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Abstract
The paper presents a survey on the genetic variation of Quercus frainetto Ten., an economi-

cally important tree species. Allozyme markers were applied to detect intra- and inter-population 
variation. The level of genetic diversity within populations was relatively high, like in other oak 
species with similar life history characteristics – mean expected and observed heterozygosities 
were 0.231, and 0.196, respectively. The major part of genetic diversity was attributed to with-
in-population component of variation. Genetic differentiation measured by F-statistics was 0.027. 
No significant isolation by distance and small-scale geographic subdivision was detected, which 
indicates substantial gene flow among populations.
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Central Europe (Aas 1993, Kleinschmit et 
al. 1995, Stejnhoff 1997, but see Kremer 
and Hipp 2020, for a review). The methods 
of documenting the genetic diversity of 
oaks consist mostly of isozyme and DNA 
gene markers, but the quantitative adap-
tive traits are considered very important, 
too (Kremer and LeCorre 2012). Genetic 
diversity of Q. robur L. and Q. petraea 
(Matt.) Liebl. is relatively well documented 
(Zanetto et al. 1994, Zanetto and Kremer 
1995, Kremer and Zanetto 1997, Bacilieri 
et al. 1996, Finkeldey 2001, Gömöry et 
al. 2001). However, while the biology and 
sylviculture of Q. frainetto have been ex-
tensively studied during the past decades 
(Marinov et al. 1995) its genetic diversity 
remained less studied, mostly because its 

 Introduction

The Hungarian oак (Quercus frainetto 
Ten.) is widely distributed on the Balkan 
Peninsula. It is drought tolerant species, 
occupies mostly dryer and moderately 
rich habitats and has an exceptional good 
quality timber (Kalinkov 1960, 1961; Ka-
linkov and Shipchanov 1976; Yurukov and 
Panayotov 2015; Bordács et al. 2019). 
Therefore, the species is considered im-
portant from both economic and ecolog-
ical points of view. It grows in pure and 
mixed stands, most often with Quercus 
cerris L. and significant part of Q. frainetto 
stands are of coppice origin.

Genetics of European oaks was stud-
ied extensively in western, and in part of 
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natural area of distribution is in southeast-
ern Europe, and particularly, on the Balkan 
Peninsula (Bordács et al. 2019). Recent 
studies have shown that it attracts the at-
tention of geneticists in its area of natural 
distribution and its genetic variation was 
studied in different aspects – hybridiza-
tion, distribution of genetic diversity, differ-
entiation, adaptation and growth perfor-
mance of different provenances (Belletti 
et al. 2005; Curtu et al. 2007, 2011; Fortini 
et al. 2015, Apostol et al. 2020).

In Bulgaria, most studies are related to 
describing its phenotypic variation, which 
is extremely high, especially in leaf traits 
(Stefanoff 1943, Kalinkov 1960, Garilov 
and Stoykov 1978). According to the tax-
onomic scheme of Schwarz (1937–1939, 
1964), applied to the Flora of Bulgar-
ia (vol. 3; Ganchev and Bondev 1966) 
Quercus frainetto belongs to the section 
Dascia Kotschy, together with three other 
species of the Bulgarian flora – Q. brachy-
phylla Kotschy, Q. virgiliana Ten. and  
Q. pubescens Willd. (Ganchev and  
Bondev 1966). Q. frainetto is character-
ized by the presence of stipitate-fascicu-
late trichomes fused at the base, as well 
as by the presence of large amount of  
secretory trichomes. An important differ-
entiating trait is the ratio between cover-
ing and secretory trichomes, which is 1:21  
for Q. frainetto, thus differentiating it from 
the other species of the section (Uzuno-
va and Palamarev 1992, Uzunova et al. 
1997).

The knowledge of the genetic diversity 
and differentiation of Q. frainetto is impor-
tant due to several reasons: First, it could 
be very useful for developing strategies 
for gene conservation; second, it could 
serve as a basis for sustainable manage-
ment of its genetic resources; and third, it 
would be very useful for practical breeding 

programs.
Therefore, our objective was to study 

the distribution of genetic diversity within 
and among the populations of Q. frainet-
to in Bulgaria using allozymes as genetic 
markers.

Materials and Methods

Populations and sampling

Fifteen Bulgarian populations were se-
lected for this study. The populations cov-
er the whole natural range of the species 
in Bulgaria (Fig. 1, Table 2). Fifty to sixty 
individuals were sampled in each popula-
tion. Branches with dormant winter buds 
were sampled and stored at 0–2 ºC until 
analyses.

Enzyme extraction, electrophoresis 
and enzyme staining

Bud tissues (2–3 buds per tree, scales 
removed) were homogenized in 100  μl 
Tris-HCl buffer pH 7.5, containing 15 mg 
Dithiothreitol, 5  mg Na2EDTA, 100  mg 
PVP and 300 mg sucrose per 20 ml buff-
er. Also, ten milligrams of PVPP-40 were 
added as stabilizing agent. The enzymes 
were absorbed by wicks 3×8  mm What-
man 3MM chromatographic paper and the 
wicks were inserted into the gel. Standard 
starch-gel electrophoresis was used in two 
buffer systems: Lithium-borate – Tris-cit-
rate discontinuous buffer system pH 8.1 
(Ashton and Braden 1961) and Tris-citrate 
continuous buffer system pH 7.0 (Shaw 
and Prasad 1970). The enzyme systems 
studied and the loci scored are listed in 
Table 1. Staining procedures followed 
Shaw and Prasad (1970) and Cheliak and 
Pitel (1984) with slight modifications.
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Table 1. Enzyme systems studied and the loci scored.

Enzyme system (abbreviation and EC code) No of loci scored Buffer system
Glutamate-oxaloacetate transaminase (GOT, 2.6.1.1) 2 A
Isocitrate dehydrogenase (IDH, 1.1.1.42) 1 TC
Leucine aminopeptidase (LAP, 3.4.11.1) 1 A
Malate dehydrogenase (MDH, 1.1.1.37) 4 TC
Menadione reductase (MNR, 1.6.99.2) 1 A
Phosphoglucomutase (PGM, 5.4.2.2) 1 TC
Phosphpoglucose isomerase (PGI, 5.3.1.9) 2 A
6-phosphogluconate dehydrogenase (6PG, 1.1.1.44) 2 TC
Shikimate dehydrogenase (SkDH, 1.1.1.25) 2 TC

Legend: A – Lithium borate (pH 8.1) + Tris Citrate (pH 8.1) discontinuous buffer system ac-
cording to Ashton and Braden (1961); TC – Tris Citrate (pH 7.0) continuous buffer system accord-
ing to Shaw and Prasad (1970).

Fig. 1. Location of the populations studied.
Note: see Table 2 for the abbreviations.

Data analysis

The allelic frequencies were calculated 
based on diploid genotypes. They are 
available from the authors upon request. 
The expected and observed heterozygos-
ities, mean number of alleles per locus 

and effective allele numbers were calcu-
lated by means of software Genepop v. 
3.1c (Raymond and Rousset 1995) and 
Popgene v. 1.31. (Yeh and Boyle 1997).

Deviations from Hardy-Weinberg ex-
pectations due to heterozygote deficiency 
or excess, and to linkage disequilibrium, 
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were tested by Genepop (Raymond and 
Rousset 1995).

Genetic diversity among populations 
was evaluated by Nei’s genetic distance 
(Nei 1978) and the differentiation meas-
ure was Wright’s F-statistics (Wright 
1965), calculated by the method of Weir 
and Cockerham (1984) using F-STAT 
software (Goudet 1995). Genetic distanc-
es (Nei 1978) were obtained by using the 
software Popgene, and cluster analysis 
was applied by means of the software 
DendroUPGMA (http://genomes.urv.cat/
UPGMA, Garcia-Vallve et al. 1999).

Results

All loci showed minor polymorphism (sen-
su Lewontin 1985), which means that the 
frequency of the most common allele was 
always higher than 0.5.

Statistically significant linkage disequi-
librium was detected in 12 of 344 possible 
two locus combinations in all populations 
(2.6  %) and concerned the populations 
Obzor (3), Ahtopol (2), Sinemorets (3) 
and Dulovo, Troyan, Momina kula and Ve-
liko Tarnovo (1 each). The loci involved in 
the linkage disequilibrium were: PGI-2 (9 
combinations), GOT-2 (5), LAP1 (3), PGM 
(3), MNR (2), and SKD2 (2). At overall lev-
el, when the data of all populations were 
pooled, significant linkage disequilibrium 
was detected in only one of 28 (3.6  %) 
two-locus combinations (PGI-2-LAP1). As 
a whole, the amount of linkage disequilib-
rium was negligible and therefore, we re-
tained all loci for further analyses.

Nine significant cases of deviation from 
Hardy-Weinberg equilibrium were detect-
ed (one in each of nine populations), and 
all deviations were due to heterozygote 
deficiency. The most polymorphic loci 
were PGI-2 and MNR – each with 5 al-

leles, while 2 to 3 alleles were detected in 
the other loci.

Mean allele number per locus (Table 2) 
varied from 1.9 (Lom) to 3 (Sinemorec). 
Effective allele number varied from 1.15 
(Veliko Tarnovo) to 1.35 (Berkovitza). Per-
cent of polymorphic loci ranged from 25 
to 75. Expected heterozygosity was rel-
atively high, ranging from 0.147 (Veliko 
Tarnovo), to 0.253 (Berkovitza). Observed 
heterozygosities had values close to the 
expected ones, which resulted in low val-
ues of the inbreeding coefficient (-0.043 to 
0.190).

Shannon index of diversity was the 
highest in locus Pgi-2, and also in the loci 
Got-2, Mnr and Lap1 (Table 3). The aver-
age value of all population was 0.36.

Nei (1978) genetic distances are pre-
sented in Table 4. The distance values 
are low indicating little genetic differenc-
es among the populations. The cluster 
dendrogram based on genetic distances 
(Fig.  2) revealed some grouping without 
clear trend – Obzor is the most distant 
population, while in the pairs and groups 
formed by the other populations, the close-
ly situated Sinemoretz and Uzunbodzhak 
form a mini-cluster, like Shuma and Ze-
men. The other populations are placed 
without correlation among the genetic dif-
ferences and geographic distance.

F-statistics showed that the overall dif-
ferentiation is low – only about 3 % of the 
total variation was due to genetic differ-
ences among populations; the remaining 
variation could be attributed to intra-pop-
ulation genetic diversity (Table 5). Num-
ber of migrants was 27 using the private 
allele method), and 9, calculated by using 
FST method, The isolation-by-distance test 
calculated by plotting pairwise differenti-
ation FST∙(1-FST)

 -1 against the log-trans-
formed distance in km was not significant 
(p = 0.089).
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Table 2. Information about the populations studied, and results of polymorphism  
and diversity.

Population  
(abbreviation)

Geographic 
coordinates

Alti-
tude, m Sm Am Ae P Ho

(s.e.)
He

(s.e.) F

Akhtopol (AGA) 42° 06’ N
27°55’ E 20 41.6 2.5 1.266 75 0.210

(0.038)
0.233

(0.043) 0.102

Berkovitza 
(BER)

43°17 ‘N
23°11’ E 250 49.4 2.0 1.346 50 0.257

(0.062)
0.253

(0.059) - 0.015

Dobrich (DOB) 43°30’ N
27°44’ E 200 46.6 2.25 1.304 62.5 0.233

(0.060)
0.237

(0.055) 0.016

Dulovo (DUL) 43°50’ N
27° 04’ E 200 49.9 2.5 1.244 37.5 0.196

(0.050)
0.208

(0.056) 0.057

Lom (LOM) 43°45’ N
22°59’ E 50 21.9 1.9 1.198 50 0.165

(0.066)
0.167

(0.062) 0.012

Mladezhka Riv-
er (ML)

42° 05’ N
27°25’ E 250 55.8 2.63 1.256 75 0.204

(0.059)
0.213

(0.057) 0.043

Momina kula 
(MK)

41°43’ N
23°42’ E 650 53.4 2.25 1.176 37.5 0.150

(0.064)
0.147

(0.062) 0.020

Obzor (OB) 42°49’ N
27°51’ E 200 55.3 2.38 1.276 62.5 0.216

(0.047)
0.207

(0.051) 0.043

Perla (PR) 42°17’ N
27°45’ E 20 47.2 2.5 1.222 50 0.182

(0.035)
0.224

(0.045) 0.190

Shuma (SH) 43°00’ N
23° 05’ E 800 47.5 2.5 1.183 62.5 0.155

(0.061)
0.159

(0.051) 0.025

Sinemorec (SM) 42° 04’ N
27°58’ E 30 59.1 3 1.319 62.5 0.242

(0.046)
0.264

(0.053) 0.085

Troyan (TR) 42°54’ N
24°47’ E 500 55.7 2.25 1.248 50 0.199

(0.054)
0.210

(0.059) 0.053

Uzunbodzhak 
(UZ)

41°57’ N
27°48’ E 180 48.6 2.62 1.235 75 0.190

(0.055)
0.210

(0.057) 0.037

Veliko Tarnovo 
(VT)

43° 03’ N
25°23’ E 400 48.1 2.13 1.147 25 0.128

(0.062)
0.147

(0.067) 0.129

Zemen (ZE) 42°29’ N
22°47’ E 600 43.7 2.37 1.282 62.5 0.220

(0.059)
0.225

(0.059) 0.023

Mean 48.3 2.38 1.247 55.8 0.196
(0.059)

0.231
(0.056) 0.046

Note: A locus is considered polymorphic if the frequency of the most common allele does not 
exceed 0.95. Legend: Sm – mean sample size; Am – mean number of alleles per locus; Ae – ef-
fective allele number (Crow and Kimura 1970); P – percent of polymorphic loci (0.05 criterion); 
Ho – observed heterozygosity; He – expected heterozygosity under Hardy-Weinberg equilibrium; 
s.e. – standard errors; F – inbreeding coefficient (F = 1-Ho∙He

-1).

Discussion

The polymorphism and diversity estab-
lished in the studied populations showed 

that Q. frainetto exhibits levels of genetic 
diversity well within the range of these re-
ported for other oak species (Hamrick et 
al. 1992). The levels of genetic diversity 
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Table 3. Shannon information 
diversity index (I).

Locus Sample 
size I

PGI-2 1520 0.8222
LAP-1 1538 0.3987
GOT-2 1134 0.5710
MNR 1508 0.3462
6PGD 1534 0.2626
PGM 1548 0.0990

SKD-1 1372 0.1751
SKD-2 1434 0.2152

Mean 1448 0.3612 
±0.24 (SD)

 
were more or less typical for 
species with similar life-history 
characteristics like Q. frainet-
to. Shannon’s index of diversity 
confirmed the trend detected by 
the heterozygosity levels in sep-
arate loci. Analogously to het-
erozygosity, this index has the 
highest values when the alleles 
are evenly represented. Origi-
nally developed for information 
theory (Crow 2001), it has been 
successfully applied in ecology, 
but seems of little use in popu-
lation genetics. Similar levels of 
genetic diversity were record-
ed in other studies. Curtu et al. 
(2011) found a bit higher differ-
entiation (FST = 0.067); however, 
Q. pubescens populations were 
included in their dataset. Most 
studies report relatively high ge-
netic diversity within populations 
and lower differentiation among 
populations, which was detect-
ed in the present study. There 
was no spatial trend in the dis-
tribution of genetic diversity. The 
cluster dendrogram revealed 
some grouping of closely situat-
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ed populations, for example Zemen and 
Shuma, Perla and Ahtopol, Sinemoretz 
and Uzunbodzhak, but some geograph-
ically distant populations were grouped 
together, too, like Berkovitza and Mlade-

zhka River. These results can be 
explained by the neutral character 
of the allozyme markers, but also, 
with the extensive gene flow among 
the populations. The number of mi-
grants was high, calculated both by 
private allele method and FST meth-
od. Whitlock and McCauley (1999) 
questioned the utility of FST method 
for reliable estimate of migrants and 
stated that one migrant per genera-
tion can reduce the population dif-
ferences, which could arise from the 
genetic drift.

Low differentiation makes difficult 
the task of selecting populations of 
Q. frainetto for gene conservation. 
However, in similar cases it is al-
ways recommendable to select ge-
netic entries representing all regions 
of the species distribution and the 
whole range of environmental con-
ditions. The low among population 
diversity points out the necessity 
of application of more polymorphic 
and informative genetic markers 
(Bordács et al. 2002, Fineschi et al. 
2002). Genetic integrity of the popu-
lations is not threated by hybridiza-
tion with other oak species (Curtu et 
al. 2011) – in Bulgaria the issue has 
not been studied in detail, but if ex-
isting at all, it is of minor importance.

The populations studied had dif-
ferent size and included also some 
small and isolated stands. The re-
sults indicate that even small and 
isolated populations from the frag-
mented landscape still contain sig-

nificant amount of genetic variation and, 
therefore, they must be considered in 
the sustainable management activities 
(Zhelev et al. 2002).

Fig. 2. Cluster dendrogram expressing the affinity 
among the populations based on the genetic dis-

tances.

Table 5. F-statistics and genetic differentiation.

Locus FIS FIT FST

PGI-2 -0.0353 -0.0189 0.0159
LAP-1 0.1230 0.1475 0.0279
GOT-2 -0.0223 0.0137 0.0352
MNR 0.1924 0.2395 0.0583
6PGD 0.1224 0.1216 -0.0009
PGM 0.0566 0.0624 0.0061
SKD1 0.1924 0.2098 0.0216
SKD2 -0.0058 0.0513 0.0568
All 0.0421 0.0682 0.0272
95% CI* -0.11-0.138 0.013-0.164 0.017-0.042

Note: *CI is confidence interval.
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Conclusions

The study on the genetic diversity of Q. 
frainetto by using allozyme gene markers 
allows the following main conclusions:

-	 The levels of genetic diversity and 
differentiation of Bulgarian populations 
correspond to these reported for species 
with similar life history characteristics (e.g. 
Hamrick et al. 1992).

-	 No clear spatial trend was observed, 
which confirms the neutrality of allozyme 
markers and points out the significance of 
gene flow as a factor minimizing the ge-
netic differences among populations.

-	 The major part of genetic diversity 
was attributed to within-population com-
ponent of variation. No small-scale geo-
graphic subdivision was detected, which 
indicates the presence of substantial gene 
flow among populations.

-	 Selecting populations for gene con-
servation should be based on territorial 
principle with the aim to cover the diversity 
in the environmental conditions.
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