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Abstract: Arbutus andrachne, the Greek strawberry tree, is an evergreen shrub or small tree in the
family Ericaceae native to the Mediterranean basin, and is a valuable phytogenetic resource. In the
context of sustainable exploitation of A. andrachne, four Greek natural populations of species were
selected and a detailed germination protocol, molecular analysis, and cultivation practices were
reported herein for the first time. The 1 month period of cold stratification or the treatment with
gibberellic acid resulted in similar patterns of seed germination over a wide temperature range for all
four populations. Differences among the four populations were observed in five of six morphological
traits measured in 1-year-old seedlings. The 2-year-old plants grown in plastic bags (2.26 L in volume)
showed superior growth rates. Foliage, but not roots, of 2-year-old seedlings supplemented with
mineral fertilizers had higher fresh masses than untreated seedlings. The four A. andrachne accessions
exhibited more genetic variability within than among populations.

Keywords: cold stratification; container size; fertilization; genetic variation; gibberellic acid; plant pro-
duction

1. Introduction

The genus Arbutus L. (Ericaceae) includes about 12 to 20 species (depending on the
author) distributed from the West coast of North America through Mexico and Central
America, Western Europe, Mediterranean region, Northern Africa, and parts of the Middle
East [1,2]. This genus is represented by the species A. unedo L., A. andrachne L., and their
hybrid A.× andrachnoides Link in the flora of the Mediterranean region [1]. A. andrachne (the
Greek strawberry tree) is an evergreen species, which usually exists as a shrub or sometimes
as a small tree up to 5–8 m in height [3]. It grows mostly along the Mediterranean coasts
spontaneously, separately, or in association with the A. unedo; however, as it is more
tolerant to low winter temperatures than A. unedo, A. andrachne occurs further inland than
A. unedo [4].

A. andrachne is a valuable phytogenetic resource due to its medical and floricultural
value. Its fruits are a good source of minerals, ascorbic acid, phenols, and antioxidants
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and are characterized by the low content in soluble sugars [5–7]. Furthermore, the A.
andrachne species with the peeling, red-brown bark, the attractive white-cream spring
flowers, and the red edible autumn fruits, is drought tolerant, and thus can be a suitable
landscaping choice in the arid and semi-arid environments of the Mediterranean basin,
even in the urban residential landscapes. A. andrachne possesses a combination of food
and ornamental qualities that render the species a candidate for genetic improvement
and cultivation. Effective propagation protocols for A. andrachne will be needed to enable
successful cultivation.

In general, the most efficient plant propagation method is by sexual reproduction
and true seeds [8]. Sexual reproduction promotes genetic diversity, a consequence that
is desirable for sustainability but undesirable in the nursery industry. However, a major
constraint to the sexual propagation of many species is the poor germination of their seeds
due to low viability or to seed dormancy [9]. Seed dormancy is a physiological state
during which a viable seed fails to germinate even when the environment is favorable
to germination [8]. In previous studies on germination of A. andrachne seeds, conflicting
reports have appeared regarding the dormancy. According to Tilki and Guner [10], A.
andrachne seeds show that physiological dormancy and cold stratification or gibberellic acid
are used to overcome it. Furthermore, the effectiveness of these treatments to dormancy
breaking and seed germination in A. andrachne are inferred by Karam and Al-Salem [11].
In contrast, Bertsouklis and Papafotiou [12] state that seeds of A. andrachne do not possess
dormancy and they germinate at high percentage at a constant temperature of 15 ◦C or
less. Although, there is enough knowledge about seed germination and dormancy, no
attention has been given on the variation in germination behavior among populations
of this species. Germination behavior may vary greatly within a single species from one
population to another, from year to year, and among individuals [13]. Adaptations to
local ecological conditions may lead to differences among populations in terms of seed
germination requirements. Variations in seed germination dynamics within species and
populations present a challenge to the development of standardized germination protocols.

Despite the promising potential of using A. andrachne species in the ornamental and
the medicinal sector, a research gap exists regarding the production of seedlings in con-
tainers. A main challenge at nurseries is the production of a quality planting stock. In a
harsh Mediterranean environment (high temperatures, low water availability, and low soil
fertility), the quality of planting stock is very important [14]. According to Radoglou [15],
the morphological and physiological attributes of planting stock define the quality of
seedlings. Various cultivation practices can affect the morphological and physiological
characteristics of plants produced in nurseries, and thus a high-quality planting stock can
be produced [16]. The use of containers for seedlings production is the most common
technique in nurseries and several studies have related the type of container used (size,
spacing, design) with the morphological and physiological characteristics of seedlings and
especially their root system [17–19]. Therefore, it is very important to determine which
container type has the greatest influence on seedling morphology. Furthermore, the use of
fertilizers is one of the most important nursery tools that can affect the quality of producing
plants. The majority of fertilization studies have focused on N as an essential nutrient that
plants need in higher amount and the changes in its availability induce large variations in
seedling performance [20]. Since in the majority of cases the reforestation programs take
place on degraded soils, it is important to increase nutrient reserves of plants at the nursery
stage [21]. Applications of nitrogen fertilizers in the nursery usually increase the survival
and growth of seedlings in the field [20,22].

A research gap also exists considering the variance of A. andrachne both on morpho-
logical and molecular level. Considering the morphological traits, A. andrachne has been
studied in Greece [23,24] as well as in the south part of North Macedonia [4]. Most studies
focus on the genetic analysis of A. unedo using isozyme markers [25], amplified fragment
length polymorphism (AFLP) [26,27], simple sequence repeat (SSR) [28,29], and randomly
amplified polymorphic DNA (RAPD) [24,28,30,31]. In the present study, inter-simple se-
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quence repeat (ISSR) markers have been used for the genetic analysis of A. andrachne [31],
the only related paper is that of Betsouklis and Papafotiou [24], where the genetic relation-
ship among A. andrachne, A. unedo, and their natural hybrid A. × andrachnoids was studied
using RAPD markers. This work showed that there is limited biodiversity between the
two A. andrachne populations, while an analysis with more populations and genotypes
would help in understanding whether it is possible to increase the genetic diversity for the
prospects of genetic improvement of the species.

In this context, the aim of the present study was the sustainable exploitation of the
A. andrachne species by (i) investigating the germination behavior of four populations
of A. andrachne, and more precisely to examine the effect of cold stratification, GA3, and
incubation temperature on seed germination in each population, (ii) evaluating the growth
of the 1-year-old seedlings of the four populations, (iii) assessing the effect of container size,
substrate, and fertilization on the growth of 2-year-old plants by means of seedling mor-
phological properties, and (iv) providing genetic information about the four populations of
A. andrachne taxon.

2. Materials and Methods
2.1. Seed Collection

Mature fruits (berries, Figure 1A) of A. andrachne were collected in late autumn of 2018
from four natural populations spanning from north to south parts of Greece. In particular,
fruits were collected from three populations located in the northeast, northern, and central
part of Greece (Rhodope, Chalkidiki, Pieria, correspondingly) and one population located in
the southeast part of the country (Rhodes island) (Table 1 and Figure 2). In each population,
fruits were collected from 15 healthy individuals that were at least 30 m apart. After
collection, the fruits were pulped by hand and the separation of seeds from pulp was
achieved using sieves and running water. In addition, floated seeds were removed during
cleaning, and subsequently, the clean seeds were spread out on filter papers in laboratory
conditions for a week. After drying, the seeds (Figure 1B) were stored in glass containers in
the refrigerator (3–5 ◦C) until they were used in the experiments.

Table 1. Propagation material collection details regarding the four Greek populations of A. andrachne
studied herein.

Population Latitude Longitude Altitude (m) Collection Date

Rhodope 41◦08′38′′ N 25◦15′38′′ E 250 11 November
Chalkidiki 40◦30′20′′ N 23◦32′44′′ E 496 16 November

Pieria 40◦11′27′′ N 22◦19′31′′ E 485 25 November
Rhodes 36◦19′41′′ N 28◦03′54′′ E 366 23 November

2.2. Seed Treatment and Germination Test

Germination experiments were started the following January and conducted in the
Laboratory of Silviculture, Department of Forestry and Management of the Environment
and Natural Resources, Democritus University of Thrace.

For each population, an experiment was carried out to determine the effects of gib-
berellic acid (GA3), cold stratification (CS), and combination of GA3 with CS on seed
germination. Seeds of each population were soaked in GA3 solutions of 500, 1000, or
2000 mg·L−1 for 24 h. Subsequently, the treated seeds were randomly placed between
two moist layers of filter paper in 9 cm plastic Petri dishes, and then stratified at 3–5 ◦C
for 0, 1, or 2 months. In addition, seeds from each population were soaked in distilled
water for 24 h (control), and then were placed in plastic Petri dishes and subjected to CS as
described above. In total, 12 treatments (combinations between GA3 concentrations and
CS periods) were conducted for each population. In each treatment of each population,
there were 8 plastic Petri dishes of 30 seeds. During seeds stratification, the moisture of
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filter paper was checked periodically and distilled water was added whenever necessary to
keep it moist.

Figure 1. Wild-growing individual of A. andrachne with mature fruits (A), seeds of A. andrachne
(B), germinated seeds (C), and in Petri dishes placed in growth chamber (D).

Figure 2. The regions of Greece where the A. andrachne fruits were collected. The populations are:
1: Rhodope, 2: Chalkidiki 3: Pieria and 4: Rhodes.
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To determine the effect of temperature on seed germination for each population, at the
end of each stratification period (0, 1, and 2 months), the 8 Petri dishes that corresponded
to each GA3 concentration (0, 500, 1000, and 2000 mg·L−1) were randomly divided and
placed in two temperature controlled growth chambers. Seeds germination response at
2 alternating temperature regimes of 15/10 ◦C and 25/20 ◦C were evaluated. The Petri
dishes were randomly arranged on the shelves of the growth chambers (Figure 1D), with a
12 h light/12 h dark photoperiod and filter paper was kept moisten, as required along the
whole germination test. Germinated seeds were counted and removed every 4 days for a
period of 56 days. A seed was considered as germinated (Figure 1C) when at least 2 mm
long radicle had emerged through the seed coat.

2.3. The 1-Year-Old Seedling Production

The experiments on growth dynamics of 1-year-old seedlings were conducted from
March to November 2019 in the greenhouse of the Laboratory of Silviculture, School of
Forestry and Natural Environment, Aristotle University of Thessaloniki, Greece.

In early March, seeds stratified at 3–5 ◦C for 1 month from each population were
sown in 4 QuickPot trays, each with 24 cavities (QuickPot 24 T/16, cavity volume 0.33 L,
height 16 cm). This type of QuickPot tray is the most commonly used for forest seedlings
production in nurseries of Forest service in Greece. In total, 16 QuickPot trays were filled
with a 3:1 (v/v) mixture of enriched peat (Klasmann TS1) and perlite. The sown seeds were
carefully covered with sand and the trays were randomly placed on a wire mesh bench to
allow for the air pruning of roots at the hole of the base of the cavity, in the greenhouse
(Figure 3A). The position of trays was randomized once a week in order to ensure uniform
conditions. Watering was applied by the overhead spraying system of the bench. During
the phase of seed germination, more than one watering per day was applied to maintain the
proper moisture conditions for germination. After the germination phase, the containers
were irrigated every 2–3 days depending on the weather conditions.

After the first growing season (middle of November), the morphological variables of
all plants from each population were measured. Specifically, the shoot height (SH) and root
collar diameter (RCD) of all plants from each population were measured using a metal ruler
and a digital calliper, respectively. Furthermore, the sturdiness quotient (ratio of the shoot
height (cm) to the root collar diameter (mm) of the seedling) was estimated. Subsequently,
10 plants per population were randomly sampled for the measurement of number of leaves,
the root dry biomass (RDB), and above ground part dry biomass (AGDB). Dry weight of
plants was determined after oven drying at 74 ◦C for 48 h.

2.4. Seedling Transplanting

In early March 2020, two experiments were conducted to estimate the effect of pot size,
substrate, and fertilization on the growth of A. andrachne seedlings. For these experiments,
the 1-year-old seedlings from Rhodope and Pieria populations, which exhibited higher
growth rates than those of the other two populations (see Section 3), were used.

In one experiment, 1-year-old seedlings of Rhodope population were transplanted into
pots of different sizes in volume: 0.65 L in volume (QuickPot 12 T/18, height 18 cm), 1.60 L in
volume (QuickPot 6 T/20, height 20 cm), 2.26 L in volume (plastic nursery bags, 12 × 20 cm
(D ×H)), and 3.4 L in volume (plastic pot, 17 × 14 × 18 cm (upper D × bottom D × H)). In
each of the above pots and plastic bags, 16 seedlings grown in QuickPot 24 T/16 trays were
randomly selected and transplanted. All the pots and plastic bags were filled with the same
mixture enriched peat (Klasmann TS1) and perlite in a ratio of 3:1 (v/v). Furthermore,
16 seedlings were kept for the initial type of tray (QuickPot 24 T/16).
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Figure 3. The 1-year-old seedlings of A. andrachne growing in QuickPot 24 T/16 trays (A), 2-year-old
plants grown in: QuickPot 24 T/16 trays (B), QuickPot 12 T/18 trays (C), and plastic bags (D). The
2-year-old plants of Arbutus andrachne grown in plastic square pots filled with: a mixture of peat
and perlite in a ratio of 3:1 (E), and a mixture of gneiss soil, peat, and perlite in a ratio of 4:3:1 (F). In
both types of substrates, the plants were fertilized with a commercial inorganic fertilizer (Complesal
Suprem 21-5-10 (+3+TE)) at doses of 0, 1.5, 3.0, and 6.0 g per pot.

In the second experiment, eighty 1-year-old seedlings of Pieria population were
randomly selected and transplanted into plastic square pots with a special anti-spiraling
veins system on the side and grid on the bottom (10 × 10 × 17 cm dimension, volume
1.4 L, provided by the Bamaplast Company, Pistoia, Italy). Two different substrates were
used to fill the pots. The half pots were filled with a mixture of enriched peat (Klasmann
TS1) and perlite in a ratio of 3:1 (v/v) (SUB 1), and the other half with a mixture of gneiss
soil, enriched peat (Klasmann TS1), and perlite in a ratio of 4:3:1 (v/v) (SUB 2). Forty
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pots were filled in each substrate. After the seedlings transplanting, three different doses
of a commercial inorganic fertilizer (Complesal Suprem 21-5-10 (+3+TE)) were applied
two times during the experimental period: the first in early April and the second in early
June. The pots from each substrate were randomly divided into four groups, with ten
seedlings/replicates each. Fertilizer dose of 1.5 g was applied in each seedling of the first
group, 3.0 g was applied in each seedling of the second group, 6.0 g was applied in each
seedling of the third group, and the seedlings of the fourth group were used as control with
no application of fertilizer.

Soil from parent material Gneiss has been used as a substrate in pots for plants
production [32–34]. The gneiss soil used in the substrate herein was received from a region
of North Greece a few days before the substrate preparation. It was collected from the upper
30 cm of soil profile and the 2 cm sieved soil was used in the experiments. Furthermore,
before its use, a sample of approximately 1.5 kg was taken and submitted to chemical
analyses in order to check its fertility. The results of the chemical analysis, as well as the
mechanical analysis, showed that the soil used was characterized by a sandy loam texture,
an acidic reaction (pH), and a moderate content of organic matter and nutrients (Table 2).

Table 2. Chemical and physical properties of soil.

pH Organic
Matter (%)

Mechanical Analysis
Sand (%) Silt (%) Clay (%)

5.48 3.12 59.36 18.21 22.43

Macronutrient concentrations
N (%) P (mg·kg−1) K (cmolc·kg−1) Mg (cmolc·kg−1) Ca (cmolc·kg−1)

0.14 12.53 0.24 2.35 9.17

Micronutrient concentrations (mg·kg−1)
Fe Zn Mn Cu

19.67 1.13 16.43 1.23

The plants from both experiments were grown inside the greenhouse of the Labora-
tory of Silviculture, School of Forestry and Natural Environment, Aristotle University of
Thessaloniki, Greece. The pots of both experiments were placed on a wire mesh bench and
irrigated every 3 days throughout the experimental period.

In middle of November 2020, the effects of pot size (Figure 3B–D), substrate, and
fertilization (Figure 3E,F) on morphological variables of plants were evaluated. In both
experiments, the shoot height (SH) and root collar diameter (RCD) of all plants were
measured and the sturdiness quotient was calculated. The SH and RCD were measured
using a metal ruler and a digital calliper, respectively. In addition, in the first experiment,
5 plants per pot size were randomly sampled, whereas in the second experiment, 4 plants
from each combination of substrate and fertilizer level were randomly sampled. In each
sampled plant, the number of leaves, the root dry biomass (RDB), and above ground part
dry biomass (AGDB) were assessed. Dry weight of plants was determined after oven
drying at 74 ◦C for 48 h.

2.5. Molecular Analysis

In July 2019, eight 1-year-old seedlings were randomly selected from each population,
and young leaves from each plant were collected (a total of 32 samples were collected). The
leaves were stored at −20 ◦C until they were ground in liquid nitrogen using pre-cooled
mortars and pestles. The cetyltrimethylammonium bromide (CTAB) method [35] was used
to extract the total genomic DNA of our samples and to check its quality and quantity
by performing gel electrophoresis. The spectrophotometry on a NanoDrop 2000/2000c
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was performed and the
samples were diluted to 20 ng/µL, in order to use them for the polymerase chain reaction
(PCR) reactions.

Fourteen ISSR primers were tested at 5 different annealing temperatures and finally
10 of them appeared to be the most polymorphic, and clear and consistent bands were
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used. The PCR reactions were performed in SimpliAmpTM Thermal Cycler (Thermo Fisher
Scientific, Waltham, MA, USA) in a 15 µL reaction mixture. The mixture consisted of
1.5 µL gDNA (20 ng/µL), 1.5 µL molecular primer, 10.08 µL sterile distilled water, and
from the Kapa Biosystems Taq PCR Kit (Kapa Biosystems, Inc. Boston, MA, USA), 0.3 µL
KAPA dNTP Mix (10 mM each), 1.5 µL KAPA Taq Buffer A (10×), and 0.12 µL KAPA
Taq DNA Polymerase (5 U/µL). The PCR amplification included the initial denaturation
for 3 min at 95 ◦C, 35 cycles of 30 s at 95 ◦C, 30 s at the chosen annealing temperature
of each primer, 2 min at 72 ◦C, followed by a final extension cycle of 2 min at 72 ◦C. The
amplified fragments of DNA were separated by electrophoresis in 1.2% agarose gel together
with 100–3000 bp DNA Rainbow Ladder (GeneOn, Ludwigshafen am Rhein, Germany) in
1× TAE buffer, stained with ethidium bromide, and photographed under UV light in a gel
Dark HOOD dh-10 (Biostep, Burkhardtsdorf, Germany, Figure 4).

Figure 4. Profiling of A. andrachne accessions by ISSR primers UBC-815 (A) and UBC-888 (B). The
samples 1.1–1.8 represent the population from Rhodope, 2.1–2.8 the Chalkidiki population, 3.1–3.8
the Pieria population, and 4.1–4.8 the population from Rhodes.

2.6. Statistical Analysis

For each experiment, a completely randomized design was used. The data were
subjected to analysis of variance (ANOVA) and the comparisons of the means were made
using Duncan’s test at significance level p ≤ 0.05 [36]. Prior to the ANOVA, only the
germination percentage data were transformed to arc-sine square root values [37]. In
the experiment, where the effects of substrate and fertilization on plant growth were
investigated, the experimental design was a completely randomized design with two
factors. The factors were the substrate (two types) and the fertilization (four doses). The
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data were analyzed using the ANOVA in the frame of the procedure general linear model
(GLM) [38] and the means were compared using Dunnett’s T3 test at a significance level
p ≤ 0.05.

To quantify the genetic polymorphism and determine the genetic structure of the four
populations studied of A. andrachne, the score of ISSR bands was carried in a binary mode,
in which 1 indicated the presence and 0 the absence of fragments. For each primer, the
number of polymorphic bands (NPB), total amplified bands (TAB), and the percentage
of polymorphism bands (PPB) were calculated. The resolving power (RP) [39], the poly-
morphism information content (PIC) [40], the effective multiplex ratio (EMR) [41], and
the marker index (MI) [42] were also calculated. To describe the genetic structure of the
populations, the results of the ISSR primers were analyzed through the program GenAIEx
6.501 [43] in a principal coordinate analysis (PCoA) and an analysis of molecular vari-
ance (AMOVA) diagram with the calculation of the population subdivision index (PhiPT
index) [44]. Furthermore, the data were subjected to the cluster analysis of unweighted
pair group method with arithmetic mean (UPGMA) and a dendrogram was constructed
through the Mega 4 software [45].

3. Results
3.1. Seed Germination Tests

In all four populations of A. andrachne and regardless of GA3 treatment, at the end of
the 2 month period of CS the percentages of germinated seeds ranged from 93.33 to 100%.

In non-stratified seeds of the four populations which were not treated with GA3 solu-
tions (control seeds), high germination percentages (85.83–98.33%) were observed in seeds
incubated at 15/10 ◦C, whereas seeds incubated at 25/20 ◦C exhibited very low germina-
tion percentages (0.83–12.50%) (Figure 5). At the germination temperature of 15/10 ◦C,
control seeds of Rhodope population exhibited higher germination percentages than those
of Chalkidiki and Pieria populations. The treatment with GA3 increased the germination
of seeds incubated at 25/20 ◦C, whereas it decreased the germination of seeds incubated
at 15/10 ◦C. At 25/20 ◦C, seeds treated with GA3 of 500 or 1000 mg·L−1 of Rhodope and
Rhodes populations exhibited higher germination percentages than those of Chalkidiki
and Pieria. In seeds treated with 2000 mg·L−1 and then incubated at 25/20 ◦C, Chalkidiki
population exhibited the lowest percentage of germinated seeds. In all four populations,
germinated seeds of control treatment were recorded at 12th day and their germination
at 15/10 ◦C was completed after a month from the beginning of the germination test. At
15/10 ◦C, seeds treated with 500 mg·L−1 of Rhodope and Chalkidiki populations exhibited
higher germination percentages than those of Pieria and Rhodes. In seeds treated with
1000 mg·L−1 and then incubated at 15/10 ◦C, Rhodope population exhibited the lowest
percentage of germinated seeds. In all four populations and regardless of treatment, germi-
nated seeds were recorded at 12th day at 15/10 ◦C and their germination was completed
about a month from the beginning of the germination test (Figure 5). Whereas in seeds
treated with GA3 and incubated at 25/20 ◦C, the germinated seeds were recorded at 8th
day and their germination was completed in less than a month.

After a 1 month period of CS, in seeds of all four populations which were treated or
not with GA3 solutions and incubated at 15/10 ◦C, very high germination percentages
were observed (>96.67%) (Figure 6). At 15/10 ◦C, in control seeds as well as in seeds
treated with GA3, no significant differences were observed among the germination per-
centages of the four populations (Figure 6). At 25/20 ◦C, significant differences among
the germination percentages of the four populations were observed only in treatments
with 500 and 2000 mg·L−1 GA3. Specifically, in seeds treated with 500 mg·L−1 GA3, Pieria
and Rhodes populations exhibited the lowest germination percentages, whereas in seeds
treated with GA3 of 2000 mg·L−1, the Pieria population exhibited the lowest germination
percentage. In seeds stratified for a month, their germination was completed until the
12th day from the beginning of the germination test. Furthermore, in seeds of Rhodope
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and Chalkidiki populations which were treated with GA3 (500 and 1000 mg·L−1) or not
(control), germinated seeds were recorded at the end of the 1 month period of CS (Figure 6).

Figure 5. Cumulative germination percentage diagrams of A. andrachne seeds treated only with GA3

of the four populations (• Rhodope, � Chalkidiki, × Pieria, and N Rhodes) incubated at 10–15 ◦C (−)
or 20–25 ◦C (− − −). At the germination temperature 10–15 ◦C, the means of the four populations are
statistically different at p < 0.05, when they do not share a common small letter. At the germination
temperature 20–25 ◦C, the means of the four populations are statistically different at p < 0.05, when
they do not share a common capital letter. ns: non-significant differences. The comparisons were
made using Duncan’s test.

3.2. Seedlings Growth

Significant differences were observed on morphological traits among the 1-year-old
seedlings of the four populations (Table 3). More precisely, the seedlings of Rhodope and
Pieria populations exhibited the highest shoot height, whereas the seedlings of the other two
populations (Chalkidiki and Rhodes) had the lowest root collar diameter. The sturdiness
quotient of seedlings of Chalkidiki and Pieria populations was significantly lower than
that of seedlings of Rhodope. Root dry biomass was significantly higher for seedlings
of Rhodope compared to seedlings of Chalkidiki and Rhodes populations. Seedlings of
Chalkidiki population exhibited the lowest value in above ground part dry biomass.
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Figure 6. Cumulative germination percentage diagrams of A. andrachne seeds treated with GA3 and
stratified for 1 month of the four populations (• Rhodope, � Chalkidiki, × Pieria, and N Rhodes)
incubated at 10–15 ◦C (−) or 20–25 ◦C (− − −). At the germination temperature 10–15 ◦C, the means
of the four populations are statistically different at p < 0.05, when they do not share a common small
letter. At the germination temperature 20–25 ◦C, the means of the four populations are statistically
different at p < 0.05, when they do not share a common capital letter. ns: non-significant differences.
The comparisons were made using Duncan’s test.

Table 3. Effect of population on morphological characteristics of A. andrachne 1-year-old seedlings.
Means and (±) standard deviation values are given.

Rhodope Chalkidiki Pieria Rhodes

Shoot height (cm) 6.47 ± 1.37 a 1 5.50 ± 1.27 b 6.57 ± 1.26 a 5.81 ± 1.22 b
Root collar diameter (mm) 2.69 ± 0.44 b 2.45 ± 0.38 c 2.92 ± 0.48 a 2.50 ± 0.42 c

Sturdiness quotient (cm·mm−1) 2.42 ± 0.44 a 2.24 ± 0.39 b 2.26 ± 0.37 b 2.34 ± 0.37 ab
Number of leaves 9.90 ± 1.79 a 9.50 ± 1.65 a 10.40 ± 2.01 a 11.20 ± 2.04 a

Root dry biomass (g) 1.05 ± 0.18 a 0.70 ± 0.14 c 0.93 ± 0.17 ab 0.81 ± 0.18 bc
Above ground part dry biomass (g) 0.94 ± 0.21 a 0.74 ± 0.15 b 0.96 ± 0.20 a 1.00 ± 0.22 a

1 Values, in the same row, followed by the same letter are not significantly different (p > 0.05) according to
Duncan’s test.

In the 2-year-old plants of Rhodope population, the different container sizes resulted in
significant effects on all morphological parameters (Table 4). Plants that were transplanted
to QuickPot 12 T/18 exhibited lower values for all morphological parameters at the end of
growing season compared to plants that were grown in the other containers (QuickPot 6
T/20, plastic bags, and plastic pots). Plants that were grown in plastic bags had the highest
shoot height and sturdiness quotient value. Root collar diameter was significantly higher
for seedlings grown in plastic bags and plastic pots.
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Table 4. Effect of container size on morphological characteristics of A. andrachne 2-year-old plants.
Means and (±) standard deviation values are given.

QuickPot 24 T/16 QuickPot 12 T/18 QuickPot 6 T/20 Plastic Bags 2.26 L Plastic Pot 3.4 L

Shoot height (cm) 7.34 ± 1.24 d 1 8.87 ± 1.42 d 17.29 ± 3.12 c 25.53 ± 4.54 a 21.24 ± 3.94 b
Root collar diameter (mm) 3.54 ± 0.37 d 4.51 ± 0.51 c 6.60 ± 0.86 b 7.70 ± 1.13 a 7.47 ± 1.19 a

Sturdiness quotient
(cm·mm−1) 2.08 ± 0.34 c 1.97 ± 0.29 c 2.62 ± 0.35 b 3.35 ± 0.60 a 2.88 ± 0.51 b

Number of leaves 11.40 ± 1.52 c 13.40 ± 2.07 c 22.60 ± 3.05 b 27.80 ± 5.36 ab 29.40 ± 5.90 a
Root dry biomass (g) 1.88 ± 0.29 c 2.41 ± 0.19 c 7.86 ± 1.44 b 11.03 ± 2.18 a 9.59 ± 1.79 ab

Above ground part dry
biomass (g) 1.94 ± 0.39 b 2.34 ± 0.05 b 7.62 ± 1.29 a 7.89 ± 2.03 a 8.42 ± 1.64 a

1 Values, in the same row, followed by the same letter are not significantly different (p > 0.05) according to
Duncan’s test.

Details of statistical analysis of the second experiment, including the significance of
main effects (substrate type, fertilization) and its interaction are provided in Table 5 and
Figure 6. The fertilization significantly affected all the morphological variables measured
in A. andrachne 2-year-old plants of Pieria population (Table 5). However, plants mortality
occurred mainly after the second fertilizer addition and appeared to increase with dosage
in both substrates. More precisely, in substrate type SUB 1, the fertilizer doses of 1.5, 3, and
6 g caused the mortality in 2, 4, and 6 plants out of 10 plants of each treatment, respectively.
In SUB 2, the doses of 1.5 and 3 g caused the mortality in 1 and 4 plants out of 10 plants
of each treatment, respectively; whereas all the plants which were fertilized with 6 g were
dead at the end of the second growing period.

Table 5. Main effects of substrate and fertilization addition and their interaction on morphological
characteristics of A. andrachne 2-year-old plants. Means and (±) standard deviation values are given.

SH (cm) RCD (mm) Sturdiness Quotient
(cm·mm−1)

Number of
Leaves RDB (g) AGDB (g)

Substrate (SUB) ns ns ns ns ns ns
SUB 1 32.53 ± 15.73 6.76 ± 1.00 4.77 ± 2.19 35.06 ± 15.12 3.44 ± 0.76 14.34 ± 7.18
SUB 2 35.04 ± 14.16 7.06 ± 1.09 4.92 ± 1.74 37.42 ± 14.89 3.75 ± 1.51 13.83 ± 6.21

Fertilization (F) * * * * * *
control 17.12 ± 5.16 6.59 ± 0.81 2.58 ± 0.65 15.75 ± 4.27 4.24 ± 1.02 5.75 ± 1.90

1.5 g 47.14 ± 6.52 7.79 ± 0.91 6.08 ± 0.76 45.50 ± 6.28 4.00 ± 0.85 20.81 ± 2.09
3.0 g 41.72 ± 8.48 6.43 ± 0.88 6.49 ± 1.02 46.50 ± 8.02 2.84 ± 1.07 16.33 ± 4.69
6.0 g 39.25 ± 5.84 6.36 ± 1.14 6.25 ± 0.83 37.00 ± 7.33 2.84 ± 0.97 13.06 ± 3.01

SUB × F * ns * ns * *

ns: not significant (p > 0.05). *: significant effect (p < 0.05).

Furthermore, the interaction of the main factors (substrate and fertilization) had a
significant effect on shoot height, sturdiness quotient, root dry biomass, and above ground
part dry biomass (Table 5). In the presence of a significant interaction, it was considered
that the interpretation of main effects was of less importance. In substrate type SUB 1, the
fertilized plants (regardless of the dose of fertilizer) exhibited higher values of shoot height,
sturdiness quotient, and above ground part dry biomass than the control plants (Figure 7).
However, only in above ground part dry biomass, a significant difference among the doses
of fertilizer was observed. More precisely, the dose of 1.5 g was more effective in increasing
above ground part dry biomass than the dose of 6 g. In substrate type SUB 2, the dose of
1.5 g of fertilizer produced the tallest plants, and the plants fertilized with 3 g exhibited
the lowest root dry biomass. Furthermore, the fertilized plants (regardless of the dose of
fertilizer) exhibited higher value of sturdiness quotient than the control plants.
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Figure 7. Effect of fertilization addition on shoot height, sturdiness quotient, root dry biomass, and
above ground part dry biomass of A. andrachne 2-year-old plants in each substrate (SUB 1: mixture of
enriched peat and perlite in a ratio of 3:1, SUB 2: mixture of gneiss soil, enriched peat, and perlite in a
ratio of 4:3:1). In each substrate, columns accompanied with the same letter do not differ significantly
(p > 0.05) according to Dunnett’s T3 test.

3.3. Genetic Analysis of Arbutus Andrachne Taxon
3.3.1. ISSR Polymorphism

The 10 ISSR primers used in this study generated 122 well-defined and reproducible
DNA fragments, out of which 96 (77.39%) were polymorphic. Table 6 gave a description
of the criteria calculated for the selected ISSR molecular markers. The total number of
bands per primer varied between 7 (UBC-808) and 18 (UBC-821) with an average of 12.2. To
determine the PIC values of each ISSR marker, the mean of PIC value was analyzed for all
amplified fragments. The PIC values were between 0.19 (UBC-845) and 0.36 (UBC-834) with
an average of 0.28. The marker index (MI) was also calculated to examine the usefulness of
the markers and is equivalent to PIC. Therefore, the highest value of MI was 3.66 (UBC-845)
and the lowest 0.78 (UBC-834).

3.3.2. Principal Coordinate Analysis (PCoA) and Analysis of Molecular Variance (AMOVA)

Figure 8 shows the principal coordinate analysis (PCoA) based on the ISSR primers.
The first three principal coordinate components accounted for 16.97, 9.68, and 7.21% varia-
tion, respectively. At first glance, it appears that the populations stand out from each other.
The two populations of Rhodope (red elipse) and Rhodes (yellow cycle) are grouped by
themselves in the right and left parts of the PcoA, respectively. This shows that these two
populations are genetically isolated and different from the other two studied populations.
Moreover, the genotypes of Chalkidiki (green elipse), apart from genotype 2.1 which is
genetically close to the population of Rhodope, are also grouped together in the upper
left part of the PCoA figure. The individuals of this population are also genetically close
to each other. Finally, the genotypes from the population of Pieria (blue elipse) seem to
be more distant from each other. They are located in the upper left and right parts of the
PCoA with greater distances between them, compared to the rest of the populations, which
indicates that they are not as homogeneous as the other three populations. Moreover, some
genotypes (3.1 and 3.2) are genetically close to the Chalkidiki genotypes.
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Table 6. ISSR primers used in the genetic analysis of A. andrachne and their parameters.

Primer Sequence (5→ 3) Ta (◦C) NPB TAB PPB (%) PIC MI

UBC-808 AGA GAG AGA GAG AGA GC 56 5 7 71.43 0.33 1.06
UBC-810 GAG AGA GAG AGA GAG AT 50 8 9 88.89 0.29 1.78
UBC-811 GAG AGA GAG AGA GAG AC 58 7 11 63.64 0.27 1.06
UBC-814 CTC TCT CTC TCT CTC TCTA 50 6 10 60.00 0.25 1.08
UBC-815 CTC TCT CTC TCT CTC TG 50 9 11 81.82 0.25 1.41
UBC-818 CAC ACA CAC ACA CAC AG 50 14 17 82.35 0.25 2.46
UBC-821 CTC TCT CTC TCT CTC TT 58 16 18 88.89 0.36 3.66
UBC-834 AGA GAG AGA GAG AGA GYT 56 7 11 63.64 0.19 0.78
UBC-845 CTC TCT CTC TCT CTC TRG 52 10 11 90.91 0.29 1.41
UBC-888 CAC ACA CAC ACA CA BDB 56 14 17 82.35 0.28 2.61

Total 96 122
Average 9.6 12.2 77.39 0.28 1.73

Ta (◦C): annealing temperature; NPB: number of polymorphic bands; TAB: total amplified bands; PPB (%):
percentage of polymorphic bands (%); PIC: percentage of polymorphism information content; MI: marker index
of primer.

Figure 8. PCoA based on ISSR markers data from 32 genotypes of the four populations of A. andrachne.

The value of PhiPT genetic distances detected by the AMOVA (Table 7) for the genetic
analysis of A. andrachne was 0.243. The AMOVA showed that the majority of variation were
detected within populations (76%), with only 24% of variation being due to differences
among populations, which supports the high genetic distances between the samples of the
populations Pieria, Chalkidiki, and Rhodope in the PCoA diagram (Figure 8).

Table 7. AMOVA summary for A. andrachne with ISSR markers.

Source of
Variation

Degree of
Freedom

Sum of
Squares Mean Squares Variance

Component
% of Total
Variance

Probability of
Significances

Among
populations 3 150.87 50.29 4.525 24% <0.001

Within
Populations 28 394.50 14.09 14.09 76% <0.001

PhiPT = 0.243
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3.3.3. Unweighted Pair Group Method with Arithmetic Mean (UPGMA)

To examine the genetic relationships among the 32 samples of A. andrachne, cluster
analysis was performed using the UPGMA method. As it appeared on the PCoA diagrams,
the samples from the populations Rhodope (1.1–1.8), Chalkidiki (2.1–2.8), and three out
of eight from Pieria (3.1, 3.2 and 3.5) were included in group A (Figure 9). The other five
samples of Pieria were grouped to cluster B.I and the population of Rhodes was grouped
by itself in cluster B.II. Therefore, the Rhodes population was distinguished, and as in the
PCoA diagram, the rest of the populations also create distinct subgroups with some genetic
admixture from the transferred genetic material.

Figure 9. Dendrogram of A. andrachne based on genetic distance according to ISSR markers, using
the UPMGA method. 1.1–1.8: Rhodope, 2.1–2.8: Chalkidiki, 3.1–3.8: Pieria, 4.1–4.8: Rhodes.

The above grouping was mainly influenced by the geographical factor. This is espe-
cially clear in the case of Rhodes, which is an island and geographically isolated from the
rest of the populations, where individuals clustered separately in both PCoA and den-
drogram. Moreover, it is observed that the Rhodope population, which is geographically
distant from the rest, has a separate population group in the PCoA and in the dendrogram,
confirming the theory of the correlation between geographic and genetic grouping. Fur-
thermore, it seems logical that some individuals of Chalkidiki are grouped together with
genotypes of Pieria, as the two areas are relatively close geographically.
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4. Discussion

Generally, similar patterns of germination behavior were observed in all four A.
andrachne populations. Only non-stratified seeds (control) of all four A. andrachne popu-
lations germinated at low temperatures (15/10 ◦C) and exhibited very high germination
percentages (85.83–98.33%), whereas they exhibited very low germination percentages
(0.83–12.50%) at high temperatures (25/20 ◦C). A. andrachne is native to the Mediterranean
region and it is well documented that seed germination of species from the Mediterranean
region is observed at relatively low temperatures and this behavior is considered an adap-
tion of plants to Mediterranean climate [46–48]. However, the observed differences in
germination characteristics (rate and percentage of germination) among populations could
be attributed to different degrees of dormancy. Since seeds of a species collected in various
locations can vary in degree of dormancy, as reflected by germination percentages of fresh
seeds [13]. It has been reported that A. andrachne seeds germinate at high percentages when
they incubated at 10 or 15 ◦C, whereas they germinate at low percentage or fail to germinate
when they incubated at 20 ◦C or 25 ◦C, respectively [12]. Furthermore, in previous studies,
very low germination percentages of A. andrachne seeds have been referred at temperatures
higher than 20 ◦C [10,11].

Over all four populations, the CS of control seeds resulted in the loss of effect of
temperature on germination and seeds germinated over a wide range of temperatures.
After a 1 month period of CS, control seeds of all four populations, regardless of incubation
temperature, germinated at very high percentages (>91%) and in a very short period of
time (12 days). This provides evidence that A. andrachne seeds of the population from
the northern latitudes of Greece (Rhodope, Chalkidiki) do not differ fundamentally from
seeds of the population from the southern latitudes of Greece (Rhodes) in their response
to cold stratification. Few germinated seeds were found at the end of 1 month of CS,
only in the Rhodope and Chalkidiki populations. Whereas in all four populations of A.
andrachne and regardless of GA3 treatment, at the end of the 2 month period of CS high
percentages of germinated seeds were observed. A similar effect of CS on germination of
A. andrachne seeds has been reported [10–12]. Vis-à-vis the dormancy issue, the response
to temperature and cold stratification confirms the existence of some degree of dormancy
in A. andrachne seeds. According to Baskin and Baskin [13], if cold stratification reduces
the temperature requirement for germination or increases the speed of germination, the
species is listed as having physiological dormancy rather than a species having non-
dormant seeds. Specifically, this germination behavior indicates that seeds of A. andrachne
exhibit the Type 1 non-deep physiological dormancy and that germination is controlled by
conditional dormancy.

Treatment with GA3 had a positive effect on germination of non-stratified seeds which
were incubated at 25/20 ◦C. Over all four populations, the increase in GA3 concentra-
tion resulted in an increase in germination percentages at 25/20 ◦C. However, the GA3
did not have the same effect on germination of non-stratified seeds in the four popula-
tions at 25/20 ◦C (see Figure 5). Specifically, non-stratified seeds of Chalkidiki population
which were treated with 2000 mg·L−1 exhibited significantly lower germination percentage
(48.33%) than the other three populations (80.00–86.67%). On the other hand, GA3 treat-
ment negatively affected the germination of non-stratified seeds which were incubated at
15/10 ◦C. Regardless of the population, the treatment of seeds with 2000 mg·L−1 resulted
in lower germination percentages (35.83–45.00%) than control seeds (85.83–98.33%) (see
Figure 5).

Concerning the growth of the 1-year-old seedlings, differences among populations of
A. andrachne were observed in five of the six measured morphological traits. Variation in
seedling morphological traits during the nursery phase is usually considered genetic in
origin [49]. Differences in growth of seedlings from the four populations of A. andrachne
may be due to the ecological adaption and geographic range of distribution of this species.
The seedlings from Rhodope and Pieria populations exhibited superior growth rates than
those of the other two populations. Specifically, the seedlings from Rhodope differed
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significantly from the seedlings from Chalkidiki for five traits and from seedlings from
Rhodes for three traits; the seedlings from Pieria differed significantly from seedlings from
Chalkidiki for four traits and from seedlings from Rhodes for two traits. Taking into account
the above, these two populations (Rhodope and Pieria) were selected to evaluate the effect
of container size, substrate, and fertilization on seedling growth. Many studies have been
conducted related to the effect of containers size on the quality of planting stocks [18,50,51].
Although there are differences in species response [52], in general, larger container volumes
result in better seedling growth. However, there is no information on the cultivation of A.
andrachne in containers that improve the quality of plants produced in a nursery.

In the present study, the volume of container had a significant influence on morpho-
logical traits. The 1-year-old A. andrachne seedlings from the population of Rhodope which
were transplanted to plastic bags or plastic pots exhibited superior growth rates at the end
of the second growth period. Growing in plastic bags produced plants with the greatest
height and the highest value of sturdiness quotient. However, in all types of containers,
the plants exhibited a sturdiness quotient value of below 6, which is recommended for
container plants [53]. On the other hand, low value of the shoot to root dry mass ratio (ratio
not shown in the results) was observed for plants growing in plastic bags. The shoot to root
dry mass ratio relates the evaporating surface to the water-absorbing surface. Therefore,
these plants may have better survival in field after out-planting, since their root system is
adequate to absorb the necessary water and nutrients.

The results from the present study indicated that morphological characteristics (shoot
height, root collar diameter, sturdiness quotient, leave number, root dry biomass, and
above ground part dry biomass) of the plants were not significantly affected by the type of
substrate (see Table 5). Therefore, a soil with similar properties as the one used in the present
study could replace a part of the peat in the substrate reducing the cost of plant production.
The application of fertilizers produced morphologically different A. andrachne plants from
Pieria population. The availability of nitrogen results in an increase in the photosynthetic
rate in plant leaves, and consequently in the enhancement of plant growth [54]. The changes
in most morphological traits showed the same trend with the increase in fertilization. In
both substrate types, the fertilization resulted in the production of larger plants than the
control, and consequently at higher mass only of above ground dry biomass. This may be
ascribed to the higher availability of nitrogen availability which influenced plant growth. It
has been well documented in previous studies that plants with high nitrogen fertilization
are larger and have higher shoot to root mass ratio than low fertilized or unfertilized
plants [20,55,56]. Furthermore, studies on Mediterranean species have demonstrated that
fertilization of plants at the nursery stage enhances the success of their establishment in
field conditions [20,22,56]. It has been observed that fertilized plants with high rates of N-P-
K in the nursery stage exhibited increased root growth after transplanting [56,57]. This fact
emphasizes the importance of fertilization for nutrient-loaded plants in the nursery stage to
ensure increased root growth after transplanting, which can promote the survival of plants.
Therefore, regardless of the two types of substrates studied herein, A. andrachne plants
that were fertilized with 1.5 g of the inorganic fertilizer 21-5-10 (Complesal Suprem) two
times during the second growth period may have better survival in field after out-planting.
However, fertilization of plants tended to negatively affect the root growth only in the
substrate consisting of a mixture of gneiss soil, enriched peat, and perlite in a ratio of 4:3:1
(SUB 2), and specifically in plants fertilized with 3.0 g, the root dry biomass significantly
declined possibly due to toxicity. In this type of substrate, the fertilizer dose of 6 g caused
the mortality of all plants of the treatment. Plant mortality was presumably a consequence
of the osmotic effect of high salt concentrations in the substrate due to soluble fertilizer.
Due to the lower water holding capacity of gneiss soil than peat, the concentration of salts
was higher in substrate SUB 2 (gneiss soil, enriched peat, and perlite in a ratio of 4:3:1) than
SUB 1 (enriched peat and perlite in a ratio of 3:1) resulting in higher plant mortality, and
specifically the plants fertilized with 6 g.
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In this research, the genetic analysis of A. andrachne of 32 samples, eight from four
different regions in Greece: Rhodope, Chalkidiki, Pieria, and Rhodes were studied. The
parameter PIC of a primer estimates the degree of genomic polymorphism that varies from
0 to 0.5 [58]. ISSR primers produced the highest level of polymorphisms (0.28), and thus
were the most useful for measuring genetic variability in A. andrachne. Marker index (MI)
is a method to evaluate the ability of primers to distinguish between genotypes [37,59].
The combination of the high values of the statistical analysis of the primers indicates that
ISSR markers are capable of studying genetic variation. The same conclusion has been
drawn from the related species, A. unedo [31]. Therefore, the ISSR markers are a useful
molecular tool for future genetic analyses. The AMOVA of A. andrachne (Table 7) has shown
high genetic variance within the populations (76%) in contrast to the variance among the
populations (24%), similar to the other study of A. unedo species with ISSR and RAPD
markers analysis [31]. Furthermore, the populations of Rhodes and Rhodope on the PCoA
diagram stood out (Figure 8); meanwhile, the samples from the other two populations
are grouped geographically, except for the presence of one genotype, 2.1 from Chalkidiki,
in the group of plants from Rhodope. The UPMGA dendrogram (Figure 9) clustered the
samples similarly into two main groups, the first one including the populations of Rhodope
and Chalkidiki and part of the samples of Pieria, whilst the second cluster includes the
samples from Rhodes with the rest of the samples originating from Pieria. Since it is the
first time that remote populations of A. andrachne have been genetically studied using
molecular markers, no comparison can be made with other works. In another paper by
Bertsouklis and Papafotiou [24], two populations of A. andrachne were studied, but they
grow naturally close among them (Kalamos and Varympompi, distance about 12 km). In
this paper, the relationship among species A. andrachne, A. unedo, and their natural hybrid
A. × andrachnoides were studied with RAPD markers. It was observed that higher genetic
similarity between samples of A. andrachne than the other two species and that the plants
with intermediate characteristics, which were considered to be A. × andrachnoides, were
genetically more similar to A. andrachne than to A. unedo. Between the two populations of A.
andrachne, from Kalamos and Varympompi, no groupings were observed as in the present
work, probably due to the small distance in which the plants were located [24]. In a study
carried out on the related species A. unedo originating from nine countries using nine AFLP
markers, two populations originating from Greece (specifically from Athens and Sithonia),
it was found that the populations have a genetic uniformity among them, and they could
be distinguished from the Atlantic and Mediterranean groups [26]. In addition, studying
the genetic distribution of A. unedo with isozyme markers in Tunisia, it was concluded
that the genetic structure of the species is mainly related to ecological factors rather than
geographical [25].

5. Conclusions

In this study, a detailed sexual propagation protocol as well as a plant production
protocol for sustainable exploitation of A. andrachne taxon is reported. The seeds of four
Greek natural populations of A. andrachne studied herein exhibit the same germination
behavior. The results of the study indicated a range-specific temperature dependence in
germination of A. andrachne seeds. However, the cold stratification or the treatment of
seeds with GA3 results in the loss of effect of temperature on germination and seeds can
germinate over a wide range of temperatures. Taking into account the aforementioned
results and the first-time detected effect of container size and fertilization on the growth of A.
andrachne plants, this can help in paving the way for plant production at the nurseries of this
species with promising potential in different economic sectors (medicinal and horticulture).
Genetic analysis on produced seedlings of the four populations of A. andrachne showed
high genetic differentiation within populations in contrast to the variance among the
populations. In addition, the four populations were genetically distinct according to the
degree of geographic isolation, and thus the populations of Rhodope and Rhodes, which are
further away from the populations of Pieria and Chalkidiki, are more isolated than the rest
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of the populations. This observed genetic variation, in addition to ensuring the survival of
a population in the case of biotic and abiotic stress, can form the basis for the development
of new cultivars with desirable characteristics, for example, breeding programs could focus
on populations whose plants exhibit superior growth or superior horticultural traits.
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