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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.



Factors Affecting calanthamdne Production

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

27



28

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



Factors Affecting calanthamdne Production

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
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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 study that higher plant
density has very little effect on the flower size in general. There is not much data available
about the effect of higher plant density on flower initiation in the plants. To further

explore this, Moraes-Cerdiera et al., [66] evaluated four cultivars of Narcissus with

39



different planting depths in the field and planting density. It is evident from their results
that both factors have some effect on total bulb yield. They concluded that the bulbs which
were planted at 20 cm depth had better growth as compared to the bulbs that were planted
at shallower depths. They also found that plant growth and yield of all four cultivars was
reduced under higher plant density conditions. In terms of galanthamine contents, it was
stated that there was no significant difference in these four cultivars as a response to
higher plant density or planting depth. Although, there was some variation in
galanthamine contents due to total biomass available. Except for this single study, there
is no information in the current literature concerning the effect of planting density on the

Narcissus metabolome and alkaloid production.

Number of weed plants present in the field is another factor which can considerably affect
the plant density in the field and increase the competition for available space and
nutrients. There are a few studies in which a comparison was made between the total yield
of unweeded and hand-weeded plots. The results clearly show that yield of the unweeded
plots was 4 to 17% less than the hand weeded plots [67-71]. Lawson and Wiseman [72]
have reported in another study that the total bulb yield in the unweeded plots was 13-24%
less as compared to the fully weeded plots. They also reported that the bulb yield was
reduced from 7-14% in the plots which were weeded early in the season in comparison
with the normal weeded plots. It was also stated in the report that the yield was reduced
to 34% when there was severe stress of moisture in the spring season. All available data
is about the crops which were lifted from the field on yearly basis. There is not much data
published on the effect of weed competition for bulbs left in the field for one more year.
Lawson and Wiseman [73] have reported in a second study that there was a loss of 4.2 to
6.4 tons per hectare when the plots were totally unweeded and 1.7 to 3.7 tons per hectare
loss was recorded in the plots which were weeded only early in the season as compared
the totally weeded plots. They claimed that the most serious loss was in the bulbs with
large circumference (>16 cm). These bulbs were reduced by 38-63% showing that weeds
are affecting the most valuable part of the plant. They have also reported that there is not
much effect of the weeds at the flowering date. Other than affecting the bulb weight,

weeds can also cause early senescence in the Narcissus plants. It can be avoided by weed
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removal in May and early June, as this is the time when most of the bulbs gain weight

[74].

Season of the weed growth is an important factor to control the effect of weeds on the
crop. The effect of weeds on the Narcissus plants in early spring is quite negligible.
Moreover, there was almost no effect of weeds during the first year of flowering.
Although severe shading by weeds in May and early June has a positive effect on the
length of stem and leaves of plants, it has a negative effect on the total bulb growth [75].
In another study it was stated that May and June are the most important months in the
whole growing season of Narcissus. This is the time when flowering ends and senescence
started. Presence of weeds in these two months can quicken the senescence of the plants.
During this time period it was also determined how severe the competition between crop
and weeds is on the basis of duration and density of weed cover. Normally in Narcissus,
the effect (quick senescence, fewer flowers, low yield) was amplified when weeds were

very dense and in the early period of crop growth [73].

There are different seasonal weeds which have various effects on Narcissus plants during
their growth cycle. On the basis of season, overwintered weeds show a great effect on
Narcissus crop due to their parallel growth cycle in spring and early summer. On the other
hand, weeds which germinate in the spring effect only the latter part of the crop during
their growth cycle. Although the spring germinating weeds come too late in the season to
affect the crop extensively, still much of their effect on the crop have not been explored

yet.

Lawson and Wiseman [73] reported that variations at the start of the competetion, as well
as the intensity of the competition for nutrients and available space, are caused due to the
amount of overwintered and spring-germinating weed species in the field. According to
their report, the total weight of weeds was always higher in the presence of overwintering
weeds and lower otherwise. It was also stated that if the overwintering weeds are large, a
thick weed cover is formed which shades the crop early in the season. They concluded
from the above-mentioned study that it is important to eliminate overwintering weeds in

the Narcissus crop to avoid loss in bulb yield due to plant density and shading. The
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elimination can be achieved either by agronomic practices (hand weeding, shallow

plowing) or by the application of chemicals (herbicides) prior to the crop emergence.

Besides of the season of germination, there are specific weed species which can have
some detrimental effect on the Narcissus crop in the field. In terms of specific weeds
species, Stellaria media (chickweed) is the most important overwintering annual species.
This weed is native to Europe. It mostly affects the Narcissus and spring cabbage crops
due to its ability to grow rapidly from March onwards. Moreover, it has a very invasive
nature due to its climbing and smothering habit that can quickly damage a whole field
[76]. Poa annua and Capsella bursa-pastoris are other species of weeds which emerge in
quite considerable numbers during the autumn season. The limiting factor for these
species is that they are themselves subjected to competition from each other as well as
other weed species in the early summer season. Due to this factor and limited time to
cause damage, they seem to have no significant effect on the crop. Of the overwintering
weed species particularly Agropyron repens competes severely with the crop, but the
regular removal of its foliage during the autumn and winter markedly delayed its

development in spring.

Weeds, which germinate in the spring, can also have some effect on the crop, but this
effect would be little as they have a shorter period for competition with the crop. Few
weed species such as Galeopsis tetrahit, Fumaria officinalis, and Papaver rhoeas can
have a large effect as these species are tall and tend to germinate early in the season and
grow very rapidly. But if these species germinate in autumn, there is almost no effect as
they cannot survive in the winter. There is also another important fact described by
Lawson and Wiseman (1972) that if Pyrazone/ Chlorbufam is applied to a mixture of
weeds, all the weeds were killed but pure strands of Galeopsis tetrahit in one experiment
and Fumaria officinalis in another experiment developed due to this application. They
also have found that there is no evident change in the yield when compared with the

unweeded plots in the experiment.

According to Rees [77], any reduction caused by higher plant density can be compensated
by a higher number of plants in a unit area but the losses caused by the competition of

weeds with the Narcissus plant cannot be recovered due to the presence of weed plants
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in the crop. A few studies have been done to check the causes of the decrease in bulb
yield. According to these studies, the effects of weeds are not the only cause that decreases
the total bulb yield. In these studies, bulbs of equal size were lifted from weeded and
unweeded plants after one year and then those bulbs were forced into the greenhouse. The
outcome of this showed that there are clear differences in the number of flowers produced
and the quality of flowers. Thus it cannot be said that weeds are the only reason decreasing
the bulb yield [70-72, 76]. Lawson and Wiseman [73] concluded that different effects of
weed competition occur, depending on variations in soil and weather conditions, weed
species and density, and crop growth. There will be further differences in commercial
practice due to crop cultivar and size and a planting density of bulbs. It is, therefore,
difficult to predict accurately the likely crop losses due to weeds in commercial

production, though a probable range seems to be 5-20%.

To conclude, further work still needs to be done to understand the complex relationship
between weeds and Narcissus crop. In fact, nothing is known about the effect of
competition between weeds and Narcissus on the metabolome of Narcissus. It would be
quite interesting to study the effect of weeds on the metabolome and galanthamine content

in Narcissus.

The case of Narcissus interaction with other crops, which are planted before or after the
crop, is also complex. Barley, leys, peas and early potatoes are cultivated mostly in a
rotation with the Narcissus. It is important to note that high residual crops such as
cauliflower must be avoided in the rotation because high nitrogen contents may boost the

basal rot disease in the bulbs [78].

In a recent study researchers [79] have tried to grow Narcissus on marginal lands to
improve production and utlilize the land at four different sites in England. According to
their finding, around 80% bulbs were established at each site from the planted material.
Moreover these established bulbs have higher galanthamine contents as compared to the
other locations. They have also found out that altitude and planting density have almost
no effect on the galanthamine contents as well as on the production of bulbs. A limited
amount of information about the effect of other crops on the soil contents in relation to

Narcissus can be found in the handbook of Narcissus and Daffodil [41]. But there is
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hardly any information available about some change in galanthamine contents or
metabolic changes due to crop rotation or cover trees. It is quite possible that there are
some changes in the metabolome of Narcissus due to these interactions with other plants

in the field that are still left to be explored.
Plant-insect interaction

Narcissus is entomophilous (insect pollinated) crop and the likelihood of a flower being
pollinated probably depends upon the weather and its effect on pollinating insects during

the flowering season [41].
Plant beneficial Insects:

Due to their sessile style of life, flowers have limited possibility of spreading their pollen.
That is the main reason for the necessity of pollen vectors for successful pollination in
flowering plants. Among pollen vectors, animals represent nearly three-quarter of all
pollen vectors in Angiosperms [80]. Although much work has been done in this field, the
detailed understanding of principles of pollination via attracting insects to a particular
flowering plant remains cryptic. The question is very complex and involves diverse
viewpoints and specializations [81]. The role of secondary metabolites in the attraction
or repellency of insects has been discussed in these reports [82, 83]. Though Narcissus
species propagate via bulbs, the yellow scenting flowers attract a number of pollinating
insects. Except N. longispathus, most Narcissus species are self-sterile [84] and are
therefore likely to be dependent on pollinator services of insects and other animals.
Human disturbance is one of the factors negatively impacting plant-pollinator interactions

[85].

As debated by Miller et al. [86], the typical spring color of pollinated flowers is blue and
purple. “Yellow flowers have the ability to stand out from the denser green vegetation in
the late summer”. According to this hypothesis, Narcissus has a significant advantage
among other spring flowers. The yellow color of Narcissus species is due to the
carotenoids in the inflorescence. Carotenoids hold diverse functions in plants varying
from an essential role in photosynthesis to precursors for signaling molecules. Moreover,

they are a source of vitamins for humans. Besides of pro-vitamin A source, carotenoids



Factors Affecting calanthamdne Production

are used as pigments, antioxidants, food/feed additives, cosmetics, pharmaceuticals,
nutraceuticals, and dyes. Some flowering plants, such as red marigold flowers, are used
as a commercial source for zeaxanthin extraction reviewed by Farre et al. [87]. In
Narcissus, xanthophyll has been detected by Kuhn and Winterstein [88] in N.
pseudonarcissus and crystals of f-carotene were first observed in the corona of
N. poeticus [89]. From Narcissus “Golden Harvest” a number of carotenoids were
isolated by Berset and Pfander [90] with the major compound (all-E)-lutein. Some genes
of the carotenoid pathway are isolated from Narcissus and subjected to further expression
in diverse systems such as insects or plastids (Table 1.1 mentioned above). The relevance
of Narcissus carotenoids is shown in the beginning of the famous ‘Golden Rice’ project,
for which a gene from the carotenoid biosynthesis pathway was isolated from Narcissus
pseudonarcissus and introduced successfully into rice to introduce the vitamin A pathway

[91].

It is known that insects don’t perceive the colors in the same way as we do. For example,
bees are able to see in ultraviolet light [92]. If one puts the petals of Narcissus flowers
under the UV light, interesting patterns can be observed. The tip of each petal shows blue
fluorescence due to the presence of a tuft of trichomes. The function of such a dartboard
as a nectar guide for UV-sensitive pollinators has been the subject of discussion for many
scientists as the fluorescence is rather far from the actual nectar reservoir [93]. Hence the
role of additional insects routing via scent is proposed. In general, trichomes comprise
unique structures which are the site of biosynthesis or storage of (secondary) metabolites
[94]. Lam with coworkers [95] studied the morphology of Narcissus tazetta trichomes
and also performed a couple of chemical reactions in order to uncover the nature of
compounds present in the trichomes. The presence of flavonoids and/or phenylpropanoids
was revealed. Some “apical hairs” were reported also in N. incomparabilis and
N. pseudonarcissus [96]. From flowers of N. fazetta, two compounds namely
isorhamnetin (flavonoid) and tazettine (alkaloid) were isolated by Shikhiev and Serkerov

[97].

Regarding the colors as attractants for the pollinators, beside petals, other parts such as
stigma, pollen and nectar could be colored or in contrast against the background, thus be

visible for insects as reviewed in Miller et al. [86]. However, many present-day Narcissus
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color variations are the result of intensive breeding and thus they did not undergo
pollinators’ selection. This is because daffodils propagate via bulbs so seed production is
not desired. On the contrary, Narcissus for multiplication purposes are treated (physically
and/or chemically) not to spend energy on seed production. New variety development is
done via man-crossing and doesn’t depend on precarious pollinators services. But, the
non-pathological natural interaction between daffodils and insects is described here,

though the number of reports is found to be scarce.

Other insect appealing metabolites produced and/or occur in flowers are compounds of
volatile character. Their role is mostly attributed to attracting pollinators, however, other
roles such as in defense [98] and way of communication between the plants [99] has been
proposed. Sometimes flowers employ a rather sophisticated strategy in attracting
pollinators via scent. For example, some orchid flowers produce volatiles similar to honey
bee [100] or green leaves volatiles signaling leave damage (by e.g. herbivorous insects)
[101] in order to attract those insects predators [102]. According to Pérez-Barrales et al.
[103], the insects pollinating Narcissus are strongly influenced by the anatomy and
herkogamy of individual Narcissus species. The role of chemical constituents of the
Narcissus fragrance in the attraction of pollinators has been studied by Dobson and
coworkers [104]. No unique pollinator such as in the Orchids case has been appointed
through some sort of grouping of daffodils into Lepidoptera and non-Lepidoptera odors
has been observed. This phenomenon was in agreement with previous observations made
by Knuth at the end of 19th century in Dobson e al. [104]. Insects of non-Lepidoptera
odors are mainly bees (Hymenoptera) and some flies (Diptera) and their fragrance is more
heterogeneous. Whereas the Lepidoptera group represents mostly moths and butterflies
and their “Lepidoptera odor” principle is observed in diverse flowers pollinated with
mentioned insects [105]. The Lepidoptera type of odor was characterized in Narcissus by
the presence of indole, a high percentage of esters (both terpenoid and benzenoid),
linalool and trans-p-ocimene. Plants producing scent poorer in this “Lepidoptera
mixture” and richer in diverse benzenoid esters that belong to an intermediate group in
which an extension of no detectable indole creates the non-Lepidoptera odor type [104].
Narcissus scent production is one of the breeder's concerns. Decorative flowers scent is

both desirable and unwelcome, depending on the intensity, scent characteristic and also
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customer’s requirements or local habits. However, the visual appearance and shelf life of
flowers is of higher priority than the scent. In general, selection of longer shelf life flowers
resulted in less fragrance producing flowers [106]. Besides of the decorative aspect of
daffodils, the scent of Narcissus is of interest for extraction. Narcissus absolute is
commercially obtained from N. tazetta, N. jonquilla and mainly N. poeticus. This
essential oil is considered rare and expensive. About 500 kg of flowers is needed to
produce 1 kilogram of concrete or 300 g of absolute oil. In spite of the scarcity, about

70% of women’s perfumes sold nowadays contain a note of Narcissus absolute.
Harmful Insects:

Harmful insect includes only the large Narcissus fly (Merodon equestris). In the UK bulb
industry, the large Narcissus fly is referred as the major insect pest. To improve the yield
and quality as well as to produce blooms with long stocks, bulbs in the UK are left in the
field for 2-3 years. This is not the case in The Netherlands where bulbs are lifted from the
field after one year. But still, the large Narcissus fly also causes damage in The
Netherlands. There are three species of this pest. First (Merodon equestris) is large while
the other two species (Eumerus strigatus and E. tuberculatus) are quite small. Most of the
damage is caused by the large fly, which can attack healthy bulbs, while the smaller ones
can only attack damaged bulbs.

This pest causes damage by laying a single egg on the neck of the bulb. Favorable
conditions for this pest are bright, still sunny days in which temperatures are above 18
°C. Most of the egg laying occurs under these conditions. A single fly can lay eggs at the
necks of up to 100 bulbs. The egg hatches after the egg-laying period which is from the
beginning of May until June. When eggs hatch the larvae crawl to the base of the bulbs.
From the base this pest tunnels inside of the bulb and feed on the fleshy leaves [107,
108].There is a previous report about the effect of temperature on this pest by Which
[109]. According to this report, low temperatures during the above-mentioned time period

affect the egg laying ability of these pests.

Narcissus is also affected by Nematodes present in the soil [110]. Mostly the stem and
bulb parts of the plant are affected during their growth period. The main causal agent in

Narcissus s Ditylenchus dipsaci. In this disease, the leaves of the plant are stunted and
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distorted. Leaf center and margins are swelled and become yellow or brown colored.
Sometimes leaves are thickened and swollen at the base. The irrigation water spreads
nematodes. They also survive in weeds and even can survive desiccation. Low
temperatures are quite favorable for nematodes. For controlling this disease, the planting
equipment needs to be cleaned. Moreover, infected bulbs need to be removed from the

field to control the spreading.
Other animals:

Wild rabbits and other rodents such as rats are usually somewhat harmful to the crops.
Rabbits eat mostly the leaves of the plants and rats damage the roots and bulbs of the
crops. The observation made in 40 farms in the UK revealed that rabbits cost the farmers
about 0.65 million British pounds damage per year (Defra, 2003). However, Narcissus
leaves and scapes are damaged only to a very small extent. In one area, Narcissus was
grown near a hedge bank which was infested by rabbits. No Narcissus damage was noted
in that field as they run past to the part of the field where there were no Narcissus plants.
In another area, rabbits caused extensive damage by nibbling on the leaves of Endymion
nonscriptus but the leaves of Narcissus and Orchis mascula growing in the same area
were left untouched. On the other hand, slugs can eat flowers of Narcissus. Coldwell and
Wallace [111] examined about 82 flowers in total in a badly drained pasture after wet
weather. From those 82 flowers 56 were mutilated. They have found that slugs and snails

cause a small amount of damage occasionally.

Grazing animals such as cows, goats and sheep affect unprotected crops and wild plants
by eating their leaves and stems, thus causing a great deal of damage. There are reports
that these grazing animals do not damage Narcissus plants. The wild Narcissus and even
cultivated varieties are not eaten by cows and goats. Clearly, they even avoid the leaves
if they are in the middle of a field. Chicken peck a little on the flower buds but the leaves
are left totally unaffected. While pigs grouted in only those areas where there are no bulbs

in a patch of 2 acres which was covered with Narcissus [111].

It can only be speculated about the reasons why animals and most insects do not like to

eat Narcissus in the field. There can be different reasons for this such as the structure of



Factors Affecting calanthamdne Production

the Narcissus leaves and plant, the presence of trichomes and last but not the least the

presence of anti-feeding compounds.

Concerning the structure of the Narcissus plants and the leaf surface, it is possible that
the presence of wax is the cause that insects avoid the leaves of this plant. The cuticles of
plants are covered with hydrophobic constituents. These coatings are the first layer of
defense of plants against herbivores. Eigenbrode and Espelie [112] postulated that the
glossy surface of the leaves causes insect resistance in most of the Brassica spp. especially

in B. napus and some other crops.

The presence of trichomes can be another factor in the defense of Narcissus plants against
insects and animals. They can be unicellular and multicellular and arise from epidermal
cells of plants. They are present in Narcissus, so they could play an important role in plant
defense against small insects. Trichomes provide an effective barrier to the movement
and contact of insects and also deter them from egg laying [113]. Thus the presence of a
large number of trichomes can provide some defense against sucking or piercing type of
insects [114]. Norris and Kogan [115] have described the role of trichomes in protecting
different crops from a number of insect spp. In Narcissus, Lam and coworkers [95]
studied the morphology of trichomes. They have also performed some chemical reactions
to find out the nature of the compounds that are present in the trichomes. According to
their findings, flavonoids and phenylpropanoids are main compounds which can be found

in the trichome of N. tazetta.

Volatiles can be an important factor for the defense of Narcissus against the animals and
the insects. They may repel the animals from the Narcissus plants. Different kinds of
volatiles are emitted from the floral and vegetative parts of plants. Thus, it can be that
Narcissus emits some compounds from their flowers or maybe from their vegetative parts
which act as a warning for the animals and insects, so they stay away from the Narcissus
plants. There are reports that plants protect themselves from herbivores by emitting high
levels of S-methyl-methionine. Isoprene is a simple Cs terpenoid volatile that is released
from non-floral parts of plants [116]. There are also reports about a defensive role of
polyphenol oxidases against herbivores. De Moraes and coworkers [117] stated, that after

the damage of green leaves of tobacco, volatile (2)-3-hexenyl acetate and aliphatic esters
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of (Z)-3-hexen-1-ol are emitted which repel the female moths from egg laying on these
injured plants. There is a study in which it is described that volatiles from N. attentuate
act as a direct defense by repelling the herbivores and indirectly by attracting the predators
of these herbivores. Vancanneyt and coworkers [118] found that volatiles from the green
leaves of potatoes may be involved in the resistance against aphids. So, it is possible that

volatiles of the plants contributes to defense against the animals and insects.

Volatiles from plants can influence other plants in their vicinity as well. It seems
reasonable that plants can perceive the volatiles produced after the damage by herbivores
and respond to this information by activating their own defenses. It can be the case that
Narcissus plants receive signals from other plants in the nearby grazing area and they
produce and emit chemicals which can repel animals. For example, when Vicia faba
plants were exposed to (Z)-jasmone, they emitted the volatile metabolite methyl
jasmonate which caused elevated levels of the monoterpene f-ocimene in neighboring V.

faba plants [119].

However, there is little information available on volatiles in Narcissus and their effect on
animals in the surrounding area. Headspace analysis may provide information about
possible defense mechanisms of Narcissus plants. Previous studies using headspace
analysis collected the volatiles from the flowers of Narcissus poeticus and N. tazetta 120,
121] but no attempt is reported about the analysis of volatiles from the vegetative parts of

the Narcissus neither is there any study of possible repellent effects.

Diseases of Narcissus

Diseases are an important factor to consider improving the yield of plants in the field. All
crops are affected by diseases in one way or another during their growth cycle. Some
crops can be severely affected while in the others damage can be limited. Narcissus is
also not a disease-free crop and at times it is affected rather severely. Sometimes more
than 50% of the bulbs are affected during storage and even on occasion if the diseases are
not controlled properly they can damage a whole field within a short time. Hence it is
important to know which diseases can affect the crop and how much. Some of the major

diseases of Narcissus are discussed here.
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Fungal Diseases:

Top of the list in fungal diseases of Narcissus is rot which has different types. Basal rot
is a fungal disease which is caused by a specific organism for Narcissus. The causal agent
for this fungal disease is Fusarium oxysporum f. sp. Narcissi. It is a type of rot which
starts from the basal plate of the bulb (hence the name basal rot) and moves upwards to
the stem and leaves. This disease affects the crop severely in moist and warm weather
while the effect in cold conditions is quite limited. The fungus can survive in the form of
chlamydospores. High nitrogen concentrations in the soil or nitrogen fertilizers are quite
favorable for this fungus. Symptoms of basal rot include yellow and distorted leaves and
stunted growth of the plants, which usually lead to the death of plants. The infested bulbs
have reddish brown colored basal plates, which are decayed. The bulbs rot in the field
and even in the stores by this pathogen. Sometimes white to pinkish moulds can be found
between the layers of the bulbs. Carlton and Golden Harvest varieties are quite susceptible
to this disease while St. Keverne is resistant to the disease. This disease is rather difficult
to control in the field. For controlling the disease, bulbs are lifted as early as possible after
the infection and stored below 13 °C. This disease can also be controlled by Hot Water
Treatment [122-124]. At the places where a straw cover is used for the protection of crop
from frost, leaving the cover in place may reduce the amount of basal rot by decreasing

the temperature of the soil [125].

Crown/neck Rot is almost like the basal rot except that it starts from the crown/neck part
of the bulb and moves downward to the basal plate. This disease is caused by Sclerotium
rolfsii. At the start of this disease, the bulbs become soft and damp which almost looks
like waterlogged. After some time and with the progress of this disease, they become dry
and turn into ‘woody’ bulbs. The mold formed by this fungus covers the whole bulbs in
coarse white layers. Warm weather is quite favorable to this pathogen. The fungus
survives in the soil for long periods of time and sometimes even up to 10 years. This
disease can be controlled by avoiding the infested fields for 4-5 years. It can also be
controlled by deep plowing of the soil and Hot Water Treatment (HWT) of the bulbs
before planting in the field [126].

White root rot is also a fungal disease of Narcissus which is caused by Rosellinia necatrix.

This fungus has a wide host range and can invade the plants by the roots or from the stem
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bases. This disease can cause bare patches in the field i.e. the bulbs cannot produce the
shoots. Periods of mild wet weather are favorable conditions for the spread of this disease.

This disease can only be controlled chemically [127].

Black rot is caused by Sclerotinia sclerotiorum. In this disease, thin gray masses of the
mold cover the bulbs with black irregular sclerotia between scales. Cool temperatures are
favorable to this fungus and infection can be very low in hot weather. For the control of
this disease, infected plants need to be removed as soon as possible with the soil
surrounding the bulbs. Clean and healthy bulbs need to be planted in the clean soil. The
pathogen would be dead without a suitable host after 2 -3 years [128].

Blue mold is a disease which occurs during the storage of the bulbs. It is caused by
Penicillium corymbiferum spp. This disease occurs mostly in the damaged bulbs. It can

be avoided by removing the bulbs which are damaged [129-133].

Fire is a type of fungal disease in which the attack comes from the tip of the flower to
downwards. The causal agent for this disease is Botryotinia polyblastis. In this disease,
the areas of the petals which are soaked in water are affected first and then the foliage of
the plant is affected. The pathogen of the disease survives in the debris of the leaves. This
disease can be controlled by removal of flowers before it can produce apothecia. A proper

fungicide spray can also prevent the disease [134].

In Great Britain, another disease which is sometimes also named as fire is more
commonly known as scorch. Its causal agent (Stagonospora curtisii) is also different from
the fire disease. The tips of the early leaves appeared to be scorched as early symptoms
of this disease. The early symptoms are sometimes misunderstood as frost burns.
Dampness helps in spreading of this disease while hot and dry weather tends to stop it.
Grand Soleil d'Or, Medusa and Cheerfulness are the most susceptible varieties to this

disease.

Smolder is a disease caused by the Botrytis narcissicola fungus. This disease has early
symptoms like a dark brown lesion appearing at the tip of the leaves or the leaves can be
curled when they are infected at the inner edges. Cold and wet weather are quite favorable

for this disease. It can be controlled by the early digging of the bulbs and crop rotation.
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There is a need for spraying when the disease appears in case of severe infections [135-

137].

Lubbe et al. (2012) studied the effect of some fungicides on the metabolite profiles of
bulbs of the Carlton variety of N. pseudonarcissus. Bulbs from plants subjected to a
number of different treatments were compared with non-treated plants for their
metabolome. The different treatments all showed a different metabolome from the
control. In some cases a lower level of galanthamine was observed, in others a similar
level as the control. The overall conclusion was that the current practice of using
fungicides in the cultivation of N. pseudonarcissus is suitable for the galanthamine
production. Though the overall metabolome is clearly different from the wild type. It

seems that each fungicide leaves a specific footprint in the bulbs.

Other Diseases:

There are also some viral diseases which affect Narcissus. White streak is one of them. It
is caused by Narcissus white streak virus. It has symptoms like narrow streaks of dark
green to purple which become white to yellowish white later on. These streaks appear on
the leaves and at the flower stalk after flowering stage. In this disease, the plant starts
senescence prematurely, so the bulbs size and yields are reduced. This disease is spread
mainly through aphids and Narcissus is the only host for this virus. Symptoms of this
disease mostly appear when the temperature is higher than 18 °C. To control the disease,

aphids need to be controlled and infected plants need to be removed [138]

The yellow stripe is also a viral disease which is caused by Narcissus yellow stripe virus.
Light green to yellow streaks appears in the plants as well as leaves and flower stalks are
mottled. Leaves are distorted, and color breaks occur in flowers. This disease also reduces
the bulb yield. The symptoms of this disease appear in the early growing season. This
virus is also mainly spread by the aphids. To control the disease, infected plants need to
be removed [139]. There is very little or no information available about the effect of
diseases on the metabolome of Narcissus in general and on galanthamine in specific.
Diseases may cause a change in the metabolome of Narcissus by affecting the production
of different compounds in the bulbs or in the whole plant, but no reports have been made

public on this issue.
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Conclusion:

There is a lot of practical information available on Narcissus as a crop for flower and bulb
production purposes. However, only a limited amount of information is obtainable on the
secondary metabolites present in this plant and their possible role in plant resistance to
pest and diseases. This also includes the major target (galanthamine) of this study. A
limited amount of knowledge about the biosynthetic pathway of galanthamine and other
alkaloids is available, but which does not clarify their role in the growth and defense
mechanism of these plants. This all adds up to only a limited amount of data on the
possibility to improve galanthamine and other alkaloids production in the field. Though
there are some indications that the alkaloid level in the plant is variable during its growth
cycle and this might be modified by certain measures in the cultivation as well as pre and
post-harvest processing. A lot of work needs to be done to know more about the factors
that initiates and control galanthamine production in the Narcissus plants. It can be
helpful to identify the changes that occur during or after the interaction with other plants
and animals in the field. Though there is some information available on the effect of
insects and diseases on total yield of Narcissus in the field but there is no information on

the metabolic effect of these insects and diseases.



Factors Affecting calanthamdne Production

References:

1. Tuyl, J., P. Arens, and A. Marasek Ciolakowska, Ornamental Geophytes-from
Basic Science to Sustainable Production. 2015. p. 143-144.

2. Akula, R. and G.A. Ravishankar, Influence of Abiotic Stress Signals on
Secondary Metabolites in Plants. Plant Signaling & Behavior, 2011. 6(11): p.
1720-1731.

3. Edreva, A., V. Velikova, T. Tsonev, S. Dagnon, A.L. Giirel, and L. Aktas,

Stress-Protective Role of Secondary Metabolites: Diversity of Functions and
Mechanisms. Vol. 34. 2007.

4. Nina Theis and Manuel Lerdau, The Evolution of Function in Plant Secondary
Metabolites. International Journal of Plant Sciences, 2003. 164(S3): p. S93-
S102.

5. Evidente, A., A.S. Kireev, A.R. Jenkins, A.E. Romero, W.F.A. Steelant, S. Van

Slambrouck, and A. Kornienko, Biological Evaluation of Structurally Diverse
Amaryllidaceae Alkaloids and Their Synthetic Derivatives: Discovery of Novel
Leads for Anticancer Drug Design. Planta Medica, 2009. 75(5): p. 501-507.

6. Weniger, B., L. Italiano, J.P. Beck, J. Bastida, S. Bergonon, C. Codina, A.
Lobstein, and R. Anton, Cytotoxic Activity of Amaryllidaceae Alkaloids. Planta
Medica, 1995. 61(1): p. 77-79.

7. Gabrielsen, B., T.P. Monath, J.W. Huggins, D.F. Kefauver, G.R. Pettit, G.
Groszek, M. Hollingshead, J.J. Kirsi, W.M. Shannon, E.M. Schubert, J. Dare, B.
Ugarkar, M.A. Ussery, and M.J. Phelan, Antiviral (Rna) Activity of Selected
Amaryllidaceae Isoquinoline Constituents and Synthesis of Related Substances.
Journal of Natural Products, 1992. 55(11): p. 1569-1581.

8. Scott, L.J. and L.G. Karen, Galantamine, a Review of Its Use in Alzheimer’s
Disease. Drugs, 2000. 60(5): p. 1095-1122.

9. Frank, B. and S. Gupta, A Review of Antioxidants and Alzheimer’s Disease.
Annals of Clinical Psychiatry, 2005. 17: p. 269-286.

10. Evans, D.A., H.H. Funkenstein, M.S. Albert, P.A. Scherr, N.R. Cook, M.J.
Chown, L.E. Hebert, C.H. Hemrekens, and J.O. Taylor, Prevalence of
Alzheimer's Disease in a Community Population of Older Persons: Higher Than



(S
(e)]

1.

12.

13.

14.

15.

16.

17.

18.

19.

Previously Reported. JAMA: The Journal of the American Medical Association,
1989. 262(18): p. 2551-2556.

Hebert, L.E., J. Weuve, P.A. Scherr, and D.A. Evans, Alzheimer Disease in the
United States (2010-2050) Estimated Using the 2010 Census. Neurology, 2013.
80(19): p. 1778-1783.

Tencheva, J., I. Yamboliev, and Z. Zhivkova, Journal Of Chromatography,
1987. 421: p. 396 — 400.

Balzarini, J., C.-F. Perno, D. Schols, and E. De Clercq, Activity of Acyclic
Nucleoside Phosphonate Analogues against Human Immunodeficiency Virus in
Monocyte/Macrophages and Peripheral Blood Lymphocytes. Biochemical and
Biophysical Research Communications, 1991. 178(1): p. 329-335.

Weiler, B.E., H.C. Schréder, V. Stefanovich, D. Stewart, J.M.S. Forrest, L.B.
Allen, B.J. Bowden, M.H. Kreuter, R. Voth, and W.E.G. Miiller, Sulphoevernan,
a Polyanionic Polysaccharide, and the Narcissus Lectin Potently Inhibit Human
Immunodeficiency Virus Infection by Binding to Viral Envelope Protein.
Journal of General Virology, 1990. 71(9): p. 1957-1963.

Cherkasov, O.A., Plant Sources of Galanthamine. Khimiko-Farmatsevticheskii
Zhurnal, 1977. 11(6): p. 84-87.

Torras-Claveria, L., S. Berkov, C. Codinaa, V. Francesc, and J. Bastida,
Daffodils as Potential Crops of Galanthamine. Assessment of More Than 100
Ornamental Varieties for Their Alkaloid Content and Acetylcholinesterase
Inhibitory Activity. Vol. 43.2013. 244.

Breiterova, K., M. Locarek, E. Kohelova, M. Talackova, D. Hulcova, L. Opletal,
and L. Cahlikova, Daffodils as Potential Crops of Biologically-Active
Compounds: Assessment of 40 Ornamental Taxa for Their Alkaloid Profile and
Cholinesterases Inhibition Activity. Natural Product Communications, 2018.
13(4): p. 419-422.

Lopez, S., J. Bastida, F. Viladomat, and C. Codina, Galanthamine Pattern in
Narcissus Confusus Plants. Planta Medica, 2003. 69: p. 1166-1168.

Moraes-Cerdeira, R.M., J.K. Bastos, C.L. Burandt, N.P.D. Nanayakkara, J.
Mikell, and J.D. McChesney, Alkaloid Content of Different Bulb Parts of
Narcissus Cv. Ice Follies. Planta Med, 1997. 63(01): p. 92-93.



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Factors Affecting calanthamdne Production

Barton, D.H.R., G.W. Kirby, J.B. Taylor, and G.M. Thomas, 866. Phenol
Oxidation and Biosynthesis. Part Vi. The Biogenesis of Amaryllidaceae
Alkaloids. Journal of the Chemical Society (Resumed), 1963: p. 4545-4558.

Eichhorn, J., T. Takada, Y. Kita, and M.H. Zenk, Biosynthesis of the
Amaryllidaceae Alkaloid Galanthamine. Phytochemistry, 1998. 49(4): p. 1037-
1047.

Bhandarkar, J.G. and G.W. Kirby, Structure and Biosynthesis of Chlidanthine.
Journal of the Chemical Society C: Organic, 1970(9): p. 1224-1227.

Loy, C. and L. Schneider, Galantamine for Alzheimer's Disease and Mild
Cognitive Impairment. Cochrane Database of Systematic Reviews, 2006(1).

Berkov, S., L. Georgieva, V. Kondakova, A. Atanassov, F. Viladomat, J.
Bastida, and C. Codina, Plant Sources of Galanthamine: Phytochemical and
Biotechnological Aspects. Biotechnology & Biotechnological Equipment, 2009.
23(2): p. 1170-1176.

Takos, A.M. and F. Rook, Towards a Molecular Understanding of the
Biosynthesis of Amaryllidaceae Alkaloids in Support of Their Expanding
Medical Use. International Journal of Molecular Sciences, 2013. 14(6): p.
11713-11741.

Barton, D.H.R. and G.W. Kirby, 153. Phenol Oxidation and Biosynthesis. Part
V. The Synthesis of Galanthamine. Journal of the Chemical Society (Resumed),
1962: p. 806-817.

Fuganti, C., Biosynthesis of Galanthamine - Feeding Experiments in Leucojum
Aestivum (Amaryllidaceae). Chimica & L Industria, 1969. 51(11): p. 1254.

Bastida, J., R. Lavilla, and F. Viladomat, Chemical and Biological Aspects of
Narcissus Alkaloids, in The Alkaloids. 2006, Elsevier.

Kilgore, M.B. and T.M. Kutchan, The Amaryllidaceae Alkaloids: Biosynthesis
and Methods for Enzyme Discovery. Phytochemistry Reviews, 2016. 15(3): p.
317-337.

Singh, A. and I. Desgagne-Penix, Transcriptome and Metabolome Profiling of
Narcissus  Pseudonarcissus  'King  Alfred” Reveal Components of
Amaryllidaceae Alkaloid Metabolism. Scientific Reports, 2017. 7.



Ul
0

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Saliba-Cisneros, S., A. Ptak, and D. Laurain-Mattar, 4’- O -Methylnorbelladine
Feeding Enhances Galanthamine and Lycorine Production by Leucojum
Aestivum L. Shoot Cultures. Vol. 15. 2015.

Kilgore, M.B., M.M. Augustin, C.M. Starks, M. O’Neil-Johnson, G.D. May,
J.A. Crow, and T.M. Kutchan, Cloning and Characterization of a Norbelladine
4'-O-Methyltransferase Involved in the Biosynthesis of the Alzheimer’s Drug
Galanthamine in Narcissus Sp. Aff. Pseudonarcissus. PLOS ONE, 2014. 9(7):
p. €103223.

Kilgore, M.B., C.K. Holland, J.M. Jez, and T.M. Kutchan, Identification of a
Noroxomaritidine Reductase with Amaryllidaceae Alkaloid Biosynthesis
Related Activities. The Journal of biological chemistry, 2016. 291(32): p.
16740-16752.

Singh, A., M.A. Massicotte, A. Garand, L. Tousignant, V. Ouellette, G. Berube,
and I. Desgagne-Penix, Cloning and Characterization of Norbelladine Synthase
Catalyzing the First Committed Reaction in Amaryllidaceae Alkaloid
Biosynthesis. Bmc Plant Biology, 2018. 18.

Czollner, L., W. Frantsits, B. Kuenburg, U. Hedenig, J. Frohlich, and U. Jordis,
New Kilogram-Synthesis of the Anti-Alzheimer Drug (-)-Galanthamine.
Tetrahedron Letters, 1998. 39(15): p. 2087-2088.

Node, M., S. Kodama, Y. Hamashima, T. Baba, N. Hamamichi, and K. Nishide,
An Efficient Synthesis of (+)-Narwedine and (+)-Galanthamine by an Improved
Phenolic Oxidative Coupling. Angewandte Chemie International Edition, 2001.
40(16): p. 3060-3062.

Marco-Contelles, J., M.D. Carreiras, C. Rodriguez, M. Villarroya, and A.G.
Garcia, Synthesis and Pharmacology of Galantamine. Chemical Reviews, 2006.
106(1): p. 116-133.

Le Nard, M. and A.A. De Hertogh. Research Needs for Flower Bulbs
(Geophytes). 2002. International Society for Horticultural Science (ISHS),
Leuven, Belgium.

Benschop, M., R. Kamenetsky, M. Emeritus, and H. Okubo, The Global Flower
Bulb Industry: Production, Utilization, Research. 2010. p. 1-115.

Erhardt, W., Narzissen. 1993, Stuttgart: Eugen Ulmer Verlag.



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Factors Affecting calanthamdne Production

Hanks, G.R., Narcissus and Daffodil: The Genus Narcissus. Vol. 21. 2002,
London, New York: Taylor & Francis. 428.

Lubbe, A., Y.H. Choi, P. Vreeburg, and R. Verpoorte, Effect of Fertilizers on
Galanthamine and Metabolite Profiles in Narcissus Bulbs by 1H NMR. Journal
of Agricultural and Food Chemistry, 2011. 59(7): p. 3155-3161.

Bock, A., T.H. Sparks, N. Estrella, N. Jee, A. Casebow, M. Leuchner, and A.
Menzel, Climate Sensitivity and Variation in First Flowering of 26 Narcissus
Cultivars. International Journal of Biometeorology, 2015. 59(4): p. 477-480.

Crotty, F., H. McCalman, H. Powell, S. Buckingham, and C. Marley, Should
Farmers Apply Fertilizer According to When Their Daffodils Are in Flower?
Utilizing a "Farmer-Science" Approach to Understanding the Impact of Soil
Temperature on Spring N Fertilizer Application in Wales. Soil Use and
Management, 2019. 35(1): p. 169-176.

Sochacki, D. and T. Orlikowska, The Obtaining of Narcissus Plants Free from
Potyviruses Via Adventitious Shoot Regeneration in Vitro from Infected Bulbs.
Scientia Horticulturae, 2005. 103(2): p. 219-225.

Hussey, G., In Vitro Propogation of Narcissus Annals of Botany, 1982. 49: p.
707-719.

Seabrook, J.E.A., C. B.G.,, and L.A. Dionne, The in Vitro Induction of
Adventitious Shoot and Root Apices on Narcissus (Daffodil and Narcissus)
Cultivar Tissue. Canadian Journal of Botany, 1976. 54: p. 814-819.

Squires, W.M. and F.A. Langton, Potential and Limitations of Narcissus
Micropropagation: An Experimental Evaluation. Acta Horticulturae, 1990. 266:
p. 67-75.

Seabrook, J.E.A., Narcissus (Daffodil), in Handbook of Plant Cell Culture, P.V.
Ammirato, et al., Editors. 1990, McGraw Hill: New York. p. 577-597.

Squires, W.M., F.A. Langton, and J.S. Fenlon, Factors Influencing
Transplantation Success of Micropropagated Naricssus Bulblets. Journal
Horticultural Science, 1991. 66: p. 661-671.

Chow, Y.N., C. Selby, and B.M.R. Harvey, A Simple Method for Maintaining
High Multiplication of Narcissus Shoot Cultures Invitro. Plant Cell Tissue and
Organ Culture, 1992. 30(3): p. 227-230.



o)

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Staikidou, I, C. Selby, and B.M.R. Arvey, Stimulation by Auxin and Sucrose of
Bulbil Formation in Vitro by Single Leaf Cultures of Narcissus. New
Phytologist, 1994. 127(2): p. 315-320.

Hanks, G.R., Narcissus, in The Physiology of Flower Bulbs, A. De Hertogh and
M. Le Nard, Editors. 1993, Elsevier: Amsterdam. p. 463-558.

Santos, J., I. Santos, and R. Salema, In Vitro Production of Bulbs of Narcissus
Bulbocodium Flowering in the First Season of Growth. Scientia Horticulturae,
1998. 76(3-4): p. 205-217.

Staikidou, L., S. Watson, B.M.R. Harvey, and C. Selby, Narcissus Bulblet
Formation in Vitro: Effects of Carbohydrate Type and Osmolarity of the Culture
Medium. Plalnt Cell Tissue and Organ Culture, 2005. 80(3): p. 313-320.

Selles, M., Fl. Viladomat, J. Bastida, and C. Codina, Callus Induction, Somatic
Embryogenesils and Organogenesis in Narcissus Confusus: Correlation
between the Stlate of Differentiation and the Content of Galanthamine and
Related Alkaloids. Plant Cell Reports, 1999. 18(7-8): p. 646-651.

Sage, D.O., J. Lynn, and N. Hammatt, Somatic Embryogenesis in Narcissus
Pseudonarcissus Cvs. Golden Harvest and St. Keverne. Plant Science, 2000.
150(2): p. 209-216.

Malik, M., Comparison of Different Liquid/Solid Culture Systems in the
Production of Somatic Embryos from Narcissus L. Ovary Explants. Plant Cell
Tissue and Organ Culture, 2008. 94(3): p. 337-345.

Bergonon, S., C. Codina, J. Bastida, F. Viladomat, and E. Mele, Galanthamine
Production in "Shoot-Clump" Cultures of Narcissus Confusus in Liquid-Shake
Medium. Plant Cell Tissue and Organ Culture, 1996. 45(3): p. 191-199.

Selles, M., S. Bergonon, F. Viladomat, J. Bastida, and C. Codina, Effect of
Sucrose on Growth and Galanthamine Production in Shoot-Clump Cultures of
Narcissus Confusus in Liquid-Shake Medium. Plant Cell Tissue and Organ
Culture, 1997. 49(2): p. 129-136.

Colque, R., F. Viladomat, J. Bastida, and C. Codina, Improved Production of
Galanthamine and Related Alkaloids by Methyl Jasmonate in Narcissus
Confusus Shoot-Clumps. Planta Medica, 2004. 70(12): p. 1180-1188.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Factors Affecting calanthamdne Production

Diop, M.F., A. Hehn, A. Ptak, F. Chre’tien, S. Doerper, E. Gontier, F. Bourgaud,
M. Henry, Y. Chapleur, and D. Laurain-Mattar, Hairy Root and Tissue Cultures
of Leucojum Aestivum L. Relationships to Galanthamine Content. Phytochem
Rev, 2007. 6: p. 137-141.

Berkov, S., L. Ivanov, V. Georgiev, C. Codina, and A. Pavlov, Galanthamine
Biosynthesis in Plant in Vitro Systems. Engineering in Life Sciences, 2014.
14(6): p. 643-650.

Hanks, G.R., Commercial Production of Narcissus Bulbs, in Narcissus and
Daffodil: The Genus Narcissus, G.R. Hanks, Editor. 2002, Taylor and Francis:
New York. p. 53-130.

Rees, A.R., L.W. Wallis, and A.A. Tompsett, Effects of Planting Density, Plant
Arrangement and Frequency of Lifting on Flower and Bulb Production of
Narcissus in S.W. England. . Journal of Horticultural Science,, 1973. 48: p. 59-
73.

Moraes-Cerdeira, R.M., C.L. Burandt, J.K. Bastos, N.P.D. Nanayakkara, J.
Mikell, J. Thurn, and J.D. McChesney, Evaluation of Four Narcissus Cultivars
as Potential Sources for Galanthamine Production. Planta Med, 1997. 63(05): p.
472-474.

Wood, J. and S.J. Howick. Experiments with Herbicides on Beds of Narcissus
and Tulips. in Proceedings of the 4th British Weed Control Conference. 1958.
U.K.

Wood, J., S.J. Howick, and E.D. Turquand. Trials of Herbicides on Narcissus
and Tulip Beds. in Proceedings of the 5th British Weed Control Conference.
1960.

Turquand, E.D. Trials of Herbicides on Narcissus and Tulip. in Proceedings of
the 6th British Weed Control Conference,. 1962.

Turquand, E.D. Trials of Herbicides on Narcissus and Tulip. in Proceedings of
the 7th British Weed Control Conference,. 1964.

Turquand, E.D. Linuron as a Herbicide on Narcissus and Tulip. . in Proceedings
of the 8th British Weed Control Conference. 1966.

Lawson, H.M., Effects of Spring-Germinating Weeds on Narcissus. Annals of
Applied Biology, 1976. 83(2): p. 324-327.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Lawson, H.M. and J.S. Wiseman, Effect of Weeds on Growth and Development
of Narcissus. Journal Of Applied Ecology, 1978. 15(1): p. 257-272.

Rees, A.R., Bleasdal.Jk, and L.W. Wallis, Effects of Spacing on Flower and
Bulb Yield in Narcissus. Journal of Horticultural Science & Biotechnology,
1968. 43(2): p. 113-&.

Rees, A.R., The Growth of Bulbs. Applied Aspects of the Physiology of
Ornamental Bulbous Crop Plants. 1972, London: Academic press.

Lawson, H.M. and J.S. Wiseman. Experiments with Pyrazone/Chlorbufam on
Narcissus. in Proceedings of the 11th British Weed Control Conference. 1972.

Rees, A.R., Spacing Experiments on Bulbs: Principles and Practice. Acta
Horticulturae, 1975. 47: p. 391-396.

Hanks, G.R., J.H. Carder, and C.R. Rahn, Narcissus : Examination of the Links
between Soil Nitrogen and Basal Rot. 1998a, Report on project BOF 39,
Horticultural Development Council: East Malling.

Fraser, M.D., J.R.T. Davies, and X.M. Chang, New Gold in Them Thar Hills:
Testing a Novel Supply Route for Plant-Derived Galanthamine. Journal of
Alzheimers Disease, 2017. 55(4): p. 1321-1325.

National Research Council, Status of Pollinators in North America. 2007,
National Academies Press: Washington, DC.

Mitchell, R.J., R.E. Irwin, R.J. Flanagan, and J.D. Karron, Ecology and
Evolution of Plant-Pollinator Interactions Ann Bot., 2009. 103(9): p. 1355-1363.

Rattan, R.S., Mechanism of Action of Insecticidal Secondary Metabolites of
Plant Origin. Crop Protection, 2010. In Press.

Kessler, D. and I.T. Baldwin, Making Sense of Nectar Scents: The Effects of
Nectar Secondary Metabolites on Floral Visitors of Nicotiana Attenuata. The
Plant Journal, 2007. 49(5): p. 840 - 854.

Barrett, S. and L. Harder, The Evolution of Polymorphic Sexual Systems in
Daffodils (Narcissus). New Phytologist, 2005. 165(1): p. 45-53.



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Factors Affecting calanthamdne Production

Eckert, C.G., S. Kalisz, M.A. Geber, R. Sargent, E. Elle, P.-O. Cheptou, C.
Goodwillie, M.O. Johnston, J.K. Kelly, D.A. Moeller, E. Porcher, R.H. Ree, M.
Vallejo-Marin, and A.A. Winn, Plant Mating Systems in a Changing World
Trends in Ecology & Evolution, 2010. 25(1): p. 35-43.

Miller, R., S.J. Owens, and B. Rearslett, Plants and Colour: Flowers and
Pollination Optics & Laser Technology 2009.

Farré, G., G. Sanahuja, S. Naqvi, C. Bai, T. Capell, C. Zhu, and P. Christou,
Travel Advice on the Road to Carotenoids in Plants. Plant Science Letters, 2010.
179(1-2): p. 28-48.

Kuhn, R. and A. Winterstein, Uber Die Verbreitung Des Luteins Im
Pflanzenreich. Naturwissenschaften, 1930. 18: p. 754.

Kuhn, H., Chemismus, Struktur Und Entstehung Der Carotinkristdllchen in Der
Nebenkrone Von Narcissus Poeticus L. Var. [']La Riante'. Journal of
Ultrastructure Research, 1970. 33(3-4): p. 332-355.

Berset, D. and H. Pfander, Untersuchungen Zur Carotinoidzusammensetzung in
Bliiten Der Gartenhybride Narcissus Cvv 'Golden Harvest'. Helvetica Chimica
Acta, 1985. 68(5): p. 1149-1154.

Burkhardt, P., M. Schledz, and I. Potrykus, Transgenic Rice (Oryza Sativa)
Endosperm Expressing Daffodil (Narcissus Pseudonarcissus) Phytoene
Synthase Accumulates Phytoene, a Key Intermediate of Provitamin a
Biosynthesis. Plant J., 1997. 11(5): p. 1071-8.

Chittka, L. and N.E. Raine, Recognition of Flowers by Pollinators. Current
Opinion in Plant Biology, 2006. 9: p. 428-435.

Chwil, M., The Structure of Secretory Tissue of Stigma and Septal Nectaries as
Well as Nectar Secretion of Flowers of Hosta Fortunei Baker L. H. Bailey
(Funkiaceae). Acta Agrobotanica, 2009. 62(1): p. 27-36.

Duke, S.O., C. Canel, A.M. Rimando, M.R. Tellez, M.V. Duke, and R.N. Paul,
Current and Potential Exploitation of Plant Glandular Trichome Productivity.
Advances in Botanical Research, 2000. 31: p. 121-151.

Lam, T.H., Y.B. Ho, and S. Chen, Observations on Ultraviolet-Fluorescent
Trichomes on the Tepals of Narcissus Flowers. Plant Science Letters, 1980. 18(
2): p. 115-120.



o)

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Guédés, M., Stamen, Tepal and Corona in Narcissus. Advancing Frontiers Plant
Sci, 1966. 16: p. 113-135.

Shikhiev, A.S. and S.V. Serkerov, The Flavonoids of the Flowers of Narcissus
Tazetta. Khimiya Prirodnykh Soedinenii, 1970. 6(4): p. 475-476.

Kant, M.R., M.W. Sabelis, M.A. Haring, and R.C. Schuurink, Intraspecific
Variation in a Generalist Herbivore Accounts for Differential Induction and
Impact of Host Plant Defences. Proceedings of the Royal Society B: Biological
Sciences, 2008. 275(1633): p. 443-452.

Baldwin, I.T., R. Halitschke, A. Paschold, C.C. von Dahl, and C.A. Preston,
Volatile Signaling in Plant-Plant Interactions: "Talking Trees" in the Genomics
Era. Science, 2006. 311(5762): p. 812-815.

Brodmann, J., R. Twele, W. Francke, L. Yi-bo, S. Xi-qiang, and M. Ayasse,
Orchid Mimics Honey Bee Alarm Pheromone in Order to Attract Hornets for
Pollination. Current biology : CB, 2009. 19(16): p. 1368-1372.

Tautz, J. and M. Rostds, Honeybee Buzz Attenuates Plant Damage by
Caterpillars. Current biology : CB, 2008. 18(24): p. R1125-R1126.

Brodmann, J., R. Twele, W. Francke, G. Hélzler, Q.H. Zhang, and M. Ayasse,
Orchids Mimic Green-Leaf Volatiles to Attract Prey-Hunting Wasps for
Pollination. Current Biology : CB 2008. 18(10).

Pérez-Barrales, R., P. Vargas, and J. Arroyo, New Evidence for the Darwinian
Hypothesis of Heterostyly: Breeding Systems and Pollinators in Narcissus Sect.
Apodanthi. New Phytologist, 2006. 171(3): p. 553-567.

Dobson, A.P., J.P. Rodriguez, W.M. Roberts, and D.S. Wilcove, Geographic
Distribution of Endangered Species in the United States. Science, 1997.
275(5299): p. 550-553.

Knudsen, J.T. and L. Tollsten, Trends in Floral Scent Chemistry in Pollination
Syndromes: Floral Scent Composition in Moth-Pollinated Taxa. Botanical
Journal of the Linnean Society, 1993. 113(3): p. 263-284.

Reuveni, M., Z. Sagi, D. Evnor, and A. Hetzroni, Beta-Glucosidase Activity Is
Involved in Scent Production in Narcissus Flowers. Plant Science, 1999. 147(1):
p. 19-24.



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Factors Affecting calanthamdne Production

which. Http://Www.Which.Co.Uk/Documents/Pdf/Narcissus-Bulb-Fly-
153655.Pdf. 2009.

Dove,
Http://Www.Dovebugs.Co.Uk/Narcissus%20fly%20information%20sheet.Pdf.
2002.

Collier, R.H. and S. Finch, The Effects of Temperature on Development of the
Large Narcissus Fly (Merodon Equestris). Annals of Applied Biology, 1992.
120(3): p. 383-390.

Tenente, R.C.V., Nematode Problems of Bulbs, with Special Reference to
Ditylenchus Dipsaci. Nematropica, 1996. 26(1): p. 91-99.

Caldwell, J. and T.J. Wallace, Narcissus-Pseudonarcissus L. Journal Of
Ecology, 1955. 43(1): p. 331-341.

Eigenbrode, S.D. and K.E. Espelie, Effects of Plant Epicuticular Lipids on Insect
Herbivores. Annual Review of Entomology, 1995. 40(1): p. 171-194.

Chiang, H.-S. and D.M. Norris, Morphological and Physiological Parameters of
Soybean Resistance to Agromyzid Beanflies. Environmental Entomology, 1983.
12(1): p. 260-265.

Southwood, T.R.E., ed. Plant Surfaces and Insects an Overview. Insects and the
Plant Surface, ed. B. Juniper and T.R.E. Southwood. 1986, E. Arnold London.
UK. 1-22.

Norris, D.M. and M. Kogan, eds. Biochemical and Morphological Bases of
Resistance. Breeding Plants Resistance to Insects ed. F.G. Maxwell and P.R.
Jennings. 1980, wiley: New York. USA. 23-61.

Berkov, A., B. Meurer-Grimes, and K.L. Purzycki, Do Lecythidaceae
Specialists  (Coleoptera, Cerambycidaec) Shun Fetid Tree Species.
BIOTROPICA, 2000. 32(3): p. 440-451.

De Moraes, C.M., M.C. Mescher, and J.H. Tumlinson, Caterpillar-Induced
Nocturnal Plant Volatiles Repel Conspecific Females. Nature, 2001. 410(6828):
p. 577-580.



o)

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Vancanneyt, G., C. Sanz, T. Farmaki, M. Paneque, F. Ortego, P. Castafiera, and
J.J. Sénchez-Serrano, Hydroperoxide Lyase Depletion in Transgenic Potato
Plants Leads to an Increase in Aphid Performance. Proceedings of the National
Academy of Sciences, 2001. 98(14): p. 8139-8144.

Birkett, M.A., C.A.M. Campbell, K. Chamberlain, E. Guerrieri, A.J. Hick, J.L.
Martin, M. Matthes, J.A. Napier, J. Pettersson, J.A. Pickett, G.M. Poppy, E.M.
Pow, B.J. Pye, L.E. Smart, G.H. Wadhams, L.J. Wadhams, and C.M. Woodcock,
New Roles for Cis-Jasmone as an Insect Semiochemical and in Plant Defense.
Proceedings of the National Academy of Sciences, 2000. 97(16): p. 9329-9334.

Joulain, D., ed. Study of Fragrances Given Off by Certain Spring Time Flowers.
Progress in Essential Oil Research, ed. E.J. Brunk. 1986. 57-67.

Mookherjee, B.D., R-W. Trenkle, and R.A. Wilson, Live Vs. Dead. Part Ii. A
Comparative Analysis of the Headspace Volatiles of Some Important Fragrance
and Flavor Raw Materials. Journal of Essential Oil Research, 1989. 1(2): p. 85-
90.

Hanks, G.R., Variation in the Growth and Development of Narcissus in Relation
to Meteorological and Related Factors. Journal of Horticultural Science &
Biotechnology, 1996. 71(4): p. 517-532.

Hanks, G.R., Management of Basal Rot - the Narcissus Disease. Pesticide
Outlook, 2003.

Hiltunen, L.H., C.A. Linfield, and J.G. White, The Potential for the Biological
Control of Basal Rot of Narcissus by Streptomyces Sp. Crop Protection, 1995.
14(7): p. 539-542.

Tompsett, A.A., Narcissus Varietal Susceptibility to Fusarium Oxysporum
(Basal Rot). Acta Hort. (ISHS), 1986. 177: p. 77-84.

Pscheidt, J.W. and C.M. Ocamb, eds. Plant Diseases Management Handbook.
2008, Washington State University: Washington.

Mantell, S.H. and B.E.J. Wheeler, Rosellinia and White Root Rot of Narcissus
in the Scilly Isles. Transactions of the British Mycological Society, 1973. 60(1):
p- 23-IN1.

Horst, R.K., Westcott's Plant Disease Handbook. 7th ed. 2008, New York:
Springer.



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Factors Affecting calanthamdne Production

Gregory, P.H. and G.W. Gibson, The Control of Narcissus Leaf Diseases Iii.
Sclerotinia Polyblastis Greg, on Narcissus Tazetta Var. Soleil D'or. Annals of
Applied Biology, 1946. 33(1): p. 40-45.

Overy, D.P. and K.K.a.M.J. Due, Low Temperature Growth and Enzyme
Production in Penicillium Ser. Corymbifera Species, Casual Agents of Blue
Mold Storage Rot in Bulbs. Journal of Plant Pathology, 2005. 87(1): p. 57-63.

Overy, D.P., J.C. Frisvad, U. Steinmeier, and U. Thrane, Clarification of the
Agents Causing Blue Mold Storage Rot Upon Various Flower and Vegetable
Bulbs: Implications for Mycotoxin Contamination. Postharvest Biology and
Technology, 2005. 35(2): p. 217-221.

Nicholson, P. and D.S. Ingram, Isolation of Penicillium Corymbiferum from
Basal Rotted Narcissus Bulbs. Mycological Research, 1989. 92(3): p. 359-360.

D.P. Overy, K. Karlshej, and M.J. Due, Low Temperature Growth and Enzyme
Production in Penicillium Ser. Corymbifera Species, Casual Agents of Blue
Mold Storage Rot in Bulbs. Journal of Plant Pathology, 2005. 87(1): p. 57-63.

Dowson, W.J., On an Extraordinary Botrytis Causing a Disease of Narcissus
Leaves. Transactions of the British Mycological Society, 1928. 13(1-2): p. 95-
IN4.

O'Neill, T.M., G.R. Hanks, and D.W. Wilson, Control of Smoulder (Botrytis
Narcissicold) in Narcissus with Fungicides. Annals of Applied Biology, 2004.
145(1): p. 129-137.

O'Neill, T.M. and J.W. Mansfield, The Cause of Smoulder and the Infection of
Narcissus by Species of Botrytis. Plant Pathology, 1982. 31(1): p. 65-78.

O'Neill, T.M., J.W. Mansfield, and G.D. Lyon, Aspects of Narcissus Smoulder
Epidemiology. Plant Pathology, 1982. 31(2): p. 101-118.

Brunt, A.A., Bulb and Corm Crops. Narcissus., in Virus and Virus-Like Diseases
of Bulb and Flower Crops., G. Loebenstein, R.H. Lawson, and R.H. Brunt,
Editors. 1995, John Wiley and Sons: Chichester. p. 322-334.

Cremer, M.C. and J.A. Van Der Veken, Localization of Viral Antigen in
Narcissus Leaves Infected with Yellow Stripe Virus, Determined by Means of a
Fluorescein Conjugated Antiserum. European Journal of Plant Pathology, 1964.
70(4): p. 105-113.



o)





