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Abstract: The market demand for interesting varieties and cultivars of Ilex aquifolium necessitates
the exploration and sustainable exploitation of plant individuals thriving in nature without human
care. In this work, an effort was made to develop a simple and reliable protocol for vegetative
propagation of I. aquifolium plants, with desirable-for-market characteristics, grown in a mountain
area of Halkidiki, Greece, and at the same time to proceed with their genetic identification using
molecular markers. From these plants, new plants were vegetatively produced which afterward
were used as stock plants for providing the needed shoot cuttings for the experiments of rooting
and leaves for their genetic analysis. Factors studied in formulating a propagation protocol included
the season of cutting collection and the application of 0.2% 1-naphthaleneacetic acid (NAA), as well
as the type of shoot cuttings (terminal, subterminal) and the application of auxin. It was found
that application of NAA was crucial for rooting response and number of roots formed, whereas the
season effect was not significant on rooting. Terminal cuttings treated with 0.2% NAA exhibited
the highest rooting percentage (100%) and formed abundant roots (25.7) compared to subterminal
ones. All rooted cuttings, after being potted and transferred to acclimatization greenhouse, were
successfully hardened. In the spring of the next year, the produced plants blossomed abundantly
and formed fruits (bright red berries) presenting their characteristic ornamental appearance that was
maintained until Christmas. For the identification procedure, the genotypic profile of the stock plants
was also investigated by inter-simple sequence repeat (ISSR) genetic analysis, revealing that they
were genetically the same both among themselves and when compared with a certified I. aquifolium
‘Agrifoglio Commune’ individual, but they differed genetically from I. aquifolium ‘Argentea Marginata’
and I. aquifolium ‘Hellas’.

Keywords: biodiversity; English holly; molecular markers; NAA; ornamentals; PCoA; propagation
protocol; shoot cuttings; STRUCTURE

1. Introduction

Ilex aquifolium (English holly), found in many mountain areas of Greece, includes nu-
merous genotypes known for their ornamental value due to the diversity of foliage (shape,
form, color), fruit morphology and color, plant canopy and other characteristics [1–3]. It is a
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dioecious plant species (2n = 40) with female and male flowers on different plants. Female
plants bear decorative red fruits which remain on the plant throughout the winter [1]. Plant
material of I. aquifolium from mountain areas is an excellent source for exploitation through
ex situ conservation and sustainable production by vegetative propagation to meet the
demands of the ornamental market.

I. aquifolium ‘Agrifoglio Commune’ is a commercial cultivar used in gardens, parks
and generally in landscapes planted single, in groups or in hedges. It is an evergreen shrub
or small tree with shiny deep green leaves with margins not quite as spiny as typical hollies.
Small fragrant white flowers bloom in spring. The female plants are highly valued in the
market for the characteristic profound bright red berries maturing in autumn, which still
decorate the plant in Christmas time and beyond.

It has been demonstrated that the limiting factors for the vegetative propagation of
woody species are the age, the physiological status of the mother plants (e.g., the season
of cutting collection), the genotype peculiarity of the donor plant and the environmental
conditions during rooting [4,5]. Propagation by shoot cuttings, which ensures retention
of the good traits of the mother plant to the offspring, is the main technique used for
reproduction of I. aquifolium [4–7]. Previous research by Tsaktsira et al. [8] indicated that
among I. aquifolium cultivars and varieties, ‘Agrifoglio Commune’ outperformed in rooting
experiments. Literature on detailed propagation protocols of specific holly cultivars is
limited to hollies such as Ilex glabra ‘Nigra’ [9], Ilex vomitoria ‘Nana’ [9,10], Ilex vomitoria
‘Dare County’ [11], Ilex cornuta ‘Dwarf Burford’ [12], Ilex crenata ‘Heller’ [13] and Ilex x
meserveae ‘Blue Girl’ [14], but scarcely for I. aquifolium varieties [8].

Genetic analysis using molecular markers is a useful tool to determine the relationship
between genotypes or populations, with greater accuracy compared to the phenotypic–
morphological taxonomic characterizations of the past. Molecular markers ISSRs are
considered suitable for detailed taxonomy in relative species and are applied on plants
of the same species to determine the genetic distance between genotypes [15]. Moreover,
they are ideal for species with limited genetic information, as in the case of I. aquifolium, as
no special primers need to be constructed [16,17]. In addition, ISSRs are simple, easy to
handle, widely available, reliable and highly effective [18–22].

In nursery practice and especially in ornamental plant trade in the market, the au-
thenticity of cultivars of I. aquifolium is a widespread problem [23]. Moreover, according to
Graf [23], unavailable cultivars of I. aquifolium of high demand were replaced by similar
cultivars devoid of any certification of authenticity, while existing taxonomic keys are based
on only a small number of cultivars or comprise too many unknown cultivars. Nowadays,
the ornamental market needs a continuous and sustainable supply of authentic plants
produced by a standard and reliable propagation procedure.

This work aims at developing a functional, simple and practical protocol of vegeta-
tive propagation from certified stock plant material examined by ISSR markers, readily
applicable on I. aquifolium varieties and cultivars. The streamlining of the propagation
of I. aquifolium varieties and cultivars will ensure commercial success for the mass-scale
production of genetically and morphologically homogeneous plants in the nursery units.

2. Materials and Methods
2.1. Plant Material and Rooting Procedure

The material used for the experiments originated from I. aquifolium female plants
grown in an experimental area of the Laboratory of Forest Genetics and Plant Breeding,
at Polygyros, Halkidiki, Greece (latitude 40◦22′32.2′ ′ N, longitude 23◦28′35.5′ ′ E, altitude
560 m). These female plants had morphological characteristics resembling those of the
trade cultivar I. aquifolium ‘Agrifoglio Commune’; thus, for possible exploitation purposes,
a number of new plants were produced through vegetative propagation and established in
the greenhouse at the premises of the Laboratory of Forest Genetics and Plant Breeding,
Thessaloniki, Greece (latitude 40◦33′59.7” N, longitude 22◦58′13.5” E, altitude 10 m). Fifteen
plants, aged three years, were randomly selected and used as stock plants for providing
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material for the experiments of propagation and genetic analysis. The excised shoots
(30–40 cm long) from these stock plants were placed in plastic bags wrapped in moistened
filter paper and cold-stored at 3–5 ◦C for 10 days prior to their use. After cold storage,
from the collected shoots, two types of cuttings related to their position on the shoot were
produced, the terminal cuttings (apical portion of shoot) and the subterminal cuttings
(basal portion of shoot), which then were trimmed to a final length of 15 cm, while leaves
were removed from their basal part. The bases (1 cm) of the cuttings were dipped for 10 s
into a 50% ethanol solution for surface disinfestation and then in a talc powder (Rhizopon
B) containing 0.2% (w/w) NAA (Rhizopon BV, Rijndijk, the Netherlands). Subsequently,
the cuttings were lightly shaken to remove excess powder and then, together with the
non-NAA-treated cuttings that were dipped only into 50% ethanol solution (control), were
planted in 40-cell plastic trays (cell dimensions 6 × 6 ×12 cm) filled with perlite (Isocon,
Athens, Greece) as a rooting substrate. The plastic trays with the planted cuttings were
randomly placed for rooting on the bench under an intermittent mist system (Figure 1A).
Rooting results were determined 10 weeks later.Sustainability 2021, 13, x FOR PEER REVIEW 4 of 15 

 

 
Figure 1. (A) Shoot cuttings of I. aquifolium on mist rooting system. (B) Rooted cutting without NAA treatment. (C) Rooted 
cutting after treatment with 0.2% NAA. (D) Certified I. aquifolium ‘Agrifoglio Commune’ plant used for ISSR genetic anal-
ysis. (E) Close-up photo of certified I. aquifolium ‘Agrifoglio Commune’ branch with red berries. (F) Plantlets, 4 weeks after 
transplanting of rooted cuttings. (G) I. aquifolium ‘Agrifoglio Commune’ plants of (F), one year later, exhibited successful 
growth and development. 

 

Figure 1. (A) Shoot cuttings of I. aquifolium on mist rooting system. (B) Rooted cutting without
NAA treatment. (C) Rooted cutting after treatment with 0.2% NAA. (D) Certified I. aquifolium
‘Agrifoglio Commune’ plant used for ISSR genetic analysis. (E) Close-up photo of certified I. aquifolium
‘Agrifoglio Commune’ branch with red berries. (F) Plantlets, 4 weeks after transplanting of rooted
cuttings. (G) I. aquifolium ‘Agrifoglio Commune’ plants of (F), one year later, exhibited successful
growth and development.
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The temperature at the bottom of the bench of the intermittent mist, in proximity to
the basal end of the planted cuttings, was maintained at 20 ± 1 ◦C, with the aid of electrical
cables, while the water mist was applied periodically (five or ten times of one minute
each on a daily basis, in autumn or spring cutting collection, respectively). Apart from
the natural daylight, during the rooting period of autumn to winter, a 16 h photoperiod
was provided to cuttings by supplementary lighting furnished by 400 W halogen lamps
of photosynthetic photon flux density (PPFD) of 115 µmol·m−2·s−1 measured at cutting
level. The ambient temperature at the greenhouse was 23 ± 1 ◦C in autumn to winter and
26 ± 1 ◦C, using a cooling system, in spring to summer rooting of cuttings.

2.2. Effect of Season and Auxin Treatment on Rooting of Cuttings

To study the effect of physiological condition of the donor plant on the rooting of
terminal cuttings, they were collected in spring (early April) and autumn (middle Novem-
ber) from the three-year-old stock plants and were tested for their rooting ability in the
intermittent mist system as described previously. Half of the cuttings received treatment
with 0.2% NAA (Rhizopon B), while the other half did not (control). Each season and
auxin treatment included four replications of 20 cuttings each. After rooting evaluation
(Figure 1B,C), all rooted cuttings were transplanted to 2 L pots, filled with a mixture of
3:1 (v/v) peat TS2 Klasmann (Klasmann-Deilmann, Geeste, Germany) and perlite, which
afterward were transferred to the acclimatization greenhouse for hardening.

2.3. Effect of Type of Cutting and Auxin Treatment on Rooting of Cuttings

To study the effect of position of the cutting on the shoots collected in autumn (Novem-
ber), after being cold-treated as described previously, terminal (apical portion) and subter-
minal (remaining basal portion) cuttings were excised and used for rooting. Half of both
types of cuttings were auxin-treated (0.2% NAA) and together with the untreated ones
(control) were placed for rooting on the intermittent mist bench as described previously.
Each type of cutting and auxin treatment contained four replications of 20 cuttings each.
After rooting evaluation, rooted cuttings were transplanted in 2 L pots containing a mix-
ture of 3:1 (v/v) peat TS2 Klasmann and perlite, which afterward were transferred to the
acclimatization greenhouse for hardening.

2.4. Data Recording and Statistical Analysis

In each experiment, the rooting response of the cuttings was assessed after a period
of 10 weeks from establishment in the rooting substrate. At the same time, the number
and the length of roots of each rooted cutting were recorded. A cutting was considered as
rooted when at least one root ≥0.5 cm was formed.

In both experiments, a completely randomized design was applied. Data in per-
centages were subjected to arcsine transformation for proportions before analysis and
converted back to percentages for presentation in tables. The effect of treatments and their
interactions for each experiment were analyzed using the ANOVA method in the frame of
the general linear model (GLM), while the comparisons between the means were made
using the Bonferroni test at the significance level of p ≤ 0.05 [24]. All statistical analyses
were carried out using SPSS v.21 software (SPSS, Inc., Statistical Package for the Social
Sciences, Chicago, IL, USA).

2.5. Genomic DNA Isolation

For the genetic assessment, shoots were selected from the 15 stock plants, dried for one
week and stored in the herbarium of the Laboratory of Floriculture, Thessaloniki, Greece,
with the code numbers IAAC101–IAAC115. The same procedure was followed for three
other I. aquifolium plants for comparisons. One of these was a certified plant of I. aquifolium
‘Agrifoglio Commune’ (IA) (grown in Polygyros, Halkidiki, Greece) (Figure 1D,E), and
the other two were plants of the a priori known I. aquifolium cv. Argentea Marginata
(D) and I. aquifolium var. Hellas. Genomic DNA (gDNA) was extracted from leaves of
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these 18 plants applying the cetyl-trimethyl ammonium bromide (CTAB) method. Leaf
tissue (100 mg) was ground into fine powder by using liquid nitrogen and homogenized
in 800 µL CTAB buffer (0.1 M Tris-HCl, 1.4 M NaCl, 0.02 M EDTA, 2% CTAB and 0.2%
β-mercaptoethanol). Then, 2 µL RNase (10 mg/mL) was added and mixed thoroughly by
vortexing. The homogenate was transferred to a 65 ◦C bath for 45 min (vortexing every
15 min) and was centrifuged for 10 min at 16,000 rpm. The supernatant was transferred to a
new tube, and 800 µL chloroform was added. After vortexing, the sample was centrifuged
at 7000 rpm for 20 min to separate the phases. The aqueous upper phase was transferred,
again, to a new tube. The extraction with 800 µL chloroform was repeated once more, and
the final clear upper phase was transferred into a new tube. DNA was precipitated by
adding 0.7 volume of isopropanol and 0.1 volume of sodium acetate (3 M) and incubated
at −20 ◦C overnight. After incubation, the sample was centrifuged at 16,000 rpm for
10 min. The supernatant was decanted without disturbing the pellet and subsequently
washed twice with 1 mL of 70% ethanol. Ethanol was added, without mixing, followed by
centrifugation at 16,000 rpm for 10 min. The supernatant was removed without disturbing
the pellet, and the sample was air-dried for 5 min. DNA was dissolved in a 37 ◦C bath
for 1 h with 100 µL 1X TE buffer (Tris-EDTA) and 2 µL RNase (10 mg/mL) and stored at
−20 ◦C.

The quality of the extracted DNA was assessed using 0.8% agarose gel electrophoresis,
by mixing with loading buffer in a ratio of 1:5, and compared with λ-Hind III ladder (H3)
(Figure 2). The concentration A260/A280 and A260/A230 ratios were measured with a
NanoDrop 2000c Spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA)
using 1 µL of each sample and with 1X TE buffer (Tris-EDTA) as blank. Analysis of the
A260/A280 values of the samples showed all ratios being within the acceptable range of
1.80–2.10.

1 
 

 

Figure 2. Agarose gel electrophoresis of nine I. aquifolium gDNA samples compared with λ-Hind III ladder (H3).

2.6. PCR Amplification

For PCR amplifications of the eight ISSR primers tested (Table 1), a SimpliAmp
Thermal Cycler (Life Technologies, Thermo Fischer Scientific, Waltham, MA, USA) was
used. The initial single denaturation step at 95 ◦C for 3 min was followed by 35 cycles of
denaturing at 95 ◦C for 30 s, annealing of primers at 50–56 ◦C (Tm ◦C, Table 1) for 30 s and
extension at 72 ◦C for 2 min. The reaction was completed with a final extension step at 72 ◦C
for 10 min, followed by adjusting at 4 ◦C. A total volume of 15 µL was used, containing
7.5 µL Horse-Power Taq DNA Polymerase Master-Mix (Canvax Biotech, Cordoba, Spain),
4.5 µL ddH2O and 1.5 µL of 20 ng/µL of DNA template. DNA amplification fragments
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were separated in a 1.4% agarose gel with 1X Tris-acetate electrophoresis buffer (1X TAE),
stained with ethidium bromide (0.5 µg/mL) and analyzed using UV light (UST-20M-
8K, 312 nm) (Biostep, Burkhardsdorf, Germany). The size of the amplification products
was calculated based on molecular mass 100–3000 bp DNA Rainbow ladder (Canvax
Biotech, Cordoba, Spain). Two independent PCR amplification reactions were performed
for each sample.

Table 1. Profiles of the eight selected ISSR primers (annealing temperature, amplified and polymorphic bands and
polymorphism per primer) used for the genetic assessment of the 18 I. aquifolium plants.

Primer Sequence
(5′–3′)

Tm
(◦C)

Number of
Amplified

Bands

Number of
Polymorphic

Bands

Polymorphism
(%)

1 UBC-809 AGA GAG AGA GAG AGA GG 54 14 13 92.86
2 UBC-810 GAG AGA GAG AGA GAG AT 52 9 8 88.89
3 UBC-815 CTC TCT CTC TCT CTC TG 50 13 10 76.92
4 UBC-816 CAC ACA CAC ACA CAC AT 54 12 10 83.33
5 UBC-818 CAC ACA CAC ACA CAC AG 56 13 11 84.62
6 UBC-834 AGA GAG AGA GAG AGA GYT 56 8 5 62.50
7 UBC-841 GAG AGA GAG AGA GAG AYC 54 11 10 90.91
8 UBC-845 CTC TCT CTC TCT CTC TRG 50 7 1 14.29

Related analyses to estimate genetic relationship were conducted according to Nei
genetic distance [25] and used for the construction of:

I. The principal coordinates analysis (PCoA) with GenAlEx 6.501 program [26]. The
PCoA input data type was tri distance matrix, and the PCoA method was covariance-
standardized.

II. A STRUCTURE analysis, where similarity estimates were analyzed using the Structure
2.3.4 software package [27]. This software places cultivars in K clusters that have
distinct marker frequencies, where K is chosen a priori and can be varied across
different runs (K = 1–82). Samples can have memberships in several clusters, with
membership coefficients equaling 1 across clusters. A nonadmixture ancestry model
was used and binary frequencies were correlated, with a burn-in length of 30,000
followed by 100,000 runs at each K [28,29]. K was determined using the ad hoc statistic
∆K as in Evanno et al. [30] with STRUCTURE HARVESTER program [31].

III. An unweighted paired group method of cluster analysis (UPGMA) dendrogram with
MEGA 4 v.4.1 software [32].

3. Results and Discussion
3.1. Effect of Season and Auxin Treatment on Rooting of Cuttings

Season (spring, autumn) was not a significant factor influencing the rooting of Ilex
terminal cuttings (F = 0.673; p > 0.05). On the contrary, auxin treatment (0.2% NAA)
significantly influenced rooting response, followed by the interaction of season and auxin
treatment (F = 215.606 and 12.587, respectively; p ≤ 0.05) (Table 2). Similarly, the number of
roots was affected only by auxin treatment (Figure 1B,C) and by the interaction between
the factors of season and auxin (F = 156.775 and 16.869, respectively; p ≤ 0.05) (Table 2).
Furthermore, the analyses of variance indicated that the length of roots was significantly
influenced by season (F = 19.870, p ≤ 0.05), auxin treatment (F = 41.295, p ≤ 0.05) and their
interaction (F = 12.535, p ≤ 0.05) (Table 2).
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Table 2. Significance of factors (season, auxin) and their interaction on rooting response (%) and number and length of roots
of terminal cuttings of I. aquifolium estimated by one-way ANOVA.

Rooting (%) Number
of Roots

Length
of Roots

Factors df F Sign. df F Sign. df F Sign.

Season 1 0.673 NS 1 0.116 NS 1 19.870 ***
Auxin 1 215.606 *** 1 156.775 *** 1 41.295 ***

Season x Auxin 1 12.587 ** 1 16.869 *** 1 12.535 **

Rooting percentage: R squared = 0.950 (adjusted R squared = 0.938), p ≤ 0.05. Number of roots: R squared = 0.496 (adjusted R squared =
0.488), p ≤ 0.05. Length of roots: R squared = 0.193 (adjusted R squared = 0.180), p ≤ 0.05. *** = significant at p ≤ 0.001, ** = significant at
p ≤ 0.01, NS = not significant.

In both collection times, the highest rooting percentage was observed in cuttings
treated with 0.2% NAA, which reached 100% in cuttings collected in autumn (Table 3).
However, in NAA-treated cuttings, no significant difference was observed in rooting
percentages between season collections (93.7% vs. 100%), whereas in control, cuttings
collected in spring rooted in a significantly higher percentage (37.5%) compared to those
collected in autumn (13.7%) (Table 3). The number of roots was significantly reduced in
the absence of auxin in both seasons tested (Table 3, Figure 1B). Within NAA treatment,
rooted cuttings collected in autumn exhibited a significantly higher number of roots (25.7)
compared to those collected in spring (20.3). In contrast, without the application of NAA,
the highest number of roots was observed in cuttings collected in spring (Table 3). The
length of roots formed with the application of NAA (3.4–3.8 cm), regardless of collection
season, was significantly greater than that of the untreated (control) cuttings of autumn
collection (1.2 cm) but that of the spring collection cuttings (3.0 cm) (Table 3).

Table 3. Effect of season and auxin treatment on rooting response (%) and number and length of roots of terminal cuttings
of I. aquifolium.

Season
Rooting (%) Number of Roots Length of Roots (cm)

Control 0.2% NAA Control 0.2% NAA Control 0.2% NAA

Spring 37.5 ± 10.4 B 1 a 2 93.7 ± 6.3 A a 8.4 ± 5.1 B a 20.3 ± 2.2 A b 3.0 ± 1.1 A a 3.8 ± 1.2 A a
Autumn 13.7 ± 7.5 B b 100 ± 0.0 A a 2.1 ± 1.2 B b 25.7 ± 2.9 A a 1.2 ± 0.6 B b 3.4 ± 0.9 A a

1,2 The means ± SD of rooting percentages and number and length of roots within a column followed by the same lowercase letter and
within a row by the same capital letter were not significantly different, estimated by one-way ANOVA followed by a post hoc Bonferroni
test at p ≤ 0.05.

Similarly, no season effect was observed in a previous report of Tsaktsira et al. [8] on
rooting of I. aquifolium ‘Agrifoglio Commune’ cuttings tested with the same auxin and con-
centration and same seasons of cutting collection. In the same report [8], however, autumn
was found to be the most favorable season for rooting of cuttings of other I. aquifolium
cultivars such as ‘Argentea Marginata’, ‘J.C. van Tol’ and variety ‘Hellas’. The effect of
season on the rooting ability of cuttings was pointed out in numerous other studies on holly
vegetative propagation. Summer or early autumn harvested cutting material performed
better than spring collections in terms of rooting percentage and number and length of
roots, as was reported by Hartman et al. [4] for Ilex spp., Lambert et al. [11] for I. vomitoria
‘Dare County’ and Vlad et al. [33] for I. aquifolium.

3.2. Effect of Type of Cutting and Auxin Treatment on Rooting of Cuttings

The analyses of variance of cuttings collected in autumn indicated that there were
significant differences in rooting response affected by the type of cutting (cutting position)
(F = 29.471, p ≤ 0.05), auxin (F = 639.500, p ≤ 0.05) and the interaction between the type of
cutting and auxin (F = 25.130, p ≤ 0.05), whereas the number and the length of roots were
significantly affected only by auxin (Table 4).
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Table 4. Significance of factors (type of cutting, auxin) and their interaction on rooting response (%) and number and length
of roots of autumn cuttings of I. aquifolium estimated by one-way ANOVA.

Rooting (%) Number of Roots Length of Roots (cm)

Factors df F Sign. df F Sign. df F Sign.

Type of cutting 1 29.471 *** 1 1.451 NS 1 0.516 NS
Auxin 1 639.500 *** 1 115.781 *** 1 104.982 ***

Type of cutting x Auxin 1 25.130 *** 1 0.747 NS 1 0.002 NS

Rooting percentage: R squared = 0.983 (adjusted R squared = 0.979), p ≤ 0.05. Number of roots: R squared = 0.435 (adjusted R squared =
0.425). p ≤ 0.05. Length of roots: R squared = 0.393 (adjusted R squared = 0.382). p ≤ 0.05. *** = significant at p ≤ 0.001, NS = not significant.

Regardless of type of cutting (terminal, subterminal), the application of NAA resulted
in achieving higher rooting percentages and producing more and longer roots as compared
with the control (Table 5, Figure 1B,C). However, the terminal cuttings treated with auxin
exhibited higher rooting percentage and formed more roots than subterminal cuttings
treated with auxin (Table 5). In general, results showed that subterminal cuttings also
proved to be a good source of propagating material as rooting ability and formation of
roots reached quite satisfactory levels. In both experiments, callus was not observed at the
root forming area.

Table 5. Effect of type of cutting and auxin treatment on rooting response (%) and number and length of roots of I. aquifolium
cuttings collected in autumn.

Type of
Cutting

Rooting (%) Number of Roots Length of Roots (cm)

Control 0.2% NAA Control 0.2% NAA Control 0.2% NAA

Terminal 13.7 ± 7.5 B 1 b 2 100 ± 0.0 A a 2.1 ± 1.2 B a 25.7 ± 2.9 A a 1.2 ± 0.6 B a 3.4 ± 0.9 A a
Subterminal 12.5 ± 6.4 B b 83.7 ± 2.5 A b 1.4 ± 0.7 B a 21.5 ± 1.2 A b 1.3 ± 0.8 B a 3.6 ± 1.0 A a

1,2 The means ± SD of rooting percentages and number and length of roots within a column followed by the same lowercase letter and
within a row by the same capital letter were not significantly different, estimated by one-way ANOVA followed by a post hoc Bonferroni
test at p ≤ 0.05.

To the best of our knowledge, no previous investigation on the effect of cutting position
(type of cutting) on rooting of I. aquifolium was found in the literature to compare with our
results. However, it is a widely studied factor for various other species contributing to
the establishment of successful propagation protocols by cuttings. Mbangcolo et al. [34]
reported higher rooting performance of terminal cuttings over subterminal cuttings in
Cyclopia genistoides. The same authors [34] stated that, in general, the rooting responses of
terminal cuttings are higher than those of the subterminal cuttings; thus, they recommended
them as the best rooting material. Subterminal cuttings also possess a good potential for
successful propagation of various species, as suggested by several researchers [34,35]. In
Acer truncatum, Brock and Griffin [36] did not find a significant influence of cutting position
for all rooting parameters tested in the presence of auxin. Furthermore, Tilahun et al. [37],
working on Araucaria heterophylla, reported that among three cutting positions on the shoot
(tip, middle and bottom), the shoot tip material showed significantly higher rooting ability
than middle and bottom parts. Terminal shoot cuttings have proved to be the most suitable
propagating material in the case of cassava (Manihot esculenta) [38] and Alstonia scholaris [39].
Solikin [40] attributed the enhanced rooting ability of terminal cuttings to their higher
content in endogenous auxin concentrated at the apical part of the shoot. On the other
hand, various rooting responses due to cutting position were reported for species such as
Aloysia triphylla (lemon verbena) [41], Stevia rebaudiana [42], Lavandula angustifolia [43] and
Salvia officinalis [44]. Hartmann et al. [4] also pointed out the effect of cutting position on
rooting, stating that there is a species-dependent relation between them due to different
origins of cuttings.

In general, the hardening of young I. aquifolium plantlets, which derived from rooted
cuttings of both types and season collections, was successful in the acclimatization green-
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house (Figure 1F,G). Specifically, plants originating from autumn cuttings surprisingly
exhibited a vigorous growth after acclimatization, followed by the formation of abundant
small white blossoms that after many bee visits were transformed to green fruits in June.
Fruits turned gradually to bright red in autumn and were maintained on the plants until
Christmas. A sufficient number of mature seeds (four replications of 100 seeds each) were
examined, and approximately only 10% of them were completely developed (data not
shown). The majority of the seeds (approximately 90%), however, were deprived of an
embryo, which points to the expression of parthenocarpy and specifically the stimulative
type according to Hartmann et al. [4], as the production of fruits occurred due to pollination
(probably by bees) without fertilization.

3.3. Genetic Analysis

The PCR amplification using ISSR primers resulted in generation of 87 clear, scorable
and reproducible products (bands), ranging from 150 bp for UBC-841 to 1550 bp for UBC-
845. The number of bands produced by each primer for the used samples of the 15 stock
plants of I. aquifolium varied: 14 for UBC-809 (Figure 3A), 13 for UBC-815 (Figure 3B) and
UBC-818, 8 for UBC-834 (Figure 3C) and 7 for UBC-845 (Table 1). The PCR-amplified
products were scored as “1” and “0”, where “1” indicates the presence of a band and
“0” indicates the absence. These binary data were used to detect the relationship among
the 15 stock plants of I. aquifolium and the 3 indicator plants, i.e., I. aquifolium ‘Agrifoglio
Commune’, I. aquifolium ‘Argentea Marginata’ and I. aquifolium ‘Hellas’. The polymor-
phism of ISSR primers ranged from 14.29% for UBC-845 to 92.86% for UBC-809, with an
average polymorphism of 74.29% (Table 1). The PCoA-ISSR data showed that 89.09% of
the variation is explained by the coordinates 1, 2 and 3, with the first coordinates explain-
ing 60.82%, the second ones 26.10% and the third ones 2.17% of total variation (Figure 4,
Table S1). The 15 samples each of the 15 stock plants of I. aquifolium and that of the certified
plant of I. aquifolium ‘Agrifoglio Commune’ (IA) were segregated in the PCoA from the
samples of the two other indicator plants, i.e., I. aquifolium ‘Argentea Marginata’ (D) and
I. aquifolium ‘Hellas’ (H). The 15 samples of the stock plants and the one sample of the
certified ‘Agrifoglio Commune’ plant were concentrated at the same point on the left part
of the PCoA, whereas the plant samples of ‘Hellas’ and ‘Argentea Marginata’ were each
located at a different place on the right part of the PCoA (Figure 4).

Similar results are presented in the STRUCTURE analysis (Figure 5). The plants are
divided into two groups: the first comprises the 15 stock plants of I. aquifolium (1–15) and
the certified I. aquifolium ‘Agrifoglio Commune’ plant (IA) with green color, and the second
is I. aquifolium ‘Hellas’ (H) and I. aquifolium ‘Argentea Marginata’ (D) with red color.

The results of the dendrogram separated the individual plants into three different
groups (Figure 7). Group 1 includes all the 15 stock plants (1–15) and the I. aquifolium
‘Agrifoglio Commune’ indicator plant (IA). Group 2 contains only I. aquifolium ‘Argentea
Marginata’ (D), and group 3 consists of I. aquifolium ‘Hellas’ (H) plant (Figure 7).
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‘Argentea Marginata’ (D), obtained with primers UBC-809 (A), UBC-815 (B) and UBC-834 (C). The size of the amplified
bands was calculated using 1 kb DNA ladder (100–3000 bp).



Sustainability 2021, 13, 10345 11 of 15Sustainability 2021, 13, x FOR PEER REVIEW 11 of 15 
 

 
Figure 4. Principal coordinates analysis (PCoA) derived from bands amplified by eight ISSR pri-
mers of the 15 stock plants of I. aquifolium (red) and the 3 indicator plants (green) of I. aquifolium 
‘Agrifoglio Commune’ (IA), I. aquifolium ‘Hellas’ (H) and I. aquifolium ‘Argentea Marginata’ (D). 

Similar results are presented in the STRUCTURE analysis (Figure 5). The plants are 
divided into two groups: the first comprises the 15 stock plants of I. aquifolium (1–15) and 
the certified I. aquifolium ‘Agrifoglio Commune’ plant (IA) with green color, and the sec-
ond is I. aquifolium ‘Hellas’ (H) and I. aquifolium ‘Argentea Marginata’ (D) with red color.  

 
Figure 5. SRUCTURE analysis performed with data of eight ISSR primers for K = 2 (higher value, Figure 6). Each column 
indicates the 15 I. aquifolium stock plants (1–15, green color) and the 3 indicator plants of I. aquifolium ‘Hellas’ (H, red color), 
I. aquifolium ‘Agrifoglio Commune’ (IA, green color) and I. aquifolium ‘Argentea Marginata’ (D, red color). 

1
2

3456
7

8
9

10
11
12

13 14 15
Η

ΙΑ

D

Co
or

d.
 2

 (2
6.

10
 %

)

Coord. 1 (60.82 %)

Principal Coordinates (PCoA)

Stock plants Indicator plants

Figure 4. Principal coordinates analysis (PCoA) derived from bands amplified by eight ISSR primers of the 15 stock plants
of I. aquifolium (red) and the 3 indicator plants (green) of I. aquifolium ‘Agrifoglio Commune’ (IA), I. aquifolium ‘Hellas’ (H)
and I. aquifolium ‘Argentea Marginata’ (D).

Sustainability 2021, 13, x FOR PEER REVIEW 11 of 15 
 

 
Figure 4. Principal coordinates analysis (PCoA) derived from bands amplified by eight ISSR pri-
mers of the 15 stock plants of I. aquifolium (red) and the 3 indicator plants (green) of I. aquifolium 
‘Agrifoglio Commune’ (IA), I. aquifolium ‘Hellas’ (H) and I. aquifolium ‘Argentea Marginata’ (D). 

Similar results are presented in the STRUCTURE analysis (Figure 5). The plants are 
divided into two groups: the first comprises the 15 stock plants of I. aquifolium (1–15) and 
the certified I. aquifolium ‘Agrifoglio Commune’ plant (IA) with green color, and the sec-
ond is I. aquifolium ‘Hellas’ (H) and I. aquifolium ‘Argentea Marginata’ (D) with red color.  

 
Figure 5. SRUCTURE analysis performed with data of eight ISSR primers for K = 2 (higher value, Figure 6). Each column 
indicates the 15 I. aquifolium stock plants (1–15, green color) and the 3 indicator plants of I. aquifolium ‘Hellas’ (H, red color), 
I. aquifolium ‘Agrifoglio Commune’ (IA, green color) and I. aquifolium ‘Argentea Marginata’ (D, red color). 

1
2

3456
7

8
9

10
11
12

13 14 15
Η

ΙΑ

D

Co
or

d.
 2

 (2
6.

10
 %

)

Coord. 1 (60.82 %)

Principal Coordinates (PCoA)

Stock plants Indicator plants

Figure 5. SRUCTURE analysis performed with data of eight ISSR primers for K = 2 (higher value, Figure 6). Each column
indicates the 15 I. aquifolium stock plants (1–15, green color) and the 3 indicator plants of I. aquifolium ‘Hellas’ (H, red color),
I. aquifolium ‘Agrifoglio Commune’ (IA, green color) and I. aquifolium ‘Argentea Marginata’ (D, red color).
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Figure 7. Dendrogram based on Nei standard genetic distance [25] using UPGMA method generated
by eight ISSR primers among the 15 I. aquifolium stock plants (1–15) and the 3 indicator plants
(I. aquifolium ‘Agrifoglio Commune’ (IA), I. aquifolium ‘Argentea Marginata’ (D) and I. aquifolium
‘Hellas’ (H)).

The 15 I. aquifolium stock plants are located at the same point of PCoA, simultaneously
have the same color in STRUCTURE analysis and are in the same group of the dendrogram
with the certified I. aquifolium ‘Agrifoglio Commune’ plant, indicating that these 15 stock
plants and the certified plant share the same genetic material. In this case, it is obvious that
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the 15 stock plants were derived from authentic I. aquifolium ‘Agrifoglio Commune’ mother
plants through asexual propagation. It is also clear that repeated asexual propagation
of I. aquifolium ‘Agrifoglio Commune’, as might have happened in these plants, did not
result in genetic differentiation. Similar genetic analysis with ISSR molecular markers was
used in other species to find the genetic profile of asexually propagated plant genotypes,
e.g., Pistacia lentiscus [45], or to detect genetic variation in micropropagated plants such
as Platanus acerifolia [46], Prunus amygdalus [47], Phoenix dactylifera [48] and Vanilla planifo-
lia [49]. Moreover, ISSRs have been successfully employed to assess the genetic stability
of regenerants from artificial seeds of Viburnum dentatum [50], Rauvolfia tetraphylla [19],
Rauvolfia serpentina [20] and Albizia lebbeck [51], and they have been used to study the
genetic diversity of Pistacia lentiscus [52,53] and Mimosa caesalpiniaefolia [54].

4. Conclusions

The results of this study highlighted, beyond doubt, the important role of 0.2% NAA
in the initiation and development of roots on terminal (preferably) shoot cuttings of Ilex
aquifolium collected in autumn. Subterminal shoot cuttings collected in either season can
also be used to further enrich the choices for suitable propagating material. For both types
of cuttings and especially for those collected in autumn the period from the new plantlet
establishment, after rooting, to the final product was less than a year. The genetic analysis
through ISSR markers revealed that the stock plants used for collecting shoot cuttings
for the propagation experiments belong to I. aquifolium ‘Agrifoglio Commune’, a species
with desirable ornamental traits and sufficient adaptation potential in the Mediterranean
and the Balkan Peninsula environments. Transfer of this underutilized plant material
from the mountain area of Polygyros to the plain metropolitan area of Thessaloniki, with-
out problems of adaptability, contributes to its ex situ conservation. Its value is further
upgraded as this study guarantees the sustainable exploitation of this ornamental plant
through continuous availability on the wholesale and/or retail market of uniform plant
propagation material that retains its genetic fidelity. Propagators can rely on the simple and
practical protocol developed herein for successful vegetative propagation of I. aquifolium
‘Agrifoglio Commune’ and rapid development of new plants with fruits in their final form
available on market at the proper time of the year.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su131810345/s1, Table S1: Eigenvalue, variance and scores of the three first factors retained
from the PCoA of the eight ISSR markers performed on 18 I. aquifolium plants.
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