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Abstract The process of galanthamine and related alkaloids production by Leucojum
aestivum shoot culture in a temporary immersion system was studied. It was established
that temporary immersion approach is prospective for development of a biosynthetic
process for obtaining valuable Amaryllidaceae alkaloids. Both immersion frequency and
temperature had significant effect on biomass accumulation and the yields of galanthamine
and related alkaloids. The maximal yield of galanthamine was achieved at the cultivation of
L. aestivum shoot culture in temporary immersion RITA® system at immersion frequency
15 min flooding and 8 h stand-by periods, at 26 °C. Data on the relationships in the
biological system “Nutrient medium–L. aestivum shoot culture–galanthamine” are
presented as well.
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Introduction

Amaryllidaceae-type alkaloids is a well-known group of bioactive substances possessing
antiviral [1] and antitumor properties [2], as well as an anticholinesterase activity [3]. The
best studied galanthamine is widely used in medicine for the treatment of Alzheimer’s
disease [4–7], as well as for the treatment of poliomyelitis and other neurological diseases
[8–11]. Another valuable member of Amaryllidaceae alkaloids family is lycorine, a
pyrrolophenanthridine alkaloid. It possesses a strong antiviral effect against poliovirus,
measles, and Herpes simplex type 1 viruses [12], as well as high antiretroviral [13], strong
antimitotic [14], and cytotoxic activities [15]. Nowadays, the Sanochemia Pharmazeutika
AG produces galanthamine through chemical synthesis; however, medicinal doctors prefer
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using the naturally isolated. The main commercial sources for the production of the
galanthamine-based medicines are Narcissus confusus (for production of Razadyne®-
formely Reminyl®) and Leucojum aestivum (for production of Nivalin®) [16]. L. aestivum is
an Euro-Mediterranean species, also called summer snowflake. Since 1989, prescription
regime of the utilization of this plant species has been imposed and, from these
perspectives, galanthamine production from in vitro cultures is considered as an attractive
alternative [17]. Nevertheless, galanthamine and related alkaloid have been found in many
Amaryllidaceae plants, only two species have been studied for their in vitro galanthamine
production—Narcissus confusus and L. aestivum [16]. Up to now the investigations have
been performed at the shaken-flask stage [17–20] and there is not information available
about biotechnological process for galanthamine and related alkaloids production based on
bioreactor cultivation of plant in vitro systems. This is probably due to the fact that the level
of the Amaryllidaceae alkaloids biosynthesis is strongly influenced from the level of cell
differentiation and shoot cultures were found to be the best producers [17, 18]. Currently,
little is known about shoot in vitro systems as producers of bioactive plant secondary
metabolites as the main limitation is development of bioreactor system with suitable design.
The temporary immersion technology seems to be the most prospective approach not only
for micropropagation [21] but also for development of biosynthetic processes based on
differentiated plant in vitro systems [22].

In the present study, we describe the process of galanthamine and related alkaloids
biosynthesis by L. aestivum shoot culture in a temporary immersion RITA® system.

Materials and Methods

L. aestivum Shoot Culture

The shoot cultures were established by planting the previously obtained calli [17] on
Murashige and Skoog (MS) nutrient medium, supplemented with 30 g/L sucrose, 1.15 mg/L
1-naphthylacetic acid (NAA, Duchefa—The Netherlands), 2.0 mg/L 6-benzylaminopurine
(BAP, Duchefa—The Netherlands), and 5.5 g/L “Plant agar” (Duchefa—The Netherlands).
They were maintained for more than 5 years at 26 °C under illumination (16 h light/8 h dark
per day). The subcultivation period was 28 days.

Conditions of the Temporary Immersion Cultivation

The L. aestivum 80 shoot culture was cultivated for 35 days in RITA® apparatus (CIRAD
ltd., France, http://pagesperso-orange.fr/vitropic/rita/en/accueil.htm) with 200-ml optimized
MS medium [20] under illumination 16:8 hours (light:dark) at 18 °C, 22 °C, 26 °C, and
30 °C with immersion frequencies with 15 min flooding and 6, 8, 10, and 12 h stand-by
periods in agreement to the experimental design. The flow rate of the inlet air was 60 l/h for
each RITA® apparatus.

Extraction of Alkaloids

Intracellular Alkaloids Dry biomass (0.2–0.3 g) was extracted three times with 5 ml of
methanol in an ultrasonic bath for 15 min. The combined extracts were concentrated under
vacuum and dissolved in 2×2 ml of 3% sulfuric acid. The neutral compounds were
removed by extraction (three times) with diethyl ether. The alkaloids were fractionated after
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basification of the extracts with 1 ml of 25% ammonia and extraction with chloroform (3×
3 ml). The chloroform extracts were then dried over anhydrous sodium sulfate and
evaporated to dryness.

Extracellular Alkaloids Fifty milliliters culture liquids were evaporated to dryness and
dissolved in 10 ml methanol. After centrifugation and separation of pellets, 8 ml of
supernatants were evaporated to dryness and residuals were dissolved in 2×2 ml of 3%
H2SO4 and then processed as described above.

Analyses

Dry Biomass

The growth of L. aestivum 80 shoot culture was monitored by accumulated dry biomass
(ADB) and growth index (GI) according to [20].

Alkaloids Content

For alkaloids determination the Waters HPLC system was used equipped with a Dual λ
absorbance detector (Waters 2487, Milford, USA) and binary pump (Waters 1525, Milford,
USA). The chromatographic column was Symmetry® C18 reversed phase (150×4.6 mm,
5 μm, Waters Milford, USA). The elution was carried out with acetonitrile as the organic
phase (solvent A) and 1% (w/v) ammonium acetate buffer adjusted to pH 6.6 with acetic
acid (solvent B) in gradient regime (Table 1). The alkaloids were detected at wavelength
287 nm. The volume of injection was 20 μl.

Sugars

Sucrose, glucose, and fructose in the culture medium were determined by means of enzyme
test combination (Megazyme, Ireland, Cat. No.: K-SUFRG).

Inorganic Ions

Nitrate, ammonium, and phosphate ions were determined by chemical test combinations
(MERCK,Germany, Cat. No. 1.14773.0001, 1.14752.0001, 1.14842.0001)

The utilization of the main components of the nutrient medium was express as degree of
utilization using the equation: Degree of utilization=(Final concentration/Initial concen-
tration)×100. In the case of sugars, the “Initial concentration” is the concentration of added
to the culture medium sucrose, and the “Final concentration” is a sum of the final
concentrations of sucrose, glucose, and fructose.

Table 1 Gradient regime for the HPLC analysis of alkaloids.

Time (min) 0 11 15 16 18 20 22 31

Solvent A% 10 31 70 90 90 31 10 10

Solvent B% 90 69 30 10 10 69 90 90

Flow rate (ml/min) 0.4 0.3 0.5 0.5 0.5 0.4 0.4 0.4
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Statistical Analyses

The software package MINITAB 14 was used for the regression analysis of the
process and assessment of the obtained experimental results and for models
development using the response surface methodology. The MINITAB 14 software
also was used for the optimization of the regression model for galanthamine
biosynthesis.

The results presented in the study have been summarized from two independent
experiments, repeated twice.

Results and Discussion

The shoot culture of L. aestivum was obtained via callus 5 years ago [17]. This approach
has been chosen because of the possibility to obtain more high-alkaloid synthesizing in
vitro lines because of the somaclonal variations typical for the calli. Further we found that
the best line obtained was shoot line 80 (with stable growth and biosynthetic characteristics)
and therefore it was used in the next experiments. Additionally, the nutrient medium for
maximal galanthamine yields has been optimized [20] and the profiles of the both extra-
and intracellular alkaloid fractions of L. aestivum shoot culture have been investigated as
well [23, 24].

Temporary immersion RITA systems have been widely used for micropropagation of
plant in vitro cultures but there are scanty data concerning their application for
secondary metabolite biosynthesis so far [22, 25, 26]. As far as we investigated
temporary immersion technology it was clear that immersion frequency is the most
important factor that should be analyzed. L. aestrivum 80 shoot culture showed balanced
growth at everyone of the tested immersion frequencies. During the cultivation shoots
increased significantly their linear dimensions and at the same time a number of meristem
cells differentiated to new shoots. This is one of the main advantages of the temporary
immersion cultivation of shoot clumps, because it is clear that other type bioreactor
systems could not be appropriate for their cultivation. As the highest amount of dry
biomass (92.40 g/RITA) L. aestivum 80 shoot culture accumulated during its cultivation
in temporary immersion RITA system, operating at 15 min flooding and 8 h stand-by
periods (Table 2). At the same regime the highest growth index (2.98) and ADB (2.40)
were achieved as well.

Biomass production was also found to be affected by the temperature in parallel with
immersion frequency. To investigate the influence of the temperature on biomass
accumulation, the L. aestivum 80 shoot culture was cultivated in RITA apparatus with
15 min flooding and 8 h stand-by periods at 18 °C, 22 °C, 26 °C, and 30 °C. The achieved
results (Table 2) showed that the temperature had comparable effects to the immersion
frequency, on biomass accumulation from L. aestivum 80 shoot culture. The best conditions
for the growth of L. aestivum 80 shoot culture in temporary immersion RITA system were
15 min flooding, 8 h stand-by periods and 26 °C (Table 2). It should be underlined that the
growth index achieved at these conditions (2.98) is higher than the growth index (2.5)
achieved during the cultivation of L. aestivum 80 shoot culture in liquid medium in flasks
[17, 20]. This fact once again proved higher efficiency of the temporary immersion
technology compared to the submerged cultivation of differentiated plant in vitro systems.
This is probably due to the composition of the internal atmosphere in the culture vessel and
an expression of hyperhydricity [27]. Perez-Alonso and co-workers [26] described the
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immersion frequency as the most critical parameter that affect on biomass accumulation in
temporary immersion systems. However, our results clearly underlined that the assessment
of the cultivation systems potential should be done on the base of multi-parameter analyses
of different factors.

Nutrient availability is one of the major factors involved in the cultivation of plant in
vitro systems, which affect on the biomass accumulation and metabolite biosynthesis
[22]. The relationships between immersion frequencies, temperatures of cultivation and
sugar metabolism of L. aestivum 80 shoot culture are clearly outlined (Fig. 1). The highest
degree of utilization of sugars was achieved when L. aestivum 80 shoot culture was
cultivated at 26 °C and at regime with 15 min flooding and 8 h stand-by periods.
Although final concentrations of fructose and glucose at the other investigated regimes
and temperatures of cultivation were comparable, the reminders of unhydrolyzed sucrose
were significantly higher. Hence, sucrose influenced both growth and metabolism of the
culture not only as a carbon source but through changes in the osmotic environment of
biological system [28, 29]. The immersion frequencies and temperature of cultivation did
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Fig. 1 Final amounts of sucrose, glucose, and fructose and degree of utilization (asterisks) of total sugars
from L. aestivum 80 shoot culture during its cultivation at different immersion frequencies (a) and
temperatures (b). Initial concentration of sucrose was 60 g/L

Table 2 Maximal ADB and GI, achieved during the cultivation of L. aestivum 80 shoot culture in temporary
immersion RITA® system.

Immersion frequency, temperature
(flooding, min/stand-by, hours/temperature, °C)

ADBa,
g/RITA

GIa

15/4/26 2.28±0.49 2.06±0.15

15/6/26 1.55±0.43 1.39±0.36

15/8/26 2.40±0.54 2.98±0.64

15/10/26 2.17±0.05 2.10±0.18

15/12/26 1.46±0.37 1.83±0.35

15/8/18 1.17±0.38 1.12±0.40

15/8/22 1.49±0.25 1.32±0.32

15/8/30 2.13±0.04 1.34±0.31

a Accumulated dry biomass (ADB) and growth index (GI) were calculated on a base of inoculums and final
dry weights
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not influence utilization of nitrogen ions (nitrate and ammonium) by L. aestivum 80 shoot
culture (Fig. 2). At all tested regimes more than 80% of initial concentration of
ammonium ions and about 60% of nitrate ions were exhausted. The degree of utilization
of phosphate ions slightly depended on conditions of cultivation. During the cultivation at
the optimal regime (15 min flooding and 8 h stand-by, and 26 °C) of growth, the L.
aestivum 80 shoot culture utilized about 70% of phosphate ions (Fig. 2). Data presented
concerning the utilization of the main components of nutrient medium by L. aestivum 80
shoot culture showed that temporary immersion regime covered the main nutrient needs
of the culture.

The highest volumetric yield of galanthamine (265 μg/RITA) was achieved in after
35 days of cultivation of L. aestivum 80 shoot culture at regime with 15 min flooding
and 8 h stand-by periods and 26 °C (Figs. 3 and 4). The obtained results clearly
underlined that both temperature and immersion frequency influenced the galanthamine
production by L. aestivum 80 shoot culture and did not influence on the ratio between
accumulated in the cells and secreted in the culture medium galanthamine. Unexpectedly,
the optimal temperature for galanthamine production L. aestivum 80 shoot culture
cultivated in a temporary immersion system RITA differ significantly from the average
daily temperature (22 °C, http://iasas.government.bg) during maximal galanthamine
biosynthesis by intact plants in nature. In parallel to the galanthamine, L. aestivum 80
shoot culture biosynthesized significant amounts of lycorine (Fig. 3). This pyrolophe-
nanthridine alkaloid also attracts interest because of its strong antiviral effect [12, 13],
antimitotic, and cytotoxic activities [14, 15]. The influence of immersion frequency on
lycorine production by L. aestivum 80 shoot culture was significant (Fig. 3), as 15 min
immersion and 10 h stand-by periods (at 26 °C) seems to be the most appropriate
regime for its biosynthesis. At these conditions L. aestivum 80 shoot culture produced
the maximal amounts (1,699 μg/RITA) lycorine. Increase or decrease of stand-by
periods of the cultivation led to inhibition of the lycorine accumulation. The obtained
results, concerning influence of immersion frequency on galanthamine and lycorine
production, showed that alkaloid biosynthesis of L. aestivum 80 shoot culture could be
manipulated through changes of the regime of cultivation. In contrast, the optimal
temperature for lycorine production was the same (26 °C) as for galanthamine
production (Fig. 4). Beside galanthamine and lycorine production by L. aestivum 80 shoot
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Fig. 2 Degree of utilization of phosphate, ammonium, and nitrate ions from L. aestivum 80 shoot culture
during its cultivation at different immersion frequencies (a) and temperatures (b)
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culture, the production of biosynthetic precursor of galanthamine–norgalanthamine was
investigated as well. Expectably, the maximal amounts of norgalanthamine (225 μg/RITA) L.
aestivum 80 shoot culture biosynthesized during its cultivation in RITA apparatus at 15 min
immersion and 8 h stand-by periods (the same immersion frequency as in the case with
galanthamine; Fig. 3). It should be underlined that at other investigated regimes of
cultivation, L. aestivum 80 shoot culture synthesized insufficient amounts of norgalanth-
amine. It is worth of remark that the optimal temperature for norgalanthamine production
(22 °C) was different than this for galanthamine production (26 °C; Fig. 4). This fact was
probably due to that the enzyme activity, catalyzing the last step of galanthamine biosynthesis
(methylation of norgalanthamine, [30]), possesses temperature optimum different than 22 °C.
At this temperature L. aestivum 80 shoot culture produced 388 μg/RITA norgalanthamine.
This is a very important result because recent studies of Kim and co-authors [31] showed
that norgalanthamine possess strong promotion effect on hair growth, as well as it is not
difficult to transform the norgalanthamine to galanthamine using simple chemical
methylation [30].

One of the most powerful tools for the optimization of secondary metabolite production
by plant in vitro systems is statistical optimization of both content of nutrient media [32]
and environmental conditions in the cultivation systems [33].

The results described above clearly outlined that the investigated variables
(immersion frequency and temperature) significantly influenced alkaloids biosynthesis
by L. aestivum 80 shoot culture. As far as the galanthamine is the most valuable
alkaloid among investigated ones, statistical analyses were performed concerning its
production. The statistical regression model was obtained, taking in to account the
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Fig. 3 Effect of the immersion frequency on galanthamine, lycorine, and norgalanthamine biosynthesis by
L. aestivum 80 shoot culture. The experiments were performed at 26 °C
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influence of the stand-by periods (X1) and temperature (X2) on the amount of total
produced galanthamine (Y, Eq. 1).

Y ¼ �932:40þ 41:06X1 þ 76:09X2 � 2:65X 2
1 � 1:44X 2

2 ð1Þ

R2 ¼ 71:2

The received coefficient of determination (R2) was good enough taking into account the
degree of differentiation of the investigated plant in vitro systems.

The optimization procedures carried out using “Response optimizer” of MINITAB 14
software gave the following values of variable X1 and X2 for maximum biosynthesis of
galanthamine (Y) by L. aestivum 80 shoot culture:

X
»

1 ¼ 7 h 43min; X
»

2 ¼ 26:5

Ŷ
»

max¼ 1; 171:95mg=L

The deviation between the theoretically studied maximal amounts of galanthamine and
experimentally obtained (at 15 ;min flooding and 8 h stand-by periods, Fig. 3) was only
149.72 μg/L. On this basis we propose 15 min flooding and 8 h stand-by periods and 26 °C
as optimal for galanthamine production by L. aestivum 80 shoot culture in temporary
immersion cultivation RITA systems.
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In conclusion, the presented study shows that temporary immersion technology is
appropriate for bioactive substances production by differentiated plant in vitro systems. The
high yield of galanthamine obtained, as well as revealed possibilities for manipulation of
the biosynthetic process through environmental conditions, are good base for scaling-up
and development of a biosynthetic process for obtaining valuable Amaryllidaceae alkaloids.
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