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Abstract: Rosmarinus officinalis L. belongs to the Lamiaceae family and is cultivated worldwide due
to its diverse uses as an ornamental evergreen shrub in gardening, as well as a food seasoning and a
natural medicine. The present research was conducted to study the morphological traits of seven wild-
grown rosemary populations in Greece, as well as the propagation of two selected populations with
the most desirable ornamental characteristics, by the use of shoot cuttings and in vitro cultures. From
the study of the morphological traits of the seven populations, those with interesting features were
grown in the areas of Amaliada and Piperia and, thus, were chosen for studying their propagation.
Rooting of the shoot cuttings was carried out during the four seasons of the year, using potassium
salt Indole-3-butyric acid (K-IBA) at concentrations of 0.5 and 1 g-L ™!, in various substrates under
the intermittent mist or fog system. It was found that the shoot cuttings rooted easily in all four
seasons, but there were better results for the population of ‘Piperia’ in autumn, with 1 g-L~! K-IBA
(80%), and ‘Amaliada’ in spring, with 0.5 g-L~! K-IBA (82.5%), while higher rooting percentages were
achieved in the fog system, on a substrate consisting of perlite and peat, in a ratio of 2:1 (85%). For the
in vitro cultures, shoot tips excised from the two selected populations were successfully disinfested by
pre-soaking in an antioxidant solution and then, by sterilizing them in 0.6% (w/v) NaOCl, followed
by transferring them onto a Murashige and Skoog (MS) nutrient medium. ‘Amaliada’ cultures proved
to be the most productive population (2.1 shoots per explant), with the highest shoot formation
frequency (91.6%), when cultivated on the MS nutrient medium without plant growth regulators. For
‘Piperia’ cultures, the highest shoot formation frequency (66.6%) was achieved on the MS nutrient
medium supplemented with 0.25 or 0.5 mg'L_1 6-Benzyloaminopurine (BAP) and 0.1 mg-L_1 Indole-
3-acetic acid (IAA). Spontaneous root formation frequency was noticed on the MS nutrient medium,
containing 0.5 mg-L~! BAP and 0.1 mg-L~! TAA, for both ‘Amaliada’ and “Piperia’ cultures (50% and
41.6%, respectively) in a single stage, with root lengths of 7.1 and 5.3 cm, respectively. Rosemary
plantlets, with roots formed in vitro after transplanting them in soilless substrate, were acclimatized
adequately in the greenhouse environment (~70%).
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1. Introduction

Rosemary is considered one of the most important plants of the Lamiaceae family
from an economic perspective. Rosmarinus officinalis L., a diploid species (2n = 24), is
classified as a member of the class Dicotyledon, order Tubiflorae, and family Lamiaceae.
Rosemary is an evergreen, perennial, and tufted shrub, with erect or procumbent growth
and a maximum height, usually, up to 1.8 m [1]. It is propagated easily by seeds, cuttings,
layering, or root division [2—4]. Although it derives from the Mediterranean basin, it is
hardly enough that it can be cultivated in a vast spectrum of environmental conditions. It is
also worth mentioning that it is a species which shows significant tolerance in unfavorable
conditions, such as drought, frost, or salt stress. When cultivated, it requires, respectively,
low quantities of fertilizers. Three kinds of products are obtained from the cultivation of
rosemary: essential oil, as well as fresh and dried leaves [5]. Apart from its apparent use
as a spice in cooking, rosemary is a rather sought after plant species. It is broadly used
in many fields, such as commercial floriculture, landscape architecture, the food industry,
cosmetology, and medicine, because of its large number of beneficial characteristics [6-12].

Analysis of morphological traits is a quick and common method to identify and
characterize the germplasm through phenotyping. However, phenotyping traits that
are influenced by environmental factors may cause elevated diversity in the desirable
agronomic characteristics, thus reducing the method’s reliability [13]. To avoid the effect of
the environment, it is recommended to cultivate plants in the same environment and in a
randomized experimental design [14,15].

Seeds of rosemary are rarely used in propagation as they are slow to germinate, tak-
ing 3—4 weeks before emergence, with a poor germination rate of 10-20% [3]. Therefore,
vegetative propagation is the most common method for propagation. Cutting propagation
is, in general, fast, simple, and does not require special techniques and methods, such
as grafting and budding, while each cutting can become a plant with desirable genetic
properties that are the same as the parent plant [16]. It is also well-known that the plant-
produced phytohormones, such as auxins, play a key role in stimulating the adventitious
root formation of shoot cuttings, as well as the roots” branching, and increasing the per-
centage of rooting, root initiation, number, and uniformity of rooting [17]. Previous studies
showed that rosemary has a good rooting ability, and the use of the plant growth regu-
lators achieves better results, both in terms of the rooting percentage and the qualitative
features of the new root system [18-21]. On the other hand, there are several proposed
protocols for achieving the optimal rooting of rosemary cuttings. Thus, at a concentration
of 1 g-L~! a-Naphthaleneacetic acid (NAA), 84% rooting of the cuttings was achieved,
while at 5 g-L~! Indole-3-butyric acid (IBA), the rooting percentage was 66% [22]. Addi-
tionally, Abu-Zahra et al. [19] reported that 3 g-L.~! of NAA resulted in the highest rooting
percentages of the rosemary cuttings. In another report, IBA (5 mg-L~!) was the most
effective auxin on the rooting of rosemary cuttings (92%), as compared with NAA or Indole-
3-acetic acid (IAA) of the same concentrations [20]. The form of the applied auxin may
also be crucial for the rooting success of the rosemary cuttings. As Paradicovic et al. [16]
reported, it is highly recommendable to use auxin powder for the propagation of rosemary
green cuttings.

The rooting substrate and the collection time of the cuttings may also play an important
role in the success of the rooting process of stem cuttings. In general, peat, perlite, or,
more often, a combination of both in different proportions, is a key component of most
commercial substrates used for cutting propagation [23]. A mixture of peat and perlite
(1:1, v/v) was referred to, by Varban et al. [24], as the most effective substrate for the rooting
of rosemary stem cuttings. Kiuru et al. [3] also tested four different substrates (vermiculite,
topsoil-manure-sand mixture at a ratio of 10:3:1, topsoil, and sand), on the propagation of
rosemary by cuttings, and concluded that the sand was the most efficient one. Furthermore,
Mendoza-Hernandez et al. [25] tested the replacement of peat, in the rooting substrate, with
compost and various vermicomposts of horticultural waste. The various vermicomposts
used outperformed compost and peat for the rooting of rosemary cuttings. Regarding the
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collection season of cuttings, Silva and Pedras [26] reported that the end of winter stood
out as the best season for all analyzed parameters.

A well-established alternative tool for preserving selected wild-grown plant species
is micropropagation [27,28]. For rosemary, there is sufficient literature on its propagation
in vitro. Chaturvedi et al. [29] described the production of 5000 plants from one nodal
segment of R. officinalis L. in a single year. Dong et al. [30] and Boix et al. [31] studied
the factors affecting callus induction and plant regeneration by using leaf explants of
R. officinalis. Aman and Afrasiab [32] developed a protocol for somatic embryogenesis from
leaf explants of rosemary. Furthermore, Al Masoody and Stanica [33] investigated the effects
of different growth regulators on callus formation and the production of somatic embryos
from leaf explants of R. officinalis. Likewise, the application of different concentrations of
growth regulators was tested by El-Zefzafy et al. [34] for callus induction, in vitro, from
rosemary shoot tip explants. Irum et al. [35] also used shoot tips and seedling explants,
in order to develop a micropropagation protocol, while Darwesh et al. [36] reported the
induction of multiple shoots, from sterilized seedlings, obtained from rosemary seeds.

The objective of the present study was to evaluate the morphological traits of seven
wild-grown rosemary populations, derived from seven different regions of Greece, and
select the most suitable populations for ornamental use. Furthermore, by developing
protocols for their macro and micropropagation, it aimed at sustainable exploitation of
these native genotypes, for the production of plant material, to meet the demands of the
ornamental plant market.

2. Materials and Methods
2.1. Plant Source

A total of 47 rosemary plants were selected from seven populations, wild-grown
in seven different natural environments, in Greece, namely: Amaliada, loannina, Chios,
Variko, Piperia, Archanes, and Kavousi (Figure 1). The morphological characteristics, the
durability, the vigor, and the shape of the plants selected were the main criteria for their
selection. In addition, the selected populations came from greatly different habitats of
Greece, aiming at a sufficient biodiversity of rosemary plants for the needs of this study.
The number of collected plants of the aforementioned rosemary populations, and the
coordinates of the regions of origin, are presented in Table 1.

Plant material collected from these seven populations was transported to the green-
house of the Floriculture Laboratory of the Aristotle University in Thessaloniki. In order
to obtain sufficient plant material for the various experiments, young plantlets were veg-
etatively produced, from the 47 genotypes, by the rooting of shoot cuttings, which were
then transplanted into 1 L pots containing a substrate of peat TS2 Klasmann (Klasmann-
Deilmann, Geeste, Germany) and perlite (Isocon, Athens, Greece) in a ratio of 3:1 (v/v).
Six months later, two developed plants from each genotype were transplanted into 2 L pots,
filled with the same substrate, and kept in the greenhouse, under natural light conditions
and ambient temperatures of 23 & 3 °C, for the needs of the in vitro cultures, while three
other plants from each genotype were moved and planted in an outdoor experimental
field collection, located in the region of Piperia Aridea (latitude 40.964263° N, longitude
22.017363° E). Plant irrigation was done using a drip irrigation system in both the green-
house and the field collection. After a period of 12 months, on 28 May, the plants of the field
collection (47 genotypes x 3 plants per genotype) were evaluated in order to determine the
most appropriate populations for ornamental use.
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Figure 1. The seven locations (with red dots) of Greece from which the plants of the seven populations
of R. officinalis were collected.

Table 1. Origin of the seven populations of R. officinalis, number of plants collected, and coordinates
of the seven locations of Greece.

Origin—Population Plants per Latitude Longitude Elevation

Population N E (m)

Amaliada (AM) 9 37.769800° 21.303847° 11
Ioannina (1) 3 39.645606° 20.849649° 481
Chios (CH) 3 38.243976° 26.035575° 57
Variko (V) 9 40.192397° 22.550020° 12
Piperia (P) 14 40.964379° 22.017295° 143
Archanes (AR) 6 35.233768° 25.152781° 382
Kavousi (KA) 3 35.118470° 25.856935° 173

2.2. Morphological Traits

The morphological characteristics of ornamental value, measured in situ, were plant
height (cm), plant diameter (cm), and number of terminal branches. To avoid errors on
the measurements, due to environmental conditions or developmental stages of the plants,
all measurements were conducted on the same day of 28 May. For the same reason, three
terminal branches from the middle zone of the canopy, of each genotype, were collected
on 28 May, transferred to the Lab, and, after being air-dried, were stored in the herbarium,
under the code numbers RO101-R0O241, for evaluation in due time. On these air-dried
terminal branches, the measurements taken were: branch length (cm), number of nodes and
leaves per branch, and leaf length (cm) and width (cm). The recorded morphological traits
and the number of measurements taken, per plant of each genotype, are shown in Table 2.
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The statistical analysis of the data was based on analysis of variance (ANOVA) with
the use of the statistical package SPSS 27 (IBM, Armonk, NY, USA). Separation of the means
was made with Duncan’s multiple range test at p < 0.05 [5].

Table 2. Morphological traits, recorded on 28 May, for all R. officinalis plants planted in the field
collection in Piperia Aridea.

Measurements
Morphological Traits Details per Plant of

each Population
1. Plant height (cm) Plant canopy height 1
2. Plant diameter (cm) Plant canopy diameter 1
3. Number of terminal branches Terminal shoots of new 1

vegetation per plant
4. Length of terminal branches (cm)  Terminal shoots of new vegetation 10
5. Number of nodes Nodes per terminal branch 10
6. Number of leaves Leaves per terminal branch 10
7. Leaf length (cm) Measured from the base to the tip 30
of adult leaf
8.  Leaf width (cm) Measured at the widest part of 30
adult leaf

2.3. Propagation by Shoot Cuttings
2.3.1. Plant Material

Shoots of new vegetation of R. officinalis were collected from two-year-old mother
plants of the populations ‘Amaliada’ and ‘Piperia’, which were found to have the most
desirable ornamental characteristics after the morphological traits evaluation. Rosemary
mother plants were grown in the outdoor experimental field collection, located in Piperia
Aridea. From these shoots, the terminal parts were cut and used as cuttings for the
rooting experiments.

2.3.2. Effect of K-IBA and Season on Rooting of Cuttings

Terminal shoots, 8-10 cm long, from plants of the two selected R. officinalis populations,
‘Piperia” and ‘Amaliada’, were cut during the four seasons of the year (spring: 20 April
2020; summer: 17 July 2020; autumn: 20 October 2020; winter: 19 January 2021) and used
for rooting. The leaves on the base of the shoot cuttings were removed, leaving 7-8 leaves
on the top part. Then, the basal portions (1.5 cm) of the shoot cuttings were dipped, for
10 s, into aqueous solutions of 0, 0.5, or 1 g-L~! of potassium salt Indole-3-butyric acid
(K-IBA) (Sigma-Aldrich, St. Louis, MO, USA) and planted in multi-position plastic discs, of
6 cm depth and 4 cm diameter, with holes at their bases for drainage. The rooting substrate
was a mixture of perlite and peat TS2 Klasmann in a ratio of 2:1 (v/v). Afterwards, the
plastic disks with the shoot cuttings were placed for rooting in a fog system, with a relative
humidity (RH) adjusted to 94-96%. For each population, forty shoot cuttings were used for
every treatment of K-IBA and every season. At the end of a 5-week period, rooting (%),
number, and length (cm) of roots were measured.
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2.3.3. Effect of Substrate and Rooting System on Rooting of Cuttings

In spring, which proved to be the best season for the rooting of R. officinalis cuttings,
terminal shoots were harvested from the mother plants of the population ‘Piperia” (bearing
abundant new vegetation) and treated, at their basal parts, with 0.5 g-L~! K-IBA for
rooting in the multi-position plastic discs, as described previously. The rooting substrate
consisted of different mixtures of perlite and peat TS2 Klasmann (ratios of 1:0, 1:1, or
2:1 v/v, respectively). The shoot cuttings, planted in the multi-position plastic discs, were
then placed for rooting on the bench of either the fog or the intermittent mist system. The
temperature at the bottom of the benches of both rooting systems, close to the basal ends of
the planted cuttings, was set at 21 £ 1 °C using electrical cables. The relative humidity in
the fog system was adjusted to 94-96%, while in the intermittent mist system, the water
was sprayed every 30 min, from 7:00 to 23:00, lasting 20 s in winter, 30 s in autumn and
spring, and 40 s in summer. Forty shoot cuttings were used for every substrate and root
system. At the end of a 5-week period, rooting (%), as well as number and length (cm) of
roots, were recorded.

2.3.4. Statistical Analysis

The experiments of rooting were conducted in completely randomized designs.
Forty cuttings (4 replications of 10 replicates each) per treatment were used. Analysis
of variance (ANOVA) was employed for statistical analysis of the data. The rooting per-
centages were subjected to arcsine transformation, prior to statistical analysis, and were
transformed back to percentages for presentation in figures [37]. The transformed data
were checked for normality and homogeneity of variances, and then, they were analyzed
using one-way ANOVA. The means were compared using the Duncan’s multiple range
test at p < 0.05 [38]. The statistical analysis was carried out using the statistical package
SPSS 27 (IBM, Armonk, NY, USA).

2.4. Propagation In Vitro
2.4.1. Plant Material

Shoot tips (1-1.5 cm long), used as explants for the present study, were provided from
1-year-old plants of the two selected R. officinalis populations of ‘Amaliada’ and ‘Piperia’.
These plants, derived from shoot cuttings of the selected populations, were grown in the
greenhouse in 2 L pots filled with a substrate of 3:1 (v/v) peat TS2 Klasmann and perlite.

2.4.2. Explant Disinfestation and Establishment of In Vitro Cultures

Twenty different treatments were applied and evaluated in order to choose the best
one for explant disinfestation (Table 3). Explant surface disinfestations were conducted
as follows: For the treatments 1-14, NaOCl inclusion in the aqueous solution varied in
concentration and time duration of the application (0.15-0.60%, 3-30 min, respectively).
For the procedures 15-19, 100 mg-L~! of Polyvinyl-pyrrolidone (PVP) was applied, for
30 min, to the explants prior to their immersion into the NaOCl aqueous solution. For
procedure 20, the explants were first soaked in a small amount of commercial detergent,
with a few drops of Triton-X 100, and then, they were rinsed under running tap water for
45 min. Afterwards, a pre-treatment in a mixture of antioxidants (300 mg-L~! ascorbic acid
and 200 mg-L~! citric acid) was applied to explants, for 16 min, prior to their final dipping
into 0.6% (v/v) NaOCl for 7 min. All explants, after disinfestation, were rinsed three
times by sterilized-distilled water and established, in vitro, on MS nutrient medium [39],
supplemented with 2% (w/v) sucrose, 0.25% (w/v) activated charcoal, and 0.8% (w/v) agar
(Technobiochem, Athens, Greece), in Magenta vessels (77 x 77 x 77 mm) (Sigma-Aldrich,
St. Louis, MO, USA). From preliminary experiments, explants cultured on MS nutrient
medium, but lacking activated charcoal, failed to grow, turned brown, and became necrotic;
thus, in all MS nutrient media used, activated charcoal was added. The pH of the nutrient
media was adjusted to 5.8, with 0.5N NaOH or 0.1N HC], prior to agar inclusion. All
in vitro cultures were maintained in a plant growth chamber with a photoperiod of 16 h,
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provided by cool-white fluorescent lamps of a photosynthetic photon flux density (PPFD)
of 50 umol-m~2-s71, at vessel level. The temperature in the growth chamber was set at
23 £ 0.1 °C. After a 2-week period, the effects of the different disinfestation treatments on
explants’ survival were assessed. For each disinfestation treatment, three replications, with
nine explants each, were used.

Table 3. Disinfestation treatments applied to the explants of the two selected R. officinalis populations,
‘Amaliada’ and ‘Piperia’, and percentages of contamination-free explants.

Code PVP * Ascorbic and NaOCl Disinfestation =~ Contamination-Free
Number Citric Acid ** (%) Duration (min) Explants (%)
1 - - 0.5 7 88.9 ab ***
2 - - 0.625 8 88.9 ab
3 - - 0.5 5 88.9 ab
4 - - 0.625 5 100.0 a
5 - - 0.3 7 100.0 a
6 - - 0.3 5 0.0f
7 - - 0.3 3 0.0f
8 - - 04 4 0.0f
9 - - 0.4 3 222e
10 - - 0.4 4 0.0f
11 - - 0.3 5 0.0f
12 - - 0.3 6 44.4 cde
13 - - 0.4 3 0.0f
14 - - 0.3 4 222e
15 + - 0.5 5 100.0 a
16 + - 0.15 30 66.7 be
17 + - 0.15 20 55.6 cd
18 + - 0.15 15 33.3de
19 + - 0.15 10 33.3de
20 - + 0.6 7 100.0 a

* PVP (Polyvinyl-pyrrolidone, 100 mg-L~1). ** Ascorbic acid (300 mg-L~!) and citric acid (200 mg-L™1).
*** Different letters in the column indicate statistically significant differences, according to Duncan’s multiple
range test at p < 0.05.

2.4.3. Effect of Growth Regulators on Shoot Multiplication and Rooting

Uncontaminated explants of “Amaliada’ and ‘Piperia’ populations, from the previous
stage, were subcultured on fresh MS nutrient medium supplemented with 2% (w/v) sucrose,
0.8% (w/v) agar, and 0.25% activated charcoal. The in vitro cultures were maintained in
a plant growth chamber with the same conditions as described previously. Five different
combinations of the plant growth regulators, BAP (Sigma-Aldrich, St. Louis, MI, USA) and
TIAA (Sigma-Aldrich, St. Louis, MI, USA), were tested in the nutrient media (MS1-MS5)
for their effect on shoot multiplication, elongation, and rooting (Table 4). Multiplication of
shoots was based on axillary branching, while spontaneous rooting occurred on the same
nutrient media in almost all combinations of the plant growth regulators tested. After a
5-week period, shoot formation frequency (%), number and length (cm) of shoots formed,
as well as rooting response (%) and length (cm) of roots were measured.

Table 4. Growth regulator combinations, in the MS nutrient media, for the in vitro cultures of
R. officinalis.

Nutrient Medium IAA (mg-L—1) BAP (mg-L—1)
MS1 0 0
MS2 0.1 0
MS3 0.1 0.25
MS4 0.1 0.5

MS5 0.1 1
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2.4.4. Plantlet Acclimatization

The in vitro rooted plantlets of the ‘Amaliada’” and ‘Piperia’ populations were taken
out of the agar-solidified MS nutrient media, and, after thorough rinsing in water for
the removal of any medium residues, they were transplanted in nursery trays filled
with a 2:1 (v/v) mixture of peat and perlite. The trays with the plantlets were placed
in the greenhouse under controlled environmental conditions. For acclimatization, the
plantlets were initially kept under 95% relative humidity, which was progressively low-
ered to 75% after a 2-week period. The light irradiance gradually increased, approaching
the conditions of the natural environment, while the ambient temperature was stable at
23 + 2 °C. After four weeks, plantlet survival was evaluated for both the “Amaliada’ and
‘Piperia’ populations.

2.5. Statistical Analysis

The experiments were conducted using completely randomized designs. For each
disinfestation treatment, three replications of nine explants were used. For both shoot
multiplication and rooting in vitro, three replications of 12 explants per treatment were em-
ployed for each population. In the case of acclimatization, two replications of 20 plantlets,
for each population, were assessed. The statistical analysis of the data was based on analy-
sis of variance (ANOVA). Prior to statistical analysis, data expressed as percentages were
subjected to arcsine transformation for proportions, and they were then transformed back
to percentages in order to be presented in tables. All statistical analyses were conducted
using the SPSS 23 software (SPSS Inc. Statistical Package for the Social Sciences, Chicago,
IL, USA). The mean separations were carried out with Duncan’s multiple range test at
p < 0.05 [38].

3. Results and Discussion
3.1. Morphological Analysis of the Traits

From a macroscopic observation, on the plant branches of the seven populations, it
is clear that there are differences in their morphological features (Figure 2). It is known
that the traits “plant height” and “plant diameter” contribute to the shape of the shrub’s
canopy, and thus, they provide important information for the growth rate of the plants.
For both traits, the population ‘Piperia’” had the highest values, and the population ‘Chios’
had the lowest (Figure 3A,B), while the same picture appeared for the “number of terminal
branches per plant” (Figure 3C). Furthermore, the populations ‘Piperia’ and ‘Amaliada’
had the longest terminal branches, in contrast to the population of ‘loannina’, which ranked
last on the “terminal branches length” trait (Figure 3D). For the “number of nodes per
terminal branch” and “number of leaves per terminal branch”, the ‘Amaliada’ population
achieved the highest values (Figure 3E,F). In relation to “leaf length” and “leaf width”, it
appeared that the populations ‘Piperia’, ‘Amaliada’, and ‘Variko” had the largest leaves,
whereas the other four populations were found to bear the smallest leaves. According
to the morphological analysis of the traits, it seems that there is a significant phenotypic
variability among the selected rosemary populations of Greece. Based on the results of the
phenotypic evaluation, of the populations of R. officinalis, the populations with the overall
better morphological traits seemed to be “Amaliada’ and ‘Piperia’, and thus, they were
chosen for the propagation experiments via shoot cuttings and tissue culture.
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Figure 2. Terminal branches taken from the previous year vegetation, of the seven wild-grown
R. officinalis populations, from the regions of Variko (V), Piperia (P), Amaliada (AM), Ioannina (I),
Chios (CH), Archanes (AR), and Kavousi (KA).

R. officinalis is one of the most important species of Lamiaceae family, which appears to
have interesting properties as an aromatic-medicinal plant, as well as a plant for ornamental
use [40]. Carrubba et al. [41] has noticed that, contrary to other medicinal and aromatic
plants, there is not an official descriptor list for the morphological traits of R. officinalis
among the different regions in which it grows. The variability and the lack of characteri-
zation, of the different phenotypes of R. officinalis, have been acknowledged in previous
studies in different regions of the Mediterranean basin [20,41-43]. Carrubba et al. [41]
reported that the cultivators select the species phenotypes with the largest leaves, without
including in their preferences, and prioritize the factor of production of secondary products
by the rosemary plants, such as the aromatic oils. However, other researchers examined the
connection between morphological traits of the plant and the products of their secondary
metabolism [44-46].

Furthermore, the name of the Rosmarinus clade, which is derived from the words “ros”
and “mare”, meaning, in Latin, “drew” and “sea”, indicates its capability of surviving
near the sea [47]. This is confirmed from several studies, which examine the tolerance
of R. officinalis plants to drought stress [48,49] and salt stress [50-52]. All of the above
suggest that rosemary is a suitable landscaping choice for environments with high salinity
and temperatures.
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Figure 3. Mean values for eight morphological traits of ornamental use [(A) plant height (cm),
(B) plant diameter (cm), (C) number of terminal branches per plant, (D) terminal branches length
(cm), (E) number of nodes per branch, (F) number of leaves per terminal branch, (G) leaf length
(cm), (H) leaf width (cm)] measured on the plants of the seven populations of Rosmarinus officinalis:
‘Variko’ (V), ‘Piperia’ (P), ‘Amaliada’ (AM), ‘loannina’ (I), ‘Chios’ (CH), “Archanes’ (AR), and ‘Kavousi’
(KA). Different letters, in columns for each of the traits, indicate statistically significant differences,
according to Duncan’s multiple range test at p < 0.05.
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3.2. Propagation by Shoot Cuttings
3.2.1. Effect of K-IBA and Season on Rooting of Cuttings

The rooting of R. officinalis cuttings was influenced by both K-IBA application and
the season of the cuttings’ collection (Figure 4). Thus, when K-IBA was applied, in most
treatments, the rooting rate significantly increased, or even over doubled. Regardless,
its concentration, as compared with the control, succeeded figures up to 82.5%. The
concentration of 1 g-L~! K-IBA was more effective on rooting than 0.5 g-L~! in the winter
collection of cuttings for both ‘Piperia’ and ‘Amaliada’ (Figure 4D), whereas for ‘Amaliada’,
cuttings were less effective in spring (Figure 4A). In all other cases, both concentrations
of K-IBA achieved similar percentages of rooting (Figure 4A-C). Furthermore, in spring,
higher rooting percentage was noticed at 0.5 g-L~! K-IBA, as compared with 1 g-L~! (82.5%
and 60%, respectively) in the “Amaliada’ population, while in the ‘Piperia” population, no
statistically significant difference was noticed (Figure 4A). Additionally, in autumn and
summer, the rooting of cuttings was almost at the same range for both auxin concentrations
tested (Figure 4B,C). Cuttings of ‘Amaliada’ rooted better in spring, with 0.5 g-L~! K-IBA
(82.5%), than in the other seasons, while cuttings of ‘Piperia” achieved the highest rooting
percentages in autumn, with either K-IBA concentration tested (80-82.5%). In all cases, the
number of roots was significantly higher with the use of K-IBA than the control, except
for ‘Amaliada’ in autumn, without differences between the two concentrations (Table 5).
However, the root length was not increased with the use of K-IBA in spring, autumn,
and winter, while in summer, the control cuttings produced longer roots in comparison
to the 1 g-L~! K-IBA treatment. No differences in root length were found between the
concentrations of 0.5 and 1 g-L’1 K-IBA (Table 5).
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Figure 4. Effect of K-IBA and season [(A) spring, (B) summer, (C) autumn, and (D) winter] on the
rooting (%) of R. officinalis ‘Piperia’ and ‘Amaliada’ shoot cuttings. Different letters, in columns for
both populations in each season, indicate statistically significant differences, according to Duncan’s

multiple range test at p < 0.05.
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Table 5. Effect of K-IBA and season (spring, summer, autumn, and winter) on number and length

(cm) of roots of R. officinalis ‘Piperia’ and “Amaliada’ shoot cuttings.

Population K-IBA g-L-1 Spring Summer Autumn Winter
0 311+051*b*  335+042b 334+ 0.59b 2.77 +£0.18 b
‘Piperia’ 0.5 573+0.29a 572 +0.38a 594+ 051 a 433+0.19a
Number of 1 610+ 1.10a 6.28 £ 0.52a 641 +031a 475+ 042 a
roots 0 279+ 022b 3.11+0.25b 518 +0.70 a 268+ 0.37b
‘Amaliada’ 0.5 5.86 + 0.47 a 595+ 036 a 570+ 0.55a 454 +050a
1 6.07 £ 0.85a 6.16 £ 0.68 a 6.69 + 0.46 a 471+ 046 a
0 7.70 £ 0.61 a 819 +£091a 8.58 + 0.68 a 591+ 049 a
‘Piperia’ 0.5 7.60 &+ 0.57 a 7.58 & 0.58 ab 893+ 0.75a 557 +0.52a
Length of roots 1 717 £1.02a 731 +£064b 7.77 £ 034 a 6.36 +£ 047 a
(em) 0 7.56 + 093 a 7.95 +0.61a 7.34 +0.55a 6.18 £ 0.38 a
‘Amaliada’ 0.5 744 +0.74 a 7.63 £ 0.69 ab 7.88 +0.28 a 542 + 040 a
1 821 +039a 6.27 £ 0.45b 851 +047a 534+ 051a

* Standard Deviation. ** Means in columns, for number and length of roots, with different letters indicate
statistically significant differences, according to Duncan’s multiple range test at p < 0.05.

Previous studies reported that rosemary shoot cuttings have a good rooting ability,
and the application of plant growth regulators induces even greater rooting percentages
and qualitative features of the new root system [18-21]. Shahhoseini et al. [22] reported that,
at a concentration of 1 g-L~! NAA, the rooting of rosemary cuttings reached 84%, while
at5 g-L~! IBA, the rooting percentage was 66%. In the same trend, Abu-Zahra et al. [19]
found that 3 g-L~! of NAA triggered the highest rooting percentages on rosemary cuttings.
In another report, IBA at only 5 mg-L.~! stimulated the rooting of rosemary cuttings up to
92% [20]. The degree of lignification, and the physiological status of shoot cuttings, vary
among the four seasons, and these factors influence their rooting response differently. In
this study, spring and autumn appeared to be more efficient for rooting, whereas Silva
and Petras [26] reported that the end of winter was the best season for the rooting of
rosemary cuttings.

3.2.2. Effect of Substrate and Rooting System on Rooting of Cuttings

Significant differences were found regarding the influence, of the type of substrate
and the kind of rooting system, on the rooting percentage of shoot cuttings collected from
‘Piperia’ plants (Figure 5). Rooting in the fog system was higher than in the intermittent mist
system when the substrate contained peat. Similar rooting percentages were achieved in
fog and intermittent mist system when the substrate consisted of only perlite. The highest
rooting of cuttings was observed on substrates of perlite and peat, in proportions of 2:1 and
1:1, in the fog system (85% and 75%, respectively) (Figure 5). There were no statistically
significant differences in the number and length of the roots formed on the cuttings, among
the three substrate formulations, for both fog and intermittent mist (Table 6). From the
above, it appeared that shoot cuttings of R. officinalis rooted adequately on the substrate of
perlite and peat (2:1, v/v) in the fog rooting system (Figure 6).

The substrate plays an important role in the rooting process because, apart from
anchoring, it permits the aeration (i.e., oxygen) and provides the needed moisture at the
bases of the cuttings, stimulating root formation in this way. Peat and perlite alone, or a
combination of both in various proportions, are the main components of most commercial
substrates used for the successful rooting of cuttings [23]. Varban et al. [24] found the
mixture of perlite and peat, in a ratio of 1:1 (v/v), as the most effective substrate for the
rooting of rosemary shoot cuttings.
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Figure 5. Effect of the rooting system and the substrate composition on the rooting (%) of R. officinalis
‘Piperia’ shoot cuttings. Different letters, in the columns of all substrates, indicate statistically
significant differences, according to Duncan’s multiple range test at p < 0.05.

Table 6. Effect of the rooting system and the substrate composition on the number and length (cm) of
roots of R. officinalis ‘Piperia’ shoot cuttings.

Number of Roots Length of Roots (cm)
Perlite: Peat Fog Mist Fog Mist
1:0 574a* 5.86a 371a 3.57a
2:1 559 a 620 a 414a 3.86a
1:1 547 a 6.0la 392a 3.78a

* Means in columns with different letters indicate statistically significant differences, according to Duncan’s
multiple range test at p < 0.05.

3.3. Propagation In Vitro
3.3.1. Explant Disinfestation and Establishment of In Vitro Cultures

Disinfestation treatments with code numbers 4, 5, 15, and 20 were effective for re-
moving surface contaminants (100%) from the explants of the two selected populations
(Table 3). However, despite the effectiveness of disinfestation treatments No. 4, 5, and 15,
some explants exhibited tissue browning, probably due to the high endogenous phenolic
content of rosemary. Disinfestation treatment No. 20 was the most beneficial as, besides
the optimal results in terms of explant survival (100% healthy), it also eliminated brown-
ing due to pretreatment with the aqueous solution of antioxidants (ascorbic and citric
acid) (Table 3).
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Figure 6. Planted cuttings of R. officinalis during rooting in the fog system: ‘Piperia’ cutting(s) (A) in
substrate of perlite and peat (1:1, v/v) in plastic multi-position disks, (B) rooted in substrate of perlite
and peat (1:1, v/v), (C) rooted in substrate of perlite and peat (2:1, v/v), and (D) “Amaliada’ cuttings
in substrate of perlite and peat (2:1, v/v) in plastic multi-position disks.

The explants are often major sources of contaminants covering their surface or even
appearing within the vascular system. Explant surfaces, covered with thick wax and
epidermal trichomes, can host numerous microorganisms. Besides contamination, which
often occurs in the tissue culture by various pathogens, another problem is browning by
phenolic compounds of the culture, causing severe damage to the explants [53]. These
substances tend to inhibit explant establishment and further development. The use of
antioxidants (ascorbic and citric acid) in this study proved to be crucial in solving the
browning problem of rosemary explants. By the same means, other researchers have suc-
cessfully eliminated browning in their cultures during surface sterilization of the explants,
such as: El-Zefzafy et al. [34] for R. officinalis and Tsoulpha et al. [54] for Pyrus spinosa. Sakr
et al. [55], by using antioxidants in the form of lemon juice, in combination with HyO,,
obtained high disinfestation rates (90-100%) for three rosemary cultivars.

3.3.2. Effect of Plant Growth Regulators on Shoot Multiplication and Rooting

The culture medium and its content in plant growth regulators was a determining
factor for the process of the in vitro cultures in this study (Figure 7). In particular, the
frequency and the rate of regenerated shoots in vitro varied between the two rosemary
populations and the five different combinations of BAP and IAA used. In the cultures
of “Amaliada’, shoot formation frequency ranged from 50.0-91.6%, and the number of
shoots formed was 0.92-2.0, while for ‘Piperia’, shoot formation frequency was 8.33-66.6%,
and the number of shoots formed was 0.08-0.67 per explant for all the media (MS1-MS5)
tested (Table 7). The cultures of the “Amaliada’ population exhibited the highest shoot
formation frequency (91.6%) and the greatest number of new shoots per explant (2.0) on
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the MS medium without plant growth regulators (control). Regarding the length of new
shoots formed, it ranged from 0.68 to 0.94 cm for “Amaliada’, and for ‘Piperia’, it ranged
from 0.35 to 1.26 cm. Cultures of the ‘Piperia’ population were not as prolific as “Amaliada’
population, since shoot formation frequency reached up to 66.6%, and the number of new
shoots was only 0.67 on MS3 and MS4 media. In general, the length of the new shoots
produced was less than 1 cm, although on the MS4 medium, the shoot length was 0.94 cm
for ‘Amaliada’ and 1.26 cm for the ‘Piperia’ population (Table 7).

Figure 7. In vitro cultures of R. officinalis, after 5 weeks from establishment, for (A) ‘Amaliada’ on
MS1 and (B) ‘Piperia” on MS4.

Table 7. Effect of plant growth regulators on shoot and root formation in in vitro cultures of ‘Amaliada’
and ‘Piperia’ populations, after five weeks of culture.

Media Povulation Shoot Formation Number of Length of Root Formation Length of
P Frequency (%) Shoots Shoots (cm) Frequency (%) Roots (cm)
MS1 ‘Amaliada’ 91.6 £144*a*  200+021a 0.68 £0.04 e 16.6 +144b 6.25 £ 0.75 ab

‘Piperia’ 333 +14.4d 033 £0.14e 1.08 £ 0.19 ab 25.0 £25.0 ab 2.50 £0.29 f

MS2 ‘Amaliada’ 66.6 & 14.4 bc 1.50 £ 0.42 ab 0.91 £ 0.08 bc 41.6 £ 144 ab 2.80 + 0.21 ef

‘Piperia’ 83+ 144e 0.08 £ 0.08 f 035+ 0.15f Oc Og

MS3 ‘Amaliada’ 75.0 £ 25.0 ab 1.25 £ 0.28 be 0.79 £0.07 de 333 £ 144ab 3.85+£0.72d
‘Piperia’ 66.6 & 14.4 bc 0.67 +0.14 cd 0.93 & 0.16 bc 8.3+ 14.4bc 3.75+0.75de

MS4 ‘Amaliada’ 58.3 £ 14.4 bc 1.08 £ 0.31 bc 0.94 £ 0.05bc 50.0 £25.0a 7.08+0.71a
‘Piperia’ 66.6 & 14.4 bc 0.67 £0.14 cd 126 +0.18a 41.6 =144 ab 5.30 £ 0.54 bc

MS5 ‘Amaliada’ 50.0 +25.0 cd 0.924+0.36bcd  0.85 £ 0.08 cd 25.0 +25.0 ab 4.00+0.58d
‘Piperia’ 58.3 + 14.4 bc 0.58 £0.15de 0.83 £0.05cd 16.6 +144b 425+ 0.75cd

* Standard Deviation. ** Means in columns, for the same measurement, with different letters indicate statistically
significant differences, according to Duncan’s multiple range test at p < 0.05.

It is worth it to emphasize the incorporation of activated charcoal into all tested
nutrient media and its essential role for obtaining healthy rosemary explants and phenolics-
free cultures. This, according to the literature, is mainly related to activated charcoal’s
ability to absorb phenolic compounds, released by the explants, to the nutrient medium
and, thus, reducing their oxidation and browning, leading, finally, to greater culture
survival rates [56]. The beneficial addition of activated charcoal, in various concentrations
(0.5-4.0 g-L~1), in the nutrient medium of other Lamiaceae family plants has been reported
by many researchers [57-60]. Moreover, Pan and Staden [61], as well as Buckseth [62],
emphasize, in their reviews, the important role of activated charcoal for cell growth and
development in all aspects of in vitro plant cultures.

The studied populations of R. officinalis showed differences in shoot multiplication and
development on the tested growth regulator combinations and control treatments. In partic-
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ular, increased new shoot formation and elongation was promoted in the absence of growth
regulators for the ‘Amaliada’ population. Mascarello et al. [63] have also reported that, even
without plant growth regulators, seedlings of R. officinalis showed a decent multiplication
capacity and shoot growth in vitro. On the other hand, the combination of 0.5 mg-L~!
BAP and 0.1 mg-L~! IAA (MS4) was the best for ‘Piperia’ cultures. Likewise, for rosemary
cultures, Husain and Jawad [64] found high production of new shoots with the same
combination of growth regulators in vitro. The effect of genotype of the two populations is
obviously responsible for the different responses of their cultures in vitro.

Similarly to our work, with regard to the micropropagation of other Lamiaceae plants,
Singh and Sehga [65] proposed the addition of IAA and BAP in the culture medium of
holy basil (Ocimum sanctum) in order to achieve a significant increase in the production of
new shoots. Grzegorczyk et al. [66], investigating the in vitro culture of Salvia officinalis, also
reported the formation of an average of three new shoots per each initial explant, on the MS
nutrient medium with 0.1 mg-L~! IAA and 0.45 mg-L~! BAP, within 5 weeks. Combinations
of BAP, with NAA or IBA, were effective for shoot multiplication of Ocimum basilicum and
Perovskia abrotanoides, which both belong to the Lamiaceae family as well [67,68].

Spontaneous formation of roots occurred on the rosemary shoot cultures, in vitro, in
almost all the tested nutrient media. In particular, for cultures of ‘Amaliada’ root, frequency
ranged between 16.6 and 50%, and for ‘Piperia’ it ranged between 8.3 and 41.6% on all
nutrient media except that of MS2 (0%) (Table 7). The combination of 0.5 mg-L~! BAP
and 0.1 mg-L~! IAA (MS4) led to the highest root formation frequency and the longest
roots for both populations (50%, 7.08 cm for ‘Amaliada’ and 41.6%, 5.30 cm for ‘Piperia’)
(Table 7, Figure 8).

Figure 8. ‘Amaliada’ (A) and ‘Piperia’ (B) plantlets with developed roots, after 5 weeks in MS nutrient
medium, supplemented with 0.5 mg-L~! BAP and 0.1 mg-L~! IAA.

Cultures of both populations formed roots promptly in almost all media, including
control, exhibiting adequate rooting ability and a well-formed rooting system. This sur-
prising phenomenon, besides the labor and cost saving procedure, provided us with the
alternative of developing a simple and functional micropropagation protocol, for rose-
mary, consisting of only two in vitro steps. Rosemary is a relatively easy species to root
in vitro. According to the research of Sakr et al. [55], two rosemary cultivars readily rooted
in vitro by simply transferring the explants from a cytokinin-containing nutrient medium
to a cytokinin-free MS nutrient medium. Similarly, Mascarello et al. [63], using in vitro
germinated rosemary seeds as starting material, reported 50% rooting on nutrient medium
without plant growth regulators, while, with the addition of 0.5 or 1 mg-L~! IAA in the
nutrient medium, rooting reached 75 and 78.6%, respectively. However, Dong et al. [30],
starting from rosemary leaves, found that MS nutrient medium containing 0.1 mg-L~?
NAA promoted rooting at 65%.
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In this study, the addition of activated charcoal was also an essential factor for the
rooting of cultures of both rosemary populations in vitro. The positive effect of activated
charcoal on rooting was also demonstrated for conifers, which are generally considered
as species that are difficult to root, such as Pinus pinaster [69]. Tien Vinh et al. [57] con-
cluded that 1 g-L~! of activated charcoal is the most effective concentration to achieve the
maximum number and length of shoots, as well as roots, in vitro in lavender cultures.

3.3.3. Plantlet Acclimatization

At the end of the 4-week period, the acclimatization of the in vitro rooted plantlets, to
ex vitro conditions, succeeded a 70% survival rate (data not shown), and the young plantlets
of both “Amaliada’ and ‘Piperia’ populations presented healthy appearance and normal
characteristics (Figure 9). Afterwards, the young rosemary plantlets continued their growth
and development in the greenhouse under natural environmental conditions (Figure 10).
Chaturvedi et al. [29] reported 60% survival rate of in vitro rooted rosemary shoots, which
were transplanted directly to sterilized soil in pots, while Husain and Jawad [64] obtained
90% survival rate for acclimatized rosemary plantlets.

Figure 9. Acclimatized plantlets of ‘Amaliada’ (A) and ‘Piperia’ (B) at the end of the 4-week acclima-
tization period.

Figure 10. Bare-root plantlets of ‘Amaliada’ (A) and ‘Piperia’ (B), one week after the acclimatization period.
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Acclimatization of in vitro-produced plantlets is a stressful process of micropropaga-
tion, and it requires gradual adaptation to the external environment and transition of the
root system from a non-functional structure to a functional one [70]. Gradual reduction in
the ambient relative humidity and, at the same time, gradual increase in the light irradiance
greatly contributes to plantlet hardening towards a successful acclimatization. Implemen-
tation of this procedure, to the young rosemary plantlets of both populations, resulted in
liming the losses.

4. Conclusions

The findings of this study could be useful in an effort of using, in a sustainable
way, native rosemary populations with desirable traits, as the primary plant material
for the local market, through efficient propagation methods. Plants from the selected
populations, ‘Amaliada’ and ‘Piperia’, can be produced easily from the shoot cuttings
rooted, with the application of 0.5-1 g-L~! K-IBA, on a substrate of perlite and peat
(2:1, v/v) in the fog system in spring or autumn. In addition to cutting propagation, the
micropropagation protocol developed in this study can provide abundant propagation
material to growers. In the present micropropagation protocol, the use of antioxidants
and activated charcoal play key roles in avoiding explant browning, due to oxidation and
the inclusion of 0.25 or 0.5 mg-L~! BAP and 0.1 mg-L~! IAA on the MS nutrient medium,
for shoot formation. Furthermore, spontaneous rooting occurs on this nutrient medium,
and the young plantlets, after being transplanted to soilless substrate, can be adequately
acclimatized in the greenhouse. Hence, this two stage micropropagation protocol is simple,
economic, and functional in producing great numbers of rosemary plantlets.
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