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Abstract: Himantoglossum affine is a threatened terrestrial orchid. We aimed to optimize asymbiotic
seed germination and direct embryogenesis and to analyze the phytochemical profile and physico-
biochemical analysis of leaf and tuber. The individual use of organic nitrogen compounds resulted in
higher germination efficiencies, while the shortest times to germination were observed using coconut
water plus casein hydrolysate. Plantlets grown on media supplemented with pineapple juice and
peptone had the highest plantlet length and weight. For embryogenesis, the highest regeneration rate
(44%) and embryo number/explant (10.12± 2.08) were observed in young protocorm-like body (PLB)
explants with 0.5 mg/L naphthalene acetic acid (NAA) and 1 mg/L thidiazuron (TDZ). During the
acclimatization process, the scattered vascular tubes converted to fully developed vascular tissues,
ensuring maximum sap flux. Gas chromatography–mass spectrometry analysis identified 1,2,3-
propanetriol, monoacetate, 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl, and 2-butenedioic
acid, 2-methyl-, (E)- as the most prevalent compounds. We reported higher contents of total phenolics
and flavonoids and antioxidant activity compared to other terrestrial orchids. The glucomannan
content (36.96%) was also higher than starch content (31.31%), comparable to those reported in
other tuberous orchids. Based on the fragmentation of H. affine populations in the Middle East and
Euro-Mediterranean countries due to over-harvesting, climate change, and/or human impact, our
procedure offers a tool for the re-introduction of in vitro-raised plants to threatened areas.

Keywords: asymbiotic germination; lizard orchid; CITES; Salep; somatic embryogenesis

1. Introduction

Among flowering plant families, Orchidaceae is the second most species-rich family
(763 genera and 28,000 species), comprising different life forms such as epiphyte, lithophyte,
aquatic, and terrestrial [1,2]. With 10% of the systematically verified angiosperm species,
orchids are compatible with diverse niches, from tropical forests to high alpine regions [3].
The fascinating flower morphology, tiny and particular seed, specialized pollination system
and reproduction cycle, as well as complicated symbiotic relationship with mycorrhizal
fungi, have made orchids the species of interest for many comprehensive scientific studies.
Between the various forms of orchids’ life, terrestrial orchids are usually grown in soil and
generate round or palmate fleshy underground tubers [4].

The genus Himantoglossum, or lizard orchid, comprises 12 of the most charismatic
Euro-Mediterranean terrestrial species. These species produce spectacular inflorescences
with outstanding flowers distinguished by a unique, unusual elaborate labellum (lip),
which is highly twisted and follow an exceptional flower ontogeny. The species within the
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Himantoglossum genus have attracted the interest of botanists, and their phylogeny is still
under examination by evolutionary systematists. In this regard, H. affine (Boiss.) Schltr.
is a Eurasian terrestrial orchid species with large and fleshy underground tubers and is
widespread from Northern Europe to the Middle East, including the Iranian plateau and
Anatolia. The main habitat of H. affine in Iran spans from poor grassland to oak forest,
where they grow at an altitude range of 1400 to 2100 m in the western to central parts of
the country [5]. The plants are robust, up to 80 cm tall, with large and ovate-oblong tubers,
erect and broad leaves, and a stout and long inflorescence. The flowering period extends
from the end of May to June [5].

The herbal use of underground tubers of terrestrial orchids for the cure of various
illnesses and disorders has a long history [6]; however, dried tubers are currently exploited
for the production of Salep to prepare special ice creams and beverages with pleasant
rheological features in Iran and Turkey [7]. This is why Salep is still utilized in Iranian
herbal folk and medicine, where practitioners in herbal pharmacies prescribe Salep as a
nutritional supplement for malnourished children and also as a stimulant, expectorant for
breathing problems and for painful joints and bone strengthening. Moreover, H. affine Salep
powder is utilized as a starter to prepare yogurt with unique properties [8,9]. An annual
volume of 5–6 million tubers of terrestrial orchids is collected from Iran’s main diversity
hotspots and exported to neighboring countries such as Turkey, Pakistan, and India. In
this regard, tubers of H. affine constitute one of the main parts of Iranian collected and
exported Salep, along with other terrestrial orchids [8]. H. affine is listed under Appendix II
of the Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES), and its populations are at a greater risk of depletion compared to other terrestrial
orchid species with smaller underground tubers, as local collectors prefer to collect big
tubers [10,11]. The vulnerability of the Iranian H. affine populations has been confirmed by
lower intra-population genetic diversity and gene flow [11–14]. In addition to the effect
of overexploitation, global climate change is one of the main reasons for the broad extent
of fragmentation observed in H. affine populations on a global scale [15,16]. We decided
to investigate H. affine as domestication and commercial Salep production using species
with big tubers could be more economical and could help alleviate exploitation pressure on
species with small tubers.

Providing the presence of particular mycorrhizal fungi, which supply required nutri-
ents for seeds and young plantlets, only a small percentage of seeds in terrestrial species
can germinate in nature [17,18]. Individual orchid capsules can produce about 0.2–2 million
seeds [19], and asymbiotic germination techniques can be employed for large-scale propa-
gation of terrestrial orchids by the generation of a high number of in vitro raised plantlets
over a short time period [20]. Despite over-collection, Iranian terrestrial orchid species
have not previously been domesticated and are exclusively gathered from nature driving
intense collection pressures, resulting in the local distinction of several species [4,11]. In
this connection, little effort has been made for in vitro symbiotic or asymbiotic seed ger-
mination and micropropagation of terrestrial orchid species grown in Iran, in particular,
H. affine. In this connection, asymbiotic seed germination and embryogenesis of Epipactis
veratrifolia collected from Iran were successfully optimized [21]. It was shown in Orchis
simia that protocorms developed on media containing pineapple juice (PJ) in combination
with Aminoven (AV) or casein hydrolysate (CH) or peptone (Pep) were bigger in size
and, therefore, had higher weight (4.5-fold higher) compared to protocorms grown on
other media [22]. Finding suitable medium ingredients and their optimized concentra-
tions could not only improve the efficiency and success of orchid in vitro cultures, but
also might introduce low-cost and economically suitable formulations. However, some
mineral salt-rich substrates are commonly used for tropical epiphytic orchids; their high
concentration of inorganic nitrate and ammonium is toxic for most terrestrial orchids [23].
In this connection, Malmgren [24] developed a basal medium containing simple organic
compounds, including PJ, coconut water (CW), boiled potato, and other similar ingredients,
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but each terrestrial species needs a unique combination of organic constituents in which
finding the best formulation requires more study and attention.

The phytochemical profile and bioactive constituents with given pharmacological
and therapeutic activities and their biosynthetic pathways in epiphytic orchids’ organs are
well-known and well-documented [25,26]. However, only limited information is available
on the phytochemistry of terrestrial orchid species used in the food industry and traditional
medicine, and their physiological or therapeutic activities are not yet understood [6].
Salep powder prepared from dry tubers of terrestrial orchids contains glucomannan (7.7–
54.6%), starch (5.44–38.7%), and protein (3.11–4.95%). Glucomannan is a carbohydrate
composing polymers of 1,4-β-D-mannose and 1,4-β-D-glucose units responsible for special
rheological attributes of traditional ice creams and beverages consumed in the Middle East
and Mediterranean countries [27]. As an important carbohydrate, glucomannan controls
appetite by delaying gastric depletion time and providing a feeling of satiety, introduced as
a potential candidate in slimming diets [28].

Based on the aforementioned background, the present research study was performed
on H. affine to (i) optimize asymbiotic seed germination using modified Malmgren medium,
(ii) to analyze in vitro direct regeneration potential of old and young protocorm-like bodies
(PLBs), and crown explants in terms of somatic embryogenesis, and (iii) to investigate
phytochemical profile, glucomannan, starch, and protein content, and antioxidant activity
of leaf and tuber ethanolic and methanolic. In addition, we performed seed viability
via fluorescein diacetate (FDA) and tetrazolium chloride (TTZ) bioassays, and we also
compared tissue histology patterns of root, stem, protocorm, and leaf of native and in vitro-
raised plants.

2. Materials and Methods
2.1. Plant Material and Explant Preparation for In Vitro Study

Representative wild H. affine plants were collected from Javanrood in Kermanshah
province in Western Iran (latitude 46◦26′, longitude 34◦53′, altitude 1644 m) during June
2019 and transferred to the research greenhouse at the University of Kurdistan until the
experiments. The taxonomic identity of the studied species was confirmed at the Herbarium
of the University of Kurdistan, where a voucher specimen has been lodged (HA-0398).
Before capsule dehiscence, the seed samples were collected from a single plant. The seed
samples were then stored in small paper envelopes at 4 ◦C to eliminate any potential
dormancy until seed scanning electron microscopy (SEM), seed viability, and asymbiotic
germination analyses. Seeds were surface-sterilized for 2 min in 1% NaOCl solution
following three times 90 s rinsing in sterile double-distilled water. An aseptic inoculating
loop was used for sowing the seed, and the disinfected seed spread out on the medium
surface by a sterile glass spreader. An average of 200 seeds per petri dish were sown with
five Petri dishes as replicates. For embryogenesis experiments, the organs of aseptically
in vitro plantlets (raised on same medium), including crown, young protocorm, and old
protocorm dissected to corresponding sizes to prepare required explants.

2.2. Media Preparation and Treatments

We used modified Malmgren [24] as basal medium for asymbiotic seed germination,
protocorm formation, and plantlet development comprising 7 g/L agar (Merck, Darm-
stadt, Germany), 10 g/L sucrose, 1 g/L activated charcoal, 90 mg/L (Ca)3PO4, 184 mg/L
MgSO4·7H2O, 90 mg/L KH2PO. We studied the individual employment of PJ and CW as
the main organic constituents in combination with AV (Fresenius Kasi, Vienna, Austria),
Pep (Merck, Darmstadt, Germany), and CH (Duchefa, Haarlem, The Netherlands) as the
organic nitrogenous sources. For asymbiotic seed germination experiments, treatments
included PJ + AV, PJ + Pep, PJ + CH, PJ + AV + Pep, PJ + AV + CH, PJ + CH + Pep, PJ + AV,
CW + Pep, CW + CH, CW + AV + Pep, CW + AV + CH, CW + CH + Pep, where the
used constituents were as follows: 20 mL/L PJ; 100 mL/L CW; 4 mL/L AV; 2 mL/L CH;
1 g/L Pep. Different parameters, including germination rate; time to germination; plantlet
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length and weight; shoot length and diameter; protocorm length, width, and weight; tuber
length, width, and weight, were evaluated. For the somatic embryogenesis experiment,
the crown, young PLB, and old PLB explants of H. affine were sown on the Murashige
and Skoog [29] basal medium supplemented with naphthalene acetic acid (NAA) (0, 0.5,
1 mg/L) together with thidiazuron (TDZ) (0, 0.5, 1, 2 mg/L) and benzyl aminopurine (BAP)
(0, 0.5, 1, 2 mg/L), respectively.

2.3. Extraction and Gas Chromatography–Mass Spectrometry (GC–MS) Analysis

The ethanol and methanol solvents were used to prepare extracts from H. affine tubers
and leaves. For drying tubers, the conventional method of the local people was employed.
First, the tubers were washed with cold tap water and then boiled in water for 2 min and
washed again with cold water. The tuber samples were drained of water, loaded on the
40 × 80 cm trays, and dried in the shade under the open field until complete hardening.
The leaf materials were also dried in the same conditions. The dried tuber and leaf samples
were finely ground to powder by an A11B electric pulverizer (IKA, Staufen, Germany). The
resulting tuber and leaf powders (10 g each) were extracted in 20 mL methanol and ethanol
solvents (Merck, Darmstadt, Germany) for 12 h using a Soxhlet apparatus and evaporated
at 37 ◦C to produce crude ethanol and methanol powders. The obtained extract powders
were then dissolved in diethyl ether, and after solvent evaporation under a chemical hood,
they were finally dissolved in analytical-grade methanol and maintained in amber bottles
at 4 ◦C in a refrigerator until GC–MS analysis. Extraction was conducted in triplicate,
where each replication comprised the mixed materials of five plants. Phytochemicals
present in the ethanolic and methanolic extracts of leaf and tuber were characterized and
quantified using GC–MS by a Thermoquest-Finnigan Trace GC–MS instrument (Thermo
Finnigan, San Jose, CA, USA) equipped with a DB-17MS column (30× 0.32 mm ID and film
thickness 0.25 mm) (Agilent Technologies, Santa Clara, USA). The GC–MS conditions used
by Mozafari et al. [30] were employed: column temperature, 40–290 ◦C at 5 ◦C; injector and
detector temperatures 250 and 290 ◦C; volume injection, 0.1 µL; split ratio, 1:50; carrier gas,
helium with flow rate 1.2 mL/min; ionization potential, 70 eV; ionization current, 150 µA;
mass range, 35–465 mUI.

2.4. Determination of Total Phenolic Content (TP), Total Flavonoids Content (TF), and Total
Antioxidant Activity (TAA)

TP content was determined according to the Folin–Ciocalteu method [31]. The ab-
sorbance was determined at 725 nm, and the gallic acid (50–500 ppm) standard curve
was employed for the final determination of TF, which was expressed as mg of gallic acid
equivalent per 100 g fresh weight (FW) leaf or tuber sample. TF was measured based on
the protocol previously described by Toor and Savage [32]. The absorbance was recorded
at 510 nm, TF content was standardized against quercetin, and data were presented as mg
of quercetin equivalents per 100 g FW leaf or tuber sample. Total antioxidant activity (TAA)
of extracts was determined spectrophotometrically based on 2,2-diphenyl-1-picrylhydrazyl
(DPPH) method, as developed by Brand-Williams et al. [33]. To measure the reduction
of the DPPH radicals, absorbance was determined at a fixed wavelength of 517 nm, and
antiradical activity was then estimated as inhibition percentage.

2.5. Tuber Bio-Physiochemical Analyses

Ash and moisture of the tuber samples were determined using gravimetric methods at
500 ◦C and 105 ◦C based on the standard methods of the Association of Official Analytical
Chemists (AOAC) [34]. Total soluble proteins were extracted by grinding tuber samples in
liquid nitrogen and resuspending 200 mg tuber tissue in 2 mL protein extraction buffer. The
homogenates prepared based on the Bradford [35] method were centrifuged at 10,000× g
for 10 min at 4 ◦C, and protein concentration was consequently estimated according to
Bradford assay. The glucomannan content of dried tubers was measured based on the
Professional Standard of the People’s Republic of China for Konjac flour [36]. In brief,
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200 mg tuber powder was resuspended in 50 mL formic acid–NaOH buffer (0.1 M), and
was then electro-magnetically agitated at 30 ◦C overnight. The samples were then diluted
with the same buffer to a volume of 100 mL and centrifuged at 4000 rpm for 20 min. The
resulting supernatant containing glucomannan was heated and digested with H2SO4 (3 M)
for 90 min and was then re-cooled. As the final step, 2.5 mL NaOH (6 M) was added to
the solution, and the resulting mixture was spectrophotometrically analyzed at 550 nm.
The starch content was measured in dried tuber powder using the KI method, as described
by McCready et al. [37]. To determine the viscosity of Salep samples, in the first step, one
unit of powder was mixed with ten units of cold distilled water to obtain a 1% solution.
The resulting mixture was then thoroughly mixed with hot distilled water, bringing it to
100 units. The suspension was added to a Vibro AND–SV-10 viscometer (A&D Ltd., Tokyo,
Japan) based on the tuning-fork vibration procedure by detecting the running electrical
current needed for the resonance of two sensor plates. The vibration frequency was 30 Hz,
and the temperature was 25 ◦C.

2.6. SEM and Seed Viability Analyses

An Olympus BX51 stereo-microscope (Olympus Optical Co., Ltd., Tokyo, Japan) was
employed to take the light microscopic images. SEM experiment was performed using
FESEM Mira 3 scanning electron microscope (Tescan, Breno, Czech Republic) at 30 kV
voltage to reveal seed testa micro-structure details. Fluorescein diacetate (FDA) assay based
on the Pritchard [38] protocol and TTZ assay according to Van Waes and Debergh [39]
method were performed to determine H. affine seed viability.

2.7. Histochemical Investigation

The anatomical study was conducted based on the protocols and terminologies pro-
vided by Aybeke [40] and Aybeke [41]. Here, 1–2 cm pieces of protocorm, leaf, stem, and
root of in vitro-raised plantlets and fully acclimatized plants were fixed by incubation in
Formalin–Aceto–Alcohol (FAA) solution (63% (v/v) ethyl alcohol, 5% (v/v) glacial acetic
acid, and 1.85% (v/v) formalin) for 48 h. The transversal and frontal sections were directly
prepared by a razor blade as hand-free sections. Carmine and Fast green were used for the
staining of tissues. The leucoplasts containing glucomannan were stained with Lugol’s
solution (0.5 g I2, 1 g KI, and 150 mL distilled water) for 10 s. The well-stained tissues were
photographed using an Olympus DP72 camera fitted on an Olympus BX51 microscope.

2.8. Data Analyses

For seed germination study, a split-plot experimental design was used in which the
main organic constituent (PJ and CW) and organic nitrogen source (AV, Pep, and CH)
were considered as whole plot and sub-plot treatment factors, respectively. A factorial
experiment based on a completely randomized design with two factors was employed
for the embryogenesis study. The first factor was auxin (NAA) and the second factor was
cytokinin (TDZ and BAP). Data were analyzed using analysis of variance (ANOVA) and
mean values compared by a least significant difference (LSD) test at 5% significance level
using SAS software v. 9.1 (SAS Institute Inc, Cary, NC, USA).

3. Results
3.1. Asymbiotic Seed Germination

Prior to the seed germination study, an SEM analysis was carried out to show seed
microstructure and testa micro-morphology details. As shown in Figure 1E–G, H. affine
has an overall flask-shaped seed. A mean seed length of 538.89 ± 12.52 µm, seed width
of 208.33 ± 12.55 µm, and cell number of 70.65 ± 2.87 were recorded for the studied seed.
The anticlinal walls were prominent, and seed cells were big in the middle and small in
the chalazal and polar ends. Based on the light microscopic imaging (Figure 1H), the seed
testa color was brown. On the other hand, seed viability analysis by TTZ and FDA assays
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confirmed the viability of embryos in H. affine seed (Figure 1I,J) with an average rate of
95.33 ± 1.69% and 91.66 ± 2.05% viability for FDA and TTZ, respectively.

Diversity 2022, 14, x FOR PEER REVIEW 7 of 26 
 

 

 

Figure 1. (A,B) Inflorescence and flower morphology; (C) underground tuber morphology; (D–F) 

scanning electron microscopy (SEM) micrograph of seed testa micromorphology; (G) light 

microscopy of seed color and structure; (H) immature white seed within the capsule; (I,J) fluorescein 

diacetate (FDA) and tetrazolium chloride (TTZ) analyses of seed viability, respectively (red and 

white arrowheads show the viable and dead or deeding seeds, respectively); (K) seed with softened 

testa after disinfection with sodium hypochlorite. 

Figure 2 shows the stages of seed germination, protocorm development, and plantlet 

growth. Both the type of organic constituent as well as organic nitrogen source 

significantly impacted the asymbiotic seed germination and in vitro plantlet growth 

attributes (Table 1). In this regard, the highest germination rates were obtained with PJ in 

combination with AV (99.46 ± 0.38%), Pep (98.77 ± 0.37%), and CH (99.00 ± 0.47%), while 

Figure 1. (A,B) Inflorescence and flower morphology; (C) underground tuber morphology;
(D–F) scanning electron microscopy (SEM) micrograph of seed testa micromorphology; (G) light
microscopy of seed color and structure; (H) immature white seed within the capsule; (I,J) fluorescein
diacetate (FDA) and tetrazolium chloride (TTZ) analyses of seed viability, respectively (red and white
arrowheads show the viable and dead or deeding seeds, respectively); (K) seed with softened testa
after disinfection with sodium hypochlorite.
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Figure 2 shows the stages of seed germination, protocorm development, and plantlet
growth. Both the type of organic constituent as well as organic nitrogen source significantly
impacted the asymbiotic seed germination and in vitro plantlet growth attributes (Table 1).
In this regard, the highest germination rates were obtained with PJ in combination with AV
(99.46 ± 0.38%), Pep (98.77 ± 0.37%), and CH (99.00 ± 0.47%), while implementation of
CW resulted in lower germination rates. Generally, the individual use of organic nitrogen
compounds resulted in higher asymbiotic germination efficiencies. On the other hand,
the shortest time to germination was observed using CW, particularly in combination
with CH (16.6 ± 0.4 days) and AV + CH (17 ± 0.31 days), whereas seed sown on media
supplemented with PJ in combination with AV and Pep required more time to germinate.
Regarding the protocorm growth, the media supplemented with CW in combination with
Pep and CH resulted in higher protocorm dimensions in comparison to other combinations,
and at the end of the experiment, the highest (0.094 ± 0.01 g) and lowest (0.036 ± 0.00 g)
protocorm weight were obtained with CW + AV and PJ + CH, respectively. The attributes
of in vitro-raised plantlets were also significantly impacted by organic ingredients, where
plantlets grown on media supplemented with PJ in combination with Pep represented
the highest plantlet (4.2 ± 0.04 cm), shoot length (1.96 ± 0.042 cm), and plantlet weight
(0.58 ± 0.002 g). The highest number of roots was observed with CW + AV (5.2 ± 0.20)
followed by CW + Pep (3.2 ± 0.020) and CW + CH (3 ± 0.031) treatments (Table 1). The
first sign of asymbiotic seed germination was embryo swelling followed by testa rupturing
(Figure 2A,D,E), the formation of protocorm and rhizoids (Figure 2B,C), activation of
shoot and root meristem, and subsequently plantlet growth (Figure 2F) and finally micro-
tuber development (Figure 2G). The in vitro-raised plantlets were successfully acclimatized
(Figure 2H) and transferred to a research field, where they restarted the growth in the next
growing season (Figure 2I).

3.2. Somatic Embryogenesis and Secondary Protocorm Formation

The explants derived from in vitro-raised plantlets represented significantly different
rates of somatic embryogenesis and number of embryos per explant in response to the used
plant growth regulator (PGR) combinations (Table 2). However, there was no embryogene-
sis, and therefore no produced embryo with individual application of auxin or cytokinin.
The highest regeneration rate (44%), as well as the highest number of embryos per explant
(10.12 ± 2.08), were observed in young PLB explants on MS medium supplemented with
0.5 mg/L NAA and 1 mg/L TDZ. Overall, the young PLB explants represented higher
embryogenesis potential and more somatic embryos compared to old PLB and crown ex-
plants, while old PLBs were more efficient explants than the crown explant. Moreover, TDZ
in combination with NAA, was shown to be more effective than BAP in terms of somatic
embryogenesis. Furthermore, the embryogenesis rate and frequency were dose-dependent,
in which medium concentrations of NAA, TDZ, and BAP proved to be more efficient, while
overall low and high concentrations resulted in lower regeneration rates. The different
stages of somatic embryo formation and development and their turning to secondary PLBs
are shown in Figure 3A–D. After four weeks of explant regeneration, the produced embryos
matured and converted to secondary PLBs resembling the original PLBs resulting from
seed germination. The secondary PLBs subcultured again on the new Malmgren medium
and successfully grown to healthy and ready to acclimatization plantlets (Figure 3E).
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Figure 2. Seed germination and plantlet growth of H. affine (Boiss.) Schltr. (A) Embryo enlargement
and protocorm formation 16 days after seed sown. (B,C) Protocorm development and rhizoid
formation 24–30 days after seed sown. (D,E) SEM micrograph of testa rupturing and asymbiotic seed
germination. (F) Fully developed plantlets ready for acclimatization 3–4 months after seed sown.
(G) The stages of in vitro protocorm development, rooting, and plantlet growth. (H) In vitro-raised
plantlets successfully acclimatized and transferred to plugs. (I) H. affine plant established under field
condition in the next spring. SS, swelling seed; RT, rupturing testa; DP, developing protocorm-like
bodies (PLBs); RZ, rhizoids; LP, leaf primordium; IT, in vitro formed tubers.
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Table 1. The effect of pineapple juice (PJ) and coconut water (CW) as the main organic constituent and Aminoven (AV), peptone (Pep), and casein hydrolysate (CH)
as the organic nitrogenous sources on the seed germination and plantlet growth attributes of endangered terrestrial orchid species H. affine (Boiss.) Schltr.

Trait
PJ CW

AV Pep CH AV + Pep AV + CH Pep + CH AV Pep CH AV + Pep AV + CH Pep + CH

Germination percent (%) 99.46 ± 0.38 a 98.77 ± 0.37 a 99.00 ± 0.47 a 95.38 ± 1.51 b 64.85 ± 2.01 e 75.99 ± 1.43 cd 61.28 ± 1.17 f 58.2 ± 0.76 g 50.06 ± 1.44 h 77.64 ± 0.73 c 75.46 ± 0.53 cd 66.62 ± 0.49 e

Time to germination (day) 51.20 ± 1.46 i 56.00 ± 1.64 h 34.20 ± 0.20 g 32.80 ± 0.91 f 31.00 ± 0.77 f 27.60 ± 0.40 e 19.60 ± 0.50 c 22.60 ± 0.50 d 16.60 ± 0.40 a 18.00 ± 0.00 b 17.00 ± 0.31 a 38.00 ± 0.83 i

Protocorm length (cm) 0.56 ± 0.04 b 0.30 ± 0.02 b 0.26 ± 0.02 c 0.58 ± 0.06 b 0.25 ± 0.03 d 0.38 ± 0.03 d 0.64 ± 0.04 a 0.64 ± 0.05 a 0.48 ± 0.06 c 0.32 ± 0.03 e 0.34 ± 0.02 e 0.42 ± 0.04 d

Protocorm width (cm) 0.28 ± 0.040 b 0.20 ± 0.05 cd 0.20 ± 0.03 c 0.26 ± 0.05 b 0.17 ± 0.02 d 0.20 ± 0.00 c 0.32 ± 0.05 a 0.27 ± 0.03 b 0.24 ± 0.02 c 0.20 ± 0.04 cd 0.19 ± 0.02 d 0.26 ± 0.08 bc

Protocorm weight (g) 0.07 ± 0.00 b 0.04 ± 0.00 d 0.03 ± 0.00 ef 0.08 ± 0.00 ab 0.03 ± 0.00 ef 0.04 ± 0.00 de 0.09 ± 0.01 a 0.08 ± 0.00 ab 0.66 ± 0.00 c 0.03 ± 0.00 e 0.04 ± 0.00 de 0.06 ± 0.00 c

Plantlet length (cm) 3.58 ± 0.03 d 4.20 ± 0.04 a 2.58 ± 0.03 d 3.10 ± 0.05 b 3.06 ± 0.09 b 2.44 ± 0.01 e 2.52 ± 0.03 d 2.54 ± 0.02 d 2.72 ± 0.03 c 2.50 ± 0.04 d 2.16 ± 0.02 g 2.24 ± 0.02 f

Plantlet weight (g) 0.38 ± 0.00 f 0.58 ± 0.00 a 0.25 ± 0.00 e 0.34 ± 0.00 cd 0.30 ± 0.003 c 0.22 ± 0.00 g 0.26 ± 0.00 ef 0.27 ± 0.00 d 0.26 ± 0.00 b 0.22 ± 0.00 g 0.02 ± 0.00 i 0.23 ± 0.00 h

Shoot length (cm) 1.76 ± 0.02 d 1.96 ± 0.04 a 1.22 ± 0.03 e 1.86 ± 0.03 b 1.62 ± 0.02 b 1.09 ± 0.02 e 1.20 ± 0.03 c 1.36 ± 0.02 f 1.64 ± 0.02 f 1.33 ± 0.01 cd 0.87 ± 0.01 g 1.04 ± 0.05 g

Shoot diameter (cm) 0.19 ± 0.10 b 0.20 ± 0.00 b 0.19 ± 0.00 b 0.19 ± 0.00 b 0.09 ± 0.00 e 0.10 ± 0.00 e 0.23 ± 0.02 a 0.20 ± 0.00 b 0.20 ± 0.01 b 0.10 ± 0.00 e 0.12 ± 0.00 d 0.15 ± 0.00 c

Root number (cm) 1.60 ± 0.024 d 1.60 ± 0.024 d 1.00 ± 0.01 g 1.40 ± 0.02 e 1.20 ± 0.02 f 1.20 ± 0.02 f 5.20 ± 0.20 a 3.20 ± 0.02 b 3.00 ± 0.03 c 0.40 ± 0.02 i 0.80 ± 0.03 h 0.40 ± 0.02 i

Different letters in each row indicate significance by LSD tests at p < 0.05. Values represent the means ± standard error.



Diversity 2022, 14, 1137 10 of 23

3.3. Histology of In Vitro-Raised and Acclimatized Plantlets

The in vitro formation of protocorms in H. affine coincided with the presence of high-
density rhizoids (Figure 4A), which seem to be necessary for the maximum absorption of
nutrients from the surrounding medium. However, after the polarized growth of PLBs and
thus the formation of root and shoot primordia, primary roots continue the nutrient uptake
instead of rhizoids. During the acclimatization process of in vitro-raised plantlets, the
scattered vascular tubes converted to fully developed tissues, which are probably involved
in ensuring maximum sap flux (Figure 4C). Orchids are among typical monocotyledon
species, and this was obvious from the histochemical pattern of studied H. affine plant parts.
Furthermore, the developing layers of leaves had only a few vascular bundles (Figure 4D),
which were converted to more organized structures in acclimatized plants (Figure 4E). In the
transverse section of the protocorm, there was a central stele-like structure with a few small
xylem and phloem tubes (Figure 4F). In addition, some parenchyma cells of protocorm
had amyloplast grains containing glucomannan and starch. Figure 4G represents the
histology of the stem in well-established H. affine plants in which vascular bundles within
the cortex comprising sieve tubes and xylem vessels are distinct. The histology of small
tubers produced under in vitro conditions showed a high density of plastids containing
glucomannan and starch within storage parenchyma cells (Figure 4H). The number of these
organelles was surprisingly decreased in fully developed tubers of acclimatized plants
(Figure 4I). Finally, there was a substantial difference between the in vitro-raised plantlets
and field-established plants regarding epidermal and stomatal cells. In this connection, the
acclimatized plants had a higher frequency of stomata and bigger guard cells (Figure 4J) in
comparison to in vitro and non-acclimatized plantlets (Figure 4K).

Table 2. The effect of plant growth regulators (PGRs): naphthalene acetic acid (NAA), thidiazuron
(TDZ), and benzyl aminopurine (BAP) on the regeneration and number of embryos per explant in the
endangered terrestrial orchid species H. affine (Boiss.) Schltr. using different explants (crown, young
PLB, and old PLB).

PGRs (mg/L)
Regeneration (%) The Number of Embryos per Explants

Crown Young PLB Old PLB Crown Young PLB Old PLB

NAA TDZ
0 0 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e

0 0.5 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e

0 1 0.00 ± 0.00 e 4.00 ± 8.00 d 4.00 ± 8.00 d 0.00 ± 0.00 e 5.00 ± 0.00 c 0.00 ± 0.00 e

0 2 0.00 ± 0.00 e 4.00 ± 8.00 d 8.00 ± 9.79 cd 0.00 ± 0.00 e 3.50 ± 0.50 ef 3.25 ± 0.47 f

0.5 0 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e

0.5 0.5 8.00 ± 9.79 cd 12.00 ± 9.79 cd 8.00 ± 9.79 cd 4.50 ± 0.50 de 8.50 ± 0.50 a 3.50 ± 0.50 ef

0.5 1 32.00 ± 8.00 b 44.00 ± 0.00 a 32.00 ± 8.00 b 8.33 ± 1.20 ab 10.12 ± 2.08 a 4.87 ± 1.05 cf

0.5 2 12.00 ± 9.79 cd 20.00 ± 8.00 bc 16.00 ± 0.00 c 4.66 ± 1.24 cd 7.20 ± 0.74 b 5.75 ± 0.43 c

1 0 8.00 ± 9.79 cd 4.00 ± 8.00 d 0.00 ± 0.00 e 3.85 ± 0.50 ef 4.00 ± 0.00 e 0.00 ± 0.00 e

1 0.5 12.00 ± 9.79 cd 24.00 ± 9.79 b 4.00 ± 8.00 d 6.33 ± 0.47 bc 6.20 ± 0.89 bc 4.00 ± 0.00 e

1 1 12.00 ± 9.79 cd 28.00 ± 9.79 b 24.00 ± 9.79 b 5.60 ± 0.94 b–d 8.42 ± 0.72 ab 8.33 ± 0.94 ab

1 2 0.00 ± 0.00 e 12.00 ± 9.79 cd 20.00 ± 8.00 bc 0.00 ± 0.00 e 4.33 ± 0.47 de 2.50 ± 0.50 h

NAA BAP
0 0.5 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e

0 1 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e 0.00 ± 0.00 e

0 2 4.00 ± 8.00 d 4.00 ± 8.00 d 8.00 ± 9.79 cd 2.00 ± 0.00 i 2.00 ± 0.00 i 2.00 ± 0.00 i

0.5 0.5 12.00 ± 9.79 cd 8.00 ± 9.79 cd 4.00 ± 8.00 d 3.00 ± 0.00 h 4.66 ± 1.24 c-f 2.50 ± 0.50 f-i

0.5 1 8.00 ± 9.79 cd 24.00 ± 0.00 b 4.00 ± 8.00 d 2.50 ± 0.50 h 6.50 ± 0.50 bc 4.00 ± 0.00 e

0.5 2 12.00 ± 9.79 cd 16.00 ± 0.00 c 8.00 ± 9.79 cd 2.33 ± 0.47 hi 8.00 ± 0.00 ab 4.25 ± 0.43 de

1 0.5 24.00 ± 8.00 b 8.00 ± 9.79 cd 4.00 ± 8.00 c 4.6 ± 1.01 cd 4.80 ± 0.74 cd 3.00 ± 0.00 h

1 1 8.00 ± 9.79 cd 12.00 ± 9.79 cd 16.00 ± 8.00 cd 2.00 ± 1.00 i 3.25 ± 0.43 f 1.75 ± 0.43 ij

1 2 4.00 ± 8.00 d 12.00 ± 9.79 cd 20.00 ± 8.00 bc 2.00 ± 0.00 i 2.00 ± 0.00 i 1.60 ± 0.48 ij

PLB, protocorm-like body. Different letters indicate significance by LSD tests at p < 0.05. Values represent the
means ± standard error.
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Figure 3. Embryogenesis and secondary protocorm-like body (PLB) formation in H. affine (Boiss.)
Schltr. (A) The formation of secondary PLB with developed rhizoids on old protocorm as explant;
(A–D) different stage of embryo development on PLB explants and turning to secondary PLB.
(E) Different stage of plantlet development from secondary PLBs. OP, old PLB explant; SP, secondary
PLB; SM, shoot meristem; YP, young PLB explant.
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Figure 4. Histology of in vitro-raised plantlet and acclimatized and established plants of H. affine.
(A) High-density rhizoids on PLB generated during asymbiotic seed germination. (B) Transverse
section of root in in vitro raised plantlets showing central stele containing procambium developing
vascular system. (C) Root histology in field-established plants showing differentiated xylem and
phloem vascular elements. (D) Histochemical view of shoot in seedling developed under in vitro
condition. (E) The central vascular bundle in leaf of acclimatized plant. (F,G) Cross-sections of stem
in in vitro raised plantlets and field-acclimatized plants, respectively. (H) Anatomy of tuber initially
formed under in vitro condition, which shows amyloplast containing starch and glucomannan.
(I) The anatomy of tuber in well-established plants in the field. (J,K) The epidermis and stomata
of leaf’s lower surface in in vitro-raised plantlets and field-acclimatized plants, respectively. AG,
amyloplast grains; DA, developing endodermis; DL, developing leaves; GC, guard cells; LE, leaf
epidermis; LV, leaf vein; PV, phloem vessels; RP, ray parenchyma; SB, single vascular bundle; VB,
vascular bundle; XV, xylem vessels.
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3.4. Phytochemical Analysis

GC–MS analysis of methanolic and ethanolic extracts prepared from tuber and leaf
powder revealed a broad range of phytochemicals. The compounds higher than 0.3%
are shown in Table 3. In this respect, 1,2,3-propanetriol,monoacetate was the most preva-
lent phytochemical present in the methanolic extract of tuber (47.63 ± 0.82%) and leaf
(42.65 ± 1.8%), while 4H-pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl, and 2-butenedioic
acid, 2-methyl-, (E)- were found at the highest percentages in tuber (37.53 ± 1.12%) and leaf
(19.40 ± 2.95%) ethanolic extract, respectively. Carbohydrates and their derivatives, includ-
ing glycerin, 6-acetyl-beta-d-mannose, D-melezitose, ribitol, furaneol, and 1,3-Dioxolane
were also present in high ratios in all four studied extracts. On the other hand, a high level
of phenolic compounds was interestingly observed in both tuber and leaf material extracted
by methanol and ethanol solvents. In this regard, 26.75 ± 1.23% of tuber methanolic extract
belonged to 1-methoxy-4-(1-propenyl)-, while phenol, 4-(ethoxymethyl)- was the primary
phenolic derivative in tuber ethanolic (8.26± 0.92%) and leaf methanolic (6.96± 0.91%) and
ethanolic (19.01 ± 1.55%) extracts. 2-Methyl-1-cyclohexenyl) formaldehyde semicarbazone
(4.55 ± 0.34 in tuber methanolic extract), alpha-pinene (14.30 ± 1.08 in tuber ethanolic
extract), and 1,3-Diazacyclooctane-2-thione (13.08 ± 2.11% in leaf ethanolic extract) were
other prevalent phytochemical constituents present in H. affine plant parts.

3.5. Physico-Biochemical Evaluation

As shown in Table 4, high contents of TP and TF and high rates of antioxidant activity
were observed for leaf and tuber samples extracted by methanol and ethanol solvents. The
highest TP (0.497 ± 0.012 mg/100 g FW) and TF (0.396 ± 0.011 mg/100 g FW) content, and
antioxidant activity (0.766 ± 0.010%) were recorded for the methanolic extract of tuber,
while the lowest values were observed in leaf ethanolic extracts. In general, methanolic
extract had higher TP and TF content, and antioxidant activity than ethanolic extracts.
Moreover, samples with higher TP and TF content represented higher antioxidant activity.
Table 5 represents the physico-biochemical properties of Salep powder obtained from dried
tubers of H. affine. The recorded glucomannan content in our study (36.96%) was higher
than starch content (31.31%), and a viscosity of 17.96 ± 0.85 cP was obtained resulting from
both carbohydrates.



Diversity 2022, 14, 1137 14 of 23

Table 3. The phytochemical components of methanolic and ethanolic extracts of tuber and leaf in H. affine (Boiss.) Schltr. identified by gas chromatography–mass
spectrometry (GC–MS) analysis.

Methanolic Extract
Tuber Leaf
Compound Formula RT % MW Compound Formula RT % MW

1,2,3-propanetriol,
monoacetate C10H12O 17.420 47.63 ± 0.82 134 1,2,3-propanetriol, monoacetate C10H12O 17.128 42.65 ± 1.84 134

Benzene,
1-methoxy-4-(1-propenyl)- C5H10O4 17.964 26.75 ± 1.23 148 4H-Pyran-4-one, 2,3-dihydro-

3,5-dihydroxy-6-methyl C6H8O4 14.675 11.32 ± 1.86 136

Glycerin C3H8O3 28.819 16.42 ± 0.66 92 6-Acetyl-.beta.-d-mannose C8H14O7 20.116 10.45 ± 1.80 222
(2-Methyl-1-cyclohexenyl)
formaldehyde
semicarbazone

C9H15N3O 20.166 4.55 ± 0.34 137 alpha-D-glucopyranosyl-(1->3) C18H32O16 20.914 10.16 ± 1.02 504

Bicyclo[2.2.1]heptan-2-one,
1,3,3-trimethyl- C10H16O 12.234 1.10 ± 0.50 152 Phenol, 4-(ethoxymethyl)- C9H12O2 20.265 6.96 ± 0.91 152

2,5-Methylene-d,l-
rhamnitol C7H14O5 14.351 0.73 ± 0.28 178 Ribitol C5H12O5 15.720 2.59 ± 0.32 152

Ethyl(dimethyl)allyloxysilane C7H16OSi 9.512 0.71 ± 0.12 144 2-Propanone, 1,1-diethoxy- C7H14O3 15.399 2.43 ± 0.49 146

Sorbitol C6H14O6 20.958 0.46 ± 0.18 182 Hexadecanoic acid, 3-hydroxy-,
methyl ester C17H34O3 15.809 2.34 ± 0.27 286

Trimethylsilylmethanol C4H12OSi 9.765 0.43 ± 0.20 104 Hexadecanoic acid, methyl
ester C17H34O2 38.249 1.89 ± 0.36 270

Phenol, 3-methyl- C7H8O16 12.832 0.33 ± 0.11 108 Trimethylsilylmethanol C4H12OSi 10.199 1.41 ± 0.27 104
Isosorbide Dinitrate C6H8N2O8 11.626 0.31 ± 0.16 236 L-Lyxose C5H10O5 9.798 1.37 ± 0.44 150
Propionic acid, 2-mercapto-,
allyl ester C6H10O2S 10.176 0.26 ± 0.92 146 D-Glucose, 6-O-.alpha.-D-

galactopyranosyl- C12H22O11 9.351 1.09 ± 0.90 342

d-Mannitol,
1-decylsulfonyl-

Undecanoic acid, 3-hydroxy-,
methyl ester C12H24O3 18.928 0.95 ± 0.28 216

N-Methyl-N-(toluene-4-
sulfonylmethyl)-acetamide C11H15NO3S 13.994 0.81 ± 0.55 241

beta.-D-Glucopyranose,
4-O-.beta.-D-galactopyranosyl- C12H22O11 24.626 0.56 ± 0.21 170

1,2,3,4,5-Cyclopentanepentol C5H10O5 8.255 0.54 ± 0.16 155
Decanoic acid, 3-hydroxy-,
methyl ester C11H22O3 19.110 0.45 ± 0.17 202
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Table 3. Cont.

Ethanolic extract
Tuber Leaf
Compound Compound Formula RT % MW
4H-Pyran-4-one,
2,3-dihydro-3,5-dihydroxy-
6-methyl

C6H8O4 18.028 37.53 ± 1.12 144 2-Butenedioic acid, 2-methyl-,
(E)- C5H6O4 12.818 19.40 ± 2.95 130

alpha.-Pinene C10H16 9.672 14.30 ± 1.08 136 Phenol, 4-(ethoxymethyl)- C9H12O2 19.815 19.01 ± 1.55 152
2,4-Octadienoic acid,
7-hydroxy-6-methyl- C9H14O3 22.731 13.93 ± 1.10 170 1,3-Diazacyclooctane-2-thione C6H12N2S 13.073 13.08 ± 2.11 144

2-Furancarboxaldehyde,
5-(hydroxymethyl)- C6H6O3 22.134 11.70 ± 0.88 121 Nonanediamide,

N,N′-di-benzoyloxy- C23H26N2O6 14.634 6.60 ± 0.49 426

Phenol, 4-(ethoxymethyl)- C9H12O2 24.558 8.26 ± 0.92 152 5-Methyl-1-phenylhex-5-en-1-
one C13H16O 15.233 6.48 ± 1.41 188

2,4-Dihydroxy-2,5-
dimethyl-3(2H)-furan-3-one C6H8O4 11.652 3.06 ± 0.28 144 1,3-Dioxolane C3H6O2 8.790 6.09 ± 1.50 74

2-n-Propylthiane C8H16S 18.498 1.50 ± 0.41 144 1,3-Dioxolane,
2-(dichloromethyl)- C4H6Cl2O2 8.395 5.37 ± 1.17 156

Isopinocarveol C10H16O 16.817 1.20 ± 0.55 152 6-Acetyl-.beta.-d-mannose C8H14O7 17.292 4.72 ± 0.67 222

d-Gala-l-ido-octonic amide C8H17NO8 13.044 0.92 ± 0.37 255 Benzenemethanol,
2-methoxy-.alpha.-2-propenyl- C11H14O2 17.954 2.91 ± 0.89 178

D-Glucose, 6-O-.alpha.-D-
galactopyranosyl C12H22O11 11.871 0.91 ± 0.47 342 1,2,3,4-Cyclohexanetetrol C6H12O4 9.407 2.53 ± 1.01 148

2,2-Dimethyl-3-vinyl-
bicyclo[2.2.1]heptane C11H18 15.746 0.86 ± 0.10 150

2H-Indeno[1,2-b]furan-2-one,
3,3a,4,5,6,7,8,8b-octahydro-8,8-
dimethyl

C13H18O2 22.569 2.52 ± 0.52 206

Bicyclo[3.1.1]hept-3-en-2-ol,
4,6,6-trimethyl- C10H16O 17.104 0.83 ± 0.16 152

Bicyclo[3.2.1]oct-6-ene-6,8-
dimethanol,
1,7-dimethyl-4-isopropyl-,
bis(3,5-dinitrobenzoate)

C29H30N4O12 15.606 1.99 ± 0.38 626

N-Methyl-N-(toluene-4-
sulfonylmethyl)-acetamide C11H15NO3S 13.994 0.81 ± 0.16 241 Geranyl isovalerate C15H26O2 22.862 1.97 ± 0.44 238

l-Gala-l-ido-octonic lactone C8H14O8 13.158 0.70 ± 0.09 238 Dithiocarbamate, S-methyl-,N-(2-
methyl-3-oxobutyl)- C7H13NOS2 16.040 1.66 ± 0.32 191

Ocimene C10H16 12.502 0.53 ± 0.11 136 D-Melezitose C18H32O16 11.200 1.58 ± 0.47 504
Cyclohexane,
1,4-dimethoxy-2-methyl-,
stereoisomer

C9H18O2 17.183 0.44 ± 0.08 158 Cyclohexanone, 5-(1-hydroxy-2-
propenyl)-2,2-dimethyl-, C11H18O2 17.452 1.50 ± 0.28 182

Isobornyl acetate C12H20O2 21.144 0.32 ± 0.09 196 2-Nitrohept-2-en-1-ol C7H13NO3 9.739 1.03 ± 0.27 159
1,5,5-Trimethyl-6-
methylene-cyclohexene C10H16 15.168 0.30 ± 0.04 136 E-9-Methyl-8-tridecen-2-ol,

acetate C16H30O2 17.686 0.67 ± 0.30 254

RT, retention time determined on DB-17MS capillary column. Components are listed in order of percentage for each organ. MW, molecular weight. Values represent the means ±
standard error.
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Table 4. The content of total phenolics (TP), total flavonoids (TF), and total antioxidant activity (TAA)
in endangered terrestrial orchid species H. affine (Boiss.) Schltr. as affected by organ and solvent type.

Organ Solvent TP (mg/100 g FW) TF (mg/100 g FW) TAA (%)

Leaf
Methanol 0.40 ± 0.01 c 0.31 ± 0.01 c 0.63 ± 0.02 bcd

Ethanol 0.38 ± 0.01 d 0.28 ± 0.01 d 0.61 ± 0.02 d

Tuber
Methanol 0.49 ± 0.01 a 0.39 ± 0.01 a 0.76 ± 0.01 a

Ethanol 0.44 ± 0.01 b 0.33 ± 0.01 b 0.64 ± 0.01 bc

Different letters indicate significance by LSD tests at p < 0.05. FW, fresh weight. Values represent the means ±
standard error.

Table 5. Biochemical properties of Salep powder obtained from endangered terrestrial orchid species
H. affine (Boiss.) Schltr.

Trait Value

Moisture (%) 11.55 ± 0.70
Ash (g/100g) 1.76 ± 0.05
Protein (g/100g) 3.95 ± 0.04
Starch (%) 31.31 ± 0.60
Glucomannan (%) 36.96 ± 1.22
Viscosity (cP) 17.96 ± 0.85

Values represent the means ± standard error.

4. Discussion

The observed seed microstructure qualitative and quantitative data were comparable
with those reported by Vafaee et al. [11], Gholami et al. [12], and Şenel et al. [42]. As
the orchid seed microstructure of terrestrial orchids is species-specific, the knowledge
of their morphometry can be helpful when the origin of the seed used for asymbiotic
in vitro germination is unknown and/or seed collection has been conducted after the
flowering period. By knowing the exact species and sub-species of a target seed sample,
we can confidentially provide optimum media and environmental conditions from the
seed asymbiotic germination to PLB formation, plantlet growth, tuber formation, and even
flowering. This is important as terrestrial orchid species are solely identified based on the
floral characteristics, which sometimes are missing.

In the current study, the employed TTZ and FDA bioassays revealed high viability
rates for H. affine seed sample. As preliminary tests to determine the initial viability
of seed bulks, TTZ and FDA have also been utilized in other epiphytic and terrestrial
orchid species, including Cyrtochilum aemulun [43], Dendrobium lasianthera [44], Cypripedium
spp. [45], and Cephalanthera falcata [46]. The knowledge of the initial seed viability could
help the interpretation of symbiotic and asymbiotic seed germination results, and it also
aims at the long-term screening of seed viability in tropical and temperate orchid species
for germplasm renewing and maintenance [47].

It is generally accepted that germination and PLB formation are more challenging and
complex in terrestrial orchids than in epiphytic species because of different factors such as
physical and physiological barriers and dependency on the mycorrhiza fungi [23]. The last
factor is needed to provide essential nutrients, including macro and micro-elements, hydro-
carbons, and amino acids, and also to adjust osmotic potential [48,49]. For the successful
establishment of symbiotic cultures, mycorrhizal isolate preparation and the development
of symbionts are required, while asymbiotic germination could alternatively provide an
in vitro propagation platform for terrestrial orchids without symbiosis. Nevertheless, de-
veloping an optimized medium for asymbiotic germination of a single terrestrial species
or even sub-species is still an important and understudied issue [50,51]. The strength of
constituents and, in particular, the concentration of NO3 and NH4 used in conventional
media for in vitro germination of epiphytic orchids is too high and poisonous for most
terrestrial orchids [52–54]. In this regard, Malmgren basal medium [24] comprises organic
constituents, including coconut milk, PJ, and amino acid mixture, which is suitable, and
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eliminates dependency on mycorrhizal fungi by supplying required minerals, vitamins,
and phytohormones in optimum concentrations and combinations [55,56]. The observed
seed germination (the seed developed to PLB) rates obtained in the present research were
higher than those reported in H. robertianum (24%) [57], H. adriaticum (5.1%) [56], and H.
jankae (77%) [58]. Our findings regarding the greater efficiency of PJ for the improvement
of asymbiotic seed germination and also the final growth performance of in vitro-raised
plantlets were in line with the results obtained in H. jankae [58]. Moreover, Ophrys species
have represented better plantlet growth using PJ-enriched Malmgren media [59]. This
enhancing impact of PJ might be attributed to the elimination of explant-exudated phenolic
compounds and the presence of ready-to-uptake minerals and vitamins [59]. On the other
hand, the faster germination of H. affine seed occurred with media containing CW. CW
contains growth regulators, including auxin, cytokines, gibberellins, and abscisic acid.
The auxin in CW is IAA (the main auxin in plants) [60]. Cytokines in CW are involved
in cell division and thus accelerate growth. They are mainly used to amplify orchid-like
protochromes in the plant industry [60]. It has been stated that CW can supply the required
energy of the cells more quickly, and some of its components, such as cytokinin, trigger cell
division [60], resulting in faster germination and PLB formation [58]. In the present study,
the single implementation of organic nitrogen compounds was generally more efficient than
their combinational use in enhancing seed germination and plantlet growth attributes. The
simultaneous use of nitrogenous organic constituents may negatively affect water potential
and thus disrupt water and nutrient uptake by the embryo and PLBs [23,61]. Nevertheless,
both individual and combinational applications of CH, AV, and Pep eliminated dependency
on inorganic nitrogen forms or mycorrhizal fungi, where CH and AV were more effective in
seed time to germination and plantlet growth, respectively. These enhancing impacts have
also been observed in other terrestrial orchids, including Orchis militaris [51], H. jankae [58],
and Ophrys spp. [59]. CH comprises 18 amino acids, various vitamins, different forms of
phosphates, and several microelements, explaining why it is known as a germination and
growth-inducing factor in orchid tissue culture media [62]. It is believed that ready amino
acid mixture (in available commercial forms like AV or Vamine) could be metabolized more
effectively than inorganic counterparts by orchid PLBs developed under in vitro conditions
as they may redirect some pathways of nitrogen assimilation [23,24].

The orchids grown in temperate regions, in particular terrestrial orchids, have been
considered highly recalcitrant species with weak responses of direct and indirect regener-
ation, in particular, somatic embryogenesis [63]. This could be one of the reasons for the
low embryogenesis rate and embryo number per explant obtained in the present study
compared to those reported in tropical species. Nevertheless, there are several reports on
the somatic embryogenesis of tropical orchids, including Spathoglottis plicata [64], Paphio-
pedilum niveum [65], Tolumnia [66], and Anoectochilus elatu [67]. It has been reported that
both explant type and/or auxin and cytokinin combination can affect embryogenesis in all
kinds of orchids. Here, we found the combination of TDZ and BAP, along with young PLB
explants, as the most effective treatments in terms of embryogenesis rate and generated
embryo number. In this regard, and in accord with our results, Moradi et al. [21] reported
higher embryogenesis ratios and embryo number per explant in Epipactis veratrifolia using
BAP and protocorm explant. The difference between the regeneration and embryogene-
sis potential of orchids’ explants might be related to their different status of indigenous
hormones [68]. Both somatic embryogenesis and embryo maturity (somatic or zygotic) of
terrestrial orchid species need cytokinin as a crucial factor [67], and it has been observed in
S. plicata [64] that the presence of exogenous auxins is only required at the beginning of
somatic embryogenesis induction; however, Mahendran and Narmatha Bai [69] reported
high embryo number in Malaxis densiflora only with 2,4-D auxin. They stated that auxins
activate embryogenesis by inducing the expression of stress-related genes responsible for
molecular reprogramming of the somatic cells to start embryo induction and generation.
Nevertheless, in our study, there was no or low rate of somatic embryogenesis induction
in the crown and young or old PLB explants with the individual use of NAA, TDZ, or
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BAP. This could imply the simultaneous role of auxins and cytokinins toward efficient
embryogenesis to generate a high number of somatic embryos [70]. Because of the high
genetic diversity intrinsic in the Orchidaceae family arising from sexual reproduction [71],
the secondary PLBs resulting from somatic embryos can also be utilized in orchid breeding
and domestication programs as a propagule tool for clonal and vegetative maintenance of
bred material.

A broad spectrum of phytochemicals with different natures, structures, and molecular
weights was identified in leaf and tuber’s methanolic and ethanolic extracts of H. affine,
among which there were some biologically important and active constituents. One of
the most prevalent constituents quantified in both ethanolic and methanolic extracts of
leaf and tuber was 1,2,3-propanetriol monoacetate, which has also been identified in male
floral extracts of Lomandra leucocephala ssp. robusta [72] and ethanolic extract of Vanilla [73].
Studies show that 1,2,3-propanetriol monoacetate has not only strong antifungal activity
but also poses broad antibacterial and insecticidal properties [74]. Benzene, 1-methoxy-
4-(1-propenyl) has also been found in high percentages in rosemary essential oil [75] and
Carum roxburghianum extract [76] with profound antifungal activity (against Aspergillus
niger) [75], and antibacterial activity [77]. As a well-known component, glycerin is exten-
sively used in the cosmetic, fragrance, pharmaceutical, and polymer industries [78]. On
the other hand, 4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl—found in Plukenetia
conophora seed [79], Clerodendrum viscosum [80], and Castanopsis fissa [81]—is a flavonoid
fraction with antifungal and protective effects. This particular sugar residue enables scav-
enging superoxide radicals mediated by saponins through the formation of hydroperoxide
intermediates which, therefore, inhibit structural damage induced by free radicals [79].
Several other phytochemicals identified in our study have also been reported in extracts
obtained from various organs of orchid species, including Pleione maculata (benzenamine,
4-methoxy-2-methyl-) [82], Orchis maculata (2-Butenedioic acid, 2-methyl) [83], Pleione mac-
ulate [82] (phenol, 4-(ethoxymethyl)), and Vanda cristata [84] (6-acetyl-beta-d-mannose).
Other than mycorrhizal fungi, there are also some endophytic bacterial species associated
with underground orchid tubers; thus, the exact origin of the identified phytochemical
constituents should be traced more carefully. For example, 6-acetyl-beta-d-mannose has
been identified in bacterial extract isolated from Vanda cristata orchid [84], while in our
study, it was present in ethanolic extract of the tuber.

H. affine is among the terrestrial orchid species whose leaf- and tuber-derived materials
are used in Kurdish and Persian folk herbal medicines. This application may be partly
explained by the observed high TP and TF contents and TAA. The reported TP and TF
contents in the present study are higher than those quantified in other terrestrial orchids,
including H. robertianum [85] and Anacamptis pyramidalis [86]. Overall, H. affine tuber sample
had more TP and TF than leaf material, which is in agreement with findings in Dactylorhiza
maculate, in which the aerial part had more phenolic content [87]. This can be due to the
effect of species, growing environment, and/or drying method. On the other hand, there
were higher TP and TF contents in Dendrobium crepidatum extracts prepared by methanol
compared to other solvents [88], which is also in line with the present findings. There was
a similar condition for TAA in Dactylorhiza romana, where extract prepared by methanol
represented more TAA than ethanol, and authors related this effect to the difference in
polarity of solvents. Moreover, we found more TAA in samples with higher TC and TF
contents, which probably shows the role of phenolic and flavonoid compounds in the
scavenging of free radicals [25]. The glucomannan content is an indicator of Salep powder
quality, which also determines the rheological properties of Salep-derived products, such
as beverages and ice creams, in cooperation with other carbohydrates [27]. The recorded
glucomannan content in our study (36.96%) was higher than starch content (31.31%), where
both attributes were comparable to those reported in H. affine (36.64% glucomannan and
35% starch) [89]. On the contrary, glucomannan content was higher than values reported in
terrestrial Turkish species [28]. However, this controversy could be due to the techniques
used to quantify glucomannan. Overall, probably due to the large size of tubers and
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medium to high content of glucomannan, which results in good quality Salep powder, H.
affine is among the most overexploited species in the Middle East.

5. Conclusions

Tuberous orchid species are at the front line of extinction, with many threatened taxa
compared to other orchid life forms; thus, our optimized asymbiotic seed germination and
secondary PLB regeneration procedures could assist in planning conservational strategies.
Taking into consideration the fragmentation of H. affine populations in Iran, Turkey, and
Euro-Mediterranean countries due to tuber over-harvesting, climate change, and/or human
impact, our procedure could be used as a tool for large-scale propagation of in vitro-raised
plants for re-introduction to threatened areas (Figure 5). Furthermore, the phytochemical
and histochemical results provide preliminary data to perform more comprehensive re-
search on terrestrial orchids as neglected species. Last but not least, due to the outstanding
traits and attractive and long-living flowers and inflorescence, the present research provides
an impulse for the exploitation of H. affine not only as a plant in herbal medicine and food
industries but also as an ornamental garden, potted, or cut flower.
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