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תקציר

יערות נטועים של אורן ירושלים מכסים חלקים נרחבים מהשטחים הפתוחים בחלק הים תיכוני של 
רבים מהיערות הללו מתקרבים לסיום מחזור חייהם ושאלת החידוש שלהם הופכת ונהיית לאתגר . ישראל

יכולתן להסתגל אדפטציה של אוכלוסייות עצי היער לבית הגידול כמו גם . מרכזי העומד בפני מנהלי היער
שימור וטיפוח המגוון הגנטי של עצי , אי לכך. לשינויי סביבה עתידיים מהווים בסיס הכרחי לקיימות היער

מטרת המחקר הייתה לבחון את הפרופיל הגנטי של . היער הנם יעדי ממשק בעלי חשיבות עליונה
מיוצגות על ידי בנק הזרעים בהשוואה לאוכלוסיות הבת הפוטנציאליות ה" עצי זרעים"אוכלוסיות אם של 

מיכרוסאטאליטים גרעיני  . CTABגרעיני הופקו מהמחטים לפי שיטה . א.נ.ד. האצור בנוף עצי האם
)PCR nSSR ( אללים שונים גילו לתוך כל הלוקוסים38.   והתחלים מסוימים הוגברו ביזרת שיטה  .

גבוהים יותר באוכלוסיות הבת מתוצאות המחקר עולה שמספר האללים וכן רמת ההטרוזיגוטיות היו 
תוצאה זו מצביעה על פוטנציאל של עלייה במיגוון הגנטי בדור . הפוטנצאליות בהשוואה לאוכלוסיית האם

האבקה . מידת זרימת הגנים לאוכלוסייות הבת הפוטנציאליות נמצאה גבוהה יחסית. היער המתחדש
בחינת הפרופיל הגנטי . ה במיגוון הגנטישמקורה בעומדי יער סמוכים יכולה להסביר את העלייה שנצפת

של אוכלוסיות עצי זרעים בהשוואה לאוכלוסיות בת פוטנציאליות יכולה לסייע הן בהיבטים תיאורתיים 
.      והן בהבטים יישומיים של שימור וטיפוח המיגוון הגנטי ביערות מתחדשים

 
ABSTRACT 
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Planted Aleppo pine forests cover major parts of the open landscape in the 
mediterranenan zone of Israel. Many of these forests are now reaching the end of 
their rotation and the issue of establishing their next generation is turning to be a 
principle management challenge of the forest organization. The adaptation of forest 
tree populations to their environment as well as their resilience and capacity to self 
regenerate are among the fundamentals of forest sustainability. Thus, the 
conservation and enhancement of forest genetic diversity is considered a 
management target of great importance. The aim of this research is to study the 
genetic structure of pine populations in a planted Aleppo pine forest and the potential 
genetic diversity in their naturally regenerating daughter populations. We 
investigated the genetic structure in planted elit trees (maternal), which were left as 
seed trees in the forest and the potential population (daughterly) represented by 
seeds stored in the canopy seed bank of this maternal population. Total genomic 
DNA was extracted from needles  according to CTAB method. Nuclear 
microsatellites or simple sequence repeats (SSR) were amplified by PCR using a pair 
flanking unique primers. 38 different alleles were detected across all loci as a result 
of nucleotide repeats variation. 



 Our results showed differences between the two studied populations in their genetic 
structure and diversity. The number of alleles and level of heterozigosity were both 
higher in the potential daughterly population compared to the maternal seed tree 
population indicating a potential raise in genetic diversity in the next forest 
generation. Furthermore, gene flow in the potential daughterly poulation was found 
relatively high. The high level of gene flow from the adjacent planted stands may 
explain the observed rise in genetic diversity. Such analyses may allow the 
assessment of theoretical and applied aspects of long term conservation and 
enhancement of genetic diversity in regenerating forests.  
 
 
Key words: Gene diversity, gene structure, Pinus halepensis, native regeneration  
 
 
INTRODUCTION 

Many of these evenaged forests which were established during the years 1950-

1970 are approaching the last phase of their life cycle. Hence, questions regurding the 

establishmnet of their next generation are becoming among the principle chalenges of 

the forest organization. One option that is being seriously concedred is the 

establishmnet of the next forest generation based on natural regeneration processes. 

The basis of the natural regeneration approach lies in abandoning the cyclical clear-

cutting/planting paradigm and promoting regeneration from naturally dispersed seeds 

and existing understory stock. Pinus halepensis is quite well known for it self-

regenerating capacity (Schiller, 1979). Among the principle advantages to be gained by 

adopting this approach is the promotion of local adaptation through the selection, by 

the forester, of elit seed trees within the mother population. However, the way by 

which this processes of slection may effect the genetic divbersity in Aleppo pine 

forests has not been studied. We studied in a planted Aleppo pine forest the variation 

in genetic strucuture and diversity among mother seed tree poulation and the potential 

doughter poulation represented by the canopy seed bank.  
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Pinus L. is one of 11 genera of Pinaceae, a family that is monophyletic among 

gymnosperms (Hart, 1987; Chaw, et al., 1997). Pinus is by far the largest genus in the 

family, and its approximately 110 species comprise ca. 50% of the Pinaceae (Farjon, 

1998). Unique morphological features, such as needle-like leaves clustered in fascicles 

(shoot dimorphism) and woody ovulate cone scales with specialized apical regions 

(umbos), in combination with molecular evidence (Wang, et al., 2000; Liston, et al., 

2003), indicate that members of the genus Pinus are well differentiated from related 

genera such as Cathaya Chun and Kuang and Picea. Aleppo pine (Pinus halepensis 

Mill.) is a coniferous species, which covers about 3.5 millions hectares in the 

Mediterranean area (Quezel, 1986; Quezel and Barbero, 1992). It extends from 9° 



longitude west in Morocco to 36° longitude east in Jordan, and from 45◦ latitude north 

in France to 31°30' latitude in Israel (Schiller et al., 1986). Its presence is none from a 

height of zero meters in the north (Rif Mountain) to 2600 m in the central high Atlas. 

Within its geographic range - about 23 natural growing sites - it was described in the 

most contrasting climatic and soil conditions (Schiller 2000).Throughout its range, it 

individualizes several races and ecotypes related to localities, altitude and soil 

substrate (Quezel, 1986; Nahal, 1986).   

Pinus halepensis Miller (P.halepensis), is the most widely distributed pine in the 

Mediterranean basin (Barbero et al. 1998, Quйzel 2000). This species has been widely 

introduced throughout the world and is considered one of the most invasive pine 

species as well as a very successful colonizer (Acherar et al. 1984, Barbйro et al. 1998, 

Richardson 2000). It is very drought resistant and grows especially well on dry rocky 

limestone soils (Farjon 1984, Barbйro et al. 1998). Its favored edaphic environments 

are marly limestone and marls (Quйzel 2000). Pollination occurs in spring (March-

April), fertilization about one year later and seeds ripen within 15-17 months after 

flowering (Zohary 1962, Thanos and Daskalaou 2000). Seed dispersal begins 3 years 

after pollination (Panetsos 1981). The species is an obligate seeder (Trabaud 1987) and 

bears cones at an early age – 7-10 years (Thanos and Daskalakou 2000). Cone opening 

is stimulated by fires and hot wind events (Sharav) - dry and hot weather spells typical 

of the Eastern Mediterranean (Nathan et al. 1999). Seeds are winged and dispersed 

primarily by wind, with no evidence of secondary dispersal by wind or animals 

(Acherar et al. 1984, Nathan and Ne'eman 2000). Estimated seed dispersal curves are 

typically leptokurtic and most seeds do not travel >20m from the canopy edge, 

although seeds may potentially travel long distances (Acherar et al. 1984, Nathan et al. 

1999, 2000, 2001, Nathan and Ne'eman 2000, 2004). 

The eastern Mediterranean populations of this species are typically small and 

have a scattered distribution, being threatened by human activities and forest fires. 

Allozymic studies also showed high gene flow and relatively low genetic differences 

among Israeli populations, which suggest that these population are not quite isolated. 

A genetic differentiation has been found among populations of P. halepensis 

(Grunwald et al. 1986a, Korol et al. 1996) with some endangered small populations 

presenting particular genetic characteristics.       
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 Silvicultural practices can potentially affect the genetic structure of forests and 

this problem must be in the center of attention for forest geneticists. In particular, 

artificial regeneration of forest (plantations or sowing) may produce a loss of genetic 



diversity through the processes of unplanned selection and genetic drift (Ledig, 1992). 

Detection of a reduction in genetic diversity together with the quantification of genetic 

drift to assess potential losses of adaptive variation can be perform with molecular 

markers as selection affects the whole genome (Glaubitz et al., 2003b). Bottleneck 

effects may be present within forest regeneration practices because of the use of a 

limited number of seed trees and the unevenness of the number of seeds collected or 

produced per tree (Glaubitz et al., 2003a). An additional concern for artificial 

populations is the extent of genetic exchange with natural populations. Lenormand, 

2002 has considered potential negative effects of gene flow from artificial plantations 

into natural forests (‘genetic pollution’). Gene flow from natural population into 

artificial populations (i.e. seed production plantations for reforestation) is also 

considered a negative effect (‘pollen contamination’) because it reduces the genetic 

gain obtained from the breeding programs and may increase maladaptation (El-

Kassaby, 2000). However, under other circumstances, gene exchange between 

artificial and natural populations can also be positive. Classical theoretical models 

indicate that restricted gene flow and preferential mating by proximity result in genetic 

isolation by distance and within-population genetic structure. For small declining 

populations, gene flow from surrounding reforestation may increase their effective 

population size. Moreover, gene flow from natural forest into reforested stands may be 

a natural way to recover the genetic variation lost in the reforestation process. This 

could potentially create an admixed ecotype well adapted to local conditions, and with 

high evolutionary potential to respond to environmental changes.  
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 A large afforestation effort has been carried out in Israel since the 1948’s, 

resulting in a mosaic of planted pine forests from various exotic seed sources and 

several natural pine stands of limited size and distribution. Many of the planted aleppo 

pine forests in Israel are now reaching the end of their rotation and the issue of 

renewing these forest is turning to be a principle management challenge of the forest 

organization. The adaptation of forest tree populations to their environment as well as 

their resilience and capacity to self regenerate are among the fundamentals of forest 

sustainability. Thus, the conservation and enhancement of forest genetic diversity is 

considered a management target of great importance. The tree species P. halepensis 

and Pinus brutia which constitute the major part of Israel's planted forest are known 

for their capacity to naturally regenerate from seeds. Natural regeneration allows 

processes of selection and adaptation to occur. However, the probability of adaptation 

depends on the genetic potential that exists in mother populations and the level of gene 



flows among populations. Pollen dispersal is often the major contributor to gene flow, 

while the spatial genetic structure is mainly determined by seed dispersal. In particular, 

restricted seed flow is important in determining the population structure of wind-

dispersed trees where the difference between seed and pollen mass is usually great.  

The aim of this research is to study the genetic structure of pine populations in a 

planted Aleppo pine forest and the potential genetic diversity in their naturally 

regenerating daughter populations. More specifically, the research aims to compare 

allele frequency and genetic variance among mother seed-tree populations and 

potential daughter populations represented by the canopy seed bank and to investigate 

gene flow among and within populations. 

We studied the genetic diversity and structure in a planted P. halepensis 

population in Kdoshim forest by molecular marker analyses in needles and seeds in 

order to compare between the genetic profile of seed tree mother populations and that 

of potential daughter populations.  

 

MATERIAL AND METHODS 

Plant materials 

We investigated the genetic structure in two kinds of populations: 1) planted adult elit 

trees (maternal), which are growing in the forest and, 2) potential population 

(daughterly) represented by seeds stored in the canopy seed bank of the maternal 

population, which could develop by natural regeneration.  

The study was conducted in a 40 years old planted Aleppo pine forest (Kdoshim 

forest). The forest is located on the lower western slopes of the Jerusalem Mountains, 6 

km north-east of Bet-Shemesh. The altitude is 390-510 m A.S.L., with an average 

slope of 25%. Soils are mostly shallow Terra Rosa that developed on Turonian and 

Cenomanian limestone and dolomite. The climate is Mediterranean with average 

annual precipitation of 500 mm. The genetic sources of this forest are, at presssent, 

unknown but are assumed to be variable and most probably exotic (i.e. south western 

Europ and/or north Africa). The site connects with other planted Aleppo pine 

populations.  
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Five closed ripe cones were collected from 12 adjacent adult elit trees that were 

selected as seed trees. The seeds retrieved from these cones represented the potential 

next generation. Seeds were stored at 4°C. From each cone, five seeds were extracted 

for the analysis of genetic structure of the daughter population. Thereby, 25 new 



seedlings from each tree, which, theoretically, represent the genetic structure of the 

regenerated population, were investigated.  

 
DNA extraction   

Fresh needles were collected from each individual of parental populations, stored 

immediately in dry ice and transferred to storage in -80°C until extraction. At least 25 

seeds per mother tree were, then, planted in pots and were grown during 1 months. 

Young seedlings were harvested and genomic DNA was extracted and used to 

genotype each individual. DNA was extracted according to a modified CTAB method 

(Doyle And Doyle 1990). Samples were incubated for 30 min. at 37ºC with RNase (10 

mg/ml), and the DNA concentration of each sample measured by spectrophotometric 

assay at 260 nm or determined by comparing the signal strength of sample bands with 

those of DNA standards (10 kb ladder, Norgene, Thorold, Canada) of known 

concentration on 1.0% agarose gels stained with ethidium bromide. Finally the samples 

were diluted to a concentration of 5ng/μl.   

Optimization of PCR reactions for microsatellite analysis of genomic DNA 
SSR marker repeat and primer informtion were obtained from Pinus halepensis 

and Pinus taeda. The characteristics of six SSRs are summarized in table 1. To 

determine the best condition for all primers we designed magnesium concentration, 

DNA concentration, and different annealing temperatures. We used the gradient PCR 

thermocycler “Tgradient” (Biometra, German) for choosing the most precise annealing 

temperature (ATºC). The optimization work was  performed for   Pinus halepensis 

species. The objective of PCR optimization was to generate reproducible DNA profiles 

of high discrimination with maximum number of bands, good product yield and 

clarity. Routine amplifications were carried out in a Biometra DNA thermocycler 

(Tgradient). In the study, all amplifications were performed according to optimization 

protocol.  

 

Table 1. List of the polymorphic microsatellite loci 
 

Primer  Primer sequence (5`-3`)  Repeat         Genome  No. alleles/size 
name        sequence       variants in 
                                population 
____________________________________________________________________________ 
PHAF01 R:GATCACAATGTCATTATCGG  (CA)18  N  3 
  F:ATCAGCTTAGTAGGTCTCGCC 
PHAF05 F: TCATAAGCCCTTTGTTTCTTTTC (CA)17  N  3 
  R: TTTTTCGCCCTGTATTTTCTG 
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PHAF07 F: ATCAGCTTAGTAGGTCTCGCC (CA)16  N  2 



  R: AGACACTAAAGGGGAGTCCG 
PHAF10 F: TCCTTTCTTGTTCTTGGTAACTG (CA)17(TA)3 N  3 
  R: ACCGCGGATTATAACCTGTG 
PtTX3107 F:AAACAAGCCCACATCGTCAATC (CGT)10 N  2 

R: TCCCCTGGATCTGAGGA 
PtTX3116 F:CCTCCCAAAGCCTAAAGAAT  (GTT)10 N  6 

R: CATACAAGGCCTTATCTTACAGAA 
__________________________________________________________________________  

 
 

PCR reactions were performed in a Biometra  model Tgradient thermal cycler. 

The total  reaction volume was 15μL, containing 0.2mM of each dNTP, 2.5mM of 

MgCl2, 0.2mM of each primer, 10X reaction buffer, 25ng of template DNA, 1U of Taq 

polymerase  and 1.0% of BSA. For nuclear microsatellites amplification, the following 

profile was used: 5min denaturation at 95°C, 10 cycles of 30s denaturation at 94°C, 

30s of annealing (touch-down) from 60°C to 50°C (decrease of 1°C per cycle) and 

1min extension at 72°C, followed by 30 cycles of 30s denaturation at 94°C, 30s 

annealing at 50°C, and 1 min extension at 12 72°C, with a final extension step at 72°C 

for 8 min. An alternative profile was used for the amplification of several of the 

nuclear microsatellites designed by Guevara et al. (2005): 4min denaturation at 94°C, 

35 cycles of 94°C 30s, 50°C 30s, 72°C 45s and a final extension at 72°C for 5min. We 

tested five microsatellites designed for P.taeda and successfully transferred in P. 

halepensis (Gonzalez-Martinez et al. 2004) and 10 microsatellites designed for P. 

pinaster (Guevara et al. 2005). Each gel was loaded twice (i.e. used for two separate 

runs of different samples) in order to confirm repeatability and consistency of the 

results.  

 
Electrophoretical analysis of amplified DNA fragments 

After reaction of amplification the products were loaded on 1.0% agarose gel 

(TBE as running buffer was used) and electrophoreses was performed during 0.5 

hours. The gels was stained with 0.5µg/l ethidium bromide for 30 min [Sambrook, et 

al., 1989] Molecular sizes of the RAPD products were estimated by using molecular 

weight markers (pGEM DNA Markers, Promega). Amplified samples were   loaded 

into Hoefer SQ3 DNA sequencing unit (35 x 45 cm). PCR products were separated in 

6% polyacrylamide 7M urea sequencing gel.  

Sample preparation: 
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1. The DNA samples were denatured by adding 1 volume (10 ul) of fresh SSRP 

loading dye (10 mM NaOH, 95% formamide, 0.05% bromophenol blue, 0.05% xylene 



cyanol) to 1 volume of  PCR sample in a microtiter plate. After well mixing and 

heating to 95ºC for 2 min. the samples were placed on ice and then were loaded into 

gel. 

2. Molecular weight standards was pGEM (Promega) and Poly-dA (Pharmacia #      

27-7836-01) sonicated to produce a 1 bp ladder. 

 
Electrophoresis of products of SSR amplifications: 

1. The top reservoir buffer was filled by 1X TBE. The bottom buffer reservoir 

was contain 2/3X TBE, 1 M sodium acetate.  

2. After pre-electrophorese for 5-10 min and loading of samples the 

electrophoresis was performed at 50º C constant temperature and 100 watts limiting 

power for about 1.5 - 3 hours, depending on size of amplification product. Constant 

temperature can be maintained with the temperature probe option of the “Pharmacia” 

UPS 3000 power supply. 

 
Silver staining and color development [Streiff and Lerodt, 1997]: 

 
No       Step      Solution           Time     Temperature  
                                           min                 ºC 

  
1.     Fix   10% acetic acid        45 min                  25  
2.     Rinse        H2O dist. 3 times 2 min             25 

  
3.     Impregnate 0.1% AgNO3         30 min                  25  
4.     Rinse       H2O dist.                 20 s   25 

  
5.     Develop         0.3% Na2CO3, 5-10 min   10 

      0.5 ml 37% HCOH/liter, 
   Na2S2O3 *5H2O (2mg/liter) 
6.     Stop       10% acetic acid  10 min                  25 

  
 
Processing temperature must be about 10o C or cooler, warmer temperatures 

cause the film to yellow.) A flatbed scanner HP scanjet 4470c was used to capture 

digital images of the gel. 

 

Statistical analyses     
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Genetic structure and population parameters was estimated by using both infinite 

allele model (IAM) and stepwise-mutation model (SMM). Within-population diversity 

based on microsatellite data was estimated by the D2
SH measure, which is based on the 

stepwise mutation model distance (Goldstein et al., 1995; Morgante et.al., 1997). 

D2SH is the average-squared sum of all length differences at nSSR loci among all pairs 



of individuals in a population. Genetic diversity was calculated from haplotype 

frequency data as:  

     ( )
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where m is the number of polymorphic SSR loci and a is the base pair length of the 

marker at SSR locus k in the i-th and i’-th individuals. Genetic diversity estimations for 

the parental and potential reproductive populations were calculated using the 

Arlequine v.2.0 (Schneider et al., 2000) software. Haplotype variation within 

population was estimated by the effective number of haplotypes ne. 

     ( )∑= 2/1 ie pn  
 

For nuclear microsatellites (nSSRs), the arithmetic mean among loci was 

calculated for the following indices: number of alleles (A, direct count), effective 

number of alleles (Ae, Nielsen et al., 2003) and unbiased genetic diversity (He) for 

small population size (He, Nei, 1978):  

 

 
 

where n is the number of individuals in the sample (i.e. sample size), pi the relative 

frequency of the ith allele in the sample and A is the total number of different alleles in 

the sample A is the total number of different alleles in the sample. The amount of 

genetic differentiation among populations was estimated by using GST statistic measure 

(Nei, 1987). 
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k
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where h is gene diversity of i allele and k indexes the loci.   
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Molecular diversity within each population was assessed by calculating the 

percentage of polymorphic fragments, and the number of polymorphic loci was 

calculated with POPGENE software, version 1.32 (Yeh et al. 1997). The differences 

among populations were tested by Wilcoxon pair test (SigmaStat 3 software, Systat 

Software Inc.,Richmond, USA). Principal component analysis was used to ordinate the 

relationships among individuals and populations by means of the Multi-Variate 

Statistical Package (MVSP) (Kovach, 1999). SPSS 12.0 software for the statistical 

analyses was also used. Significant differences in allele frequencies (nSSR) between 

pairs of samples were tested with a Fisher exact test (Raymond and Rousset, 1995) 

using the program Genepop 3.4 (available at http://wbiomed.curtin.edu.au/genepop/). 

 
 
 
RESULTS 
 
 
 
Genetic differences among samples 

Six nuclear microsatellites markers were employed to investigate the samples 

from maternal and daughterly populations of P.halepensis (Table 1). The PCR 

products had little nonspecific priming, multiple alleles, and consistently high levels of 

polymorphism (Fig. 1). 
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Fig. 1. Acrylamide gel showing amplification of microsatellite marker PtTX3116 for 
the analysing of the P. halepensis. Allele sizes were 250–280 bp. Lane1 1,14, 21, 28 
was the size markers. Lanes 1–9 were maternal trees from haKdoshim forest. Lanes 
15–20 and 22-27 “daughterly” population from cones collected at maternal trees. 
 

 

A total of 300 samples of the new generation were examined to understand genetic 

structure of the potential population. Locus PtTX3116_1 (Table 2) was the most 

polymorphic among the seven loci, while loci PtTX3116_2, PtTX3107 and PHA07 

were the least polymorphic. In total, 38 different alleles were detected across all seven 

loci. in the two populations, maternal and potential daughterly trees, together while 17 

alleles were detected in the maternal population and 21 alleles in daughterly population 

(Table 3). 

 
The number of alleles and their frequencies differed between the two population. 

In the maternal population the number of alleles was smaller compared to the 

daughterly populations (Table 2). Significant difference (χ2=25.281, d.f = 14, p = 

0.032) in the nSSR allele frequencies was detected between maternal and daughterly 

potential population. These diferences may be the result of drift and gene flow. The 

value of the effective number of allele was also smaller in the maternal population (Fig 

1.). Analysis by paired t-test showed a significant difference (t= -4095, d.f. 6, p=0.006) 

between maternal and daughterly  populations. 

 
Table 2: Tables of allelic frequencies for each microsatellite locus  
 
Locus : PtTX3116_1 
                         ----------------------------------------------------------- 
Pop.                      Alleles                                                       
                         ----------------------------------------------------  
                         1          2         3          4          5         6        
maternal         0.500   0.125   0.292   0.042   0.042   0.000       
daughterly      0.333   0.125   0.417   0.042   0.042   0.042        
 
Locus : PtTX3116_2 
--------------------------------------------------- 
Pop.                     Alleles           
                         -----------------  
                         1            2        
maternal           0.958   0.042       
dauhterly          0.917   0.083     
 
Locus : PHAF10 
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--------------------------------------------------- 



Pop.                      Alleles                   
                         -------------------------  
                         1              2          3        
maternal           0.583   0.417   0.000        
dauhterly          0.542   0.417   0.042        
 
Locus : PHAF5 
--------------------------------------------------- 
Pop                      Alleles           
                         -------------------  
                         1              2        
maternal            0.458   0.542        
dauhterly           0.708   0.292        
 
Locus : PHAF7 
--------------------------------------------------- 
Pop.                      Alleles                  
                         -----------------------  
                         1           2          3        
maternal          0.708   0.292   0.000      
dauhterly         0.542   0.417   0.042       
 
Locus : PHAF1 
--------------------------------------------------- 
Pop.                      Alleles                 
                         ------------------------  
                         1           2           3        
maternal          0.542   0.458   0.000      
dauhterly         0.458   0.417   0.125       
 
Locus : PtTx3107 
--------------------------------------------------- 
Pop .                     Alleles           
                         -----------------  
                         1           2        
 
maternal          0.917   0.083       
dauhterly         0.833   0.167      
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Fig. 2.  difference in the effective number of allele in the two populations of Allepo 
pine. Ae- is the number of equally frequent alleles it would take to achieve a given 
level of gene diversity.  
 

Levels of nSSR genetic diversity in the two populations were, in general, similar 

(Table 3).  Mean expected heterozygosity presented a lower value in the maternal 

trees, but the diversity index based on allele number, which is more sensitive to 

population bottlenecks (Nei et al., 1975), showed no significantly lower values and in 

some cases, allele diversity was even higher. Therefore, it is unclear what the lower He 

value indicates. The higher proportion of rare alleles (alleles with frequency < 0.01) in 

the daughterly potential populations (10.38%) in comparison to the maternal 

population (8.42%) suggests that a possible mixing of different neighboring stands  

could produce an accumulation of alleles from different areas (explaining high levels 

of allelic diversity) but with lower frequencies in the mixture. 

  

In the maternal populations the value of expected heterozygosity (Hexp.) calculated by 

Arlequin software was 0.442  lower than the observed heterozygosity (Hobs.) 0.472, 

showing deficit heterozygotes. In daughterly population level Hexp. (0.513)  was 

higher than Hobs. (0.500). 
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Table 3. Total number of different alleles at each nuclear microsatellite locus (A), 
affective number of alleles (Ae) and unbiased genetic diversity (He) in the two 
populations 
_____________________________________________________________________
      Populations 
Locus name   Maternal  F1  Daughterly                                                                
PtTx3116   A 5  6 
    Ae 2.886  3.488 
    He 0.718  0.758 
PtTX3116   A 2  2 
    Ae 0.703  0.915 
    He 0.106  0.370 
PHAF10   A 2  3 
    Ae 1.342  1.865 
    He 0.648  0.638 
PHAF5   A 2  3 
    Ae 1.374  1.710 
    He 0.662  0.596 
PHAF7   A 2  2 
    Ae 1.154  1.374 
    He 0.551  0.662 
PHAF1   A 2  3 
    Ae 1.374  2.278 
    He 0.662  0.721 
PtTx3107   A 2  2 
    Ae 0.769  0.915 
     He 0.204  0.370 
Avarage   Maternal  F1  Daughterly  
    A 2.429  3.000 
    Ae 1.371  1.792 
    He 0.507  0.588 
Total    A 17  21 
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Fig 3a. Histogram showing the PtTX3116 genotype frequencies in two populations of 
Aleppo pine species: maternal population and potential genetic variation in daughterly 
population 
 
 

The genetic structure of maternal trees, in Kdoshim forest, was compared with the 

genetic structure of potential daughterly  population.. The results of these comparisons 

are presented separately for each population and microsatellite locus. Among the seven 

variable microsatellite loci assayed, four (PtTX3116, PHAF01, PHAF07 and PHA10) 

showed significant differences among the two populations. The maternal Pinus 

halepensis trees differed markedly from the potential daughterly population in locus 

PtTX3116 genotypes (Fig. 3a).  Whereas 1:1, 2:3 and 4:1 were the most frequent types 

in the maternal population, 3:3, 2:2, 5:3 and 6:3 were at a higher frequency in the 

potential daughterly population. Frequency genotype 1:1 declined in the “daughterly” 

population. 
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Fig 3b. Histogram showing the PHAF01 genotype frequencies in two populations of 
Aleppo pine: maternal population and potential genetic variation in daughterly 
population 
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In plot 2 (Fig. 1b) the same populations were analyzed by PHAF01 genotype structure. 

PHAF01 1;2 predominated as the most frequent type in the maternal group of trees, but 

PHAF01 1;3 and 2:3 appeared in the potential daughterly population. The most 

frequent genotype PHAF01 1;2  in the maternal population (50%) occurred with 42% 

in the “daughterly” population. Differences in the PHAF07 patterns were also 

established between assayed populations (Fig. 3d). The most frequent genotype 

PHAF07 1:1 occurred in the maternal population 30% but reached only 19% in 

potential doughter population. On the other hand, PHAF07 1:2 (50%) and PHAF07 2:2 

(17%) appeared to be the most frequent genotypes in the “daughterly” population. 

Besides, one additional genotype 1:3 that appeared in this population. 
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Fig 3d. Histogram showing the PHAF07 genotype frequencies in two populations of 
Aleppo pine species: maternal population and potential genetic variation in daughterly 
population 
 
 
Gene flow into the populations 
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Two different methods have been used to explore the immigration dynamics within the 

forest stands. The results of the AMOVA test gave non-significant differences in gene 

flow between the two poulations (Fstatistics < 0.033, p > 0.17). A second method was 

the estimation of immigration rates by the identification of immigrants among the 

potential daughterly population with the Barton & Slatkin, Heredity (1986),56:409-

415) assignment test. This option provides a multilocus estimate of the effective 

number of migrants. Four estimates were provided, three used the regression lines and 

fourth was corrected estimate using values from the closest regression line. The 

number of migrants for Nmoy=10: 3.293, number of migrants for Nmoy=25: 1.456, 

number of migrants for Nmoy=50: 0.9781200, number of migrants after correction for 

size = 2.744. Due to the low genetic differentiation among the samples the test resulted 

in a low statistical power (results not shown). The high levels of gene flow suggested 

by these results are not surprising as pines are predominantly outcrossing and wind-

pollinated (Ledig, 1998, Korol el. al., 1999). Estimates of immigration rates in 

artificial stands are available from pollen contamination studies in seed orchards. 

Among the factors influencing the pollen contamination levels in seed analyzed 



population are the distance to the nearest stands of the same species and the relative 

pollen production of the analysed population to the surrounding forest. Wind direction 

can also increase pollen contamination locally. The range of pollen immigration rates 

found for pines in such studies are high, ranging from 0.26 to 0.75 (both estimates for 

Pinus sylvestris seed orchards) depending on the particulars of each case. Immigration 

rates calculated in natural stands from paternity analysis are also high 0.30–0.31 ( 

Gonza´lez-Martı´nez et al., 2003), but decrease to 0.05–0.07 in isolated populations 

(Robledo-Arnuncio and Gil, 2004). The immigration rates into the “daughterly” 

(popential population), calculated as the proportion of identified immigrants over the 

sample size, were mpollen = 0.12. The close proximity to other planted stands offers 

some explanation for the high levels of immigration into the studied area.   

 
CONCLUSIONS 
  
 Our results showed differences between the two studied populations in their 

genetic structure and diversity. The number of alleles and level of heterozigosity were 

both higher in the potential daughterly population compared to the maternal seed tree 

population indicating a potential raise in genetic diversity in the next forest generation. 

Furthermore, gene flow in the potential daughterly poulation was found relatively high. 

The high level of gene flow from the adjacent planted stands may explain the observed 

rise in genetic diversity. This work emphasizes the utility of studying the variation in 

genetic structure among mother seed-tree populations and their potential future 

regenerating populations. Such analyses may allow the assessment of theoretical and 

applied aspects of long term conservation and enhancement of genetic diversity in 

regenerating forests.  

 

This report summarizes one year's work on the genetic structure of Pinus 

halepensis forests in Israel and the potential consequences of regenerating these 

forests trough natural regeneration processes. However, this work is preliminary 

and further work is still required. We would like to continue these investigations, 

using the state of the art methods, to make clear the trends in genetic structure 

and diversity in regenerating pine forests by comparing maternal populations vs. 

potential daughterly populations of P. Halepensis and Pinus Bruria. In our 

opinion this data is crucial for the management of pine forests in Israel and 

preservation of their genetic diversity. 
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