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Abstract

Grewia tenax (Forssk.) Fiori is a multi-purpose shrub species that is threatened in its natural environment
because of extensive fruit collection and seed dormancy. We induced direct multiple shoots of G. tenaxfrom the
cotyledonary node, shoot, and stem node explants. The explants were cultured on a Murashige and Skoog (MS)
solid medium supplemented with up to 4.0 mg/1 of benzyladenine (BA), kinetin (Kin), isopentanyl adenine (2iP),
or thidiazuron (TDZ). The highest number of shoots (4.8 £ 0.4) was obtained when 2-shoot explants regenerated
on the primary medium containing 3.0 mg/1 2iP were subcultured onto a secondary medium containing 1.0 mg/1
BA. The induced-microshoots were transferred to either 1/4, 1/2, or full MS medium strengths. The use of a 1/4-
strength MS medium resulted in the formation of the highest number of roots and root length compared to a 1/2-
and full-strength MS. To improve rooting performance, indole-3-butyric acid (IBA) in various concentrations (up
to 1.0 mg/1) was provided to a 1/4-strength MS medium. The average longest root (3.2+0.4 cm) was achieved
on a medium supplemented with 0.2 mg/1 IBA. A rooting frequency of 100% and the maximum number of roots
(6 £1.5) per explant were obtained using 1/4-strength MS medium containing 1.0 mg/11BA, and in vitro plantlets
were successfully acclimatized with a 75% survival rate. This study provides an efficient in vitro propagation

system for G. fenax.
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Introduction

Grewia tenax (Forssk.) Fiori (Malvaceae) is a multi-
stemmed deciduous shrub having a height of up to 3 m
(Sharma and Patni, 2012). It predominantly occurs in
the driest savannas and grows in clay as well as in sand
at the desert margins and on rocky hills slopes in both
semi-arid and sub-humid tropical climates (Gebauer
et al., 2007; Aboagarib et al., 2015). The presence of
G. tenax in the semiarid savanna, such as those in Su-
dan, makes it an essential plant species for the local po-
pulation (Gebauer et al., 2007). It has become a prime
component of a nutritious diet and a local substitute for
vitamin pills, obtained from fruits, particularly during
a time of food shortage (El Tahir and Gebauer, 2004).
Typically, G. fenax is an inclusive nutraceutical plant
that delivers biologically active constituents. Analysis of

G. tenax fruits indicated the presence of substantial
amounts of iron (10-20 mg/100 g) and high carbo-
hydrate contents (52-87%) (Elhassan and Yagi, 2010;
Aboagarib et al., 2015); therefore, eating its fruits helps
to cure iron-deficiency anemia and other diseases. More-
over, extracts from different parts of this plant were
used to cure various other ailments such as trachoma,
tonsillitis, pulmonary infections, jaundice, rheumatism,
and asthma; besides, they are used as a poultice to treat
swellings (E1 Ghazali et al., 1997; Khemis et al., 2006).
However, fruits of G. fenax may be commercially used
for producing beverages, yogurts, ice creams, and baby
food (Aboagarib et al., 2015). Furthermore, the cultiva-
tion of G. tenaxis one of the primary sources of income
for rural populations in Sudan and India (Gebauer et al.,
2007; Sharma and Patni, 2012).
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G. tenax is considered to be one of the most affected
fruit tree exposed to the deterioration of vegetation
cover in Sudan due to increasing human activities (El
Tahir and Gebauer 2004). Because of the extensive
utilization of fruits, low viability and poor germination of
seeds, and a lack of a plantation program, genetic resour-
ces of G. tenax are getting exhausted. Furthermore,
G. tenax has been neglected by researchers and forest
services for a long time, and there is very little informa-
tion available on its propagation and early seedling esta-
blishment (Gebauer et al.,, 2007); thus, the shrub is
being grown only via natural regeneration. Therefore,
the Higher Council for Environment and Natural Resour-
ces, Sudan, considered this shrub as a threatened spe-
cies (HCENR, 2000). In general, the poor germination
of G. tenax seeds is caused by physical dormancy caused
by a hard seed coat impermeable to water or resistant to
radicle penetration. In addition the germination of
G. tenax seeds was found to be affected by physiological
dormancy, which is thought to be gradually declining
over time after seed collection. Older seeds such as
those obtained one year after collection have a better
germination rate than fresh ones or those obtained after
2, 4, and 7 months after collection (Sahoo and Kasera,
2012; Saleem et al., 2012). Therefore, to overcome the
dormancy seeds of G. fenax, a scarification pretreatment
is required to make the seed coat absorptive to water and
hasten germination (Sharma and Patni, 2012). Different
scarification methods have been applied to improve the
germination rate of G. fenax seeds. For instance, trea-
ting the seeds with ammonium nitrate resulted in
a 46.7% germination rate (Sahoo and Kasera, 2012);
however, exposing the seeds to a constant heat of 40°C
for a duration of four weeks resulted in a 70% rate (So-
hail et al., 2015). In fact, 77% of germination was achie-
ved after treatment with ethrel for 24 h (Kumawat et al.,
2017), and 93% of germination was achieved with hot
water pretreatment (Saleem et al., 2012). Moreover, G.
tenax seeds pretreated with sulfuric acid germinated
with 80% efficiency (Ali and Abd Alla, 2003) and with
100% efficiency when the seeds were cultured in the
dark (Daffalla et al., 2016).

Several studies on the propagation of G. fenax were
performed using in vivo and in vitro methods. The con-
ventional propagation of G. fenaxwas achieved through
stem cuttings with variable results. Note that the maxi-
mum rooting percentage of 28.3% was achieved without

the addition of auxins (Elkhalifa and Mahmoud, 1999),
whereas the maximum rooting percentage of 77% (Ali
and Abd Alla, 2003) and 61% (EI-Siddig et al., 2005) was
achieved using IBA. The in vitro regeneration of G. fe-
nax was reported in a few research studies (Ali and Abd
Alla, 2003; Daffalla et al., 2016) in which only one shoot
per nodal explant after treatment with cytokinins was
produced.

For maintaining its population, in vitro regeneration
techniques for the clonal propagation and in vitro con-
servation of this important species are useful. Based on
the assumption that young tissues respond more easily
to in vitro conditions than older trees, seedlings were
preferred as a source of explants, as reported for Acacia
senegal (Khalafalla and Daffalla, 2008). The aim of this
study was to establish an efficient and reproducible
micropropagation system for G. fenax, which is an im-
portant ethnomedicinal shrub.

Material and methods

Basal medium and culture conditions

Murashige and Skoog (1962) medium (MS) supple-
mented with 3% sucrose and a pH of 5.8 was solidified
with 0.8% agar (w/v) before autoclaving at 121°C and
0.11 MPa for 15 min. The plant cultures were incubated
at 25+ 2°Cunder light (50 umol - m*s! photosynthetic
photon flux density) from a cool fluorescent light for
16 h a day.

In vitro seed germination and explants preparation

G. tenax seeds were pre-surface sterilized in 70%
(v/v) ethanol for 30 s and rinsed three times in sterile
distilled water. Then, the seeds were rinsed in 20% (v/v)
Clorox (commercial bleach, 5.25% sodium hypochlorite)
for 15 min and thoroughly rinsed in sterile distilled
water. Two disinfected seeds were inoculated per 100 ml
test tube (20 x 4 cm) containing 15 ml half-strength MS
medium and kept in dark until germination. From the
in vitro germinated seedlings, we prepared three types
of explants. We prepared cotyledonary node (CN) and
shoot explants (SEs) having a length of 4-5 cm above
the medium surface from 5-day-old seedlings. CN inclu-
ded both cotyledons with ~1.0 cm of the hypocotyl,
whereas SE included an epicotyl and an apex with the
first true leaf (0.5-1.0 cm). Half of the hypocotyl and
radicle were discarded with special care to ensure that
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the cotyledonous portion was not damaged. For prepa-
ring the stem node (SN) explants, 14-day-old seedlings
(8-10 cm) were transversely cut into segments (0.8
-1.0 cm), each of which contained one bud.

Inoculation of explants and shoot multiplication

Three types of explants, namely, CN, SE, and SN,
were cultured in an MS medium supplemented with
benzyladenine (BA), kinetin (Kin), isopentanyl adenine
(2iP), or thidiazuron (TDZ) at 0.0, 0.5, 1.0, 2.0, 3.0, or
4.0 mg/l. Note that two explants were cultured in a glass
bottle (8 x 5 cm, 200 ml) containing 30 ml of MS me-
dium. For optimizing multiplication and proliferation,
the clusters of the obtained shoots were subsequently
sub-cultured four weeks later into the same but fresh
medium.

To improve shoot multiplication, we developed a two-
step culture system, which began with shoot induction
on the primary medium supplemented with the optimal
cytokinin concentration. The second step was to re-
culture the induced shoots on the proliferation medium
containing BA at a wide range of concentrations (0.0
-3.0 mg/l). The propagation parameters in terms of
a number of axillary shoots developed per explants,
shoot length, and the number of nodes per shoot were
recorded after four weeks of culturing. Each induced
microshoots (shoot > 2 cm long, bared leaves and aged
4 weeks) was recorded, whereas smaller shoots were not
counted. Furthermore, the percentage and incidence of
rooting and callus at the base of explants on the multi-
plication medium were monitored.

In vitro rooting and acclimatization

After four weeks of culturing on the shoot induction
medium, shoots (2-4 cm length) with 5-10 expanded le-
aves were cultured onto the rooting media. We served
different strengths of MS medium for in vitro root in-
duction, namely, 1/4-, 1/2-, and full-strength MS. After
four weeks of culturing, percentage rooting, the number
of roots, and root length per explant were obtained.

All culture bottles containing healthy rooted plantlets
of G. tenax were transferred from the incubation room
to growth room for hardening at temperatures ranging
between 26 and 29°C with mild sunlight for two days.
The plantlets were then removed, washed gently under
running water and cultured into plastic pots (5 x 7 cm)
filled with sterilized mixture of silt: sand (1:1; v/v) soil.

To maintain relative humidity around the plants, each
pot was covered with a glass vessel. The pots were kept
atroom temperature and irrigated whenever soil surface
was dried. After 2-3 weeks, the pots were uncovered but
left under the same conditions until growth improved,
e.g., the development of a new leaf (for two weeks). To
examine their ex wifro acclimatization, the plantlets
were then transferred into polyethylene bags (15
x 25 cm) filled with the same mixture of soil and maintai-
ned in a greenhouse with required care.

Experimental design and statistical analysis

The experiments were set up as factorial experi-
ments in a completely randomized design and repeated
twice. We applied shoot induction and multiplication
treatments in nine replicates. The in vitro rooting of
microshoots was applied in six replicates, and the data
were subjected to one-way or two-way analysis of va-
riance (ANOVA). The mean separation was performed
using Duncan’s Multiple Range test (DMRT) at the 5%
level using Microsoft Excel.

Results and discussion

Multiple shoots induction

The SN, the SE, and the CN explants responded to
cytokinins application in different ways. The type of ex-
plant, as well as cytokinin and its concentration, with
a highly significant interaction (£<0.001), influenced the
frequency of multiple shoot formation (Table 1, Fig. 1).

The cultured SE explants did not produce any new
shoots and the shoot tips only elongated. Unlike the re-
sults obtained in this study, Ishii and Kambou (2007) re-
ported that the best explants in terms of the number of
shoots induced were terminal leafy nodes (representing
SE explant) compared to other studied explants of in vitro
grown seedlings of Adansonia digitata (Malvaceae).

CN explants formed significantly (P<0.05) the
highest number of shoots (2.8 £ 0.2) that on 3.0 mg/1 2iP
containing medium compared to (2.5+0.19 and 2.0
* 0.31) stimulated by 2.0 mg/l BA and 2.0 mg/1 Kin (res-
pectively), and (0.8 £0.1) by the control (Table 1). Note
that TDZ concentrations of 0.5 and 1.0 mg/1 supported
shoot differentiation from CN (1.3 £0.2), whereas higher
TDZ concentrations at 3.0 and 4.0 mg/l significantly
decreased the average number of shoots to 0.5 +0.2 and
0.3%0.2, respectively.
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Table 1. Effect of different cytokinins on the number of shoots (> 2 cm length)

formed by G. tenax explants after four weeks of in vitro culturing

o | Bolamstpes et
mg/1 i
[mg/1] SN CN ?I?Clll;f Ro[oo/:ing
0 1.0£0.00° 0.8+0.11° (-) 50
BA | 0.5 | 0.8%0.11° | 1.8+0.18" ) 40
1 0.8+0.11° | 2.2%0.08" =) 25
2 0.7+0.14" 2.5+0.19° (++) 10
3 0.7£0.14" | 1.2+0.44° (++) 10
4 0.6+0.13" | 1.5+0.26 (+++) 5
Kin | 0.5 0.8+0.08" 1.7+0.19° (+) 10
1 0.9+0.08° | 1.8+0.13" ) 10
2 0.9+0.08¢ | 2.0+0.31" +) 10
3 1.0£0.00° | 1.8+0.17" +) 10
4 0.9+0.09¢ | 15054 (++) 5
2iP | 0.5 | 1.0+0.00° 1.7+0.14° (=) 0
1 1.0£0.08" | 1.8+0.13" +) 0
2 1.0+£0.08° | 1.8+0.11" +) 0
3 1.0+0.08* 2.8+0.21° (++) 0
4 1.0£0.00" | 2.3+0.28° (++) 0
TDZ | 05 | 1.0+0.00° | 1.3%+0.19% ) 0
1 1.0£0.08° | 1.3+0.22% +) 0
2 1.0+0.11° 0.8+0.21° (++) 0
3 0.8+0.11° 0.5+0.15° (++) 0
4 0.8+0.13° 0.3+0.15" (+++) 0

Values are expressed as mean * standard error of nine replicates; means followed
by different superscript letter are significantly different based on DMRT (P=0.05);
* — SE explant was not included as no axillary shoot was produced, SN - stem node,
CN - cotyledonary node, Callus formation (=) - no callus, (+) - small, (++) - me-

dium, (+++) - large

SN explants showed a weak response to cytokinin
treatments in terms of the number of shoots formed
(Table 1). All the tested cytokinins either facilitated the
formation of only one shoot per node (the same as in
control) or no shoots (Fig. 1A). BA at 4.0 mg/I induced
the production of the lowest number of shoots (0.6
* 0.13) on SN explants. Moreover, the development of
single shoots on nodal explants on cytokinin-supplemen-
ted media was reported with two-nodal explants of
G. tenax (Ali and Abd Alla, 2003) and for single node
explants of Grewia asiatica (Biswas et al., 2005).

The superiority of CNs in micropropagation has also
been reported for other tree species such as Acacia se-
negal (Khalafalla and Daffalla, 2008) and Clitoria terna-
tea (Mukhtar et al., 2012). The better response of CN
explants towards cytokinin treatments (Fig. 1B-F) may
be because of the presence of expanded cotyledons as
reported in Mukhtar et al. (2012), polysaccharides sto-
red in cell walls may be degraded and mobilized to the
developing shoots, thus enhancing their growth.

2iP was found to be better than the other tested cyto-
kinins for the multiple shoot induction from G. tenaxex-
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Fig. 1. Shoots multiplication of G. tenaxafter four weeks in culture; A) only one shoot from SN explant (arrow pointed cut end);

and (B-F) from CN explants; B) long shoots in 0.5-2.0 mg/1 of BA, Kin, and 2iP; C) short shoots in 2.0-3.0 mg/1 of BA and Kin;

D) stunted shoots with callus in 4.0 mg of BA, Kin, and 2iP; E) callus preventing multiplication in 3.0 mg/l TDZ; and F) multiple
shoots induction in 3.0 mg/1 2iP

plants (Table 1). 2iP and Kin stimulated a lesser callus
production on explants compared to BA and TDZ. Simi-
larly, 2iP and TDZ did not stimulate root induction as ob-
served in BA and Kin cultures. Sometimes, a particular
cytokinin was required for promoting direct adventitious
shoot formation, e.g., in Browallia viscosa, 2iP was requi-
red but Kin, BA, and zeatin were ineffective (Van Staden
et al., 2008). The development of calli and roots can
compete with axillary meristems in nutrition absorption,
thus compromising shoot multiplication. Moreover, cal-
lus formation during micropropagation stage may ob-
struct the development of vascular connections linking
shoots to roots at subsequent stages when subcultured
for rooting. Furthermore, excessive callusing hindering
shoot induction was reported in previous studies on
G. tenax (Ali and Abd Alla, 2003; Daffalla et al., 2016)
and G. asiatica (Biswas et al., 2005). The superiority of
2iP over other cytokinins for multiple shoot induction
has been observed for several woody plant species such
as Bixa orellana (Joseph et al., 2011) and Sophora ton-
kinensis (Jana et al., 2013).

The type of explants significantly (P <0.05) affected
the length of induced microshoots (Table 2, Fig. 1). The
highest shoot length observed (2.7 +0.5 cm) was recor-
ded for CN explant cultured on a medium supplemented
with 4.0 mg/I 2iP. Note that SN explants produced the
second average value of shoot length (2.3 cm) for both
2.0 mg/1 BA and 0.5 mg/1 2iP. This value did not signi-
ficantly differ from that recorded for SE explants (2 cm)
cultured on a medium supplemented with 0.5 mg/1 BA.
However, the value of shoot length recorded for SE ex-
plants was for epicotyl elongation, and not for new
shoots. A similar result was observed for the multiplica-
tion of Acacia senegal using a stem segment and CN ex-
plants (Khalafalla and Daffalla, 2008). However, 2iP was
the most effective cytokinin for the elongation of G. te-
nax shoots followed by Kin, BA, and TDZ (Table 2).
Furthermore, a similar ranking for the four cytokinins
was reported for Sophora tonkinensis (Jana et al., 2013).
The effectiveness of 2iP over BA for provoking longest
shoots was observed for Bixa orellana (Joseph et al.,
2011). Parveen and Shahzad (2010) indicated that cul-
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Table 2. Effect of different cytokinins on shoot length (cm)
of G. tenax explants after four weeks of in vitro culture

Cytokinin Explants types
[mg/1] SN CN SE

0.0 | 1.8+029” | 0.7+0.31" | 1.1+0.06"

BA | 05 1.8+0.4® | 2.1+0.04” | 2.0+0.05%
1.0 1.8+0.4% | 2.1+0.04™ | 1.4+0.04®
2.0 | 23%0.34" | 2.3+0.07" | 1.4+0.24®
3.0 | 1.5+0.36" | 2.0£0.21" | 1.3+0.23%
40 | 0.7+0.28" | 0.9+0.40" | 1.3+0.22%

Kin | 0.5 | 1.4%0.30" | 2.4+0.07" | 1.4+0.35"
1.0 | 2.0+0.42" | 2.3+0.11™ | 1.5+0.26™
2.0 | 1.8+0.41" | 2.3+0.24® | 1.6+0.16®
3.0 | 1.7+057% | 2.1+0.41% | 1.6+0.18%
4.0 | 1.0+0.46" | 2.0+0.34™ | 2.0+0.26"

2iP | 05 | 2.3%0.20" | 2.3£0.08" | 1.1+0.10"
1.0 | 2.1+0.28" | 2.3+0.23™ | 1.2£0.16™
2.0 | 2.0£018% | 24026 | 1.1£0.19"
3.0 | 1.6+0.28" | 25+0.38" | 1.0+0.07"
40 | 1.0%0.35" | 2.7£0.53" | 0.9+0.05"

TDZ | 05 | 1.7+0.33" | 2.0+0.28" | 0.6+0.06"
1.0 | 1.0£0.32° | 1.8+0.27" | 0.6+0.05"
2.0 | 1.2+0.33" | 1.4+0.34® | 0.3+0.14"
3.0 | 0.7+0.32" | 1.0+0.30" | 0.3+0.15"
40 | 0.3%0.22" | 1.0+0.30" | 0.2+0.12"

Values are expressed as mean * standard error of nine replicates;
means followed by different superscript letter are significantly diffe-
rent based on DMRT (2= 0.05); SN - stem node, CN - cotyledo-

nary node, SE - shoot explant

turing explants for a long time on a medium supplemen-
ted with TDZ resulted in the formation of twisted and
dwarf shoots.

As shown by the results on a number of nodes per
induced shoot, the regeneration ability of G. fenax shoot
is highly dependent on the explant type and cytokinin con-
centrations (Table 3). CN explants produced (£ <0.05)
the highest number of nodes per shoot (4.5 £ 0.26) on
4.0 mg/1 Kin-supplemented medium. SN explants produ-
ced the second average value (4.3+0.21) of nodes on
a medium supplemented with 3.0 mg/1 Kin and lastly SE
afforded 3.3%£0.39 nodes/shoot in a medium supple-
mented with 1.0 mg/1 BA. In general, Kin proved to be
more effective than other cytokinins for increasing the

average number of nodes per induced shoot (Table 3).
Similar results on Kin effect for increasing the number
of nodes were reported for Albizia falcataria (Widiyanto
et al., 2008).

Improving shoot multiplication of G. tenax

Subculture of explants onto the same media

In this experiment, depending on the performance of
shoot multiplication, only CN explant cultures were used
for re-culturing. Moreover, TDZ cultures were excluded
because all cultured explants formed heavy callusing.
Hence, all CN cultures producing shoots were subcul-
tured to fresh media containing the same cytokinins and
their concentrations, in addition to a cytokininfree me-
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Table 3. Effect of different cytokinins on the number of nodes per shoot formed
on G. tenax explants after four weeks of in vitro culturing

Explants types

Cytokinin
[mg/1] SN

0.0 | 2.6+0.22"

BA | 05 | 3.3:021°
1.0 | 3.7+0.21%
2.0 | 3.2£0.48"
3.0 | 3.2+0.60"
4.0 | 3.7+0.21"

Kin | 05 | 3.7+0.33%
1.0 | 3.3+0.33"
2.0 | 3.8+0.48"
3.0 | 43+0.21"
40 | 35+0.50"

2iP | 0.5 | 2.7+0.21"
1.0 | 3.7+0.21%
2.0 | 25+0.34"
3.0 | 2.7+0.42"
4.0 | 23+0.21%

TDZ | 05 | 1.3+0.33“
1.0 | 0.7+0.21°
2.0 | 05+0.22°
3.0 | 05+0.22°
40 | 05=0.22°

CN SE
1.3+0.35° | 1.0+0.17
22042 | 25+022°
3.0£0.31" | 3.3+0.39°
2.7£0.60* | 2.0£0.36“
2.5+0.58™ | 1.8+0.31“
2.3+0.45" | 1.8+0.30“
2.2+0.17" | 1.7+0.14%
2.3+0.28" | 1.7+0.19%
2.3£0.38" | 2.0+0.19°¢
3.7+0.19" | 1.8+0.15%
45+0.26" | 1.5+0.19“
1.5+£0.19° | 2.0£0.15°
1.8+0.30 | 1.8+0.17
1.7+£0.34° | 1.8+0.13“
1.3+0.25 | 1.7+0.19*
0.8+0.22% | 1.7+0.14“
1.6+0.26 | 1.8+0.17
1.2+£0.15° | 1.7+0.15%
0.7+0.14% | 1.3+0.13“
0.5+0.14% | 1.2£0.11%
0.3£0.15% | 1.0£0.19%

Values are expressed as mean * standard error of nine replicates;
means followed by different superscript letter are significantly different
based on DMRT (2= 0.05); SN - stem node, CN - cotyledonary node,

SE - shoot explant

dium, which was used as a control. The shoots clusters,
after removing all callus and roots, were cultured for
four weeks. The results showed that no new shoots
produced, while all propagules formed excessive callus
(Fig. 2). A declining number of shoots after subculturing
into the same cytokinin supplemented media was re-
ported for other plant species such as Hibiscus rosa-
sinensis (Christensen et al., 2008). This decline could
be because of the failure to rejuvenate or inadequate or
excess concentration of plant regulatory compounds
(Christensen et al., 2008). However, shoot subculturing
(P <0.05) significantly improved the number of nodes
formed. BA at 2.0 mg/1 stimulated the highest number
of nodes with an average of 9.8+0.6 nodes/shoot

(Fig. 2A). Moreover, Kin at 2.0 mg/]1 produced the se-
cond value (8.8 nodes) and 2iP the third value (5.2+0.4
nodes) per shoot. However, BA at 1.0 mg/I proved to be
most effective for the elongation of shoots (6.48
+0.4 cm) after subculturing. Furthermore, 2iP appeared
a significantly less effectual cytokinin on shoot elonga-
tion with the maximum shoot length of 4.3+0.4 cm at
3.0 mg/1 concentration (Fig. 2B).

Two general conclusions of subculturing G. fenax
cytokinin-induced microshoots can be drawn from the ex-
periments: 1) when the shoots were subcultured to
a growth regulator-free MS medium, roots were effecti-
vely formed but no callusing was observed, and 2) when
MS medium was supplemented with the same cytokinin;
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Fig. 2. Effect of subculture of shoot clumps of G. tenax into
media of the same concentrations (0.5-4.0) of BA, Kin or 2iP
on A) nodes numbers and B) shoot length (cm) after four
weeks of in vitro culturing; values represent the mean + SE of
six replicates and different letters indicate significant diffe-
rences between means based on DMRT (P= 0.05)

Fig. 3. Multiple shoots induction of G. tenax after subculture
of 2iP-induced shoots in 1 mg/l BA medium; A) 2-shoots in-
duced in 3.0 mg/l 2iP with callus and cotyledons attached
(arrows); B) prepared 2-shoot explant; C) multiple shoots in-
duction after culture for four weeks in 1.0 mg/l BA

indicate significant differences between BA concentrations
means based on DMRT (#= 0.05)

the shoot length, the number of nodes, and callogenesis
were all enhanced, and roots were induced. Note that
after subculturing, BA stimulated shoot development
with high efficiency (elongation and number of nodes);
however, 2iP prompted the lowest shoot length and the
smallest number of nodes, which is opposite to the re-
sults obtained before subculturing (Fig. 2).

Subculture of 2iP-treated shoots

to BA-amended media

In this experiment, CNs with induced clumps of two
shoots on an average (Fig. 3A) were removed from the
primary medium (MS + 3.0 mg/I 2iP). The 2-shoot ex-
plants were prepared by removing all existing callus
(Fig. 3B), which were then transferred to an MS me-
dium containing BA at 0.0-3.0 mg/1 concentrations. The
results showed that BA at 1.0 mg/I induced the maxi-
mum new shoots per explant with an average of 4.8
£ 0.9 (Fig. 3C and Fig. 4). This indicated that shoots
cluster of G. tenax transferred from the 2iP-medium to
the BA-medium formed more axillary shoots than conti-
nuously growing shoots on 2iP or BA media. CN ex-
plants produced an average of 2.8+0.2 and 2.5+0.2
shoots on media separately supplemented with 2iP
3.0 mg/1 or BA 2.0 mg/1, respectively (Table 1). Further-
more, the variation on the effects of BA concentrations
on shoot growth between primary and secondary media
was reported for Jatropha curcas (Sujatha et al., 2005).
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Fig. 6. Effect of different IBA concentrations (0.0-1.0 mg/1) supplemented in 1/4 MS strengths on the in vitro rooting of

G. tenaxshoots after four weeks of in vitro culture; A) average root length; B) average number of root per shoot; and C) rooting

percentage; values represent the mean * SE of six replicates; different letters indicate significant differences between IBA
concentrations means based on DMRT (P = 0.05)

The length of shoots and the number of nodes of newly
formed shoots were reduced from that of the primary
2-shoot explants with a maximum length of 1.5+0.1 cm
and 3.5%0.3 nodes acquired for a 0.5 mg/1 BA-fortified
medium (Fig. 4). Moreover, new shoots appeared to be
thinner in diameter and the leaves were smaller in size
(Fig. 3C). The application of two different multiplication

media in alternate routes noticeably enhanced the rate
of shoot multiplication of G. tenax. A similar strategy for
the subculturing of multiple shoots induced from CNs on
BA medium for proliferation purposes has been reported
for many species such as Jatropha curcas (Sujatha et al.,
2005), Pterocarpus marsupium (Husain et al., 2007),
and Cassia sophera (Parveen and Shahzad, 2010).
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Fig. 7. In vitro rooting and acclimatization of G. tenax: A) in

vitrorooting of shoots after four weeks of culturing on 1/4 MS

supplemented with 1.0 mg/1 IBA; B) plantlets grown in pots in

a mixture of silt: sand (1:1; v/v) soil under room conditions

covered with a glass vessel for 3 weeks; C) acclimatized

plantlets after three weeks in pots at room temperature; and
D) acclimatized plant under greenhouse conditions

In vitro rooting

Effect of MS medium strength on the in vitro rooting
of G. tenax shoots

All tested MS medium strengths supported root in-
duction within two weeks of transferring shoots (induced
by 1.0 mg/l BA) to the appropriate media (Fig. 5). In
a 1/4 strength MS medium, shoots produced signi-
ficantly (P < 0.05) the longest (1.9+1.0 cm) roots
(Fig. 5A) and the highest number of roots (5.3%1.1) per
shoot (Fig. 5B). In an earlier study, Ali and Abd Alla
(2003) found that G. tenax shoots cultured in full MS
produced longer roots (2.8 cm) and a higher number of
roots (9.1) compared to full MS medium supplemented
with IBA. Moreover, Daffalla et al. (2016) reported the
In vitro rooting of G. tenax shoots in an auxin-free MS
medium; however, no rooting measurements were provi-
ded. In our research, 66.7% of the shoots cultured in
1/2-strength MS were rooted, compared to 60% and
57.1% in 1- and 1/4-strength MS, respectively (Fig. 5C).

A similar result for root induction in a medium free from
auxins has been reported for Cassia sophera with 65%
and 42.3% rooting of shoots in 1/2 MS and full MS
media, respectively (Parveen and Shahzad, 2010). Spon-
taneous rhizogenesis in an auxin-free medium was ob-
served in shoot cultures of Hibiscus rosasinensis,
a member of the Malvaceae family (Christensen et al.,
2008). The rapid rooting of in vitro grown shoots in an
auxinfree medium is because of the level of auxin con-
tent in the plant tissue, which is adequate for root
formation (Minocha, 1987). No callus was observed in
shoots cultured on 1/4 MS medium, whereas moderate
and massive callus formation were observed at the junc-
tions of roots and shoots in the cultures grown on 1/2
MS and full M, respectively. The drop in the callus for-
mation at the basal end of the shoots with a decreasing
MS strength could be attributed to the reduction of su-
crose in the media. Alternatively, a reduction in nu-
trients content might make the medium unsuitable for
callus development. Generally, using a medium with re-
duced salt strength for rooting is preferred for increa-
sing the rooting frequency as was reported for many tree
species such as Givotia rottleriformis (Samuel et al.,
2009) and Cassia sophera (Parveen and Shahzad, 2010).

Effect of IBA on the in vitro rooting

of G. tenax shoots

IBA was preferred for the in vitroroot formation due
to its higher effectiveness than that of other auxins in
many tree species such as Givotia rottleriformis (Sa-
muel et al., 2009), Cassia sophera (Parveen and Shah-
zad, 2010), and Clitoria ternatea (Mukhtar et al., 2012).
IBA (0.0-1.0 mg/l) was supplemented to 1/4-strength
MS medium, which was considered optimal for rhizo-
genesis (Fig. 5). Significantly (< 0.05) long roots (3.2
+ 0.4 cm) were achieved in an IBA-augmented medium
of 0.2 mg/1 (Fig. 6A). However, the maximum number of
roots per shoot (6 +1.5) — Figure 6B was formed in the
presence of 1.0 mg/l IBA. In a previous work on the
rooting of G. fenax, Ali and Abd Alla (2003) reported
that the maximum root length (1.5 cm) and the highest
number of roots (8) were induced by 0.5 mg/l IBA.
Moreover, increasing the IBA concentration to 0.5 and
1.0 mg/1 (P < 0.05) significantly enhanced the rooting
frequency to 100% in both concentrations (Fig. 6C). Ge-
nerally, the roots that were developed were healthy but
varied in morphology, e.g., hairy-twisted roots were pro-
duced in lower IBA concentrations (0.0-0.2 mg/l) and
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thick roots having well-developed secondary branches
were formed at higher IBA concentrations (0.5 and
1.0 mg/1) (Fig. 7A). Similar results on the variation of
root morphology depending on IBA concentrations have
been reported for Bixa orellana (Joseph et al., 2011).

Acclimatization of in vitro propagated

G. tenax plantlets

The rooted regenerants of G. tenax (Fig. 7A) were
transferred to soil pots and ~90% (69/77 plants) of them
survived for 1 month in plastic pots (Fig. 7B and
Fig. 7C). Each plantlet with roots accompanied by callus
failed to survive and died after one week of acclimatiza-
tion (10% of regenerants). The survived plantlets were
successfully transferred to greenhouse conditions with
a survival rate of up to 75% (52/69 plants) for one month
(Fig. 7D). A similar high survival percentage of micro-
propagated plantlets has been reported for other trees
such as 75% for Givotia rottleriformis (Samuel et al.,
2012), 88% for Clitoria ternatea, and 90% for Cassia so-
phera(Parveen and Shahzad, 2010). The plantlets easily
acclimatized without morphological variations.

Conclusions

CN explants cultured in an MS medium supplemen-
ted with 3.0 mg/1 2iP produced an average of 2.8 shoots.
To improve shoot multiplication, we developed a two-
step procedure. The propagules of 2-shoots induced on
a 3.0 mg/1 2iP primary medium were subcultured onto
a secondary medium containing 1.0 mg/1 BA. This pro-
cedure enhanced the number of shoots to five shoots per
explant. The in vitrorooting of shoots was accomplished
with 100% frequency in 1/4-strength MS medium supple-
mented with 1.0 mg/l IBA. We acclimatized 52 out of 77
plantlets, i.e., a survival rate of 67%.
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