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Abstract: Industrial hemp (Cannabis sativa L., family Cannabaceae) is a multi-purpose crop, used in
the production of food, nutraceuticals, cosmetics and medicines. Therefore, development of new
varieties with specific chemical profiles is necessary. In vitro culture methods could be complementary
to conventional breeding and a useful tool for large-scale propagation. Strong apical dominance
is considered as one of the factors contributing to the recalcitrance of industrial hemp in shoot
proliferation. In this study, we tested the polar transport inhibitors N-1-naphtylphtalamic acid (NPA)
and 2,3,5-triiodobenzoic acid (TIBA) to enhance shoot regeneration as the result of suppression of
apical dominance and to develop in vitro protocols for Diana, Finola and Fedora 17 cultivars. Shoot
tips derived from epicotyls were cultivated on Murashige and Skoog medium (MS) supplemented
with meta-topolin (mT) and NPA, and also thidiazuron (TDZ) with a combination of TIBA and
NPA. The results showed that the combination of TDZ with NPA (1–5 mg L−1) and TDZ with TIBA
(0.5–2.5 mg L−1) increased the response of explants and the multiplication rate, but the effect was
genotype-dependent and malformations were observed. To optimize the developed protocol, a
two-step procedure with shortened time of exposure to inhibitors and reduced concentrations of
them was applied. Shoots were rooted on media containing indole-3-butyric acid (IBA) and then
successfully acclimatized. The obtained results will be useful in micropropagation of recalcitrant
industrial hemp varieties.

Keywords: Cannabis sativa L.; industrial hemp; micropropagation; in vitro cultures; apical dominance;
auxin polar transport inhibitors; NPA; TIBA

1. Introduction

Industrial hemp (Cannabis sativa L., family Cannabaceae) is a multi-purpose crop
used for the production of fiber, seeds, oil, essential oil, composites, drugs, supplements,
cosmetics, etc. [1–3]. This multiple use of hemp raw material generates the need to develop
new varieties adapted to current demands. In the past, industrial hemp was mainly bred for
fiber, but for the last decade, there has been a growing demand for hemp products such as
“natural foods”, drugs, and diet supplements derived from its content in cannabinoids and
terpenes. Research on new applications of hemp plants is still ongoing, and the potential
perspectives of medical and industrial use of hemp are increasing. Considering that the
demand for standardized plant material has been constantly increasing, development of
new or improved varieties with a specific chemical profile is necessary.

Traditionally, hemp has been cultivated and propagated by seeds. Conventional
breeding is a time- and labor-consuming process. New germplasm, knowledge, and
breeding techniques are required to design and develop new hemp varieties with specific
features. In this respect, plant in vitro cultures and clonal propagation techniques can be
useful for large-scale propagation of the selected elite clones [4,5]. It may enable shortening
the time of the breeding process and/or large-scale production of homogeneous plant
material. Regeneration protocols are essential for most in vitro techniques employed in
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plant breeding and in crop improvement using genetic transformation. However, there is
still a lack of efficient and reproducible in vitro protocols for hemp. Cultivar- and genotype-
dependent responses of explants and the low regeneration rate are the main limitations for
hemp in vitro propagation.

So far, in vitro protocols developed from leaf [6], axillary nodal explants [7,8], cotyle-
dons [9], shoot tips [10], and epicotyls [11] have been published. A high multiplication
rate (12–13 shoots per explant) was achieved using Murashige and Skoog medium [12]
supplemented with thidiazuron (TDZ) [7] and meta-topolin (mT) [8]. It should be high-
lighted that the aforementioned reports have been devoted to a single high THC yielding
clone (MX) of marijuana. In contrast, much less efficient protocols have been developed
for fiber-type varieties [4,9–11,13]. The average multiplication rate expressed as shoots
per explant was usually in the range of around 2–3 [4,9,10]. A low multiplication rate and
problems with initiation of multi-shoot cultures have been reported as results of the low
branching tendency and high degree of apical dominance [4,13]. Strong apical dominance
is characteristic for fiber-type hemp. It was a favorable and economic feature because
taller plants had longer fibers and could grow with higher sowing density. Therefore,
plants characterized by strong apical dominance have been cultivated and selected in the
breeding process.

Apical dominance is a phenomenon in plants where the main shoot dominates and
inhibits the outgrowth of axillary buds, which are in a dormant state [14]. Bud outgrowth is
controlled by a complex network of endogenous hormones involving auxin, strigolactones
and cytokinins. Although the mechanisms of apical dominance are not fully understood,
there is a consensus that sugar level and auxin play a key role in it [15,16]. Shoot tip
keeps control under branching through auxin, which is synthesized in young leaves in
the apical meristem and transported down within the stem in the polar auxin pathway.
Auxin may inhibit lateral buds via different mechanisms: firstly, suppressing flow of auxins
from lateral buds competing for access to the polar auxin pathway [17] and secondly by
hormonal interaction between strigolactones and cytokinins [18–20]. The outgrowth of
axillary buds depends on the ratio of these plant hormones. Auxin cannot enter the buds,
but regulates bud outgrowth or dormancy via strigolactones and cytokinins, which are
mobile within the stem. Strigolactones inhibit, whereas cytokinins promote, bud growth.
Auxin can upregulate (strigolactones) and downregulate (cytokinins) biosynthetic genes
mediated mainly by transcription factors localized in buds [17,19,21].

Suppression of apical dominance by removing shoot tips was effective in shoot re-
generation in C. sativa var. Epsilon 68 [4] and Piper sarmentosum [22]. Smýkalová and
colleagues [13] used the combination of an auxin antagonist (PEO-IAA) and the cytokinin
derivate 6-benzyloamino-9-(-tetrahydroxypyranyl) purine (BAP9THP) for shoot induction
from isolated apical meristems of the USO 31 cultivar. This led to the successful formation
of multi-shoot cultures and a higher multiplication rate (4.4).

Considering that suppression of auxin was a necessary step in the development
of multi-shoot cultures, the use of auxin polar transport inhibitors could be effective
in breaking apical dominance and in shoot multiplication. There are several synthetic
inhibitors that affect auxin flux, the most common being N-1-naphtylphtalamic acid (NPA)
and 2,3,5-triiodobenzoic acid (TIBA). Both inhibitors are widely applied in studies on polar
auxin transport mechanisms as well as in studies on in vitro shoot regeneration, reported
in Acer trees [23], Alnus glutinosa [24], Morus alba [25], Rosa hybrida [26], Cucumis sativus [27]
and Citrus limon [28].

Therefore, the aim of this study was to verify whether NPA and TIBA promote shoot
multiplication in hemp and also to develop an in vitro protocol for Diana, Finola and Fedora
varieties. We found that the combination of TDZ with inhibitors had a positive effect on
explant response and shoot regeneration, but the effect was genotype-dependent and
induced unfavorable morphological changes of explants. In the next step, we developed a
two-step procedure to optimize the time and treatment and inhibitor concentration for each
hemp cultivar. The obtained regenerants were rooted on medium with indole-3-butyric
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acid (IBA) and successfully acclimatized. This study demonstrated for the first time that
polar auxin transport inhibitors used for suppression of apical dominance could be effective
in shoot organogenesis in industrial hemp cultivars.

2. Materials and Methods
2.1. Plant Material

The following criteria for cultivar selection were adopted: different genetic background
and genotypic expression (monoecious/dioecious) as well as commercial availability of
seeds on the market. Seeds were obtained from the Fibrous Plants Gene Bank of the Institute
of Natural Fibers and Medicinal Plants (INF&MP NRI; Poznań, Poland). The basic breeding
information on hemp varieties is summarized in Table 1.

Table 1. Breeding information on tested hemp varieties.

Variety Origin Purpose Genotypic
Expression

Height at
Maturity (cm)

Vegetative Cycle
(Days)

CBD
Content (%)

THC Content
(%)

Fedora 17 France Grain/CBD/Fiber Monoecious 200–250 <125 1.5–2.0 <0.06
Diana Romania Grain/Fiber Monoecious 200–250 <130 >1.0 <0.15
Finola Finland Grain/CBD/Fiber Dioecious 150–200 <110 0.4–2.7 <0.1

2.2. Establishment of In Vitro Cultures and Shoot Proliferation

Seeds were surface-sterilized in 70% (v/v) ethanol for 1 min, followed by immersion
in commercial bleach (ACE, Fater SpA, Pescara, Italy) solution in deionized water (3:1)
with two drops of Tween 20 for 20 min and then washed 3–4 times in autoclaved deionized
water. Sterilized seeds were germinated on petri dishes containing half-strength (1/2) MS
medium [12], 15 g L−1 sucrose, and 8.5 g L−1 agar (Bacto Agar, Becton, Dickinson and
Company, Sparks, Le Pont de Claix, France), and cultivated in the dark for 3 days, then
for the next 7 days at 25 ± 2 ◦C with a 16 h photoperiod under a photosynthetic flux of
120 µ mol m2 s−1 (daylight fluorescent tubes).

After germination, shoot tips of epicotyls (±0.5 cm) were dissected from 7-day-old
seedlings (Figure 1a) and put on full MS medium supplemented with meta-topolin (mT) at
a concentration of 1.0 mg L−1 and NPA (0.0, 1.0, 2.5, 5.0, 10.0 mg L−1) (Table 2). In a separate
experiment, shoot tips were put on MS medium supplemented with TDZ (0.5 mg L−1) and
inhibitor: NPA (0.0, 1.0, 2.5, 5.0, 10.0 mg L−1) or TIBA (0.0, 0.25, 0.5, 2.5.0, 5.0, 12, 5 mg L−1)
(Table 3). Shoot tips were placed vertically on the medium and cultured separately in glass
jars (100 mL). For each treatment, 15 explants were planted for each treatment and done at
least in triplicate. Explants producing shoots and the number of shoots on explants were
counted after 3 weeks of culture, except for the optimization experiments when the duration
of exposure to the inhibitors was shortened to 1–2 weeks (Tables 4–6). Additionally, the
percentage of malformed and callusing explants was calculated for the treatments. Shoot
regeneration and rooting proceeded at 25 ◦C ± 2 ◦C with a 16 h photoperiod under a
photosynthetic flux of 120 µ mol m2 s−1 (daylight fluorescent tubes).

All the chemicals were supplied by Merck (Sigma-Aldrich products, Irvine, UK),
except: Bacto Agar (BD, Becton, Dickinson and Company, Sparks, Le Pont de Claix,
France), sucrose (POCH S.A., Gliwice, Poland), NPA and mT (DUCHEFA BIOCHEMIE
B.V., Haarlem, The Netherlands). NPA was dissolved in 1 M KOH to prepare stock solution
(50 mg L−1) and TIBA in 96% ethanol to prepare 100 µM stock solution and stored at 4 ◦C.
NPA and TIBA were added to autoclaved sterile filtered media (0.22 µm; Corning, Glendale,
CA, USA). The pH of all the media was adjusted to 5.7 before autoclaving at 121 ◦C at
0.1 MPa for 20 min.
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Table 2. Effect of NPA and genotype on shoot regeneration of C. sativa epicotyl explants after three
weeks of culture on medium with mT.

Regulator (mg L−1) NPA (mg L−1)
Responding Explants (%) Mean No. of Shoots per Explant

Diana Fedora 17 Finola Diana Fedora 17 Finola

mT (1.0)

0.0 51.1 a 50.0 ab 10.9 a 2.1 ± 1.29 a 2.3 ± 1.41 a 1.2 ± 0.63 ab

1.0 53.2 a 56.5 b 41.3 b 2.0 ± 0.95 a 2.1 ± 1.14 ab 1.9 ± 1.07 c

2.5 52.2 a 52.2 ab 29.2 b 2.2 ± 1.28 a 2.3 ± 1.34 a 1.5 ± 0.92 a

5.0 53.2 a 43.5 ab 28.3 b 2.1 ± 1.19 a 1.9 ± 1.04 ab 1.5 ± 0.86 ac

10.0 41.3 a 34.8 a 8.5 a 2.0 ± 0.68 a 1.6 ± 0.95 b 1.1 ± 0.56 b

Values represent percentage (of responding explants) and mean ± SE of three replicates, each with 15 explants for
treatment. Different lowercase letters in the same column indicate a significant difference according to Fisher’s
test (responding explants) and Duncan’s test.

Table 3. Effect of auxin transport inhibitors NPA and TIBA and genotype on shoot regeneration of
C. sativa epicotyl explants cultured after three weeks of culture on medium with TDZ.

Regulator
(mg L−1)

NPA
(mg L−1)

TIBA
(mg L−1)

Responding Explants (%) Mean No. of Shoots per Explant Callusing Explants (%)

Diana Fedora 17 Finola Diana Fedora 17 Finola Diana Fedora 17 Finola

TDZ (0.5)

0.0 0.0 63.8 abc 56.3 ab 68.9 ab 2.4 ± 1.21 ab 2.0 ± 1.10 a 2.6 ± 1.25 ab 80.9 a 62.5 a 91.1 a

1.0 - 89.1 d 82.2 cd 59.6 ad 3.1 ± 1.13 cd 2.8 ± 1.18 bc 2.3 ± 1.12 ac 56.5 b 22.2 b 8.5 b

2.5 - 80.4 ad 91.3 d 86.4 b 2.9 ± 1.31 acd 3.2 ± 1.15 b 2.8 ± 0.96 ab 26.1 c 10.9 b 4.6 b

5.0 - 76.6 ad 71.7 acd 75.5 ab 3.0 ± 1.52 acd 3.0 ± 1.49 b 2.7 ± 1.16 ab 27.7 c 23.9 b 4.1 b

10.0 - 48.9 b 70.2 ac 71.7 ab 2.0 ± 1.14 b 2.3 ± 0.99 ac 2.4 ± 1.25 ac 15.6 c 10.6 b 8.7 b

- 0.25 - 75.0 acd 68.9 ab - 2.7 ± 1.45 bc 2.9 ± 1.54 ab - 81.3 c 95.6 a

- 0.5 71.1 abd 80.0 cd 71.1 ab 3.0 ± 1.58 acd 2.9 ± 1.27 b 3.0 ± 1.61 b 80.0 a 62.2 a 86.7 a

- 2.5 72.9 ad 80.9 cd 71.1 ab 3.4 ± 2.00 b 2.8 ± 1.11 bc 2.7 ± 1.38 ab 66.7 ab 57.2 a 57.8 c

- 5.0 66.7 abc 75.6 acd 44.4 cd 2.5 ± 1.34 abc 2.7 ± 1.18 bc 2.0 ± 1.39 cd 57.8 b 48.9 a 53.3 c

- 12.5 51.1 bc 42.6 b 35.6 c 2.1 ± 1.21 b 1.9 ± 1.32 a 1.5 ± 1.18 d 46.7 b 55.3 a 46.4 d

Values represent percentage (of responding explants) and mean ± SE of three replicates, each with 15 explants for
treatment. Different lowercase letters in the same column indicate a significant difference according to Fisher’s
test (responding explants) and Duncan’s test.

Table 4. Effect of different treatment variants (inhibitors, TDZ concentration, time of cultivation) on
shoot regeneration and malformation rate (%) of initial explants of C. sativa var. Fedora 17.

Variant
Treatment

Inhibitor
(mg L−1)

Time of
Incubation (Week)

TDZ
(mg L−1)

Mean No. of
Shoots per Explant

Response Rate
(%)

Malformation
(%)

1 TIBA (0.25) 1 0.25 2.5 ± 1.00 a 74.2 ab 9.7
2 TIBA (0.5) 2 0.25 2.6 ± 1.13 ab 73.3 ab 10.0
3 TIBA (0.5) 2 0.50 3.1 ± 1.32 b 84.8 b 13.0
4 NPA (2.5) 1 0.25 2.1 ± 0.99 a 60.0 a 13.3

Values represent percentage (of responding explants) and mean ± SE of three replicates, each with 15 explants
for treatment. Different lowercase letters in the same column indicate a significant difference according to
Duncan’s test.

Table 5. Effect of different treatment variants (inhibitors and TDZ concentration) on shoot regenera-
tion and malformation rate (%) of initial explants of C. sativa var. Finola.

Variant
Treatment Inhibitor (mg L−1) TDZ (mg L−1) Mean No. of Shoots

per Explant
Response Rate

(%) Malformation (%)

1 TIBA (0.5) 0.25 2.4 ± 1.41 a 54.5 a 21.2
2 TIBA (0.5) 0.50 3.7 ± 1.50 b 90.3 b 22.9
3 NPA (2.5) 0.25 3.0 ± 1.39 ab 76.7 b 20.0

Time of incubation on induction media was one week. Values represent percentage (of responding explants) and
mean ± SE of three replicates, each with 15 explants for treatment. Different lowercase letters in the same column
indicate a significant difference according to Duncan’s test.
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Table 6. Effect of different treatment variant (inhibitors, TDZ concentration) on shoot regeneration
and malformation rate (%) of initial explants of C. sativa var. Diana.

Variant
Treatment Inhibitor (mg L−1) TDZ (mg L−1) Mean No. of Shoots

per Explant
Response Rate

(%) Malformation (%)

1 TIBA (0.25) 0.5 3.3 ± 1.38 a 85.3 a 14.7
2 NPA (1.0) 0.5 2.4 ± 1.14 b 64.5 b 6.5

Time of incubation on induction media was two weeks. Values represent percentage (of responding explants) and
mean ± SE of three replicates, each with 15 explants for treatment. Different lowercase letters in the same column
indicate a significant difference according to Fisher’s test.

Figure 1. (a) Hemp seedling (Fedora 17 var.); (b) shoot regeneration (Diana var.) on medium
with TDZ and TIBA (5.0 mg L−1); (c) shoot regeneration (Finola var.) on medium with TDZ and
TIBA (1.0 mg L−1); (d) the regenerated shoots (var. Finola); (e) shoot regeneration (Fedora var.) on
medium TDZ with NPA (2.5 mg L−1); (f) flowering Finola explant on medium with mT and NPA
(10 mg L−1); (g) adverse morphological changes after exposition exposure to high TIBA concentration
12.5 mg L−1); (h) regenerated and rooted plant (Fedora var.); (i) the acclimatized plant.
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2.3. Rooting and Acclimatization

In vitro regenerated shoots were subcultured individually into glass jars containing
the following rooting medium: half-strength (1/2) MS medium with indole-3-butyric acid
(IBA, 0.5 mg L−1). After 3 weeks of culture, the number of shoots producing roots and
the number of regenerated roots and leaves were counted and the height of shoots was
measured for each regenerant. Additionally, callusing explants were counted.

Well-rooted shoots were removed from the vessels and washed under running water,
then place in the pots with sterilized soil (autoclaved mixture of soil and sand 2:1), covered
with glass cups and grown at 22 ± 2 ◦C (18/6 photoperiod, 120 µ mol m2 s−1). After
2 weeks, the cups were removed and plants were progressively exposed to the environ-
mental humidity (60–70%). The percentage of acclimatized plants was calculated after 4
weeks of planting into soil.

2.4. Statistical Analysis

The results were expressed as a percentage (%) and the mean of the measurements and
reported as mean ± SD (standard deviation). The data were statistically analyzed using
one-way analysis of variance (ANOVA), and the statistical significance was determined
applying Duncan’s post hoc test as well as Fisher’s test. The significance level was 0.05.
All the statistical analysis was performed using STATISTICA 10 (StatSoft Inc., Krakow,
Poland, 2011).

3. Results
3.1. Effect of Auxin Polar Transport Inhibitors on Shoot Regeneration and Response of Explants

In the experiment with mT, for the variant without inhibitor, the number of shoots
per explant as well as the response of the explants was relatively low (Table 2). However,
when NPA (1–2.5 mg L−1) was added to the medium, the response of explants was slightly
increased for Diana and Fedora 17 varieties, and only in the case of Finola var. was
it fourfold (41.3%). The increase in the number of shoots per explant was statistically
significant only for Finola var. Moreover, the explants exposed to NPA concentration above
2.5 mg L−1 reacted with yellowing of the lower leaves. About 10–11% plants of Finola var.
cultivated on medium with mT (including control without inhibitor) flowered regardless
of NPA concentration. (Figure 1f).

The effect of a combination of TDZ with inhibitors was more effective (Table 3). The
response of explants was moderate for the variant with only TDZ, i.e., about 50–70% of
explants were able to induce shoots. When the shoot tips were exposed to the combination
of TDZ and inhibitors (in both cases NPA and TIBA), the percentage of explants inducing
shoots and the number of shoots per explant were increased for all varieties (Table 3).
Results recorded for NPA and TIBA treatments were similar, but the maximal response of
explants was higher (86–91%) for NPA than for TIBA (71–81%). The multiplication rates
ranged from 2.0 to 2.6 shoots per explant for medium supplemented with only TDZ, but
after the treatment with inhibitor, it maximally increased to 3.0–3.4 dependently on hemp
cultivar. It should be noted that inhibitors were less effective for Finola explants compared
to Diana or Fedora 17.

The effect of genotype on explant response and mean number of shoots was observed
for both inhibitor treatments. The highest explant frequency (89.1%) as well as the highest
number of shoots per explant (3.1) was recorded for the Diana variety at lower NPA
concentration (1.0 mg L−1), whereas for Fedora 17, explants at a higher concentration of
2.5 mg L−1 of NPA.

The combination of TDZ with TIBA (0.25–2.5 mg L−1) was also effective in shoot
regeneration in the tested hemp varieties. Generally, the percentage of responding explants
was higher (71–81%) compared to medium without inhibitors (56–69%). Also, the number
of shoots per explant was similar in values to variants with NPA, i.e., about one shoot
more in relation to the variant of the medium without TIBA. An effect of genotype on
shoot regeneration was also noted. The highest numbers of shoots per explant (2.9 and 3.0
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respectively) for Fedora 17 and Finola var. were recorded at 1.0 µM of TIBA, whereas for
Diana (3.4) they were noted at the higher concentration of 2.5 mg L−1 of TIBA.

Shoot regeneration (Figure 1b–e) was initiated from the existing axillary buds and
there was no observed de novo shoot regeneration from somatic or callus tissues. TIBA as
well as NPA hampered callus formation, but NPA was more effective. Even at the highest
concentration of TIBA (12. mg L−1), about 50% of explants formed callus irrespectively
of the hemp variety. As was observed before, TIBA also induced morphological changes
including: vitrification, elongated shape of the leaves and petioles, yellowing and necrosis
of lower leaves. The effect was dose-dependent, and up to 30–40% of explants showed
morphological changes at the higher (5 and 12.5 mg L−1) concentrations (Figure 1g). TIBA
at a concentration of 25 mg L−1 caused the death of some Fedora and Finola explants (4%
and 11%. respectively) in a preliminary study (data not shown).

3.2. Optimization Treatments for Fedora 17, Finola and Diana Varieties

In the optimization experiments, the duration of exposure to the inhibitor was short-
ened and the concentration of TIBA and TDZ was decreased to avoid morphological
changes (Tables 4–6). Four variant treatments were applied for the Fedora 17 cultivar
(Table 4).

The best results (3.1 shoots per explant and 84.8% of responding explants) were
achieved for the third variant. Time of exposure to TIBA (0.5 mg L−1) was shortened
to 2 weeks and then the regenerating shoot tips were transferred to medium with TDZ
at a concentration of 0.5 mg L−1 for one week. The number of shoots per explants was
comparable with the results (3.1 vs. 3.4) obtained for higher (2.5 mg L−1) TIBA concentration
in the previous experiment (Table 3), but the percentage of malformed explants was lower.
It was one third of the previously obtained results for three-week exposure. The percentage
of malformed shoots was very similar to all treatments and ranged from 9.7% to 13.3%.

In the case of Finola explants, time of exposure to the inhibitor was maximally short-
ened to one week in all tested variants due to the greater sensitivity of this variety (Table 5).
Despite this short exposure time, comparable or even better results (90% response rate)
compared to the 3-week incubation of explants were obtained for variants 2 and 3. How-
ever, the malformation rate was similar for all the variants and was about 20%, but it was
significantly lower compared to the 30–40% noted for the previous experiment.

For Diana var., two variants with TIBA and NPA were tested with two-week exposure
time for both variants (Table 6). Better results were obtained for TIBA treatment (3.3 shoots
per explant), but a lower malformation rate was recorded for the NPA variant.

3.3. Rooting and Acclimatization of In Vitro Regenerated Shoots

The shoots obtained on media with NPA and TIBA were isolated and transferred into
rooting medium (1/2 MS) supplemented with IBA (0.5 mg L−1) (Figure 1h). The effects of
hemp genotype on rooting rate, shoot length and the mean number of leaves are presented
in Table 7.

Table 7. Effect of genotype on rooting rate, mean number of roots and leaves per shoot, and callusing
rate after three weeks of culture on rooting medium.

Variety N Rooting
Rate (%)

Mean Plant
Height (cm)

Mean No. of
Roots per Plant

Mean No. of
Leaves per Plant

Callusing
Explants (%)

No. of Rooted
Plants

Diana 46 23.9 a 1.1 ± 0.66 a 4.1 ± 2.70 a 3.2 ± 1.48 a 32.6 a 11
Fedora 17 45 46.7 b 1.5 ± 1.30 a 6.3 ± 3.99 b 4.6 ± 2.36 b 6.7 b 21

Finola 44 38.6 ab 1.4 ± 1.35 a 4.4 ± 3.44 ab 4.6 ± 1.52 b 34.1 a 17

Values represent percentage (of responding explants) and mean ± SE of three replicates, each with 15 explants
for treatment. The mean number of roots per plant was calculated for the rooted plants; the number of them
is presented in the last column. Different lowercase letters in the same column indicate a significant difference
according to Duncan’s test.
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The rooting rate for the tested hemp verities ranged from 23.9% (Diana) to 46.7%
(Fedora 17). Concerning the rooting rate (46.7%) and the mean number of roots per plant
(6.3), the best results were recorded for Fedora 17 var. The mean plant height was rather low
and similar for all tested genotypes. Significant differences in the percentage of callusing
explants (shoots) were identified between varieties. The lowest result (6.7%) was recorded
for Fedora 17, whereas for Diana and Finola varieties the callusing rate was much higher
and was over 30%.

All the rooted plants were successfully acclimatized and 100% of them survived the
hardening process (Figure 1i). The plants acclimatized easily and did not show any mor-
phological changes. The whole cycle from explant to acclimatized plants lasted 9–10 weeks
including: shoot regeneration (2–3 weeks), rooting (3 weeks), acclimatization (4 weeks).
In order to verify the proper and vigorous growth, the acclimatized plants were grown
for two additional months under greenhouse conditions up to flowering and developing
seeds, which proved their full functionality.

4. Discussion

In vitro shoot regeneration can significantly contribute to the improvement of hemp
recalcitrance and complement the conventional breeding through large-scale micropropa-
gation of the selected elite genotypes. Unfortunately, the most efficient micropropagation
protocols were developed for a single high-THC genotype of C. sativa [6–8]. Developed
protocols are not applicable to the fibrous genotypes or even to the commercially available
drug-type genotypes [29,30]. Therefore, regeneration protocols that are efficient and better
suited to the fibrous cultivars are needed.

Strong apical dominance together with the genotype-dependent response of explants
and the low multiplication rate were identified as the main obstacles to successful de-
velopment of an in vitro multiplication system for hemp. Enhanced shoot multiplication
by suppression of apical dominance by removal of shoot tips was reported previously
in hemp [4]. Decapitated hemp plants (Epsilon 68 var.) regenerated shoots from lateral
buds and thus enabled multiplication via shoot tips and nodal cuttings without the use of
cytokinins. In the present study, we replaced the physical method by use of the auxin polar
flow inhibitors NPA and TIBA. Our main purpose was to verify whether the auxin polar
flux inhibitors are able to enhance shoot regeneration as the result of suppression of the
apical dominance in shoot tips derived from epicotyls.

The choice of explant type and the selection of growth regulators (TDZ and mT) as well
as inhibitors were based on the analysis of the literature and the results of the preliminary
studies. TDZ has been mainly used for adventitious shoot bud proliferation. Effective
induction of axillary shoots under the influence of TDZ in C. sativa explants was reported
previously [7,9,31,32]. Meta-topolin is a less frequently tested regulator, but it was also
successfully used in shoot multiplication [8,33]. Unfortunately, all of the reports concern
drug-type cultivars. Moreover, the high multiplication rate (13.44 shoots per explant)
reported by Lata and colleagues [8] was not repeatable in other studies [29]. In this study,
mT and TDZ were used, but mT was less effective than TDZ (Tables 2 and 3), so TDZ was
chosen for the further experiments.

The effect of genotype was notable in the response of explants recorded for both regu-
lators as well as inhibitor treatments. The effects of hemp genotype on shoot regeneration
and the response of explants have been reported previously [11,29,34,35]. In the report
published by Gálan-Ávila et al. (2020), who also tested fibrous cultivars, the genotypic
factor also significantly influenced the response of explants and multiplication rate [11].

In contrast to mT, TDZ combined with NPA or TIBA resulted in the promotion of
shoot multiplication and in the increased response of explants (Table 3). The best response
of explants (80–90%) and multiplication rates (3 shoots per explant) were recorded for
the combination of TDZ and 2.5 mg L−1 of NPA as well as TDZ and TIBA at a concen-
tration range from 0.5–2.5 mg L−1 (equivalent 1–5 µM). This is consistent with previous
reports [24,26–28] that revealed a promoting effect of TIBA and NPA on shoot regeneration
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at a similar concentration range. Shukla and colleagues [27] found that a combination of
BAP and TIBA (1–2 µM) enhanced explants’ response and direct shoot regeneration in
Cucumis sativus. The highest regeneration efficiency, 64–55% compared to 33–35% (medium
with no TIBA), was achieved for both Cucumis cultivars. Comparable results were obtained
in this study, in terms of the frequency of explant response. However, the multiplication rate
(3.0–3.2) was lower than that reported in the literature for different plant species [24,26–28].
The multiplication rate was usually enhanced twofold after treatment with inhibitors. In
Citrus explants, NPA (20 mg L−1) enhanced shoot organogenesis from 3.93 to 7.48 and from
0.79 to 1.97 shoots per explant depending on Citrus cultivar [33]. Enhanced shoot regenera-
tion (8 vs. 3.5 shoots per explant) was noted for Alnus glutinosa shoot tips treated with TIBA
and NPA (1–3 µM) [24]. Enhancement of shoot multiplication was correlated with higher
inhibitor concentration [24,26] and dependent on genotype [27,28]. The effect of genotype
on the response of explants was also observed in this study. The differences may result from
the different levels of endogenous auxins; therefore, different concentrations of inhibitors
were needed to suppress the effect of auxin and promote shoot regeneration. The effect
of inhibitors can be explained by the correction of the auxin: cytokinin ratio required for
optimal shoot proliferation [26,28]. Generally, the effect of inhibitors on shoot regeneration
was similar, but some differences between NPA and TIBA were noted (Table 3). TIBA
application resulted in a slightly less frequent response of explants. The greatest differences
were noted in callus formation of explants. NPA was more effective than TIBA in this
aspect, but none of the tested inhibitors completely suppressed callusing. Suppression
or inhibition of callus formation has been reported previously [23,25–27]. The effect was
dose- and genotype-dependent, as in the present study. Callus formation was hampered by
increasing concentrations of NPA and TIBA, but to a varying degree in tested varieties. For
example, callusing of Finola explants was drastically reduced from 91% to 10% by NPA
even at the lowest concentration. Fedora 17 and Diana explants were less reactive to NPA
at the same concentration.

Apart from the promotional effect on shoot regeneration, inhibitors also had unfavor-
able effects on explants. In this study, senescence of leaves, vitrification and malformation
were observed for both inhibitor treatments, especially at higher concentrations. Unfavor-
able effects of auxin flux inhibitors were reported previously [36]. It was found that TIBA
and 2-(1-pyrenoyl) benzoic acid (PBA) affect actin dynamics and inhibit subcellular vesicle
trafficking in plant, yeast, and mammalian cells [37,38]. Inhibitors such as TIBA and NPA
interfere with basipetal polar transport of auxin and change auxin distribution, and, in
consequence, perturb plant growth and development. Vitrification and hyperhydration
as effects of TIBA were also observed in Alnus glutinosa shoots [24]. Apart from inhibitors’
activity, malformations could have also been caused by TDZ. TDZ may cause different
undesired anomalies or disorders at the cell, tissue, and organ levels. Such anomalies as
hyperhydricity, abnormal leaf morphology fasciation, and reduced elongation of roots were
well documented [39]. Reducing the time of explants’ exposure to TDZ and decreasing
the TDZ concentration in the induction media are recommended [39] to minimize the
adverse effects of this regulator on shoot morphology. Therefore, in the further optimiza-
tion experiments, we reduced the time of inhibition and TDZ concentration in a two-step
procedure (Table 3). Reduced TIBA concentration (1 µM and 0.5 µM) and shortened time
of exposure resulted in lower malformation rates (13%, 22% and 14.7% respectively for
Fedora 17, Finola and Diana) and relatively high response and multiplication rates (3.1,
3.7 and 3.3). In turn, lowered TDZ concentration usually resulted in lower numbers of
shoots per explant (Tables 4 and 5). Therefore, to reach a compromise between a satisfactory
multiplication rate and lack of or a low malformation rate, additional tests for a given hemp
variety are required.

After three weeks of culture, all shoots were rooted on the same rooting medium
containing the same concentration of auxin (IBA) to compare the effect of hemp genotype.
IBA has been tested and recommended for hemp rooting previously [6,40], whereas in
another study [4] no significant difference was found in rooting rates between media
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supplemented with IBA and IAA. In the present study, relatively low rooting rates were
recorded for Finola or Diana var. Fedora plants were characterized by the highest rooting
rate (46.7%) and number of roots per plant (4.6). These results are comparable with
rooting rates of 44% and 50% reported by Monthony et al. [33] and Smýkalová et al. [13],
respectively. However, higher values of 74.6% [4] and lower values of 18% [11] were
recorded for rooting rates of fibrous hemp. It is worth noting that the effect of genotype
plays a crucial role in hemp rooting, as was confirmed in this study. On the other hand, a
prolonged effect of polar auxin flux inhibition on the poor rooting cannot be excluded. It is
known that polar auxin transport inhibitors can completely suppress rooting and affect
morphogenesis and development of roots [36,41]. However, another explanation should be
considered: the extensive callusing of explants. The best rooting rate was achieved for poor
callusing (6.7%) Fedora 17 explants, whereas callusing rates recorded for Diana and Finola
were significantly higher (32–33%). Additional tests are needed, using different rooting
media and different auxins, to match the appropriate rooting medium to a given hemp
variety. Regardless, the rooted plants acclimatized easily and showed no morphological
changes. In this study, the whole cycle lasted 63–70 days. In alternative procedures,
shoot regeneration, rooting and acclimatization of plants took from 56–63 days [9,10] to
66–70 days [4,7]. Further optimization of the rooting and acclimatization steps could
significantly shorten the whole procedure.

Plants transferred under greenhouse conditions flowered and developed seeds, which
proved their full functionality. Therefore, we can conclude that our study showed that by
using auxin polar transport inhibitors such as NPA and TIBA it is possible to increase the
efficiency of shoot regeneration. However, other factors, predominantly the genotype effect,
influence shoot hemp micropropagation.

5. Conclusions

This study demonstrated for the first time that auxin polar transport inhibitors NPA
and TIBA had a promotional effect on shoot regeneration from hemp epicotyl explants.
Both inhibitors increased the response of explants and multiplication rate, but the effect
was dose- and genotype-dependent. Side effects of the inhibitors such as senescence of
leaves, vitrification and malformations were also observed. Therefore, we recommend
adjusting the concentration and time of exposure to the inhibitor for a given genotype. We
suggest the culture of explants in a two-step procedure as more suitable than long-term
exposure of explants on media with inhibitors. The developed protocol enables direct
shoot regeneration of fibrous hemp and obtaining the plantlets within 9–10 weeks. Further
studies should include a wider pool of Cannabis genotypes and focus on developing rooting
media. The results obtained in this study will be useful in micropropagation of recalcitrant
hemp varieties and can contribute to the development of a tissue culture system suitable
for fibrous type hemp.
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