, among Europe, 
Asia and ail the populations outlined, in agreement with 
do,,, the relative closeness of European populations 
respect to the Asiatic group and the relevant differentia- 
tion among Caucasus, NW China and NE China 
populations. This is particularly evident comparing the 
values of G,, in Europe (G,, = 0.066) and in Asia (G,, = 
0.106) with the value G,, - F,, = 0.108, reported by 

FJELLSTROM & PARFITT (1994) using RFLP markers for 
the analysis of natural populations of J. regia. 

CONCLUSIONS 

The comparative analysis of the genetic structure of 12 
European and 3 Asiatic populations of Juglans regia 
suggests the following considerations: 

The mean number of alleles per polymorphic locus 
N, = 2.27 and the total differentiation index H, = 0.214, 
lower than the typical values reported for widespread 
plant species (N, = 3.70 and H, = 0.380 respectively, 
HAMRICK etal. 1991, MILLAR &LIBBY, 1991), together 
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Figure 3. Radar plots of outer population differentiations S o ,  in the polymorphic loci. The circle in each plot shows the 
weighted average across the populations; weighted average across the loci is reported in the last plot. The same scale of 
fig. 2 was used to help a comparison with 4,,. 

with the fact that the polymorphic loci and the alleles of 
the monomorphic ones coincided in all the samples, 
revealed a reduced level of genetic variability of J. 
regia and confirmed the soundness to number this tree 
species among the widespread endangered ones. 

About the debated origin of European walnut, the 
considerable level of differentiation found among the 
4 subcontinental groups of populations (Europe, 
Caucasus, NW China and NE China), the presence of 
different allelic pools in a few polymorphic loci 
(Skdh-1, Skd11-2, Mpi-I, Pgm-1) and the lower levels 
of differentiation among European populations, seem 

to give credit to a survival of J. regia in Europe during 
Pleistocene glaciations. On the other hand the thesis of 
the extinction of the species and subsequent recolo- 
nisation from Asia (BOTTEMA 1980), entails the ardu- 
ous acceptance that 100 centuries elapsed from the last 
glaciation were sufficient to give rise, in a long lived 
tree species, to the amount of differentiation found 
among European and Asiatic populations. 

As for the glacial refugia in Europe, the relatively 
higher level of diversity in Italy, in Hungary and in 
Greece and its westward decreasing trend (see 6,, and 
H,) suggest, in agreement with some paleopalynologic 



Table. 6. Estimates of the Wright and Nei indices in national and continental groups of populations (standard deviations 
in brackets). In the last column the Gregorius outer differentiation. 6," is reported for comparison. 

Groups 

Spain 
France 
Italy 
Hu and Gr 
Europe 
Asia 
All pop. 

Popul. 

data (HUNTLEY & BIRKS 1983), their location in penin 
sular Italy and in Balkans, where the presence of native 
residual germplasm could contribute to the diversity. 
The lower diversity levels in western Europe is attribut- 
able to the human propagation that, leading to the 
selection with the most suitable traits, negatively affects 
the genetic variability along the way of diffusion. 

Unlike to the negative effects on the genic pool, the 
human forced propagation did not seem to significantly 
affect, in Europe, the within population differentiation 
levels which resulted comparable with those found in 
Asiatic populations and close to the levels found in 
other broad-leaves cross-pollinated species. The 
capability of J. regia to maintain a noticeable 
intrapopulation differentiation, even in presence of 
selection pressures, is attributable to its reproductive 
strategies to prevent self-pollination and inbreeding. 

In conclusion this study pointed out an evident 
genetic erosion suffered by the species, mainly in 
Europe, and, despite the incomplete description of 
Asiatic walnut, the presence of populations well 
adapted in areas with different environmental condi- 
tions and the occurrence of different rare alleles within 
populations from Asia and Europe. These items could 
be useful to organise conservation programmes aiming 
to preserve the genetic variability still present in  
different countries and to succeed in identifying geno- 
types for future walnut breeding programs. 
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