Plant Cell, Tissue and Organ Culture (PCTOC) (2021) 144:261-270
https://doi.org/10.1007/s11240-020-01828-z

ORIGINAL ARTICLE q

Check for
updates

Acetylsalicylic acid improved antioxidative status and cold storage
of encapsulated nodal segments of neem (Azadirachta indica A. Juss.)

I. M. G. Padilla’ - G. Barba-Espin? - J. A. Hernandez? - A. Piqueras? - L. Burgos?

Received: 18 October 2019 / Accepted: 8 April 2020 / Published online: 21 April 2020
© Springer Nature B.V. 2020

Abstract

The neem tree, Azadirachta indica A. Juss., is an important multipurpose tree globally used in agriculture with recalcitrant
and chilling-sensitive seeds. Here, we studied the encapsulation in sodium alginate of in vitro-derived nodal segments of neem
as a method to preserve in vitro culture material of this species for laboratory exchange and for the medium-term storage.
A good gel complexation was achieved using 3% sodium alginate and 70 mM CaCl,-2H,0. An average bead conversion of
75%, 0.5 cm of shoot length and 2 leaves were recorded after 4 weeks of culture, irrespective of the polymerisation duration
(5 to 20 min). The growth of nodal segments was completely inhibited when they were kept at 4 °C or at 8 °C for 4 weeks,
while those encapsulated and stored at 12 °C for 4 weeks, sprung up only 20% under optimal conditions, 23 °C. However,
bud sprouting of encapsulated nodal segments stored at 12 °C for 4 weeks increased to 75% under optimal conditions by incu-
bating the nodal segments with 25 uM acetylsalicylic acid (ASA) for 4 weeks prior to encapsulation. We observed that this
ASA pre-treatment stimulated the antioxidative defenses of the explant, especially ascorbate peroxidase, catalase, peroxidase,
dehydroascorbate reductase and glutathione reductase enzymes that could have improved the viability of the buds stored at
12 °C. Additionally, ASA seemed to protect the cell membranes, as observed by the lipid peroxidation results. All these data
together led us to suggest the use of ASA in short- and medium-term storage of in vitro-derived nodal segments of neem.

Key message
Neem nodal segments, encapsulated in alginate beads and stored at 12 °C recovered their viability when were pre-treated
with acetylsalicylic acid, which improved buds’ antioxidant defences.

Keywords Chilling injury - Enzymatic activity - Growth retardant - Medium-term storage - Slow growth - Sodium alginate

Introduction neem seeds are chilling-sensitive and rapidly lose viability

even if stored at high relative humidity (Kumar and Mishra

The neem tree, Azadirachta indica A. Juss., is an important
multipurpose tree, the products of which are globally used
in agriculture, medicine, cosmetics and animal health care
(Kumar et al. 2013). The neem tree is mainly propagated by
seeds. However, as many other recalcitrant tropical seeds,
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2014; Sacandé et al. 2000). This limits progress in the con-
servation and evaluation of germplasm, ex-situ collection,
material exchange and, overall, tree improvement. Tissue
culture techniques have been described to overcome these
limitations. Micropropagation from juvenile (Joshi and
Thengane 1996; Shahin-Uz-Zaman et al. 2009) and adult
material (Arora et al. 2010; Quraishi et al. 2004) has been
described. In that context, organogenesis (Chaturvedi et al.
2004; Srivastava et al. 2009) and somatic embryogenesis
(Gairi and Rashid 2005; Rout 2005) protocols have been
reported from flower and seed derived material. Thus, it is
important to develop a methodology to preserve in vitro cul-
ture material and collections of this species for laboratory
exchange at medium and long term. Encapsulation of veg-
etative propagules has become a potentially cost-effective
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clonal propagation system and can be used as an alternative
to synthetic seeds derived from somatic embryos. Encapsu-
lation of nodal segments or shoot tips is used as a method for
germplasm conservation and to exchange material between
laboratories (Rihan et al. 2017). This technique offers an
easy and cheap method and a space-saving option for short-
and medium-term storage due to the use of small capsule
size and relative ease of handling these structures above
0 °C, whereby liquid nitrogen and expensive equipment is
not necessary. Encapsulation of vegetative propagules and
regeneration of complete plantlets from these have been
reported for fruit trees, medicinal plants, ornamentals, coni-
fers and woody crops (Gupta et al. 2019; Hung and Trueman
2012; Khan et al. 2018; Kulus and Zalewska 2014, Kulus
2019; Muslihatin et al. 2018; Nair et al. 2019; Rai et al.
2008; Sharma et al. 2015; Varshey and Anis 2014).

Slow growth storage protocols generally use low tempera-
tures, and, sometimes, a modified culture medium contain-
ing a sugar alcohol or a growth retardant to reduce in vitro
growth rates and the frequency of the cyclic subculture of
shoots (Bhushan and Gupta 2017; Kulus 2018; Marino et al.
2010). Plant growth retardants (PgRs) are natural or syn-
thetic substances that modify plant growth and development
retarding or inhibiting shoot elongation, leaf development,
and usually intensifying green leaf pigmentation (Gross-
mann 1990). Therefore, they have been used for in vitro
shoot collection maintenance in vegetable crops mainly
(Jarret 1997). Apart from these morphological modifica-
tions, physiological alterations such as improved resistance
to environmental stress conditions, e.g. cold and chilling,
have been reported (Korsukova et al. 2015; Moradi et al.
2017; Zhao et al. 2019) in response to PgRs, which may have
practical implications in in vitro cold storage.

The mode of action of PgRs depends on the class of sub-
stance (Grossmann 1990). Acetyl-salicylic acid (ASA), a
derivative of the natural metabolite salicylic acid (SA), has
been described as a growth inhibitor in potato in vitro cul-
tures (Lopez-Delgado and Scott 1997). Moreover, SA seems
to be involved in the plant defense response to biotic and
abiotic stresses (Ojaghian et al. 2013; Zhang et al. 2013) by
regulating antioxidant enzymes biosynthesis (Fujita et al.
2006; Zhang et al. 2011). Successful sunflower encapsula-
tion and cold preservation of shoot tips in alginate beads
containing SA have been reported as well as consecutive
plant regeneration (Katouzi et al. 2011).

As a first step for the establishment of an in vitro conser-
vation protocol for neem shoots, the effect of several growth
retardants on the sprouting and development of nodal seg-
ments and on meristem development at the histological level
was evaluated (Padilla et al. 2015). Among the retardants
tested, the results obtained demonstrated the great effective-
ness of ASA, which decreased bud sprouting, bud length
and leaf number and, once transferred to ASA-free medium,
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permitted the recovery of neem bud growth (Padilla et al.
2015). Here, ASA was tested for the improvement of cold
conservation of nodal segments encapsulated in alginate
beads. To the best of our knowledge, this is the first study
on the encapsulation of neem nodal segments from in vitro
shoots in alginate beads for germplasm distribution and
exchange and focusing on the effect of ASA on antioxidant
metabolism of neem nodal segments during cold storage.

Material and methods
Explant source

Neem cultures originated from in vitro seed germination.
Depulped mature fruits were kindly provided by Dr. Elaine
Solowey, the Arava Institute for Environmental Studies,
Kibbutz Ketura, Israel. After removing the endocarp of the
fruits, the seeds were surface disinfected by immersion in a
1% calcium hypochlorite solution for 20 min and rinsed four
times in sterile distilled water. Subsequently, seeds were cul-
tured onto germination medium consisting of Murashige and
Skoog (1962) (MS) basal medium, with the macroelements
at half strength, 30 g L™! sucrose and 0.7% agar (HispanLab,
S.A., Madrid, Spain). In vitro shoots were maintained for
3 years by sub-culturing at 4-week intervals onto Neem Mul-
tiplication Medium (NMM), which consisted of Driver and
Kuniyuki (1984) medium supplemented with 0.005 mg L™
benzyladenine and 10 mg L™ sequestrene (Syngenta, Basel,
Switzerland). For all experiments, explants consisted of
nodal stem segments (4-8 mm-long), containing one axil-
lary bud and no leaves.

Preparation of beads: concentration of alginate
and complexation agent

Prior to the preparation of beads, we studied the influence
of alginate and of calcium chloride concentrations on the
consistency and strength of beads. Thus, sodium alginate
(Batch number 106k01131, Sigma-Aldrich, Madrid, Spain),
at a concentration of 3%, 3.5% or 4% (w/v), was added to
MS1 medium consisting of liquid MS basal medium includ-
ing vitamins (Duchefa, Netherland) with 30 g L™! sucrose
and 0.2 g L™! MES, 2-(N-morpholino)ethanesulfonic acid
(pH 5.7). Additionally, different calcium chloride solutions
(70, 80, 90 and 100 mM) were prepared to study the compl-
exation of the beads. Both the gel matrix and calcium chlo-
ride solutions were autoclaved at 104 kPa and 121 °C for
20 min. Twelves treatments were tested in total, with ten
beads per treatment, to study their consistency, shape and
aspect visually.
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Encapsulation of nodal segments

Encapsulation was accomplished by adding the nodal seg-
ments to the sodium alginate medium and, with the help
of a 5 mL pipette (Eppendorf Ibérica SL, Madrid, Spain)
coupled with a 5 cm long and 1 cm diameter silicone tube,
nodal segments were collected and dropped into the calcium
chloride solutions. Each drop had 400 pL alginate medium
and one nodal segment. The beads were retrieved with wide-
tipped forceps and rinsed for 10 min in doubled-distilled
water. Finally, the beads were briefly blotted on sterile filter
paper and individually cultured lightly immersing the bead
in the medium.

Effect of polymerization duration on beads physical
resistance

The resistance of empty beads, without explants, was studied
by measuring penetration and compression after different
bead polymerisation durations (5, 10, 15 and 20 min). In
these experiments, bead composition was MS1 medium with
3% sodium alginate, and polymerization was achieved with
a 70 mM calcium chloride solution. Ten beads per treat-
ment were evaluated, and each bead was considered a single
repetition. Two texture parameters were determined using a
TX-XT2i Texture Analyzer (Stable Microsystems, Godalm-
ing, UK) interfaced to a PC.

Force—deformation ratio (compression) was meas-
ured using a flat steel plate mounted on the machine. For
each sphere, the diameter was measured and then a force
that achieved a 3% deformation of the bead diameter was
applied. The machine was prepared to travel at 0.3 mm s~
after contacting, and results were expressed in Newtons (N).
Also, Magness-Taylor firmness (penetration) was recorded
using a 2-mm diameter probe mounted on the same machine,
prepared to travel at 0.3 mm s~!. The machine determined
the maximum force of the sphere penetration, and the results
were also expressed in N.

Effect of polymerization duration on bud sprouting

The effect of polymerisation duration on nodal segment
sprouting was studied by encapsulating nodal segments and
holding them for 5, 10, 15 and 20 min in a 70 mM calcium
chloride solution to achieve polymerisation. Thereafter, algi-
nate beads were cultured on NMM and placed at standard
room culture conditions, i.e., in the culture room at 23+ 1 °C
with a 16-h photoperiod and 55 umol m~2 s~! light intensity
provided by cool white fluorescent tubes (Sylvania Gro-lux,
Madrid, Spain). In these experiments the alginate bead com-
position was MS1 medium with 3% sodium alginate. The
experiments were repeated twice with a total of 30 beds
per treatment. Data on bud sprouting, shoot length and leaf

number were recorded after 2 and 4 weeks of culture. A bud
was considered sprouted when it broke the bead and grew
out of it.

Effect of temperature on bud sprouting

The effect of temperature on sprouting of neem nodal seg-
ments was studied. In a first experiment, nodal segments
from proliferating shoots were cultured, one per tube, on
NMM and placed at standard room culture conditions as
above (control) or at 4 °C, 8 °C and 12 °C in a refrigera-
tor in the dark for 2 or 4 weeks, after which were sampled
and transferred to the culture room. Parallel experiments to
these were carried out with encapsulated nodal segments.
The beads, with one nodal segment each, were formed using
MS1 with 3% sodium alginate as matrix medium and 5 min
of polymerisation time in a 70 mM calcium chloride solution
and cultured one per tube. Data of sprouting and shoot devel-
opment were recorded after 4 weeks at 23 °C. Experiments
were repeated twice with 20 beads per treatment.

Effect of ASA on cold storage of encapsulated nodal
segments

Neem nodal segments were incubated on NMM with the
addition of 0, 25 uM or 100 uM ASA (Sigma-Aldrich Quim-
ica SA, Madrid, Spain), one nodal segment being incubated
per tube (Padilla et al. 2015). After 4 weeks, these nodal
segments pre-treated or not with ASA were encapsulated.
The beads, with one nodal segment each, were formed using
MS1 with 3% sodium alginate as the matrix medium and
5 min of polymerisation time in a 70 mM calcium chloride
solution. Then, one half of beads of each treatment was cul-
tured, one per tube, on fresh NMM medium and placed at
standard culture conditions for 4 weeks (Controls). The other
half, were stored introducing them in a sterile plastic con-
tainer placed in the fridge at 12 °C in the dark for 4 weeks
(cold storage), and, after that, they were cultured on fresh
NMM medium and placed at standard culture room condi-
tions for another 4 weeks. Next, data of sprouting and shoot
development were recorded after 4 weeks in culture condi-
tions. The experiment was repeated twice with 20 beads per
treatment.

Antioxidative metabolism in nodal segments

The effect of ASA on the oxidative stress of nodal segments
was studied just after the 4-week pretreatment with ASA (0,
25 or 100 uM, T1) and after the pretreatment, the encapsula-
tion of the nodal segments and cold storage of them at 12 °C
for 4 additional weeks (T2). All subsequent manipulations
(sample extraction, centrifugation and filtration) suffered
by the nodal segments were performed at 0—4 °C, to avoid
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enzyme inactivation. In all cases, 0.5 g of nodal segments
(non-treated, as control, and treated with 25 or 100 uM ASA
for 4 weeks), were homogenized with 1 mL of extraction
medium (ratio sample/extraction medium, 1/2, w/v) contain-
ing 50 mM Tris—acetate buffer (pH 6.0), 0.1 mM EDTA,
2 mM cysteine, and 0.2% (v/v) Triton X-100. Four sam-
ples were analyzed for each parameter. For the ascorbate
peroxidase (APX, EC 1.11.1.11) activity, 20 mM sodium
ascorbate was added to the extraction buffer. The extracts
were centrifuged at 10,000xg for 15 min. The supernatant
fraction was filtered on Sephadex G-25 NAP columns equili-
brated with the same buffer used for homogenization. For
the APX activity, 2 mM sodium ascorbate was added to the
equilibration buffer. The activities of catalase (CAT, EC
1.11.1.6), superoxide dismutase (SOD, EC 1.15.1.1), per-
oxidase (POX, EC 1.11.1.7), APX, glutathione reductase
(GR, EC 1.8.1.7), dehydroascorbate reductase (DHAR, EC
1.8.5.1) and monodehydroascorbate reductase (MDHAR,
EC 1.6.5.4) were measured as described in Barba-Espin
et al. (2011). Glutathione-S-transferase (GST, EC 2.5.1.18)
activity was analyzed according to Habing and Jakoby
(1981). The extent of lipid peroxidation was estimated by
determining the concentration of thiobarbituric acid-reactive
substances (TBARS) as described in Clemente-Moreno et al.
(2010).

Statistical analysis

Data were analysed with the SPSS/PC version 15.0 and
SAS version 9.0 programs. Normally distributed variables
were analysed by analysis of variance (ANOVA). When sig-
nificant differences were found the values were compared
according to the Student—Newman—Keuls test (p <0.05).
When data were percentages, a Maximum Likelihood Anal-
ysis was performed using the SAS program (Littell et al.
2002). All figures were created with SigmaPlot 8.0 program.

Results and discussion

Effect of polymerisation time on bead physical
resistance and bud sprouting and development

In a first experiment, we tested 3, 3.5 and 4% sodium algi-
nate and 70, 80, 90 and 100 mM CaCl,-2H,0 solution, at
a complexation time of 20 min. For these ranges, and in all
cases, the beads had a good consistency, so we decided to
use 3% of sodium alginate and 70 mM for all subsequent
experiments described in this article. It has been found that
low concentrations of sodium alginate (1-2%) are unsuitable
for encapsulation due to a reduction in its gelling ability
after exposure to autoclaving, while at higher concentrations
sodium alginate (4—6%) considerably delays sprouting of
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nodal segments (Ahmad and Anis 2010). At the same time,
high concentrations of calcium chloride (100-200 mM) have
also been shown to inhibit the conversion of encapsulated
shoot tips (Singh et al. 2006).

Later, we decided to study the resistance of empty beads,
without explants, at different polimerization durations (5,
10, 15 or 20 min), recording compression and penetration,
to have an idea of the physical resistance that must be over-
come by the buds. We found that the polymerisation dura-
tion had a significant effect on the texture of beads, thus, as
time increased both the compression and penetration were
higher (Fig. 1). These results seem logical because the outer
layer of the bead could be harder, and probably wider, as the
time of exposure of the beads to the CaCl,-2H,0 solution
is larger. In addition, water content and water availability
could be lower as polymerisation time increases. However,
in a study about water status and thermal analysis of algi-
nate beads, Block (2003) found that the mean dry weight of
the beads declines after more than 10 min polymerisation
and, at the same time, the mean water content showed the
reverse trend with more water contained in beads that had
experienced polymerisation duration longer than 10 min.
This author explained that, as the alginate matrix was
loaded with 0.75 M sucrose prior to polymerisation, osmotic
effects could account for the observed changes in dry bead
weight and water content. This would indicate that many
physical parameters seem to interact during encapsulation,
which deserve to be taken into account, and suggested that
the response of the bead containing the encapsulated plant
material could be different from that of the bead itself. In our
work, we found that the sprouting into shoots of encapsu-
lated neem nodal segments was high and without significant
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Fig. 1 Effect of polymerisation time on the resistance (penetration
and compression) of alginate beads without explant. In each param-
eter, a different letter means significant differences at p <0.05 accord-
ing to the Student—-Newman—Keul’s test
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Fig.2 Effect of polymerisation time on bud sprouting, shoot length
and leaves number of neem encapsulated nodal segments. Columns
represent shoot length and shoot leaves number mean values+ SE.
Bud sprouting percentages are represented by linear plot. Data after
4 weeks of culture. Statistical analysis (ANOVA for shoot length and
leaves number and maximum likelihood ANOVA for percentage of
bud sprouting) did not find significant differences between treatment
means and, therefore, only standard errors of means are shown

differences irrespective of the polymerisation duration, with
an average of bead sprouting of 75% (Fig. 2). This could
mean that although the resistance of beads differed for the
different polymerisation durations tested, it was not enough
to inhibit bud sprouting or that the presence of explant in the
bead modified the bead physical parameters, as suggested
by Block (2003). Moreover, the development of shoots was
good, without significant differences in shoot length and leaf
number between explants encapsulated at different polymeri-
sation durations, with an average of 0.5 cm of shoot length
and 2 leaves after 4 weeks of culture (Fig. 2). These results
led us to choose 5 min as a standard polymerization dura-
tion. Nevertheless, it should be mentioned that in experi-
ments performed after this work was completed, we had to
change the alginate concentration and the polymerization
time due to a different viscosity of the sodium alginate batch
purchased.

Effect of temperature and encapsulation on bud
sprouting

Sprouting of both non-encapsulated and encapsulated
neem nodal segments was affected by storage temperature
(Table 1). Thus, non-encapsulated nodal segments died after
2 weeks at 4 °C or after 4 weeks of exposure at 8§ °C, with
white and non-responding nodal segments, while when were
exposed at 12 °C for up to 4 weeks, the bud sprouting was
significantly similar to the controls (Table 1), although dur-
ing the 4 weeks of growth recovery at room culture condi-
tions (23 °C) we observed that shoots exhibited light green

Table 1 Effect of storage temperature on bud sprouting rate of non-
encapsulated or encapsulated nodal sections of neem

Temperature Time in cold Bud sprouting (%)*
°O) (week)
Non-encapsu- Encapsulated
lated
23 0 95a 80a
12 2 100 a 55b
4 90 a 20b
8 2 50b Oc
4 Oc Oc
4 2 Oc Oc

Different letters within a column represents significant differences
(p<0.05) according to the maximum likelihood analysis of variance
and the ¢ test

*After 4 weeks of culture at 23 °C

coloured leaves and slower growth but without significant
differences (data not shown).

On the other hand, the impact of temperature on neem
encapsulated nodal segment sprouting and growth was even
more significant. Thus, encapsulated nodal segments stored
for 2 or 4 weeks at 12 °C showed a significant drop in bud
sprouting, 55% or 20% respectively, after 4 weeks in the
culture room at 23 °C (Table 1). Chilling injury has been
widely described in tropical and subtropical plants exposed
to temperature below 12 °C (Lukatkin et al. 2012). Simi-
larly, in cassava, an important tropical tuber crop, Danso and
Ford-Lloyd (2003) found that nodal segments and shoot tips
stored at 4 °C remained green throughout the storage period,
but upon transfer to culture medium did not sprout but rather
turned white and died. This whitening of the explants has not
been described, for example, in pineapple (Gangopadhyay
et al. 2005) or in pomegranate (Naik and Chand 2006). A
negative effect of temperature (4 °C) on plantlet recovery
from non-encapsulated nodal segments has been reported
by Chand and Singh (2004) in Dalbergia sisso Roxb., with
a drop from 98 to 13% of sprouting rate after 30 days, and in
shoot tips of Phyllanthus amarus (Singh et al. 2006), with a
drop of 65% also after 30 days. In pomegranate, a tropical
fruit tree, beyond 30 days of storage of encapsulated nodal
segment at 4 °C there was a significant decline in sprout-
ing percentage, with nodal segments completely losing their
viability after 60 days (Naik and Chand 2006). A signifi-
cant effect of storage temperature and incubation duration
was also observed on encapsulated pineapple micro-shoots
(Gangopadhyay et al. 2005). The decline in bud response
after cold storage of the encapsulated nodal segments has
been attributed to inhibited respiration of tissues by the algi-
nate matrix or loss of moisture due to partial desiccation
(Danso and Ford-Lloyd 2003). In addition, the conversion
of encapsulated nodal segments seems to be influenced by
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culture medium and bud developmental stage, with better
response for breaking buds compared to dormant buds (Naik
and Chand 2006). However, in encapsulated and non-encap-
sulated nodal segments of neem, an important effect of low
temperature per se could be responsible for the low sprouting
of buds. Temperature is one of major environmental fac-
tors that quantitatively and qualitatively affects plants, with
direct and indirect effects. Growth, morphogenetic response,
bud break and colour change are some of these temperature-
sensitive processes. The sensitivity of the plant’s organs dif-
fers according to their growth stage. Tropical and subtropical
species exhibit a poor tolerance to low temperature and fail
to grow or are damaged by exposure to temperatures in the
range of 0—15 °C (Karpinski et al. 2002). In this respect, the
neem tree can tolerate temperatures up to 50 °C but is very
sensitive to low temperatures and frost (Allan et al. 1999).
Chilling injury is a complex phenomenon and appears in dif-
ferent forms, such as loss of vigour, chlorosis and numerous
cellular and metabolic dysfunctions. Plants under chilling
stress show impaired photosynthesis, altered respiration,
cessation of protoplasmic streaming and changes in mem-
brane integrity (Lyons 1973). One of the direct effects of
temperature on plants is a higher production of reactive oxy-
gen intermediates during low-temperature exposure, which
induce oxidative stress (You and Chan 2015) that could be
responsible for the low conversion rate of neem bud seg-
ments at low temperature.

Effect of ASA on cold storage of encapsulated nodal
segments

ASA affected sprouting of cold-stored encapsulated nodal
segments Thus, when control encapsulated nodal segments
were cultured only at culture room conditions (23 °C),
bud sprouting was 80%, irrespectively of ASA treatment
(Table 2). We observed that shoot length was slightly higher
when buds were pre-treated with ASA, although without sig-
nificance (data not shown). However, ASA pre-treated nodal
segments stored at 12 °C for 4 weeks, maintained higher

Table 2 Effect of ASA (25 uM) pre-treatment and incubation time at
12 °C (0 or 4 weeks) on neem encapsulated bud sprouting

Incubation time at 12 °C  Bud sprouting (%)*
(weeks)

Without ASA pre- With ASA
treatment (25 uM) pre-
treatment
0 (control) 80 a 80a
4 19b 75 a

A different letter within each row represents significant differences
(p<0.05) according to the maximum likelihood analysis of variance
and the X2 test

*After 4 weeks of culture at 23 °C
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viability (75%) compared with those that were not treated
with ASA and stored under the same conditions (19%). It
was observed that during the 4 weeks of growth recovery
at room culture conditions (23 °C), those shoots from ASA
pre-treated nodal segments that maintained their viability
after the cold storage exhibited light green coloured leaves
and significant slower growth, with 0.4 cm shoot length ver-
sus 0.7 cm in controls. Lépez-Delgado et al. (1998) added
ASA into the culture medium, during in vitro cold storage
of potato plants, for up to 12 months, with good results,
and Katouzi et al. (2011) encapsulated sunflower shoot tips
in alginate beads with 50 uM SA for up to 90 days, after
which cold preservation and plant recovery was observed in
59% of explants. In both cases, the survival rate of explants
increased with the addition of ASA or SA to the medium,
without negative effect on the explants. In our study, neem
shoots from encapsulated nodal segments pretreated with
ASA grew at 23 °C with similar length and leaf number
as the controls. In a previous study, we found that when
nodal segments were incubated in a medium with high ASA
concentrations (100 or 400 mM) reduced bud sprouting,
shoot length and shoot leaf number were observed. Later,
when these nodal segments were transferred to a medium
without ASA the growth was not recovered compared to
the controls, while nodal segments exposed to 25 mM ASA
for the same duration and transferred to ASA-free medium
recovered their growth (Padilla et al. 2015). Therefore, an
ASA pretreatment before encapsulation of the nodal seg-
ments was preferred to the inclusion of ASA in the bead
matrix. Additionally, since ASA improves the antioxidant
metabolism of plants against cold stress when the treatment
is applied before the cold stress (Mutlu et al. 2013; Soli-
man et al. 2018), application of the ASA treatment was done
before exposing the nodal segments to the cold storage.

Effect of ASA on the antioxidative metabolism
of nodal segments

In this research we studied the enzymatic activity of POX,
CAT, APX, SOD, GR, DHAR, MDHAR and GST enzymes,
as well as lipid peroxidation (an oxidative stress parame-
ter), in neem nodal segments after incubation for 4 weeks
at 23 °C with ASA (0, 25 or 100 pM, T1) or after the pre-
treatment, the encapsulation of the nodal segments and cold
storage of them at 12 °C for 4 additional weeks (T2). The
ANOVA found significant differences between treatments
(T1, T2) and ASA concentrations as well as significant
interactions between T and ASA for all enzymatic activi-
ties determined. Therefore, a separate analysis of ASA lev-
els within each treatment was done. The nodal segments
untreated with ASA but stored at 12 °C for 4 weeks (Con-
trols, T2), showed higher activity levels of the SOD, CAT,
DHAR and GR enzymes, and lower activity levels of POX
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and MDHAR than the untreated nodal segments placed in
culture room conditions at 23 °C (Controls, T1) (Fig. 3).
In the presence of ASA, the enzymatic activity was higher
than in the T1 untreated controls, especially SOD, APX,
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Fig.3 Enzymatic activities in neem nodal segments after incubation
for 4 weeks with ASA at 23 °C (T1) and subsequently encapsulated
and preserved at 12 °C for 4 weeks (T2). For each enzyme and T,
different letters represent significant differences between ASA con-

POX, GR and MDHAR whereas a trend of decreasing in the
DHAR and GST activity was observed (Fig. 3). When the
treated nodal segments were kept in cold at 12 °C (T2), the
activity of CAT, GST, DHAR and GR enzymes increased
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centrations according to Student-Newman—Keul’s test (p<0.05).
For each enzyme and for 0 uM ASA, controls, an asterisk (*) indi-
cates significant differences between values of T1 and T2 treatments
according to contrast test (p <0.05)
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Table 3 Effect of ASA on lipid peroxidation in neem nodal sections
incubated with ASA for 4 weeks at 23 °C (T1) and encapsulated and
stored at 12 °C for 4 weeks (T2)

ASA pre-treatment (uM)  nmol g~! FW

T1 T2
0 (control) 6.00+0.59 a 6.64+0.28 a
25 321+0.23b 4.10+0.23 b
100 395+0.59b 429+0.53b

Data represent means+SE. In each column, a different letter indi-
cates significant differences at p<0.05 according to the Student—
Newman—Keul’s test

compared with the treated nodal segments maintained in
standard conditions; APX, and MDHAR activity decreased
while SOD activity only increased at 25 mM ASA (Fig. 3).
Additionally, the presence of ASA significantly reduced the
oxidative damage to neem nodal segments. Thus, when ASA
was added, a decrease on the lipid peroxidation values was
noticed regardless on the storage temperature, although the
values were somewhat lower in samples stored at 23 °C for
4 weeks (T1) than in samples stored at 12 °C for 4 additional
weeks (Table 3).

This data, taken together, may indicate that incubation in
the presence of ASA prior to encapsulation and refrigera-
tion of the neem nodal segments stimulated the antioxidative
defenses of the plant, especially APX, CAT, POX, DHAR
and GR, and reduced the oxidative damage that could in
turn improve viability of the nodal segments. Plants usually
respond to various environmental conditions, such as cold
stress, by triggering various defense mechanisms; one of
them is the antioxidant defense system, including antioxi-
dant enzymes (Asada 1999; Noctor and Foyer 1998). Anti-
oxidant enzymes allow the elimination of reactive oxygen
species, such as superoxide radicals (O, ™) or hydrogen per-
oxide (H,0,), converting or reducing them to water. Rapid
detoxification of both elements is essential for preventing
oxidative damage. The impact of salicylic acid on the anti-
oxidant enzymatic system in different species under chilling
stress has been studied. Zhang et al. (2011) demonstrated
that a chilling-tolerant cucumber cultivar displays a higher
SA level than a chilling-sensitive one, and that exogenous
SA can enhance the chilling tolerance ability, which might
be achieved through modulation of the antioxidant system.
Sedghi et al. (2013) showed that sunflower leaves sprayed
with salicylic acid increased the activity of CAT, SOD and
POX enzymes compared to control. In pea plants subjected
to salt stress, SA treatments increased the activity levels
of GST, CAT and SOD, and induced the gene expression
of PR-1b suggesting that SA treatment could enhance the
resistance of salt stressed plants to possible opportunistic
pathogen attack (Barba-Espin et al. 2011).

@ Springer

In summary, in this research we developed a sodium
alginate encapsulation protocol for neem nodal segment as
an easy, cheap and practical method for neem to preserve
in vitro culture material and collections of this species for
laboratory exchange but also for the short-term storage. We
confirm the sensitivity of neem in vitro nodal segments/
buds to chilling temperature, which makes in vitro cold con-
servation difficult. However, a previous work with growth
retardants led us to consider an ASA pretreatment at low
concentration for neem in vitro nodal segments, hoping to
induce a certain degree of protection to the buds from the
cold during storage. In this research we proved that ASA,
specially at 25 uM, applied as a pretreatment to the nodal
segments of neem improved their survival to cold and that
this survival could be due to an increase in the activity of
several antioxidant enzymes.
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