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The effect of major nutrients on growth and azadirachtin-related limonoids (AZRL) produc-
tion in plant cell culture of Azadirachta indica (neem) was studied with the objective to increase
the yield of AZRL, one of the major group of pesticidal compounds found in intact neem trees. We
report the novel online monitoring of plant cell respiration activities in a new parallel shake flask
measuring device. Results obtained using three standard plant cell culture media showed non-
growth-associated production characteristics for AZRL. These findings were supported by the
oxygen uptake rate data. Further investigations on AZRL production in a modified MS medium
with different concentrations of nitrogen and phosphorus sources resulted in 0.25mg-g™' dry
weight of AZRL, compared to no detectable AZRL production in standard MS media. These
characteristics suggest the necessity of a two-stage process for the production of AZRL in plant
cell culture. Compared to the single-stage process, an almost twofold increase in the volumetric
productivity of AZRL was achieved using the two-stage process.

[Key words: Azadirachta indica, plant cell suspension culture, respiration activity, oxygen transfer rate, specific
power consumption, limonoid, azadirachtin]

There are approximately 250,000-500,000 higher plant
species on the earth. In these plants about 30,000 different
substances have been identified, and an increasing number
of investigations are carried out to detect novel bioactive
phytochemicals with antimicrobial, antibiotic, insecticidal,
molluscidal, hormonal or pharmaceutical relevance. Pro-
duction of these phytochemicals in plant tissue culture is
under intense research because it promises to improve the
availability of substances such as taxol, or to save endan-
gered plant species, such as Podophyllum hexandrum (1-3).

Azadirachta indica (A. juss) (Meliaceae), commonly
known as neem, has been well known since ancient times as
a source of biopesticide against a variety of insects. Li-
monoids or tetranortriterpenoids in neem are responsible for
these properties. Among these compounds, azadirachtin,
which has not been synthesised chemically to date, has the
most active insecticidal properties. Its effects are more in-
tense if it is used in a mixture with other limonoids, like
nimbin, nimbidin, salanin, etc. (4, 5).

Due to increasing interest in azadirachtin and its complex
structure (6), research is going on for in vitro production
using plant tissue culture techniques. The presence of aza-
dirachtin in callus cultures of leaf explant (7, 8), from leaf
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and flower explants (9) has been reported. Jarvis ef al. (10)
could successfully quantify the concentration of azadirach-
tin by NMR and mass spectra in tissue cultured 4. indica
seeds. Different azadirachtin concentrations were observed
in different media in callus cultures from Nicaraguan cell
lines (11). However, the research work carried out has
mainly dealt with basic culture techniques of callus induc-
tion and culture maintenance. Only a few reports (7, 8) are
available on azadirachtin-related limonoids (AZRL) pro-
duction in suspension cultures. Kuruvilla er al. (8) studied
the effect of permeabilizing agents on azadirachtin secre-
tion in suspension culture. In all previous studies the sus-
pension cultures were initiated from callus cultures, which
were already producing AZRL. Callus as well as suspension
cultures, which do not produce AZRL, could be under
catabolite repression, and under favourable conditions they
may produce AZRL. Thus, not much is known about the be-
havior of cells in suspension nor about their ability to pro-
duce azadirachtin and AZRL in suspension culture. As a
benchmark, the yield of azadirachtin from intact plant (seed
kernels) has been reported to be in the range of 2 to 6 mg- g !
dry weight (DW) (12).

In this study, the effect of major nutrients such as nitro-
gen and phosphorus on growth and production kinetics was
studied in suspension cultures in shake flasks. However, for
scale-up, power consumption is more evenly distributed in
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shaking bioreactors than in stirred tanks, resulting in lower
levels of hydro-mechanical stress (13, 14). For the first
time, we performed direct online measurement of the respi-
ration activity (oxygen transfer rate, carbon dioxide transfer
rate, respiration quotient) of plant cells in suspension cul-
ture (on shake flask level) in eight parallel shaking flasks,
using a special device, the respiration activity monitoring
system (RAMOS, HiTec Zang, Herzogenrath, Germany)
(15). Oxygen transfer rate (OTR) curves can be used to
study the growth behavior of microbial cultures as well as
plant cell cultures at different conditions and hence to opti-
mise the culture processes (15-18; Losen er al., submitted).
Effects of variations in media components, temperature and
shaking frequency etc. can be monitored online. Valuable
information regarding factors affecting the growth charac-
teristics and kinetics of microbial cultures can be obtained
with the help of this device.

MATERIALS AND METHODS

Cell culture  Callus cultures from the shoots of A. indica
were obtained from the Department of Botany, Delhi University,
India. The A. indica calli were subcultured every 4 weeks using
Murashige and Skoog (MS) basal medium (19) with 0.8% agar and
supplemented with growth hormones: kinetin (kn) (0.2 mg-/"),
2,4-dichloro-phenoxyacetic acid (2,4-D) (0.2 mg-/"'). The pH of
the medium was adjusted to 5.8 before sterilisation. Between 50
and 75 ml of the agar medium was used for subculturing in 250-ml
conical flasks. The cell lines were maintained at 25°C, with 16-8 h
light-dark condition, respectively.

Suspension culture  Callus material from the solidified
media was used for the initiation of suspension cultures. Fifty ml
of the MS media supplemented with concentrations of growth reg-
ulators, kn and 2,4-D at 1.5 and 0.91 mg-/"', respectively was used
as subculturing medium in 250-ml normal shake flasks. Cells were
collected from cultures grown on solidified agar medium to keep 3
to4 g-/"' (DW) cell density in each flask. The cultures were grown
in a shaking incubator (Kiihner AG, Basel, Switzerland) at 150 rpm
with shaking diameter of 50 mm, in 16-8 h light-dark conditions.
Subculturing was done every 8 d. To study the effect of different
media on growth characteristics of 4. indica callus, cells from
standard subculturing medium were centrifuged, washed with
sterile water and cultivated in MS (19), Gamborg’s B5 (20) and
White’s media (21). All experiments were performed in triplicate.
The data presented are the mean values of triplicate determination
with SE less than £15%.

Effect of nitrogen and phosphorus source  Response sur-
face methodology (RSM) was used to optimise the concentra-
tions of nitrogen source (NH," :NO,", 1:2) and phosphorus source
(PO,”). Four experiments were designed using different concen-
trations of these two vital nutrients. All the other constituents of
the MS media were kept constant. The combinations of the nitro-
gen and phosphorus sources used in the media were: (i) nitrogen
source, 0 mM; phosphorus source, 0 mM; (ii) nitrogen source,
120 mM; phosphorus source, 0 mM; (iii) nitrogen source, 0 mM;
phosphorus source, 3 mM; (iv) nitrogen source, 120 mM; phos-
phorus source, 3 mM.

The cultures were grown in a shaking incubator (Kiihner AG) at
150 rpm with the shaking diameter of 50 mm in 16-8 h light-dark
conditions. Five hundred-ml shake flasks with 100 ml working
volume were used for the cultivation. The experiments were per-
formed in triplicate. Cell mass and AZRL content were analysed
after 12 d of cultivation.

Two-stage process  The 500-ml shake flasks with 100 ml
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working volume were used for the two-stage process. The growth
medium (GM) and production medium (PM) used for the two-
stage process were modified MS medium optimised with respect to
nitrogen and phosphorus. The GM comprised of 60 mM nitrogen
source (NH,":NO,, 1:2), 1.25mM phosphorus source (PO,”),
30 g-/" sucrose, 1.5 mg-/" kn, 0.9 mg-/"' 2,4-D. All the other con-
stituents of this modified MS medium were the same as that of
normal MS medium. The composition of the PM was 7.7 mM ni-
trogen source (NH,":NO,, 1:2), 0.06 mM phosphorus source
(PO, 7, 30g-1" sucrose, 1.5mg-/" kn, 0.9 mg-/" 2.4-D. All the
other constituents of this modified MS medium were the same as
that of normal MS medium.

Initially, the cultures were grown in the GM medium optimised
for cell growth at 150rpm in the shaking incubator (Saveer
Biotech, India) with shaking diameter of 50 mm, in 16-8 h light-
dark conditions. Samples were taken every 2d and analysed for
cell mass, carbon source and AZRL content. When the carbon
source was depleted (8th day) the cells were centrifuged, washed
with sterile water and transferred into the PM medium. A single-
stage process with PM was run in parallel with the two-stage proc-
ess.

Chemicals  All the chemicals used were of analytical grade
(Roth, Karlsruhe, Germany) except 2,4-D, kn, benzylaminopurine
(BAP), indole-3-acetic acid (IAA), nepthaleneacetic acid (NAA),
azadirachtin standard, Gamborg’s B5 media and white’s media
(Sigma, Taufkirchen, Germany). MS media was purchased from
Duchefa (Haarlem, The Netherlands).

Respiration activity ~ Respiration activity of cells in suspen-
sion (oxygen transfer rate, carbon dioxide transfer rate, respiration
quotient) was monitored online with the respiration activity moni-
toring system (RAMOS) (15). In this device eight modified shake
flasks are mounted on a shaking incubator tray and connected to a
forced head space aeration at defined flow rates. Flow rate of air is
adjusted such that the head space gas composition remains the
same as that of normal shake flasks. Every flask is equipped with a
head space oxygen sensor. At set time intervals the inlet and outlet
valves of the individual flasks are closed for a specified period of
time. During this measuring phase the decrease in oxygen partial
pressure is measured and used to calculate the oxygen transfer rate.
After the measuring phase, the valves are opened again. Special
flasks designed for this device have the same lower part as normal
shake flasks, to maintain the same hydrodynamic conditions as in
the culture broth. A measuring phase of 10 min and a rinsing phase
of 20 min were used for the 4. indica suspension cultures. Normal
shake flasks and modified measuring shake flasks for the device
were inoculated simultaneously at the same inoculum concentra-
tion. Seven normal shake flasks for each medium experiment were
used in parallel. The flasks used in the online measuring device
were not disturbed after starting the experiment to collect samples.
For sample analysis, normal shake flasks were occasionally har-
vested and were not replaced on the shaking incubator.

Determination of extracellular sugar concentration
The cell suspension was centrifuged at 3000 rpm for 20 min. Re-
sidual sucrose, glucose and fructose concentrations in the super-
natant were determined using an HPLC system (Dionex, ldstein,
Germany) with Chromeleon Software, 232 XL Sampling Injector
(Abimed/Gilson, Langenfeld, Germany), UVD 170S (Dionex),
Shodex R171 (Dionex), P 580 Pump (Dionex), | mM sulfuric
acid, flow 0.6 mlI/min, organic acid resin column (RP8, CC125/4
sperisorb 50-5 C8; CS-Chromatographie, Langerwehe, Germany).

Determination of phosphate concentration  Phosphate
concentration in the supernatant was estimated using a colori-
metric assay based on the formation of a blue color complex
with molybdate ions. Molybdate reagent was prepared by mix-
ing 2.6 g (NH,)Mo,0,,-4H,0, 20 ml deionized water, 0.07 g
K(SbO)C H,0,-0.5H,0, 60 ml sulfuric acid and 100 ml deionized
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water. Hundred pl of sample was taken in a 10-ml vial. Then 9 ml
of deionized water were added. After that, 200 pl of ascorbic acid
solution (0.1 g-ml') and 400 pl of molybdate reagent were added.
Deionized water was added increase volume to 10 ml. Absorbance
was measured at 680 nm, 15 min after addition of the molybdate
reagent. To obtain the standard curve of concentration vs absor-
bance, different concentrations of KH,PO, in the range of 0.061 to
2.45mg- " were used.

Determination of nitrate concentration  Nitrate in the su-
pernatant was determined using the nitrate test kit (1.11169.0001)
supplied by Merck (Darmstadt, Germany). According to manufac-
turer’s instructions, the nitrate kit reagent was added to the sample,
and the concentration of nitrate ions in solution was determined by
comparing the color of the sample solution with the standard
solution color.

Determination of fresh weight (FW) and DW  The cell sus-
pension was centrifuged at 3000 rpm for 20 min. Cell pellets were
collected in pre-weighed aluminium trays. Weight was taken
again, and the difference in weight indicated FW of the cells. Five
g fresh cells were dried in an oven at 60°C until final constant
weight was attained. The final constant weight provided DW of
cells.

Determination of AZRL  Determination of AZRL was car-
ried out using the method developed by Dai e al. (22). The colored
complexes formed upon the interaction of vanillin with phenolics
and other terpenoids exhibits different absorption spectra in com-
parison to complexes formed by AZRL. This refined multivariate
calibration technique eliminates possible interference of other phe-
nolics and terpenoids with the vanillin assay. The mathematical
model developed using the different absorption maxima of differ-
ent complexes gives the concentration of azadirachtin and related
limonoids with 95% accuracy. The accuracy of the method was
checked by analysing the mixture of the standard solution of aza-
dirachtin and cell extract.

RESULTS AND DISCUSSION

Effect of different standard media on growth and
AZRL production  Three commonly used standard plant
tissue culture media (MS, Gamborg’s B5 and White's) were
chosen to study the growth behavior and AZRL production
of A. indica calli in suspension culture. These three media
have different concentrations of major nutrients. Plant cells
require growth hormones, including cytokinins, auxins and
more, for growth and reproduction. The growth hormones
mentioned in the literature were selected and optimised
from the different types of growth hormones available for
plant cell cultures, namely, BAP, IAA, NAA, 2.4-D and kn
for maximum cell growth (results not shown). The opti-
mised concentrations of 2,4-D and kn were determined to be
0.91 mg-/" and 1.5 mg-/"' respectively. Figure 1 shows the
growth characteristics of 4. indica cells in all three media.

Since the values of carbon dioxide transfer rates were
quite similar to those of oxygen transfer rate, only oxygen
transfer rates are shown in the diagrams. The oxygen trans-
fer rate of the microbial cultures is between 0.01-0.1
mol-/"-h™' (13-16: Losen ef al., submitted) whereas that of
plant cells cultures is between 0.001-0.008 mol-/"'-h! (17,
18). The fast growing Nicotiana tabacum BY-2 cell line
showed the highest value of oxygen transfer rate in MS
media of 0.008 mol-/"-h' using the RAMOS device (un-
published results). The values of oxygen transfer rate curves
presented here represent the mean of duplicate determina-
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tion, and SE is less than £5%. This confirms that the device
is accurate enough to measure small values of oxygen trans-
fer rates in the liquid medium.

Cells cultivated in MS media showed a maximum oxygen
transfer rate of 0.0038 mol-/'-h™' (Fig. 1A) whereas a
minimum oxygen transfer rate of 0.0013 mol-/"'-h"' was
observed in White’s media (Fig. 1E). There are reports pre-
senting the calculated oxygen transfer rate from dissolved
oxygen concentration for Fitis vinifera cell culture with a
maximum of 0.0038 mol-/'-h"" and for Catharanthus roseus
cell cultures with a maximum of 0.0027 mol-/"'-h™" (17,
18). Cells grown in White’s medium showed an almost con-
stant oxygen transfer rate during the entire growth cycle.
This could be explained by growth rate limitation induced
by the lack of nutrients. A maximum oxygen transfer capac-
ity of 0.01 mol-/'-h™" was calculated for the applied operat-
ing conditions of the shaking flasks from the work of Maier
et al. (23). The measured maximum OTR is much lower
than the preceding value, indicating no oxygen-limiting
conditions. The total oxygen consumption (TOC) of 25.5
mM-/" in MS, 23.1mM-/" in Gamborg’s B5 and 14.6
mM /" in White’s media were calculated by numerical inte-
gration from the OTR data. However, the specific oxygen
consumption remained almost the same for the cells culti-
vated in the three media throughout the growth cycle, with a
maximum value of 0.0018 mol-g' (12th day). The maxi-
mum of cell mass accumulation coincided with the decrease
in OTR (Fig. 1A, C, E), that is, the start of the stationary
phase. Based on the OTR data the following correlation was
developed between the TOC and cell mass.

Cell mass=341.5-TOC +5.5 (1

For the cell culture grown in MS and Gamborg’s BS
media, the cell mass could be predicted with 85% accuracy,
while the accuracy dropped to 75% in predicting the cell
mass of cells cultivated in White’s media. Thus, the OTR
curves could be used to predict the growth behavior of cells.
This could help analysing the desired product at a specific
time.

Figure 1B, D and F indicate that phosphate ions and car-
bon source were the limiting nutrients for the growth of 4.
indica cells. Maximum cell mass accumulation was ob-
served when extracellular phosphate ions and glucose were
exhausted. Depletion of phosphate ions and glucose coin-
cided with the decrease in the OTR of cells in MS and
Gamborg’s B5 media (Fig. | A-D). During the entire growth
cycle, the pH of each of the three media changed in differ-
ent ways. The presence of ammonium ions influenced the
pH of the medium during the growth cycle (24). Since MS
medium contains more ammonium ions (20 mM) than
Gamborg’s B5 (7.44 mM) and White’s media (0 mM), there
was a decrease in the pH of the MS medium due to uptake
of ammonium ions. White's medium contains nitrate ions as
the sole nitrogen source, and hence the pH increased during
the growth cycle of cells cultivated in this medium. Table 1
shows the growth kinetics data of A. indica cell cultures in
the three different media. Although there was a difference in
the maximum cell mass accumulation in Gamborg's B5 and
White’s media, the specific growth rates were almost the
same for both. The lower average biomass yield and low
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FW/DW ratio for cells cultivated in White's media indicate
that because of limitation of nitrogen and phosphorus
source, cells diverted part of the carbon source for second-
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FIG. 1. Growth characteristics of A. indica cells in different media.
(A, B) MS medium; (C, D) Gamborg's B5 medium; (E, F) White's
medium; OTR was measured with RAMOS (dotted circles). Cell mass
(solid squares), nitrate (open circles), pH (solid diamonds), phosphate x
10 (open diamonds), sucrose (open inverted triangles) and glucose
(open triangles) were determined according to methods described in
Materials and Methods.

ary metabolite production. These results are quite compara-
ble with the results obtained for other plant cells after simi-
lar cultivation time periods (25, 26).

AZRL were detectable only in White’s medium, not in
MS or Gamborg’s (Table 1). Catabolite repression could be
the reason for zero production of AZRL in these two nu-
tritionally enriched media. No AZRL was detected before
day 9, which coincides with the beginning of the stationary
phase. The highest AZRL concentration (0.8 mg-/") was
observed in White’s medium on day 9 of the cultivation,
when the lowest ratio of minerals to sugar was recorded.
These results show non-growth-associated product forma-
tion characteristics, as observed in the case of other second-
ary metabolite production from plant tissue cultures (27—
30). Carbon and phosphorus sources were totally depleted
when the OTR began to decrease, and hence stationary
phase began in cultures grown in MS and Gamborg’s B5
media. This could be the reason for zero production of
AZRL even at the low respiration activity (stationary phase)
of the cultures grown in MS and Gamborg’s B5 media.
There could be AZRL production in MS medium if the

TABLE 1. Growth kinetics data of 4. indica cells in three different media

Gamborg's medium White’s medium

~ MS medium
Max. cell mass (DW) (g-/'") 14
Max. specific growth rate (d™') 0.11
Average biomass yield on sucrose (-) 0.44
AZRL content (mg- /") 0

FW/DW ratio (-) 25

13.2 1

0.094 0.096

0.43 0.27

0 0.8 (9th day)
25 21
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respiration activity of the cells is lowered by changing the
major nutrient composition.
Effect of nitrogen and phosphorus source

Compared to Gamborg’s B5 and White's media, MS me-
dium contains the highest concentration of nitrogen (60 mM)
and phosphorus (1.27 mM) source, while White’s media
contains the lowest amount of nitrogen (2.06 mM) and
phosphorus (0.12 mM) source. There is not a big difference
between sulfur source (as SO,?) and chloride ions in
White’s medium (4.3 mM, 0.87 mM), Gamborg’s medium
(3mM, 1.03mM) and MS medium (1.5mM, 3.01 mM).
This indicates that nitrogen and phosphorus concentrations
affect cell growth, and azadirachtin and related limonoids
production more strongly than the other major nutrients do.
Nitrogen is supplied in concentrations of 0 to 60 mM as
NH," or NO; or as a combination of both in most standard
plant cell culture media. The concentration of phosphate in
cell culture medium is usually kept between 0.05 mM to 3.0
mM (25). The effect of total nitrogen content (NH, :NO,,
1:2) and total phosphorus content (as PO, ) of MS me-
dium on growth and product formation was studied and
optimised using the RSM (results not shown). RSM allows
the investigation of several variables in one experiment, and
accounts for possible interactions between variables. It has
already been applied successfully in plant cell biotechnol-
ogy for optimisation of biomass growth and secondary me-
tabolite accumulation (29, 32, 33). Four experiments were
designed for optimisation of total nitrogen (NH,":NO,,
1:2) and phosphorus source (PO, ") (see Materials and
Methods). The optimisation experiments were run in dupli-
cates in the RAMOS device to study the respiration activity
of plant cells in parallel. The results of respiration activity
of cells, cell mass and AZRL content in the four experi-
ments are shown in Fig. 2. The OTR was less than 0.0018
mol-/"-h" in all experiments, which is quite low compared
to the value shown by cells cultivated in standard MS me-
dium (Fig. 1A). This could be due to either absence of one
of the major nutrients or the higher osmotic pressure that
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affects the growth of cells. Cells inoculated in media con-
taining elevated nitrogen (120 mM) and phosphorus source
(3 mM) (Fig. 2A, inverted triangles) showed similar growth
as observed with standard MS medium but lower oxygen
uptake rate. The lower oxygen uptake rate could be attrib-
uted to nitrate dissimilation. However, no AZRL could be
detected in the 4. indica cells grown with the elevated levels
of nitrogen and phosphorus source. The big differences in
cell mass and AZRL content (Fig. 2B) and small differences
in the OTR show that oxygen does not limit cell growth and
AZRL production. However, slow growth rates imposed by
absence of nitrogen and phosphorus source (Fig. 2A, cir-
cles) favoured the highest AZRL production. The yield of
AZRL was 0.25mg-g”' DW in this modified MS medium.
However, the yield is still much less than that found in the
seed kernels of intact neem trees of 2-6 mg-g ' DW (10).

RSM was used to optimise the total nitrogen and phos-
phorus content of MS media for maximum biomass growth
and AZRL production. All other media constituents were
not changed. However, no medium resulted in higher volu-
metric productivity of AZRL, presumably because of im-
paired cell mass generation. Therefore, a two-stage process
was designed. The idea of two-stage process has long been
suggested for the production of plant secondary metabolites.
Zenk et al. (34) were the first to develop a two-stage process
using two different media for the production of indole alka-
loids from C. roseus cell suspension culture. The indole al-
kaloids production increased 10 times using the two-stage
strategy (35). In this process the C. roseus cells were first
cultivated in the growth medium followed by the Zenk’s al-
kaloid production medium (35). The suspension cultures of
Lithospermum erythrorhizon were incapable of producing
shikonin in Linsmaier and Skoog medium (36) but there
was significant production of shikonin in optimised M9 me-
dium (37). Also Fujita er al. (37) successfully developed a
two-stage process for shikonin production from cell suspen-
sion cultures of L. ervthrorhizon.

In the present study, two different media, namely, GM

o 141 =
\E-w [ cell mass
— 0 1 -
<8
o
=5 104
= E
Qg g
w2
]
g 67
= £
O =
05 44
2
0
No P No M, P Elevated N, P

FIG. 2. (A) Respiration activity (measured by RAMOS) of A. indica cells in modified MS medium for optimisation with respect to nitrogen
and phosphorus source (see Materials and Methods). Symbols: squares, only phosphorus source (3 mM) and no nitrogen source; triangles, only ni-
trogen source (120 mM; NH,":NO, , 1:2) and no phosphorus source: circles, no nitrogen and phosphorus source; inverted triangles, with nitrogen
(120 mM: NH,":NO, , 1:2) and phosphorus (3 mM) source. (B) Cell growth and AZRL production in four modified MS media formulations; no P,
only nitrogen source (120 mM: NH,":NO, ", 1:2) and no phosphorus source; no N, only phosphorus source (3 mM) and no nitrogen source; no N, P,
no nitrogen and phosphorus source; elevated N, P, with elevated concentrations of nitrogen source (120 mM; NI 1,":NO, ", 1:2) and phosphorus

source (3 mM).
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FIG. 3. Comparison of single-stage (in PM) and two-stage process
(started with GM and on 8th day the medium was replaced with PM).
Symbols: solid squares, cell mass in single-stage process; open squares,
cell mass in two-stage process; solid circles, AZRL content in single-
stage process; open circles, AZRL content in two-stage process. See
Materials and Methods for media composition of PM and GM.

and PM were chosen using the RSM to get maximum cell
mass and maximum AZRL production, respectively. The
composition of both media is given in materials and meth-
ods. The cells were cultivated first in PM and GM sepa-
rately to study the validity of the RSM used. The predicted
value of AZRL in the optimised PM was 3.2 g-/"" whereas,
the experimental value of maximum AZRL produced in PM
was 2.7mg-/"' (Fig. 3). The predicted value of cell mass in
the optimised GM was 15 g-/"', whereas the experimental
value of maximum cell mass obtained in GM was 13.8 g-/"
(result not shown). A two-stage process comprised of media
mentioned above was designed to increase the volumetric
productivity of AZRL. A single-stage process comprised of
PM was also run in parallel with a two-stage process. Figure
3 shows the comparison of single-stage and two-stage proc-
ess. Since the PM was poor in major nutrients, the increase
in cell mass in the single-stage process was not more than
2g-I'" during the entire growth cycle. The AZRL produc-
tion started on the 2nd day. Higher cell mass (16 g-/"') as
well as higher AZRL production (4.5 mg-/ ') was achieved
in the two-stage process (Fig. 3). The specific productivity
was almost the same in both the processes (0.022 and 0.023
mg-/'-d"', respectively). However, volumetric productivity
increased 1.8 times in the two-stage process (0.32 mg-/"-d™").
This implies that the two-stage process could be used to
achieve higher productivity for AZRL production.

We report direct online measurement of the OTR in a
special shake flask device (RAMOS) for plant cell suspen-
sion culture for the first time. Measurement of OTR in par-
allel with all experiments in normal shake flasks was shown
to provide valuable information on culture conditions. In-
vestigations which were until recently performed in more
complicated stirred tank fermentors with exhaust gas analy-
sis can now be carried out efficiently in up to eight parallel
shake flasks.

This study shows that nitrogen and phosphorus have a
significant influence on cell growth characteristics and AZRL
production of A. indica cells in suspension. In the absence
of these vital nutrients, cells use the carbon source for pro-
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duction of secondary metabolites. There was 0.25mg-g'
DW AZRL production in modified MS medium as com-
pared to no detectable AZRL production in standard MS
medium. However, a batch process with minimum nutrients
can hardly be economically feasible due to low cell mass
generation and hence low overall productivity. Almost two-
fold increase in the volumetric productivity of AZRL was
achieved using the two-stage process as compared to a
single-stage process. Our results indicate that a two-stage
process is indispensable for the production of AZRL. These
findings could also be applicable to other secondary metabo-
lite production processes using plant tissue culture. There
are possibilities for the optimisation of other media constit-
uents and culture conditions. Effects of elicitors or precur-
sors and other aspects of optimised plant cell fermentation
can also be analysed and observed by online measurement
of the respiration activity in shake flasks.

ACKNOWLEDGMENTS

We thank Prof. S.S. Bhojwani (Dept. of Botany, Delhi Univer-
sity, Delhi, India) for providing A. indica callus culture.

REFERENCES

1. Stoeckigt, J., Obitz, P., Falkenhagen, H., Lutterbach, R.,
and Endress, S.: Natural products and enzymes from plant
cell cultures. Plant Cell, Tissue Organ Cult., 43, 97-109
(1995).

Chattopadhyay, S., Srivastava, A. K., Bhojwani, S.S,, and

Bisaria, V.S.: Production of podophyllotoxin by plant cell

cultures of Podophyllum hexandrum in bioreactor. J. Biosci.

Bioeng., 93, 215-220 (2002).

3. Seki, M., Takeda, M., and Furusaki, S.: Continuous pro-
duction of taxol by cell culture of Taxus cuspidata. J. Chem.
Eng. Jpn., 28, 488-490 (1995).

4. Koul, O., Isman, M. B., and Ketkar, C. M.: Properties and
uses of neem, Azadirachta indica. Can. J. Bot., 68, 1-11
(1989).

5. Mordue (Luntz), A. J. and Blackwell, A.: Azadirachtin: an
update. Insect Physiol., 39, 903-924 (1993).

6. Ley, S. V., Denholm, A. A., and Wood, A.: The chemistry of
azadirachtin. Nat. Prod. Rep., 10, 109-157 (1993).

7. Allan, E. J., Easwara, J. P.,, Mordue, A. J., Mogan, E. D.,
and Stuchbury, T.: The production of azadirachtin by in vitro
tissue culture of neem, Azadirachta indica. Pesti. Sci., 42,
147152 (1994).

8. Kuruvilla, T., Komaraiah, P., and Ramakrishna, S. V.: En-
hanced secretion of azadirachtin by permeabilized margosa
(Azadirachta indica) cells. Indian J. Exp. Biol., 37, 89-9]
(1999).

9. Veersham, C., Kumar, M. R,, Sowjanya, D., Kokate, C. K.,
and Apte, S.S.: Production of azadirachtin from callus cul-
tures of Azadirachta indica. Fitoterapia, 69, 423424 (1999),

10. Jarvis, A. P., Morgan, E. D., van der Esch, A. S., Vitali, F.,
Ley, S.V., and Pape, A.: Identification of azadirachtin in
tissue-cultured cells of neem (4. indica). Nat. Prod. Lett., 10,
95-98 (1997).

11. Wewetzer, A.: Callus cultures of Azadirachta indica and
their potential for the production of azadirachtin. Phytopara-
sitica, 26, 47-52 (1998).

12. Sidhu, O.P. and Behl, H. M.: Seasonal variation in aza-
dirachtins in seeds of Azadirachta indica. Curr. Sci., 70,
1084-1086 (1996).

13. Biichs, J. and Zoels, B.: Evaluation of maximum to specific
power consumption ratio in shaking bioreactors. 1. Chem.

(58]



(1861)
€9-19 ‘1 “day [[2D 1UR[J "SIANBALIP UIUOYIYS JO UONINP
-01d Y 10] WNIPAW MAU Y [] OO WnuLEdSOYIT
Jo saimno uoisuadsns (90 £ SIAIBALIOP UIUONIYS JO UOI]
-oNpoly 'L "0JOWLIOA pue ) ‘eEng “A ‘il “A ‘enlng

(€961) LTI-001

‘ST e[ C[OISAY "S2IM[IND ANssIl 020qo] jo Suawainb
=21 10108} IMO0IT dwedi() g ‘Sooyg pue ‘f *j “diewsury
(1661)0T-1 1T "'[ou

~U22101¢] *[ *S2IMND uoIsuadsng | S[|20 SNASOL SNYIUDADYID)
Aq uononposd projeye uo ssascord amyna jo 1payg
JINEqUIBYIIY puE “) QLIBARY)) g ‘ulpaep “[ ‘auuesoy
(LL61) ulliag ‘Bepap-108undyg

uoneatdde [ear3ojolg si pue amyna anssi juejd ‘(*pa)
HW uaz pue “f ‘preyuiay A\ ‘zieg uf pp-L7d ‘snasou
snyupann) Jo saamnd uoisuadsns (20 ur aupiewle pue
aunuadas sprofey[e 2]Opul JO UOTBULIO | *(] ‘San(] PUE “Ap *H
LA L WIS CH ‘saudry “H 1SeyS-[d “H I Uz
(€661)

SIL01L ‘S1 “Jouyday ‘qoddipy awkzuz 'S|[2d SuaISIN.Y

winoisdp ) pazijiqowut £q uonanpouad prouroresdes 1oj uonez
-twmndo pue Furjapow papie 1ndwo)) A T ‘URWIRDENUIA
PuB "y -0 Ueqjuvysiaey “N ‘peuy) 0 ‘eyje[euivang
(Z661) 69S1-L9S1

BE/LS TIUAD) AU SMMNOqpURT OB, "pajy “sudisap [eiuaw
-uadxa [eonsners Suisn snasos smyupapyn) Kq uonanpodd
projeye 10} uomsodwos wnipaw ayy Jo uoneziwund pee
‘wouflioy pue “n-peH ‘wadooy wal i cp ‘uuvUnRYIS
(€661) 09T-95T “61 “1ouysa] "qoIdI awkzus 10

-oeai01q 2d1-Uos|IA\ B pue syseyj ayeys ut nippldsno snxnj jo
saI[nad uoisuadsns up asn juatnnu pue uononpoid [oxe) Jo sal
“laury A U9INYIS PUE ) *§ ‘SLIAQOY ' ] UUBYISIJ
(€861) €506 ‘¢ “dayf 119D W] “sypuidifjo psnyouy Jo 3y
-Ino uoisuadsns []30 Ul UOITRULIOJ PIJB JIULIBWISOI PUB (IMOIT
U0 SIUILNNUOIIBUIL JO 193]J7 :*f ‘ST PUE ‘Ap ‘[N WEuyf-a(]
(F661) 8919t ‘P “Busolg "|oUyIANOIY "SNISOL SHYILDIDYID)
Jo saimna Ausuap Y3y ul SarAnoe awkzua pajejar pue
uonanpoid aupifewle uo uoneiwi| UaLINU pue uddLxo jo
134 o ‘usulioyg pue 3y ‘ayro0odasp o p g ‘uadoopy
wag e MUIA Y d ‘0UdIO “HCr ‘uuBunRYydS
(1661) 071 “1T “10Uyd01g [ "S|[22 SHASOL SNY}

-un.pyp) Aq uonanpouad projoye uo ssasord aImyna Jo 199))7
U NBqURYMY pue D) ‘aueAry) g ‘uipaep ‘3 ‘wop,
(6861) T901-8S01 ‘¥€

“Buaoig ‘jouyoalolg samyna a[eas-adie] 0} suonestjdde yum
S152] J[BIS [[BWS UOnBIWI| 01 puodsal S#ASOL SHYIMDDYID)

“ONAOIE “10S0Ig T

wy
o

b 43

Jo samyno uoisuadsns mop *H *N ‘sewoy |, pue g “ ‘adeug
(0861) 955156 ‘s€

“UISIONMNIEN 7 () $RAS04 Sniiupapyp)) Jo saimynd uoisuad
-sns (122 ut spunodwods Aepuodds jo uoneuLoj uo uonisod
-0 WNIPAW JO DUIN|JU] :* ‘Uljddg pue “H Y ‘yrojqouwy
) (T661) 1SO1-€H01 ‘6€

“Budotg ‘[oudajolg SuaLINU Jofew JO 13T | iDI2IUISAP
-1UD DUSLLIPJOL] JO 2IMINd uoisuadsns (120 juerd £q uononp
-01d pro[ey]V S A ‘BLIESIg puE S ‘BAYSIA <M 'V ‘EpuBg
(€661)

€L1-69] "88 "I9S WR[d ‘YIMOIT SN[|Bd ] SnQOUIS Snulg O
uonIqIyul uol WNUOWWY 'Y 'S ‘UBWJJOH pue *y ‘[ney
(ssaxd ur) “(¢00z) ' “Suy “wayoorg syseyy Sui

-Yeys ui Jajsueqy ssew pinbi-sed ayy Surjjapow pue Suipuels
-1apun ul SADUBAPY [ ‘SYINE PUB “J\ ‘UISOT [} U
(1002) tLIT-6911 ‘6F “"WAYD poo LBY [ "ABSSE uI[[IueA
Buisn spenxa waau ul sprouadia) oiduns pue Y7y [€10)
JO UONIRUIULIDIAP U] JOJ UOHRIGI[ED IRUBANNA *Z ‘NI pue
S8 T e S ) fuvaydey vARlip v A fuekeideq e
(€961) MOA MIN *ssald p[euoy| “pa

pug ‘s||20 wepd pue [BWIUE JO UONBANND YL ¥ ‘d ‘ONYM
(8961) 8ST-1S1 "0§ sy 112D "dxq

'S[[20 1004 ueaqeios jo aumnd uoisuadsns Jo sjuawaImbal
watny =y ‘ewnlQ pue “y oy R 10 ‘Baoquier)
"(T961) 6L—ELY *S1 "Brueld

JOISAY ] "SaInyNd |20 020BqO1 Yum ABSSBOIQ puB IMOIT
pides 105 wnipaw pasiaal y it ‘Sooy§ pue ‘[ ‘aSigseinyy
“(8861) 8IL—€IL 01 “Na7T "[ouyd01g "sweans ses 19|

-INO pue Ja[Ul Ul S|9A3] IPIXOIP UOGIED pur UAFAX0 Jo sIsA[eur
AUL|-UO SI019BAI0IG Ul suotsuadsns (|90 snasos snippupayn))
JO moIn y "H ‘S3RIdS pue “ap Al SI[MO] “V 'd ‘puog
“(Se61)

8€1-1€1 “LF “Suaolg ‘[ouyoalorg 'sanynd yse[j Neys °|
S2IMnd uoisuadsns [[23 puafiuia S1Lq JO SINAUTY IMOID)
UIIULIO)) PUE ) VLIBARYD ' Y nequeyday o ‘| ‘urdag
(ssaxd ur) *(£007) "Jouyoorg “joigomipy ddy “ajjoud

Hd a1 jo uoneziwndo pue dn-ajeos ‘sysepy Sunyeys ur uonez
~IDIORIRYD (SUDPAXO 4210DGOLOIN]T) AQ UONEPIXO 3S0IN|N) *f
‘SYIng pue “jA ‘udewRWuZ Cg IR U ‘Yarqaaqs
(ssauxd wr) “(¢007) 1 “Suyl ‘wayo

-01g] "sysely aNeys ul (OY “W.LD MLO) wuawamseaur Ajianoe
uonendsal auijuQ) °p ‘sydang pue “ay ‘Suez “| ‘LLpuy
(1861)

81T1-€0T1 ‘€T “Sudolg “[ouydatolg “Ausudp yIiy 1e s[ed
wed jo uvoneannd u swajqoid [eaiSojoutpay | ‘eqeur],
(1002) £59-L¥9 ‘b€ “udf "Suy

IV L TTVAVY

i
il

ol

81

Ll

T



