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Abstract

Hypericum aucheri is a Hypericum species distributed in Türkiye as well as Greece and Bul-
garia with notable pharmacological potential. Its medicinal importance underlines the need
for effective propagation strategies. This study developed an in vitro micropropagation pro-
tocol using nodal explants cultured on Murashige and Skoog (MS) medium supplemented
with different concentrations of cytokinins—6-benzylaminopurine (BAP) (0, 1, 2 mg L−1)
or kinetin (KIN) (0, 1, 2 mg L−1)—combined with 2,4-dichlorophenoxyacetic acid (2,4-D)
(0, 0.5, 1 mg L−1) for shoot induction. The highest shoot induction and multiplication
(100% and multiplication coefficient of 10.0) were achieved with KIN (2 mg L−1). Rooting
was most successful on MS medium supplemented with α-naphthaleneacetic acid (NAA)
(1 mg L−1) and activated charcoal (AC) (1 mg L−1), resulting in 100% rooting. Acclimatized
plantlets showed an 80% survival rate under ex vitro conditions. This study presents the
first efficient micropropagation system for H. aucheri, contributing to its ex situ conservation
and providing a foundation for future pharmacological and biotechnological research.

Keywords: ex vitro; Hypericaceae; multiplication; nodal explant; rooting; shoot induction

1. Introduction
The genus Hypericum Tourn. ex L., belonging to the family Hypericaceae, encom-

passes over 500 perennial herbaceous or shrubby plant species [1,2]. Hypericum species are
naturally distributed in almost all regions except polar or desert zones and low-altitude
tropical areas [3]. In the flora of Türkiye, the genus Hypericum is represented by 107 species
across 20 sections, of which 49 are endemic to the country [4]. In Turkish folk medicine,
Hypericum species are commonly referred to by various vernacular names, including ‘kan-
taron’, ‘binbirdelik otu’, ‘kan otu’, ‘kılıç otu’, ‘yara otu’, and ‘kuzukıran’ [5]. This genus is
rich in secondary metabolites such as naphthodianthrones (hypericin and pseudohyper-
icin), phloroglucinols (hyperforin), flavonoids (rutin, hyperoside, isoquercitrin, quercitrin,
quercetin, and amentoflavone), and phenylpropanoids (chlorogenic acid) [6,7]. These
bioactive compounds are known for their therapeutic potential and have been traditionally
used for their sedative, antiseptic, anti-inflammatory, antiasthmatic, antispasmodic, wound-
healing, anti-ulcer, and antidiabetic effects [8–11]. Furthermore, they exhibit a wide range
of pharmacological activities, including anti-aging, antimutagenic, antiviral, antiretroviral,
antibacterial, photodynamic, and antitumor properties [6]. In modern medicine, extracts of
Hypericum species have been applied in the treatment of depression [12], anxiety [13], and
post-traumatic stress disorder [14].

Hypericum aucheri Jaub. & Spach (Sect. Crossophyllum) is a perennial plant species
distributed in Northeastern Greece, Central and Southeastern Bulgaria, Europe, and the
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Northwestern Anatolian region of Türkiye [15]. This species can grow at elevations be-
tween 1500 to 1600 m in stony or sandy open habitats, on calcareous substrates, and even
on siliceous soils [16]. The distribution area in Mount Ida (Kazdağı) consists of rocky
habitats [17]. According to Efe et al. [18], Mount Ida generally exhibits the characteristics of
a subalpine zone, characterized by a cold and humid mountain climate.

Many Hypericum species are known to exhibit low seed germination due to prolonged
dormancy [19]. Vegetative propagation is also limited, primarily due to low rooting suc-
cess, which is influenced by the timing of cuttings and various physiological factors [20].
Furthermore, harsh high-altitude, environmental conditions and habitat disturbances re-
strict natural regeneration [21]. In this context, plant tissue culture offers an effective
alternative, as it enables year-round, climate-independent, and soil-free propagation under
controlled conditions [22,23]. Micropropagation, a plant tissue culture technique, allows
for the clonal propagation of plants under in vitro conditions using explants such as stems,
leaves, or nodes. This method leverages the totipotency of plant cells to regenerate whole
plants from a single cell [24,25]. It enables the rapid production of uniform, disease-free
plants regardless of climatic conditions and contributes to germplasm conservation [26–28].
In vitro micropropagation studies on Hypericum species have predominantly focused on
H. perforatum, employing leaf explants [29], leaf disks and stem segments [30], petals [31],
hypocotyls [32], and nodal explants [33]. Numerous studies have also been conducted
on shoot regeneration in different Hypericum species [34–41]. To date, there have been
no published reports on the use of plant tissue culture methods for H. aucheri, despite
its broad distribution range. Although not classified as threatened, the existing litera-
ture on H. aucheri is limited to a few studies, including the determination of secondary
metabolites [42–47] and investigations into the antidepressant effects [48] and monoamine
oxidase activity [49] of secondary metabolites. The lack of in vitro research on this species
represents a significant gap, particularly considering its potential pharmacological value.
Therefore, developing an effective in vitro micropropagation protocol for this species is
essential for propagation under controlled conditions and for enabling future biotechnolog-
ical and pharmaceutical applications. This study aimed, for the first time, to explore the
micropropagation potential of H. aucheri. Nodal explants were used to evaluate the effects
of different concentrations and combinations of plant growth regulators (PGRs) on in vitro
shoot induction, multiplication, rooting, and acclimatization of H. aucheri.

2. Materials and Methods
2.1. Plant Material and Surface Sterilization

Plants of H. aucheri at the late flowering stage were collected from their natural habitat
on Mount Ida (Türkiye) with permission from the relevant authority in August 2024. The
field-collected plants were washed with tap water for 1 h. Under Laminar Air Flow, the
plant samples were surface-sterilized with 70% ethanol for 30 s and rinsed with sterile
distilled water. Subsequently, plant samples were immersed in 5% sodium hypochlorite
solution with 1–2 drops of Tween-20 for 20 min. The surface sterilization was completed by
washing the samples 5 times with sterile distilled water.

2.2. Shoot Induction and Multiplication

Nodal explants (approximately 1 cm in length) of H. aucheri were excised and trans-
ferred onto MS basal medium [50] supplemented with 30 g L−1 sucrose, 8 g L−1 phyto
agar, 1 mg L−1 Polyvinylpyrrolidone (PVP, Sigma Aldrich, Missouri, USA) and different
concentrations and combinations of PGRs. For shoot induction, eleven different MS media
were prepared by supplementing with various concentrations of cytokinins—BAP or KIN
(0, 1, 2 mg L−1)—combined with 2,4-D (0, 0.5, 1 mg L−1) (Table 1). The pH of the MS
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media was adjusted to 5.75 and they were autoclaved for 15 min at 121 ◦C. Each treatment
consisted of five replications, with five nodal explants per replicate. All cultures were
incubated in a plant growth room at 25 ± 2 ◦C, with a light intensity of 72 µmol m−2 s−1, a
16/8 h (light/dark) photoperiod, and 55–60% humidity. In addition, PGRs, sucrose, phyto
agar, and MS medium were procured from Duchefa Biochemie (Haarlem, The Netherlands).

Table 1. The content of PGRs in MS medium used for shoot induction of H. aucheri.

Medium No
PGRs (mg L−1)

BAP KIN 2,4-D

1 0 0 0

2 2.0 0 0

3 0 2.0 0

4 0 1.0 0.5

5 0 1.0 1.0

6 0 2.0 0.5

7 0 2.0 1.0

8 1.0 0 0.5

9 1.0 0 1.0

10 2.0 0 0.5

11 2.0 0 1.0

The shoot induction rate, multiplication coefficient, and explant necrosis rate were
recorded after 4 weeks of culture. MS medium supplemented with 2 mg L−1 KIN was
selected and used for shoot multiplication medium. To multiply the shoots, the well-
developed shoots (ca. 1 cm in length) were excised and transferred to MS medium supple-
mented with 2 mg L−1 KIN, 30 g L−1 sucrose, 8 g L−1 phyto agar, and 1 mg L−1 AC. At the
end of 12 weeks (comprising four weeks of induction and eight weeks of multiplication), the
number of shoots per explant, shoot length, and number of nodes, leaves, and lateral shoots
were calculated. The formulas used to calculate the shoot induction and multiplication
parameters are presented below:

Shoot Induction Rate (%) = (Number of Shoot Induced Explants/Total Number of Explants) × 100 (1)

Explant Necrosis Rate (%) = (Number of Necrotic Explants/Total Number of Explants) × 100 (2)

Multiplication coefficients = Total Number of Shoots/Number of Shoot Induced Explants (3)

Number of Shoots per Explant = Total Number of Shoots/Total Number of Explants) (4)

2.3. Root Induction

The developed shoots (2–4 cm in length) were individually transferred to MS medium
containing 30 g L−1 sucrose, 8 g L−1 phyto agar and supplemented with one of the following
treatments for rooting: (a) 1 mg L−1 Indole-3-acetic acid (IAA), (b) 1 mg L−1 NAA and
1 mg L−1 PVP or (c) 1 mg L−1 NAA and 1 mg L−1 AC. After three weeks of culture,
the number of rooted shoots was recorded, and root length and root morphology were
measured. Data related to rooting were obtained using the formulas below:

Root Induction Rate (%) = (Number of Rooting Shoots/Total Number of Shoots) × 100 (5)

Number of Roots per Shoot = Total Number of Roots/Total Number of Shoots) (6)
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2.4. Acclimatization

Well-rooted plantlets were removed from the solid medium, gently rinsed under
running water, and promptly transplanted into pots (5.5 cm in diameter × 7 cm in height)
containing a peat and perlite mixture (2:1, v/v). The pots were covered with transparent
plastic covers and maintained under plant growth room conditions (16/8 h light/dark pho-
toperiod at 25 ± 2 ◦C, 55–60% relative humidity, and a light intensity of 72 µmol m−2 s−1).
To maintain humidity, the covers were gradually perforated over a three-week period and
completely removed by the end of the third week. The plantlets were then maintained
under the same conditions for an additional week before being transferred to the green-
house. During the first three weeks in the growth room, the plantlets were irrigated with
25% Hoagland nutrient solution, followed by 50% Hoagland solution in the fourth week.
Prior to transfer, the plantlets were transplanted into larger pots (7 cm diameter × 10 cm
height) and kept under the same conditions. They were then moved to a plastic-covered
greenhouse with natural light, where daytime temperatures were maintained at 25 ± 2 ◦C,
nighttime temperatures at 18 ± 2 ◦C, and relative humidity between 50–70%. In the green-
house, the plantlets were irrigated with tap water every three days for eight weeks. The
survival rate was assessed at the 12th week of acclimatization using the formula below:

Survival Rate (%) = (Number of Surviving Plantlets/Number of Acclimatized Plantlets) × 100 (7)

2.5. Statistical Analysis

The data are expressed as the mean ± standard error (SE), and differences among
groups were analyzed using one-way analysis of variance (ANOVA) and Duncan’s multiple
range test in IBM SPSS Statistics 27. Statistical significance was evaluated at p ≤ 0.05.

3. Results
Nodal explants of H. aucheri were cultured in vitro using eleven different media

(Figures 1 and 2). On day 28, a limited number of direct shoots were developed in the
PGRs-free medium (Figure 1b). The multiplication coefficient remained low (1.0), while the
explant necrosis rate reached 60% in this medium.

In our study, only a few shoots were observed in MS media supplemented with
1 mg L−1 KIN and 0.5 mg L−1 2,4-D, 1 mg L−1 KIN and 1 mg L−1 2,4-D, 2 mg L−1 KIN
and 0.5 mg L−1 2,4-D, 2 mg L−1 KIN and 1 mg L−1 2,4-D, 1 mg L−1 BAP and 0.5 mg L−1

2,4-D, 1 mg L−1 BAP and 1 mg L−1 2,4-D, 2 mg L−1 BAP and 0.5 mg L−1 2,4-D, 2 mg L−1

BAP and 1 mg L−1 2,4-D. These media primarily induced callus formation rather than
shoot induction. Additionally, a relatively high rate of explant necrosis (24–96%) was also
recorded in these treatments (Figure 2a).

Shoot induction was relatively high (80%), explant necrosis was low (16%), and the
multiplication coefficient reached 5.33 in MS medium supplemented with 2 mg L−1 BAP
alone (Figure 2b). However, chlorosis of the leaves and stems was observed in shoots
developed in this medium (Figure 1c).

In the medium supplemented with 2 mg L−1 KIN, the highest shoot induction rate
(100%) was recorded, and explant necrosis remained relatively low (20%). Callus for-
mation was also observed; however, unlike other treatments, shoot organogenesis from
the callus was more pronounced (Figure 1d). Both the callus and the regenerated shoots
exhibited a healthy green coloration, indicative of active differentiation. Furthermore, this
medium yielded the highest multiplication coefficient (10.0). Overall, among the tested
treatments, statistical analysis confirmed that the MS medium supplemented with 2 mg L−1

KIN was significantly superior in terms of shoot induction and multiplication coefficient
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(p ≤ 0.05), supporting both observational and quantitative findings. Therefore, MS medium
supplemented with 2 mg L−1 KIN was selected as shoot multiplication medium.

 

Figure 1. Shoot induction culture of H. aucheri. (a) Nodal explant on day 0; (b) shoot induced via
direct shoot organogenesis in the PGRs-free medium at day 28; (c) shoot induced via indirect shoot
organogenesis in 2 mg L−1 BAP at day 28; (d) shoot induced via indirect shoot organogenesis in
2 mg L−1 KIN at 28 day (arrows indicate shoots; scale bar = 1 cm).

Figure 2. Cont.
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Figure 2. (a) Shoot induction responses and (b) multiplication coefficients of H. aucheri nodal explants
cultured on different shoot induction media after 4 weeks of culture (Medium Number 1: PGRs-free
medium, 2: 2 mg L−1 BAP, 3: 2 mg L−1 KIN, 4: 1 mg L−1 KIN and 0.5 mg L−1 2,4-D, 5: 1 mg L−1 KIN
and 1 mg L−1 2,4-D, 6: 2 mg L−1 KIN and 0.5 mg L−1 2,4-D, 7: 2 mg L−1 KIN and 1 mg L−1 2,4-D,
8: 1 mg L−1 BAP and 0.5 mg L−1 2,4-D, 9: 1 mg L−1 BAP and 1 mg L−1 2,4-D, 10: 2 mg L−1 BAP and
0.5 mg L−1 2,4-D, and 11: 2 mg L−1 BAP and 1 mg L−1 2,4-D).

In the multiplication phase, the shoots of H. aucheri were subcultured twice over
eight weeks in medium supplemented with 2 mg L−1 KIN (Table 2 and Figure 3). At the
beginning of the second subculture, 1 mg L−1 AC was added to the MS medium to prevent
medium browning caused by phenolic exudation. At the end of this period, an average of
89.93 shoots per explant was obtained, demonstrating the strong proliferative effect of this
medium. The regenerated shoots had an average length of 1.38 cm, along with 2.27 nodes,
2.80 leaves, and 0.33 lateral shoots.

Table 2. Shoot multiplication data of H. aucheri shoots cultured on MS medium supplemented with
2 mg L−1 KIN.

Replicate No Number of Shoots
per Explant

Shoot
Length (cm)

Number of Nodes
per Shoot

Number of Leaves
per Shoot

1 90.00 ± 9.60 a 1.49 ± 0.07 b 2.83 ± 0.18 a 3.06 ± 0.16 b

2 87.40 ± 11.11 a 1.27 ± 0.05 a 1.96 ± 0.13 b 2.30 ± 0.10 a

3 92.40 ± 16.34 a 1.39 ± 0.05 ab 2.03 ± 0.16 a 3.03 ± 0.16 b

Means 89.93 ± 6.80 1.38 ± 0.03 2.27 ± 0.10 2.80 ± 0.09
Data on the number of shoots per explant are based on 15 explants (n = 15); while other traits were measured on
30 shoots (n = 30). Values are means ± SE, and different letters within a column indicate statistically significant
differences (p ≤ 0.05).
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Figure 3. Shoot development of H. aucheri during multiplication on MS medium supplemented with
2 mg L−1 KIN. (a) day 0 of the first subculture; (b) day 21 of the first subculture; (c) day 0 of the
second subculture; and (d) day 21 of the second subculture (scale bar = 1 cm).

Shoots were cultured on three different rooting media, and data on rooting rate,
number of roots per shoot, root length, and root morphology were recorded at the end
of the three-week root induction period (Table 3 and Figure 4). According to the results,
no root development was observed in the shoots cultured on MS medium supplemented
with 1 mg L−1 IAA (Figure 4a). In contrast, although the medium supplemented with
1 mg L−1 NAA and 1 mg L−1 PVP resulted in a relatively high rooting rate (76%), the shoots
developed hairy roots along with aqueous and brownish callus (Figure 4b). In addition,
medium browning was also observed in this treatment. In the MS medium supplemented
with 1 mg L−1 NAA and 1 mg L−1 AC, root development occurred in all shoots, resulting
in the highest rooting rate (100%) with no hairy root or callus formation (Figure 4c).

Table 3. Root response of H. aucheri shoots after 3 weeks of culture in different rooting media.

Root Induction
Medium

Rooting
Rate (%)

Number of Roots
per Shoot

Root
Length (cm)

Root
Morphology

1 mg L−1 IAA 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a -

1 mg L−1 NAA
1 mg L−1 PVP 76.00 ± 9.79 b 2.04 ± 0.29 b 0.55 ± 0.05 b Hairy

1 mg L−1 NAA
1 mg L−1 AC

100.00 ± 0.00 c 2.28 ± 0.20 b 4.16 ± 0.31 c Normal

Different letters within the same column indicate significant differences at p ≤ 0.05 level and values are given as
mean ± SE. For each treatment, 25 shoots were randomly selected (-: no formation).
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Figure 4. Rooting and acclimatization of H. aucheri shoots. (a) Shoot without roots cultured on MS
medium supplemented with 1 mg L−1 IAA; (b) Shoots with hairy roots on MS medium supple-
mented with 1 mg L−1 NAA and 1 mg L−1 PVP; (c) Shoots with well roots on MS medium supple-
mented with 1 mg L−1 NAA and 1 mg L−1 AC; (d) micropropagated plantlets; (e) day 0; (f) week 3;
(g) week 6; and (h) week 12 of acclimatized plantlets (scale bar = 1 cm).

Consistent with these observations, statistical analysis confirmed that the MS medium
supplemented with 1 mg L−1 NAA and 1 mg L−1 AC was significantly superior
(p ≤ 0.05) in terms of rooting rate, number of roots per shoot, and root length compared
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to the other media. Following root induction, plantlets developed on the medium sup-
plemented with 1 mg L−1 NAA and 1 mg L−1 AC were transferred to soil under plant
growth room conditions for acclimatization over a three-week period (Figure 4d). The
transparent plastic covers placed over the plants were gradually removed, and by the
third week, they had been completely removed, which maintained humidity levels and
increased the plantlets’ survival rate. The plantlets were observed to continue growing and
developing at this stage. Throughout the eight-week greenhouse acclimatization period,
most plantlets showed continuous leaf growth and maintained turgidity, while a small
proportion exhibited initial wilting during the first week, which stabilized after the second
week. After a total of 12 weeks of observation, plantlets successfully acclimatized to ex
vitro conditions, resulting in a survival rate of 80% (Figure 4e–h).

4. Discussion
Plant tissue culture plays a vital role in the propagation and conservation of plant

species with economic and medicinal importance under in vitro conditions [51]. For this
purpose, micropropagation techniques are widely employed. Compared to conventional
propagation methods, micropropagation offers several advantages, including the pro-
duction of disease-free plants, genetically uniform plants, reduced production time, and
higher multiplication rates. This method typically involves several stages, shoot induction,
multiplication, rooting, and acclimatization to environmental conditions [52–54].

The current study evaluated the influence of MS media containing or not containing
PGRs on the micropropagation efficiency of H. aucheri. According to our results, nodal
explants exhibited different shoot induction responses across eleven different media. While
shoot induction was found to be moderate in the PGRs-free medium, the multiplication
coefficient was determined to be low. Similarly, Önlü et al. [55] reported that no shoot
development was observed from axillary bud explants of H. heterophyllum cultured on a
PGRs-free medium. In a different plant species, Kaempferia koratensis, shoot production was
also reported to remain at a low level on a PGRs-free medium [56]. These findings from
the literature, along with the results of our study, suggest that the endogenous levels of
PGRs may not be sufficient to initiate or support shoot induction. Therefore, the external
supplementation of auxins or cytokinins to medium appears to be necessary.

In MS media where auxins and cytokinins were combined at various concentrations
(BAP and 2,4-D or KIN and 2,4-D), a significant decrease in the shoot induction rate
and multiplication coefficient was observed in H. aucheri, predominantly accompanied
by the formation of undifferentiated callus tissue. These findings are consistent with
previous studies conducted on both common and endemic Hypericum taxa. For instance,
BAP and 2,4-D [29,57] or KIN and 2,4-D [58] combinations have been reported to induce
callus formation under in vitro culture conditions in H. perforatum. Similarly, Yamaner
and Erdağ [40] observed extensive callus development in H. adenotrichum cultured on
MS medium containing BAP and NAA combinations. Moreover, a study conducted on
different Hypericum species reported that while BAP and 2,4-D combinations induced callus
formation in H. perforatum (100%), H. humifusum (90%) and H. leptophyllum (90%), callus
production in H. athoum (90%) and H. heterophyllum (77.73%) was promoted by KIN and
2,4-D combinations [59].

In our study, the shoot induction rate of nodal explants was relatively higher on the
MS medium supplemented with 2 mg L−1 BAP. However, the regenerated shoots exhibited
chlorosis and were frequently associated with the formation of soft and brown-red callus
at the base. Despite these issues, this treatment yielded more favorable results than either
PGRs-free medium or those containing both cytokinin and 2,4-D. A similar callus formation
was reported in a study on H. retusum, where the use of 2.0 or 2.5 mg L−1 BAP induced
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callus development [60]. In another study, 2 mg L−1 BAP was also reported to induce
intensive shoot proliferation in H. gaitii [61]. Additionally, Akbas et al. [38] observed
direct shoot organogenesis from H. spectabile on BAP-containing media. In contrast, in
H. bupleuroides, BAP and 2,4-D combinations induced excessive callus formation, which later
produced numerous shoots when transferred to the medium supplemented with 2 mg L−1

BAP [62]. These species-dependent responses suggest that while BAP is generally effective
in promoting shoot induction across Hypericum species [55,63], the capacity for sustained
organogenesis may vary significantly among taxa. Although our findings align with those
of previous studies, 2 mg L−1 BAP was insufficient to promote sustained organogenesis
development in H. aucheri, particularly from callus tissue, despite its ability to stimulate
initial shoot induction.

Among all the media used for shoot induction, the medium supplemented with
2 mg L−1 KIN produced the most favorable and effective response in terms of shoot induc-
tion rate, multiplication coefficient, and other evaluated parameters. Furthermore, the calli
formed in this medium exhibited higher organogenic potential and a greener appearance
compared to those formed in other media. Similar findings have been reported in previ-
ous studies on various Hypericum species. For instance, in a study on H. bilgehan-bilgilii,
the highest number of shoots per explant (4.67) was obtained on the medium supple-
mented with 2 mg L−1 KIN [40]. In a study conducted on the critically endangered species
H. hookerianum, the highest number of shoots per explant (3.66) was obtained on the medium
supplemented with 2.32 µM KIN [64]. Similarly, the Himalayan endemic species H. patu-
lum has also been reported to produce comparable results [34]. Yamaner and Erdağ [40]
reported that the use of KIN alone, applied at various concentrations (0.5, 1, 2, 3, 4, and
5 mg L−1) increased the number of shoots per explant in H. adenotrichum, with the highest
shoot numbers obtained from media supplemented with 1 and 2 mg L−1 KIN (7.8 and
5.8, respectively). A study on H. retusum reported that increasing KIN concentrations
(0.10–2.5 mg L−1) led to a higher number of shoots (11.25–35.68), although shoot length de-
creased with higher concentrations. The most optimal result was obtained with 1.5 mg L−1

KIN, which promoted multiple shoot formation while maintaining shoot morphology.
Additionally, the same study indicated that KIN was more effective than BAP in promoting
shoot elongation [60]. Different Hypericum species, whether endemic or not, have exhibited
diverse responses in terms of callus formation and shoot regeneration under varying types
and concentrations of PGRs. These differences are thought to be species-specific, reflecting
inherent physiological and developmental variations among taxa [36,39,40,59,65,66].

Shoot induction occurred on nodal explants cultured on MS medium supplemented
with 2 mg L−1 KIN via indirect organogenesis. Although somaclonal variation is a well-
known drawback of indirect regeneration [67], our findings revealed that direct shoot
induction was limited and exhibited low regeneration frequencies on MS medium without
PGRs. To minimize the risk of somaclonal variation, nodal segments were selected as
explants, and the number of subcultures was kept to a minimum. In addition, early-stage
morphogenic calli were prioritized for regeneration.

During the shoot multiplication, a significant increase in the number of shoots per
explant (mean 89.93) was observed on the medium supplemented with 2 mg L−1 KIN
after 12 weeks, indicating a high proliferation in H. aucheri. Similar results have also been
reported in the literature. In a study, the number of shoots per explant in H. perforatum was
reported to range from 3.2 to 71.3 when micropropagated using different liquid culture
systems [68]. In H. retusum, the highest shoot number per explant (35.68) was achieved
using 2.5 mg L−1 KIN [60]. Likewise, in H. hookerianum, 2.32 µM KIN was reported to
induce the highest average shoot number per explant (5.50) during the shoot multiplication
phase [64].
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Three different media were evaluated for root induction. In the MS medium supple-
mented with 1 mg L−1 IAA, root development was not observed in the multiplied shoots.
Although several studies on Hypericum species have reported positive results using various
concentrations of IAA for root induction [69,70], 1 mg/L IAA was not effective in our study.
Similarly, several studies have indicated that IAA tends to produce more favorable rooting
responses compared to IAA or NAA [64,71]. In contrast, the MS medium supplemented
with 1 mg L−1 NAA and 1 mg L−1 PVP induced a higher rate of root development than
the IAA-containing medium; however, it also resulted in the formation of abnormally hairy
roots and aqueous callus tissue. The combination of 1 mg L−1 NAA and 1 mg L−1 PVP
may have disrupted the hormonal balance and redox conditions, leading to stress-induced
morphogenetic abnormalities such as hyperhydricity, hairy roots, aqueous brownish callus
and medium browning due to phenolic oxidation. Similar root structures have previously
been reported in H. perforatum under appropriate in vitro conditions on solid media [72,73].
However, this root morphology has been shown to be insufficient for the production of
secondary metabolites such as hypericin and hyperforin [72]. Moreover, as observed in
other species such as Arabidopsis thaliana, excessive root hair formation has been demon-
strated to reduce root permeability and oxygen transfer, leading to physiological stress
and potential limitations in culture performance [74]. Therefore, this abnormal root mor-
phology may hinder the successful acclimatization of plantlets under ex vitro conditions.
Nevertheless, further in vitro investigation in H. aucheri is recommended to better elucidate
the relationship between hairy root formation, culture efficiency, and secondary metabolite
production. In contrast, in the third rooting medium, which contained 1 mg L−1 NAA and
1 mg L−1 AC, all cultured shoots successfully developed roots. Cristea et al. [75] reported
effective root induction in H. perforatum using a medium containing only 0.6 mg L−1 NAA.
Similarly, a study on H. gaitii showed that increasing concentrations of NAA (1.0, 1.5, and
2 mg L−1) resulted in root induction rates ranging from 35.6 to 62.8% [61]. These results
suggest that the variation in auxin response among different species may be attributed to
species-specific physiological differences. Additionally, during the rooting stage, activated
charcoal has been reported to enhance root development in micropropagated plants by
creating dark, soil-like conditions and reducing tissue oxidation in vitro cultures [76–78].
In Lythrum salicaria, the combination of 0.5 mg L−1 NAA and 0.2 g L−1 AC yielded the
most effective rooting response [79].

The acclimatization phase plays a critical role in the successful adaptation of rooted
plantlets to soil and external environmental conditions, and it must be carried out gradu-
ally [80]. In the present study, the plantlets were successfully transferred to soil, and a high
survival rate of 80% was recorded after 12 weeks. Covering the plants with transparent plas-
tic covers and their gradual removal helped regulate humidity and facilitated the plantlets’
adaptation to ex vitro conditions. This result demonstrates the efficiency and reliability
of the micropropagation protocol developed for H. aucheri, ensuring successful transition
to ex vitro conditions. A similar acclimatization rate (80%) was previously reported for
H. bilgehan-bilgilii [41]. In contrast, lower survival rates have been observed in other Hyper-
icum species, such as 50% in H. gaitii [61] and 40% in H. heterophyllum [30]. Furthermore,
while Onlu [81] reported successful acclimatization in H. pruinatum, the process was unsuc-
cessful for H. heterophyllum.

5. Conclusions
This study demonstrated, for the first time, the micropropagation potential of

H. aucheri. For the shoot induction, eleven different MS media supplemented with vari-
ous combinations of BAP or KIN and 2,4-D were tested. Among these, the MS medium
supplemented with 2 mg L−1 KIN was the most effective for shoot induction and multi-
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plication. The highest rooting efficiency was achieved in the medium supplemented with
1 mg L−1 NAA and 1 mg L−1 AC. Following successful acclimatization, 80% of the regen-
erated plantlets survived under ex vitro conditions. These findings establish an efficient
in vitro propagation system for H. aucheri, highlighting its importance for potential use in
future pharmacological and biotechnological applications, and they may also contribute to
the species’ ex situ conservation.
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4. Ersoy, E.; Özkan, E.E.; Boğa, M.; Mat, A. Evaluation of in vitro biological activities of three Hypericum species from Turkey. S. Afr.

J. Bot. 2020, 130, 141–147. [CrossRef]
5. Baytop, T. Therapy with Medicinal Plants in Turkey; Istanbul University Press: Istanbul, Turkey, 1999; pp. 66–167.
6. Cirak, C.; Radusiene, J.; Jakstas, V.; Ivanauskas, L.; Seyis, F.; Yayla, F. Secondary metabolites of seven Hypericum species growing

in Turkey. Pharm. Biol. 2016, 54, 2244–2253. [CrossRef] [PubMed]
7. Marrelli, M.; Statti, G.; Conforti, F.; Menichini, F. New potential pharmaceutical applications of Hypericum species. Mini-Rev. Med.

Chem. 2016, 16, 710–720. [CrossRef]
8. Avato, P. A survey of the Hypericum genus: Secondary metabolites and bioactivity. Stud. Nat. Prod. Chem. 2005, 30, 603–634.

[CrossRef]
9. Bingol, U.; Cosge, B.; Gurbuz, B. Hypericum species in flora of Turkey. Med. Aromat. Plant Sci. Biotechnol. 2011, 5, 86–90.
10. Senturk, H.; Kabay, S.; Ozden, H.; Bayramoglu, G.; Ustuner, M.C.; Ozturk, N.; Guven, G.; Kutlu, A.; Bilgi, G.; Ustuner, D.; et al.

protective effect of Hypericum origanifolium in experimental renal ischemia/reperfusion injury in rats. Afr. J. Pharm. Pharmacol.
2013, 7, 2306. [CrossRef]

11. Özkan, E.E.; Mat, A. An overview on Hypericum species of Turkey. J. Pharmacogn. Phytother. 2013, 5, 38–46. [CrossRef]
12. Warnick, S.J., Jr.; Mehdi, L.; Kowalkowski, J. Wait—There’s evidence for that? Integrative medicine treatments for major

depressive disorder. Int. J. Psychiatry Med. 2021, 56, 334–343. [CrossRef]
13. Sevastre-Berghian, A.C.; Toma, V.A.; Sevastre, B.; Hanganu, D.; Vlase, L.; Benedec, D.; Oniga, I.; Baldea, I.; Olteanu, D.; Moldovan,

R.; et al. Characterization and biological effects of Hypericum extracts on experimentally-induced anxiety, oxidative stress and
inflammation in rats. J. Physiol. Pharmacol. 2018, 69, 789–800. [CrossRef]

14. McFadden, S.L.; Hooker, B.L. Comparing perika St. John’s wort and sertraline for treatment of posttraumatic stress disorder in
mice. J. Diet. Suppl. 2020, 17, 300–308. [CrossRef]

15. Robson, N.K.B. Studies in the Genus Hypericum L. (Hypericaceae) 5(1). Sections 10. Olympia to 15/16. Crossophyllum. Phytotaxa
2010, 4, 5–126. [CrossRef]

16. Robson, N.K.B. Studies in the Genus Hypericum L. (Hypericaceae) 9. Addenda, corrigenda, keys, lists and general discussion.
Phytotaxa 2012, 72, 1–111. [CrossRef]
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39. Cirak, C.; Radušienė, J.; Kurtarc, E.S.; Marksa, M.; Ivanauskas, L. In vitro plant regeneration and jasmonic acid induced bioactive

chemical accumulations in two Hypericum species from Turkey. S. Afr. J. Bot. 2020, 128, 312–318. [CrossRef]
40. Yamaner, O.; Erdağ, B. Callus induction and adventitious shoot regeneration of Hypericum adenotrichum Spach. Eskişehir Tek.
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