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SUMMARY 

The nature of allozyme differentiation among Aleppo pine (Pinus halepensis Mill.) circum-Mediterranean 
populations gave rise to the division of the species into two major subdivisions and several races. In spite 
of the relatively low values of several genetic parameters in Pinus halepensis, compared with the values of 
the same parameters in other pine species, there is enough genetic variation to enable selection and 
adaptation to stressful environments, within and outside the natural range of distribution of the species. 

Aleppo pine F,-offspring, grown from seeds collected in natural native Israeli and overseas 
populations, were planted in 1985 in two provenance trials. One of the trials was established under 
drought-prone environmental conditions at the northern edge of the Israeli Negev Desert (the Yatir 
Forest), to mimic the ecological changes resulting from global climate change. 

We tested whether these 13-year-old F,-offspring populations exhibited genetic diversity and structure 
similar to those of their parental origin populations. We also measured several eco-physiological 
properties, to elucidate eventual differences between provenances in their response to drought. 

After 13 years, in 1997, the survival rate of the 23 provenances averaged 75 + 13 %, and ranged 
between 46 and 92 %. The survival rate in 2000 declined to an average of 38 + 21 %, with a range from 0.0 
to 92 %; this was because of two successive winter droughts, with only 144 and 155 mm rainfall in the 
winters of 1998199 and 199912000, respectively. This was the most severe such event ever recorded in the 
region. 

The genetic diversity of the provenances was determined in 199711 998 by means of isoenzyme analysis 
by starch gel electrophoresis, and by means of genome DNA analysis by RAPD-based PCR. The 
percentage of polymorphic loci increased from an average of 40 % in the natural populations to 46 7% in 
the F,-offspring populations at Yatir. The average number of alleles per locus (AIL) rose from 1.3 in the 
parental populations to 1.5 in the offspring populations and, consequently, the observed heterozygosity 
rose from 0.049 and 0.1 15 respectively in the parental populations to 0.160 and 0.144, respectively, in the 
Yatir populations. The average observed heterozygosity rose from 0.1 18 to 0.167. The largest changes in 
diversity, heterozygosity and fixation index occurred in the population that had originated in the highest 
and wettest environment, whereas only relatively minor changes occurred in those from relatively drier 
environments. Analysis by means of RAPD-based PCR showed that gene diversity (h) rose from 0.264 and 
0.303, respectively, in the parental natural populations to 0.43 1 and 0.406 in Yatir. The calculated linear 
regression between allozyme heterozygosity and gene diversity (RAPD) resulted in r = 0.690, P < 0.001. 

Planting in dryland areas, outside the natural area of distribution of a species, can be looked upon as 
the creation of man-made peripheral populations as defined by SAFRIEL et al. (1994). Such populations 
will have higher genetic diversity than natural populations- conferred by selection pressure that eliminates 
the homozygous and favors the heterozygous genomes - and consequently have more resistance to extreme 
conditions. Therefore, plantations of such populations should be established and treated as a biogenetic 
resource, available for rehabilitation and restoration of damaged natural or planted Aleppo pine 
ecosystems. 

INTRODUCTION water status. Water is very significant because of its 
biological roles: as a solvent and a transport me- 

Forest species are subjected to numerous environ- dium; as an electron donor in biochemical reactions; 
mental stresses; most of which influence the plant's and as an evaporative coolant. Tree water balance is 

' This paper has been presented at the IUFRO Symposium on Population and Evolutionary Genetics of Forest Trees 
held in Stari Lesna, Slovakia, on August 25-29,2002. 
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very often impaired by the stresses imposed by 
external drought conditions, which affect forest trees 
across all geographical and climatic areas. Species of 
woody plants are known to vary in their sensitivity 
to increase in soil-water potential, an important 
factor that is required for normal growth processes. 
It is assumed that all plants have an encoded capa- 
bility to respond to this stress. Although many plant 
species have developed responses and adaptations 
that are specific to a particular stress such as 
drought, and are known to be genetically controlled, 
not every plant species is capable of such an adapta- 
tion. Within species whose genotypes have the 
capability to adapt, the most resistant genotypes in 
a population may be found at the edges of its habi- 
tat, where the environmental stresses are strongest. 
Genetic differentiations possibly result from diver- 
gent evolutionary forces such as selection and 
genetic drift. Gene flow influences the genetic 
differentiation of species and populations within 
species. High rates of gene flow among populations 
smooth the effects of genetic drift and selection. 
These effects create new gene combinations, which 
help the species to adapt to new conditions, i.e., 
microgeographic differentiation (WRIGHT 195 1 ; 
CROW & AOKI 1984; SLATKIN 1985 1987). 

The genus Pinus includes about 100 species and 
is among the most widespread tree genera in the 
Northern Hemisphere. Pines are of major ecological 
and economic significance. Among the lowland 
Mediterranean pine species Aleppo pine (Pinus 
Izalepensis Mill.) is the most widely spread, and the 
most drought resistant (OPPENHEIMER 1967, 
SHOMER-ILAN 1968). 

Aleppo pine seed material from various circum- 
Mediterranean geographic regions became available 
in 1976 (MORANDINI 1 976), and thus facilitated two 
different genetic approaches. (i) The establishment 
of provenance (progeny) trials in many countries to 
determine and compare the success (survival, 
growth) of the various provenances (ecotypes, 
genotypes) in a variety of environments. (ii) Analysis 
of morphological and genetic diversity of circum- 
Mediterranean and local Aleppo pine populations 
(SCHILLER 2000). 

Geographic trends of allozyme differentiation 
among Aleppo pine populations gave rise to the 
division of the species into two major groups: a 
western Mediterranean group that occupies a region 
extending from longitude 25 " 00' E westward toward 
the Atlantic; and an eastern Mediterranean group in 
the region from longitude 25" 00' E eastward, into 
the Middle East and Turkey. Furthermore, genetic 
parameters indicated that the western Mediterra- 
nean group consists of four geographic races: (i) 

western Europe, (ii) eastern Europe, (iii) Morocco 
and (iv) North Africa (SCHILLER et al. 1986), a more 
recent study (KOROL et al. 2001) yielded similar 
results. In spite of the relatively low values of several 
genetic parameters (e.g., number of polymorphic 
loci, number of alleles per polymorphic locus, direct 
count and expected heterozygosity) in comparison 
with those found in other pine species, there is still 
enough genetic variation to enable the species to 
adapt to stressful environments outside its natural 
area of distribution. 

Afforestation activity outside the natural clima- 
tic range of the various species has created periph- 
eral populations - as defined by SAFRIEL et al. 
(1994) - of some of the most important Mediterra- 
nean conifer species, such as Pinus halepensis, P 
brutia, l? eldarica, l? pinea, P canarierzsis, Cupresus 
sempervirens, etc. These populations have lived for 
more than 20 years under some highly stressful 
climatic conditions, in comparison with those 
prevailing at the core area of their natural distribu- 
tion. These very stressful and variable conditions 
could induce selection that contributes to and 
maintains a very large genetic diversity. 

Genetic diversity and structure were studied in a 
36-year-old Aleppo pine afforestation at Yatir, a 
drought-prone area at the northern edge of the 
Israeli Negev Desert (3 1 " 02' N, 35" 02' E, 630-700 
m a.s.1.). This region is characterized by higher solar 
radiation and lower atmospheric relative humidity 
than those in regions in which natural Aleppo pine 
forests and small relicts grow in Israel; and only 278 
(k89) mm 35-year average annual rainfall (Sub- 
desertic climate), in comparison with more than 500 
mm in regions in which natural Aleppo pine forests 
and small relicts grow in Israel. The percentage of 
polymorphic loci and the direct-count mean 
heterozygosity were 52 and 17.8 'X,, respectively, 
compared with 49.6 and 14.9 %, respectively, in the 
native Israeli populations. From these results it can 
be deduced that the Yatir forest is under a selection 
pressure that only more heterozygous individuals are 
able to withstand. Many studies have found that 
severe environmental conditions may tend to select 
for a more heterozygous population, for example: 
Ipspini (GAST & STOCK 1994); Gambusia holbrooki 
(MULVAY et al. 1994); Triticum dicoccoides (LI 
(Y.C.) et al. 2000); in European Scots pine popula- 
tions (PRUS-GLOWACKI et al. 1999); Hordeum 
spontaneum (VOLIS et al. 1998); and in wild barley 
and chukar partridge (SAFRIEL et al. 1994). 

The aim of the present study was to investigate 
whether changes have occurred in genetic parame- 
ters of several provenances as the result of adapta- 
tion to stressful ecological conditions that partially 



mimic the ecological changes that may eventually 
result from global climate change. 

For this study we have used genetic material 
from a provenance trial that was planted in 1985 
within the Yatir afforestation project with seeds that 
were collected in 1976 and 1980 in the natural 
populations (= parental populations). Thirteen years 
after planting of that provenance trial, the average 
survival rate was 75 + 13 'X I ;  after a further three 
years, which included two years of very severe 
drought, with only 144 and 150 mm annual rainfall, 
respectively, the average survival rate had declined 
to 38 + 21 'X,. The existence, at the edge of the 
desert, of that provenance trial planted with 23 Fl-  
offspring populations, enabled us to quantify chang- 
es at the allozyme and DNA levels, within prove- 
nances, among populations (planted versus natural 
origin) in response to 13 years of environmental 
stress conditions. 

MATERIALS AND METHODS 

The seed material analyzed 

Genetic diversity and structure were analyzed in 
seed material received from: 

a. INRA at Avignon, France, Department of 

Table 1. Geographic locations of natural populations analyzed. 

Forest Trees Population Genetics, seed collection, in 
connection with the European Communities Inter- 
national Cooperation with Developing Countries, 
Contract No: ERBIC 18CT 970 200. 

b. Several Fl-progeny artificial populations 
growing since 1985 in the Yatir forest provenance 
trial. 

In the summer of 1997 cones were collected in 
each of the parental populations growing in Israel, 
as far as possible from the same trees as in 1980, and 
from their Fl-offspring artificial populations in the 
Yatir forest. Open-pollinated (half-sib) seeds were 
extracted from the cones and those from each tree 
were kept separately. In addition, seed lots were 
received from many overseas Aleppo pine popula- 
tions, some of them from exactly the same popula- 
tions and geographic locations that were involved in 
the 1976 seed collection (MORANDINI 1976). The 
populations analyzed are listed in Table 1. 

Isoenzyme marker analysis 

For measuring genetic variability parameters in the 
populations, 14 enzyme systems were used: Aap; 
ACO; Acp; Adh-1, -2; Cat; Gdh; Got-1, -2, -3; I&; 
Lap; Mdh, -1, -2, -3, -4; Mnr-1, -2; Pgi-1, -2; Pgm-I, - 
2; 6pgd-2,-3 (for details see KOROL et al. 2002). Seed 

Seed source Country and FAOIIUFRO code Longitude Latitude Altitude (m a.s.1.) 

Tamga 
Ikherifene 
Lalla Mimouna 
Selloum 
Birino 
Oum Jedour 
Takrouna 
Telagh* 
Velez Blanco 
Jarafuel 
Caireval 
Chiavari 
Otricoli * 
Vico del Gargano* 
Istiaia (Ebouea)* 
Kassandra* 
Jerash 
Ajlun 
Yirka 
Bet J'ann* 
Mt. Carmel* 
Turkey 

Mor- l 
Mor-2 
Mor-3 
Tun- 1 
Tun-2 
Tun-3 
Tun-4 
Alg 
Spa- 1 
Spa-2 
Fra 
Ita-1 
Ita 
I ta-2 
Gre- 1 
Gre-2 
Jor- l 
Jor-2 
I L-2 
TL 
IL-1 
Tur 

- 

- 

- 

A-10 
- 

A-9 
- 

A-3 1 
A-18 
A-20 
- 

- 

A-26 
A-27 
A-3 
A-5 
- 

- 

- 

- 

- 

Seed orchard 

* = F,-offspring of these natural forests are planted in the Yatir provenance trial. 
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preparation, germination, enzyme extraction and 
horizontal starch gel electrophoresis, gel slicing and 
staining were performed according to CONKLE et al. 
(1 982), with several adjustments according to 
KOROL & SCHILLER (1996). To raise the probability 
of detecting a heterozygous tree, analyses were 
performed with eight haploid megagametophytes 
per mother tree (P  = 0.992) 

RAPD marker analysis 

For RAPD analysis six 10-base primers (from sets 
OPA OPB and OPD, Operon, Alameda, USA) were 
used. Genomic DNA was extracted from the 
megagametophytes by a modified CTAB procedure 
(DOYLE & DOYLE 1 99O), and the DNA concentra- 
tion of each sample was measured by spectrophoto- 
metric assay at 260 nm. 

PCR was performed in a 15-pl sample of reaction 
solution (KOROL et al. 2002). The following amplifi- 
cation parameters were used: denaturation step at 
95 "C for 2 min; 44 cycles of 94 "C for 10 sec, 37 "C 
for 1 min and 72 "C for 2 min; and a final step of 
72 "C for 5 min. The products of the amplification 
were electrophoresed in a 1.8'% agarose gel, followed 
by ethidium bromide staining (SAMBROOK et al. 
1989). The molecular sizes of the RAPD products 
were estimated by comparison with molecular 
weight markers. After electrophoresis, the gels were 
photographed, and the photographs were used to 
score the data for the RAPD analysis. The RAPD 
specific amplification products were scored as: 
present = 1, absent = 0. The value 1 indicated the 
presence of a certain fragment, and 0 its absence. 

Data analysis 

For the allozyme analyses the calculations of intra- 
and inter-population genetic diversity were done 
with the BIOSYS- 1 computer program, version 1.7 
(SWOFFORD & SELANDER 198 1). The scored allele 
frequency data were used for calculation of the 
proportion of polymorphic loci (Pg), the mean 
number of alleles per locus (AIL), and observed 
(Hobs) and expected heterozygosity (Hexp). The 
unbiased values were computed according to condi- 
tional expectations in NEI (1978). Wright's Fst 
expectation (WRIGHT 1965; NEI 1977) was used to 
analyze the genetic differentiation between popula- 
tions. Inbreeding coefficients were summarized 
across populations for each locus by calculation Fis 
values. The significance of the excess andlor defi- 
ciency in heterozygotes was tested with Li's formula 

(LI & HOROVITZ 1953; NEI 1977). 
The POPGEN computer program version 1.32 

(YEH et al. 1999) was used to estimate the genetic 
polymorphism at the nucleotide level. RAPD data 
were analyzed to obtain the mean number of alleles 
per locus (na), the expected heterozygosity (h)  
according to NEI (1 973) and the Shannon index ( I )  
introduced by LEWONTIN (1 972). 

The genetic distances between populations were 
computed by treating every locus according to 
CAVALLI-SFORZA & EDWARDS (1967). Cluster 
analyses were performed with PHYLIP (Phylogeny 
Inference Package) ver. 3.5 (FELSENSTEIN 1993). 
Identification of natural groups was based on the 
allozyme marker data by using the neighbor-joining 
method of clustering (SAITOU & NEI 1987). All trees 
were constructed by successive clustering of lineages, 
setting branch lengths as the lineages joined. 

For multiple comparisons of differences among 
populations and among groups, the analysis of 
variance (ANOVA) algorithm with SIGMASTAT 
STATISTICAL software (SPSS Inc.) was used 

RESULTS 

Differentiation among circum-Mediterranean popula- 
tions 

A dendrogram based on genetic distance measures 
(CAVALLI-SFORZA &EDWARDS 1967) obtained with 
the Neighbor-joining algorithm is presented in 
Figure 1. The phylogenetic tree shows a distinct 
separation among groups. The four groups corre- 
sponded to the geographic distribution of the popu- 
lations in the Mediterranean region: 

1. Western European including Morocco, Spain 
and France; 

2. Eastern European including Italy and Greece; 
3. The four populations growing in Tunisia; and 
4. Eastern Mediterranean including Israel, 

Jordan and Turkey. 
Differences among the four groups were found in 

most of the loci, with significant differences in the 
Aap, Aco, Adh2, Cat2, Got3, Lapl, Mdh2, Mdh4, 
Mnrl, Pgm2 and 6Pgd3 loci. In comparison with the 
others three groups the fourth group (eastern Medi- 
terranean group) had high frequencies of the second 
allele in the Aay, Cat2 and Got3 loci. The second 
group (Greek-Italian group) differed from the others 
mainly in allele frequencies in the Aap, Aco, Adhl, 
Adh2, Gdh, Lap, Mdh4, Pgi2, and 6Pgd2 loci; in 
many enzyme systems the third and fourth alleles 
were present only in the Greek-Italian populations. 

The same four groups could also be established 
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Figure 1 .  Dendrogram for 19 Mediterranean Pinus 
lzalcpensis populations based on CAVALLI-SFORZA and 
EDWARDS (1967) distance, produced by the Neighbor- 
joining method (SAITOU & NEI, 1987). (Populations 
according to table 1). 

on the basis of some genotype frequencies, as pre- 
sented in Figure 2. The figure demonstrates the 
geographic distribution of genetic types, as esti 
mated according to their frequencies. The Aap locus 
clearly indicates differences among the groups. The 
Aap I-1 genotype was the most frequent one in the 
first group, with an average frequency of 0.965, 
whereas in the other groups its mean frequency did 
not exceed 0.450. This genotype frequency in the 
first group differed significantly ( P  < 0.001) from 
those in the other three groups. The Aup 2-2 geno- 
type was the most frequent (0.452) in group four, 
and its frequency there differed significantly from 
those in group one ( P  < 0.0001), group two ( P  < 
0.054) and group three (P < 0.161). The Alp 3-3 
genotype was detected only in the second (the 
Greek-Italian) group, where its average frequency 
was 0.1 17; this genotype was never detected in trees 
from other regions. High frequencies of the Adhl l-2 
and the Lap 2-2 genotypes also characterized the 
Greek-Italian group. The Lap 2-2 and the Aup 3-3 
genotypes were detected only in the second group. 

Figure 2. Frequencies of allozyme genotypes in the four 
Aleppo pine geographic groups of the Mediterranean 
region. 

The Lap 0-1 genotype was found only in the fourth 
group, being very frequent in the Israeli populations. 
The Cat2 1-2 genotype was the most frequent in 
both the eastern Mediterranean and the Tunisian 
populations, whereas it was not detected in the other 
groups. 

Values of genetic diversity parameters could also 
be used to establish these four groups as presented in 
Table 2. The western European and Moroccan 
group showed the lowest degree of within-popula- 
tion diversity. Distribution of the mean numbers of 
alleles per locus in groups ranged between 1.2 and 
1.4 in the first group, between 1.8 and 2.0 in the 
second group, between 1.5 and 1.6 in the third 
group, and between 1.3 and 1.8 in the fourth group. 
ANOVA analysis indicated significant differences ( P  
< 0.05) in mean values of number of alleles per locus 
between the eastern European group and the other 
groups. The percentages of polymorphic loci accord- 
ing to the 95 '% criterion were between 16 and 20 '% 
in the first group, between 44 and 52 ' X I  in the second 
group, between 32 and 36 'I/;) in the third group, and 
between 12 and 44 'I/) in the fourth group. 

Of the four groups, the eastern European group 
displayed the highest level of mean heterozygosity, 
0.183, whereas the second and third groups showed 
considerably lower variation (0.1 03, O.l24), and the 
first group (western European) displayed the lowest 
value of expected heterozygosity (H,  = 0.059). 
Pairwise comparisons of genetic variation between 
geographic groups revealed significant differences of 
heterozygosity ( P  < 0.05): group 1 vs. group 2; group 
2 vs. group 3; group 2 vs. group 4 and group 4 vs. 
group 1. 

Differentiation among microenvironmental sites 
Genetic diversity in sites was analyzed by means of 
isoenzyme electrophoresis and by the RAPD tech- 
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Table 2. Genetic variability at 25 loci in 20 circum-Mediterranean populations of Pinus halepensis Mill. 

Population 
Mean heterozygosity 

N AIIL P% 
H,,' Het* 

Tamga 17 1.3kO. 1 20.0 0.049k0.028 0.067st0.027 
Ikherifene 34 1.4k0.1 20.0 0.036k0.017 0.068k0.024 
Lalla Mimouna 16 1.2kO. 1 20.0 0.025k0.013 0.052k0.024 
Velez Blanco 36 1.3kO. 1 20.0 0.05 1 k0.028 0.055k0.024 
Jarafuel 72 1.4kO. 1 16.0 0.045kO.02 1 0.059k0.024 
Caireval 43 1.4kO. 1 20.0 0.042k0.020 0.054k0.022 

Chiavari 108 1.8kO. 1 44.0 0.137k0.039 0.186k0.046 
Vico del Gargano 108 1.8k0.2 44.0 0.144k0.067 0.180k0.043 
Istiaia 7 6 2.0k0.2 52.0 0.138k0.036 0.188k0.041 
Kassandra 4 5 1.9k0.2 48.0 0.126k0.037 0.1 77k0.038 

Selloum 
Birino 
Oum Jedour 
Takrouna 

- - - - 

Jerash 
Ajlum 
Yirka 
Bet J'ann 
M t. Carmel 
Turky 

N = mean sample size per locus, 
ANL = mean number of alleles per locus, 
P'% = percentage of polymorphic loci, 
H, = observed heterozygosity, 
He = expected level of heterozygosity, 
* = a locus is considered polymorphic if the frequency of the most common allele does not exceed 0.95, 
* *  = unbiased estimate (see NEI 1978). 

nique in several Fl-progeny populations growing in 
the provenance trial at Yatir (see footnote to Table 
1)- 

Calculation of the linear regression between the 
Fl-offspring survival rate (independent variable) and 
the increase in the percentages of observed 
heterozygosity, or in the number of heterozygous 
genotypes per tree for each provenance (dependent 
variables) resulted in negative correlation coeffi- 
cients of -0.9992 and -0.9978, respectively (P < 
0.05). The correlation coefficient of the linear 
regression between F ,  -offspring survival rate and the 
increase of Fi, values was positive 0.9733 (P < 0.05). 

Within-provenance, among-sites (progeny plant- 
ed at Yatir versus natural parental) differences in 
allele frequencies were detected in almost all enzyme 
systems analyzed. Frequencies of several alleles in 
the loci Mdh-3, Mdh-4 and Pgm-2 were higher in the 
F,- progenies than in the parental natural popula- 
tions; in the Mdh-4 and Pgm-2 loci the differences 

were related to the alteration of heterozygous 
genotypes. In the Lap and Mdh-3 loci changes were 
related to more frequent homozygous genotypes. 
The mean frequency of allele 1 in the Aap locus 
among 20 circum-Mediterranean populations was 
0.299 (KOROL et al. 2001) for non-Israeli prove- 
nances it was 0.23 1 and for the Israeli provenances 
alone, -0.7 16. Differences between parental natural 
populations and their F,-progeny in the Yatir forest 
were found in the common allele " 1 " of the Pgm-2 
locus. Similar differences were found in the null 
allele of the Mdh-3 locus. The frequency of this null 
allele in the Mdh-3 locus was always higher in the 
F,-progeny in Yatir than in their parental natural 
populations. 

Table 3a presents genetic variability parameters 
in several F,-progeny populations in comparison 
with these parameters in the parental natural popu- 
lations. Percentages of polymorphic loci (P  %), 
observed heterozygosity (H,) and expected 



Table 3a. Genetic variability parameters at the allelic level in some Pinus halepensis populations. 

- - -  - 

Population N AIL P% Ho HE 

Telagh (Yatir) 
Telagh (Natural) 

Istiaia (Yatir) 
Istiaia (Natural) 

Otricoli (Yatir) 
Otricoli (Natural) 

Bet J'ann (Yatir) 
Bet J'ann (Natural) 

Mt. Carmel (Yatir) 
Mt. Carmel (Natural) 

N = mean sample size per locus, 
AIIL = mean number of alleles per locus, 
P'% = percentage of polymorphic loci, 
H,, = observed heterozygosity, 
H, = expected level of heterozygosity, 
* = a locus is considered polymorphic if the frequency of the most common allele does not exceed 0.95, 
**  = unbiased estimate (see NEI 1978). 

Table 3b. Genetic diversity parameters at the nucleotide level in some Pinus halepensis populations growing in different 
sites. 

Population Site N nu * 12 * I* 

Yirka natural 
Bet J'ann natural 
Mt. Carmel natural 

Bet J'ann Yatir 
Mt. Carmel Yatir 

* n ,  = Observed number of alleles, 11 = NEI'S (1973) gene diversity, I = Shannon's Information Index [LEWONTIN, 19721. 
In comparison with h, I is unbounded, varying to a maximum value of ln(a) 

heterozygosity (H,) were higher in the progeny 
populations at Yatir than in the natural populations. 
Expected heterozygosity values in 15 of the 23 loci 
(65 '%) detected in the provenances growing in the 
Yatir forest provenance trial were larger than those 
in the same loci in the parental natural forests. T-test 
analysis showed that the differences between the two 
groups were statistically significant (P  = 0.0135). 

Table 3b shows the ranges of gene diversity (h)  - 
between 0.264 and 0.431 - and of Shannon's index 
(I) - between 0.405 and 0.619. All genetic estimates 
of h and I were higher in the Yatir forest than in the 
natural populations. Estimations of both allozyme 
and RAPD heterozygosity showed increases, with 
linear regression coefficient r = 0.690, P < 0.001, n 

= 5. Estimates of genetic diversity based on Shan- 
non's index were similar and the Yatir populations 
showed a higher level of diversity. There were no 
site-specific RAPD markers for the Yatir Forest 
populations. 

Excess or deficiency of heterozygotes for each 
locus and for each population were examined by 
means of Wright's Fixation Index, i.e., the "in- 
breeding coefficient". The results presented in Table 
4 show different heterozygote frequencies in each 
population. However, when c.;;., values were pooled 
according to location (natural versus Yatir), two 
distinct groups emerged. Within the Yatir group (F,- 
progeny populations) most of the c.,T values were 
lower than zero, which expresses their excess of 
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Table 4. Fixation indices of polymorphic loci in several analyzed populations. 

Istiaia Bet J'ann Mt. Carmel 

Natural Yatir Natural Yatir Natural Yatir 

A LIP 

A co 
A cp 
A cih- I 
A d l  -2 
Cut-2 
Gdh 
Got-I 
Got-2 
GO t-3 
Id12 
Lup- I 
Mdh-I 
Mdh-2 
Mdh-3 
Mdh-4 
Mnr- I 
Mnr-2 
Pgm-2 
Pgi- I 
Pgi-2 
Pgd-2 
Pgd-3 

Mean I;,, 0.256 -0.052 0.005 -0.1 84 0.033 -0.035 

heterozygotes. Within the second group (parental 
natural populations) most Fi, values were positive, 
which reflects a deficiency in heterozygotes. Com- 
parison between the e., of these two groups showed 
a statistically significant P value of 0.0017. The 
mean estimated F,;,, of the natural population was 
0.098 and that for the Yatir populations -0.090, the 
difference between the two means reaching 0.188. 
The differences in the within-pair fixation indexes, 
i.e., natural populations versus their F,-offsprings, 
were statistically significant for two of the three 
provenances - Istiaia and Bet J'ann - with P values 
of 0.0 13 1 and 0.0 199, respectively. 

DISCUSSION 

Forest trees are a valuable asset worldwide and play 
an important role in our global environment. Pro- 
cesses of tolerance of and/or adaptation to habitats 
are difficult to explain without studying genetic 
multiplicity. The environment may strongly affect 
and change the genetic variation and create favor- 
able conditions for natural selection. 

In three of the 14 enzyme systems analyzed, 

differences in allele frequencies were revealed be- 
tween the parental natural populations and their Fl- 
offspring growing in the Yatir forest provenance 
trial. In these enzyme systems there are loci in which 
a certain allele is probably more sensitive than 
others to stressful conditions. Increased frequency of 
allele 2 in the Aap locus characterizes the east- 
Mediterranean group (SCHILLER et al. 1986) Hence, 
it is reasonable to assume that the increased fre- 
quency of allele 2 in the Aap loci was related to 
adaptation to environmental conditions. 

The positive deviation of the F value from zero, 
i.e., deficits in heterozygotes, may have various 
causes: the Wahlund effect, positive mating among 
similar genotypes, selection for homozygote geno- 
types, etc. (e.g., EL-KASSABY et al. 1987). In con- 
trast, the FIs indexes of single loci in the F,-trees 
growing at Yatir indicate an excess of heterozygotes. 
Seventeen of the 21 loci showed negative FIs values, 
and the mean F,, value over all F,-populations in 
this location was negative. Negative FIs values, i.e., 
excess heterozygotes, may have several causes, of 
which we prefer natural selection, that favors hetero- 
zygotes, and consequently increases the heterozygo- 
sity as the populations adapt to the environment. 



Genetic diversity in nature is the result of evolu- 
tionary processes, and it is apparent within species 
at different levels in both the enzymes and the DNA 
(NEVO 1998). Various authors have proposed 
adaptation to local environmental conditions as an 
explanation for differences in allele frequencies in 
geographically widely distributed forest tree species. 
It has been hypothesized that genetic differentiation 
within species are related to adaptation to micro- 
geographic changes within the area of distribution 
(LINHART et al. 1981; HAMRICK & GODT 1989). 
FURNIER & ADAMS (1986) found correlation be- 
tween allele frequencies and adaptation to ultra- 
mafic soils, and GURIES and LEDIG (1981) found 
significant correlations between allele frequencies 
and climatic variables such as winter temperature. In 
the Swiss sub-alpine stands of Picea abies and Fagus 
sylvatica MULLER-STARCK (1995) found relatively 
large intra-populational and average inter- 
populational genetic variation in comparison with 
reference populations in Europe. 

Significant correlation coefficients of linear 
regressions between allele frequencies in several 
enzyme systems in Pinus brutia ecotypes growing in 
the Taurus Mountains (dependent variable and the 
prevailing climatic parameters (independent vari- 
able) were obtained by KARA et al. (1997). Similar 
significant relations were found among I? cunarien- 
sis populations on the Canary Islands (SCHILLER et 
al. 1999). 

According to MULLER-STARCK (1 987) and 
BERGMANN & RUETZ (1991) the levels of genetic 
diversity in stressed plantations of forest tree species 
are similar to or higher than those in favorable 
natural populations. Similarly, in the present study, 
the numbers of heterozygous phenotypes present in 
natural populations were found to be considerably 
lower than those in the offspring populations in 
Yatir. Heterozygous individuals are believed to be 
more stable than their homozygous counterparts 
because of some inherently superior biochemical 
efficiency possessed by heterozygotes (LERNER 
1954). Most of the trees in 20 provenances that 
survived under the ecological conditions of Yatir (an 
average of 44 'X I  of the number planted) were hetero- 
zygous (unpublished data). These result gives rise to 
the hypothesis that as a population adapts to new 
climatic conditions increase of genetic variability 
may be expected and that the number of heterozy- 
gotes would correlate with environmental features 

Allozymes and RAPD markers were used to 
analyze the genetic diversity within and between 
natural Pinus lzalepensis Mill. populations, and 
between them and their offspring populations, and 
to relate the intra-specific variability to the ecologi- 

cal differences among the sites (EL-KASSABY 1995). 
Comparisons between expected heterozygosity 
(allozyme markers) and gene diversity (RAPD 
markers) revealed a high probability that the vari- 
ables were correlated, with a positive, high and 
significant correlation coefficient. Thus both meth- 
ods showed an increase in hetrozygosity in popula- 
tions growing in new environments. Increased 
emphasis has recently been placed on adaptive 
selection: NEVO (1 997; 1998)) in his "Evolution 
Canyon" studies, found correlations between envi- 
ronmental conditions and plant species diversity. 
This parallelism between diversity and microhabitats 
suggests that genetic and physiological diversity 
should be represented as arising from a complex of 
adaptive factors, related to environmental heteroge- 
neity. Climatic natural selection through water and 
temperature stress appears to be a major differenti- 
ating factor (DANCIK & YEH 1983). The effects of 
climatic selection on individuals in the Yatir forest 
seemingly affected the heterozygosity. 

Levels of genetic variation are presented in 
Tables 3a, 3b and 4. In general the values increased 
in the populations growing in the provenance trial in 
Yatir; in other words, genetic diversity is higher 
under stressful conditions (SAFRIEL et al. 1994). We 
consider that the correlation between gene diversity 
and survival rates, with negative correlation coeffi- 
cients, suggests a model of heterozygosity in which 
heterozygous individuals are developmentally more 
stable than their homozygous counterparts (LERNER 
1954; SOULE 1979). All these indicate that at least 
some of the inferred changes may be reflected in 
selective responses to environmental conditions that 
are also reflected in the low survival rate 15 years 
after planting. Further natural selection should 
promote the divergence within provenances at a 
micro-site (NEVO et al. 1998)) therefore, theoreti- 
cally it seems reasonable to suppose that micro-site 
ecological-genetic differences can promote a ten- 
dency toward site-specific differentiation for stress- 
resistance traits. Yatir, as a micro-site that causes 
differentiation, is an ecological model for the under- 
standing of long-term evolution. It is obvious that 
population size, history, and past and present 
genetic flow values, are important in the determina- 
tion of genetic heterogeneity and structure within 
and between plant populations. Nevertheless, 
adaptive selection is receiving increasing attention: 
non-selective processes, which cause loss of allele 
heterozygosity, probably influence all components 
of population adaptation. Apparently, the propor- 
tion of heterozygotes in the population is related to 
its adaptive effectiveness, accordingly, stressful 
conditions may change the adaptive capability of 
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plant populations. 
Our results enable us to hypothesize that, al- 

though man-made, the Yatir afforestation project 
can be looked upon as a peripheral population, as 
defined by SAFRIEL et al. (1994), characterized by 
enhanced genetic diversity and, hence, improved 
resistance to extreme conditions. Therefore, the 
Yatir forest should be treated as a bio-genetic 
resource, to be used for rehabilitation and restora- 
tion of damaged Aleppo pine ecosystems. 
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