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Abstract

Oleoresin, a quantitative trait with great variability, is the most important non-wood product of
Aleppo pine (Pinus halepensis Mill.). That being so, and the fact that oleoresin’s added value has
risen lately, the primary objective of this research was the selection of high-yielding (plus) and
low-yielding oleoresin (control) Aleppo pine trees from two Greek populations (Chalkidiki and Eu-
boea) and their genetic analysis with isozymes. The hypothesis tested was whether certain genet-
ic parameters such as heterozygosity and fixation index F, are different between plus and control
trees in the two populations. Horizontal starch gel electrophoresis was used in order to analyze
the endosperms of the selected trees. Eleven enzyme systems were applied which resulted in
17 loci with 33 alleles. The mean expected heterozygosity was high for all groups of trees. No
differences were found among mean fixation indices F across all groups of trees but a tendency
was detected at certain loci between the two populations. Furthermore, a first analysis for the
discrimination and the fingerprinting of certain selected trees was performed with molecular mark-
ers (RAPDs). In total, six primers were applied which resulted in 68 loci. The discrimination and
fingerprinting of the selected trees were successful using just 9 loci. The results imply that since
there is great variability in oleoresin yield and high expected heterozygosity among the plus trees
of the Greek Aleppo pine populations, a breeding program in order to increase the oleoresin yield
should be conducted.
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Introduction

Aleppo pine (Pinus halepensis Mill.) is a
tree widely distributed alongside the Med-
iterranean basin. In Greece, its range
extends from Chalkidiki, in the north, to
Peloponnesus, in the south and it can
also be found in certain islands of Aege-
an and lonian Sea. It is of great ecologi-

cal importance since it is a very drought
tolerant species, very well adapted to the
semiarid sites of Mediterranean and prob-
ably will be of special value in the future
due to climate change and temperature
increase. In many countries it is used for
recreational purposes and its wood is also
useful as firewood. However, the most im-
portant non-wood forest product of Aleppo
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pine is oleoresin. In Greece, oleoresin is
being tapped from the bole of the tree af-
ter wounding the trunk.

Oleoresin plays an important ecolog-
ical role since it protects the wounded
trees from invading insects and associat-
ed fungal pathogens (Croteau and John-
son 1985). In addition, its components
(Karanikas et al. 2010) are very important
feedstocks for industrial use. The volatile
fraction, turpentine, is commonly used as
paint thinner. Monoterpene and sesquiter-
pene flavor and fragrance agents are add-
ed to foods, beverages, perfumes, soaps,
toothpaste, tobacco and other products
(Verlet 1993). Recent studies have re-
vealed the great importance of oleoresin
in the improvement of diesel fuel (oil) as
a scavenger of moisture (Tsanaktsidis et
al. 2014a,b) or its use in advanced bio-
fuels (Harvey et al. 2010), while more
recently, the effect of oleoresin in phar-
macology and on climate change is being
investigated (Scaltsoyiannes et al. 2015,
2018). In Greece, many people residing
in villages neighboring Aleppo pine for-
ests make their living by oleoresin tapping
which though is a difficult job with small
profit, attracts more and more people due
to the recent economic crisis. Due to the
above-mentioned reasons, oleoresin pro-
duction is of great importance.

Great variability in oleoresin flow and
in subsequent annual yield has been ob-
served among the individuals of a pine
population. The environment contributes
in some degree to this variability (Papaio-
annou and Megalophonos 1966, Coppen
and Hone 1995, Westbrook et al. 2013),
but of great importance is the genetic her-
itability. Many studies have revealed that
oleoresin yield is a trait with medium to
high heritability (Squillace and Bengston
1961, Hanover 1966, Squillace 1971,
McReynolds et al. 1989). In Greece, the

annual average oleoresin yield from a tree
is about 3 kg, but many individuals yield-
ing more than 10 kg-yr-' have been report-
ed (Tsoumis 1995, Karanikas et al. 2011).

Due to its importance in the Mediter-
ranean basin, Aleppo pine has been the
objective of many genetic analyses (e.g.
Panetsos 1975, 1981, Schiller and Grun-
wald 1987). Isozyme studies have been
conducted by Korol et al. (1995), Teisseire
et al. (1995), Korol and Schiller (1996)
and Agundez et al. (1997). A couple of
Greek populations have been studied by
Loukas et al. (1983), Schiller et al. (1986)
and Korol et al. (2002).

The calculation of mean expected het-
erozygosity (He ) or gene diversity of a
certain species contributes to its protec-
tion since the allelic variation is critical
to the survival of a species and allows
organisms to adapt to changing environ-
ments. Furthermore, measuring genetic
variation of a population is a first step in
evaluating the tree improvement potential
of the species (White et al. 2007). Aleppo
pine’s oleoresin yield is a quantitative trait
and thus high gene diversity is necessary
in order to proceed to a breeding program.
A breeding program which uses selected
high yielding oleoresin pines will result in
progenies that yield larger quantities of
oleoresin. Even if these selected trees are
vegetatively propagated and then estab-
lished in artificial plantations, the annual
oleoresin yield would be larger and this
would lead to a more profitable profession
for the oleoresin tapping workers (Susae-
ta et al. 2014). In this frame Westbrook
et al. (2013) associated SNPs with oleo-
resin flow in loblolly pine and developed
a genomic prediction model to accelerate
breeding for enhanced oleoresin flow.

Thus, the first objective of this research
was to confirm the large phenotypic varia-
tion of oleoresin yield in the Greek popula-
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tions of Aleppo pine and more specifically
to locate and select individuals that yield
large (plus trees) and small (control trees)
quantities of oleoresin. The second objec-
tive was to acquire a detailed knowledge
of allelic variation and heterozygosity of
the ‘populations’ under consideration in or-
der to evaluate the potential of a breeding
program. A biochemical (isozyme) analy-
sis of the selected trees was performed
in order to calculate the gene diversity. In
addition, heterozygosity and fixation indi-
ces were compared between high yielding
and low yielding oleoresin trees aiming
to unveil any differences that could lead
to an association with oleoresin flow. The
final objective was the fingerprinting of
some selected genotypes using molecular
markers and more specifically the tech-

W TN

nique of Random Amplified Polymorphic
DNA (RAPD). These high-yielding trees,
given a high diversity in their populations,
can be vegetatively propagated through
grafting to establish a seed orchard.

Materials and Methods

The two Aleppo pine populations included
in the study were selected based on the
following two criteria: (a) to represent dif-
ferent site and climate conditions and (b)
to contain trees that are currently being
tapped for commercial purposes. The two
Aleppo pine populations that met these
two criteria, were in Chalkidiki (40°01° N,
23°25 E) and in Euboea (38°49 N,
23°26’ E), Greece (Fig. 1). The two areas

b1
Legend

A Oleoresin Study Areas

-

Fig. 1. Two Aleppo pine populations located in Chalkidiki (Northern Greece) and Euboea
(Central Greece) respectively, were selected for this study.



Genetic analysis of selected high-yielding oleoresin trees of Aleppo pine ...

423

are approximately 130 km apart. In these
two selected areas, after consulting with
the oleoresin tapping workers, we locat-
ed trees that yield more than 10 kg-yr
(plus trees) and trees that yield less than
2 kgyr' (control trees). The oleoresin
yield of these individuals was measured
for two successive years in order to con-
firm their annual yield. From the first north-
ern population we selected 19 plus and
11 control trees, while from the second
southern population we selected 11 plus
and 9 control trees. In total, 50 individuals,
30 plus and 20 control trees, were select-
ed. Female cones were collected from all
the selected trees and were transferred to
the lab. Then, the cones were put in the
oven at 40 °C until they opened (about
10 days). The seeds were put in wet Petri
dishes and when germinated, the endo-
sperms were extracted and used for fur-
ther laboratory analyses.

The plant tissue was ground and ho-
mogenized according to Conkle et al.
(1982) and the isozyme analyses were
conducted on horizontal starch gel elec-
trophoresis. In total, three buffer systems
were used; Lithium-Borate-Tris-Citrate
(LBTC) and Histidine-HCI (H) according
to Cheliak and Pitel (1985) and Morpho-
line-Citrate (D) according to Conkle et
al. (1982), while the following eleven en-
zyme systems were applied: 6-phospho-
gluconate dehydrogenase, 6PGD (EC
1.1.1.44); menadione reductase, MNR
(EC 1.6.99.2); isocitrate dehydrogenase,
IDH (EC 1.1.1.42); leucine aminopepti-
dase, LAP (EC 3.4.11.1); phosphoglucose
isomerase, PGI (EC 5.3.1.9); Acid phos-
phatase, ACP (EC 3.1.3.2); B-esterase,
B-EST (EC 3.1.1.3); malate dehydroge-
nase, MDH (EC 1.1.1.37); phosphoglu-
comutase, PGM (EC 5.4.2.2); glucose
6-phosphate dehydrogenase, G6PD (EC
1.1.1.49); glutamate dehydrogenase GDH

(EC 1.4.1.2). Since the gymnosperms’ en-
dosperm is haploid tissue, seven (7) en-
dosperms per tree were used in order to
detect all the alleles of each locus (Morris
and Spieth 1978). The probability of miss-
ing an allele when analyzing haploid seed
tissue is calculated as 0.5™', where n is
the number of endosperms analyzed, and
therefore, using seven seeds reduced this
probability to 1.6 %. Frequency-based
genetic analyses were applied using the
cross-platform package GenAlex 6.41
(Peakall and Smouse 2006). More spe-
cifically, the following population genetic
characteristics were calculated: the allele
frequency per locus (A), the observed het-
erozygosity (H ), the expected heterozy-
gosity (H,) and the fixation index F.

For additional statistical analysis, four
groups of trees were denoted as condi-
tional populations, 1 and 3 consisting of
plus trees in Chalkidiki and Euboea, re-
spectively, and 2 and 4 — of control trees.
The significance of differentiation among
the population pairs based on the geno-
types (genotypic differentiation) was test-
ed by exact G-test on contingency tables
(Goudet et al. 1996). Additionally, allelic
differentiation was tested for compari-
son. Unbiased estimates were obtained
as described by Raymond and Rousset
(1995a). The analysis was done in two
steps — first the test for significant geno-
typic differentiation was performed for all
population pairs, and the second step was
done on pooled data — populations 1 and
3 (plus trees) were pooled and so were
the populations 2 and 4 (control trees).
Software Genepop v. 4.7 (Raymond and
Rousset 1995b) was used for the analy-
sis.

Furthermore, the fingerprinting of 4
high-yielding oleoresin pine trees was
performed through the Random Ampli-
fied Polymorphic DNA (RAPDs) markers.
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To avoid dominance, DNA was extracted
from haploid tissue which in the case of
conifers is the seed megagametophyte.
Two of the fingerprinted trees were from
Chalkidiki and the other two from Euboea.
Seven megagametophytes from each tree
were isolated by the same method, used
in the case of isozymes. DNA extractions
were performed by using the CTAB proto-
col (Doyle and Doyle 1987). DNA ampli-
fications by Polymerase Chain Reaction
(PCR) were carried out in a Mastercycler
Eppendorf ep Gradient S Thermocycler
using the profile proposed by Gémez et
al. (2001). The volume of the reaction
mixture was 25 pl and contained: 2.5 pl
10x Buffer, 2 mM Mg?, 200 uM dNTPs,
200 nM primer, 0.75 U Taq polymerase,
10 ng DNA. Total 30 oligonucleotide prim-
ers (Operon kits OPA01-10, OPE01-10,
OPHO01-10) were tested in amplification,
polymorphisms and Mendelian inheri-

tance. The chosen 6 (OPAO1, OPAQ7,
OPEO02, OPH05, OPHO7, OPHO09) were
used in the amplifications of DNAs from
the four selected trees. The reactions
were visualized under UV light, after run-
ning in 1.5% agarose gels in 0.5x TBE
buffer and ethidium bromide staining. The
GenAlex 6.41 (Peakall and Smouse 2006)
software was used for the fingerprinting of
the selected genotypes.

Results

The genetic analyses of 11 enzyme sys-
tems resulted in a total of 17 loci with 33 al-
leles (Table 1). Among them, 4 loci (Idh-A,
Acp-A, Pgm, Gdh) were found monomor-
phic and the rest 13 were polymorphic. At
the polymorphic loci, the detected number
of alleles per locus was two, with the ex-
ception of three alleles at B-Est and four

Table 1. Loci and allele frequencies for each group of trees.

Locus Allele Chalkidiki Euboea Locus Allele Chalkidiki Euboea
CH, CH. E,_E, CH,L CH, E, E,
1 0711 0818 0818 0722 1 0 0091 0 0
__f_pgd'A 2 0289 0182 0182 0.278 MdhA 2 1 0909 1 1
170763 0773 0909 0611 1 17770955 0909 0944
(OpgdB 0237 0227 0091 0389 MB 5 o 0045 0091 0.056
. 1770737 0818 0682 0556 1 0 0 0045 0.056
______ 2 0263 0182 0318 0.444 wane 2 0079 0 0045 0
L 1 1 1 3 0105 0091 0 0056
1 0289 0227 0045 0 4 0816 0909 0909 0.889
Idh-B 170868 0636 0591 0722
2 0711 0773 0955 1 MIhD ) 0ias 0aee 0400 0478
o Lap 1770447 0318 0682 0778 CAcp-A 1 1 1 1 1
______ 2 0553 0682 0318 0.222 A5 | 0083 0 0091 0222
1770395 0136 0 o N 2 0947 1 0909 0778
B-Est 2 0368 0455 0.864 0.813 TPgm 1 1 1 [
______ 30237 0409 0.136 0.187 Gops | 0579 0636 0682 0667
g 1770105 0136 0409 0086 2 0421 0364 0318 0333
2 0895 0864 0591 0.944 Gdh 1 1 1 1 1

Note: CH, = Chalkidiki plus trees, CH_ = Chalkidiki control trees, E, = Euboea plus trees and

E. = Euboea control trees.
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alleles at Mdh-C. The frequency of the
most common allele was always high-
er than 0.5 (minor polymorphism, sen-
su Lewontin 1985), with two exceptions
concerning the locus B-Est-1. The trees
from Chalkidiki exhibited a slightly larger
polymorphism P, =76.47 % than the trees
from Euboea P_ = 70.59 %. In total, the
mean polymorphism was P = 73.53 %.
Unique or private alleles were detected at
B-Est-1 and Mdh-A-1 loci for the Chalkidiki
individuals and at Mdh-C-1 locus for the
Euboea individuals.

The allele frequencies per locus were
similar across all the groups with certain
exceptions (Table 1). The frequency of
Idh-B-1 was 0.289 and 0.227 for the plus
and control trees of Chalkidiki, respec-
tively, while for the plus and the control
trees of Euboea was just 0.045 and zero
(0), respectively. The same pattern was
found for the B-Est-1 locus where the fre-
quency of Chalkidiki plus trees was 0.395,
whereas the corresponding frequencies
for the Euboea were zero (0). Thus, the
frequency of these specific alleles could
be used as a tool for the differentiation of
the two populations, since high frequen-
cies would indicate a sample from Chalk-
idiki and low (or even zero) frequencies
would indicate a sample from Euboea. In
contrast, the allele Mdh-C-1 was not de-
tected at all among the selected trees of
Chalkidiki while it was detected with small
frequencies among the trees of Euboea.
An interesting pattern can be found at the
LAP enzyme system. The first allele Lap-
1 was more frequent among the plus and
control trees of Euboea than the trees o
Chalkidiki where the second allele Lap-2
was more frequent. Furthermore, the al-
lele Mdh-C-2 was detected (in small fre-
quencies) only among the plus trees of
both Chalkidiki and Euboea. This allele
shows a tendency for differentiation be-

tween plus and control trees.

For both populations (Chalkidiki and
Euboea), the mean observed heterozy-
gosity was Ho, =0.255 and the mean ex-
pected heterozygosity was He =0.244.
As for the Chalkidiki trees, both plus and
control ones, the largest observed hetero-
zygosity (H,) was detected at the G6pd
locus (0.660) and the largest expected
heterozygosity (H,) at the B-Est locus
(0.660). The maximum value of fixation
index F was calculated for the Pgi locus
(0.515) and its minimum value for the
G6pd locus (—0.250) indicating large dif-
ferences between H_and H, in both cas-
es. The largest H_ for the Euboea trees
was detected in the same locus as for the
Chalkidiki trees, that is G6pd (0.650) but
the largest H, was detected on a different
locus, namely, the Mnr locus (0.469). For
Euboea, the F was maximum at the B-Est
locus (0.650) revealing an excess homo-
zygosity and on the other hand the min-
imum value was calculated at the G6pd
locus (-0.481) revealing an excess of het-
erozygosity.

The comparison of plus and control
trees at the two selected areas based on
H,, H, and Findex is presented at Table 2.

The mean H_ across all four groups
was quite similar ranging from 0.250 to
0.267. That was also the case for the
mean H_, which ranges from 0.224 to
0.254. Between the plus trees of the two
populations, the highest H and H, were
detected at different loci. In the population
of Chalkidiki, the highest H and H_ were
observed at the B-Est locus while in the
Euboea population the highest H and H,
were found at the Pgi locus. The mean fix-
ation index F for each of the four groups
was close to zero, ranging from —0.066
to +0.022, but with great variability within
each group, since the corresponding SE
was quite large. The comparison between
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Table 2. Observed (H ) and expected (H,) heterozygosities and fixation index F for plus
and control trees from Chalkidiki and Euboea.

Plus trees Control trees
Locus Chalkidiki Euboea Chalkidiki Euboea
H H F H, H, F H H, F H H F

6pgd-A 0.579 0.411 -0.407 0.182 0.298 0.389 0.364 0.298 -0.222 0.333 0.401 0.169
6pgd-B 0.263 0.361 0.272 0.182 0.165 -0.100 0.455 0.351 -0.294 0.556 0.475 -0.169
Mnr 0.316 0.388 0.186 0.455 0.434 -0.048 0.364 0.298 -0.222 0.667 0.494 -0.350
Idh-A 0.000 0.000 ND 0.000 0.000 ND 0.000 0.000 ND 0.000 0.000 ND
Idh-B 0.474 0.411 -0.152 0.091 0.087 -0.048 0.455 0.351 -0.294 0.000 0.000 ND
Lap 0.474 0.494 0.042 0.455 0.434 -0.048 0.636 0.434 -0.467 0.444 0.346 -0.286
B-Est 0.632 0.671 0.059 0.09 0254 0.64 0.364 0.650 0.440 0.125 0.339 0.631
Pgi 0.105 0.188 0.441 0.818 0.483 -0.692 0.091 0.236 0.614 0.111 0.105 -0.059
Acp-A 0.000 0.000 ND 0.000 0.000 ND 0.000 0.000 ND 0.000 0.000 ND
Acp-B  0.105 0.102 -0.029 0.182 0.173 -0.053 0.000 0.000 ND 0.222 0.375 0.407
Mdh-A 0.000 0.000 ND 0.000 0.000 ND 0.182 0.165 -0.100 0.000 0.000 ND
Mdh-B  0.000 0.000 ND 0.182 0.165 -0.100 0.091 0.087 -0.048 0.111 0.105 -0.059
Mdh-C 0.263 0.317 0.170 0.182 0.169 -0.073 0.182 0.165 -0.100 0.222 0.204 -0.091
Mdh-D 0.263 0.229 -0.152 0.636 0.483 -0.316 0.364 0.463 0.214 0.556 0.401 -0.385
Pgm 0.000 0.000 ND 0.000 0.000 ND 0.000 0.000 ND 0.000 0.000 ND
G6pd 0.526 0.488 -0.080 0.636 0.434 -0.467 0.727 0.463 -0.571 0.667 0.444 -0.500
Gdh 0.000 0.000 ND  0.000 0.000 ND 0.000 0.000 ND  0.000 0.000 ND
Mean 0.250 0.254 0.022 0.256 0.224 -0.057 0.267 0.247 -0.066 0.251 0.231 -0.043
SE 0.058 0.055 0.048 0.065 0.046 0.075 0.059 0.050 0.076 0.063 0.049 0.071

Note: SE = standard error and ND = not defined.

the two plus groups, at 6pgd-A locus,
demonstrates that the Chalkidiki trees
have their minimum F value (-0.407) and
the Euboea trees have their maximum F
value (0.389) while at Pgi locus the Chalk-
idiki trees have their maximum F value
(0.441) and the Euboea trees have their
minimum F value (—0.692). A similar pat-
tern at the two aforementioned loci can
be found between the control trees from
the two provenances. Thus, at two loci we
find the maximum and minimum value al-
ternately between the two groups of plus
trees.

The exact tests of population differenti-
ation at the different allozyme loci revealed
that there were 12 significant p-values out
of 75 possible (Table 3). Three significant
cases of differentiation were detected be-

tween population pairs CHp and Ec, be-
tween CHp and Ep, and between CHc
and Ec. Two significant p-values were
found between the pairs CHc-Ep and one
— between the populations Ep and Ec.
The differentiation between Ep and Ec
at the locus 6pgd-B was at the threshold
level of significance (p = 0.051). When all
loci were included in the analysis, there
was significant differentiation between
three population pairs — CHp-Ep, CHp-Ec,
and CHc-Ec. No significant differentiation
was found when the plus and control trees
from the two localities were pooled (CH-
p+Ep vs. CHc+Ec).

The results of the genic differentiation
(i.e., differentiation calculated based on
allelic structure, Table 4) revealed prac-
tically the same picture: 12 significant
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cases of differentiation: four for the pair
CHp-Ep (loci Idh-B, Est, Pgi and Mdh-D),
three — CHp-Ec (loci Idh-B, Lap and Est),
two for the pairs CHc-Ep (Lap, Est) and
CHc-Ec (Lap and Acp-B) and one for the
pair Ep-Ec (Pgi). At overall level, when all
loci were considered, significant differen-
tiation was detected between the pairs
CHp-Ep, CHp-Ec, and CHc-Ec.

The genetic profiles of the individu-
als from Chalkidiki and Euboea that took

place in this experiment are presented in
Table 5. According to the 68 loci, we have
done a check for the possible existence
of identical genotypes among the selected
trees. Based on the analyses all four indi-
viduals that were studied posed a different
genotype.

Table 6 shows the number of individ-
uals which exhibited the same genotype
according to the number of loci that are
included in the analysis.

Table 5. Genotypes at RAPD loci of 4 plus trees.

LOCUS E3 CH5 E5 CH6 LOCUS E3 CH5 E5 CH6 LOCUS E3 CH5 E5 CH6
OPA01-250 11 00 11 00 OPA07-1720 1 00 00 00 OPHO7-620 11 11 11 00
OPAO1-400 11 11 11 11 OPA07-2000+ 11 00 00 00 OPHO7-700 00 00 11 M
OPA01-490 11 11 11 00 OPE02-600 1 00 11 00 OPHO7-750 00 11 11 11
OPA01-500 00 11 00 11  OPE02-850 00 00 00 10 OPHO7-850 11 11 11 M
OPA01-550 11 00 11 00 OPEO02-900 00 11 00 00 OPHO7-880 00 00 11 00
OPA01-620 00 11 00 00 OPE02-980 00 11 10 11 OPHO7-980 11 11 11 M
OPA01-700 11 11 11 00 OPE02-1100 1 11 11 11 OPHO7-1100 00 11 11 11
OPA01-750 00 11 00 11  OPE02-1230 1 11 11 11 OPHO7-1470 00 11 11 00
OPA01-900 11 00 00 11 OPEO02-1350 00 00 10 10 OPHO7-1600 00 11 00 M
OPA01-1050 00 11 11 00 OPE02-1470 1 11 11 11 OPHO7-1720 11 11 11 00
OPA01-1170 00 00 00 11  OPE02-1850 1 11 11 11 OPHO07-2000 11 11 11 11
OPA01-1300 00 00 00 11  OPHO05-300 1 11 11 11 OPH09-500 11 00 11 11
OPA01-1400 00 00 11 00 OPHO05-550 1 11 00 11 OPHO09-580 00 11 00 00
OPA07-400 11 00 00 00 OPHO05-650 1 11 11 11 OPH09-620 00 11 00 00
OPAO7-490 00 11 00 00 OPHO05-700 00 11 11 00 OPHO09-650 00 11 00 00
OPA07-750 00 00 11 11  OPHO05-750 00 11 00 00 OPHO9-700 00 11 00 M
OPA07-850 11 11 00 00 OPHO05-860 00 00 11 11 OPHO9-850 11 11 11 M
OPA07-980 00 11 11 00 OPHO05-980 00 11 00 11 OPH09-980 00 11 00 11
OPA07-1050 00 00 00 11  OPHO5-1100 00 00 00 11 OPHO09-1100 11 00 11 00
OPA07-1230 00 11 11 11  OPHO05-1350 11 11 11 11 OPH09-1230 00 11 00 1M
OPA07-1350 11 00 00 00 OPHO5-2000 11 11 11 11 OPHO09-1600 11 11 11 00
OPA07-1400 00 00 00 11  OPHO05-2000+ 11 11 11 11 OPH09-2000+ 11 11 11 M
OPA07-1600 00 00 11 00 OPHO7-550 00 00 00 M
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Table 6. Matching and unique genotypes for the loci combination of 4 trees.

. # Wit.h .# with  # matching # matching # matching

Number of loci matching unique gen- except 1 . .

genotype otype locus except 2 loci except 3 loci
1 4 0 0 0 0
142 4 0 4 0 0
1+2+3 2 2 4 3 0
1+2+3+4 2 2 2 3 3
1+2+3+4+5 2 2 2 0 3
1+42+3+4+5+6 2 2 0 2 0
142+3+4+5+6+7 2 2 0 0 2
142+3+4+5+6+7+8 2 2 0 0 2
1+42+3+4+5+6+7+8+9 0 4 2 0 0
142+3+4+5+6+7+8+9+10 0 4 0 2 0
1+2+3+4+...+67+68 0 4 0 0 0

Note: # = Number of trees.

Complete separation of the selected
individuals can be achieved if we take
under consideration 9 loci. The possibili-
ty of finding two individuals with identical
genotype is 7.3-10*, whereas for the to-
tal amount of the 68 loci the possibility is
2.7102,

Discussion

The isozyme literature for P. halepensis
concerning the presence or absence of a
locus and its corresponding alleles pres-
ents great variability. This becomes evi-
dent with the following discussion. Loukas
et al. (1983) detected two polymorphic
6pgd loci for a Greek population in Attica
which is in accordance with the current
study but that wasn’t the case for the rest
of the studies reviewed. While in most of
the studies there were detected two loci,
the first of them (6pgd-A) was monomor-
phic (Schiller et al. 1986, Teisseire et al.
1995, Korol and Schiller 1996, Agundez et
al. 1997). Korol et al. (1995) detected just

one monomorphic locus, whereas Schil-
ler et al. (1986) and Korol et al. (2002)
detected three loci with the first of them
monomorphic. A similar difference among
the current study and the previews studies
can be found for the Mnr locus where we
report two alleles in contrast with the oth-
er studies which detected two loci either
monomorphic or polymorphic (Schiller et
al. 1986, Korol and Schiller 1996, Korol et
al. 2002).

In the case of p-Est the findings of the
current study deserve a special mention.
To the best of our knowledge this is the
first time that this particular locus is re-
ported for Aleppo pine. Three alleles were
detected for the Chalkidiki population and
two alleles for the Euboea population.
The B-Est enzyme system was reported
in other pines (Pinus lawsonii Roz. and
Pinus montezumae Lamb.) where three
loci were detected with 3, 2 and 2 alleles,
respectively (Vargas et al. 2002).

Furthermore, we report for the first
time the detection of four alleles at the
Mdh-C locus in P. halepensis. Most stud-
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ies detected four loci, mostly monomor-
phic (Schiller et al. 1986, Korol et al. 1995,
Teisseire etal. 1995, Agundez et al. 1997).
Korol et al. (2002) reported four polymor-
phic loci with two alleles at Mdh-C locus
while we detected four alleles at Mdh-C
for the first time.

Studies with isozyme analyses of P,
halepensis populations from all around
the Mediterranean basin reported mean
expected heterozygosity (He) rang-
ing from 0.020 to 0.143, smaller than
the current study (Teisseire et al. 1995,
Korol and Schiller 1996, Agundez et al.
1997). Loukas et al. (1983) analyzed the
Greek population of Attica and found high
He = 0.179. On the other hand, Schiller
et al. (1986) reported low levels of He for
two Greek populations, the first in Pelo-
ponnesus (He = 0.056) and the second
in Euboea (He= 0.065). More recently,
Korol et al. (2002) analyzed one popula-
tion from Chalkidiki and another from Eu-
boea. The mean expected heterozygosity
was He = 0.177 and He = 0.188, re-
spectively. In the last two studies, the two
Greek populations had the highest values
among 17 and 20 Mediterranean popu-
lations, respectively. In the current study
we detected even higher He values with
He = 0.232 for Euboea and He = 0.255
for Chalkidiki. These high He values of
the Greek populations demonstrate their
high gene diversity and the level of ad-
aptation they have acquired through the
years. Probably, the environmental fac-
tors favour the presence of the species in
the north-east Mediterranean. Moreover,
the species adaptation will be tested in the
case of Euboea where almost the entire
Aleppo pine population was burned during
the wildfires of August 2021. The level of
natural regeneration and the subsequent
survival of the species will be an indicator
of the population’s high gene diversity. It

is also worth mentioning that the Chalkidi-
ki population has very high gene diversity
although it is situated close to the northern
limits of the species.

As for the mean fixation indices F, we
could say that for the three out of four
groups, there is an excess of heterozy-
gotes. One possible explanation for these
excesses in heterozygotes is the fact that
the trees that comprise these groups are
selected for their oleoresin yield and there-
fore, are not selected randomly (White et
al. 2007).

Significant differentiation between the
population pairs was detected in 9 cases
out of 63 possible (Table 3). They were in
four loci out of the eleven studied and con-
cerned different combinations of popula-
tion pairs. Only in one case (Ep-Ec, locus
Pgi) there was significant differentiation
between plus- and control trees within the
same locality. When all loci were included
in the analysis, there was significant differ-
entiation between three population pairs
— CHp-Ep, CHp-Ec, and CHc-Ec. No sig-
nificant differentiation was found when the
plus and control trees from the two local-
ities were pooled (CHp+Ep vs. CHc+Ec).
Evidently, more advanced markers and
more advanced statistical methods (Zou
et al. 2016) would be necessary to reveal
the genetic background of the oleoresin
production and to proceed further to suc-
cessful marker-assisted selection.

The application of six primers of RAPD
markers was a simple and safe procedure
for the identification and discrimination
of four selected individuals. This specific
technique can be used for the fingerprint-
ing and separation of a plurality of further
individuals, as demonstrated by the very
low possibility of identical genotype calcu-
lated to specific loci on the analyzed indi-
viduals.

In conclusion, we could say that there
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is great variability in oleoresin yield and
high heterozygosity among the selected
plus trees. These trees can form the ba-
sic material, through vegetative propaga-
tion, for the establishment of either seed
orchards or artificial plantations aiming
to multiple oleoresin yield and income of
landowners. However, new, more informa-
tive markers and approaches could be put
into use in order to identify the prospec-
tive individuals for oleoresin production.
Besides the selection of plus trees and
establishment of seed orchards, develop-
ment of genome-wide association studies
could help to identify candidate genes or
genome regions contributing to the traits
of interest. The seed orchards could pro-
vide opportunities for performing of con-
trolled crosses necessary for the genetic
association studies. Experience and anal-
ogies with other pine species could also
facilitate such studies (Lauer et al. 2022).
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