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ABSTRACT: A micropropagation protocol was developed by further improvement of prevailing methods using proven
germplasm for ex vitro rooting and addressed the effect of the number of subcultures on the rooting ability of shoots.
A comparative study was done between in vitro rooting method and ex vitro rooting method. Using the ex vitro root-
ing method a plantlet could be produced in 135 days, which was in a shorter time compared to the in vitro rooting
method — 180 days. The best axillary shoot bud induction was observed on Murashige and Skoog (MS) medium sup-
plemented with 4.6 uM thidiazuron (TDZ) with 5 shoot buds per explant. In the shoot cluster, which was subcultured
on MS medium supplemented with 2.3 uM TDZ, the rate of shoot multiplication increased in the 3" subculture. The
maximum mean number of shoots per explant (20) was obtained at the 3" subculture on the same medium. Shoots were
harvested at the 1%, 3" and 5" subculture and pulse treated for root induction. The highest rooting (95%) was achieved
from the 3™ subculture onwards with pulse treated shoots for fifteen days. The rooted plants could be established in

a greenhouse with 99% survival. Ex vitro rooting is a promising method to reduce the time for plant generation. The

resultant plantlets well established in pots and fruiting was observed within a year.
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Jojoba (Simmondsia chinensis) is a shrub native
to the arid regions of Northern Mexico and South
Western United States. Jojoba is in very high de-
mand, making it a profitable crop due to its potential
application in cosmetic, petroleum, and pharmaceu-
tical industries (AGRAWAL et al. 2002; TBARES et al.
2004). Jojoba oil is liquid gold from the desert and
one of nature’s gifts to the human race (BHARDWA]J
et al. 2010), and it is a desert whale as Jojoba oil is
recognized as an alternative to sperm whale oil and
has almost the same properties as the oil obtained
from the whale sperm (Low, HACKETT 1981), which
is now listed as an endangered species.

Jojoba can be propagated through seeds but
due to low and inconsistent seed yield the culti-
vations were not taken up as expected (CHATUR-

VEDI, SHARMA 1989; COATES et al. 2006). Vegeta-
tive propagation could be used for the generation
of selected clones with limited success (LORETO et
al. 1998). In order to overcome the difficulties in
vegetative propagation methods for micropropaga-
tion have been developed using an in vitro rooting
method (CHATURVEDI, SHARMA 1989; MILLS et al.
1997; LLORENTE, APOSTOLO 1998; Roussos et al.
1999; HAMAMA et al. 2001; TyAGI, PRAKASH 2004
LLORENTE et al. 2007; SINGH et al. 2008). Ex vitro
rooting is a promising method, skipping the phase
of in vitro rooting, shortens the micropropagation
cycle by 2—3 weeks or more and so minimizes the
time period of the plantlet generation (DEBERGH,
MAENE 1981; MARTIN 2003). However, very few
attempts have been made in different plants (BHA-
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TIA et al. 2002; MARTIN 2003; Xu et al. 2008; SIN-
GH et al. 2014) using this technique and no such
attempt has been made in Jojoba.

Many researchers have reported the effect of the
number of subcultures on the rooting capacity of
microshoots. In many tree species such observa-
tions were made e.g. in apple (Malus pumila Miller
cv. Fuji, Starkrimson), shoots acquired a high root-
ing ability with increasing the number of subcul-
tures (CHANG et al. 1991; NoiToN et al. 1992);
walnut (Juglans regia Linneaus) shoots have a high
rooting rate after they have been subcultured for
4 years (PEI et al. 2002; WANG, Guo 2007) when a
high rooting rate was found until the 8" subculture.
During adventitious root formation endogenous
hormones are involved. Indoleacetic acid oxidase
(IAAO), peroxidase oxidase (POD) and polyphenol
oxidase (PPO) are found to play a role in adventi-
tious root formation (HUANG et al. 2002; X1A0 et al.
2002; KocHHAR et al. 2005). The successful rooting
depends upon optimal levels of endogenous phyto-
hormones required for the rooting of that particu-
lar plant (PAN, TIAN 1999; WANG et al. 2005).

As stated above, the number of subcultures af-
fects the formation of adventitious roots in many
species of woody plants. However, no such studies
have been done earlier to reveal the effect of suc-
cessive subcultures of Jojoba microshoots on root-
ing. Recently, we have developed the large-scale
micropropagation protocol from nodal (SINGH et
al. 2008) and leaf (SINGH et al. 2011) explants.

In this study, we report the clonal multiplication
of Jojoba using ex vitro rooting and effect of the
number of subcultures on multiple shoot buds and
their rooting ability upon subsequent subcultures.

MATERIAL AND METHODS

Plant material and culture conditions. High-
yielding four female (CSMCRI 1-1, CSMCRI 12-8,
CSMCRI 10-4 and CSMCRI 20-3) and two male
genotypes (Male-1 and Male-2) with an abundance
of flowering were selected from the Central Salt
and Marine Chemicals Research (CSMCRI) experi-
mental station Zanjmer (21.50°N, 17.53'E, 72.10°N,
44.96'E), Bhavnagar, Gujarat. Actively growing
young shoots (5-10 inter nodes) were collected
early in the morning and processed for surface
sterilization as described by SINGH et al. (2008).
Uniform culture conditions were applied in all
experiments. MURASHIGE and SKOOG (1962) me-
dium (MS medium) was supplemented with plant
growth regulators (PGRs) in different concentra-
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tions and combinations. The pH of the medium
was adjusted to 5.8 using 1 N KOH or HCI, prior
to autoclaving at a pressure of 105 kPa at 121°C for
20 min. Explants were inoculated into 32 x 200 mm
culture tubes containing 40 ml of culture medium
which was equally distributed using an automatic
dispenser (ASE chenit PMO05). The cultures were
maintained at 25 + 2°C under 16 h photoperiod
with 35-40 pmol-m~2-s7! irradiance (cool white fluo-
rescent tubes).

Axillary bud induction and multiplication. The
nodal segments of approximately 2—3 cm length of
all genotypes were cultured on MS medium sup-
plemented with TDZ (thidiazuron, 0.46—6.90 uM)
and 0.62% agar (w/v, Qualigens, Glaxo Fine Chemi-
cals, Mumbai, India). After 4 weeks, explants were
subcultured on MS medium supplemented with
different concentrations of TDZ (0.46-6.90 uM)
for shoot multiplication and elongation. The basal
mass remaining after harvesting the shoots was
subcultured onto a fresh shoot multiplication me-
dium for further multiplication. The multiplication
rate, shoot elongation and number of shoots per
explant were recorded after 5 weeks of culture.

In vitro rooting. Shoots were harvested at dif-
ferent subcultures, 1%, 3" and 5%, and were pulse
treated in LM (% strength liquid MS medium)
supplemented with 49.0 uM indole-3-butyric
acid (IBA) and 5.40 puM 1-naphthaleneacetic acid
(NAA) for 5 days and subsequently transferred to %
strength hormone-free MS medium supplemented
with charcoal 0.02% (CM) for rooting.

Ex vitro rooting and acclimatization. Grownup
shoots obtained from the 3" subculture onwards from
the medium supplemented with 2.3 pM TDZ were
used in all the rooting experiments. To determine the
rooting efficiency, shoots were pulse treated by plac-
ing in a test tube containing a filter paper boat filled
with 20 ml of % strength MS liquid medium (LM)
supplemented with 12.1-49.0 uM IBA, 2.70-8.10 uM
NAA, 2.25-13.5 pM 2,4-dichlorophenoxyacetic acid
(2,4-D) for 10 and 15 days and transferred to poly-
thene bags (five shoots per bag) containing sterilized
sand irrigated with sterile distilled water containing
500 mg1! Bavistin (SINGH et al. 2010) and covered
with transparent plastic bags to maintain humidity.
The rooting percentage was recorded after 3 weeks.
The rooted plants were transferred to a greenhouse
for further hardening and the survival of plants was
recorded after 3—4 weeks.

The treatment effects were assessed by SPSS statis-
tical software (IBM, New York, USA). The 0.05 level
of probability was used for statistical significance
in the analyses.
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Fig. 1. Effect of thidiazuron (TDZ) on shoot bud induction of different genotypes of Simmondsia chinensis (Link)

Schneider. The values represent means + SE of the treatment of 20 explants in three replicate experiments, different
letters for TDZ treatments are significantly different at 0.05 probability level (CSMCRI 1-1, CSMCRI 12-8, CSMCRI
10-4, CSMCRI 20-3 - female genotype, Male-1, Male-2 — male genotype)

RESULTS

Effect of TDZ on axillary bud induction,
shoot multiplication and elongation

The nodal segments of male and female geno-
types cultured on MS medium without PGRs did
not show any axillary bud growth, however, the
application of 0.46 to 6.90 uM TDZ into the me-
dium induced shoot buds. The best axillary bud
induction was recorded at 4.60 uM TDZ (Fig. 1).
The induction of shoot buds was more than 90%
in all the genotypes. Four weeks after inoculation,
positively responding explants (the medium sup-
plemented with 4.60 uM TDZ) were subcultured
on MS medium supplemented with 0.46-6.90 uM
TDZ for shoot proliferation and elongation. All the
concentrations of TDZ facilitated multiple shoot
bud induction with a very small amount of callus

at the proximal end irrespective of the genotypes
studied. The best shoot proliferation and elonga-
tion were observed on MS medium supplemented
with 2.3 uM TDZ. After the first culture explants of
all the genotypes cultured on 2.3 uM TDZ devel-
oped 8—10 multiple shoot buds in the first subcul-
ture which reached the peak of 14-20 shoots per
culture on the 3" subculture (Figs 2 and 3). The rate
of shoot multiplication increased on the third sub-
culture. These shoots attained the growth of 10 to
12 cm and were used for rooting. Axillary buds
at the nodes of the in vitro developed shoots also
showed 6—8 multiple shoots (Fig. 3c).

In vitro rooting and acclimatization

Shoots from all the genotypes were harvested from
the 1%, 3'¢ and 5% subculture and were pulse treated

Table 1. Effect of subcultures on in vitro rooting percentage of different genotypes of Simmondsia chinensis (Link)

Schneider over 4 weeks

Number of subculture

Genotype It 3ed =
Female

CSMCRI 1-1 40.12 £ 1.12 94.21 + 2.29 92.28 + 2.26
CSMCRI 12-8 39.15+1.16 92.28 + 2.56 93.24 + 2.56
CSMCRI 10-4 39.26 + 1.11 93.16 + 2.46 95.18 £ 2.29
CSMCRI 20-3 40.24 £ 1.29 92.14 + 2.48 92.11 £ 1.35
Male

Male-1 40.16 + 1.56 95.21 + 2.35 94.21 + 2.45
Male-2 41.21 + 1.34 94.19 + 2.31 95.16 + 2.41

values represent means + SE of the treatment of 20 explants in three replicate experiments
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Fig. 2. Effect of the number of subcultures on the number of shoot buds, first subculture (a), third subculture (b) on different
genotypes of Simmondsia chinensis (Link) Schneider (CSMCRI 1-1, CSMCRI 12-8, CSMCRI 10-4, CSMCRI 20-3 — female
genotype, Male-1, Male-2 — male genotype, TDZ — thidiazuron)

in LM for 5 days and then transferred to CM for root-
ing. The rooting percentage of shoots in all the geno-
types was very close to each other and did not vary
very much. The highest percent rooting was achieved
in the range of 92 to 95% from the 3'¢ and 5" subcul-
ture shoots in all the genotypes (Fig. 3, Table 1). From
the third subculture onwards, the rooting percentage
was high as compared to the 1% subculture (39-41%).
The results reveal that the rooting ability of shoots in-
creased from the 3 subculture onwards. The shoots
in the control failed to root in CM. In vitro hardened
plants were transferred to a greenhouse for further
hardening and 91% survival was achieved (Fig. 4).

Ex vitro rooting and acclimatization

During in vitro rooting experiments, we obtained
better rooting using shoots from the 3™ culture on-
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wards in all the genotypes. Hence, for ex vitro root-
ingshoots were arbitrarily selected from all the gen-
otypes from the 3" subculture onwards. In shoots
subjected to pulse treatment in LM for 15 days with
IBA (24.5 pM) alone 68% rooting with 1.5 £ 0.1 cm
root length was achieved. The addition of 2,4-D
(4.5 uM) into the medium enhanced rooting up to
95% with the root length of 6.1 £ 0.2 cm (Table 2,
Fig. 3). 2,4-D and IBA have synergistic effects not
only on rooting but also on root length. The root
length of pulse treated shoots for 10 days was 4.2 cm
and in 15 days it was 6.1 cm; hence 15-day pulse
treatment was optimum for ex vitro rooting and
establishment of plants. Shoots in the control
failed to root. The high rooting ability of the 3™
subculture shoots was conferred by ex vitro root-
ing results as rooting percentages obtained by both
the methods were quite similar (> 90%). Ex vitro
rooted plants were further hardened in a green-
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Fig. 3. Micropropagation of Simmondsia chinensis (Link) Schneider using nodal segments: multiple shoot bud induction

upon 1st subculture (bar = 1.0 cm) (a), generation and elongation of 17—20 shoot buds on Murashige and Skoog (MS) medium

supplemented with 2.3 pM thidiazuron (TDZ) (bar = 1.0 cm) (b), multiple shoot bud induction from axillary buds of in vitro
shoots on MS medium supplemented with 2.3 uM TDZ (bar = 1.5 cm) (), in vitro rooted shoots in % strength hormone-free
MS medium supplemented with charcoal 0.02% (bar = 1.5 cm) (d), pulse treated shoots (4—5) placed in a single poly bag
containing sterile sand for ex vitro rooting covered with poly bag, ex vitro rooted plants in bags after 3 weeks (bar = 2.0 cm)

(e), ex vitro rooted plant removed from the bag after 4 weeks (f), flowering resulted into successful fruiting (bar = 5.0 cm)

(g, h), and ex vitro rooted plants flowered within a year (i)

house with 99% survival rate. No visual morpho-
logical abnormalities were observed in generated
plants. Ex vitro rooted plants flowered within a
year (Fig. 3) and flowering resulted in successful
fruiting (Fig. 3).

In the comparative study of these rooting meth-
ods, the number of roots developed through in
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vitro rooting was higher (1-15) as compared to
ex vitro (4-5) rooted shoots. Roots developed ex
vitro were long and with the secondary root system
without any callus at the base. The total time taken
for plantlet generation through ex vitro rooting was
135 days and was very much shorter as compared
to in vitro rooting 180 days (Fig. 4).
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Table 2. Effect of hormones on ex vitro rooting of Simmondsia chinensis (Link) Schneider

Pulse treatment (days)

Hormones (uM)

10 15
IBA NAA 2,4-D rooting (%) root length (cm) rooting (%) root length (cm)
12.2 - - 33 +2.1¢ 0.5+0.12 39 + 1.42 0.6 +£0.12
24.5 - - 72 + 1.2f 1.0 £ 0.1° 68 + 1.24 1.5+0.1°
49.0 - - 61 +1.24 0.6 +0.12 65 + 1.24 0.8 +0.12
- 2.70 — 10 £1.3? 0.6 +0.12 39 +1.2?2 0.6 +0.12
- 5.40 - 32+ 1.8 0.8 +0.12 40 £ 1.22 0.9 +0.1°
- 8.10 - 21 +1.1° 1.7 +0.12 38 +1.12 0.7 £0.22
- - 2.25 31 +1.9¢ 1.2 £ 0.2 43 +1.9° 1.2 £ 0.2°
- - 4.50 42 +1.84 1.5+0.2b 49 + 2.8¢ 1.6 £ 0.1°
- - 13.5 35+ 1.7¢ 1.4 +0.1b 45 + 1.6° 1.5 +0.1°
24.5 - 2.25 71 + 1.5f 3.8 +0.1° 90 + 2.34 52 +0.1°
24.5 - 4.50 73 + 1.6f 4.2 £ 0.1¢ 95 + 2.2f 6.1 +0.2¢
24.5 - 13.5 70 + 1.4f 4.1 £ 0.2¢ 91 +2.14 6.0 +0.1¢

values represent means + SE of the treatment of 20 explants in three replicate experiments, means followed by different

letters are significantly different at 0.05 probability level; IBA — indole-3-butyric acid, NAA — 1-naphthaleneacetic acid,

2,4-D - 2,4-dichlorophenoxyacetic acid

DISCUSSION

A non-purine phenylurea derivative TDZ is wide-
ly used for shoot development (MALIK, SAXENA
1992; BHAGWAT, LANE 2004). It is found to mimic
cytokinin-like activity, and to promote release of
lateral buds from dormancy (WANG et al. 1986). It
has also been reported as a potential plant growth
regulator to induce a high frequency of shoot re-
generation, particularly in woody plant species
(HUETTEMAN, PREECE 1993) but no attempts have
been made in Jojoba, a typical hardwood plant. In
the present investigation, axillary bud induction
was observed in the medium supplemented with
4.60 uM TDZ, however, induced shoot buds failed
to elongate at the same TDZ concentration. Simi-
lar results were reported in chili pepper by HYDE
and PHiLLips (1996). Upon subsequent subcul-

1* culture
30 days
2™ culture
30 days

3" culture
30 days

tures, 20 shoots per explant with 14-15 c¢m length
were obtained on MS medium containing 2.30 uM
TDZ after 5 weeks of culture. Similar results were
reported in Camellia sinensis Linnaeus and Musa
acuminata Colla (MONDAL et al. 1998; FARAHANI et
al. 2008). The effect of alone 6-benzylaminopurine
(BAP) and in combination with auxin on micropro-
pagation of Jojoba has been documented by differ-
ent rates of shoot multiplication (DrIVER, KUNTYU-
KI 1984; CHATURVEDI, SHARMA 1989; MILLS et al.
1997; LLORENTE, APOSTOLO 1998; TYAGI, PRAKASH
2004; SINGH et al. 2008). In the present study, TDZ
alone could give rise to 20 shoots. Such a response
may be due to an increase in the level of endogenous
cytokinins. Apart from its cytokinin-like activity, it
has been suggested to be a modulator of the endoge-
nous auxin levels (MURTHY et al. 1995). This may be
the reason why during the present study TDZ might

In vitro rooting
30 days

s

Ex vitro rooting and
hardening
30 days

(skep gg1) poyowr Surjoox

]

In vitro hardening
30 days

Greenhouse
30 days

91% survival in
nursery

Total time taken for plant generation by in vitro

rooting method (180 days)

P
<

112

Greenhouse
15 days
99% survival in
nursery

Fig. 4. Schematic representation of time

taken for plantlet generation using in

oag14 x2 £q uonyerauad juerd 1oy uaye) awin [e10],

vitro and ex vitro rooting methods of

Simmondsia chinensis (Link) Schneider
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have scored higher numbers of shoots. BAP is re-
ported to produce a higher number of shoots per ex-
plant, however, it induces callus and hyperhydrated
shoots (LLORENTE, APOSTOLO 1998, 2000; MILLS et
al. 2004; TYAGI, PRAKASH 2004).

We could achieve more than 90% in vitro rooting,
whichwashigherthanearlier(CHATURVEDI, SHAR-
MA 1989; MiLLs etal. 1997; TYAGI, PRAKASH 2004).
The rooting percentage of shoots increased from
around 39 to 92% from the first to the third sub-
culture, hence from the 3 culture onwards shoots
are more suitable for rooting, which may be due
to the better physiological condition of shoots for
better rooting. Similar results were observed in
Eucalyptus L'Heritier (GoNcALVES 1980; Gup-
TA et al. 1981; BADIA 1982; MccoMB, BENNETT
1982). Also in perennial plants/tree species the
growth of the culture may be slow as compared to
annual plants, and restore their juvenile traits es-
sential for rooting upon subsequent subcultures,
hence this may be one of the reasons for a high
rooting percentage in older cultures/3" subcul-
ture onwards. A progressive increase in the root-
ing ability of chestnut microshoots occurred at
the 8™ subculture (FEIJ6, PA1s 1990; WaNG, Guo
2007). In Chinese chestnut (Castanea mollissima
Blume) it was observed that upon subculture the
levels of endogenous indoleacetic acid (IAA) in
microshoots gradually increased, and endogenous
levels of abscisic acid, cytokinin and gibbrelic acid
in microshoots decreased. The level of 3-IAA
was directly correlated with subculture numbers
and rooting rates in the chestnut plant (Hou et
al. 2010). In all the genotypes rooting ability was
very close to each other, which may be due to
similar growth regulator uptake, translocation
rate and metabolic processes among genotypes
(BLAKESLEY 1991). Similarly to in vitro rooting,
high ex vitro rooting (> 90%) was achieved from
the shoots of the 3" subculture onwards. How-
ever, shoots generated according to SINGH et al.
(2008) resulted in 82.5% ex vitro rooting (data not
shown). Ex vitro rooting using IBA in combina-
tion with 2,4-D was found to be best as compared
to alone IBA; similar results were observed in Sta-
chousia tryonii (BHATIA et al. 2002). Rooting in
sand or in auxin-free medium corroborates oth-
er reports that although auxins are essential for
root induction, they may not be required for root
growth and their continued presence may even in-
hibit the root growth (SINGH et al. 2008).

Ex vitro rooted plantlets are usually more suited for
transplantation as compared to iz vitro rooted plant-
lets (ANDERSEN 1986). The root system developed ex
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vitro was different from the root system developed
during in vitro rooting practice. The ex vitro rooting
method was also found to be better for the survival
and establishment of the plant as compared to the in
vitro rooting (SINGH et al. 2011, 2014).

We report here rooting in one step through
ex vitro rooting to minimize time and labour for
plantlet generation. Numerous studies have ad-
dressed in vitro rooting in this plant to the best of
our knowledge till now but there is no report on ex
vitro rooting of micropropagated shoots of S. chine-
nsis male and female plants. The study clearly fig-
ured out the effect of subculture on rooting effi-
ciency and also found that the rooting pattern of
ex vitro rooting is preferable for the better estab-
lishment and survival of the plant. This protocol
will be useful for mass propagation in a short time.
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