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Abstract: Juniperus drupacea Labill. (Cupressaceae) is a species with ecological and medicinal value.

In Europe, it is native only in southern Greece, and is listed as endangered. Due to its uniqueness, this

study attempted, for the first time, an in vitro propagation effort of Syrian juniper. Explants of the

lateral shoot tips were surface-sterilized and cultured on Murashige and Skoog (MS) medium. The

cultures were subcultured on MS, woody plant medium (WPM), and Driver and Kuniyaki Walnut

(DKW) supplemented with different concentrations of 6-benzylaminopurine (BA), thidiazuron (TDZ),

or meta-topolin [6-(3-hy-droxybenzylamino)purine] for shoot induction. Explants derived from

female trees exhibited 54.17% bud proliferation on DKW medium with 4 yM meta-topolin or 4 tM

TDZ and on WPM with 4 uM meta-topolin or 4 pM BA. A total of 62.50% of the male tree derived

explants produced multiple shoots on DKW with 4 uM BA. The maximum average number of shoots

per explant were 1.17 per explant in both cases. The length of the shoot derived from explants of

female origin was 2.94 mm compared to 2.69 mm of the in vitro shoots from the explants of male

ﬁfl‘ae::tf:; trees. Overall, the best medium and plant growth regulator combination for the explants derived

o . from both female and male trees, for the traits under study, was proven to be DKW + 4 uM TDZ. Our
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Daskalakou, E.N. Potential and as the applications of IBA, NAA, and IAA concentrations were proven to be ineffective treatments.

Constraints on In Vitro Although the results show low values, this avant-garde study provides a foundation for further
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Juniperus drupacea Labill., commonly known as Syrian juniper, belongs to the Cupres-
saceae family. It is a dioecious tree, 10-20 m in height, forming a conical crown. The needles
are acicular, up to 25 mm long and 4 mm wide, with two white bands on the top, arranged

in alternate whorls. The cones of Syrian juniper, being the largest among juniper species,
are ovoid to globose, 20-25 mm in diameter, brownish, glaucosus, and pruniose in maturity,
and have three seeds in a characteristic drupe-like strobile [1-3]. It is considered as a relict
species with a disjunct geographical range. The location of its divergence and evolution
This article is an open access article ~ f€mains unknown [3]. Rare fossil data only include remnants known from Miocene and
distributed under the terms and  Lliocene deposits in Europe [3-7] and concern the Juniperus spp. in general.
conditions of the Creative Commons Currently, the distribution range of the species extends mainly to SE Turkey, western
Attribution (CC BY) license (https:// ~ Syria, Israel, and Lebanon . In Europe, its natural populations are restricted only to Greece,
creativecommons.org/ licenses/by / in the SE part of the Peloponnese Peninsula [8-12]. Specifically, more than 95% of |. drupacea
40/). populations are found on Mt. Parnon [9] and a few have been recorded in a limited
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area of Mt Taygetos in small patches [10-12]. Syrian juniper can be used to enhance the
biodiversity in oak and cedar forest restoration [13] and protect the soil from erosion [14].
It is considered as a very interesting ornamental tree because of its columnar shape, good
growth rate, and resistance to frost [15].

In Greece, |. drupacea, due to its decay-resistant timber, used to be exploited for car-
pentry as well as fuel. However, its endangered status has prevented any extensive use
today as they are included in natural habitat types of community interest whose conser-
vation requires the designation of special areas of conservation [16]. According to the
International Union for the Conservation of Nature (IUCN) [17], J. drupacea is considered
worldwide as a species of Least Concern (LC). However, in Europe, it is listed as Endan-
gered (EN) [18] under the criteria Blab(iii) + 2ab(iii) [19]. In Greece, its ecological value
has been acknowledged since 1980 when Juniperus drupacea forests has were declared as a
“Natural Monument under Preservation”, according to FEK 121D /1980 [20]. In 1992, it was
included in Annex I of Directive 92/43/EEC as a priority habitat type and the Mt Parnon
summit and Malevi Monastery were included in Natura 2000 as Special Protected Areas
(code: GR 2520006) [16].

Natural reproduction occurs through seeds and it has been proven to be a very slow
procedure, especially due to its seed’s deep dormancy [21]. Juniper species have sexual
reproductive capacity but their seed number varies. They mainly not only have low seed
production, but also present low germination percentage, physiological dormancy, and
lessened embryos viability [13,22,23]. In particular, Syrian juniper seeds present germina-
tion morphophysiological barriers and can delay natural germination for 4-5 years [24].
On the other hand, the cone flesh alone can postpone it for 1 to 2 years [25].

Several attempts have been made to in vitro regenerate Juniperus as the species shows
a general recalcitrance in natural regeneration. Micropropagation by axillary shoots, among
others, is considered as an effective method for the accomplishment of one of the aims
of vegetative propagation, that is, the mass production of plants. Although it has shown
positive results in many forest species, it presents more difficulties in conifers, particularly in
the genus Juniperus, being challenging and demanding as well as arduous [14,26-31]. There
are physical and chemical factors that stimulate the different conifer species to develop
shoots and adventitious roots with the progress not always being triumphant. According
to Ragonezi et al. [32], these factors include plant growth regulators, carbohydrates, light
quality, temperature, and the rooting medium.

Gomez and Segura [33] first reported the successful application of this method for
Juniperus oxycedrus L., which resulted in the induction of shoots but with very limited root-
ing frequency. Rooting of the in vitro regenerated microshoots is a very laborious, crawling
and inefficient process in conifers [14,28,32,34]. The efficiency of shoot induction is varied
among Juniperus species and depends on the types of explants [28,35]. The type of medium
as well as the type of cytokinin and auxin and their concentrations were revealed to play
determined roles in blastogenesis and rhizogenesis in Juniperus oxycedrus [33,36], Juniperus
phoenicea [27,37], Juniperus navicularis [35], Juniperus excelsa M. Bieb, Juniperus horizontalis
Moench and Juniperus chinensis L. [38], Juniperus excelsa [39], Juniperus polycarpos L. [40], and
Juniperus thulifera L. [28]. Some studies have shown that the proliferation response of some
juniper species increased during subsequent subcultures [27,35,38] due to overcoming the
first shock after the first establishment in in vitro conditions [27].

Rizhogenesis is influenced by factors such as donor plant age and health, shoot
vigor and juvenility genotype, and type of explant, auxin treatment, and environmental
conditions on rooting, decreasing the mineral, sucrose, and agar concentrations in the
medium [41-45]. In junipers, a very high rooting rate has only been reported in Juniperus
oxycedrus L. and Juniperus cedrus Webb & Berthel. [26,34]. Varying rooting rates were ob-
served in Juniperus excels M.Bieb., Juniperus horizontalis Moench and Juniperus chinensis L. [38],
Juniperus navicularis Gand. [35], Juniperus thulifera L. [28], Juniperus oxycedrus L. [36], while
the rooting of Juniperus polycarpos K. Koch [40] were not satisfactory. In Juniperus phoenicea L.,
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the results were contradictory as some studies reported small to moderate rooting [27,37]
and some failed in rhizogenesis [46].

In this context, the aim of the study was to investigate, for the first time, whether
in vitro micropropagation would overcome the in vitro regeneration recalcitrance of
Juniperus drupacea. The scientific team investigated the in vitro culture establishment, shoot
proliferation as well as the potential for rooting. We incorporated three types of media
and three types of plant growth regulators in several concentrations in our experiments in
order to achieve blastogenesis and rhizogenesis. Although there were promising results on
shooting, they lacked rooting, which, like other juniper species, was not feasible.

2. Materials and Methods
2.1. Plant Material—Explants Sterilization—Culture Establishment

Healthy mature Juniperus drupacea male and female individuals growing on Mt. Parnon
were selected as explant source trees. Eight trees per sex from three different areas were
selected as explant donors. The age of the selected trees ranged from 30 to 50 years. The
lateral shoots of the actively growing stems of the source trees were the explant donors.
These were collected during April to May, placed in damp cotton cloth, stored at 4 °C,
and transferred to the laboratory until subsequent manipulations. The following day,
the explants (i.e., nodal segments and apical shoot tips of 1.5-2.5 cm long) were excised
from the explant donors collected during the vegetative growth stage. The explants were
distinguished as female and male in relation to their tree gender.

The explant surface was successfully disinfected by successive immersions in two
different aqueous solutions: the first was a solution of 70% ethanol with continuous stirring
for 1 min, and the second was sodium hypochlorite (10% NaOCl, Fluka, Germany) at a
concentration of 1.0% (v/v), complemented with 0.05% (v/v) Tween-20 (Fisher Bioreagents,
USA) with continuous stirring for 15 min. After immersion, the explants were rinsed three
times with sterile deionized water for three minutes each.

Each explant was placed in a 25 mm x 150 mm culture tube containing 20 mL of the nu-
trient medium. Three media were used to establish the in vitro culture: the MS of Murashige
and Skoog [47] (Duchefa Biochemie, Haarlem, The Netherlands), the wood plant medium
(WPM) of Lloyd and McCown [48] (Duchefa Biochemie, Haarlem, The Netherlands), and
the Driver and Kuniyaki Walnut (DKW) of Driver and Kuniyuki [49] (Duchefa Biochemie,
Haarlem, The Netherlands). Each medium contained 3% (w/v) sucrose (Duchefa Biochemie,
Haarlem, The Netherlands) solidified with 6 g L1 agar (Duchefa Biochemie, Haarlem,
The Netherlands) and their pH was adjusted to 5.8 before agar addition and autoclaving
at 121 °C and 122 kPa for 20 min. All cultures were incubated in a growth chamber at
23 + 1 °C with a 16 h light/8 h dark photoperiod at a 50 pmol m~2 s~! photosynthetic
photon flux density (culture level) provided by cool-white fluorescent lamps.

2.2. Shoot Regeneration, Multiplication, and Elongation

After 10 days, the healthy non-contaminated explants were subcultured in full-strength
mediums (i.e., MS, WPM and DKW) containing 6-benzylaminopurine (BA) (Sigma Chemicals,
St. Louis, MO, USA) or thidiazuron (TDZ) (Cayman Chemicals, Ann Arbor, MI, USA)
or meta-topolin [6-(3-hydroxybenzylamino)purine] (Duchefa Biochemie, Haarlem, The
Netherlands) at various concentrations (1.0, 2.0, 4.0 and 8.0 uM) for multiple shoot induc-
tion. Each medium contained 3% (w/v) sucrose and was solidified with 6 g L~! agar and
their pH adjusted at 5.8 before agar addition and autoclaving at 121 °C and 122 kPa for
20 min. The treatments used in the shoot regeneration experiments are shown in Table 1.
The plantlets established in in vitro conditions were transferred every 2-3 weeks to new
nutrient media of the same composition. After an 8-week period (three subcultures), the
effect of the various concentrations that the plant growth regulators had on the average
shoot formation percentage (%), average shoot number, and length per explant were evalu-
ated. Every treatment (i.e., medium—plant growth regulator combination) included three
replicates. Each replication constituted eight tubes with one explant per tube. In total,
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1872 explants were incorporated in our shoot regeneration, multiplication, and elongation
experiments, not counting all the explants used in the establishment of cultures. The
cultures of each experiment was arranged in a completely randomized design in a growth
chamber at 23 + 1 °C with a 16 h light/8 h dark photoperiod at a 50 pumol m~2 s~! photo-
synthetic photon flux density (culture level) provided by cool-white fluorescent lamps.

Table 1. Treatments used in the shoot regeneration experiments for both the female and male explants.

Treatment Concentration

PGR MS Medium WPM Medium DKW Medium
Control Control Control
1.0 uM 1.0 uM 1.0 uM
BA or TDZ or m-T 2.0 uM 2.0 uM 2.0 uM
4.0 uM 4.0 uM 4.0 uM
8.0 uM 8.0 uM 8.0 uM

MS: Murashige and Skoog medium, WPM: wood plant medium, DKW: Driver and Kuniyaki Walnut medium,
BA: 6-benzylaminopurine, TDZ: thidiazuron, mT: meta-topolin.

2.3. In Vitro Rooting of Shoots

Shoots of 2.0-2.5 cm long, derived from the shoot regeneration step, were transplanted
on culture tubes containing full-strength of the same media as in the previous stage, sup-
plemented with several auxins for rooting. Explants from each treatment of the shoot
regeneration, multiplication, and elongation stage were transplanted to each rooting treat-
ment. In order to satisfy the required number of eight explants per replicate and per
treatment, where necessary, we used explants from the establishment cultures stage. Plant
growth regulators were IBA (indole-3-butyric acid) (Sigma Chemicals, Saint Louis, MO,
USA) at concentrations of 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 uM; NAA (c-naphthalene acetic
acid) (Sigma Chemicals, Saint Louis, MO, USA) at concentrations of 1.0, 2.0, 4.0, and 8.0 uM;
and IAA (3-indoleacetic acid) (Sigma Chemicals, Saint Louis, MO, USA) at concentrations
of 0.5, 1.0, 2.0, and 4.0 uM. All treatments used in the rooting experiments are shown in
Table 2. The nutrient media were solidified with 7 g L~! agar, and supplemented with 3%
(w/v) sucrose. The conditions of the cultures were the same as above-mentioned. After a
4-week period, the effect of the concentrations of the plant growth regulators on the rooting
percentage (%), root number, and length per shoot were evaluated. The experimental
design was the same as that above-mentioned.

Table 2. Treatments used in the rooting experiments for both the female and male explants.

Treatment Concentration

MS WPM MS WPM MS WPM

PGR DKW Media PGR DKW Media PGR DKW Media

Control Control Control

1.0 uM

2.0 uM 1.0 uM 0.5 uM
IBA 4.0 uM NAA 2.0 uM IAA 1.0 uM

8.0 uM 4.0 uM 2.0 uM

16.0 uM 8.0 uM 4.0 uM

32.0 uM

MS: Murashige and Skoog medium, WPM: wood plant medium, DKW: Driver and Kuniyaki Walnut, IBA:
indole-3-butyric acid, NAA: x-naphthalene acetic acid, IAA: 3-indoleacetic acid.

All cultures were incubated in a growth chamber at 23 £ 1 °C with a 16 h light/8 h
dark photoperiod at a 50 pmol m~2 s~! photosynthetic photon flux density (culture level)
provided by cool-white fluorescent lamps.
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2.4. Statistical Analysis

Analysis was based on individual values of the average shooting percentage, the mean
number, the mean length of shoots per explant, the proportion of rooted microcuttings, the
number, and the mean length of roots per explant. The following linear model was used in
the analysis to specify the impact of the gender, the plant growth regulator treatment, and
the interaction between the gender and the plant growth regulator treatment:

Yija = J+ & + My + b + gm; + &t eiju

where yjj, is the measurement for a trait of the /th explant, the kth plant growth regulator
treatment, the ith nutrient medium and the jth explant gender, as dependent variables;
p is the fixed population mean of all explants; g; is the fixed effect of the jth gender; m;
is the random effect of the ith nutrient medium; t; is the random effect of the kth plant
growth regulator treatment; g;*t; is the interaction of the jth gender with the kth plant
growth regulator treatment; ¢;*m; is the interaction of the jth gender with the ith nutrient
medium; and ¢;j is the random residual error of the /th explant, the kth plant growth
regulator treatment, the ith nutrient medium, and the jth gender. The restricted maximum
likelihood (REML) method was used to estimate the variance components. Moreover,
a binomial logistic regression was performed to predict the probability of the explant
to shoot, which was considered as the dichotomous dependent variable by using the
type of the medium (categorical), type of the plant growth regulator (categorical) and
its concentration (ordinal), and gender (categorical) as explanatory variables (covariates).
Descriptive statistics, analysis of variance (ANOVA) as well as the Duncan’s multiple
range test (MRT) based on the 0.05 level of significance were performed on the number
and average shoot length per explant and the shooting proportion per treatment. Data in
percentages were subjected to appropriate transformation in order to statistically analyze
and were transformed back to percentages for presentation in the tables and graphs. All
statistical analyses were performed using SPSS v.20 software for Windows (IBM SPSS
Statistics 2011, IBM Corp., Armonk, NY, USA).

3. Results
3.1. Shoot Regeneration, Multiplication, and Elongation

Shoot formation was affected by the kind and concentration of plant growth regulators
and nutrient medium but not the tree gender. Throughout the experiment, no significant
interactions between gender and nutrient medium and between gender and plant growth
regulator treatment was observed regarding the average shoot formation percentage, the
average shoot number per explant, and the average shoot length per explant. The impact
of different media and plant growth regulators and their concentration in the treatments on
the average number of shoots per explant, the average shoot length, and the frequency of
shoot formation of female and male Juniperus drupacea explants are presented in Table 3,
Supplementary Material Tables 51-5S3, and Figures 1-3.

Table 3. Effect of the medium on the average percentage of blastogenesis (%), average number of
shoots, and average shoot length of Juniperus drupacea explants in relation to their gender (means
followed by the same letter did not differ statistically at p < 0.05 according to the Duncan test).

Average Percentage of Average Number of Shoots Average Shoot Length
Blastogenesis (%) per Explant per Explant (mm)
Explant Gender Female Male Overall Female Male Overall Female Male Overall
N 312 312 624 312 312 624 312 312 624
Nutrient DKW 41352 44234 42794 0.784 0.76 2 0.772 1.082 1.042 1.062
Modiom WPM 3974 39742 39742 o72%b 066 068 095 095 095
MS 3590° 3686  36.38° 0.66° 0.64° 0.66° 0.80° 0.86° 0.83°
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Figure 1. Effect of the medium and plant growth regulator types and their concentrations on the
average percentage of blastogenesis (%) of Juniperus drupacea explants in relation to their gender.
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Figure 2. Effect of the medium and plant growth regulator types and their concentrations on the
average shoot number per Juniperus drupacea explant in relation to their gender.
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Figure 3. Effect of the medium and plant growth regulator types and their concentrations on the
average shoot length per Juniperus drupacea explant in relation to their gender.



Forests 2023, 14, 142

7 of 13

Shoot induction was achieved after three weeks of culture, depending on the treatment
applied. The type of nutrient medium significantly affected the average percentage of
blastogenesis, the average number of shoots, and the average shoot length of the Juniperus
drupacea explants (Table 3). Explants growing in DKW medium presented the best values
compared to the relevant ones in WPM and MS, respectively. In contrast, MS presented
the lowest values that differed statistically compared to DKW and WPM, which did not
show statistically significant differences (p < 0.05). Within each gender and among the
different treatments, statistically significant differences (p < 0.05) were observed in the
mean percentage of blastogenesis (Supplementary Material Table S1), the mean number
of shoots per explant (Supplementary Material Table S2), and the mean length of shoots
(Supplementary Material Table S3). The binomial logistic regression model adequately
fit the data as the logistic regression model was statistically significant (x?(4) = 30.005,
p < 0.000) and the Hosmer and Lemeshow test resulted in x? = 9.211 (p < 0.238). The
model correctly classified 59.9% of cases. The explained variation in the dependent variable
based on our model ranged from 16.6 to 22.2%, depending on whether we referenced the
Cox and Snell R? or Nagelkerke R? methods, respectively. From the analysis, we could see
that the medium (p < 0.030) and plant growth regulator (p < 0.000) significantly enhanced
the model/prediction. In contrast, gender did not contribute statistically significantly
to the model.

Regarding the female explants, the maximum percentage of shooting (54.17%) was
achieved in the DKW and WPM media when supplemented with 4 uM mT or 4 uM TDZ
in the former and with 4 pM mT or 4 uM BA in the latter. The media with no growth
regulators showed the lowest values of the percentage of blastogenesis (20.83%). Regarding
the male explants, the maximum percentage of blastogenesis (62.50%) was attained in the
DKW medium when it was supplemented with 4 uM BA. The media without the addition
of growth regulators showed the lowest values in shooting percentage (20.83%).

The maximum average shoot number in female explants was achieved by supple-
menting the DKW medium with 4 uM mT or 4 uM TDZ (1.17). Similarly, regarding male
explants, the maximum average shoot number was achieved using the DKW nutrient
medium combined with 4 uM TDZ (1.17). The DKW, WPM, and MS media with no growth
regulators presented the lowest values in the mean number of shoots (i.e., 0.33, 0.33, and
0.29, respectively) regarding the female explants. Likewise, in relation to the male explants,
DKW, WPM, and MS media containing no growth regulators exhibited the lowest values in
the mean number of shoots (i.e., 0.33, 0.25, and 0.21, respectively). Moreover, the treatment
with MS medium supplemented with 1 uM BA also showed a very low value (0.33).

Maximum average shoot length per explant in the female explants was achieved when
DKW medium was supplemented with 4 pM BA (2.94 mm) or 4 uM mT (2.90 mm). The
difference between these treatments was not significant. The results were similar in the
male explants, where the maximum values in average shoot length were obtained when
the DKW nutrient medium was supplemented with 1 pM mT (2.69) or 1 uM TDZ (2.67).
The difference between these treatments was also not significant. The DKW, WPM, and MS
media with no growth regulators presented the lowest values in the average shoot length
per female explant (i.e., 1.83, 1.58, and 1.33, respectively). Additionally, in relation to the
male explants, all types of DKW, WPM, and MS media containing no growth regulators
exhibited the lowest values in the average shoot length per explant (i.e., 1.90, 1.86, and 1.80,
respectively). Moreover, the treatment of the DKW medium supplemented with 1 uM BA
also showed a very low value (1.89).

In every treatment, many explants browned and showed necrosis, which eventually
led to the death of many explants (Figure 4).
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Figure 4. Culture establishment and shoot formation: (a) explants of Juniperus drupacea on MS medium
containing 4 uM BA after 10 days of culture; (b) shoot formation on DKW medium containing 4 uM
BA after 4 weeks of culture. Explant discoloration (browning) and necrotic zones of the explants are
common among Juniperus species. Test tube diameter = 25 mm.

3.2. In Vitro Explant Rooting

Root initiation of the in vitro cultured explants was inspected immediately after they
were subcultured on the rooting treatment media supplemented with auxins. At this rooting
stage, all of the plant growth regulators were tested in terms of their concentrations. More
specifically, IBA was tested at concentrations of 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 uM, NAA at
1.0, 2.0,4.0, and 8.0 uM, and finally, IAA at 0.5, 1.0, 2.0, and 4.0 uM, respectively. However,
all treatments were insufficient to induce rooting. The effectiveness of the nutrient media
alone, containing no auxin, was also inadequate to stimulate root formation.

4. Discussion

The shooting percentage of all cultures was moderate. A small number of new shoots
was developed showing insignificant elongation. In each medium, many explants browned
and showed apical and lateral necrosis, which eventually led to death. Explant discoloration
and necrosis is common among Juniperus species. Salih et al. [50], after a three-week cultur-
ing period of Juniperus procera Hoechst. Ex Endl. in several media, observed the yellowing
of explants, which led to their necrosis two weeks later. Khater and Benbouza [28], during
in vitro culture of Juniperus thurifera L., reported that the explants’ color changed from green
to yellow, and finally to brown, and necrosis reached approximately 90%. The authors
attributed the necrosis to an inappropriate medium and PGR combinations. The same
phenomenon of explant discoloration as well as high percentages of necrosis was observed
by Momeni et al. [40] and Castro et al. [35] in the in vitro culture of Juniperus polycarpos L.
and Juniperus navicularis Gand., respectively. Al-Ramamneh et al. [37] stated that micro-
cuttings of Juniperus phoenicea L. failed to show any morphogenic response, browned, and
showed progressively necrotic areas by the end of the culture. Loureiro et al. [27], in the
in vitro culture of Juniperus phoenicea L., attributed the browning and the necrotic zones to
the inappropriate selection of the nutrient medium they used.

In vitro regeneration depends on the composition and concentration of basal salts,
growth regulators, and organic components [51]. In particular, the nitrogen content in
the medium seems to influence the shoot formation of the explants [40]. Our best results
concerning blastogenesis were achieved in the DKW medium, which had an intermediate
concentration of nitrogen compared to the other two media used. Compared to MS, WPM
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also presented better results, as it was the medium with the lowest nitrogen availabil-
ity. Our findings were consistent with those of Loureiro et al. [27], who reported that
Juniperus phoenicea L. explants growing in DKW presented significantly better results than
those growing in WPM or MS. Several studies in Juniperus thurifera L. [28], Juniperus procera
Hoechst. Ex Endl. [50], Juniperus polycarpos K.Koch [52], and Juniperus phoenicea L. [37,53]
have shown that the best results concerning blastogenesis were produced in media with
a lower nitrogen content. The type of nutrient medium also significantly influenced the
mean number of shoots formed in Juniperus oxycedrus L. [33,36].

In contrast, Bertsouklis et al. [46] faced difficulties using the poor in nitrogen MS
medium in the in vitro propagation of Juniperus phoenicea. The percentage of shoot forma-
tion in MS was moderate, while the lowest values were achieved using the poorer WPM.
Our results concerning shooting percentage in MS were slightly lower, while those for
WPM appeared approximately twice as high in comparison. On the other hand, Bertsouklis
et al. [46] reported that the use of DKW increased shoot formation, findings similar to
ours. The results of Castro et al. [35] showed that WPM was less appropriate for culture.
According to our study, similar results were obtained using the MS medium.

The addition of several plant growth regulators significantly affected the Juniperus drupacea
explant shooting response. In our study, the addition of BA, mT, and TDZ increased the
average shooting percentage, shoot number per explant, and the average shoot length.
Explants of Juniperus phoenicea L. also showed the best response while using the medium
supplemented with TDZ [37]. The promoting effect of TDZ was also stressed in our
study and our results were in accordance with part of Al-Ramamneh et al.’s findings [53]
regarding Juniperus phoenicea L. According to Salih et al. [50], the highest average shoot
number and the longest average shoot length were obtained in WPM containing IAA,
BAP, or IBA. Bertsouklis et al. [46] reported that the use of 2iP induced higher shooting
responses in J. phoenicea while the addition of ZEA, NAA, or NAA in combination with BA
presented moderate results. Khater and Benbouza [28] documented the stimulating effects
of 2,4-D and BAP, alone or in combination with IBA or IAA, in the shoot development
of Juniperus thurifera L. explants. In the in vitro culture of Juniperus polycarpos L., media
supplementation with KIN and BA also had a significant effect [40]. Several studies on
Juniperus excelsa M.Bieb., Juniperus horizontalis Moench. and Juniperus chinensis Roxb. [27],
Juniperus navicularis Gand. [35], and Juniperus oxycedrus L. [33,36] have reported the shoot
inducing effect of BA, NAA, and KIN.

Rooting is the primary bottleneck in the in vitro culture of most conifer species [32,35,45,54-56],
thus restraining the establishment of commercial protocols [28]. Additionally, previous
studies have documented the difficulty the Juniperus species has toward inducing adventi-
tious roots under in vitro conditions [27,28,33,40,46,50,56,57]. In coniferous species, auxins
such as NAA, IBA, and IAA are the most commonly used to achieve successful rooting
under in vitro conditions. Our inability to achieve rooting is consistent with the results
of several studies. Al-Ramamneh et al. [37] also did not report successful rooting in the
in vitro culture. Loureiro et al. [27] reported that many treatments with IBA failed to stimu-
late rooting in Juniperus phoenicea L. explants. IBA, alone or in combination with NAA, was
insufficient to induce rooting in Juniperus thurifera L. [28], Juniperus polycarpos K.Koch [40],
and Juniperus phoenicea L. [46]. Negussie [56] found that treatment with IBA and NAA
failed to stimulate shoot rooting, results that were in accordance with ours. According to
Castro et al. [35], in vitro rooting experiments using NAA were also unsuccessful. Rooting
of Juniperus polycarpos K. Koch was also not satisfactory [40]. Salih et al. [50] did not even
try to root the in vitro cultured shoots of Juniperus procera Hoechst. Ex Endl., reporting that
more research should be conducted on this species’ root regeneration.

Various explanations have been expressed concerning the recalcitrance of in vitro
culture, and particularly, the rooting difficulty of Juniperus species. Micropropagation of
Juniperus species depends on the specific species/ecotype [27], the age of the trees used as
explant donors [27], the genotype [33,57], or even too low levels of internal auxin [58].
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Further research is needed regarding blastogenesis and rooting ability of the in vitro
cultures of Juniperus drupacea L. Different nutrient media, at several strengths as well as other
plant growth regulators or infection with Agrobacterium rhizogenes, must be applied in order
to achieve rooting and better shoot induction and elongation. The decrease in macronu-
trients in culture media has been found to stimulate rooting in many plants [55,59-62];
indeed, decreased concentrations of nutrients in the medium, in particular, lessening the
nitrogen, seem to promote adventitious rooting [27,32,63,64]. Complementary or substitute
regeneration methods could be in vitro techniques of somatic embryogenesis, which have
been implemented with greater or less success in Pinus spp. [65], Juniperus communis [66],
Picea abies [67,68], and Pinus nigra and Abies hybrids [69]. Moreover, ex vitro rooting
systems, an alternative rooting methodology, can be used to induce rooting. Such systems
are commonly used in conifers as they present positive effects in developing roots [34]
compared to in vitro systems [26].

5. Conclusions

This was the first attempt to study the in vitro propagation of Juniperus drupacea L.,
found in Greece, where shoot induction has been achieved. The results showed that DKW
was the most suitable medium regardless of any plant growth regulators used. The addition
of BA, mT, and TDZ promoted the average shooting percentage, the number of shoots per
explant, and the average length of shoots. However, the results of this pioneering study did
not provide a protocol for the root development of in vitro cultured Juniperus drupacea L.
explants, even though different auxins (i.e., IAA, IBA, and NAA) in different concentrations
were used. Nevertheless, it provides a basis for further research where all alternatives
of in vitro or ex vitro rooting should be examined and thoroughly analyzed, in order to
successfully induce adventitious roots of in vitro cultured shoots of Juniperus drupacea L.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f14010142 /s1, Table S1: Effect of the medium and plant growth regu-
lator types and their concentrations on the average percentage of blastogenesis (%) of Juniperus drupacea
explants in relation to their gender (means followed by the same letter did not differ statistically
at p < 0.05, according to the Duncan test); Table S2: The effect of the medium and plant growth
regulator types and their concentrations on the average number of shoots per Juniperus drupacea
explants in relation to their gender (means followed by the same letter did not differ statistically at
p < 0.05, according to the Duncan test); Table S3: Effect of the medium and plant growth regulator
types and their concentrations on the average shoot length per Juniperus drupacea explants in relation
to their gender (means followed by the same letter did not differ statistically at p < 0.05, according to
the Duncan test).
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