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Abstract

Azadirachta indica is used to insects repellent, control diabetes, and combat with cancer. In this study, the effect of differ-
ent concentrations of chitosan and sampling times on cell suspension culture and SQS1 and MOF1 genes expression were
studied and response surface methodology was used to construct the prediction models for azadirachtin, mevalonic acid and
squalene accumulation and production. The highest fresh and dry cell weight and azadirachtin accumulation were 726.21 g/L,
20.76 g/L, and 11.74 mg/g DW obtained 6 days after using 50 mg/L chitosan, respectively. The highest azadirachtin produc-
tion was 165.50 mg/L achieved by using 50 mg/L chitosan for 8 days. Maximum mevalonic acid accumulation (1.87 mg/g
DW) and production (22.50 mg/L) were observed 2 and 4 days after the addition of 50 mg/L chitosan and control condition,
respectively. The highest amount of squalene accumulation (0.319 mg/g DW) and production (3.56 mg/L) were obtained
10 days after using 50 mg/L chitosan. Also, the prediction results showed the highest azadirachtin accumulation (10.76 mg/g
DW) and production (136.83 mg/L), mevalonic acid accumulation (1.869 mg/g DW) and production (20.576 mg/L) and
squalene accumulation (0.217 mg/g DW) and production (2.23 mg/L) by using 71.50 mg/L chitosan for 5.24 days, 66.25 mg/L
chitosan for 9.1 days, 2.5 mg/L chitosan for 2 days, without chitosan for 2 days, 98.50 mg/L chitosan for 2 days and
80.25 mg/L chitosan for 6.08 days, respectively. The qRT-PCR analysis indicated the maximum relative expression of SOS!
and MOFI genes by using 25 and 50 mg/L chitosan for 6 days.

Key message
For the first time, chitosan concentrations and sampling times optimized by response surface methodology for azadirachtin,
mevalonic acid and squalene accumulation and production and investigated SOSI and MOF1 genes expression.
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Introduction used its flowers, leaves, and bark. For example, flowers are

used to treat bile disorders, leaves are used to treat ulcers,

Neem (Azadirachta indica) is a plant of the Meliaceae fam-
ily and has many medicinal properties. This plant grows in
the tropical and subtropical regions of Asia and Africa and
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diabetes, headache, heartburn, and stimulating the appe-
tite, and bark is used to treat central nervous disorders,
paralysis, and psychiatric disorders. Also, this plant is used
to eliminate malaria (Sujarwo et al. 2016). In 1803 it was
discovered that this plant could control mosquitoes. There
are various medicinal compounds in this plant including
azadirachtin, squalene, mevalonic acid, quercetin, nimbin,
nimbidin, etc. (Farjaminezhad and Garoosi 2020; Gupta
et al. 2017; Rahmani et al. 2018). Azadirachtin has anti-
microbial, antimalarial, and anticancer activities and is
produced through the mevalonate pathway (Fernandes
et al. 2019). Mevalonic acid and squalene are intermedi-
ate compounds located upstream of the azadirachtin and
converted to it by several enzyme activities including
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squalene synthase 1 and squalene epoxidase 1 (Bhambhani
et al. 2017). Squalene is an important antioxidant that has
several medicinal uses such as reduce serum cholesterol
levels, enhance the immune response, and suppress tumor
proliferation (Patel et al. 2020).

The cell suspension culture is one of the best strate-
gies for the production of secondary metabolites in in vitro
condition because the direct and uniform contact of cells
with the culture medium increases the nutrient uptake
from the medium and enhances the cell growth (Osman
et al. 2018). Despite the low production of secondary
metabolites in in vitro culture, applying of elicitors in cell
suspension culture stimulates the production of second-
ary metabolites (Kamalipourazad et al. 2016). Each elici-
tor (including biotic/abiotic groups and endogenous and
exogenous subgroups, including chitosan) has a unique
mode of action and stimulates the production of various
secondary metabolites depending on the signal transduc-
tions (Jaisi and Panichayupakaranant 2020; Alsoufi et al.
2019; Kannan et al. 2020). Chitosan has a positive effect
on plant growth under stress conditions and is used as an
elicitor to produce secondary metabolites in various plants
such as xanthone in root cultures of Hypericum perforatum
(Brasili et al. 2014; Zong et al. 2017). Perception of chi-
tosan by the cell causes transient accumulation of signal
molecules including Ca®*, NO, and H,0, and increases the
up-regulation of the MAPK signaling cascade pathway,
produces defense-related proteins, and activates salicylic
acid-related signaling pathways (Poncini et al. 2017; Yang
et al. 2017).

The studies show that only optimal levels of elici-
tors increase the production of secondary metabolites in
in vitro culture. There are several methods for this pur-
pose, one of the most important of which is response
surface methodology (RSM). This method has different
designs, the most common of which is the central com-
posite design (CCD) and the Box-Behnken design (BBD).
These two designs give the optimal response of variables
from the statistical mathematical model of the RSM.
This method investigated the effects of single or multi-
ple response variables and optimize them to get the better
possible response (Kaur et al. 2020; Leonard et al. 2018).
According to this information the main aim of the present
study was the enhancement of cell growth, azadirachtin,
mevalonic acid, and squalene accumulation and production
by utilizing the chitosan, prediction of their accumulation
and production under the effect of chitosan and elicitation
time by RSM and investigation of the effect of chitosan on
the squalene synthase 1 (SQS7) and squalene epoxidase 1
(MOF1) genes expression. This is the first comprehensive
study and so far no study has been done on gene expres-
sion and prediction of the effect of chitosan on cell suspen-
sion culture of A. indica.
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Material and methods

Plant material, callus induction and cell suspension
culture establishment

The leaves of A. indica collected from Bandar Abbas city of
Iran and surface sterilized with ethanol (70% v/v, for 45 s)
and sodium hypochlorite (2.5% w/v, for 13 min) and cultured
on MS medium containing 1 mg/L picloram and 2 mg/L
kinetin and kept in the growth chamber at 25+2 °C in the
dark. The friable calli were transferred to the liquid MS
medium with same concentrations of picloram and kinetin
and kept on a rotary shaker at 110 rpm with 26 +2 °C in the
dark and sub-cultured every 12 days (Farjaminezhad and
Garoosi 2019).

Preparation of chitosan and treatment

The chitosan was dissolved in 0.1% acetic acid at 50 °C with
continuous stirring for 5 h (Ahmad et al. 2019). Then, the
chitosan stock solution pH was set to 5.8 and autoclaved
at 121 °C for 20 min. Before elicitation with chitosan, cell
suspension cultures were transferred to 100 mL Erlenmeyer
flasks containing 25 mL liquid MS medium supplemented
with 1 mg/L picloram and 2 mg/L kinetin with an initial cell
density of 2.6x 10° (SCV =8%). According to our previ-
ous study growth curve (Farjaminezhad and Garoosi 2019),
eight days after culture different concentrations of chitosan
including 0, 25, 50, 75, and 100 mg/L were added to cell
suspension culture. The cultures were kept on a rotary shaker
at 110 rpm with 26 +2 °C in the dark and sampling were
performed after 2, 4, 6, 8, 10, and 12 days.

Biomass determination

Fresh and dry cell weights were measured by Godoy-
Hernandez and Vazquez-Flota (2006) method with a little
modification. The cells were collected by Whatman No. 1
filter paper using Biichner funnel under vacuum and retained
under vacuum for 30 s and weighed immediately. Then the
collected cells were transferred to the oven with 50 °C tem-
perature and maintained for 72 h and weighed immediately
for dry cell weight.

Mevalonic acid, squalene and azadirachtin
extraction and quantification by DAD-HPLC

Azadirachtin, mevalonic acid, and squalene were extracted
by Rafiq and Dahot (2010) method with modifications.
One milliliter of dichloromethane was added to 100 mg
of dried and powdered cells and sonicated for 25 min at
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room temperature, centrifuged at 7000 rpm for 15 min, and
finally the supernatant was collected. The procedure was
performed two times. The dichloromethane was evaporated
at 50 °C in a water bath and samples were dried. The dried
samples were redissolved in 1.5 mL HPLC-grade distilled
water and maintained at—20 °C. The HPLC analysis was
performed on a Knauer HPLC-DAD system (DAD detec-
tor, Azura, Germany) and Toso C18 column (TSKgel-ODS,
5 um, 4.6 X250 mm, Japan) was used. The mobile phase
used was acetonitrile: water (10:90) at a flow rate of 0.9 mL/
min; the detection wavelength for azadirachtin, mevalonic
acid, and squalene were 214, 270 and, 195 nm, respectively.
The injection volume of samples was 20 pL (Farjaminezhad
and Garoosi 2020). The azadirachtin, mevalonic acid, and
squalene production (mg/L) obtained by multiplying the
azadirachtin, mevalonic acid, and squalene accumulation
(mg/g DW) with dry cell weight (g/L).

RNA extraction, cDNA synthesis and qRT-PCR
analysis

For RNA extraction, cDNA synthesis, and qRT-PCR anal-
ysis the samples with the highest amount of azadirachtin
accumulation at each concentration of chitosan were used.
The total RNA was extracted using an RNX-Plus kit (Cina-
clon, Iran) based on the producer’s guidance. The quantity
of extracted RNA was evaluated by NanoDrop 200C spec-
trophotometer (Thermo Scientific, USA). Then, extracted
total RNAs were treated with Dnase I, RNase-free (Sina-
clon, Iran) according to the producer’s guidance to eliminate
remaining genomic DNA. For single-strand cDNA synthe-
sis, the mixture of 5 ug of total RNA, 0.5 ug/uL Oligo (dT) 5
primer (Cinaclon, Iran) and 12.5 pL. DEPC-treated water
in the tube maintained at 65 °C for 5 min and immediately
transferred on ice. Then, 2 pL. 10X reaction buffer (Cina-
clon, Iran), 2 pL dNTP Mix 10 mM (Cinaclon, Iran) and
1 ul M-MuLyv reverse transcriptase enzyme (200u/ul, Cina-
clon, Iran) was added and maintained at 42 °C for 60 min.
The reaction was terminated by heating the mixture at 70 °C
for 10 min. The reverse transcription reaction product was
stored at — 20 °C until qRT-PCR analysis. The qRT-PCR
analysis performed by real-time PCR (Applied Biosystems
StepOnePlus, USA) with specific primers for squalene
synthase 1 (SQS1) gene (forward: 5'-GCTGAAAATGGC
TGTGAGGC-3" and reverse: GTCAGTCCCGAGCTG
TTGAA-3"), squalene epoxidase 1 (MOF1) gene (forward:
5'"TCAAATCTGCGCCGTTCTCT-3' and reverse: 5'-AGA
ATGACATGCCCGTGGTT-3') and housekeeping 18S ribo-
somal RNA gene (forward: 5'-CACCACACAACTCTCCCC
AT-3'" and reverse: 5'-"ATCAACCACCGTAGTGTCGC-3").
The qRT-PCR mixture contained 1 pl of synthesized cDNA
(50 ng), 7.5 ul SYBR Green Premix Ex Taq II (Takara,
Japan), 0.5 ul of 10 pmol of gene-specific primer pairs, and

6 ul of nuclease-free water in a final volume of 15 pl. The
gRT-PCR conditions included: primary denaturation at
95 °C for 2 min, followed by 35 cycles of denaturation at
95 °C for 30 s, annealing at 57 °C for 30 s and extension
at 72 °C for 30 s. Finally, the data were analyzed using the
27AACT method (Livak and Schmittgen 2001).

Statistical analysis and experimental design by RSM

The treatment of chitosan was performed in factorial experi-
ments based on a completely randomized design in three
replications. The first factor was different concentrations
of chitosan and the second factor was different sampling
times. The qRT-PCR analysis of SQS/ and MOF1 genes
performed with two biological and two technical replica-
tions. Data were analyzed by IBM SPSS Statistics software,
Version 26.0 (Armonk, NY, USA). The measured indices
means compared by using Duncan’s multiple range test at a
probability level of 0.01.

RSM was used to study the effects of independent vari-
ables including different concentrations of chitosan and
different sampling times and their interaction on accu-
mulation and production of azadirachtin, mevalonic acid,
and squalene. The sampling times were selected based on
preliminary studies. The CCD with two variables and five
different levels (—2,—1, 0,4+ 1,+2) was used to the opti-
mization of chitosan concentration and sampling time for
azadirachtin, mevalonic acid, and squalene accumulation
and production. Total of 13 experiments were conducted to
test the five levels of chitosan and sampling time with full-
factorial CCD. By using coded units, the experimental and
predicted values for the azadirachtin, mevalonic acid, and
squalene accumulation and production in terms of the differ-
ent variables of chitosan and sampling time are presented in
Tables 2 and 4. The predicted response was calculated using
the quadratic polynomial model. The predicted responses
were calculated by a second-order polynomial (quadratic)
model was shown as follows:

n n n—1
Y=o+ DL AXi+ DB+ D D BXiX
i=1 i=1

=1 =
1>1
where, Y is the response variable, f is the average response
obtained during replicated experiments of the CCD, f;, f;;,
and ﬁij are the linear, quadratic, and cross-product effects,
respectively; X; and X; are the independent coded vari-
ables. Response surface regression coefficient and Analysis
of Variance (ANOVA) predicted the effects of independ-
ent variables on azadirachtin, mevalonic acid, and squalene
accumulation and production from cell suspension culture
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of A. indica. The data were analyzed using Design Expert
(12.0.0 version) software.

Results
Effect of chitosan and sampling time on cell biomass

Different chitosan concentrations, sampling times, and
their interactions affected both the fresh and dry cell weight
(Table 1). An increase in the concentrations of chitosan
decreased the fresh and dry cell weight. The most suit-
able condition for biomass production was control with-
out chitosan. This condition maximized the fresh and dry
cell weight, which was 413.41 and 14.47 g/L, respectively.
According to the results, by adding 25, 50, 75, and 100 mg/L
chitosan the fresh cell weight reduced 10.97, 6.22, 11.68,
and 26.03% and dry cell weight reduced 36.56, 24.29,
24.10, and 52.55% compared to the control, respectively.
The sampling time of 6 days also gave the highest fresh
and dry cell weight of 473.46 and 15.19 g/L. The fresh and
dry cell weight were increased from the 2nd day to the 6th
day of sampling time but decreased from the 6th day to the
12th day. Therefore, the fresh cell weight on the 6th day
of sampling was 105.40, 59.67, 4.86, 26.90, and 23.61%
and the dry cell weight was 75.26, 38.17, 4.53, 46.79, and
56.74% higher than the 2nd, 4th, 8th, 10th and 12th days of
sampling. By simultaneously, in studing the effect of differ-
ent concentrations of chitosan and sampling times, it was
found that the highest fresh and dry cell weight were 726.21
and 20.76 g/L obtained 6 days after addition 50 mg/L of
chitosan. In this treatment, the fresh cell weight increased
36.42, 68.99, 21.76, and 77.55% and the dry cell weight
increased 7.67, 69.88, 6.62, and 55.62% compared to the
control, 25, 75, and 100 mg/L chitosan at same sampling
time (Table S1).

Effect of chitosan and sampling time
on azadirachtin accumulation and production

The HPLC-DAD analysis demonstrated that the applied
concentrations of chitosan, sampling times, and their
interaction significantly stimulated the azadirachtin
accumulation and production in treated cells compared
to the control (Table 1). Accumulation and production
of azadirachtin showed a dose-dependent response to the
chitosan and increasing its accumulation and production
at 25 mg/L and 50 mg/L, respectively. Chitosan with mod-
erate concentrations including 25 and 50 mg/L showed
the highest azadirachtin accumulation and production
which was 7.62 mg/g DW and 87.16 mg/L, respectively.
The amount of azadirachtin accumulation from the con-
trol treatment to 25 mg/L increased and decreased with
increasing chitosan concentration from 25 to 100 mg/L.
Also, the azadirachtin production increased from the
control to 50 mg/L and decreased from 25 to 100 mg/L.
At 25 mg/L chitosan the azadirachtin accumulation was
106.50, 8.08, 16.87, and 17.59% more than the control,
50, 75, and 100 mg/L (Fig. 1a). In terms of sampling
time, the highest azadirachtin accumulation and pro-
duction were 7.79 mg/g DW and 110.54 mg/L observed
at 6 days after treatment. On the 6th day of sampling,
the azadirachtin accumulation increased 193.96, 24.64,
71.58, 33.16, 10.81, and 26.05% and azadirachtin pro-
duction increased 1114.84, 120.07, 23.21, 55.62, and
101.20% compared to the 2nd, 4th, 8th, 10th and 12th
days, respectively (Fig. 1b). The effect of different con-
centrations of chitosan along with different sampling
times is shown in Table S1. The best conditions for induc-
tion of azadirachtin accumulation and production were
the application of 50 mg/L for 6 days (11.74 mg/g DW)
and 50 mg/L for 8 days (165.50 mg/L). In these condi-
tions, the azadirachtin accumulation increased 149.79,

Table 1 The ANOVA of the effect of chitosan and sampling time on measured indices of cell suspension culture of A. indica

S.0.V Chitosan (Ch) Sampling time (ST) Chx ST Error CV (%)

Df 4 5 20 60

Mean of square Fresh cell weight 28,481.60" 127,087.93" 35,092.82" 10,193.89 27.43
Dry cell weight 61.71" 106.95™ 28.77"" 2.163 12.71
Azadirachtin accumulation 41.295™ 18.265™ 12.225™ 0.822 14.45
Azadirachtin production 3401.383™ 8869.658"™" 2291.615™ 123.340 15.54
Mevalonic acid accumulation 0.840™ 1.110™ 0.746™ 0.003 10.14
Mevalonic acid production 109.396™ 103.123™ 105.289" 1.580 21.12
Squalene accumulation 0.028™ 0.024™ 0.014™ 0.0003 15.85
Squalene production 2.912" 33617 2.572™ 0.066 20.38

* and ** significant at 5% and 1% probability level, respectively
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Fig. 1 The effect of different concentrations of chitosan and sampling times (a and b) and response surface and contour plot for azadirachtin

accumulation (¢ and d) and azadirachtin production (e and f) at different concentrations of chitosan and sampling times

13.65, 92.14, and 45.30% compared to the control, 25,
75, and 100 mg/L chitosan at 6th day of sampling and
the azadirachtin production increased 325.52, 97.56,

55.78 and 205.41% compared to the control, 25, 75 and
100 mg/L at same day, respectively (Table S1).
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A suitable model for predicting the effect
of chitosan and sampling time on azadirachtin
accumulation and production

According to the results, the sampling times of 2, 4, 6, 8,
and 10 days were selected for RSM analysis and prediction
of azadirachtin accumulation and production. The combined
effects of different concentrations of chitosan and sampling
times were investigated by the RSM using a CCD. The spe-
cific interaction of different concentrations of chitosan and
sampling times with the measured and predicted response
values of azadirachtin accumulation and production is shown
in Table 2. Experiment No. 10 in 50 mg/L chitosan and sam-
pling on the 6th day had the highest amount of azadirachtin
accumulation (11.74 mg/g DW) and experiment No. 13 in
the control condition and sampling on the 6th day had the
lowest azadirachtin accumulation (3.15 mg/g DW). Also,
experiment No. 8 with the application of 50 mg/L chitosan
and sampling time of 6 days had the highest azadirachtin
production (136.83 mg/L), and experiment No. 13 with no
use of chitosan and sampling time of 6 days had the low-
est azadirachtin production (47.88 mg/L). ANOVA results
of the response surface model are presented in Table 3. In
the ANOVA of the CCD, the coefficient of determination
of the model for azadirachtin accumulation and production
were 91.36% and 86.04%, respectively; which indicates that
91.36% and 86.04% of the actual levels can correspond to
the predicted levels. Also, the p-value of the models was sig-
nificant and the proposed models were appropriate. There-
fore, the following formulas were obtained to predict the
azadirachtin accumulation and production using chitosan
and sampling times:

azadirachtin. The best chitosan concentrations and sampling
times for maximum azadirachtin accumulation were between
25 and 100 mg/L and 4-6 days, respectively. The highest
amount of azadirachtin accumulation was obtained with the
application of 50 mg/L chitosan for 6 days. However, the
optimal conditions for maximizing the azadirachtin accumu-
lation (10.76 mg/g DW) were predicted 71.5 mg/L chitosan
for 5.24 days. The results also indicated that the azadirachtin
production depends on chitosan concentration and sampling
time. According to Fig. le an f, increasing the chitosan con-
centration from 0 to 50 mg/L with increasing the duration
of exposure, increases the amount of azadirachtin produc-
tion, but then with increasing the chitosan concentration the
azadirachtin production decreases. Based on Fig. 1, the high-
est amount of azadirachtin production is achieved by apply-
ing 50-75 mg/L of chitosan and increases the amount of
production by the most exposing of cell suspension culture
to this range. In the present study, the highest azadirachtin
production was achieved 6 days after applying 50 mg/L chi-
tosan, but it is predicted that the highest azadirachtin produc-
tion with 136.83 mg/L is obtained by culturing of the cells
for 9.1 days at medium containing 66.25 mg/L chitosan.

Effect of chitosan and sampling time on mevalonic
acid accumulation and production

The mevalonic acid accumulation and production were
significantly changed under different chitosan concentra-
tions, sampling times, and their interactions (Table 1). In
comparison with control, mevalonic acid accumulation and
production increased by the addition of 25 mg/L chitosan.
Among the studied chitosan concentrations, 25 and 50 mg/L

Azadirachtin accumulation (mg/g DW) = 10.27 + 1.42A —0.18B — 0.5693AB — 1.16A2— 0.8872B>

Azadirachtin production (mg/L) = 120.63 + 11.90A + 14.95B + 4.36AB — 12.52A%—5.75B?

Optimization of the response surface of the effect
of chitosan and sampling time on azadirachtin
accumulation and production

The interaction between different chitosan concentrations
and different sampling times is presented in Fig. 1. The
results revealed that chitosan concentration is the most
important factor and with increasing its concentration, the
amount of azadirachtin accumulation first increases and then
decreases. According to Fig. ¢ and d, increasing the concen-
tration of chitosan along with increasing the time of expo-
sure does not have a significant effect on the accumulation of

@ Springer

increased the mevalonic acid accumulation compared to the
control, and 75 and 100 mg/L decreased it. With increasing
the chitosan concentration in the culture medium from 0 to
25 mg/L, the mevalonic acid accumulation increased and then
decreased. The highest amount of mevalonic acid accumula-
tion was 0.815 mg/g DW obtained at 25 mg/L chitosan, which
was 51.20% higher than the control and 19.50, 113.91, and
186.98% higher than the 50, 75, and 100 mg/L, respectively.
Also, increasing the concentration of chitosan in the culture
medium inhibited mevalonic acid production. With increasing
the chitosan concentration from 0 to 25 mg/L, the produc-
tion of mevalonic acid increased but it was not statistically
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Table 2 Experimental and predicted values for azadirachtin and mevalonic acid accumulation and production optimized with CCD

Mevalonic acid production

(mg/L)

Mevalonic acid accumulation

(mg/g DW)

Azadirachtin accumulation (mg/g Azadirachtin production (mg/L)

DW)

Sampling

Chitosan (mg/L) A

Experiment

time (day)

(B)

Actual value  Predicted value  Actual value  Predicted value  Actual value  Predicted value

Predicted value

Actual value

11.17
4.60
3.01

11.95

0.976

0.939

79.85
120.63

76.50
100.40

6.42
10.27
7.20
8.89
6.36
8.48
10.27
10.27
10.39
10.27
10.27
7.08
2.81

01

6.

4(-1
6 (0)

25 (-1)
50 (0)

4.63
4.67

0.370
0.129
0.054

0.403

8.74
6.

46 94.37 101.05 0.321
45

8(+1)
8(+1)

25 (-1)

0.874
1.40

0.000
0.989

0.000

133.57

121.43

8.

75 H1)
50 (0)

0.187
0.000
0.370
0.370
0.662
0.370
0.370
1.640
0.360

0.095

127.52

133.06

6.72

8.
10.73
10.74
10.25
11.74
10.24

10 (+2)
6 (0)
6 (0)
6 (0)

0.090
4.60
4.60
5.93
4.60
4.60
14.62

1.038
4.82
4.74
4.18
6.21
2.68
15.08

0.117

94.35
120.63

100.96

56

100 (+2)
50 (0)
50 (0)

0.410

126.07

0.406

120.63

136.83

0.380
0.565

94.95
120.63

86.13

4(=1)
6 (0)
6 (0)

75 (+1)
50 (0)
50 (0)
50 (0)
0(=2)

136.72

10

11

0.157
1.780
0.260

120.63

118.62

67.71

69.92
47.88

7.14

2(=2)
6 (0)

12
13

7.46

6.22

46.74

3.15

The bold values indicated the highest amount

significant compared to control. The highest mevalonic acid
production (7.927 mg/L) was obtained at 25 mg/L chitosan.
By adding 25 mg/L chitosan, the mevalonic acid production
increased 2.15, 5.93, 105.41, and 340.15% compared to the
control and concentrations of 50, 75, and 100 mg/L, respec-
tively (Fig. 2a). Therefore, the utilization of low concentrations
of chitosan had a positive effect on the production of meva-
lonic acid. By investigating of the effect of sampling times,
we founded that prolonged exposure of neem cell suspension
culture with chitosan reduces the mevalonic acid accumula-
tion. The highest amount of mevalonic acid accumulation with
an average of 0.916 mg/g DW was observed on the second day
of sampling. In general, two days after the treatment amount
of mevalonic acid accumulation was 15.22, 203.31, 288.13,
60.98, and 116.5% higher than the 4th, 6th, 8th, 10th, and
12th days, respectively. Between different sampling times, the
highest mevalonic acid production (9.689 mg/L) was observed
on the 4th day of sampling. By culturing neem cell suspen-
sion for 4 days, the mevalonic acid production was increased
10.82, 112.62, 137.88, 83.71, and 187.68% compared to days
2,6, 8, 10, and 12, respectively (Fig. 2b). The interaction of
chitosan and sampling time showed that the highest mevalonic
acid accumulation (1.87 mg/g DW) obtained two days after
using 50 mg/L chitosan, which was 11.48, 377.81, 366.92, and
340.15% higher compared to the control, 25, 75, and 100 mg/L
chitosan on the same day. Also, the control condition produced
the highest amount of mevalonic acid (22.50 mg/L) on the 4th
day of sampling. Therefore, in the control condition on the
4th day, the amount of mevalonic acid production was 91.98,
186.62, 532.02, and 700.71% higher than the 25, 50, 75, and
100 mg/L chitosan on the same day (Table S1).

A suitable model for predicting the effect
of chitosan and sampling time on mevalonic acid
accumulation and production

Based on the results the sampling times of 2, 4, 6, 8, and
10 days were selected for RSM analysis and prediction of
mevalonic acid accumulation and production. The specific
interaction of different concentrations of chitosan and sam-
pling times with the measured and predicted response values
of mevalonic acid accumulation and production is shown
in Table 2. Experiment No. 12 (two days after addition of
50 mg/L chitosan) had the highest amount of mevalonic acid
accumulation (1.78 mg/g DW) and production (15.08 mg/L)
and experiment No. 4 (eight days after application of
75 mg/L chitosan) was free of mevalonic acid. ANOVA
results showed that the coefficient of determination (R?) of
the model for mevalonic acid accumulation and production
were 89.79% and 91.96%, respectively; which indicates that
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Table 3 The ANOVA of azadirachtin, mevalonic acid and squalene accumulation and production in the CCD under the influence of chitosan and

sampling time

Source df Mean of square
Azadirachtin Azadirachtin Mevalonic acid Mevalonic acid  Squalene accu- Squalene production
accumulation production accumulation production mulation
Model 5 12.84° 1634.59° 0.4685° 39.17° 0.0046° 2.26°
A- chitosan 1 24.13° 1700.62° 0.1133™ 40.77° 0.0104° 2.42°
B- sampling time 1 0.3389™ 2683.51" 1.59° 130.99° 0.0118° 1.95%
AB 1 1.30™ 75.91™ 0.0142™ 2.40™ 0.0004™ 0.6856™
A? 1 30.60° 3592.49° 0.0599™ 0.9636™ 0.0002™ 2.88°
B? 1 18.03° 758.46™ 0.4254° 16.71° 0.0003° 5.04°
Residual 7 0.8676 189.38 0.0381 2.44 0.0001 0.3885
Lack of fit 3 0.4282™ 136.43"™ 0.0603" 3.60™ 0.0001™ 0.6573"
Pure error 4 1.20 229.08 0.0214 1.58 0.0000 0.1869
R? 91.36 86.04 89.79 91.96 98.44 80.63
R, 85.19 76.08 82.49 86.22 97.33 66.80
Adeq Precision 11.9834 9.2881 12.6107 13.6785 29.8813 7.3797

* and ™ significant and non-significant respectively

89.79% and 91.96% of the actual levels can correspond to
the predicted levels. Also, the p-value of the models was sig-
nificant and the proposed models were appropriate (Table 3).
Therefore, the following formulas were obtained to predict
the mevalonic acid accumulation and production using chi-
tosan and sampling times:

the highest amount of mevalonic acid accumulation with
the amount of 1.869 mg/g DW was obtained by culture the
cells for 2 days in a medium containing 2.5 mg/L chitosan.
Also, increasing the concentration of chitosan along with
increasing the time of exposure reduced the production of
mevalonic acid. In this study, the highest mevalonic acid

Mevalonic acid accumulation (mg/g DW) = 0.3702 —0.0972A —0.3639B + 0.0595AB — 1.0511A% + 0.1362B>

Mevalonic acid production (mg/L) = 4.60 — 1.84A —3.30B + 0.7753AB —0.2051A% + 0.8539B2

Optimization of the response surface of the effect
of chitosan and sampling time on mevalonic acid
accumulation and production

The interaction between different chitosan concentrations
and sampling times is shown in Fig. 2. The results showed
that chitosan concentration and sampling time are the most
important factors. An increase in the chitosan concentration
and sampling time leads to a decrease in the mevalonic acid
accumulation in the A. indica cell suspension culture. There-
fore, by using the different concentrations of chitosan and
sampling times, the highest amount of mevalonic acid accu-
mulation was observed in their highest and lowest levels.
According to Fig. 2c and d, the highest amount of mevalonic
acid accumulation was obtained by applying 0-50 mg/L of
chitosan, which is reduced by exposing the most time of
cell suspension culture to this range. The highest amount of
mevalonic acid accumulation was obtained two days after
application of 50 mg/L chitosan, but it is predicted that
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production was obtained by exposing the cell suspension
culture with 50 mg/L chitosan for 2 days. Optimal conditions
for maximizing the mevalonic acid production predicted at
cell suspension culture without chitosan after 2 days, which
can produce 20.576 mg/L mevalonic acid.

Effect of chitosan and sampling time on squalene
accumulation and production

The results showed that different concentrations of chitosan,
sampling times, and their interactions had a significant effect
on squalene accumulation and production (Table 1). A signifi-
cant increase in squalene accumulation and production was
observed in chitosan treated cells as compared with the con-
trol. The study of squalene accumulation in the presence of
chitosan indicated that low to moderate concentrations of chi-
tosan stimulates squalene accumulation and higher concentra-
tions reduced its accumulation. With increasing the chitosan
concentration from 0 to 50 mg/L, the squalene accumulation



Plant Cell, Tissue and Organ Culture (PCTOC) (2021) 146:323-337

331

B Mevalonic acid accumulation
B Mevalonic acid production

S
o
.
)

&
§ 11 a 12 2
<
=
£ : b L0 F
= 0.8 1 R a a =
= [
£ Lg =
£2 06 1 g
<9
<= d 6%
304 L &
° c 4 8
£ s
= )

Control 25 50 75 100

o

Chitosan (mg/L)

53 15
A
o
El 1
8
_‘g 05
&
=]
s
& 05
g
E:
ﬁ _____
Sampling (Day) - Chitosan (mg/L)
C

25

20
% 15
E 10
:
8
B
g
g
E:
2

Sampling (Day) Chitosan (mg/L)
e

B Mevalonic acid accumulation
B Mevalonic acid production

e 2 Qe =
s =) co —_ [\
)
d
—_
'S

Mevalonic acid accumulation (mg/g
DW)
IS
o

[=}
(7/3w) uonponpoad proe JIUO[BAIA!

2 4 6 8 10 12
Sampling time (day)

=2

Mevalonic acid accumulation (mg/g DW)

—

Sampling (Day)

Chitosan (mg/L) d

Mevalonic acid production (mg/L)

oy

Sampling (Day)

Chitosan (mg/L) f

Fig.2 The effect of different concentrations of chitosan and sampling times (a and b) and response surface and contour plot for mevalonic acid
accumulation (¢ and d) and mevalonic acid production (e and f) at different concentrations of chitosan and sampling times

increased and then decreased. The highest squalene accumula-
tion between different concentrations of chitosan was obtained
(0.166 mg/g DW) at 50 mg/L and compared to the control
and 25, 75, and 100 mg/L concentrations it was 148.13,
111.73, 48.88, and 34.30% higher, respectively. Application

of 50, 75, and 100 mg/L chitosan increased squalene produc-
tion compared to the control and use of 25 mg/L decreased
it. Among different concentrations of chitosan, the high-
est production of squalene (1.851 mg/L) was obtained at
50 mg/L, which was 87.73, 128.52, 31.84, and 47.84% higher
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compared to the control and 25, 75, and 100 mg/L, respec-
tively (Fig. 3a). Between different sampling times, the high-
est amount of squalene accumulation was 0.187 mg/g DW
obtained on the 10th day of sampling. In general, 10 days

predicted levels. Also, the p-value of the models was sig-
nificant for squalene accumulation and production, which
indicates the suitability of the models (Table 3). Therefore,
mathematical models were obtained to predict the squalene
accumulation and production under chitosan elicitation:

Squalene accumulation (mg/g DW) = 0.1301 + 0.0295A —0.0313B + 0.0095AB —0.0027A% + 0.0036B>

Squalene production (mg/L) = 2.77 + 0.4493A —0.4032B — 0.4140AB — 0.3548A%— 0.4689B>

after treatment the amount of squalene accumulation com-
pared to 2, 4, 6, 8, and 12 days was 129.81, 69.35, 119.06,
81.84, and 113.32% higher, respectively. Also, over time the
production of squalene in the neem cell suspension culture
increases; thus, the highest amount of squalene production
(1.984 mg/L) was observed on the 10th day of sampling. So,
on the 10th day of sampling, the amount of squalene produc-
tion compared to the 2nd, 4th, 6th, 8th, and 12th days was
197.01, 83.19, 44.08, 28.83, and 118.02% higher, respectively
(Fig. 3b). Further study of squalene accumulation and produc-
tion was performed using the simultaneous examination of
different concentrations of chitosan and different sampling
times. The results showed that 10 days after application of
50 mg/L chitosan the highest amount of squalene accumula-
tion (0.319 mg/g DW) and production (3.56 mg/L) obtained
which were 179.83, 390.77, 120, and 8.87% and 143.77,
474.03, 266.91, and 7.52% higher compared to the control,
25,75, and 100 mg/L, respectively (Table S1).

A suitable model for predicting the effect
of chitosan and sampling time on squalene
accumulation and production

The sampling times of 4, 6, 8, 10, and 12 days were selected
for RSM analysis and prediction of squalene accumulation
and production. The experimental and predicted values of chi-
tosan-induced squalene accumulation are shown in Table 4.
Experiment No. 12 (4 days after using 50 mg/L chitosan) had
the highest squalene accumulation (0.214 mg/g DW) and
experiment No. 3 (control condition after 8 days) had the low-
est squalene production (0.063 mg/g DW). Experiment No. 11
with the application of 75 mg /L chitosan and sampling time
of 6 days had maximum squalene production (3.63 mg/L)
and experiment No. 8 with the application of 25 mg/L chi-
tosan and sample time of 10 days had the lowest squalene
production. The results of ANOVA of CCD showed that the
coefficient of determination (R?) of the model is 98.44% for
squalene accumulation and 80.63% for squalene production.
This indicates that 98.44% and 80.63% of the actual levels
of squalene accumulation and production correspond to the
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Optimization of the response surface of the effect
of chitosan and sampling time on squalene accumulation
and production

According to RSM results, chitosan concentration was the
most important parameter; so that with its increase, the
accumulation of squalene reached a maximum. In contrast,
with increasing sampling time the amount of squalene accu-
mulation decreased at different concentrations of chitosan.
The highest amount of squalene accumulation was obtained
4 days after the application of 50 mg/L chitosan. In general,
the optimal predicted condition for maximizing squalene
accumulation is the application of 98.5 mg/L chitosan for
2 days, which can accumulate 0.217 mg/g DW of squalene.
Also, increasing the chitosan concentration during low expo-
sure periods increased squalene production, but increasing
chitosan concentration at high exposure times did not affect
squalene production. According to Fig. 3e and f, it can be
said that using 50-100 mg/L chitosan for 4-8 days can pro-
duce an acceptable amount of squalene. The highest amount
of squalene production was obtained with an application of
75 mg/L chitosan for 6 days, but it is predicted that the use
of 80.25 mg/L chitosan for 6.08 days can produce 2.23 mg/L
squalene.

gRT-PCR analysis of SQS7 and MOF1 genes expression

The qRT-PCR analysis showed that relative expression
of the SOSI gene was increased 48.90% at 6 days after
application of 25 mg/L chitosan compared with the con-
trol cells after 12 days. But, after the addition of 50 mg/L
chitosan for 6 days, 75 mg/L chitosan for 4 days, and
100 mg/L chitosan for 12 days, the relative expression
of the SOSI gene decreased 48.90, 43.91, and 69.72%
compared to the control after 12 days. Also, the use
of chitosan significantly up-regulated the MOF1 gene.
The highest relative expression of MOF1 gene obtained
by addition of 50 mg/L chitosan for 6 days, which was
37.60, 8.21, 19.69, and 16.33% higher than the control at
12 days, 25 mg/L chitosan at 6 days, 50 mg/L chitosan at
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Fig.3 The effect of different concentrations of chitosan and sampling times (a and b) and response surface and contour plot for squalene accu-
mulation (c and d) and squalene production (e and f) at different concentrations of chitosan and sampling times

6 days, 75 mg/L chitosan at 4 days and 100 mg/L chitosan Discussion

at 12 days (Fig. 4).
The use of elicitor is one of the effective strategies to
increase the production of secondary metabolites through
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Table 4 Experimental and predicted values for sequalene accumulation and production optimized with CCD

Experiment Chitosan (mg/L) A Sampling time Squalene accumulation (mg/g DW) Squalene production (mg/L)
(day) (B) Actual value Predicted value Actual value Predicted value

1 100 (+2) 8(0) 0.176 0.178 2.19 2.25

2 50 (0) 12 (+2) 0.076 0.082 0.697 0.085

3 0(=2) 8 (0) 0.063 0.060 0.752 0.45

4 75 ++1) 10(+1) 0.147 0.139 1.02 1.58

5 50 (0) 8 (0) 0.127 0.130 2.90 2.77

6 50 (0) 8(0) 0.130 0.130 2.59 2.77

7 25(-1) 6(-1) 0.133 0.142 1.55 1.48

8 25(=-1) 10 (+1) 0.064 0.060 0.592 1.51

9 50 (0) 8(0) 0.128 0.130 2.51 2.71

10 50 (0) 8 (0) 0.138 0.130 2.74 2.711

11 5 ++1) 6(=1) 0.178 0.182 3.63 3.21

12 50 (0) 4(=2) 0.214 0.207 1.34 1.70

13 50 (0) 8 (0) 0.128 0.130 3.60 2.77

The bold values indicated the highest amount
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Treatments with high azadirachtin accumulation

plant cell culture (Kamalipourazad et al. 2016), in which
many parameters including elicitor specificity and dose,
elicitor exposure time, culture conditions and cell growth
stage can have a great impact on the extraction process (Jaisi
and Panichayupakaranant 2017; Murthy et al. 2014). Also,
in this context, signal transduction network and biosynthesis
pathway regulate transcription factors for the expression of
biosynthesis genes and catalytic enzymes involved in plant
secondary metabolism (Sivanandhan et al. 2014).

Our results showed that in response to treatment with
different concentrations of chitosan, the cell growth and
azadirachtin, mevalonic acid, and squalene accumulation
increased. For the maximum cell growth, azadirachtin, and
mevalonic acid accumulation and production the suitable
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conditions were the application of 50 mg/L chitosan for
6 days, 50 mg/L chitosan for 6 and 8 days, applying 50 mg/L
chitosan for 2 days, and not using chitosan for 4 days, respec-
tively. Also, the best condition for the accumulation and pro-
duction of squalene was 50 mg/L chitosan for 10 days. In
various studies have been reported the effect of chitosan on
the increase of secondary metabolites (Sivanandhan et al.
2012). Chitosan activates methyl jasmonate, a signal mol-
ecule associated with the defense gene and phospholipase
C and protein kinase C cascades (Doares et al. 1995; Vas-
consuelo et al. 2004, 2003). In the study of the effect of
chitosan on neem hairy root culture, it was reported that the
use of 50, 100, 250, and 500 mg/L chitosan gives 7.6, 3.6,
2.8, and 2.8 g/L biomass, 3.60, 2.52, 2.03 and 1.36 mg/g
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DW azadirachtin accumulation and 27.36, 9.07, 5.68, and
3.81 mg/L azadirachtin production (Srivastava and Srivas-
tava 2014). In this study, cell suspension cultures exposed
to high concentrations of chitosan showed some browning.
Similar results were observed after adding fungal elici-
tors to Catharanthus roseus cell culture (Zhao et al. 2001),
chitosan-treated Calendula officinalis L. (Wiktorowska
et al. 2010), and ginseng suspension culture treated with
yeast extract or methyl jasmonate (Lu et al. 2001). Studies
have shown that the use of chitosan in plant cell culture
induces or stimulates the production of many secondary
metabolites. However, it seems that the response of cells
depends on the chitosan concentration used for stimulation
and determining the optimal concentration is very impor-
tant. Treatment of C. officinalis L. suspension cultures with
relatively high concentrations of chitosan resulted cell per-
meability, increased culture medium conductivity, reduced
cell viability, and alkaloid production (Wiktorowska et al.,
2010). The ability of chitosan to increase the production of
secondary metabolites may be due to elicit a natural defense
response or activate enzymes involved in their biosynthesis
(Baque et al. 2012; Chakraborty et al. 2009). Also, induc-
ing cell permeability can release secondary metabolites such
as plumbagin (Jaisi and Panichayupakaranant 2017). The
signal transduction of chitosan during the synthesis of sec-
ondary metabolites is unknown. Excessive treatment may
lead to metabolic or physiological damage. The 150 mg/L
chitosan has been reported in Plumbago indica root culture
as the best concentration (Jaisi and Panichayupakaranant
2016). Determining the optimal exposure period and the
age of culture is also very important to stimulate the neem
cell suspension culture to produce maximum azadirachtin,
mevalonic acid, and squalene. The cells at different stages
of growth show changes in mRNA and protein production;
so, treatment at different stages of growth may increase cell
growth and secondary metabolite production (Chong et al.
2005). In the P. indica root culture, treatment of cultures
with 150 mg/L chitosan for 72 h produced 13.08 mg/g DW
plumbagin (Jaisi and Panichayupakaranant 2017). In winter
cherry cell suspension culture, the highest amount of total
vitaminolysis obtained by application of 100 mg/L chitosan
and 6 mM squalene with 1 mg/L picloram, 0.5 mg/L kinetin,
200 mg/L L-glutamine and 5% sucrose and 48 h of exposure
time (Sivanandhan et al. 2014).

The different concentrations of chitosan and sampling
times were optimized using RMS. The RSM consists of
three CCD, BBD, and D-optimal designs. The CCD and
BBD are used for sequential and non-sequential experi-
ments, respectively. The BBD has a lower accuracy than
CCD (Singh and Chaturvedi 2012). In this study, CCD was
used to optimize the levels of variables, which will be useful
for the mathematical model. The various combinations of

two factors and the corresponding measured and predicted
azadirachtin, mevalonic acid, and squalene accumulation
and production showed that the highest azadirachtin accu-
mulation and production, mevalonic acid accumulation
and production and squalene accumulation and production
obtained 5.24 days after addition of 71.50 mg/L chitosan,
9.1 days after using 66.25 mg/L chitosan, 2 days after the
application of 2.5 mg/L chitosan, 2 days after no use of chi-
tosan, 98.50 mg/L chitosan for 2 days and 80.25 mg/L chi-
tosan for 6.08 days, respectively. Farjaminezhad and Garoosi
(2021) applied CCD for the prediction of the effect of yeast
extract and sampling time on azadirachtin, mevalonic acid,
and squalene accumulation and production. Prakash and
Srivastava (2005) used CCD for media optimization for cell
growth and azadirachtin production in neem cell suspen-
sion cultures. Prakash and Srivastava (2008) used CCD for
optimization of elicitors to the enhancement of azadirachtin
production.

Conclusion

This is the first study on the optimization of chitosan and
sampling time for the production of azadirachtin, meva-
lonic acid, and squalene in the cell suspension cultures of A.
indica and investigation of SOQSI and MOF1 genes expres-
sion. CCD of RSM optimizes the linear, quadratic, and inter-
action effects of chitosan and sampling time for maximum
azadirachtin, mevalonic acid, and squalene accumulation
and production. The cell suspension culture growth and
secondary metabolites synthesis can be enhanced by the
optimal level of chitosan and sampling time. These results
showed that advancement in techniques and prediction meth-
ods could be applied for secondary metabolites production.
The cell suspension culture is a great platform for the pro-
duction of secondary metabolites in in vitro conditions. In
the future, methods of predicting optimal conditions for sec-
ondary metabolites production by cell suspension can reduce
the production time of new medicinal compounds.
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