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Abstract
Azadirachtin is an important secondary metabolite from Azadirachta indica used as a natural biopesticide. This study is the 
first comprehensive report concerning the influence of plant growth regulators on callus induction, cell suspension growth, 
and azadirachtin accumulation and production in cell suspension cultures of A. indica. We investigated the effect of plant 
growth regulators including different types of auxins and cytokinins and their combinations on callus induction, cell suspen-
sion growth, and azadirachtin accumulation and production. The highest percentage of callusing (100%) obtained at different 
combinations of plant growth regulators on MS medium supplemented with 1 mg/L picloram and 2 mg/L kinetin and the 
highest fresh weight of callus (264.50 mg) was observed in MS medium containing 1.5 mg/L NAA and 3 mg/L kinetin. 
In cell suspension cultures, the maximum cell density, SCV, and PCV were 2.44 × 106 cells per mL, 97.95%, and 81.46%, 
respectively, obtained in the MS medium containing 1.5 mg/L 2,4-D and 3 mg/L zeatin riboside. The highest average growth 
rate (0.25 days) was on MS medium containing 1.5 mg/L NAA and 3 mg/L zeatin riboside. The MS medium supplemented 
with 1 mg/L picloram and 2 mg/L kinetin produced the highest amount of fresh cell weight (493.02 g/L), dry cell weight 
(77.27 g/L), azadirachtin accumulation (3.69 mg/gDW), and azadirachtin production (285.64 mg/L). The results showed 
that all measured indices had positive correlation with together except FCW and DCW with azadirachtin accumulation.

Keywords Auxins · Azadirachta indica · Azadirachtin · Cell suspension culture · Cytokinins

Introduction

Different species of plants produce different biochemical 
compounds such as essential oils, alkaloids, and limonoids 
(Villegas et al. 2017; Farjaminezhad et al. 2013). These 
so-called secondary metabolite compounds are used in 
food, cosmetic, pharmaceutical, and agriculture industries 
(Weathers et al. 2010; Schmidt-Durán et al. 2016). Second-
ary metabolites are obtained from different parts of whole 
plants with different extraction methods, but the cultivation 

of whole plants in the field has technical and ecological 
problems such as seasonal variation, climate change, and 
epidemic diseases (Villegas et al. 2017). Azadirachta indica 
(Neem) is a member of Meliaceae family and is used as a tra-
ditional medicine in different countries of the world. Neem 
oil has biological and pharmacological activities including 
antiplasmodia, antitrypanosomal, antioxidant, anticancer, 
antibacterial, antiviral, larvicidal, fungicidal, antiulcer, sper-
micidal, anthelminthic, antidiabetic, anti-implantation, mol-
luscicidal, nematicidal, insecticidal, antimalarial, antipara-
sitic, and antifeedant (Ashafa et al. 2012; Deng et al. 2013). 
Azadirachtin as one of the most important metabolites of 
this plant is extracted from seed kernel (Srivastava and Sriv-
astava 2012a). The seeds are produced only once a year due 
to operational and storage problems. Therefore, only a little 
amount of seeds are used for azadirachtin extraction (Rafiq 
and Dahot 2010).

Although plant cell suspension culture is an ideal system 
for secondary metabolites production used for the produc-
tion of various secondary metabolites, it cannot produce 
adequate quantities of these compounds. Various factors 
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must be considered to increase the production of secondary 
metabolites such as nutrients in the medium, plant growth 
regulators, precursor feeding, and elicitation (Gallego et al. 
2015; Vasilev et al. 2013; Zare et al. 2014). Plant growth 
regulators play important roles in the cell growth and affect 
the development of plants. Plant growth regulators are com-
posed of plant growth promoters and bio-inhibitors. Plant 
growth promoters such as auxins and cytokinins are involved 
in cell division, cell elongation, differentiation, etc. Syn-
thetic compounds of auxins and cytokinins are available 
and used for enhanced plant growth and crop yield (Gian-
nakoula et al. 2012; Raj et al. 2015; Yin et al. 2011). Plant 
growth regulators cannot regulate nucleic acids, proteins, 
and enzymes synthesis; however, some of them can improve 
the proteins and sugars content and enhance their resistance 
to biotic and abiotic stresses (Yin et al. 2011).

The present study was conducted to investigate the influ-
ence of different types and concentrations of auxins and cyto-
kinins on cell growth, cell biomass production and azadirachtin 
accumulation and production in A. indica cell suspension and 
callus cultures. Our experiments led to the selection of plant 
growth regulator composition, that’s provide the highest cell 
growth and azadirachtin synthesis.

Materials and methods

Plant material and culture conditions

The leaves of A. indica were collected from Bandar Abbas 
(Iran) and used as an explant for callus production. The leaves 
were washed for 3 h with tap water in 500-mL beaker and 
disinfected with 70% (v/v) ethanol for 45 s and 2.5% (w/v) 
sodium hypochlorite for 13 min, and rinsed three times with 
sterile distilled water.

Callus induction

The disinfected leaves were cut with 1 cm2 size and trans-
ferred on MS medium (Murashige and Skoog 1962) contain-
ing different types and concentrations of auxins [2,4-Dichlo-
rophenoxyacetic acid (2,4-D), 1-Naphthaleneacetic acid 
(NAA) and picloram, Duchefa, Germany] at 0, 0.5, 1, 1.5 
and 2 mg/L concentrations, cytokinins [kinetin and 6-Ben-
zylaminopurine (BAP), Duchefa, Germany] at 0, 1, 2 and 
3 mg/L concentrations, 30% sucrose and solidified with 
6 g/L plant agar (Duchefa, Germany). The cultures were 
maintained at growth chamber with 25 ± 2 °C in the dark 
and were subcultured every 3 weeks. The percentage of cal-
lus induction and fresh weight of callus were recorded after 
6 weeks. The percentage of callus induction was calculated 
with following equation:

Establishment of cell suspension culture

Cell suspension cultures were initiated by transferring 
friable callus (175–180 mg) to 250-mL Erlenmeyer flask 
containing 50-mL liquid MS medium supplemented with 
1 mg/L picloram and 2 mg/L kinetin. The cell suspension 
cultures were maintained on a rotary shaker at 110 rpm 
and 26 ± 2 °C in the dark. After the establishment of cell 
suspension culture, the cultures were subcultured every 
12 days.

Treatment of cell suspension culture with different 
types and concentrations of plant growth regulators

The established suspension cells were transferred to a 
250-mL Erlenmeyer flask containing 50 mL of liquid MS 
medium supplemented with different types and concentra-
tions of auxins included 2,4-D, NAA, and picloram (0.0, 
0.5, 1, 1.5, and 2 mg/L) and different types and concen-
trations of cytokinins including kinetin, BAP, and zeatin 
riboside (0.0, 1, 2, and 3 mg/L) with 2.6 × 105 cells per mL 
initial cell density.

Measuring of growth in cell suspension culture

Culture cell density

To obtain a reliable value of the cells in suspension cul-
ture, the cell number was measured every 3 days until 
cells growth was constant. The cell density was measured 
based on Godoy-Hernández and Vázquez-Flota (2006) 
with a slight modification. For this purpose, 2 mL of 8% 
chromium trioxide  (CrO3, Merck, Germany) was added to 
1-mL cell suspension culture, the mixture was incubated 
for 15 min at 70 °C, and vortexed vigorously for 3 min. 
Finally, the cells were counted by hemocytometer slide 
under a microscope.

Settled cell volume (SCV) and packed cell volume (PCV)

SCV was determined every 3 days until cells growth was 
constant. SCV was determined with the method described 
by Godoy-Hernández and Vázquez-Flota (2006), through 
which 1 mL of cell suspension culture was transferred 
to 1.5-mL graduated tube and settled for 30 min. Then, 
the fraction of the suspension occupied by the cells was 

Percentage of callus induction

=

number of explants produced callus

number of total explants
× 100
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determined as an SCV. PCV was determined by centri-
fuging of 1 mL of culture in 1.5-mL graduated tube at 
1500 rpm for 5 min.

Fresh cell weight (FCW) and dry cell weight (DCW)

Fresh and dry cell weights were measured at the end of 
the experiment by Godoy-Hernández and Vázquez-Flota 
(2006) method with a little modification. To determine the 
FCW, the cell mass was collected by Whatman No. 1 filter 
paper using Büchner funnel under vacuum, washed with a 
3-mL distilled water, retained under vacuum for 30 s and 
weighed immediately. DCW was estimated by drying the 
collected fresh cell at 50 °C for 72 h.

Average growth rate (Qx)

The efficiency of cell suspension growth was measured by 
estimating the average growth rate (Qx) (Prakash and Sriv-
astava 2006):

Azadirachtin extraction and analysis by HPLC

Intracellular azadirachtin was extracted by Rafiq and Dahot 
(2010) method with some modifications. For this purpose, 
1 mL of dichloromethane was added to 100 mg of dried and 
powdered cells and sonicated for 25 min at room temperature 
with bath sonication system (Elmasonic E30H, Germany), 
centrifuged at 7000 rpm for 15 min, and the supernatant 
was collected. The procedure was performed in duplicate. 
The dichloromethane was evaporated at 50 °C in a water 
bath and samples were dried. The dried samples were re-
dissolved in 1.5 mL HPLC-grade distilled water and main-
tained at − 20 °C. The amount of azadirachtin in each sample 
was estimated using Knauer HPLC system (UV detector, 
Germany). Tosoh C-18 column (TSKgel-ODS C-18, 5 μm, 
4.6 × 250 mm, Japan) was used as the stationary phase. The 
mobile phase was 10% acetonitrile and 90% water with a 
flow rate of 0.9 mL/min. The absorbance of azadirachtin 
was monitored at 214 nm and azadirachtin accumulation was 
estimated from the standard curve of concentration versus 
the peak area (Sigma, USA). Since the overall azadirachtin 
production depends on biomass production (DCW) and 
azadirachtin accumulation, the azadirachtin production was 
measured by the following mathematical relationship (Sriv-
astava and Srivastava 2012b):

Qx =
(maximum cell density) − (initial cell density)

(initial cell density)(culture time in days)

Azadirachtin production(mg/L)

= biomass(g/L) × azadirachtin accumulation(mg/g DCW)

Statistical analysis

Experiments were performed in a factorial experiments 
based on a completely randomized design in triplicate. 
Data analyses were performed using IBM SPSS Statistics 
for Windows, Version 24.0 (Armonk, NY, USA). Mean com-
parisons were carried out using Duncan’s multiple range test 
and LSD at a probability level of 0.05. DCW, azadirachtin 
accumulation and production data were not normal; so, they 
were converted with SQRT method.

Results

The effect of plant growth regulators on percentage 
of callusing

Four days after transferring the explants to the induction 
medium, the explants started to swell and produce callus 
after 7 days (Fig. 1a). The ANOVA analysis results showed 
that different types and concentrations of auxins and cyto-
kinins had a significant effect on the percentage of callus-
ing (Table 1). Application of 0.5, 1, 1.5, and 2 mg/L 2,4-D 
enhanced the percentage of callusing. According to the 
results, the percentage of callusing depends on the concen-
trations of 2,4-D and increased with the increase of 2,4-D 
concentration. Addition of 0.5, 1, 1.5, and 2 mg/L 2,4-D 
increased the percentage of callusing 3.15, 3.67, 3.91, and 
5.39 times compared to the control. Using different concen-
trations of 2,4-D, the lowest and highest percentages of cal-
lusing were obtained at the 0.5 mg/L (48.81%) and 2 mg/L 
(83.41%) concentrations, respectively. By the addition of 
NAA to the medium, callusing was stimulated and 1 mg/L 
concentration had a higher degree of callusing with 82.14%, 
which was 5.30-fold higher than that of the control. Using 
different concentrations of NAA, the percentage of callusing 
increased compared to that of the control, but by increas-
ing of NAA up to 1 mg/L, the percentage of callusing was 
decreased. Based on these results, it can be stated that the 
higher concentrations of NAA reduced A. indica callusing. 
Picloram, similar to 2,4-D and NAA, stimulated callusing 
but the produced calli with piclorams were friable and suit-
able for initiation of suspension culture. Picloram at 0.5, 
1, 1.5, and 2 mg/L increased the percentage of callusing 
compared to the control and higher percentage of callus-
ing obtained with 1 mg/L concentration; however, the per-
centage of callusing decreased by increasing the picloram 
concentrations, thereafter. Callus production in A. indica 
increased 3.94, 4.37, 4.10, and 3.86 times compared to the 
control by addition of 0.5, 1, 1.5, and 2 mg/L picloram, 
respectively (Fig. 2a). Different concentrations of kinetin 
had a positive effect on callusing and percentage of callusing 
increased with kinetin concentration increases. Using 1, 2, 
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and, 3 mg/L kinetin, a higher percentage of callusing was 
obtained at 3 mg/L concentration, which is 4.02-fold higher 
than that of the control. Similar to the kinetin, callusing was 
increased using the BAP. By increasing the BAP concentra-
tion, the callusing increased 3.97 times compared to that of 
the control. Therefore, the addition of cytokinins such as 
kinetin and BAP is essential for callusing in A. indica and 
increases the percentage of callusing (Fig. 2b).  

A further screening of suitable growth regulators 
for A. indica callusing was conducted through cultur-
ing leaf explants on the MS medium supplemented with 

Fig. 1  Callus induction and establishment of cell suspension culture of A. indica. a Callus induction from leaf explant 7 days after culture, b cal-
lus growth 21 days after culture, c established cell suspension culture, d–f photomicrography of A. indica cell suspension culture (×40)

Table 1  ANOVA analysis of the effect of plant growth regulators on 
callus induction

**Significantly difference at P ≤ 0.05

S.O.V df Mean of square

Percentage of callusing Callus fresh weight

Auxin (A) 12 6017.927** 12,873.262**
Cytokinin (B) 6 11,786.488** 7260.371**
A × B 72 527.085** 4347.752**
Error 182 299.562 1097.376
CV (%) 28.09 34.43
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Fig. 2  The effect of auxins (a) and cytokinins (b) on percentage of callusing of A. indica 
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Table 2  The effect of combinations of auxins and cytokinins on per-
centage of callusing and fresh weight of callus of A. indica 

Auxins Cytokinins Percentage of 
callusing (%)

Fresh weight 
of callus (mg)

Control Control 8.33 ± 1.33 27.57 ± 2.56
1 mg/L Kinetin 16.67 ± 2.33 18.95 ± 5.51
2 mg/L Kinetin 16.67 ± 1.33 35.57 ± 4.15
3 mg/L Kinetin 25.00 ± 0.00 84.78 ± 13.67
1 mg/L BAP 8.33 ± 1.33 13.74 ± 3.73
2 mg/L BAP 16.67 ± 1.33 43.68 ± 2.02
3 mg/L BAP 16.78 ± 2.67 21.12 ± 2.11

1 mg/L 2,4-D Control 27.60 ± 2.78 80.97 ± 0.99
1 mg/L Kinetin 50.00 ± 1.43 95.40 ± 11.01
2 mg/L Kinetin 86.67 ± 6.67 70.00 ± 3.93
3 mg/L Kinetin 86.67 ± 5.67 110.15 ± 12.60
1 mg/L BAP 36.67 ± 4.67 133.53 ± 8.61
2 mg/L BAP 40.00 ± 1.54 112.48 ± 7.72
3 mg/L BAP 70.00 ± 5.27 152.42 ± 14.95

2 mg/L 2,4-D Control 60.00 ± 1.55 81.00 ± 1.78
1 mg/L Kinetin 100.00 ± 0.00 86.72 ± 2.86
2 mg/L Kinetin 93.33 ± 6.67 138.44 ± 8.21
3 mg/L Kinetin 100.00 ± 0.00 80.48 ± 1.78
1 mg/L BAP 58.33 ± 8.33 80.64 ± 4.85
2 mg/L BAP 72.22 ± 4.70 60.86 ± 3.90
3 mg/L BAP 100.00 ± 0.00 68.86 ± 4.17

1 mg/L NAA Control 50.00 ± 4.43 86.79 ± 7.35
1 mg/L Kinetin 83.33 ± 8.33 103.79 ± 1.72
2 mg/L Kinetin 83.33 ± 6.67 183.03 ± 6.16
3 mg/L Kinetin 91.67 ± 8.33 210.14 ± 2.39
1 mg/L BAP 66.67 ± 9.24 101.29 ± 4.09
2 mg/L BAP 100.00 ± 0.00 163.37 ± 13.75
3 mg/L BAP 100.00 ± 0.00 124.50 ± 10.49

2 mg/L NAA Control 36.11 ± 7.35 91.06 ± 3.22
1 mg/L Kinetin 55.00 ± 9.41 123.89 ± 3.02
2 mg/L Kinetin 58.33 ± 2.73 57.09 ± 3.35
3 mg/L Kinetin 50.00 ± 4.43 66.42 ± 2.39
1 mg/L BAP 66.67 ± 8.33 88.44 ± 3.17
2 mg/L BAP 83.33 ± 6.67 184.33 ± 17.42
3 mg/L BAP 83.33 ± 8.33 104.75 ± 5.20

1 mg/L Picloram Control 33.33 ± 8.33 73.50 ± 6.54
1 mg/L Kinetin 43.33 ± 3.33 45.43 ± 1.88
2 mg/L Kinetin 100.00 ± 0.00 176.61 ± 3.94
3 mg/L Kinetin 100.00 ± 0.00 96.68 ± 2.93
1 mg/L BAP 41.67 ± 8.33 109.93 ± 13.90
2 mg/L BAP 90.00 ± 5.00 115.68 ± 14.03
3 mg/L BAP 85.00 ± 7.64 55.29 ± 3.69

2 mg/L Picloram Control 38.33 ± 7.26 83.07 ± 5.23
1 mg/L Kinetin 46.67 ± 4.81 63.62 ± 2.18
2 mg/L Kinetin 66.67 ± 8.33 71.43 ± 3.03
3 mg/L Kinetin 75.00 ± 4.43 108.38 ± 6.97
1 mg/L BAP 41.67 ± 6.67 61.28 ± 3.74

Table 2  (continued)

Auxins Cytokinins Percentage of 
callusing (%)

Fresh weight 
of callus (mg)

2 mg/L BAP 56.67 ± 3.33 104.67 ± 6.64
3 mg/L BAP 93.33 ± 6.67 72.19 ± 4.39

0.5 mg/L 2,4-D Control 16.67 ± 1.33 106.22 ± 0.97
1 mg/L Kinetin 35.00 ± 5.00 165.10 ± 12.67
2 mg/L Kinetin 55.00 ± 1.41 76.98 ± 2.40
3 mg/L Kinetin 76.67 ± 1.67 74.95 ± 3.49
1 mg/L BAP 33.33 ± 1.33 70.19 ± 0.29
2 mg/L BAP 45.00 ± 1.41 113.88 ± 3.58
3 mg/L BAP 80.00 ± 0.00 52.89 ± 1.61

1.5 mg/L 2,4-D Control 28.33 ± 6.00 44.71 ± 2.42
1 mg/L Kinetin 46.67 ± 3.33 109.92 ± 0.52
2 mg/L Kinetin 58.33 ± 8.33 75.44 ± 9.95
3 mg/L Kinetin 76.67 ± 4.53 88.26 ± 8.14
1 mg/L BAP 61.11 ± 3.90 114.40 ± 12.53
2 mg/L BAP 68.33 ± 9.28 99.83 ± 4.14
3 mg/L BAP 85.00 ± 7.64 124.27 ± 14.55

0.5 mg/L NAA Control 26.67 ± 6.67 83.83 ± 5.10
1 mg/L Kinetin 36.67 ± 8.82 69.73 ± 3.99
2 mg/L Kinetin 60.00 ± 1.54 63.70 ± 2.90
3 mg/L Kinetin 83.33 ± 8.33 220.61 ± 13.97
1 mg/L BAP 58.33 ± 2.05 176.58 ± 57.13
2 mg/L BAP 91.67 ± 8.33 94.67 ± 15.28
3 mg/L BAP 100.00 ± 0.00 137.17 ± 12.74

1.5 mg/L NAA Control 83.33 ± 8.33 98.02 ± 5.08
1 mg/L Kinetin 80.56 ± 10.00 57.65 ± 2.58
2 mg/L Kinetin 91.67 ± 8.33 103.13 ± 4.38
3 mg/L Kinetin 91.67 ± 8.33 264.50 ± 9.76
1 mg/L BAP 41.67 ± 8.33 148.36 ± 9.75
2 mg/L BAP 58.33 ± 2.05 71.18 ± 4.30
3 mg/L BAP 75.00 ± 4.43 79.18 ± 11.05

0.5 mg/L Picloram Control 21.67 ± 1.67 70.51 ± 0.64
1 mg/L Kinetin 43.33 ± 3.33 84.78 ± 1.21
2 mg/L Kinetin 78.33 ± 1.67 89.31 ± 5.22
3 mg/L Kinetin 85.00 ± 7.64 87.17 ± 1.25
1 mg/L BAP 43.33 ± 3.33 86.68 ± 3.67
2 mg/L BAP 61.67 ± 7.67 85.92 ± 2.42
3 mg/L BAP 93.33 ± 6.67 74.42 ± 3.51

1.5 mg/L Picloram Control 28.33 ± 6.01 87.96 ± 2.25
1 mg/L Kinetin 50.00 ± 5.77 132.25 ± 18.07
2 mg/L Kinetin 63.33 ± 8.82 125.45 ± 2.58
3 mg/L Kinetin 91.67 ± 8.33 91.55 ± 12.22
1 mg/L BAP 50.00 ± 4.43 74.84 ± 4.56
2 mg/L BAP 75.00 ± 4.43 64.47 ± 2.79
3 mg/L BAP 86.67 ± 6.67 88.88 ± 4.13

LSD5% 23.2468 44.4936

The bold values in each index indicated the highest amount of that
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combinations of auxins and cytokinins. The calli were found 
initiated at all combinations. The induction at 2 mg/L 2,4-D 
with 1 mg/L kinetin, 2 mg/L 2,4-D with 3 mg/L kinetin, 
2 mg/L 2,4-D with 3 mg/L BAP, 0.5 mg/L NAA with 3 mg/L 
BAP, 1 mg/L NAA with 2 mg/L BAP, 1 mg/L NAA with 
3 mg/L BAP, 1 mg/L picloram with 2 mg/L kinetin, and 
1 mg/L picloram with 3 mg/L kinetin media produced the 
highest response (100%), and were 12-fold higher than that 
of the control (Table 2).

The effect of plant growth regulators on fresh 
weight of callus

The applications of different types and concentrations 
of auxins and cytokinins were effective on fresh weight 
of callus (Table 1). Different concentrations of 2,4-D 
applied in this study increased the fresh weight of callus. 
The increase in fresh weight of callus was observed from 
0.5 to 1 mg/L. Among different concentrations of 2,4-D, 
the maximum fresh weight of callus with 107.83 mg was 
obtained in the medium containing 1 mg/L concentration, 
which was 3.07-fold higher than the control. The higher 
concentrations of 2,4-D including 1.5 and 2 mg/L had a 
significant effect on callus growth of A. indica. Applying 
different concentrations of NAA significantly increased the 
fresh weight of callus. Addition of 0.5 and 1 mg/L NAA 
had a positive effect on the fresh weight of callus, but 
it was decreased by increasing the NAA concentrations. 
Using 0.5, 1, 1.5, and 2 mg/L NAA, the fresh weight of 
callus was 3.45-, 3.96-, 3.35- and 2.92-fold higher than 
that of the control. By adding 1 mg/L NAA, the fresh 
weight of callus was 138.98 mg. A further study was also 
carried out using 0.5, 1, 1.5, and 2 mg/L of picloram. The 
results showed that adding 1 mg/L picloram produced a 
highest fresh weight of callus (96.16 mg) than other con-
centrations. The fresh weight of callus increased 2.36-, 
2.74-, 2.71-, and 2.30-fold with applications of 0.5, 1, 1.5, 
and 2 mg/L, respectively. In general, the results showed 

that addition of higher concentrations of 2,4-D, NAA, and 
picloram (1.5 and 2 mg/L) had an inhibitory effect on the 
fresh weight of callus (Fig. 3a).

The effect of different concentrations of kinetin and 
BAP on fresh weight of callus is shown in Fig. 3b. In 
this study, different concentrations of kinetin increased 
the fresh weight of callus. With increasing the kinetin con-
centration, the fresh weight of callus increased and the 
highest fresh weight of callus (121.85 mg) was observed 
at 3 mg/L concentration. BAP at 2 mg/L produced a higher 
fresh weight of callus than control and other concentra-
tions; however, the difference between 1 and 2 mg/L was 
not statistically significant. Using 1, 2, and 3 mg/L BAP 
increased the fresh weight of callus 1.24-, 1.29-, and 1.14-
fold than the control, respectively. Also, the results showed 
that compared to the kinetin, the higher concentrations 
of BAP had an inhibitory effect on callus growth and 
decreased the fresh weight of callus (Fig. 3b).

Further study was performed using combinations 
of auxins and cytokinins. The results showed that MS 
medium supplemented with 1.5 mg/L NAA and 3 mg/L 
kinetin produced the highest fresh weight of callus 
(264.50 mg), which was 31.75-fold higher than the control, 
3.17-folded higher than 1.5 mg/L NAA alone, and 10.58-
fold higher than 3 mg/L kinetin alone (Table 2).

The effect of auxins and cytokinins on cell density

Microscopic analysis of the cells from suspension cultures 
is presented in Figs. 1d–f. The results of ANOVA indicated 
that cell density was significantly (P < 0.01) affected by 
types and concentrations of auxins and cytokinins and their 
interactions (Table 3). According to these results, different 
concentrations of 2,4-D increased cell density of cell suspen-
sion culture of A. indica. Among different concentrations 
of 2,4-D, the highest cell density was 2.3 × 106 cells per mL 
obtained at 2 mg/L concentration. Addition of 1.5 mg/L 
concentration although increased cell density, it was not 
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significantly different from the 2 mg/L concentration. Appli-
cation of 0.5, 1, 1.5, and 2 mg/L 2,4-D increased cell density 
2.22-, 2.45-, 2.73-, and 2.76-fold than the control. Among 
different concentrations of NAA, 2 mg/L showed a good 
stimulatory effect on cell density with 2.3 × 106 cell per mL, 
which was significantly higher than the control and media 
containing 0.5 and 1.5 mg/L NAA. By increasing NAA con-
centration from 0.5 to 1.5 mg/L, cell density decreased but 
increased subsequently. NAAs at 0.5 and 1 mg/L concentra-
tions were not significantly different. Therefore, applying 
higher concentrations of NNA is suitable for cell growth 
in cell suspension culture of A. indica. The cell density 
increased 2.38, 2.49, 2.20, and 2.30 times after adding 0.5, 1, 
1.5, and 2 mg/L of picloram. Picloram at 1 mg/L stimulates 
cell density but this effect was not observed when apply-
ing 1.5 and 2 mg/L concentrations. Picloram decreased a 
cell density in higher concentrations (Fig. 4a). As shown 
in Fig. 4b, concentrations of kinetin increased the cell den-
sity, while the concentrations were not significantly differ-
ent. Kinetin at 1 mg/L concentration produces higher cell 
density (1.96 × 106 cells per mL) than the control and other 
concentrations. Also, adding 1, 2, and 3 mg/L BAP signifi-
cantly stimulated cell density, while the addition of 1 mg/L 
BAP had a stronger stimulatory effect on cell density and 
produced higher cell density compared to control condition 

and other concentrations; however, 2 and 3 mg/L had a lower 
stimulatory effect. Using 1, 2, and 3 mg/L BAP increased 
cell density 1.36, 1.11, and 1.13 times compared to the con-
trol. When 1 mg/L picloram was added to media cell, the 
density was increased, while it was decreased by increasing 
the concentrations. On the other hand, higher concentra-
tions of picloram had a negative effect on cell density and 
decrease cell division (Fig. 4b). 

The results indicated that cell proliferation increases 
using combinations of auxins and cytokinins in the media 
compared to those auxins and cytokinins alone. By applying 
combinations of plant growth regulators in the media, the 
cell density strongly changed. As presented in Table S1, the 
MS medium containing 1.5 mg/L 2,4-D and 3 mg/L zeatin 
riboside produced 2.44 × 106 cells per mL, which was 2.49 
times higher than the control.

Effect of auxins and cytokinins on settled cell 
volume (SCV)

The ANOVA analysis results showed that different types and 
concentrations of auxins and cytokinins had a significant 
effect on SCV (Table 3). The examination of SCV of the cell 
suspension cultures growing in the presence 2,4-D showed 
that 2,4-D stimulated the growth of cells at all doses tested. 

Table 3  ANOVA analysis of the effect of plant growth regulators on cell suspension growth and Azadirachtin synthesis of A. indica 

**Significantly difference at P ≤ 0.01

S.O.V df Mean of square

Cell density SCV PCV FCW DCW QX Azadirachtin 
accumulation

Azadirachtin 
production

Auxin (A) 12 5.7 × 1012** 9836.92** 6898.03** 37,326.26** 3.443** 0.074** 2.626** 20.965**
Cytokinin (C) 9 1.1 × 1012** 1854.76** 1300.63** 41,443.69** 3.339** 0.014** 0.822** 9.600**
A × C 108 6.6 × 1011** 1131.07** 793.15** 20,052.53** 1.108** 0.008** 0.658** 9.802**
Error 260 2.65 × 1010 62.258 43.658 1942.421 0.186 0.0005 0.170 1.352
CV (X) 10.26 10.65 10.75 28.51 16.27 12.34 34.36 32.30
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The increase in 2,4-D concentrations in the media strongly 
stimulated the SCV of the cultures. With increasing 2,4-D 
concentrations, SCV was increased. The highest amount of 
SCV (93.99%) at 2,4-D was obtained at 2 mg/L concentra-
tion but its difference with 1.5 mg/L was not statistically 
significant. By the addition of 0.5, 1, 1.5, and 2 mg/L 2,4-D 
DCV increased 2.32-, 2.57-, 2.87-, and 2.90-fold compared 
to that of the control. The addition of NAA increased the 
SCV, but at 2 mg/L, SCV was strongly increased compared 
to the other concentrations. The highest amount of SCV was 
observed by applying 2 mg/L NAA, which was 2.89-fold 
higher compared to the control. Therefore, the addition of 
different concentrations of NAA had a positive effect of SCV 
of cultures. According to the results, the presence of piclo-
ram in medium stimulated the SCV of culture. Using 1 mg/L 
of picloram had a stronger effect compared to 0.5, 1.5, and 
2 mg/L concentrations and produced a higher amount of 
SCV among different concentrations. Therefore, the higher 
concentrations of picloram had an inhibitory effect on SCV. 
Using different concentrations of picloram, the SCV was 
increased 2.49-, 2.61-, 2.29-, and 2.40-fold compared to 
the control (Fig. 5a). The results indicated that addition of 
cytokinins had a significant effect on SCV. Applying dif-
ferent concentrations of kinetin increased SCV of culture 
compared to the control, but the differences of the applied 
concentrations were not statistically significant. Among dif-
ferent concentrations of kinetin, a maximum amount of SCV 
(78.19%) was observed at 1 mg/L concentration, exceeding 
which the SCV was decreased. Addition of 1 mg/L BAP to 
culture medium had a stimulatory effect on SCV and pro-
duced a higher amount of SCV (84.62%), which was 2.61-
fold higher compared to the control. Therefore, application 
of higher concentrations of BAP had an inhibitory effect on 
SCV. Presence of zeatin riboside at culture medium stimu-
lates cell growth and SCV. Using 1 mg/L zeatin riboside had 
a strong stimulatory effect on SCV, but it was decreased at 2 
and 3 mg/L concentrations (Fig. 5b).

Further investigation on SCV was carried out using com-
binations of auxins and cytokinins. The results revealed that 
MS medium containing 1.5 mg/L 2,4-D and 3 mg/L zeatin 
riboside produced the highest amount of SCV (97.95%), 
which was 2.60-fold higher compared to the control. There-
fore, combinations of auxins and cytokinins in a cell suspen-
sion of A. indica are essential for cell division, growth, and 
SCV (Table S1).

Effect of auxins and cytokinins on packed cell 
volume (PCV)

The ANOVA analysis showed significant differences 
(P < 0.01) between the types and concentrations of aux-
ins, cytokinins, and their interaction in PCV (Table 3). 
All the types and concentrations of auxins tested in this 
work indicate an increase in PCV. By increasing 2,4-D 
concentration at culture medium, PCV was increased 
and the highest amount of that was obtained at 2 mg/L 
concentrations which was 2.95-fold higher than the con-
trol. The addition of 1.5 mg/L and 2 mg/L 2,4-D to the 
culture medium did not have statistically significant dif-
ferent effect on PCV. Therefore, the application of 2,4-D 
at culture medium had a positive effect on PCV. PCV 
was stimulated when adding different concentrations 
of NAA to the culture media; however, this stimulatory 
effect was lower for 0.5, 1, and 1.5 mg/L concentrations. 
PCV was increased by increasing NAA concentrations 
from 0.5 to 1.5 mg/L, but at 2 mg/L concentration, it 
was strongly increased and reached 77.89%. So, the pres-
ence of higher concentrations of NAA at culture medium 
could have a strong stimulatory effect on PCV. Moreover, 
PCV was increased in media containing different con-
centrations of picloram. Using 0.5 and 1 mg/L picloram, 
the PCV was increased from 26.47% at control to 67% 
and 70.3%, respectively. At 1.5 and 2 mg/L picloram, the 
PCV was increased compared to the control but decreased 
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compared to the 0.5 and 1 mg/L concentrations. Addition 
of 0.5, 1, 1.5, and 2 mg/L picloram increased PCV 2.53-, 
2.65-, 2.33-, and 2.44-fold than the control (Fig. 6a). 
The results showed that applied types and concentrations 
of cytokinins stimulated PCV. Similar to the SCV, the 
addition of different concentrations kinetin to the culture 
medium stimulates PCV but this stimulatory effect was 
not statistically significant among the concentrations. 
The highest amount of PCV (1.23-folded) was obtained 
at 1 mg/L concentration. Addition of different concentra-
tions of BAP increased the PCV compared to the control. 
The lowest concentration of BAP (1 mg/L) had a strong 
stimulatory effect on PCV and produced a higher amount 
of PCV (69.5%) among different concentrations. Also, 
similar to the BAP, zeatin riboside at 1 mg/L concentra-
tion had the highest PCV among different concentrations. 
Although using zeatin riboside increased the PCV com-
pared to the control, this effect was lower at 2 and 3 mg/L 
concentrations (Fig. 6b).

Analysis of the effect of auxins and cytokinins combi-
nations showed that addition of auxins with cytokinins is 
important in cell suspension culture of A. indica. In this 
regard, among different applied combinations, the highest 
PCV was 81.46% observed at MS medium supplemented 
1.5 mg/L 2,4-D and 3 mg/L zeatin riboside (Table S1).

Effect of auxins and cytokinins on fresh cell weight 
(FCW)

The ANOVA results revealed that FCW was significantly 
influenced by the types and concentrations of auxins and 
cytokinins and their interactions. FCW was enhanced using 
different concentrations of 2,4-D at culture media; however, 
by increasing its concentrations, FCW was decreased and 
the lowest amount of FCW was obtained at 2 mg/L concen-
tration. By addition of 0.5, 1, 1.5, and 2 mg/L 2,4-D, the 
highest amount of FCW was 180.98 g/L at 0.5 mg/L con-
centration. Similar to the 2,4-D, FCW was decreased with 

an increase in NAA concentration. Among different con-
centrations of NAA, 0.5 mg/L concentration showed a good 
stimulatory effect on cell growth with a 200.79 g/L FCW, 
which was significantly higher than those of control and the 
media containing 1, 1.5, and, 2 mg/L concentrations. There-
fore, by addition of 0.5, 1, 1.5, and 2 mg/L NAA to medium, 
the FCW was increased 2.26-, 1.93-, 1.46-, and 1.31-fold 
compared to the control, respectively. Similar to the NAA, 
FCW was decreased by increasing the picloram concentra-
tion. In this study, the lower concentrations of picloram 
including 0.5 and 1 mg/L produced a higher FCW than the 
other concentrations. The maximum FCW between different 
concentrations of picloram was obtained at 0.5 mg/L con-
centration, which was 193.74 g/L. The addition of 0.5, 1, 
1.5, and 2 mg/L picloram at culture media increased FCW 
2.18-, 1.91-, 1.37-, and 1.32-fold compared to the control 
(Fig. 7a). According to the obtained results, different types 
and concentrations of cytokinins had a stimulatory effect 
on FCW. The FCW increased with increasing the kinetin 
concentration in the media. Among different concentrations 
of kinetin, 3 mg/L concentration produced a 165.94 g/L 
FCW, which is higher compared to the control and other 
concentrations. Therefore, higher concentrations of kinetin 
are better for cell biomass production than the lower con-
centrations. Among various concentrations of BAP tested, 
1 mg/L concentration was found to be a better candidate for 
cell biomass production. Addition of 1 mg/L BAP to culture 
medium results in an increase in cell growth and increased 
FCW from 89.13 g/L at control to 208.74 g/L. Also, it was 
observed that with increasing of BAP concentrations, FCW 
was decreased. Zeatin riboside at 1 mg/L concentration 
produced 191.87 g/L cell biomass, which was higher than 
those of control and other tested concentrations. Although 
the addition of 2 and 3 mg/L concentrations of zeatin ribo-
side increased FCW compared to the control, their effect on 
FCW was somewhat similar (Fig. 7b).

Investigating the effect of combinations of auxins 
and cytokinins on FCW showed that the highest FCW 
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(493.02 g/L) was obtained in MS medium supplemented 
with 1 mg/L picloram and 2 mg/L kinetin, which was 24.36-, 
52.34-, and 7.75-fold higher compared to the control, 1 mg/L 
picloram alone, and 2 mg/L kinetin alone, respectively 
(Table S1).

Effect of auxins and cytokinins on dry cell weight 
(DCW)

The results showed that different types and concentra-
tions of auxins and cytokinins significantly affected DCW 
(Table 3). It was observed that 2,4-D addition at 0.5 and 
1 mg/L concentrations increased DWC with respect to the 
control, while the 1.5 and 2 mg/L concentrations decreased 
it. Among different concentrations of 2,4-D used in this 
study, the highest amount of DCW (7.86 g/L) was obtained 
in a medium containing 0.5 mg/L concentration. By increas-
ing 2,4-D concentrations, DCW was decreased. So, higher 
concentrations of 2,4-D had a negative effect on DCW. 
Application of NAA at 0.5, 1, and 1.5 mg/L concentrations 
at culture medium increased DCW compared to the control, 
but 2 mg/L concentration decreased it. Therefore, similar 
to the 2,4-D, higher concentrations of NAA had an inhibi-
tory effect on DCW. The highest amount of DCW between 

different concentrations of NAA was observed at 0.5 mg/L 
concentration, which was 1.57 times higher compared to 
that of the control. Also, the addition of 1 mg/L picloram to 
the medium had a stimulatory effect on DCW and increased 
it to the highest level (14.98 g/L). Using 0.5 and 1 mg/L 
picloram, DCW was increased 1.32- and 2.36-fold com-
pared to the control, while using 1.5 and 2 mg/L picloram 
decreased it (Fig. 8a). Therefore, applying lower concen-
trations of picloram is suitable for cell suspension culture 
of A. indica. The effect of different concentrations of kine-
tin, BAP, and zeatin riboside on DCW is shown in Fig. 8b. 
As shown in the figure, different concentrations of kinetin 
increased DCW levels. By the addition of 1 mg/L of kinetin, 
DCW showed very low increases, but 2 mg/L concentra-
tion strongly enhanced DCW. Therefore, the highest DCW 
(12.02 g/L) was observed at 2 mg/L concentration. BAP at 
1 mg/L produced a higher DCW than the control and other 
concentrations. Using 1, 2, and 3 mg/L BAP increased the 
fresh weight of callus 1.45-, 1.20-, and 1.08-fold compared 
to the control, respectively. Also, zeatin riboside concentra-
tions induced DCW, but this effect was very little. Among 
different concentrations of zeatin riboside, the highest 
amount of DCW was 8.14 g/L obtained at 1 mg/L concen-
tration (Fig. 8b).

fg

cdef

defg g g

b
bcd

bc

g

bcde

a

efg fg

0
2
4
6
8

10
12
14
16
18

0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2

Con. 2,4-D NAA Picloram

D
C

W
 (g

/L
)

Auxins (mg/L)

d cd

a

bcd
b

bcd cd
bc bc

bcd

0

2

4

6

8

10

12

14

1 2 3 1 2 3 1 2 3

Con. Kinetin BAP Zeatin R.

D
C

W
 (g

/L
)

Cytokinins (mg/L)

a b

Fig. 8  The effect of auxins (a) and cytokinins (b) on DCW of cell suspension culture of A. indica 

e

abc abc abc
c

a

bc

d
d

ab
bc

d d

0

50

100

150

200

250

0.5 1 1.5 2 0.5 1 1.5 2 0.5 1 1.5 2

Con. 2,4-D NAA Picloram

FC
W

 (g
/L

)

Auxins (mg/L)

a

e

cd
bcd bc

a

b

d

a

d cd

0

50

100

150

200

250

1 2 3 1 2 3 1 2 3

Con. Kinetin BAP Zeatin R.

FC
W

 (g
/L

)

Cytokinins (mg/L)

b

Fig. 7  The effect of auxins (a) and cytokinins (b) on FCW of cell suspension culture of A. indica 

Author's personal copy



3 Biotech           (2019) 9:309  

1 3

Page 11 of 17   309 

Addition of auxins with cytokinins to media had a dif-
ferent effect on DCW. Among the combinations of auxins 
and cytokinins, the highest amount of DCW was 77.27 g/L 
observed in MS medium supplemented with 1 mg/L piclo-
ram and 2 mg/L kinetin which was 42.93-fold higher than 
the hormone-free MS medium (Table S1).

Effect of auxins and cytokinins on average growth 
rate (Qx)

The ANOVA results showed that different types and concen-
trations of auxins and cytokinins had a significant effect on 
Qx (Table 3). Studying Qx of the cell suspension cultures 
growing in the presence 2,4-D showed that 2,4-D stimu-
lated the growth of cells in all doses. The increase in 2,4-D 
concentrations in the media strongly induced the Qx of the 
cultures. With increasing 2,4-D concentrations, Qx was 
also increased. The highest Qx at different concentrations 
of 2,4-D (0.24 day) was obtained at 2 mg/L concentration 
but its difference with 1.5 mg/L was not statistically sig-
nificant. Although Qx increased by the addition of NAA, 
its increase was more significant at 2 mg/L compared to 
the other concentrations. The highest amount of Qx was 
observed by applying 2 mg/L of NAA. Therefore, the addi-
tion of different concentrations of NAA had a positive effect 
of Qx of cultures. According to the results, the presence of 
picloram in medium stimulated the Qx of the cultures. Using 
1 mg/L picloram had more effect compared to the 0.5, 1.5, 
and 2 mg/L concentrations and gave higher Qx among differ-
ent concentrations. Thus, the higher concentrations of piclo-
ram had an inhibitory effect (Fig. 9a). The results indicated 
that addition of cytokinins had a significant effect on Qx. 
Application of different concentrations of kinetin increased 
Qx of cultures compared to the control, but the differences of 
the applied concentrations were not statistically significant. 
Among different concentrations of kinetin, a maximum Qx 
of 0.192 days was observed at 1 mg/L concentrations and, 
exceeding which, Qx was decreased. Addition of 1 mg/L 

BAP to culture medium had a stimulatory effect on Qx 
and produced higher Qx (0.207 days). Therefore, applying 
higher concentrations of BAP had an inhibitory effect on cell 
growth rate. Presence of zeatin riboside at culture medium 
stimulated cell growth and growth rate. Using 1 mg/L zeatin 
riboside had a strong stimulatory effect on cell growth, but 
at 2 and 3 mg/L concentrations, the Qx was decreased com-
pared to the 1 mg/L concentration (Fig. 9b).

Further investigation on Qx was carried out using com-
binations of the auxins and cytokinins. The results revealed 
that MS medium containing 1.5 mg/L 2,4-D and 3 mg/L 
zeatin riboside and MS medium containing 1.5 mg/L NAA 
and 3 mg/L zeatin riboside had the highest Qx (0.25 day). 
Therefore, combinations of auxins and cytokinins in a cell 
suspension of A. indica are essential for cell division and 
growth rate (Table S1).

The effect of auxins and cytokinins on azadirachtin 
accumulation

The standard azadirachtin and the one extracted from cell 
suspension cultures were detected using HPLC method 
(Fig. 10). The ANOVA analysis results showed that auxins 
and cytokinins significantly affected azadirachtin accumula-
tion (Table 3). Adding 0.5, 1, and l.5 mg/L of 2,4-D signifi-
cantly stimulated azadirachtin accumulation, but this effect 
was not observed when applying it at 2 mg/L concentra-
tion. Also, 2,4-D decreased the azadirachtin accumulation 
in a dose-dependent manner with inhibitory effect at higher 
concentration. By applying 1, 1.5, and 2 mg/L 2,4-D, the 
azadirachtin accumulation increased 1.19-, 2.40-, and 1.66-
fold than the control, respectively. Among different concen-
trations of 2,4-D, the higher amount of azadirachtin accumu-
lation was 2.15 mg/gDW obtained at 1.5 mg/L concentration. 
The addition of 0.5 mg/L NAA significantly increased the 
accumulation of azadirachtin, but adding 1 and 1.5 mg/L 
concentration decreased it. Despite observing no clear dose-
related effects, lower NAA concentrations are favorable for 
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azadirachtin accumulation. Using 0.5 and 2 mg/L NAA, the 
azadirachtin accumulation increased 1.58- and 1.71-fold 
compared to the control, while using 1 and 1.5 mg/L NAA 
decreased it compared to the control. Therefore, by apply-
ing different concentrations of NAA, the higher amount of 
azadirachtin accumulation (1.54 mg/gDW) was observed at 
2 mg/L concentration. The addition of 0.5 mg/L picloram 
had no significant effect on azadirachtin accumulation, but 
the addition of 1 mg/L increased it significantly. Applying 

picloram decreased azadirachtin accumulation at higher 
concentrations (1.5 and 2 mg/L); besides, it showed that the 
azadirachtin accumulation using picloram is dose depend-
ent and higher concentrations had an inhibitory effect on 
azadirachtin synthesis. Among different concentrations 
of picloram, the highest azadirachtin accumulation was 
1.23 mg/gDW at 1 mg/L concentration, which was 1.37-fold 
greater compared to that of the control (Fig. 11a). 

Fig. 10  HPLC chromatogram of standard azadirachtin (a) and azadirachtin extracted from A. indica cell suspension culture (b). Retention times 
of azadirachtin standard and sample were 4.65 and 4.70 min, respectively
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The addition of 1 mg/L kinetin had no significant effect 
on azadirachtin accumulation, but at 2 and 3 mg/L concen-
trations, it increased 1.31- and 1.34-fold than the control, 
respectively. As a result, by increasing the kinetin concen-
tration, the azadirachtin accumulation was increased and 
the higher amount of that (1.49 mg/gDW) was observed at 
3 mg/L concentration. Application of 1 mg/L BAP has not 
affected azadirachtin accumulation, but 2 and 3 mg/L con-
centrations decreased that. Therefore, BAP has an inhibitory 
effect on azadirachtin synthesis, especially at higher concen-
trations. Using 1, 2, and 3 mg/L BAP decreased azadirachtin 
accumulation 1.01-, 1.73-, and 1.85-fold than the con-
trol, respectively. Applying 1 and 3 mg/L zeatin riboside 
decreased azadirachtin accumulation, while the addition of 
2 mg/L concentration increased it. The zeatin riboside effect 
on azadirachtin accumulation depends on its dose, while its 
higher concentrations had an inhibitory effect. Using dif-
ferent concentrations of zeatin riboside, a high amount of 
azadirachtin accumulation (1.28 mg/g DW) was obtained at 
2 mg/L concentration, which was 1.15-fold higher than the 
control (Fig. 11b).

Investigating the combined effects of different types and 
concentrations of auxins and cytokinins showed that the 

accumulation of azadirachtin significantly affected by the 
application of auxins with cytokinins (Table 3). The high-
est amount of azadirachtin accumulation was 3.69 mg/gDW 
obtained on MS medium supplemented with 1 mg/L piclo-
ram and 2 mg/L kinetin, which was 6.93-fold higher than 
that of the control (0.54 mg/gDW) (Table S1).

The effect of auxins and cytokinins on azadirachtin 
production

The results showed that different types and concentrations of 
auxins and cytokinins had a significant effect on azadirachtin 
production (P < 0.01) (Table  3). Applying 0.5, 1, and 
1.5 mg/L of 2,4-D, the azadirachtin production increased and 
decreased thereafter. Thus, the higher concentration of 2,4-D 
had a negative and inhibitory effect on azadirachtin produc-
tion. Using 0.5, 1, 1.5, and 2 mg/L concentrations of 2,4-D, 
the azadirachtin production increased 1.04-, 1.12-, 1.85-, and 
1.05-fold than the control, respectively. In comparison, the 
results of adding 0.5, 1, and 2 mg/L concentrations were not 
significantly different from those of the control. The highest 
azadirachtin production (10.72 mg/L) at different concen-
trations of 2,4-D was seen at 1.5 mg/L concentration. By 
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adding different concentrations of NAA, it was observed 
that lower concentration of NAA had a stimulatory effect 
on azadirachtin production; while the higher concentra-
tion had no significant effect on azadirachtin production. It 
means that the addition of 0.5 mg/L concentration increased 
azadirachtin production from 5.80 mg/L at control to 15.44, 
which is 2.66-fold higher. Addition of 1 mg/L picloram to 
the culture medium strongly stimulated azadirachtin produc-
tion, but 0.5 mg/L concentration had no significant effect. 
The higher concentrations of picloram including 1.5 and 
2 mg/L had a negative effect on azadirachtin production 
and its inhibition. Applying 0.5 and 1 mg/L concentrations 
increased azadirachtin production 1.12- and 6.23-fold than 
the control, respectively, but 1.5 and 2 mg/L concentrations 
decreased it 1.91- and 5.27-fold (Fig. 12a).

The addition of 1 mg/L kinetin had no significant effect 
on azadirachtin production, but at 2 and 3 mg/L concen-
trations, it increased 4.91- and 1.97-fold than the control, 
respectively. Therefore, by increasing the kinetin concen-
trations, the azadirachtin production was increased and the 
highest amount of that (27.87 mg/L) was observed at 2 mg/L 
concentration. Using 1 mg/L of BAP increased azadirachtin 
production, but 2 and 3 mg/L concentrations decreased that. 
Hence, BAP has an inhibitory effect on azadirachtin produc-
tion, especially at higher concentrations. Using 2 and 3 mg/L 
BAP, azadirachtin production decreased 1.34- and 1.43-fold 
than the control, respectively. Using different concentrations 
of zeatin riboside increased azadirachtin production. The 
zeatin riboside effect on azadirachtin production depends 
on the dose and the higher concentrations of that had an 
inhibitory effect. Applying different concentrations of zea-
tin riboside, the highest amount of azadirachtin production 
was 8.69 mg/L obtained at 2 mg/L concentration, which was 
1.53-fold higher than the control (Fig. 12b).

Studying the combined effects of different types and 
concentrations of auxins and cytokinins showed that the 

production of azadirachtin was significantly affected by the 
application of auxins with cytokinins (Table 3). The high-
est amount of azadirachtin accumulation was 285.64 mg/L 
obtained in MS medium supplemented with 1 mg/L piclo-
ram and 2 mg/L kinetin, which was 291.47-fold higher than 
the control (0.98 mg/L) (Table S1).

Correlation analysis of measured indices in cell 
suspension culture

The correlation analysis showed that, using different types 
and concentration of auxins and cytokinins, the cell den-
sity had a positive correlation with SCV, PCV, FCW, DCW, 
growth rate, azadirachtin accumulation and production. 
The SCV had positive correlation with PCV, FCW, DCW, 
growth rate, azadirachtin accumulation and production. The 
PCV had positive correlation with FCW, DCW, growth rate, 
azadirachtin accumulation and production. The FCW had 
positive correlation with DCW, growth rate and azadirachtin 
production. The DCW had positive correlation with growth 
rate and azadirachtin production. The azadirachtin accumu-
lation had positive correlation with azadirachtin production. 

Table 4  The correlation of measured indices in cell suspension culture of A. indica 

**Significant correlation at P ≤ 0.01
*Significant correlation at P ≤ 0.05
ns Not significant correlation

Indices Cell density SCV PCV FCW DCW Growth rate Azadirachtin 
accumulation

Azadirachtin 
production

Cell density 1
SCV 0.951** 1
PCV 0.936** 0.974** 1
FCW 0.450** 0.455** 0.452** 1
DCW 0.115** 0.108** 0.112** 0.554** 1
Growth rate 0.971** 0.980** 0.974** 0.452** 0.115*** 1
Azadirachtin accumulation 0.189** 0.185** 0.182** 0.46ns 0.94ns 0.189** 1
Azadirachtin production 0.119** 0.114** 0.109** 0.381** 0.791** 0.119** 0.470** 1
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Fig. 13  Batch suspension culture of A. indica grown in the MS 
medium supplemented with 1 mg/L picloram and 2 mg/L kinetin
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But, there were no correlation between FCW and DCW with 
azadirachtin accumulation (Table 4).

Growth curve of suspension culture

The growth curve of A. indica cell suspension culture in 
MS medium supplemented with 1  mg/L picloram and 
2 mg/L kinetin with 2.6 × 105 cells per ml initial cell den-
sity is shown in Fig. 13. The cells show an initial lag phase 
for 3 days. During these 3 days, cells adapted to the new 
medium. Then, the cells entered in exponential growth 
phase which continued until 6th day. Subsequently, the cells 
entered in linear growth phase and continued until 14th day. 
After 14 days, the cells entered in until 17th day. Followed 
by decreasing growth phase, the stationary phase started and 
continued until 24th days and finally the cells entered in 
culture inviability phase.

Discussion

Determination of plant growth regulators compositions in 
the culture medium is an important strategy for callus induc-
tion, cell suspension establishment, cell growth, and sec-
ondary metabolites production (Farjaminezhad et al. 2013; 
Murthy et al. 2014; Raj et al. 2015). In the plant cell tissue 
culture, to produce a high biomass and secondary metabo-
lites, auxin/cytokinin composition should be optimized (Raj 
et al. 2015). Different authors reported azadirachtin and 
other secondary metabolites production at callus and cell 
suspension cultures (Prakash et al. 2002). In this study, we 
investigated the effect of 91 plant growth regulator combi-
nations on callus induction and 130 plant growth regulator 
combinations on cell growth and azadirachtin accumula-
tion and production at cell suspension culture of A. indica. 
The auxins and cytokinins are the most widely used plant 
growth regulators in plant tissue culture. When 2,4-D, NAA, 
picloram, kinetin, BAP, and zeatin riboside applied alone, 
depending on their concentration, they had an inhibitory 
or stimulatory effect on the callus induction, cell growth, 
and azadirachtin synthesis. In this regard, auxins play an 
important role in the callus induction and different types of 
auxins had various effects (Giannakoula et al. 2012). The 
highest percentage of callusing was obtained at 2 mg/L 
2,4-D with 1 mg/L kinetin, 2 mg/L 2,4-D with 3 mg/L kine-
tin, 2 mg/L 2,4-D with 3 mg/L BAP, 0.5 mg/L NAA with 
2 mg/L BAP, 1 mg/L NAA with 3 mg/L BAP, 1 mg/L piclo-
ram with 2 mg/L kinetin, and 1 mg/L picloram with 3 mg/L 
kinetin combinations. On the other hand, the highest fresh 
weight of callus was detected at MS medium supplemented 
with 1.5 mg/L NAA and 3 mg/L kinetin. Therefore, it is 
seen that the percentage of the callusing and fresh weight 
of callus depends on the presence of auxins and cytokinins 

together at media. It has been shown that different plant 
species and explants require different combinations of plant 
growth regulators. Chakraborty et al. (2013) reported that 
MS medium supplemented with a combination of 0.5 mg/L 
2,4-D and 0.2 mg/L Kinetin produced a maximum callusing 
(98%) at Withania somnifera (L.) Dunal. Rafiq and Dahot 
(2010) reported the highest callus development (78%) 
on MS medium containing 1 mg/L 2,4-D, 1 mg/L BAP, 
0.5 mg/L NAA, and 3% sucrose at immature flower culture 
of A. indica. Kapoor et al. (2019) produced callus from leaf 
explant of Rhodiola imbricata in MS medium supplemented 
with 3 mg/L NAA and 3 mg/L BAP. Jie et al. (2019) applied 
different concentrations of 2,4-D for callus induction from 
Gynura procumbens (Lour.) Merr. and produce callus from 
leaf, stem and petiole explants at a frequency of 100% on 
MS medium supplemented with more than 1 mg/L 2,4-D 
after 4 weeks of incubation.

Many earlier reports described the essential role of plant 
growth regulators on the cell growth and secondary metabo-
lites synthesis. Furthermore, the same plant growth regula-
tors can stimulate or inhibit the certain secondary metabolites 
biosynthesis depending on their types and concentrations. 
Therefore, it is of paramount importance to determine the 
optimal types and concentrations of auxins and cytokinins 
for cell growth. In this study, cell growth was measured by 
cell density, SCV, PCV, FCW, DCW, and Qx. The maxi-
mum cell density (2.44 × 106 cells per mL), SCV (97.95%), 
and PCV (81.46%) were seen in an MS medium with the 
addition of 1.5 mg/L 2,4-D and 3 mg/L zeatin riboside. The 
highest cell growth was seen in an MS medium containing 
1.5 mg/L NAA and 3 mg/L zeatin riboside while the highest 
FCW (493.02 g/L) and DCW (77.27 g/L) was observed in 
the MS medium supplemented with 1 mg/L picloram and 
2 mg/L kinetin. Therefore, different combinations of plant 
growth regulators had a different effect on cell growth at cell 
suspension culture of A. indica. Cytokinins stimulate cell 
division through regulations of specific genes and act as a 
membrane stabilizers and anti-aging substance by reducing 
free radicals concentration that could destroy the membrane 
integrity (Hutchinson et al. 1994). It seems likely that the 
promotive effect of kinetin this study was due to its relatively 
lower biological activity, which provides an optimum balance 
of auxin and cytokinin for the cell growth. Different plants 
show different responses to the plant growth regulators in cell 
suspension culture. For example, Khanpour-Ardestani et al. 
(2015) reported that the best growth of suspension culture of 
Scrophularia striata Bioss. is observed at MS medium with 
the addition of 0.5 mg/L NAA and 0.5 mg/L BA.

Earlier reports showed that auxin/cytokinin ratio affects 
secondary metabolites production such as isoflavones (Luc-
zkiewicz et al. 2014), phenolic acids (Szopa and Ekiert 
2014), and alkaloids (Raj et al. 2015) in plant cell cultures. 
Our findings showed that picloram alone at media inhibits 
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the azadirachtin accumulation compared to the 2,4-D and 
NAA, but when used with kinetin, it stimulates azadirachtin 
accumulation. Therefore, the addition of 1 mg/L picloram 
with 2 mg/L kinetin increased azadirachtin accumulation 
(3.69 mg/gDW) and production (285.64 mg/L) dramatically. 
So, the type of auxin and cytokinin and their ratio are impor-
tant for azadirachtin synthesis. Khanpour-Ardestani et al. 
(2015) produced the highest acteoside content in the MS 
medium supplemented with 0.5 mg/L NAA and 2 mg/L BA 
at callus and cell suspension culture of Scrophularia striata 
Boiss. Coste et al. (2011) observed that MS medium supple-
mented 0.4 mg/L BA and 0.4 mg/L kinetin enhanced produc-
tion of hypericins in Hypricum maculatum and hyperforin in 
Hypericum hirsutum, but hypericins and hyperforin concen-
trations were decreased in both species when mg/L TDZ was 
added. In cell suspension cultures of Panax quinquefolium, 
the highest content of ginsenoside saponins was produced 
in the cell cultures with a combination of growth regulators 
of 2.5 mg/L IBA and 0.1 mg/L kinetin without the addition 
of 2,4-D (Zhong et al. 1996). Luczkiewicz et al. (2014) pro-
duced the highest isoflavone content using 5 mg/L 2,4-D and 
0.5 mg/L kinetin at Gensita tinctoria culture.

Conclusion

For the first time, we investigated the effect of 91 combina-
tions of plant growth regulators on callus induction and 130 
combinations on cell suspension growth and azadirachtin 
synthesis using leaf explant for callus induction. The best 
callus induction and growth were obtained in an MS medium 
containing 1.5 mg/L NAA and 3 mg/L kinetin, while MS 
medium containing 1 mg/L picloram and 2 mg/L kinetin 
produced friable callus used for cell suspension establish-
ment. In the suspension culture, not only a large number of 
cells could be obtained within the short period of time but 
also the azadirachtin concentration could be increased in 
the cells. In this work, the highest growth and azadirachtin 
synthesis were observed in the MS medium supplemented 
with 1 mg/L picloram and 2 mg/L kinetin. Further studies 
are required to investigate the potential of produced cells 
in this plant growth regulators combination for enhanced 
production of azadirachtin through precursor feeding, elici-
tation, and biotransformation.
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