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Abstract: European larch (Larix decidua L.) is an important forest tree species, with a large range
and genetic variability; however, little is known about the characterisation of its genetic structure
and diversity based on molecular markers in seed orchards, and no core collection—an improved
tool for managing germplasm—has been developed for this species to date. In the present study,
we employed nSSR molecular markers to characterise the genetic diversity and structure of five
seed orchards and to construct a core collection for further use in breeding programmes. The results
indicate that the values of heterozygosity in the seed orchards were slightly higher than the averages
obtained in natural populations. The seed orchards displayed heterozygote deficiency, similar to other
studies in Larix decidua or other Larix spp., which can be associated with a strong selective pressure on
populations in a highly fragmented area. The presence of clones of autochthonous origin increased
the allelic richness in the seed orchards where they were found. The degree of differentiation between
individuals within the seed orchards was similar to that of populations originating from the Tyrolean
Alps and Southern Carpathians (11.03% vs. 13% in the present study). The assignment, which was
based on clustering, did not always match with the passport data (i.e., provenance), and we found
that clones originating from stands from the northern Romanian Carpathians are distinct from the
stands of the southern region, and most probably originated from a centre other than the Tyrolean
Alps. The final extracted core collection (50 entries, 28% sampling effort) increases the rate of allele
preservation, incorporates every allele from the entire collection, and provides candidate resources
for the enhanced breeding of larch. The genetic characterisation of these germplasms will be essential
for future breeding tasks, as well as for the preservation of valuable genotypes or populations.
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1. Introduction

Genetic diversity is the foundation of forest sustainability and plays a key role in
the adaptation of forest tree populations to climate change [1,2]. Among the “ex situ”
methods for preserving forest trees as genetic resources or the germplasm outside native
habitats, seed orchards (i.e., seedling or clonal) are a common example [3]. An evaluation
of the genetic diversity of seed orchards can provide reference information for germplasm
conservation, the selection of elite germplasms, and the parental selection for crosses.

The management and use of a germplasm collection requires significant resources
for appropriate evaluation, particularly due to duplicate and redundant accessions [4-8].
To overcome these challenges, the “core collection” concept, devised at the beginning of
the 1980s, further expanded the construction principles and methods [9,10] proposed to
maintain a maximum level of genetic diversity in a relatively small number of samples [4].
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Initially, geographic origin (e.g., passport data) and phenotypic traits were employed to
establish core collections. These characteristics were later combined with molecular genetic
markers, as they provide an increased reliability in capturing genetic diversity without
the influence of environmental factors, as in the case of phenotypic traits [5,11]. Molecu-
lar markers such as simple sequence repeats (SSRs), are useful for revealing population
structure and are often used as tools in core collection development, with the advantage
of presenting a higher polymorphism level, which results in the occurrence of population-
specific alleles [6]. In population studies of genetics, it is generally accepted that more
loci ensure the increased reliability of the estimates of genetic parameters, although highly
polymorphic loci may provide a similar efficiency due to a larger number of loci that are less
polymorphic [12]. Various methods have been proposed to construct core collections based
on molecular genetic markers, including the maximisation strategy (M-method) [13], which
amplifies the number of alleles, or the advanced stochastic local search algorithm, both of
which are highly suitable [14]. Most studies have constructed core collections of annual or
perennial fruit tree species [9], in addition to several forest tree species, including Norway
spruce (Picea abies L. Karst) [11], Chinese fir (Cunninghamia lanceolata (Lamb.) Hook) [15],
and black locust (Robinia pseudoacacia) [5].

European larch (Larix decidua) is found not only in its natural habitat at high altitudes in
the Alps, Carpathians, and Sudetes, but also at low altitudes in the Polish lowlands [15]. As
a consequence of this species introduction to areas outside its native distribution area, often
without tracking the original source of the seeds and seedlings [16], the current distribution
area is the result of anthropogenic influences, with as yet unknown implications for the
alteration of the native gene pool. Studies on the genetic structure of Larix decidua in Europe
based on molecular markers, however, have indicated a higher degree of genetic variation
and low differentiation among populations from the natural range distribution [17], with
the percentage of planted specimens limited to only 2-3%, thereby contributing minimal
effects on the genetic structure of natural populations [18]. In the Carpathians, the native
populations appear to be genetically different than others that have been introduced (and
unknown) [19,20], and the strict protection regime and lower accessibility limit their use
in afforestation programmes. Thus, Larix decidua plays an important role in the seed
orchards of the species as a source of genetically improved seeds and a means of conserving
intraspecific genetic diversity [21].

In Romania, the total area occupied by larch, both naturally occurring and cultivated,
comprises only 0.3% of the forested terrain [22]. Natural larch populations are located
in five main areas: Ceahlau, Ciucas, Bucegi, Lotru, and Apuseni [23], with a maximum
presence in the Bucegi Mountains. Beginning in the middle of the 19th century, many
stands of these trees were planted in Transylvania and the southeastern region of Romania
using reproductive materials of Alpine origin [24], with the Austrian Tyrol region being
a principal source of seeds transferred to the Carpathians [25,26]. The undocumented,
human-mediated impact of non-native reproductive material has resulted in negative
long-term consequences or effects in terms of the trees’ ability to adapt to a changing
environment, particularly in fragmented populations [25-27]. In Romania, the genetic
improvement of larch began in 1963 with the selection of seed stands and the establishment
of 26 seed orchards (with a total surface area of 134 ha) through the phenotypic selection
of more than 500 trees, from both natural populations and artificial stands [26]. Currently,
20 larch seed orchards (119.2 ha) remain in operation.

Despite the importance of Larix decidua, there is still limited information on the genetic
diversity of this species, particularly in seed orchards, and no activity to date has been
devoted to developing core collections or collecting information on the broad genetic base
of the germplasm for future research. Thus, the present study aimed to evaluate the degree
of genetic diversity in five seed orchards in Romania, in both autochthonous samples
and those of unknown origin, and to create a core collection for further use in breeding
programmes. With the use of nuclear DNA microsatellite markers (nSSRs), an attempt
was made to verify the following hypotheses: (i) Are there major differences in the degree
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of genetic diversity within the seed orchards based on the origin of the trees (i.e., native
or unknown)? (ii) Do the investigated seed orchards possess a broad genetic base for the
future selection of superior parents? (iii) What are the characteristics of the core collection
and do they conserve the entire germplasm gene pool?

2. Materials and Methods
2.1. Seed Orchard Characteristics and Location

A total of 246 European larch (Larix decidua L.) clones (vegetative copies) from five
clonal seed orchards in the eastern part of Romania (Table 1) were sampled. The five seed
orchards are part of the larch first-breeding generation initiated more than forty years ago
by the grafting of plus trees selected from valuable stands, most of which were artificial
and of unknown origin, although plus trees were also selected from the two main natural
distribution centres of larch in Romania (Table 2). In the absence of provenance tests, the
selection was made based on phenotypic criteria (i.e., growth traits and stem form). To
confirm clonal identity and identify possible labelling errors, samples consisting of needles
or cambium were collected in the summer of 2020 with four ramets per clone (except for
the clones represented by three or fewer ramets) so that at total of 623 specimens were
ultimately analysed.

Table 1. Study seed orchards and primary characteristics.

Seed Orchard

Seed

Latitude Longitude Year of

Name Orchard ID * (°N) (°E) Installation Area (ha) No. of Clones  Sample Size
Siminicea PS-LA-SV83 47°41' 26°22' 1983 5.0 56 119
Garcina PS-LA-NT82 47°03’ 26°26/ 1982 6.8 56 152
Hemeiusi PS-LA-BC67 46°37' 26°51 1967 5.6 38 104
Beizadele PS-LA-PHS82 44°53' 25°53' 1982 4.0 42 99
Valea lui Stefan ~ PS-LA-AG68 45°05 25°04 1968 5.0 54 149
Pooled 246 623
* Seed orchard ID is in accordance with the National Catalogue of Basic Material of the Forest Reproductive
Materials of Romania [28].
Table 2. The larch clones studied.
Seed Orchard Clone ID Region of Provenances * Forest District Type of Stand
Hemeiusi 1-36, NB, NS G3 Fantanele plantation
1-34 G3 Fantanele plantation
Garcina 83, 86 Gl Patrauti plantation
113,119, 584, 586, 718-726, 1P-4P, NB, NP A2 Gura Humorului plantation
1-36 G3 Fantanele plantation
Siminicea 77,78,83-88 Gl Patrauti plantation
102,103, 112-115, 126 A2 Gura Humorului plantation
2.1-2.18,2.26 Bl Brasov plantation
Beizadele 3.6,3.12 E3 Vidolm natural
5.1-5.11 B2 Sinaia natural
Valea lui Stefan 1L-30L C2 Latorita natural
15-24S B2 Sinaia natural, plantation

* Region of provenances in accordance with the National Catalogue of Basic Material of the Forest Reproductive
Materials of Romania [28]. A2: Outer Eastern Carpathians; B1: Brasov Depression; B2: Curvature Carpathians;
C2: Southern Carpathians, southern cline; E3: Apuseni Mountains, eastern cline; G1: Suceva/Siret/Iasi Hills;
G3: Barlad Plateau.
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2.2. SSR Analysis

Genomic DNA was extracted from needles dried with silica gel or cambium accord-
ing to the ATMAB method [29]. DNA quantity and quality were determined with a
Biophotometer Plus spectrophotometer (Eppendorf, Germany). A total of 15 nuclear mi-
crosatellites (nSSR) were developed according to the following references: [30] (markers
bclK211, belK228, bclK229, belK189, belK263, and bclK253), [31] (markers Ld31, Ld30, Ld50,
Ld56, Ld42, Ld45, Ld58, Ld101), and [32] (marker UAKLLy6). They were organised in
three multiplex reactions according to the expected length of the fragments and fluorescent
labelling of the primer.

Polymerase chain reaction (PCR) was performed in a reaction volume of 15 pL con-
taining 1 x Qiagen Multiplex PCR MasterMix 2%, 1 to 3 uM of each primer and ultrapure
water to final volume. Amplification conditions consisted of an initial denaturation step at
95 °C for 15 min, followed by 30 cycles of 30 s at 94 °C (denaturation), 1.30 min at 56 °C,
and 1 min at 72 °C, followed by a final extension step for 30 min at 60 °C. The amplification
reaction was carried out using the MiniAmpPlus Thermal Cycler (ThermoFisher Scientific,
Waltham, MA, USA). SRR fragments were separated by capillary electrophoresis using the
automated sequencer GeXP analyser (Beckman-Coulter, Brea, CA, USA) and analysed with
the use of an internal size standard (DNA Size Standard Kit: 400). The resulting raw data
were processed, and the fragment lengths were determined using the fragment analysis
tool GenomLab version 10.1 (Beckman-Coulter).

2.3. Data Analysis

To limit as much as possible any genotyping errors resulting from the presence of null
alleles, in addition to stuttering and large allele dropout, each locus was investigated by
means of bootstrapping with Micro-Checker v. 2.2.3 [33], based on 1000 bootstraps and 95%
confidence intervals. The analysis of the SSR data included the following: the mean number
of alleles per locus (Na), the effective number of alleles per locus (Ne), the observed (Ho)
and expected (He) heterozygosity, the inbreeding coefficient (FIS), and the polymorphic
information content (PIC). The determination of the frequency of null alleles and PIC
was carried out in CERVUS [34], while the other measures were assessed with GENALEX
v. 6.503 software [35]. Because some of the clones were common to several seed orchards,
we verified the clonal identity in each seed orchard based on the obtained genotype in
GENALEX v. 6.503 by selecting the option “matching or near matching genotypes”, which
indicates the presence of individual specimens with the same genetic profile. The number
of foreign genotypes varied between 5 and 13 specimens, representing about 5% of the
total sample size. We identified only 177 trees with unique genotypes, and these were
used further to assess the genetic structure of the clones. After removing the common
genotypes, the genetic structure was analysed to highlight the genetic relationships among
the 177 European larch accessions (see below) due to the lack of information related to
the putative origin of the source populations as well as to discover different parental
genotypes that could be employed in future genetic and breeding efforts. The partitioning
of the genetic variation between seed orchards was evaluated by analysis of molecular
variances (AMOVA), a standard test with 999 permutations that was used to determine
the significance of the differences. The pairwise FST values for each seed orchard were
determined and plotted as a heat map graph.

In addition, we performed the analysis of the genetic structure of unique clones with
three approaches. First, the Bayesian model-based clustering algorithm implemented
in STRUCTURE ver. 2.3.1 was employed to evaluate the number of subpopulations to
which the accessions were assigned. The subpopulations were identified according to
different allelic frequencies, and the individuals were placed into specific subpopulations
if the values of the estimated membership probability (Q) were higher than 0.7. In the
present study, the value of K was set to be from 1 to 10, and 10 independent runs were
performed, with a burn-in of 100,000 iterations, followed by 1,000,000 iterations for each
value of K, assuming an admixture model with correlated allele frequencies. The most
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probable K-value was determined with the highest AK [36] in STRUCTURE HARVESTER
v. 0.6 [37]. The CLUMPAK web server was used to visualise the bar plot of the probability
of membership from the results of the Q-matrix. Second, the discriminant analysis of
principal component (DAPC), a multivariate method that uses a non-hierarchical approach
for defining genetic clusters, was used to analyse the genetic structure of seed orchards.
The DAPC was implemented in the adegenet package of R statistical software [38]. Finally,
the genetic relationships between individual clones were assessed using an unweighted
neighbour-joining method, with the use of MEGA 11 [39].

An optimised core collection, identified from the entire collection of larch clones (the
“accessions”), was developed using Core Hunter 3 [40], a method that selects a repre-
sentative fraction (the “entries”) from the entire collection as a whole. Several allocation
algorithms were used by the programme to choose core subsets by optimising a single
genetic parameter or multiple parameters simultaneously. These were subsequently tested
using the following methods [40-43]: (1) average accession-to-nearest-entry distance (A-
NE), which considers the mean distance between each accession in the entire collection and
the near selected accession, and the results in core accessions of maximum dissimilarity;
(2) average entry-to-nearest-entry distance (E-NE), which optimises the average distance
between each accession and the next closest other accession in the core and has, as a result,
diverse cores of low redundancy; (3) allele coverage (Cov), which maximises the share of
detected alleles in the complete dataset that are retained in the selected core and results
in core accessions preserving the alleles; (4) expected heterozygosity (He), in which the
anticipated percentage of heterozygous loci explicitly considers the variability within each
locus, resulting in cores with a lower likelihood to be homozygous for a number of different
loci (e.g., compared to using the Shannon index); (5) Shannon’s diversity index: irrespective
of their co-location within loci, the core subsets maintained as many unusual alleles as
possible, with a maximum under the unique allele occurrence in the complete dataset;
and (6) a combination of two methods, the average entry-to-nearest-entry distance (E-NE)
and Cov using equal weights. Each method was applied to yield a sampling percent of
up to 50% of the whole accessions, as previously reported [44]. Various parameters were
calculated for assessing the capacity of the core to capture the diversity present in the entire
germplasm collection: mean number of alleles per locus (Na), effective number of alleles
(Ne), Shannon Information Index (I), Ho, and He. A one-sample t-test compared the genetic
parameters of the core collections determined with the original collection, such that the
smallest core subset presenting nonsignificant differences with the breeding population
(p < 0.05) was selected as the final core germplasm collection.

3. Results

All of the 15 SSR markers analysed were polymorphic, with a total number of
185 alleles. The average number of alleles per locus was 12.33, ranging from 5 (Ld101)
to 22 (bclK263), with an average effective allele per locus of 5.54 (Table 3). The mean
value of Ho was 0.660, which is much lower than the He of 0.764. A single locus had an
excess of heterozygotes (bclK263), while the rest of the loci showed heterozygote deficiency,
leading to a positive fixation index (mean Fig = 0.14). A high frequency of null alleles
was identified in five loci, with null allele frequencies ranging from 0.102 to 0.267, with
the null alleles frequencies being 0.077. The PIC values were 0.202 and 0.918 for Ld101
and bclK263, respectively. Other than two exceptions (marker Ld101 and bclK229), all the
markers displayed good discriminating power (Table 3).

Genetic diversity averaged across loci by seed orchard is shown in Table 4. As expected,
the three seed orchards sharing the same clones (HEM, GAR, and SMN; Table 1) presented
similar levels of genetic diversity, compared to that of others (BZD, VST). Within the seed
orchard, Na ranged from 8.9 (HEM) to 10.3 (GAR), with a mean of 9.8. Ne ranged from 5.1
(HEM) to 6.1 (VST), with a mean of 5.6, while I showed an average value of 1.83 (between
1.75 (HEM) and 1.90 (VST)) (Table 4). The observed Ho was generally lower than the
He (0.690 vs. 0.790, respectively). Ho ranged from 0.633 (VST) to 0.729 (SMN), and He
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ranged from 0.774 (HEM) to 0.809 (VST). Estimates of the overall inbreeding coefficient
0.132 (FIS) suggests a heterozygote deficit in the seed orchards evaluated, with extremes
of 0.072 (HEM) and 0.223 (VST). Two seed orchards displayed a higher inbreeding level
(BEI—FST = 0.206 and VST—FST = 0.223).

Table 3. Summary of characteristics of the 15 nuclear microsatellite loci used in the analysis of five
European larch seed orchards.

Observed Allele Size

Locus (bp) (Multiplex) A Ne H, He, Fis PIC foull
Ld30 106-138 (A) 12 4.59 0.641 0.778 0.174 0.771 0.102 ***
Ld31 113-143 (A) 13 4.02 0.709 0.751 0.056 0.760 0.024
bclK189 146-172 (A) 12 6.88 0.823 0.854 0.037 0.845 0.038 ***
bclK211 188-232 (A) 21 4.54 0.703 0.777 0.098 0.789 0.011
bclK228 176-212 (A) 17 8.67 0.841 0.884 0.048 0.885 0.024
bclK253 204-226 (A) 11 7.06 0.691 0.853 0.196 0.845 0.115
Ld50 168-196 (B) 14 5.82 0.687 0.809 0.148 0.815 0.098 ***
Ld58 140-174 (B) 17 8.43 0.716 0.881 0.187 0.870 0.003
Ld45 203-219 (B) 9 4.48 0.673 0.767 0.117 0.755 0.070 **
Ld42 178-194 (B) 8 3.75 0.452 0.726 0.379 0.743 0.267 ***
Ld56 228-248 (B) 10 6.01 0.815 0.831 0.023 0.840 0.021
bclK263 185-243 (C) 22 10.65 0.908 0.906 —0.003 0.918 0.023
bclk229 93-125 (C) 8 3.09 0.603 0.675 0.109 0.611 0.070 **
Ld101 190-198 (C) 5 1.31 0.154 0.239 0.327 0.202 0.103
UAKLLy6 229-239 (C) 6 3.93 0.484 0.741 0.340 0.702 0.193 ***
Mean 12.33 5.54 0.660 0.764 0.149 0.756 0.077
Abbreviations: A, number of alleles; Ne, effective number of alleles; Ho, observed heterozygosity; He, expected
heterozygosity; FIS, inbreeding coefficient; PIC, polymorphic information content; f,;j;, frequency of null alleles.
Significance: **—p < 0.01, ***—p < 0.001.
Table 4. Multilocus genetic diversity indices of European larch seed orchards.
Seed Orchard N N. Ne I H, H. Fis
Hemeiusi (HEM) 37 8.90 5.15 1.75 0.725 0.774 0.072
Garcina (GAR) 55 10.27 5.51 1.81 0.725 0.783 0.082
Siminicea (SIM) 40 9.72 5.52 1.83 0.729 0.789 0.076
Beizadele (BEI) 37 10.00 5.94 1.88 0.637 0.797 0.206
Valea lui Stefan (VST) 50 10.00 6.10 1.90 0.633 0.809 0.223
Mean 44 9.78 5.64 1.83 0.690 0.790 0.132

Abbreviations: N, number of clones; N,, mean number of alleles per locus; N, effective number of alleles; H,,
observed heterozygosity; He, expected heterozygosity; I, Shannon Information Index; Fs, inbreeding coefficient.

3.1. Genetic Structure of the Seed Orchards

AMOVA, indicating Wright’s fixation indices (FST = 0.015, FIS = 0.135, and FIT = 0.148)
(Table 5), revealed that only 2% of the variation observed was among the five seed orchards,
whereas 85% of the variation was due to the variation among accessions used in the

analysis, with the remainder (13%) due to the variation among the accessions within each
seed orchard (Table 5).
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Table 5. Results of analysis of molecular variance (AMOVA) of the genetic variation among and
within five European larch seed orchards.

Source df SS MS Est. Var. % P
Among seed orchards 4 43.669 10.917 0.068 2% 0.001
Among accessions 214 1070.636  5.003 0.595 13% 0.001
within seed orchards
Within accession 219 835.248 3.814 3.814 85% 0.001
Total 437 1949.553 4.476 100%
F-statistics value
Fs7 0.015
Fi5 0.135
Frr 0.148

Abbreviations: df, degrees of freedom; SS, sum of squares; MS, mean of the squares; Est. Var., estimated variance
of components; %, percentage of total variance contributed by each component.

However, significant moderate differences were found not only between the Valea lui
Stefan seed orchard and the others, but also between the Beizadele, Hemeiusi, and Géarcina
seed orchards (Table 6). The highest level of differentiation was found between the Valea
lui Stefan and Hemeiusi seed orchards (FST = 0.046, p < 0.001). As expected, the lowest
differentiation was between Siminicea and Garcina seed orchards, which share both clones
originating from Fantanele and clones originating from Gura Humorului.

Table 6. Pairwise seed orchard Fgy values.

Hemeiusi Garcina Siminicea Beizadele Valea lui Stefan
0.000 Hemeiusi
0.004 0.000 Garcina
0.005 0.003 0.000 Siminicea
0.011 ** 0.010 ** 0.007 0.000 Beizadele
0.022 *** 0.000 Valea lui Stefan

Abbreviations: significance **—p < 0.01, ***—p < 0.001.

The estimation of AK using the Bayesian clustering method implemented by the
software STRUCTURE from the 177 individual genotypes showed the highest value for
K =3 (AK = 31.62) (Figure 1), although high values were also obtained for K = 6 (AK = 15.22)
and K =2 (AK = 6.51). AtK = 2, the European larch clones (accessions) are clearly divided
into two subpopulations: native (A group) and planted (NA group), according to the
putative origin of the plus trees. The A group includes the highest number of clones from
the Valea lui Stefan seed orchard, with the clones originating from Latorita centre displaying
the highest purity (Q > 0.80) (Figure 2), followed by Sinaia centre (native) and a few from the
Siminicea seed orchard. The NA group includes the clones originating from plus trees from
artificial seed stands of unknown origin located in northeastern and southeastern Romania.
At K = 3, the NA group is split into two subgroups, one corresponding to clones with
origins in the Fantanele seed stand and in artificial stands from the southeastern Romanian
Carpathians (Sinaia, Brasov), while the other corresponds to northeastern Romania (Gura
Humorului, Patrauti) and western Romania (Alba). According to the Q mean value (i.e.,
the estimated membership coefficient to a certain cluster), more than 75% of clones that
were assigned to cluster 1, which corresponds to an autochthonous origin of plus trees, had
a Q > 0.7, while the proportion admixed in the other two groups was approximately 50%
(Figure 1C).
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The BIC (Bayesian information criterion) of the DAPC indicated six (K = 6) as the
most probable number of clusters of the 177 genotypes (Figure 2A); for each genotype,
the posterior membership probability relative to 2, 3, and 6 clusters is presented in
Figure 2C. Clusters 1 and 4 were clearly differentiated using the two main discriminant
functions (Figure 2B), compared to clusters 2 and 5, and are located in the middle of the
graph. The clone membership to the clusters of STRUCTURE and DAPC is presented in
Supplementary Material Table S1.

The neighbour-joining dendrogram supports the clustering of Latorita, the autochthonous
Sinaia clones from the Valea lui Stefan and Beizadele seed orchards, and three clones from

the Garcina and Siminicea seed orchard (Figure 3). Moreover, admixed genotypes were
distributed in all clusters.
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Figure 3. Neighbour-joining dendrogram based on genetic distances between clones. Each clone is
identified by the first letter of the seed orchard and the corresponding code. For each genotype, the
colours are in accordance with their assignment to the different clusters, as inferred by STRUCTURE
software at K = 3. The black symbols are the admixed genotypes.
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3.2. Construction of the European Larch Core Collection

The sampling strategies, intensities (from 10% to 50% in steps of 10, and 90%), and
diversity parameters (Na, Ne, I, Ho, and He) applied to 177 accessions resulted in 36 core
subsets (Table 7). When comparing the core collections to the original collection (e.g.,
including all accessions), Na was susceptible to the sampling strategy when using the
genetic distances-based method, and was not significantly different under the method
maximising allelic richness. Except for the A-NE strategy, in Ne, I and He were found
at significantly larger (p < 0.05) values compared to the original collection, whereas in
Ho, no significant differences were observed. Across the sampling intensities, the mini-
mum core collection captured at least 90% of the number of alleles of the entire collection
and included 40 entries (with the simple, Cov method) or 50 entries (with the combined
E-NE + Cov method). The values of Ne, I, and He parameters peaked at 30 accessions. The
final core germplasm collection established by the CoV method consisted of 40/50 clones
(22% and 28% sampling intensity), ensuring a retention of 90.1% and 99.1% of Na and Ho
values, respectively, while higher values were captured in Ne, I, and He (117.2%, 107.4%,
and 104.3%, respectively). These results support the general finding that the core collection
is more diverse than the original collection; thus, the constructed core collection includes
clones representing each seed orchard and each of the identified genetic clusters.

Table 7. Variability of genetic diversity parameters for various core subsets.

Method Subset Size =~ Sampling Intensity Na Ne I Ho He
Whole 177 100 13.2 6.57 2.01 0.699 0.820
A-NE 10 5 6.8 4.69 1.57 0.660 0.720
20 11 9.4 6.07 1.88 0.687 0.794

30 16 10.2 6.02 1.90 0.711 0.799

40 22 11.1 6.33 1.96 0.706 0.810

50 28 10.9 6.22 1.96 0.699 0.810

E-NE 10 5 8.9 7.08 2.02 0.730 0.849
20 11 9.9 7.01 2.04 0.700 0.842

30 16 111 7.19 2.08 0.687 0.844

40 22 10.7 6.92 2.05 0.693 0.841

50 28 11.8 7.02 2.08 0.703 0.843

Cov 10 5 9.5 7.23 2.06 0.740 0.85
20 11 114 7.23 2.09 0.670 0.842

30 16 124 741 2.11 0.702 0.84

40 22 13 7.16 2.10 0.706 0.835
50 28 13.1 6.99 2.09 0.704 0.836

He 10 5 9.5 7.63 2.10 0.670 0.86
20 11 10.9 7.74 212 0.645 0.858
30 16 114 7.78 2.14 0.667 0.857
40 22 12.0 7.99 2.16 0.685 0.858
50 28 12.1 7.98 2.15 0.691 0.857
Shannon 10 5 9.3 7.44 2.07 0.680 0.856
20 11 11.2 8.02 2.15 0.675 0.859
30 16 11.8 8.08 2.16 0.669 0.857
40 22 122 8.09 2.17 0.688 0.856

50 28 124 7.97 2.16 0.688 0.853

E-NE+Co 10 5 8.8 7.05 2.05 0.650 0.855
20 11 11.1 7.60 2.13 0.695 0.849
30 16 11.9 7.70 2.16 0.693 0.856

40 22 12.4 7.48 2.14 0.710 0.849

50 28 12.9 7.36 2.13 0.705 0.84

Abbreviations: Na, mean number of alleles per locus; Ne, effective number of alleles; I, Shannon Information Index;
Ho, observed heterozygosity; He, expected heterozygosity. The values shown in bold were not differentiated from
the whole in a simple ¢-test. The rest of values are significant at p < 0.05.
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4. Discussion

The selection of optimal samples with an increased potential for adaptation and the
preservation of broad genetic diversity are prerequisites for future forest ecosystems that
are resilient and resistant under predicted changes to the climate [1,2]. In the European
larch breeding programme in Romania, numerous plus trees from different seed stands,
both autochthonous and of unknown origin (although presumably alpine), were selected,
grafted, and grown in seed orchards that contained different numbers of clones and genetic
composition. To characterise the European larch germplasm, 15 nuclear SSR markers were
employed. The PIC value obtained indicated that microsatellites are highly polymorphic
and informative for discriminating individual ramets and to accurately establish the clonal
genotype, a finding that is consistent with results reported in other studies [27]. Overall,
the frequency of null alleles was relatively low; however, some loci with a high frequency
of null alleles were removed from processing to avoid affecting the estimation of genetic
structure and differentiation [44]. For the remaining 12 microsatellite loci, the proportion of
null alleles was reduced by only 4.5%, and the PIC value was even higher, due to the very
low informative value of the Ld101 locus.

The values of genetic diversity of the European larch seed orchards, in terms of Ho and
He, are slightly higher than the averages obtained in natural populations: 0.650 and 0.720,
respectively, in the Swiss Alps [45], 0.739 and 0.761, respectively, in the French Alps [46],
and 0.715 and 0.761, respectively, in the Tyrol region of Austria [25]. For an old core Polish
larch, the values obtained were Ho = 0.720 and He = 0.752 [47]. For Romanian larch natural
populations, the available studies are limited; however, the values obtained are lower than
that of the average values for all the seed orchards together or for every individual seed
orchard considered separately: Ho = 0.620 and He = 0.693 [27]. When values corresponding
to the artificial populations of unknown origin are considered, He = 0.738 [27]. All studies
cited were based on a set of markers with a high degree of polymorphism, developed by
Wagner et al. [31], and have in common at least eight SSR loci.

Overall, the seed orchards displayed heterozygote deficiency, similarly to results
reported in other studies in both Larix decidua or other Larix spp. [27,48,49], which can
be associated with a strong selective pressure on populations in a strongly fragmented
area. The allelic diversity within seed orchards was found to be closely associated with
the source of plus trees and, to a lesser degree, with the number of clones that established
the seed orchards. Although the native populations of the Romanian Carpathians reveal
a low level of genetic diversity, which can be explained by their small size, isolation, and
evolution [50], but may also be associated with interesting genotypes [2], the participation
of clones of autochthonous origin increased the allelic richness in the seed orchards where
they were found. It should be mentioned that only three (Latorita, Bucegi, and Apuseni) out
of the five naturally occurring areas of larch in Romania are found in breeding populations.
On the other hand, we still lack information about the level of diversity of the source
populations of plus trees, with the exception of the Baciu seed orchard (northwestern part
of Romania) [51].

AMOVA showed that only 2% of the total genetic variation occurring among seed
orchards, even if they consisted of diverse germplasm, located in different regions and with
different histories and evolution. However, the degree of differentiation between individual
specimens within the seed orchards was similar to that obtained by Mihai et al. [26] when
analysing populations originating from the Tyrolean Alps and Southern Carpathians, with
a percentage of variation between groups of 11.03%, compared to 13% in the present study.
Our results were corroborated by DAPC, STRUCTURE, and neighbour-joining analyses,
which indicated that the degree of inclusion in the germplasm of accessions of unknown
or suspected distant origin is quite pronounced in the national larch breeding programme
included in the analysis, and that the consequences of translocation on adaptability are not
sufficiently understood to date.

STRUCTURE analysis identified three distinct clusters among the non-duplicate acces-
sions, and the membership coefficient revealed that only 17.5% of the individual specimens
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possessed an uncertain affiliation to genetic clusters. Moreover, cluster assignment did not
match entirely with the passport data from all accessions; for example, the provenance
mentioned in the records from the installation of the seed orchards. In this regard, the
present study is important as it clarifies or completes this information. For example, for
the Hemeiusi seed orchard (the first seed orchard installed in Romania almost 60 years
ago), the information regarding the origin of the plus trees is general in nature and refers
to the region and the name of the forest district but does not specify exactly which clone
comes from which area. Due to our study’s results, the correct assignment has been suc-
cessfully made. In addition, a clone with the presumed local origin was identified. The
divergences in this designation could be due to several factors, including the fact that the
only reference population with known origin is Latorita, and that not much is known about
the origin of low-altitude larch populations. What can be concluded from our study is
that the clones originating from stands to the north of the Romanian Carpathians (Gura
Humorului, Patrauti) are distinct from those to the south of the Carpathians, and probably
come from a region other than the Tyrolean Alps. This hypothesis needs to be investigated
in more detail, however, using comparative analysis with reference to populations from
different European gene pools.

Numerous studies investigating the genetic variability of larch provenances in terms
of growth traits, wood quality, and adaptability suggest that the European larch presents a
higher degree pf genetic variation both among and within populations, which is beneficial
for additional assisted migration and breeding programmes [16,52]. Although the tests for
identifying the offspring of seed orchards are still at the beginning stage [20], genotypic
evaluation is useful for correcting inherent errors related to mature seed orchards (e.g.,
the origin of clones) and for providing alternative support for the interpretation of the
performances in phenotypic traits. With the exception of the Baciu seed orchard (from
the northwestern region of Romania) [51], we know little about the diversity of the source
populations of plus trees. In evaluating the germplasm collections constructed to obtain
desirable traits, the final extracted core collection increased the rate of allele preservation,
incorporated every allele from the entire collection, and provided candidate resources for
the enhanced breeding of larch. The practice of transferring reproductive material as the
result of different constraints (e.g., reduced availability / productivity of local seeds sources
or budget) has been recognised since at least the 19th century [1]. This area requires the
expansion of existing knowledge through comparative analysis with reference populations
from different European gene pools, for example, which would improve the ability to
manage local populations; for example, by selecting better trees for advanced breeding,
maximising genetic diversity, and showing more concern for ecological adaptability or the
anticipated reactions to climate change. New approaches are available, providing rigorous
genetic evaluation and enabling the improvement and conservation of commercial and
non-commercial species under a range of environmental constraints [53]. Assisted gene
flow is not risk-free, however, and current requirements (e.g., European Council Directive
1999/105/EC) stipulate the traceability of forest reproductive material, with the aim of
better use (e.g., originating from stands “preadapted” to a future climate) or to anticipate
potential issues of maladaptation or other related ecological consequences [1].

5. Conclusions

The overall degree of genetic diversity of the European larch seed orchards is slightly
higher than that found in natural populations, while the heterozygote deficiency is com-
parable to that reported in other studies of Larix decidua or other Larix spp., a finding that
can be explained by the highly fragmented area that exerts a strong selective pressure
on these populations. The allelic richness of seed orchards increased whenever clones
of autochthonous origin were found. The degree of differentiation between individual
specimens within the seed orchards is similar to that of populations originating from the Ty-
rolean Alps and Southern Carpathians (11.03% vs. 13% in the present study). An important
output of the present study is the use of assignment based on clustering, which in some
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cases suggest differences compared to that of the passport data (provenance), as well as the
distinctiveness between clones originating from stands located in the northern Romanian
Carpathians and those in the southern region, with a possible origin from an area other
than the Tyrolean Alps. The final constructed core collection includes 50 entries, corre-
sponding to 28% of the sampling effort, in which each seed orchard and determined cluster
are represented, a strategy that increases the rate of allele preservation and incorporates
every allele from the entire collection. The recognised practice of transferring European
larch reproductive material has altered the genetics of European larch populations in the
Eastern Carpathians. Nevertheless, more knowledge is still needed, however, to better
manage local populations, maximise genetic diversity, and face the challenge of future
climate change.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/£14081575/s1. Table S1: List of larch unique genotypes, the seed orchards
where they are found and the group of clustering according to STRUCTURE and DAPC analysis.
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