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Abstract

Narcissus is one of the most well-known ornamental plants with quite a high value.
Moreover, it is also the source of several compounds which have demonstrated several
biological activities. These bioactive compounds are of great interest as medicines in
different forms and combinations. Galanthamine is one of these bioactive compounds
which is quite well known. Galanthamine is an acetylcholinesterase inhibiting compound
which is marketed in form of medicine for Alzheimer’s Disease (AD). Galanthamine can
be produced in two ways i.e. natural extraction and synthetic production. Narcissus bulbs
are considered one of the most important natural sources of galanthamine due to its
metabolite contents and bulb production at large scale. Galanthamine can be found in all
parts of the Narcissus plant in varying amounts at different stages of plant growth cycle.
Many aspects of galanthamine production have been studied by various scientists over
the time. However, there are still many aspects of galanthamine accumulation in
Narcissus which are not fully known. This review provides an organized and critical
overview of the localization and biosynthesis of galanthamine, the effect of different
agricultural practices, environmental factors, pests and diseases on the overall production
of Narcissus. Moreover, it also provides an overview of how these factors can affect the

galanthamine and other metabolites production in Narcissus.

Keywords: Narcissus Interaction; Biosynthesis; Diseases; plant density.
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Introduction

Flowering bulbs are also defined as ornamental geophytes. These bulbs exhibit great
diversity in their morphology, growth and developmental biology [1]. This diversity is
abundantly clear in physiological responses to different environmental factors which
initiate/enhance the production of secondary metabolites. Among these secondary
compounds, a wide range of compounds is biologically active which are important to treat
various diseases [2-4]. Horticulturally speaking, these flowering bulbs contribute
significantly to the global floriculture industry where they are utilized for the commercial
bulb and flower production. The flower production part includes in-season outdoor flower
production and forced fresh-cut flowers from potted plants at other times of the year.
These flowering bulbs are also used for landscaping which includes private gardening at

small scale.

Although ornamental geophytes belong to more than 800 different genera, but the
flowering bulb industry is dominated by seven genera: Tulipa, Lilium, Narcissus,
Gladiolus, Hyacinthus, Crocus, and Iris. From all these genera, Narcissus is very
important due to its medicinal value in addition to flower and bulb production [1, 5].
Narcissus possesses chemicals/compounds with antiviral and antitumor properties as well
as an anticholinesterase activity. The alkaloid galanthamine (GAL) is one of the most

studied compounds in the field of anticholinesterase activity [6, 7].

Galanthamine is an isoquinoline alkaloid. It inhibits the enzyme acetylcholinesterase
(AChE) in a competitive way on the enzyme and the action is reversible. That is the reason
it is an important therapeutic agent for Alzheimer’s disease (AD) [8]. Alzheimer’s is
marked as a type of dementia. AD is a complex, neurodegenerative, multifactorial and
progressive disease which mainly affects the elderly population. It is estimated to account
for 50-60% of dementia cases in persons which are 60 years or older. The characteristic
symptoms of this disease are a loss of memory as well as impairment of multiple cognitive

and emotional functions which are required on a daily basis [9].

Evans et al.,[10] have reported that the 4th leading cause of death in the elderly people is
Alzheimer’s disease and the occurrence of this devastating illness is increasing day by

day. Until the end of 2008, there were about 30 million people, which were suffering from
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dementia worldwide. This figure is expected to rise to over 100 million till 2050. More
than 60% of people with dementia belong to the developing countries, which will rise to
71% at the end of 2040. The rapid growth of this disease is occurring mostly in the elderly
population of China, India and their south Asian and western Pacific neighbors.
According to a recently published report, the number of AD patients in the USA alone is
approximately 5.4 million, which is expected to rise to 16 million in 2050. Only in USA
about 200 billion US dollars are spent on the treatment and care of dementia on a yearly
basis [11]. At the same time, the number of AD patients in the UK is around 800,000
which are expected to rise to 1 million by 2021. Only in 2012 about 23 billion British
pounds were spent to provide care and medicine to these AD patients. It was also stated
in the report that women and less educated people are the most affected people by this

disease.

Galanthamine is an important agent to treat the symptoms and slow down the progression
of this disease in the patients and improve their quality of life. Johnson and Johnson's
pharmaceuticals had both a patent for galanthamine for the treatment of AD as well as for
the synthetic production of galanthamine. But quite some galanthamine is produced by

extraction of Narcissus bulbs.

Other than galanthamine there is a long list of compounds which can be/are extracted
from the Narcissus and demonstrate many potentially beneficial effects for human beings.
These compounds mostly include alkaloids, some dyes, carotenoids, lectins, and volatiles.
The volatiles are used in perfumes. Some of the Narcissus lectins have shown activity
against human immunodeficiency virus [12] in in-vitro studies [13, 14]. A few genes have
also been isolated from Narcissus and used for different purposes in other crops. Some

examples are shown in Table 1.1 in the previous chapter.

The aim of this article is to provide an overview of the agricultural aspects of the industrial
production of galanthamine from plants. The occurrence of galanthamine is first
discussed after which the present knowledge on the biosynthesis of galanthamine and
related alkaloids is reviewed. The factors that have been studied for the optimization of

galanthamine production in the bulbs are discussed in detail. This includes also a review
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of the effects of weeds, insects and diseases on the plant biomass production and alkaloid

levels in the plant.
Occurrence and Localization of Galanthamine:

Many plants of the genera Amaryllis, Crinum, Galanthus, Haemanthus, Hippeastrum,
Hymenocallis, Leucojum, Lycoris, Narcissus, Nerine, Sternbergia, Ungernia,
Zephyranthes, contain galanthamine [15]. Currently, in Europe, it is extracted from the
daffodils (Narcissus cultivars) and summer snowflake (Leucojum aestivum) while in
China it is extracted from red-tubed lily (Lycoris radiata). 1t is also prepared from
Ungernia victoria in Uzbekistan and Kazakhstan. Of these plants producing
galanthamine, Narcissus contains the 2nd highest amount of this alkaloid which is about
0.35-0.40%. this quantity is lower than the 2.5% in L. aestivum which is at the top spot
for highest quantity. However, Narcissus has the advantage of faster growth of the bulbs

if compared to the snowflake, making the production per hectare the highest.

Torras-Claveria et al. [16] analyzed more than 100 cultivars of Narcissus for the alkaloid
content and acetylcholine esterase inhibition. The highest levels of galanthamine were
found in the leaves of some cultivars (about 0.1- 0.15 % of DW), but most had about 0.02
%. In the bulbs, similar levels of about 0.02% galanthamine were found, with a few almost
reaching the 0.1% level, with the cultivar yellow wings being the highest in both leaves
(0.14%) and bulbs (0.13%) of all cultivars tested. The wild N confusus, known for the
highest level of galanthamine in Narcissus plants, scores 0.69% of DW for the leaves and
1.32% for the bulbs. Also, the N. hispanicus scored highest with 0.46% for the leaves
and, 0.09% for the bulbs. None of these cultivars reached the level of the commonly used
variety Carlton, which has a galanthamine level of 0.19 % of DW (Kreh, 2002).
Breiterova et al. [17] studied 40 taxa of Narcissus for their alkaloid profile and
cholinesterase inhibitory activity. Based on semi-quantified data with the help of GC-MS,
they concluded that the ornamental taxa Narcissus cv Sundisc, N. cv. Jenny, and N. cv.

Sealing have higher amount of galanthamine, lycorine and haemanthamine respectively.

There seems to be other sources of galanthamine that have a higher level of this alkaloid
than the Carlton variety. However, the change from Carlton to another source is not a

simple process. The main issue is that the production of galanthamine in the original drug
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master files is defined as being extracted from the bulbs of specific Carlton variety. The
use of any other variety or source for galanthamine production will require a new drug
master file. This file needs to have extract’s safety data sheet among other parameters.
That means possible toxicological studies are required in case of different contaminations
in galanthamine, e.g. other minor alkaloids. Considering the data on the various cultivars
and species, it is clear that each source will bring other potential contaminations.
Moreover, large scale extraction of leaves is more complex than extracting the bulbs. This

hampers the possibilities of using other sources for galanthamine production.

Galanthamine can be found in all parts of the plants throughout most of the growth season.
Although it is not well-known which factors are responsible for the production and
accumulation of galanthamine in plants. In Narcissus plants the maximum amount of
galanthamine is found in the bulbs. The amount of galanthamine varies in bulbs during
the season. Lopez and co-workers [18] performed an experiment with Narcissus confusus
to check the pattern of galanthamine accumulation. They found that during the season the
contents of galanthamine decreased in the underground parts while they increased in the
upper parts. The maximuem amount of galanthamine in the aerial parts of N. confusus
was at the flower senescence stage while in the underground parts it was during the pre-
resting period. It seems that the amount of galanthamine is reallocated during the season.
It was also reported that the basal plate and inner parts of the bulb are the locations with
the highest amount of galanthamine in the bulb [19]. However, there is very little
information available about the localization of the galanthamine biosynthetic pathway.
Lubbe et al. (2013) showed that the galanthamine levels in the various organs of M.
pseudonarcissus cv Carlton differ over the growth cycle of the plant. Particularly
haemantamine showed high levels (0.5%) in the leaves before flowering and was by far
the major alkaloid even higher than the alkaloids in bulbs and roots. However, it showed
a marked decrease after flowering started to end at a level similar to galanthamine. The
major alkaloid galanthamine in the bulbs has highest level just before flowering (almost
0.3%) and after a slight decrease again seems to have increased again at the time of shoot
senescence. The major conclusion is that harvesting following the normal procedure of
bulb production is the most favorable for galanthamine production, as it will yield the

highest weight of bulbs per hectare in the whole growth cycle.
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Figure 2.1. First postulated biosynthetic pathway for galanthamine by Barton and
Kirby, and Barton et al. [20] (reviewed by Eichhorn et al. 1998) [21].

Biosynthesis of Galanthamine:

Although galanthamine is mostly extracted from plants, several attempts have been made
for total or semi-synthetic production as well as plant biosynthesis. Some part of the
galanthamine from the total available in the market is synthetically produced [22, 23].
When extracted from plant material, the costs of galanthamine are determined by the
quality of plant material in terms of total amount of galanthamine produced per hectare.
This generally means that a high biomass amount with high levels of galanthamine is
required. Moreover, a number of other alkaloids such as narwedine and N-

demethylgalanthamine can be extracted and purified from the same plant material. These
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alkaloids are thought to be the precursors for galanthamine biosynthesis in plants, thus

making them compounds of interest for bioconversion to obtain more galanthamine.
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Figure 2.2. Modified postulated pathway for galanthamine biosynthesis described by

Eichhorn et al. (1998) during their study of organs of radioactively labeled Leucojum

aestivum plants.
On the other hand, it is also of interest to further study the biological activities of these
byproducts as they possibly could add extra value to the galanthamine production.
Eichhorn and co-workers [21], Berkov and co-workers [24] along with Takos and Rook
[25] stated, that knowledge of biosynthesis of galanthamine can provide clues for the
production of galanthamine with the help of biotechnology. Gene technology with the
help of detailed information of the biosynthetic pathway would allow cloning and

overexpressing different genes to produce galanthamine in other organisms, or at higher
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levels in a Narcissus or related species. Concerning the biosynthesis of galanthamine, it

was postulated that norbelladine is the common

An experiment was performed in which a-'“C-labelled norbelladine was fed to Narcissus
pseudonarcissus cv. King Alfred as a precursor to studying the pathway of galanthamine.
The results showed that it was incorporated in the biosynthetic pathway and a biosynthetic
sequence (Figure 2.1) was proposed [20, 26]. Fuganti [27] reported, that in Leucojum
aestivum 4-O-methylnorbelladine was incorporated into galanthamine. There was another
postulation that narwedine is the precursor for galanthamine production and it was
reported that [*’H] narwedine was incorporated into galanthamine biosynthetic pathway

[22].

In 1998 Eichhorn et al., [21] performed an experiment to check these different postulates.
They applied radioactive as well as '*C-labelled 4’-O-methylnorbelladine and N-
methylated 4’-O-methylnorbelladine to organs of field grown Leucojum aestivum plants.
The results showed that incorporation of 4’-O-methylnorbelladine was 27% into
galanthamine and 30% into the N-demethylgalanthamine. While the incorporation of N-
methylated 4’-O-methylnorbelladine is about 10% in both the above-mentioned
compounds. They also showed that N-demethylgalanthamine is N-methylated into

galanthamine as the last step of this pathway.

Eichhorn and co-workers [21] have concluded from this experiment, that narwedine is
not the direct precursor of galanthamine in the biosynthetic pathway. There is a possibility
that both galanthamine and narwedine are in equilibrium explaining incorporation of
narwedine into galanthamine in the previous studies. They proposed a new scheme for
the biosynthetic pathway (Figure 2.2). However, it could not be excluded that N-
demethylnarwedine also via narwedine can be a precursor for the formation of

galanthamine.

The early parts of the biosynthetic pathways leading to the various Narcissus alkaloids
are shown in Figure 2.3 though the full proof for the different galanthamine producing

plant species is not yet given. This scheme was proposed by Bastida et al.[28].
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They reported, that the biosynthetic pathway of galanthamine and similar alkaloids starts
from L-phenylalanine (L-phe) and L-tyrosine (L-tyr). They have tested this assumption
in Narcissus variety ‘King Alfred’ by feeding C-f L-phe. They found, that the final
product in this feeding experiment was protocatechuic aldehyde or a derivative, while L-
tyr was not degraded into any other product. They reported that a Schiff’s base was
formed in the plants from the reaction of the amine and the aldehyde. Support for this
claim came from the example of Crinum species where two Schiff’s bases have been
found. Based on this experiment, they claimed their assumption was proved. They thus
postulated that L-Phenylalanine (L-phe) and L-tyrosine (L-tyr) are the primary
precursors, which lead into O-methylnorbelladine. Then from O-methylnorbelladine
different alkaloids are formed by a different type of oxidative phenolic couplings
(lycorine - ortho-para’; narciclasine, para-para’; and galanthamine - para-ortho’) [29,
30]. All assumptions for the galanthamine biosynthesis are summarized in Figure 2.4. O-
methylnorbelladine is thought to be the precursor of galanthamine, but also of other
groups of alkaloids in Amaryllidaceaespecies. In several studies, Leucojum aestivum was
used as a plant source, whereas Barton and Kerby (1962) and Barton e al., (1963) used
Narcissus as plant material. The use of different model plants might explain that different
precursors were found to be involved, but this requires further studies. Eichhorn ez al.[21]
reported that ovary walls and flower stalks of Leucojum aestivum are the best organs for
precursor incorporation in biosynthesis experiments. They found that all the other organs
except petals and fruit walls did not show much alkaloid metabolism, so they are not
suited for incorporation studies. By feeding 4 '-O-Methylnorbelladine Leucojum aestivum

L. shoot cultures showed an increase in galanthamine and lycorine contents [31].

The enzyme Norbelladine 4 '-O-Methyltransferase was identified and the gene was cloned
from Narcissus sp aff. pseudonarcissus [32, 33] and its activity was confirmed by
expression in E. coli.. The same group identified CYP96T]1 in the transcriptome of some
Amaryllidaceae species. This cytochrome P450 encoding gene shows the same
expression pattern as Norbelladine 4 '-O-methyltransferase in N. sp aff. pseudonarcissus
and was subsequently sequenced. The enzyme seems to be involved in the oxidative
phenol coupling that leads to the basic structures of the AA [29]. This CYP enzyme has

as main product the para-para’ coupling product, i.e. the pathway leading to among



others haemantamine. The reaction gives equal amounts of the two possible enantiomeres
at C-4 as the major compounds. Less than 1% of the reaction product was the para-ortho’
coupling product N-demethylnarwedine, the immediate precursor for galanthamine. No

ortho-para’ coupling product was observed.

_NB |
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N-methylation oxidation
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[ 2MeNB |
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Figure 2.4: Summary of the different biosynthetic steps in the conversion of
norbelladine into galanthamine as described in various reports. NB= Norbelladine,
2MeNB= N- methylated, OMeNB= O-methylnorbelladine, nor NAR= norNarwedine,
norGAL= norgalanthamine, GAL= Galanthamine, NAR= Narwedin

[30] presented a comprehensive metabolome and transcriptome study from N.

pseudonarcissus ‘King Alfred’ providing an important basis for future studies on the
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biosynthesis. Among others two tyrosine decarboxylase genes two phenylalanine
ammonia lyase genes were found in the transcriptome, that might catalyze reactions in
the early parts of the galanthamine pathway. The first result of this transcriptome analysis
was the cloning of the gene encoding the enzyme that catalyzes the first committed
reaction in the galanthamine biosynthesis, norbelladine synthase [34]. Amaryllidaceae
alkaloids share a common precursor, norbelladine, synthesized by an enzyme catalyzing
a Mannich reaction involving the condensation of tyramine and 3,4-
dihydroxybenzaldehyde. They described that this novel enzyme helps in catalyzing the
first committed step of AA biosynthesis, which will facilitate the establishment of

metabolic engineering and synthetic biology platforms to produce AAs.

With several genes of the pathway cloned, the next step comes in sight, the expression of
these genes in a suitable host. As it concerns only a few genes these could be transformed
into a microorganism like E. coli, a yeast or another plant species that is easy to grow on

large scale. Though stereospecificity of the para-ortho’ coupling needs to be achieved.

Biotransformation can be another way to proc{uce galanthamine at low cost. For this
purpose, there were attempts made for the microbial transformation of galanthamine
precursors. Spassov et al. (Spassov et al., 1986) tested a number of microbial strains to
transform a belladine derivative into galanthamine but were not successful. No data was
found reporting the efforts to isolate enzymes/genes encoding the different stages of
galanthamine biosynthesis. With no success in biotransformation and biosynthesis, the

focus of research changed towards the chemical synthesis of galanthamine.

Total synthesis of galanthamine is quite feasible and it was described in many previous
studies. Czollner et al. [35] developed a complete (9 step) synthesis method for the
production of (-) galanthamine which can provide an overall yield of 18-21%. The yield
of synthetic galanthamine was improved by Node ef al. [36] via improving the pivotal
phenolic oxidative coupling reaction of norbelladine-type derivatives. Marco-Contelles
et al. [37] have reviewed most of the synthetic approaches and patents in this field. Nugent
and co-workers (Nugent et al. reported novel approaches to the synthesis of galanthamine

(Nugent et al. 2015, 2016).

Factors Effecting Bulb Production:
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Different factors affect the bulb yield in the field. Le Nard and De Hertogh [38]
have pointed out a number of factors, which affect the bulb yield in general (Figure 2.5).
Although these factors affect the plant independently, the interaction of these factors is
also worth mentioning. Thus, it is important to find the best combinations of different

factors for better bulb production as well as galanthamine production from plants.

Optimal
. ) : Duration of Environmental
BulbYield | = | LeafArea | X | Growth Period | under | Conditions
e
+ Physiological State — [ Planting Date.
+ Bulb Weight — Pla.ntmg Density
<« Soil Type
T <— Nutrition
T «—  [rrigation (moisture)
anting Stoc e
HRg kK <—  (limatic Conditions
(light, temperature, rainfall)
Number of Bulbs | — Discasc.and [nsect Pressure
X ) «—  Harvesting Date
Bulb Size "

Figure 2.5: Major factors affecting plant growth and bulb production of ornamental
geophytes as reported by Benschop et al.[39]in their book about the bulb production
of ornamental plants.
For Narcissus, there is a reasonable amount of data available on the cultivation for
ornamental purposes but very little information on the effect of cultivation practices on

the plant metabolome and alkaloid production.

The bulb growers are familiar with the effect of fertilizers on the growth of Narcissus

plants. Phosphorus in the form of fertilizers leads to good root development and strong
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plants, potassium fertilizers are of great importance to produce strong bulbs and good
flowers while nitrogen fertilizers help to grow a good number of leaves and strong bulb
development after leaf senescence. However, excessive amounts of nitrogen lead to the
formation of soft bulbs in Narcissus plants. These soft bulbs are very sensitive to plant

diseases and often rot [40].

The use of either nitrogen or potassium/magnesium (N, P, K) fertilizer increased the
galanthamine contents of the bulbs and leaves of Narcissus plants significantly over the
control. An increase in galanthamine content by 70% was achieved in the case of nitrogen
fertilizer, and of 113% after using potassium/magnesium fertilizer. The results clearly
demonstrated the effect of fertilizer on galanthamine content. Not only was the total
amount of alkaloids markedly increased by fertilizer, but also the percentage of

galanthamine in the alkaloid fraction [41].

Lubbe et al. [42] have also reported the effect of fertilizers on galanthamine and
metabolome of Narcissus. They treated plants in the field with different amounts of
fertilizers like 110 kg/ha of nitrogen fertilizer and 150 kg/ha of potassium fertilizer. These
amounts are also applied in normal cultivation conditions by the bulb growers in The
Netherlands. They also applied excessive amounts of nitrogen fertilizers (normal + 110
kg/ha) and potassium fertilizer (normal + 150 kg/ha) as a treatment to check the effect of
excessive fertilizer. From the results, it was found out that the normal amount of fertilizers
which is given to plants in The Netherlands is best for maximum galanthamine production
(3.6 mg/g DW). They also confirmed that excessive amounts of nitrogen fertilizers are
not favorable for the bulbs as it leads to soft bulbs, which are prone to diseases. Moreover,

excessive amounts are not recommended due to harmful effects on the environment.

Bock with co-workers [43] studied the effect of climate variables on the first flowering
on 26 varieties of Narcissus overa period of 25 years. According to their findings,
temperature play an important role in the early flowering of early varieties while late

varieties did not show much variation.

Recently scientist [44] conducted a survey in England to fine out the relationship between

soil temperature at the time of first fertilizer application and its effect on the production



w
(@)

and flowering of Narcissus plants. According to this survey’s results, it is best to apply

fertilizer to the plants after the first flower and not before that.
Effect of In Vitro Practices:

In general, plants can be effectively regenerated from a single cell or group of cells. This
type of plant regeneration is called micropropagation and it is very effective to increase
the multiplication rate of vegetatively propagated plants such as Narcissus. Other than
higher multiplication rate with micropropagation, it is also possible to obtain disease-free
plant material [45]. Micropropagation techniques are used in Narcissus solely because
natural vegetative propagation of these plants is very slow (1.6 fold per annum). A
number of micropropagation methods have been developed for this purpose, using the
leaf, root, scale and stem explants. Callus derived from the walls of the ovary has also
been used for this purpose [46-48]. Some methods give rise to rooted shoots that can be
planted, while others produce bulblets. Every method used has some advantages and some
disadvantages. A drawback of using underground plant parts as explant is the higher

frequency of infection with soil microbes [49].

Although multiplication rate was increased, the main drawback found in the early
research was that transplanting explants in the soil were not very successful. In the
beginning, the cause of the poor transplanting was not known but later it was found out
that leaf senescence is the major hurdle for better growth after transplanting. It was also
determined that 0.20 g is the required weight of the bulblet for successful transplanting
from culture to the soil [50]. Chow ef al. [51] have reported that by trimming the green
leaf tissue at alternate transfers, the multiplication rate can be increased. It is possible that
there is some difference in the bulblet formation due to the explant. To check this, a
comparison between the bulblets formed by single leaf explants and shoot clump cultures
was made. The results showed that bulblets form slowly in the single leaf explants but
respond to the growth regulators. Thus it can be useful to investigate the regulation of

initiation and development of Narcissus bulbs [52].

Usually, bulbs formed in in vitro propagation only produce flowers after several years of
propagation [53]. Santos et al. [54] managed to produce Narcissus bulblets flowering

within the first year, after about 9 months of growth. Different types and concentrations
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of sugars, as well as the osmolarity of the medium, can also affect the development of
the bulblets in different ways [55]. Somatic embryogenesis has also been performed with
various Narcissus species and cultivars, using explants from various tissue types [56, 57].
Malik [58] investigated micropropagation of Narcissus by somatic embryogenesis from
ovary explants and looked at differences between using liquid, solid or solid-liquid media.
The highest biomass increase and the highest number of embryos obtained directly from
the explant were with an 8-week culturing system on liquid media containing growth
regulators 2,4-Dichlorophenoxyacetic acid (2,4-D) and Benzylaminopurine (BA). The
results of this study also show good potential for liquid media in Narcissus
micropropagation. Micropropagation of Narcissus shows potential for efficient
multiplication of the plant and continues to be the focus of many investigations. During
the past 35 years, considerable efforts have been made to establish in vitro production of

galanthamine by means of plant cell cultures.

Bergonon et al., [59] have reported, that the production of galanthamine in shoot clump
cultures was inhibited by the addition of 7-cinnamic acid (a precursor in the biosynthesis
of the AA), but it promoted the production of another alkaloid in the same biosynthetic
pathway, N-formyl-norgalanthamine. They used Narcissus confusus as source plant
material. They have found, that galanthamine was strongly released into the liquid
medium from where it can be easily recovered. They also reported on the release of
galanthamine to be higher during the light and lower during the dark period of time,
opposite to the other alkaloids (haemanthamine, N-formylnorgalanthamine and tazettine).
The total production of galanthamine in the control cultures in day-long (16 h light-8 h
dark) photoperiod was 2.50 mg per culture, of which 1.97 mg per culture were released

into the liquid growth medium of shoot clump cultures [59].

In another experiment shoot clump cultures were established from the bulbs and mature
seeds of Narcissus confusus Pugsley in a liquid medium. Then these cultures were treated
with different concentrations of sucrose. It became clear from the results that alkaloid
production was growth associated in the shoot clumps derived from the seed (9% sucrose
treatment showed good growth and alkaloid accumulation) while in the bulb-derived
shoot clumps production of alkaloid was not associated with the growth. This study also

showed that galanthamine production was significant at two sucrose concentrations (6%
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and 18%) in bulb-derived shoot clumps [60]. There could be other factors than sucrose,
which affect the production of galanthamine in the in-vifro cultures. Selles et al. [56]
attempted to find the correlation between differentiation state and alkaloid content
including galanthamine. They reported that dedifferentiated callus was not very good for
the alkaloid production, but they can be a good system for studying the alkaloid
biosynthesis. They also declared that cellular organization can influence the alkaloid
profile ie. embryogenic callus accumulated galanthamine type alkaloids while
meristematic callus accumulated mainly haemanthamine type. They used Narcissus
confusus as a source plant material and claimed that the embryogenic callus may
accumulate the same amount of alkaloids as shoot clumps. Shahin et al. (2018) reported
that with increasing differentiation of calli the galanthamine levels increases, further
confirming the fact that undifferentiated plant cell cultures are not promising for

improving galanthamine production.

Colque et al. [61] used biotic elicitors like methyl jasmonate, arachidonic acid, chitosan
and salicylic acid to treat shoot clump cultures of Narcissus confusus. They found, that
high doses of these compounds affected the growth of the explants negatively, particularly
the salicylic acid. They also found that methyl jasmonate promoted the galanthamine
production at all tested concentrations. Results from this study showed that the lowest
amount of methyl jasmonate (25 uM) caused the release of a maximum amount of

galanthamine, which was 3.8 fold more than from the control at the 10" day of culture.

Diop et al. [62] reported that in vitro organogenesis can enhance the accumulation of
galanthamine in the bulblets. All these experiments have been carried out at small scale.
Production was too low for success at commercial scale production. Even the production
capacity of cell lines often declined over time or during scale-up. Berkov et al. [24] gave
an overview of all galanthamine producing plants that have been studied for in-vitro
production of galanthamine. Considering the poor results the need for exploring
biodiversity for other sources of galanthamine was stressed. In a later review an update
was given on the research on the production of galanthamine in in-vitro systems [63]. The
major conclusion was that the level of production was far too low for an economical
biotechnological process. Best levels of galanthamine (1.7 mg/L of Leucojum aestivum

shoots in bubble column) were obtained in differentiated cultures, which are difficult to
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scale up. Most importantly, they have reviewed almost all processes till date of in vitro
Gal biosynthesis including growth regulators, medium components, culture conditions,
elicitation, and bioreactor systems. This review can be used as a starting point for further
studies in this area leading to a progress in biotechnological production of this valuable

alkaloid [63].
Plant-plant interaction

Narcissus plant’s interaction with other plants can be discussed in different ways. It can
be divided into three categories which are the interaction between Narcissus plants itself,
with the weeds and with the preceding crops. All these interactions have some kind of
effect on the production of Narcissus crop in one way or the other but their effect on
alkaloid production is not fully known yet. Almost all of the plants have to compete for
their space in the field with other plants. So Narcissus is not an exception in this regard.
Like all the other bulbous plants, Narcissus bulbs contain quite some amounts of storage
compounds which are used for the early stage development of the plant from the bulb. In
Narcissus, the initial stalk is already formed within the bulbs at the time of planting, thus
there is very little effect of adverse conditions in the first season of growth. Opposite to
this fact, plant density in the field can have adverse effects on the crop even in the first

sc€ason.

The total plant density in the field can be divided into different forms such as the amount
of the bulbs planted in the field as seed and number of weed plants present in the field.
The plant density is also dependent on the vigor of the bulbs. In the UK, there is about
12.5-17.5 t/ha increase in the bulb weight after two years of bulb planting. It can be
different for different cultivars [64]. Studies have shown that when planting density was
higher, there was an increase of 20% in the stem length in the first year after planting.
Higher density also affects the foliage of the plants which senescence more quickly in
these conditions. Rees et al., [65] stated that flower numbers are only affected by bulb
size when crop density was higher. It was also clear from their st