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Abstract. In Romania, European beech (Fagus sylvatica L.) is the most
important broadleaved tree species. The goal of the present study was to
determine the genetic diversity and differentiation in and between natural
beech populations from the Romanian Carpathians and the transmission of
the genetic diversity to the next generation. The populations analyzed were
registered as seed stands. Genetic analysis was based on ten nuclear micro-
satellites. The highest amount of genetic variation was within populations,
whereas genetic differentiation between populations was low. In the adult
populations the mean number of alleles per locus varied from 8.0 to 10.9,
the effective number from 8.3 to 9.6. Heterozygosity ranged from 0.637 to
0.750 with the mean of 0.681(+0.018). The overall genetic differentiation
F,, between populations averaged 0.014. Geographic patterns within this
region were not detected. Regenerating these stands naturally has not im-
plied a reduction in the genetic variation in the following generation. Allelic
richness, genetic diversity and heterozygosity in adult stands and their nat-
ural regeneration is not significantly different. Inbreeding effects were not
observed (F between -0.032 and 0.061). The results complete the knowledge
on genetic variation of beech in Romania and give insides into the genetic
diversity of beech seed stands. They can be helpful too for the delineation
of provenance regions in the Romanian Carpathians.
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Introduction cies in terms of surface area and standing vol-
ume covering about 2.125 million ha (Anony-
In Romania European beech (Fagus sylvatica ~ mous 2016). The forest area covered by beech

L.) is the most important broadleaved tree spe- i approximately constant over time (Milescu
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et al. 1967, Stanescu 1979). The knowledge
about beech population genetics in Roma-
nia remains predominantly scanty, although
some natural populations have been studied by
isozymes within the framework of internation-
al studies (Comps et al. 1990, 2001; Gomory
et al. 1999, 2003, 2010; Longauer et al. 2001,
2004; Paule 1995, Paule et al. 2001, Petit et
al. 2003, Sulkowska et al. 2012). Beside this,
for selected Romanian beech provenances in
nursery or field tests, the genetic structure was
determined by isozyme analysis (Kim 1985,
Konnert & Ruetz 2001), PCR-RFLP technique
and chloroplast microsatellites (Popescu &
Postolache 2009) or nuclear microsatellites
(Liesebach 2012, Liesebach et al. 2015). Nu-
clear microsatellites were also used to study
the genetic variation of beech in specific Car-
pathian regions and in regions from Romania
defined as marginal for beech distribution (Ci-
ocirlan 2014, Ciocirlan et al. 2017). Genetic
studies in stands distributed over the whole
continuous distribution zone of beech in the
Romanian Carpathians are still missing.

According to Parnuta et al. (2005, 2010)
the actual regions of provenance in Romania
were delineated based on previous forest seed
harvesting zones (Enescu et al. 1988), ecolog-
ical forest regions (Donita et al. 1980) and the
National Forest Map (Donita et al. 1997). In
the decision process results from progeny tests
for the main forest tree species were also con-
sidered as well as forest site quality informa-
tion. The defined regions of provenance were
approved by Ministry Order No. 1028/2010
(Anonymous 2010).

The Romanian Act of Forest Reproductive
Material (Anonymous 2011) regulates the pro-
duction, marketing and control of forest repro-
ductive material (FRM), and implements the
requirements of the European Council Direc-
tive 1999/105/EC. Following this law seed for
forestry purposes has to be collected in seed
units (stands and seed orchards) introduced
into the National Catalogue of Basic Material
for Production of FRM (Anonymous 2012).

Until present seed stands in many European
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countries are selected mainly based on pheno-
typic criteria; genetic diversity is not consid-
ered at all, even if it is crucial for adaptation
of future forests to changing environmental
conditions (e.g. Konnert et al. 2015). In South-
ern Germany for the approval of seed stands
for Silver fir beside phenotypic criteria the ge-
netic diversity is also considered. Stands with
low genetic diversity are not selected for seed
collection (Cremer et al. 2014). For Douglas
fir selection of seed stands in some regions in
Germany the genetic composition and genetic
diversity of the populations is crucial (Konnert
etal. 2010). Delineation of seed zones general-
ly is done based on ecological criteria. Rarely
genetic aspects are also considered (Gomory
et al. 1998). Genetic analysis for beech seed
stands refers at present only to the control of
seed harvesting procedures (e.g. Janssen 2000)
and assignment of seed to the mother tree
within a traceability system (Hasenkamp et al.
2011).

In the present study nuclear microsatellites
were used to determine the genetic variabili-
ty in natural beech populations, registered as
seed stands. The focus was on genetic diversi-
ty within populations and genetic differences
between populations. The transmission of the
genetic diversity to the next generation was as-
sessed by comparing the adult stand with the
natural regeneration.

Materials and methods
Plant material

The ten investigated seed stands are located
in ten different provenance regions situated in
different ecological sectors with high amount
of beech forests; more information on single
stands is given in Table 1. In each stand cam-
bium from 25 to 51 adult trees was collected.
In six selected stands (see Table 1) seedlings
from 48 juveniles per stand were also sampled
in 3 - 4 regeneration gaps located near the sam-
pled adult trees. Altogether 724 individuals
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Table 1 Description of the investigated European beech (Fagus sylvatica) seed stands

Geographic coordinates No. of sampled trees

Population Region of Age of Altitude

name provenance Latitude Longitude adult stand Adults  Seedlings
Feldru A120 47°30.440°  24°45.768° 90 1200 48 48
Sovata A130 46°38.706°  25°07.818° 105 850 48 47
Dragomirna G150 47°45°450°  26°14.370° 120 430 51 -
Fantanele G340 46°38°279°  26°48.457° 95 360 25 -
Bragov B130 45°30.291°  25°51.389¢ 130 1000 48 48
Baile Govora  C240 45°04°341°  24°10.235° 140 350 50 -
Sebes C130 45°48.191°  23°29.915° 145 800 48 48
Ciucea E340 46°59.171°  22°55.467¢ 70 620 48 47
Barzava E140 46°09°133°  22°07.388° 110 400 24 -
Baile Herculane D150 44°55.106°  22°26.650° 110 380 48 48

Note. Abbreviations: A120 - Inner Eastern Carpathian, Mixed forest of European beech and coniferous, A130 -
Inner Eastern Carpathian, Mountain European beech forest, G150 - Suceava Plateau and Siret hills, Hilly mixed
hardwood forest with Sessile oak, G340 - Barlad Plateau and Bacau hills, Hilly European beech pure or mixed
forests with other broadleaves species, B130 - Curvature Carpathians: Brasov Depression, Mountain Europe-
an beech forest, C240 - Southern Carpathians: southern part, Hilly European beech pure or mixed forests with
other broadleaves species, C130 - Southern Carpathians: northern part, Mountain European beech forest, E340
- Apuseni Mountains: eastern part, Hilly European beech pure or mixed forests with other broadleaves species,
E140 - Apuseni Mountains: Zarand and Metaliferous Mts, Hilly European beech pure or mixed forests with other
broadleaves species, D150 - Banat Mountains: Mehedint-Cerna-Semenic Mts, Hilly mixed hardwood forest with

Sessile oak.

were analyzed.
DNA isolation

For DNA isolation the modified ATMAP me-
thod (Dumolin et al. 1995) was applied. Before
extraction, cambium was lyophilized for 20
hours in a freeze-dryer (Christ Alpha 1-2 LD-
o) At -55 °C and 0.021 mbar pressure. Buds
(2 buds per tree) were lyophilized by storage
on silica gel for one week. DNA concentration
and purity were determined spectrophotomet-
rically with the Gene Quant Pro, Amersham
Bioscience followed by dilution of the DNA
extracts to 20 ng/pl.

PCR amplification

For PCR amplification the Qiagen-multi-
plex-Kit was used. All samples were analyzed
with ten highly polymorphic nuclear micro-
satellites (Table 2) combined into two PCR
systems. PCR multiplex A comprised primers

mfcll (Tanaka et al. 1999), FS3-04, FS1-15
(Pastorelli et al. 2003) and csolfagus19, csolfa-
gus31 (Lefévre et al. 2012) while PCR multi-
plex B included mfs11 (Vornam et al. 2004),
mfcS, mfc7 (Tanaka et al. 1999), sfc0036
(Asuka et al. 2004) and DE576A0 (Lefévre et
al. 2012). Primers were labeled with the fluo-
rescent dyes Dy751 (black), IRD700 (green)
and Cy5 (blue). PCR amplifications were con-
ducted in a solution of in total 15 pl contain-
ing 1 pl stock DNA, 7.5 pl Qiagen Multiplex
PCR Master Mix2x, 1.5 pl Primer Mix, 3 pl
H,O RNase-free, 1 ul PVP 1% and 1 pul BSA —~
Bovine Serum Albumin using a TProfessional
Standard PCR Thermocycler Biometra, Ger-
many. The following PCR protocol was ap-
plied: initial denaturation at 95 °C for 15 min,
28 cycles of 94 °C for 30 sec, 57 °C for 90 sec,
72 °C for 30 sec and a final elongation step at
60 °C for 30 min.

Fragments were separated on the CEQ8000
(Beckman Coulter) automated fragment ana-
lyzer. 1 ul of the multiplex PCR-amplifica-

67



Ann. For. Res. 61(1): 65-80, 2018

Research article

Table 2 Summary statistics for the 10 microsatellite loci

Locus Size range (bp) No. of alleles N, N, H, H, F
csolfagus19 95-130 16 11.3 4.880 0.806 0.789 -0.022
csolfagus31 140-190 17 10.8 6.078 0.834 0.831 -0.004
FS3-04 187-200 6 4.0 1.723 0.423 0.406 -0.046
FS1-15 82-160 27 12.5 6.614 0.841 0.843 0.003
mfcll 300-350 15 8.4 2.987 0.545 0.645  0.158%%**
mfsll 100-170 13 8.4 3.338 0.698 0.690 -0.014
mfc5 260-350 29 16.1 8.613 0.792 0.880  0.099%*%**
mfc7 100-150 17 7.3 1.733 0.421 0.407 -0.032
sfc0036 90-125 12 7.8 4,013 0.739 0.741 0.004
DE576A0 210-245 8 53 3.093 0.685 0.668 -0.026
Mean (overall) 16 9.19 4.307 0.678 0.690 0.012

(£0.37) (+0.182)

(£0.014) (£0.014) (0.008)

Note. Abbreviations: N, - mean number of alleles per locus; N, - effective allele number; H - observed heterozy-

gosity; H,, - expected heterozygosity; F — fixation index.

tion products, 30 pl Sample Loading Solution
(Beckmann Coulter) and 0.5 pl Size Standard
CEQ™ Kit 400 (Beckman Coulter) was mixed
and applied on the capillary for electropho-
retic separation. Allele assignment was car-
ried out using the fragment analysis tool of
GenomeLab™ GeXP, interface of CEQ8000
Software.

Data analysis

To estimate the null allele frequencies per locus
and per population the software MicroChecker
2.2.3 (Van Oosterhout et al. 2004) was used.
For further calculation null allele frequencies
were adjusted according to Van Oosterhout
et al. (2004). This is necessary because the
presence of null alleles can cause a bias in
estimation of allele frequencies (Nascimento
de Sousa et al. 2005), inbreeding coefficient
(Chybicki & Burczyk 2009), F_ and genetic
distances (Chapuis & Estoup 2007), parent-
age analysis (Dow & Aschley 1998, Dakin &
Avise 2004, Oddou-Muratorio et al. 2009) and
in Bayesian assignment testing (Falush et al.
2007, Carlsson 2008, Chapuis et al. 2008).
For population estimation of genetic diver-
sity the following parameters were calculated
using the program GenAlEx 6.502 (Peakall

68

& Smouse 2012): mean number of alleles per
locus (N,), mean number of private alleles
within a population (N,), the effective number
of alleles (N,) (Kimura & Crow 1964), hete-
rozygosity values (H, and H.) (Nei et al. 1975,
Hamrick et al. 1992, Hartl & Clark 1997), the
fixation index F and the inbreeding coefficient
F,, (Hartl & Clark 1997). Allelic richness (A)
was calculated with the software FSTAT (Gou-
det 2002) based on a rarefaction method (Hurl-
bert 1971) to correct unequal sample size. It
represents the mean number of alleles per lo-
cus (Leberg 2002).

Genetic differentiation among populations
was estimated by Nei’s (1972) pairwise ge-
netic distance calculated with GenAlEx 6.502
(Peakall & Smouse 2012) and by pairwise F;
(Weir & Cockerham 1984) calculated with
ARLEQUIN (Excoffier & Lischer 2010). The
pairwise F values at the 0.05 significance lev-
el were tested by 10.000 permutations. Using
POPTREEW (Takezaki et al. 2014) a cluster
analysis was performed based on Nei’s stand-
ard genetic distance (Nei 1972) and a dendro-
gram was produced with the unweighted pair
group mean arithmetic method (UPGMA). For
statistical significance of the cluster nodes,
bootstrapping was applied with 10.000 repli-
cations.
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Analysis of molecular variance (AMOVA)
was performed in GenAlEx 6.502 (Peakall &
Smouse 2012) using 9.999 random permuta-
tions to estimate the distribution of total vari-
ance at different variation levels. A Mantel test
(1967) was performed in the same programe
with 9.999 permutations to estimate whether
a statistically significant correlation exist be-
tween Nei’s and F genetic distance matrix
and the geographic distance matrix.

In addition a Bayesian approach imple-
mented in the software STRUCTURE 2.3.4
(Pritchard et al. 2000, Falush et al. 2003) was
used to detect the genetic differentiation of the
ten beech populations. The admixture model
and correlated allele frequencies were used
with the following parameter set: 100.000
MCMC iterations after 100.000 burn-in pe-
riods. K was defined between 1-15, with 20
iterations for each K. Implementing ad hoc
statistics AK (Evanno et al. 2005) the upper-
most hierarchical level was precisely detected
among runs K= 1-15. The best estimate of K
(number of estimated clusters) was calculat-
ed with the web-based STRUCTURE HAR-
VESTER program (Earl & von Holdt 2012).

Results
Null alleles

Null allele tendency was observed mainly
at the loci mfcll and mfcS. For mfcll eight
out of ten populations show such alleles, with
frequencies () varying from 0.060 (Feldru)
to 0.206 (Brasov). At the locus mfc5 null al-
leles were observed in four populations, with
the lowest frequency in Feldru (0.012) and the
highest in Baile Govora (0.146). For the oth-
er loci null alleles were observed only in one
population, as for example for mfs11 in Baile
Govora (r=0.109), for csolf19 in Barzava (r =
0.099) and for DE576A0 and FS1-15 in Sovata
(r =0.099 resp. r = 0.059). The situation was
similar in the natural regeneration, where null
alleles occur mainly at the loci mfc11 (2 popu-
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lations) and mfc5 (3 populations).
Genetic diversity

All ten analyzed microsatellite loci were pol-
ymorphic with 6 (locus FS3-04) to 29 alleles
(locus mfcS) per locus and a total of 160. Con-
sidering all adult populations and the natural
regeneration together the highest mean number
of alleles (N, = 16.1) and the highest N_ value
(= 8.613) was detected for the primer mfc5.
The observed heterozygosity (H,) varied be-
tween 0.421 (mfc7) and 0.841 (FS1-15) with
a mean value of 0.678(+0.014). H_ has values
between 0.406 (FS3-04) and 0.880 (mfc5) with
a mean of 0.690(+0.014). The fixation index F
was significantly different from zero only for
the loci mfcll and mfcS5. Even after adjust-
ment of null alleles the deficit in heterozygote
individuals for both loci remained significant.

At the population level parameter values
are given in Table 3. In adult stands the mean
number of alleles per locus (N,) varied from
8.0 in Barzava to 10.9 in Baile-Herculane, in
the natural regeneration from 8.3 (Ciucea) to
9.6 (Sebes and Baile Herculane). In nine popu-
lations, between them adult stands and natural
regeneration private alleles (N,) were found.
The effective number of alleles (N,) varied in
adult stands between 4.01 in Dragomirna and
5.43 in Baile Govora and for natural regenera-
tion between 3.87 (Feldru) and 4.25 (Sovata).
For adult stands the observed heterozygosity
(H,) values ranged from 0.637 in Barzava
to 0.750 in Baile Govora with the mean of
0.681(0.018). In natural regeneration H is
lowest in Baile Herculane (0.651) and highest
in Feldru (0.696). Between observed and ex-
pected heterozygosity (H,) differences are low
and statistically not significant. Subsequently
the inbreeding coefficient F was general-
ly close to zero, with a mean value of 0.014
(+0.010) in adult stands and 0.008 (+0.012) in
natural regeneration.

Genetic differentiation
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Table 3 Summary statistics for the 10 microsatellite loci

No. Population N A N

N, H H F

A P E (6] E IS
| Feldru Ad 105 8.761 4 4.544 0.688 0.707 0.030
s 85 7309 3 3.870 0.696 0.679 -0.032
) Sovata Ad 94 7.961 0 4.295 0.698 0.703 -0.003
s 9.0 7.779 1 4.258 0.685 0.691 0.003
3 Dragomirna Ad 87 7.655 0 4.010 0.645 0.676 0.048
4  Fantanele Ad 87 8700 0 4,339 0.673 0.672 -0.013
5 Brasov Ad 95 7990 0 4.089 0.669 0.682 0.008
’ s 9.0 7.638 2 3.987 0.672 0.687 0.020
6  BaileGovora Ad 104 9.039 3 5.439 0.750 0.757 0.006
7 Sebes Ad 89 7939 0 4.118 0.690 0.678 -0.021
’ s 9.6 8364 1 4.156 0.658 0.703 0.061
8 Ciucea Ad 89 7.705 0 4377 0.660 0.691 0.035
s 83 7342 0 4.093 0.687 0.696 0.011
9  Barzava Ad 8.0 8.000 1 4.226 0.637 0.657 0.039
10 Baile- Ad 109 9.266 3 5.016 0.696 0.715 0.014
Herculane s 9.6 8349 3 4.098 0.651 0.648 -0.013

Note. Abbreviations: N, - mean number of alleles per locus; N, - effective allele number; N, — private allele num-
ber; A — allelic richness, H,, - observed heterozygosity; H, - expected heterozygosity; F ; —inbreeding coefficient;

Ad - adult stand, s - seedlings.

Genetic differences between adult stands

Between the adult stands genetic distance (Nei
1972) varied between 0.042 (Sovata to Drago-
mirna) and 0.088 (Feldru to Baile Herculane)
(Table 4). Pairwise Fg values ranged from
0.004 (Brasov to Fantanele) to 0.023 (Feldru
respectively Dragomirna to Baile-Herculane).
The overall genetic differentiation F between
populations averaged 0.014.

Cluster analysis based on Nei’s distance in-
dicates a division in four distinct groups. This
is visualized by the dendrogram in Figure la.
The first group consists of four populations
(Feldru, Sovata, Dragomirna and Ciucea)
from Northern Romania. Another group con-
tains two populations from the Central-West
region (Sebes and Barzava), both populations
situated along the Mures river. The third group
includes the populations from Fantanele and
Brasov located in the Central-East region. The
two southern populations Baile-Herculane and
Biile Govora, clearly differentiated from the
rest but cluster together at a higher genetic dif-
ferentiation level.
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Bayesian approach based on the allelic fre-
quency of all nSSR markers (STRUCTURE
analysis) didn’t confirm the presence of four
groups, detected earlier by cluster analysis. In
this analysis the most likely number of clus-
ters was three, K =3 (Figure 2a). Admixture of
clusters indicates a week differentiation among
the studied stands (Figure 3b). The two south-
ern populations (Baile-Herculane and Baile
Govora) contain in the highest percent the blue
group and the red group, respectively, while
in populations Béarzava and Sebes the green
group has the largest percentage. The rest of
the populations show a mixture of these three
clusters (Figure 3).

The Mantel test denoted a positive and sta-
tistically highly significant correlation be-
tween the geographic distance and Nei’s ge-
netic distance (r = 0.553, P = 0.0002) as well
as between geographic distance and F, (r =
0.579, P=10.0001). This indicates that there is
some differentiation by distance probably due
to the natural barriers of the Transylvanian Pla-
teau and the high peaks of the Carpathians.

Molecular Variance Analysis (AMOVA) in-
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Figure 2 UPGMA dendrogram based on Nei’s genetic distance with 10000 bootstraps: a) among 10 adult
beech stands b) among 6 adult stands and their natural regeneration (A - adult; s — seedling)

DeltaK = mean(|L"(K)|) / sd(L(K))
a) 2.5}

1.5

Delta K

1.0

0.5

1.00

Sovata Fantanele Baile Govora Ciucea Baile-Herculane
Feldru Dragomirna Brasov Sebes Barzava

Figure 3 Results of STRUCUTURE analysis a) values for delta K b) membership pro-
portion of the individuals to the three clusters

dicates that 96.22 % of total variance is found  Genetic differences between adult stands

within individuals, 2.36% among individuals  and regeneration

within population and only 1.42 % among

populations (Table 5). Genetic distance (Nei 1972) between the adult
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Table 4 Nei’s genetic distance matrix for the studied populations

Pop Fe So Dr Fa Br BaG Se Ci Bar BaH FeS SoS BrS SeS CiS
Fe  0.000

So  0.045 0.000

Dr  0.055 0.042 0.000

Fa  0.078 0.058 0.058 0.000

Br  0.072 0.048 0.064 0.045 0.000

BaG 0.075 0.054 0.053 0.077 0.057 0.000

Se  0.058 0.057 0.054 0.067 0.050 0.070 0.000

Ci  0.044 0.048 0.039 0.069 0.059 0.056 0.048 0.000

Bar  0.046 0.062 0.064 0.072 0.060 0.069 0.044 0.046 0.000

BaH 0.088 0.084 0.079 0.083 0.057 0.060 0.069 0.057 0.047 0.000

FeS 0.046 0.075 0.104 0.111 0.100 0.110 0.090 0.082 0.079 0.109 0.000

SoS  0.051 10.020 0.041 0.049 0.036 0.054 0.061 0.040 0.053 0.066 0.083 0.000

BrS 0.062 0.047 0.066 0.047 0.034 0.084 0.054 0.062 0.063 0.081 0.103 0.034 0.000

SeS  0.057 0.052 0.059 0.068 0.051 0.069 0.030 0.050 0.040 0.049 0.094 0.054 0.046 0.000

CiS  0.042 0.051 0.050 0.073 0.070 0.084 0.041 10.030 0.058 0.083 0.074 0.052 0.061 0.045 0.000
BaHS 0.069 0.086 0.075 0.088 0.069 0.079 0.049 0.053 0.035 |0.049 0.109 0.068 0.073 0.047 0.069

Note. Abbreviation: in orange - adult stands distance matrix, in yellow - the highest and smallest genetic distance
value between adult stands, in gray - the genetic distance values between adults and their natural regeneration;
Samplings: Fe - Feldru, So - Sovata, Dr - Dragomirna, Fa - Fantanele, Br - Brasov, BaG - Béile Govora, Se - Sebes,
Ci - Ciucea, Bar - Barzava, BaH - Béile Herculane, FeS - Feldru Seedlings, SoS - Sovata Seedlings, BrS - Brasov
Seedlings, SeS - Sebes Seedlings, CiS - Ciucea Seedlings, BaHS - Baile Herculane Seedlings.
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Table 5 Results of hierarchical molecular variance analysis (AMOVA) for F. sylvatica adult stands

Source of variation Df SS MS Estl.mgted Pc{rcgltage F-statistics ~ P-value
variation variation (%)
Among populations 9 72.66 8.07 0.05 1.42% F =0.014
Among individuals
withingpopulations 428  1553.67  3.63 0.08 2.36% F.=0.024  _ 0.001
Within individuals 438  1515.50  3.46 3.46 96.22% F.=0.038
Total 875 3256.384 3.59 100%

Note. Abbreviations: Df - degree of freedom; SS - sum of squares; MS - mean sum of squares; P - probability.

stands and their natural regeneration varied
between 0.020 (Sovata) and 0.049 (Baile Her-
culane) (Table 4). F_ pairwise values ranged
from 0.004 (Sovata) to 0.013 (Baile Hercu-
lane). The genetic distance between adults and
natural regeneration is somewhat higher in the
populations Feldru (0.046) and Baile Hercu-
lane (0.049).

In general cluster analysis based on Nei’s
distance indicates that adult population and
natural regeneration from the same population
group together (Figure 1b) with the exception
of the populations Feldru and Baile Herculane.
Natural regeneration from Feldru groups com-
pletely apart, while natural regeneration from
Baile-Herculane groups together with the oth-
er populations.

Similar results were obtained by the PCoA
analysis. Here the first two principal coordi-
nates explain almost half percent of the total
genetic variance and confirm the small genetic
distance between adults and natural regenera-
tion (Figure 5).

Discussion

Our investigations revealed high genetic vari-
ation within and low genetic differentiation
between the analyzed beech populations. This
general genetic pattern was similar for Eu-
ropean beech in almost all European regions
as demonstrated mainly by isozyme studies
(see Comps et al. 1990, Goméry et al. 1992,
Hazler et al. 1997, Konnert 1995, Leonardi
& Menozzi 1995, Merzeau et al. 1994). For

nSSR markers only few studies on genetic
variability of beech populations exist (see Vor-
nam et al. 2004, Buiteveld et al. 2007, Ciocir-
lan 2014, Ciocirlan et al. 2017, Lander et al.
2011, Liesebach et al. 2015, Kempf & Konnert
2016). Szasz-Len (2016) conducted a PCoA
and STRUCTURE analysis with the presented
10 populations from Romania and 16 Europe-
an beech populations from Germany and Bul-
garia. In this study beech stands from Romania
group together with stands from Bulgaria and
are clearly differentiated from German stands.
This leads to the conclusion that Bulgarian and
Romanian beech population share a common
gene pool which is clearly different from the
gene pool of stands in Germany. Based on this
result for beech the existence of two main ge-
netic groups, one from South-Eastern Europe
and another from Central Europe is assumed.
These results are conflictive to the findings
of Magri et al. (2006), who postulated the
complete isolation of Balkan beech popula-
tions from the Romanian ones and support the
assumption of Gémdry et al. (2003) that Car-
pathian and Balkan beech populations have a
common post-glacial origin. The same authors
assumed a glacial refugium in the Southern
Carpathians or adjacent regions. Although
pollen data analysis certified the diffuse pres-
ence of Fagus already from the beginning of
the Holocene in the Romanian Carpathians (c.
8500-7500 years ago) (Feurdean 2005, Tantau
et al. 2006, 2009, 2011) there is no clear evi-
dence that beech populations had survived and
expanded from a Carpathian refugium.
In general the genetic diversity and hetero-
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Figure 5 Principale Coordinates Analysis (PCoA) for the studied populations based on Nei’s ge-
netic distance (1972) - adult trees (A), natural regeneration (S)

zygosity of the investigated populations was
related to populations of Fagus sylvatica from
Central Europe (Vornam et al. 2004, Douna-
vi et al. 2016, Kempf & Konnert 2016), even
if partially different markers were used and a
direct comparison of results is difficult. Thus
for example for 13 beech populations in the
marginal and core areas of beech distribution
in Romania Ciocirlan (2014) based on eight
nuclear microsatellites calculated a mean ob-
served heterozygosity of 0.651, whereas the
overall expected heterozygosity was 0.703.
Liesebach et al. (2015), using 14 nSSR prim-
ers, reported slightly higher heterozygosity
values with H = 0.656 and H_= 0.729 for the
provenance Beius (Bihor) included in an inter-
national field trial.

In the ten investigated populations values for
observed and expected heterozygosities were
nearly similar. In conclusion F values are

nearby zero and populations can be considered
74

to be in Hardy-Weinberg equilibrium (Hartl
& Clark 1997). This holds also for natural re-
generation, where inbreeding effects can be
excluded. The F ( value were lower compared
to other populations from Central Europe
(F,s = 0.224, Buiteveld et al. 2007) and from
Italy (F = 0.238-0.241, Paffetti et al. 2012)
and similar to F ¢ values found in populations
from Germany (F = -0.002 — 0.0015, Rajen-
dra et al. 2014), France (F ; = -0.044, Lefévre
et al. 2012, F, = -0.013, De Lafontaine et al.
2013) and parts of Poland (F = 0.004, Kempf
& Konnert 2016). In northeastern Spain (F ¢, =
0.088, Jump & Penuelas, 2007) and some oth-
er Polish populations (F ; = 0.061, Sulkowska
et al. 2012) as well as in marginal beech pop-
ulations from Romania (F, = 0.064, Ciocirlan
2014) slightly higher F ¢ values were observed.
It is obvious that the values for the inbreeding
coefficient depend to some extent also on the
analyzed loci. If at a locus null alleles in high-
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er frequencies appear, the F ¢ values increase
(Buiteveld et al. 2007, Rajendra et al. 2014). In
our study for loci mfc5 and mfcll significant
amounts of null alleles were observed. Subse-
quentelly the F ¢ — values for these loci differ
significantly from zero. The reason could be
that the affected primers originally were de-
signed for Fagus crenata (Tanaka et al. 1999)
and then applied for Fagus sylvatica. Transfer-
ring primers to a closely related species fre-
quently displays null alleles (Oddou-Murato-
rio et al. 2009).

The analyzed stands are declared as seed
stands according to the Romanian Act of
Forest Reproductive Material (Anonymous
3 2011) and are introduced into the National
Catalogue of Basic Material for Production
of FRM (Anonymous 4 2012). In such stands
seed harvesting for artificial regeneration of
stands is allowed. Especially under climate
change planting material must be genetically
diverse to assure that the new population can
adapt and survive under changing conditions.
This means that seed material with high genet-
ic diversity is needed. The most important fac-
tors which influence the genetic composition
and diversity of seed populations are the seed
stand and the harvesting procedures (Hosius et
al. 2006, Konnert 2010). The genetic compo-
sition of the seed stand is very important for
the genetic composition of the seed. During
generative propagation the gene pool of the
adult tree population is transmitted in great
part to the seed generation. Comparison with
the other European regions shows that in the
investigated stands from the Romanian Car-
pathians genetic diversity is not lower than in
other European regions and somewhat higher
than in marginal populations from Romania.
At the same time all stands show nearly simi-
lar values. In conclusion from a genetic point
of view the registration as seed stands can be
supported. Collection of seed has to be done
over the whole stand area. Studies for beech
demonstrated that this procedure increases the
genetic diversity in seed populations (Janssen

Genetic diversity in European beech (fagus sylvatical.) ...

2000, Ziche et al. 2004).

Most of the genetic diversity was determined
within the stands. Differentiation between
stands was very low (1.4 %). For beech popu-
lations from Poland Kempf & Konnert (2016)
reported a significant differentiation of 5 %
between stands and a significant geographic
division between populations from Northern
and Southern Poland. In the present study a
clear geographic grouping was not observed.
Most pronounced is the differentiation of the
two southernmost populations Baile Hercu-
lane and Biile Govora. In general a homog-
enous beech gene pool within the Carpathian
region can be assumed. Based on the neutral
SSR markers analyzed a distinct geographical
distribution of genetic diversity within Roma-
nian Carpathians regions of provenance could
not be detected. These results would allow
the conclusion that larger provenance regions
could be delineated for beech in the Carpathi-
an regions. We do not know whether adaptive
traits or putative adaptive markers such as iso-
zymes show a lower spatial differentiation for
beech in the analyzed region. However in an
isozyme gene marker study on beech from the
Czech Republic no small-scaled genetic dif-
ferentiation was detected at all (Gomory et al.
1998). It seems that for beech the genetically
homogeneous regions are large (Cuguen et al.
1985, Miiller-Starck & Starke 1993, Gomory
et al. 1998) and the delineation of larger prov-
enance regions would therefore be justified.

Natural regeneration has a great potential
for retaining the gene pool over generations.
In seed stands comparison of genetic diversity
between generations is important as an indica-
tor for gene flow and for the transmission of
genetic information to the next generation. An
undisturbed gene flow is very important for
maintaining genetic diversity in the seed gen-
eration (Burczyk et al. 2004). Comparison of
the investigated adult stands with their natural
regeneration shows only slight and statistically
not significant differences in allelic richness,
genetic diversity and heterozygosity with no
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clear tendency for all stands. Thus we can
conclude that regenerating these stands natu-
rally has not implied a reduction in the genetic
variation in the following generation. Genetic
studies on this topic are rare in Central Eu-
rope and were carried out mainly in Germany
(Starke 1996, Behm & Konnert 1999, Trober
& Brandes 2004, 1Bleib & Krabel 2005). All
studies were based on isozymes and show
only relatively small differences in genetic
diversity between adults and their natural re-
generation. No reduction in genetic variation
of the natural regeneration is observed as long
as stands are large enough and the number of
trees participating in reproduction is high. The
transmission of genetic variation to the next
generation is strongly influenced by the stand
management. To maintain the genetic diver-
sity over generations it is important that the
tree cutting intensity is low and trees are re-
moved from different parts of the stand (Behm
& Konnert 1999, Konnert 2010). Therefore
we recommend for beech seed stands in Ro-
mania a slow regeneration in small patches as
given in the shelterwood silvicultural system.
Studies in Italy, Austria and Germany show
clearly that this management system allows an
unrestricted gene flow and the preservation of
genetic diversity over time (Hosius et al. 2006,
Buiteveld et al. 2007, Konnert & Hosius 2010,
Rajendra et al. 2014, Kavaliauskas et al. 2018).
Clear cuttings or even intensive cuttings with
strong reduction of the effective population
size can cause the loss of rare alleles over
time and a reduction of genetic variability as
demonstrated for example by Paffetti et al.
(2012), who compared an old-growth unman-
aged beech stand and a naturally regenerated
beech stand after intensive harvesting.

In conclusion the present study improves
the existing knowledge on the genetic pattern
of beech in Romania and gives indication on
the genetic quality, in terms of genetic diver-
sity and adaptation to the local conditions
and management procedure for selected seed
stands.
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