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Abstract

The present study reports an efficient protocol for in vitro propagation of
Thymus vulgaris L., an aromatic and medicinal plant in Morocco. Initially,
we performed in vitro multiplication of Thymus vulgaris explants existing in
the laboratory and obtained from micropropagation by shoot tip culture. Af-
terwards, we have evaluated the effect of six macronutrients. After that, seven
cytokinins (Kin, BAP, 2iP, DPU, Adenine, Zeatine and TDZ) in three differ-
ent concentrations (0.46, 0.93, 2.32 pM) have been evaluated to optimize cul-
tures multiplication and elongation. Moreover, the effect of three auxins
(IAA, IBA and NAA) at 0.57 uM, combined to 4 cytokinins (Kin, BAP, DPU
and Ad.) at 0.46 pM, on shoot rooting has been studied. Thereby, MS me-
dium has been proved the most favorable for plantlets growing. Also, we
found that the addition of certain cytokinins, specifically 0.46 Kin, 0.46 and
0.93 BAP, 0.46 2iP, 0.46 DPU, 0.46 Ad. and 0.46 Zeat., ensures better multip-
lication and growth of vitroplants. In addition, multiplication and rooting of
cultures were well optimized after addition 0.46 Kin + 0.57 IAA or NAA, 0.46
DPU + 0.57 IBA and 0.46 Ad. + 0.57 IBA combinations to the culture me-
dium. Lastly, plantlets with roots were successfully acclimatized to ex-vitro con-
ditions and these latter served as a source to establish in vitro culture again.

Keywords
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1. Introduction

The genus Thymus is very common in the Mediterranean region, where certain
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species form a particular type of dense vegetation not exceeding 50 cm high, well
adapted to the hot summers [1]. Generally, this plant presents gynodioecy, which
means that it produces two types of individuals, some with female flowers with-
out stamens and others with hermaphrodite flowers [2].

Plants of the genus Thymus have been the subject of numerous chemical and
pharmacological studies and their main characteristic is the production of essen-
tial oil, accumulated at the level of pelted glandular trichomes [3]. In particular,
Thymus vulgaris, is a perennial shrub present in the Mediterranean region with
at least six different chemotypes [4]; the major compounds reported by the stu-
dies carried out on the essential oil of this species are phenolic monoterpenes,
namely thymol and carvacrol, in addition to p-cymene, y-terpinene, oxygenated
monoterpenes such as borneol and linalool, and sesquiterpenes represented
mainly by S-caryophyllene [5] [6] [7] [8] [9]. Also, Thymus vulgaris contains
tannins, saponins, flavonoids, phenolic acids, steroids and tripterpenes [10] [11]
[12].

Actually, the great morphological and chemical variability of Thymus vulgaris
makes it possible to select plants with the most interesting characteristics for
producers. The development of tissue culture methods can contribute to the
production of secondary metabolites in several ways. One of them is the rapid
multiplication of selected plants by a process to obtain plants genetically identic-
al to the donor plant. Another method could be the production of secondary
metabolites by culturing cells and tissues from selected plant explants. With re-
gard to the great variability of thyme, micropropagation could contribute to the
production of useful plants for the selection of new varieties, thus providing
large quantities of valuable plant material [13] [14] [15]. Thereby, different mi-
cropropagation methods of Thymus vulgaris were presented, most commonly by
axillary buds and using shoot tips or nodal segments to establish cultures [16]
[17] [18] [19].

In this way, the present study describes detailed research on the micropropa-
gation of Thymus vulgaris, extinct species in Morocco, by axillary buds, shoot
tips and nodal segments, through the evaluation and comparison of the effect of

different compositions of the culture media.

2. Material and Methods
2.1. Plant Material

We worked on preexisting Thymus vulgaris L. plantlets in the Laboratory of Plant
Biotechnology of the Faculty of Sciences of Tetouan, obtained by micropropaga-
tion from shoot tips and nodal segments.

Cultures were multiplied from nodal segments (5 - 6 mm) on a medium soli-
dified with 0.7% bacterial agar, containing Shah and Dalal [20] macronutrients,
Murashige and Skoog [21] micronutrients and vitamins, 100 mg/l myo-inositol,
3% sucrose and 0.46 uM Kin. Plantlets were transplanted into the same medium

until sufficient numbers were available to establish the experiments.
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2.2. Effect of Macronutrients

Six solutions of macronutrients differing in nitrogen content (NO; and NH;)
and in potassium, all added with Murashige and Skoog micronutrients and vi-
tamins were tested: MS (Murashige and Skoog) [21], B; (Gamborg) [22], SH
(Schenk and Hildebrandt) [23], SD (Shah and Dalal) [20], modified MS (MS,)
according to Badoc [24] and N, K (Margara) [25]. The mineral solution chosen
is used for all the following experiments.

2.3. Effect of Cytokinins

Seven cytokinines: Kin (Kinetin), BAP (6-Benzylaminopurine), 2iP (2-isopentenyla-
denine), DPU (1,3-diphenylurea), Ad. (Adenine), Zeat (Zeatin), and TDZ (Thi-
diazuron) were evaluated on 7Thymus vulgaris plantlets growth. Three concen-
trations were tested: 0.46, 0.93 and 2.32 uM/l, plus a control medium containing

no growth regulator.

2.4. Effect of Auxins Combined to Cytokinins

Four cytokinins (Kin, BAP, DPU and Ad.) at 0.46 uM were tested alone or com-
bined to three auxins: IAA (Indole-3-acetic acid), IBA (Indole-3-butyric acid)
and NAA (1-Naphthaleneacetic acid) at 0.57 pM, plus a control medium con-
taining no growth regulator.

2.5. Acclimatization Phase

After removal from the culture media, 30 rooted plantlets were gently washed to
remove the rest of the agar medium from roots, and then acclimatized in 250 ml
plastic pots, containing a mixture of sterilized peat and vermiculite (2:1, v/v).
Each pot was covered by a transparent plastic cup, incubated under specific con-
ditions (photoperiod: 18/6 h, humidity: 90% - 100%, temperature: 24°C = 1°C)
and watered, if necessary, with distilled water. After three weeks, the humidity
was gradually reduced until the cups were completely eliminated at the end of
the fourth week. Regular irrigation was performed during the first two weeks, at
intervals of two days from the fifteenth to the twentieth day and as needed until

transplantation into larger pots.

2.6. Re-Initiation of in Vitro Culture of Thymus vulgaris from
Acclimatized Plants

Twigs were cut from the acclimatized plants of 7hymus vulgaris, thoroughly washed
with tap water, then surface sterilized under a laminar flow hood according to
five methods:

Method 1
- Rinsing with 10% CaClO, with 4 to 5 drops of Tween 80 for 20 min;
- Rinsing with 10% Mercryl with 4 to 5 drops of Tween 80 for 10 min;
- Rinsing three times with distilled water for 5 min.

Method 2
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- Rinsing with ethanol 70° for 30 s;
- Rinsing with 10% CaClO, with 4 to 5 drops of Tween 80 for 30 min;
- Rinsing with 0.1% HgCl, with 4 to 5 drops of Tween 80 for 5 min;
- Rinsing three times with distilled water for 5 min.
Method 3
- Rinsing with ethanol 70° for 30 s;
- Rinsing with 10% CaClO, with 4 to 5 drops of Tween 80 for 30 min;
- Rinsing with 10% Mercryl with 4 to 5 drops of Tween 80 for 5 min;
- Rinsing three times with distilled water for 5 min.
Method 4
- Rinsing with 10% CaClO, with 4 to 5 drops of Tween 80 for 30 min;
- Rinsing with 0.1% HgCl, with 4 to 5 drops of Tween 80 for 5 min;
- Rinsing three times with distilled water for 5 min.
Method 5
- Rinsing with 10% CaClO, with 4 to 5 drops of Tween 80 for 30 min;
- Rinsing with 10% Mercryl with 4 to 5 drops of Tween 80 for10 min;
- Rinsing three times with distilled water for 5 min.
The sterilized twigs were divided into 2 - 3 cm segments with at least two axil-
lary buds, and these segments were used as explants. For re-initiation of the in
vitro culture, the explants were placed in glass test tubes (18 x 180 mm), one per

tube, containing 15 ml of MS culture medium.

2.7. Culture Conditions

The culture media were supplemented with 3% sucrose and 0.7% E-type bacteri-
ological agar. The pH of the media was adjusted to 5.6 - 5.8 using sodium hy-
droxide (NaOH). Sterilization of the culture medium was carried out at 121°C
for 20 min. The in vitro culture was performed under aseptic conditions in a ho-
rizontal laminar flow hood. The vitroplants were incubated in a culture room
(photoperiod: 18/6 h with 4000 lux light density, temperature: 24°C + 1°C).

2.8. Evaluation of Plantlets Growth

After one month of growth, the following parameters were evaluated:
- Regeneration rate (%);
- Mean plantlets length (cm);
- Mean number of buds per plantlet;
- Mean number of shoots per plantlet;
- Percentage of rooting (%);
- Mean number of roots per plantlet;
- Mean roots length (cm);
- Dry weight of the aerial part (mg);
- Dry weight of roots (mg).
Dry weight measurements were carried out after placing test samples of shoots

and roots in the oven set at 45°C £ 1°C, until a constant weight was obtained.
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2.9. Statistical Analysis

All measurements were run in triplicates (n = 3); 24 samples were used for each
replicate and the values were averaged and given along with standard error (+SE).
Analyses were performed with Statistica 6, averages were compared by Duncan

test and values beyond p < 0.05 were considered to be significant.

3. Results

3.1. Effect of Macronutrients on Plantlets Growth

There is not much difference between the six macronutrients in regeneration,
rooting and hyperhydricity (Table 1). However, SH macronutrients ensure the
best regeneration rate (97.2%), followed by MS and B; (95.8%). In addition, MS,
macronutrients show the best rooting rate (58.1%), followed by SH (53.4%) and
SD (43.1%). Plantlets showing hyperhydricity appeared in the case of SH (2.8%)
and N, K (4.2%).

In addition, buds and shoots multiplication is approximately similar for the
six macronutrients, with a maximum number of buds in SH (34.1), followed by
B, (32.8). The best number of shoots is noted in the case of B, (3.4), followed by
MS,, (3.1). Elongation of the plantlets is better in the case of MS (2.4 cm) and B,
(2.2), while the minimum length is observed in the case of MS_, (1.8). For the dry
weight of shoots, higher values are noted in the case of MS, B; (9 mg) and SH
(14) media (Table 2, Figure 1).

Furthermore, root multiplication is optimal in the case of MSm and N, K (6.5
and 6.2, respectively), followed by SH and B; (5.8 and 5.6, respectively). For their
elongation, there is no big difference between B;, SH, SD, MS, and N,K, with
values ranging from 1.16 (modified MS) to 1.35 cm (SH and SD), except for the
MS medium showing a lower length (0.93 cm). In addition, the upper root dry
weight is recorded for SH medium (2 mg) and the other macronutrients have the
same value (1 mg) (Table 2, Figure 1).

Although SH medium has the best rate of regeneration, hyperhydricity affects
2.8% of the explants, as well as N30K with a rate of 4.2%. MSm and SD macro-
nutrients ensure a good development of the aerial and root parts but show a

Table 1. Regeneration, rooting and hyperhydricity rate of Zhymus vulgaris plantlets grown on
six different macronutrients.

Macronutrients Regeneration rate (%) Rooting rate (%) Hyperhydricity rate (%)
MS 95.83 £240a 38.93+1.43b 0.00 £ 0.00 b
B; 95.83 £240a 42.00 + 2.50 ab 0.00 £0.00 b
SH 97.23 £2.80 a 5340+140a 2.80 + 0.80 ab
SD 91.67 £8.33 a 43.07 +2.03 ab 0.00 £0.00 b
MS,, 91.67 £4.82a 58.07+1.84a 0.00 £ 0.00 b
N;K 94.43 £5.57 a 42.50 + 3.80 ab 417+ 1.16a

The data represent Mean + SE of replicates (n = 3). Values in the same rows carrying different letters are
significantly different between treatments and compared by Duncan’s multiple range tests at p < 0.05.
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Table 2. Effect of six macronutrients on shoots and roots growth of Thymus vulgaris plantlets.

Macronutrients Mean number of Mean number of Shoots length Sh.oots dry Mean number Roots length Roots dry weight
buds shoots weight (mg) of roots (mg)
MS 3191+133a 3.06+£0.16 a 2.40+0.13a 9.00 + 1.00 ab 2.52+0.26 b 0.93+0.08 b 1.00 £ 0.20 b
B; 32.75+149a 335+£0.29a 2.21£0.13 ab 9.00 + 1.00 ab 563+1.12a 1.22 £ 0.09 a 1.00 £0.30 b
SH 3414+ 144a 293+0.19a 1.92 +0.08 be 14.00 +1.00 a 579+0.83a 1.35+0.05a 2.00+040a
SD 30.52+1.54a 299+0.17 a 2.05 £ 0.09 bc 6.00 £ 1.00 b 4.79 £ 0.68 ab 1.35+0.06 a 1.00£0.20 b
MS,, 3170+ 1.75a 3.12+0.22a 1.83 +0.08 ¢ 8.00 + 1.00 ab 6.45+1.07a 1.16 £ 0.08 a 1.00 £ 0.20 b
N;K 30.71£1.60 a 3.10+0.22a 2.11 £ 0.10 abc 8.00 + 1.00 ab 6.24+1.20a 1.29+0.09a 1.00 £ 0.20 b

The data represent Mean + SE of replicates (n = 3). Values in the same rows carrying different letters are significantly different between treatments and

compared by Duncan’s multiple range tests at p < 0.05.

d e f i
Figure 1. Effect of six macronutrients on shoot and root growth of Thymus vulgaris plan-
tlets (a—MS; b—B,; c—SH; d—SD; e—MS; f—N, K).

lower rate of regeneration (91.7%). Good results for the multiplication and the
elongation of the cultures, as well as for the rooting are recorded in the case of
the B5 medium, however, a blackening of the aerial part of the vitroplants is no-
ticed. Indeed, we will opt for MS macronutrients for the rest of our experiments,
since they ensure a good regeneration of the aerial part, especially in terms of
elongation, with complete absence of hyperhydricity. Rooting will be improved

later.

3.2. Effect of Cytokinins on Plantlets Growth

Integration of cytokinins into MS culture medium resulted on several changes,
both in shoots and roots.

Thus, the maximum elongation of plantlets is observed for 0.46 Kin (4.1 cm),
followed by 2.32 Zeat. (3.8), 0.46 TDZ (3.8) and 0.46 Zeat. (3.7). On the other
hand, the minimum elongation (2.3 to 2.5 cm) is recorded in the case of 0.93
BAP, 0.46 Ad., 0.93 Zeat. and TDZ at 0.93 and 2.32 pM. Also, bud multiplication
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is maximum for 0.93 2iP (50.8); 0.93 TDZ (34.0) and 0.46 Ad. (31.9), while the
minimum number is noted for 0.93 Ad. (18.3). In addition, a maximum number
of shoots is regenerated in the case of 0.93 2iP (7.3) and 0.46 Zeat. (6.2), followed
by 0.46 2iP (5.8), 0.93 TDZ (4.8), 0.46 Ad. and TDZ (4.1), unlike 0.93 Kin and
Ad. (1.7 and 1.4 respectively) generating the lowest number of shoots. Moreover,
the maximum dry weight of shoots is noticed for 0.93 TDZ (21.2 mg), followed
by 0.93 2iP (10.9 mg) and the minimums for 0.46 and 0.93 Kin (3.1 and 3.2 mg,
respectively), 0.46 BAP (2.9 mg), 0.93 DPU (2.6 mg), 0.93 Ad. (3.0 mg) and 0.93
Zeat. (3.4 mg) (Table 3, Figure 2).

Also, the highest number of roots grew for plantlets regenerated on MS me-
dium supplemented with 0.93 2iP (10.1), followed by 2.32 Ad. and 0.93 Zeat. (8.3
and 7.0, respectively), whereas the minimum number is noted in the case of 0.93
and 2.32 TDZ (1.0). Furthermore, root length is optimal at 2.32 BAP (2.7 cm),

Table 3. Effect of seven cytokinins at three concentrations on shoots and roots growth of Thymus vulgaris plantlets.

Cytokinins (M) Mean number of Mean number of ~ Shoots length ~ Shoots dry weight Mean number ~ Roots length ~ Roots dry weight
buds shoots (cm) (mg) of roots (cm) (mg)

Control 30.69+2.73cd 278 +0.47 def  3.35+0.21 bed 6.40+1.10bc 7.78+0.78ab  2.07 £ 0.16 ab 2.60 £ 0.50 ab
0.46 25.25+2.54def 3.58+0.45cd 4.12+0.17 a 3.10+£0.90 ¢ 3.06+047cd 0.97+0.13cd 0.30 £ 0.10 be

Kin 093  2033+1.71ef 1.70 +0.24 f 2.73 £ 0.13 defg 320+020c 333%0.74cd 1.95+0.22ab 0.70 £ 0.10 be
232 23.05%1.68def 2.17+030def 295+026cdef 6.00+120bc 3.85%1.16cd 1.77+0.22abc 1.90 +0.30 abc

0.46 2433 +194def 3.16+0.37 de 3.30 £ 0.28 bed 2.90+0.50 ¢ 0.00+0.00 e 0.00 +0.00 e 0.00 +0.00 ¢

BAP 093 2775+1.77cd  3.41 £0.37 cde 2.47 +0.12 fg 9.40+£220bc 1.75+047cd 1.70 £0.36abc  0.90 + 0.20 bc
2.32 2044 +1.58 ef  2.05+0.27 def  2.61 +0.17 efg 6.80 £ 1.20 bc 1.00 + 0.00 d 2.65+0.15a 2.00 £ 0.20 abc

0.46 4341 +£2.14b 5.79+0.38b 2.60 + 0.16 efg 6.00 £ 1.00 bc 4.68 £0.51 ¢ 0.70 £0.06 d 3.70+1.70 a
2iP 0.93 50.76 +£1.00 a 7.33+1.05a 3.28+0.21 bcde 1090+041b 10.05+1.17a 2.17+0.17a 1.40 £ 0.50 abc
232 2352%193def 2.19%027def 3.40+0.25bcd 3.90£0.60bc  2.60+0.67cd 1.22+0.21bcd 1.60 % 0.60 abc

0.46  26.83 +2.94 cde 3.70+0.62 ¢ 3.56 £ 0.26 abc 430+1.60bc  578+0.49b 0.47 £0.05d 0.60 + 0.20 be

DPU 0.93 19.70 £ 1.94 ef  2.08 £0.37 def  2.84 +0.14 defg 2.60+0.70c  4.00+051cd 043+0.05d 0.80 +0.20 be
232 27.70+£233cd 2.15+026def 2.94+0.27cdef 6.60+1.60bc 6.40+056b 1.77+£0.12abc  1.40 * 0.80 abc

0.46 31.87+1.95¢ 4.08 £0.53 ¢ 2.39+0.11 fg 3.60+1.10bc  5.68+0.50b 0.68 £0.08 d 0.60 £ 0.30 bc

Ad. 0.93 1833 +1.46f 141 £0.13 f 2.62 +0.15 efg 3.00 £ 0.50 ¢ 6.52+0.56b 0.91+0.14cd 0.90 + 0.60 bc
232 26.72 £1.81 cde 1.88+0.27ef 2.87+0.18defg 470+040bc 833+047ab 1.79+0.11abc 1.30+0.30 abc

0.46 39.25£2.55b 6.20+0.76 a 3.71£0.25ab 590 +1.20bc 525+055bc 0.71+0.12d 0.90 +0.70 be

Zeat. 0.93 19.82 £ 1.41 ef 1.87 £ 0.21 ef 2.46 +0.13 fg 340+040c 7.00£0.00ab 2.50+0.00a 0.70 £ 0.10 be
2.32 31.56 £2.07 ¢ 2.69 = 0.36 def 3.76 £ 0.32 ab 850+0.70bc 3.92+0.73cd 2.33£0.35a 2.00 * 0.40 abc
0.46  29.25+2.71cd 4.08 +0.60 ¢ 3.75 £0.20 ab 470+0.60bc 3.53+041cd 0.63+0.09d 2.20 + 0.40 abc
TDZ 0.93 34.00£1.93 ¢ 4.77 £ 0.47 be 2.50 +0.16 fg 21.2+£0.90a 1.00+£0.00d 1.20+0.00bcd 1.80 £ 0.10 abc
232 23.60 +1.47 def 2.25+0.33 def 225+0.11g 7.80 £1.20 bc 1.00+£0.00d 2.00+0.00ab  2.10 + 0.70 abc

The data represent Mean + SE of replicates (n = 3). Values in the same rows carrying different letters are significantly different between treatments and

compared by Duncan’s multiple range tests at p < 0.05.
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Figure 2. Effect of seven cytokinins at three concentrations on shoot and root growth of
Thymus vulgaris plantlets (a—0.46 uM 2iP; b—0.46 uM Ad.; c—0.46 pM Kin; d—0.46
UM TDZ; e—0.46 uM Zeat.; f—0.93 uM 2iP; g—0.93 uM Ad.; h—0.93 uM BAP; i—0.93
UM Kin; j—2.32 uM Ad.; k—2.32 uM DPU; 1—2.32 uM Zeat.).

0.93 2iP (2.2), 0.93 and 2.32 Zeat. (2.5 and 2.3, respectively), followed by 2.32
TDZ and 0.93 Kin (2.0). Contrariwise, minimum lengths are observed for 0.46
and 0.93 DPU (0.5 and 0.4 cm, respectively). Otherwise, the highest root dry
weight is observed for 0.46 2iP (3.7 mg), followed by the control medium (2.6)
and the minimum dry weights are noted for 0.46 Kin (0.3 mg), 0.46 DPU and
0.46 Ad. (0.6) (Table 3, Figure 2).

3.3. Effect of Combinations of Cytokinins and Auxins on Plantlets
Growth

The combination of cytokinins and auxins affected remarkably the parameters
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evaluated for shoots and roots growth.

Thus, we noted an increase in the number of buds, especially in the case of
0.46 Kin + 0.57 TAA (55.7), 0.46 BAP + 0.57 IBA (41.0), 0.46 DPU + 0.57 IBA
(45.6) and 0.46 Ad + 0.57 IBA (49.1). Similarly, the number of shoots increased
notably for 0.46 Kin + 0.57 IAA (8.3), 0.46 BAP combined with 0.57 IBA or
NAA (5.1 and 5.9, respectively), 0.46 DPU + 0.57 IBA (5.6) and 0.46 Ad + 0.57
IBA (5.3). Also, shoots showed higher dry weights after integration of phyto-
hormonal combinations in the culture medium, mainly in the case of 0.46 Kin +
0.57 NAA (32.10 mg) and 0.46 BAP + 0.57 NAA (40.9 mg). However, shoots
length decreased for most phytohormonal combinations, except in the case of
Ad., for which the combination with auxins did not significantly affect this pa-
rameter (Table 4, Figure 3).

Moreover, roots showed positive changes for the majority of phytohormonal
combinations and the largest increase in their number is noted in the case of
0.46 Kin + 0.57 IAA (21.2), 0.46 DPU + 0.57 IAA or NAA (16.0 and 11.2, re-
spectively) and 0.46 Ad + 0.57 IBA (11.7). In addition, the highest roots lengths
(2.0 to 2.3 cm) are noted in the control medium, 0.46 Kin + 0.57 TAA or NAA,
0.46 DPU + 0.57 IBA or NAA and 0.46 Ad. + 0.57 IBA or NAA. Also, the best
values of dry weight are observed in the case of 0.46 Kin + 0.57 IAA or NAA (6.7
and 22.5 mg, respectively) and 0.46 DPU + 0.57 NAA (7.8 mg) (Table 4, Figure 3).

Table 4. Effect of combinations of cytokinins and auxins on shoots and roots growth of Thymus vulgaris plantlets.

Cytokinins + Auxins Mean number of Mean number of Shoots length Shoots dry weight Mean number of Roots length  Roots dry weight

(0.46 uM + 0.57 pM) buds shoots (cm) (mg) roots (cm) (mg)

Kin + TAA 55.67+1.41a 833+1.14a 324+026bc 1430+2.00cd 21.17+245a 2.08%0.14ab 6.70 £ 0.00 bc
Kin + IBA 32.17+1.70def 3.50+091cd 2.50+0.13d 4.90 + 1.00 fg 6.82+0.96ef 1.91+046bcd 1.80+0.40 ef
Kin + NAA 41.82+193bc 4.82+1.17bc 2.61+0.26cd 32.10+0.30b 920+ 1.71 cde 2.14+0.32ab 2250+140a
BAP +IAA 30.15+1.76 def 3.31+0.54cd 2.57+0.14cd 10.10 £0.60 def 2.63+0.57 gh 1.49 £0.21 cde 3.10 % 0.30 def
BAP + IBA 41.00+0.72bcd  5.08 £0.71bc  2.18+0.15d 10.50 +0.60 def ~ 4.56 £ 1.11fg 1.60 £0.21 bcd 3.60 £ 1.30 cde
BAP + NAA 37.80+1.29cde 590+0.74b 2.11+0.10d 40.90+2.30a 340+0.65g 1.45+0.15de 6.10+0.20 bed
DPU +IAA 36.33 +1.90 def 3.83+0.74bcd 2.78+0.17cd 11.90 +0.60 cde 16.00+1.31b 1.75+0.11 bcd 4.30 +2.00 cde
DPU + IBA 4564+ 1.66abc 555+0.82b 2.55+0.12cd 5.10 £ 0.30 fg 9.64 +1.27 cde 2.17 £0.21 ab 1.60 + 0.50 ef

DPU + NAA 3346 +1.60 def 3.09+0.51cd 2.24+0.11d 17.00+240c 11.18+2.08cd 2.04+0.23abc 7.80+1.60b
Ad. +IAA 3433 £ 0.65 def 3.75+0.64bcd 2.62+0.19cd 330+120g 9.92+1.28cde 1.17+0.16ef  2.20 £ 1.30 ef
Ad. + IBA 49.17 £ 1.02 ab 525+0.45b 2.44 +0.10d 8.10+0.20efg 11.67+1.15c¢ 233+0.19a 2.40 + 0.60 ef
Ad. + NAA 29.09 +1.97 def 2.36+053d 2.34+0.13d 7.70 £ 0.60 efg  9.64 +0.82cde 2.27+028a  3.50 = 0.10 def

Kin 2525+2.55f 358+045cd 4.12+0.18a 310090 g 3.06+047gh 098+0.13efg 0.30+0.10f
BAP 2433+194f 3.17+037cd 3.31+£029b 290+050¢g 0.00+0.00h  0.00 £0.00 h 0.00£0.00 g
DPU 26.83+2.94ef 3.71+0.62bcd 3.57 £0.27 ab 430+1.60 g 578+049fg 0.47+0.06gh  0.60 +0.20 ef
Ad. 31.88 +1.95def 4.08+0.53bcd 2.40+0.12d 360+1.10g 568 +0.51fg 0.68+0.08fg  0.60 +0.30 ef
Control 30.69 + 1.73 def 2.78+047cd 3.35+0.21b 6.40 £ 1.10efg  7.78 £0.78 def 2.07 £0.16 ab  2.60 + 0.50 def

The data represent Mean * SE of replicates (n = 3). Values in the same rows carrying different letters are significantly different between treatments and

compared by Duncan’s multiple range tests at p < 0.05.
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L:c

Figure 3. Effect of combinations of cytokinins and auxins on shoot and root growth of
Thymus vulgaris plantlets (a—0.46 pM Ad. + 0.57 uM IBA; b—0.46 uM DPU + 0.57 uM
IBA; c—0.46 uM Kin + 0.57 pM IAA; d—0.46 uM BAP + 0.57 uM IBA).

3.4. Acclimatization Phase

The thirty explants developing roots responded well to the acclimatization pro-
tocol. One month after the start of acclimatization, 90% of plantlets appeared to
be in good health. Three months later, they were transplanted into larger pots.
After one year, the acclimatized plants were indistinguishable from the wild
plants and 20% developed flowers during the 2nd year, between April and June
(Figure 4).

3.5. Re-Initiation of in Vitro Culture of Thymus vulgaris from
Acclimatized Plants

Surface sterilization of twigs of acclimatized 7hymus vulgaris plants proved to
be extremely difficult (Table 5).

Thus, the first method comprising 10% CaClO, soaking for 20 min followed
by 10% Mercryl for 10 min and rinsing with sterile distilled water three times for
5 min, resulted in high bacterial and fungal contamination rates (50.05% and
46.82%, respectively), in addition to 100% mortality of the tested samples.

The second method, during which we soaked twigs for 30 s in ethanol 70°,
then in CaClO, 10% for 30 min, after HgCl, 0.1% for 5 min and finally rinsing
with sterile distilled water 3 times for 5 min, resulted in only 20.83% fungal con-
tamination, but 72.92% mortality and just 27.08% of healthy survival.
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Figure 4. Acclimatization of Thymus vulgaris plantlets (a and b—Acclimatization after 4
weeks; ¢ and d—after 8 weeks; e—after one year; f—inflorescences of Thymus vulgaris
acclimatized plants).

Table 5. Comparison of sterilization methods of shoot segments from the acclimatized
Thymus vulgaris plants.

Bacterial Fungal
o . .g Death rate (%) Survival rate (%)
contamination rate (%) contamination rate (%)

Method 1 50.05+1.56 b 46.82 +1.66 a 100.00 +£0.00a  0.00 +0.00 ¢
Method 2 0.00 £ 0.00 ¢ 20.833 £ 1.17b 72.92+2.08b 27.08+2.08b
Method 3 97.92+2.08 a 6.25 +2.08 cd 100.00 +0.00a  0.00 +0.00 ¢
Method 4 0.00 £0.00 ¢ 4.17 £0.00 d 3542+2.08c 6042 +2.08a
Method 5 91.67 +1.17 a 16.67 +2.08 bc 9583 +1.66a  2.08+0.00c

The data represent Mean + SE of replicates (n = 3). Values in the same rows carrying different letters are
significantly different between treatments and compared by Duncan’s multiple range tests at p < 0.05.
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For the third method where we used ethanol 70° for 30 s, then 10% CaClO,
for 30 min, followed by 10% Mercryl for 5 min and finally three rinses with ste-
rile distilled water for 5 min, no proliferation of shoots was noted, in addition to
97.92% of bacterial contamination and 6.25% of fungal contamination.

Similarly, the fifth method including 10% CaClO, soaking for 30 min, 10%
Mercryl for 10 min and 3 rinses with sterile distilled water for 5 min, resulted on
91.67% of bacterial contamination, 16.67% of fungal contamination and 95.83%
of mortality, whereas just 2.08% of the samples tested healthy proliferated.

On the other hand, the fourth method, for which we used CaClO, for 30 min,
then 0.1% HgCl, for 5 min and finally three rinses with sterile distilled water for
5 min, proved to be the most effective, with a total absence of bacterial contami-
nation, 4.17% of fungal contamination, 35.42% of mortality and 60.42% of the
explants tested healthy survived.

Healthy plantlets were multiplied by subculture on MS + 0.46 Kin medium.
The obtained vitroplants have the morphological criteria mentioned in Table 6
and Figure 5.

4. Discussion

Results obtained concerning the effect of macronutrients on the micropropaga-
tion of Thymus vulgaris allowed us to choose MS macronutrients for the rest of
our experiments, since they ensure a good regeneration of the aerial part, espe-
cially in terms of elongation, with complete absence of hyperhydricity.

Table 6. Morphological characteristics of vitroplants obtained after sterilization of shoot
segments from the acclimatized 7hymus vulgaris plants and their multiplication on MS +

0.46 Kin medium.
Plantlets mean length (cm) 3.16 £ 0.21
Mean number of buds 15.82 +1.47
Mean number of shoots 2.09 £0.23
Mean number of roots 5.75+1.28
Roots mean length (cm) 1.16 £ 0.14

Figure 5. Vitroplants obtained after sterilization of shoot segments from the acclimatized
Thymus vulgaris plants and their multiplication on MS + 0.46 Kin medium.
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Indeed, MS macronutrients have been the most used in the micropropagation
protocols established for Thymus vulgaris [16] [17] [18] [19] [26] and for species
of the genus Thymus in general [27]-[36]. However, less concentrated media
were opted in some studies, namely 1/2 MS for Thymus satureioides Coss. [37]
and Thymus longicaulis C. Presl [17], DKW medium (1984) [38] for Thymus
membranaceus Boiss. [39], modified MS according to Gavazzi et al [40] for
Thymus mastichina (L.) L. [41] and CMS [42] for Thymus piperella L. [43].
Furmanowa and Olszowska [15], the first to establish micropropagation of
Thymus vulgaris, used Nitsch and Nitsch (1969) [44] medium.

Moreover, our results are in concordance with Abdallah et a/ [45], who ob-
tained the best number of shoots, leaves and leaves/shoots for Origanum syria-
cum on MS medium, compared to NN and B, as well as with Ozkum [46], who
found that MS generates the highest number of parameters, such as the number
of shoots and the number of leaves/shoots for Origanum minutiflorum, com-
pared to B;. Also, Nordine ef a/. [47] found that MS medium is the best for sur-
vival, multiplication and elongation of Thymus hyemalis Lange shoots, com-
pared to 1/2 MS, B, and White (1963) [48]. In addition, Arikat et al. [49] found
that B; medium produced shortest shoots compared to MS for Salvia fruticosa.
However, Yavuz [50] found that culturing Sideritis stricta on B, results in longer
shoots than those grown on MS.

Concerning the effect of cytokinins on the multiplication and elongation of
cultures, Kin, BAP, DPU, Zeat. and TDZ at 0.46 uM have the best lengths on the
one hand and on the other hand, 2iP, Ad. and Zeat. offer the best multiplication
of buds. Also, 2iP, Ad., Zeat. and TDZ in the same concentration show an op-
timal multiplication of shoots. In addition, Kin, 2iP, Ad. and DPU ensure better
root regeneration. Again, root development is absent in the case of BAP and
weak in the case of Zeat. and TDZ.

Actually, knowing the effect of types and concentrations of cytokinins is in-
dispensable for cultures multiplication, as reported for several species of the ge-
nus Thymus. Thus, Nordine and El Meskaoui [30] mentioned that regeneration
rate of vitroplants of Thymus bleicherianus Pomel was not affected by the addi-
tion of low concentrations of cytokinins, whereas the addition of higher concen-
trations of BAP (8.88 uM) or Kin (9.6 uM) significantly reduced regeneration
rate. Also, shoot multiplication was favored by the addition of 4.44 uM BAP, un-
like Kin which has no effect. In addition, stressed appearance of plantlets was
reported for Thymus piperella L. and T. vulgaris, characterized by smaller leaves
and shorter internodes than /n vivo, on CMS basal medium and after addition of
increasing concentrations of BAP (6.6 to 8.9 uM). In this way, plantlets were
subcultured onto the basal medium supplemented with only 2.2 pM BAP [43]
[51]. Furthermore, Fraternale et al. [41] noted a maximum elongation of 7hy-
mus mastichina shoots after addition of 0.1 mg/l BAP to MS medium. Moreover,
high concentration of Kin (9.3 uM) resulted in minimal survival of 7hymus sa-
tureioides Coss. explants with callus formation at their base and the maximum

number of shoots was obtained after addition of 2.22 uM BAP, while their num-
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ber decreases with the increase of this concentration to 8.88 puM. Also, Kin
proved to be less effective than BAP for shoot multiplication [37]. Besides, the
addition of Kin at 4.6 or 6.9 uM ensured complete regeneration of 7hymus hye-
malis plantlets, whereas this rate decreased with higher concentrations (9.3 pM)
for explants regenerated from apex. Similarly, the addition of BAP at concentra-
tions higher than 2.2 pM resulted in a decrease in the number of shoots [47]. As
well, Bakhtiar et al [29] reported that Kin and TDZ are less effective for the mi-
cropropagation of Thymus persicus (Ronniger ex Rech.f.) Jalas. Cytokinins types
and concentrations effect were established during the micropropagation of sev-
eral other Lamiaceaetoo [45] [52] [53] [54].

The combination of the four cytokinins (Kin, BAP, DPU and Ad.) at 0.46 uM
and the three auxins (IAA, IBA and NAA) at 0.57 uM did not always contribute
to the optimization of in vitro growth of Thymus vulgaris plantlets, though, we
obtained interesting results for the majority of evaluated parameters. Thus, Kin,
in combination with auxins, did not always ensure better elongation of the number
of buds and the number of shoots indeed increased after integration of 0.57 IAA
and 0.57 NAA in MS + 0.46 Kin medium. Also, the number of roots and their
length generally improved after addition of auxins. In addition, the combination
between BAP and auxins is marked mainly by the development of roots and by a
better multiplication of buds. As well, apart from shoots length, the combination
of 0.46 DPU + 0.57 IBA has the best values for all morphological evaluated crite-
ria. Generally, the combination of Ad. with auxins resulted in better development
of rooting part and the best buds and shoots multiplication is observed after ad-
dition of 0.57 IBA to MS + 0.46 Ad.

Actually, the choice of the best cytokinin/auxin balance ensures not only a
better development of roots, but a better proliferation of all parts of the plant.
Thus, a better multiplication of Thymus caespititius Brot. was obtained by com-
bining 1 mg/l BAP with 0.25 mg/1 IBA [33], as well as 8.9 uM BAP with 2.7 pM
NAA for Thymus persicus [29], as for Saez et al. [43], the best multiplication of
Thymus piperella vitroplants was carried out on the CMS medium supple-
mented with 6.66 uM BAP and 2.85 uM IAA. For Sideritis stricta, B; medium
supplemented with 4.44 uM BAP + 0.54 uM NAA or 8.88 uM BAP + 2.68 uM
NAA, was determined to be the most effective medium for shoot formation,
while the best rooting was obtained on B; medium supplemented with 22.15 uM
IBA [50]. Nordine and El Meskaoui [30] reported that the combination of cyto-
kinins and auxins did not significantly improve the micropropagation of 7hy-
mus bleicherianus and carried out the rooting phase on growth regulators-free
MS medium, as did Karalija and Pari¢ [16] for Thymus vulgaris. Also, rooting of
several Lamiaceae was completed on MS or 1/2 MS medium free of growth reg-
ulators [54] [55] [56] [57]. In other studies of Thymus and other Lamiaceae spe-
cies, it was noted that the combination of IBA with BAP or TDZ inhibits rooting
[28] [43] [58] [51]. Macro-Medina and Casas [28] obtained the best rooting of
Thymus moroderi Pau ex Martinez on a double-phase medium consisting of a

solid MS medium without growth regulators and a solution composed of 1/2
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Knop macronutrients, 5% sucrose and 0.3% or 0.6% activated charcoal. In addi-
tion, rooting of other species of Thymus was carried out on media supplemented
only with auxins at different concentrations [17] [29] [31] as well as other La-
miaceae [49] [59] [60] [61].

The micropropagation protocol established in this study showed that biomass
production of Thymus vulgaris plantlets differs depending on the medium and
growth regulators used. Thus, we found that shoots growing on MS, B5 and SH
media hold higher dry weights. Also, the integration of certain cytokinins at spe-
cific concentrations resulted in an increase of the dry weight, both for shoots
(0.93 TDZ and 0.93 2iP) and roots (0.46 2iP). In addition, combinations between
the four cytokinins and the three auxins resulted in an increase in biomass, ex-
cept for 0.46 Kin + 0.57 IBA, 0.46 DPU + 0.57 IBA and 0.46 Ad + 0.57 TAA.

Indeed, indicators of biomass growth have been used in some micropropaga-
tion studies on 7hymus and other Lamiaceae species. Thus, the fresh weight of
Thymus caespititius vitroplants increased by 7.7% - 8.2% on MS medium sup-
plemented with 1.77 uM BAP in combination with 0.49 uM IBA [33]. In addi-
tion, an increase in water content and a loss of dry weight were observed on
Thymus daenensis Celak. plantlets treated with 4.4 pM BAP on MS medium;
these cultures developed morphological characteristics of hyperhydricity, with
translucency, very short shoots, rigid and abnormal leaf appearance [34]. Also,
Fraternale et al [41] reported a maximum biomass increase of Thymus masti-
china plantlets, estimated through their fresh and dry weight, on an MS medium
supplemented with 0.44 uM BAP, alone or in combination with 10 or 20 pg/l of
triacontanol. Likewise, it was found that the fresh and dry mass production of
the Thymus vulgaris vitroplants is maximum on MS medium supplemented
with 5 uM BAP, whereas the increase of the concentration of the medium in
IAA, Kin or Zeat. causes a decrease in biomass production [18]. Pourebad et al.
[62] found that increasing MS medium content in TDZ resulted in a decrease in
the fresh weight of Lallemantia iberica shoots. Besides, the maximum increase in
the fresh weight of Lavandula dentata vitroplants was noted on MS medium
supplemented with 0.44 uM BAP [63]. Moreover, dry weight of Ocimum basili-
cum shoots grown in vitro on MS medium is higher than that of those grown on
B; and WPM, too, this parameter increased after addition of growth regulators,
especially in the case of 2.22 uM BAP combined to 11.42 pM TAA, 9.84 uM IBA
or 10.70 uM NAA [52].

Moreover, the difficulty of establishing in vitro culture from acclimatized plants
did not show up only in the high levels of contamination obtained, but also in
ensuring a high rate of survival uncontaminated plantlets. This remark was also
reported in the case of other Thymus species, namely Thymus moroderi [28]
with a survival rate not exceeding 28.6%, Thymus bleicherianus with 36% [30],
Thymus caespititius with 8% [33] and Thymus longicaulis with 29.4% [17], as
well as other Lamiaceae such as Lavandula viridis [64], Salvia pratensis and S.
nemorosa [65] with about 30%. Actually, explants from field grown plants con-

tain many contaminants that affect the survival and growth of vitroplants, bacte-
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ria in most cases. These contaminants are usually introduced with initial explants
and are resistant to surface sterilization protocols. Furthermore, contamination
may reappear after a long culture period if it is endogenous [66].

Despite these difficulties, we noticed that plantlets that survived following es-
tablished sterilization protocols have a high growth capacity and allow us to ob-

tain a large number of vitroplants after several subcultures.

5. Conclusions

The present study is a complete and effective protocol for micropropagation of
Thymus vulgaris, extinct species in Morocco. First, the study of the effect of ma-
cronutrients allowed us to conclude that, as with most Lamiaceae, MS macronu-
trients are the most suitable for in vitro vegetative propagation of this species.
Then, we found that the addition of certain cytokinins, even at low concentra-
tions, to the culture medium, ensures better multiplication and growth of vi-
troplants, namely 0.46 Kin, 0.46 and 0.93 BAP, 0.46 2iP, 0.46 DPU, 0.46 Ad. and
0.46 Zeat. Then, we optimized the multiplication and rooting of cultures by es-
tablishing combinations between Kin, BAP, DPU and Ad. at 0.46 pM with aux-
ins TAA, IBA and NAA at 0.57 uM. Thus, we obtained interesting results for
shoot multiplication and rooting for the combinations 0.46 Kin + 0.57 IAA or
NAA, 0.46 DPU + 0.57 IBA and 0.46 Ad. + 0.57 IBA.

Finally, the successful acclimatization and obtaining of plants similar to wild
plants, plus the possibility to initiate again in vitro culture from acclimatized
plants, ensure that the present protocol is an interesting tool for large-scale mul-
tiplication of Thymus vulgaris plantlets and for the selection and preservation of

interesting genotypes.
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