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Plants belonging to the monocotyledonous Amaryllidaceae family include about 1100 species divided among 75

genera. They are well known as medicinal and ornamental plants, producing pharmaceutically important alkaloids,

the most intensively investigated of which are galanthamine and lycorine. Amaryllidaceae alkaloids possess

various biological activities, the most important one being their anti-acetylcholinesterase activity, used for the

treatment of Alzheimer’s disease. Due to increased demand for Amaryllidaceae alkaloids (mainly galanthamine)

and the limited availability of plant sources, in vitro culture technology has attracted the attention of researchers as

a prospective alternative for their sustainable production. Plant in vitro systems have been extensively used for

continuous, sustainable, and economically viable production of bioactive plant secondary metabolites. Over the

past two decades, a significant success has been demonstrated in the development of in vitro systems

synthesizing Amaryllidaceae alkaloids. The present material discusses the state of the art of in vitro Amaryllidaceae

alkaloids production, summarizing the authors’ point of view on the development of biotechnological production

processes with a focus on the future prospects of in vitro culture technology for the commercial production of these

valuable alkaloids.
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1. Introduction

Plants belonging to the monocotyledonous Amaryllidaceae family include about 1100 species divided among 75

genera (Amaryllis, Galanthus, Leucojum, Narcissus, Haemanthus, Nerine, Hippeastrum, Sternbergia, Clivia,

Rhodophiala, Pancratium, Hymenocallis, Crinum, Lycoris, etc.), which are well known, mainly as medicinal and

ornamental plants . The Amaryllidaceae family is one of the most important alkaloid-producing plant families ,

as the most intensively investigated alkaloids are galanthamine and lycorine . Due to the increased demand for

Amaryllidaceae alkaloids (mainly galanthamine) and the limited availability of plant sources, in vitro culture

technology has attracted the attention of researchers as a prospective alternative for their sustainable production .

Plant in vitro systems have been extensively used for continuous, sustainable, and economically viable production

of bioactive plant secondary metabolites . A significant success has been demonstrated in the development of in

vitro systems for production of Amaryllidaceae alkaloids . Optimization of the production process is

also well documented, starting with nutrient media optimization , development of appropriate bioreactor design

, and optimization of the cultivation conditions .

2. Biotechnological Production of Amaryllidaceae Alkaloids 
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The development of biotechnologies for the production of biologically active substances based on plant cells and

tissues cultured under in vitro conditions is a complex and multi-stage process. Algorithms for optimizing and

controlling the process of biosynthesis of the target metabolite in the in vitro systems under study should be based

on the bioengineering, physiological and phytochemical peculiarities of the particular in vitro culture, as well as on

the subsequent analysis of the relationships in the “in vitro system–product” biological system . A preliminary

requirement for industrially significant yields of target biologically active substances from plant in vitro systems is

the development of an efficient cultivation system with appropriately designed bioreactors, as well as

unconventional strategies for optimization of the biological systems .

Based on the summarized results of extensive research in this field over a period of more than 20 years, we

propose an integrated approach to process development for production of Amaryllidaceae alkaloids by plant in vitro

systems (Figure 1).

Figure 1. Integrated approach to biotechnological production of Amaryllidaceae alkaloids.

It is postulated that the genetic potential of an intact plant from which explants are extracted to produce in vitro

systems directly affects the biosynthetic potential of in vitro systems. This fact is often underestimated by plant

biotechnologists, although it is the basis for the successful development of technologies for bioactive secondary

metabolite production. It is clear that the selection of the plant individuals further used as primary material for

development of a plant in vitro system should be based on systematic screening procedures. Extensive botanical

and phytochemical evaluation of the wild populations and/or clone origin of the field crop is required to select the

most suitable plant individuals for further in vitro work. In our opinion, there is a need of more thorough

investigations on the intrapolulation variations of alkaloids in wild habitats in order to develop and validate

procedures for selecting the most productive plant individuals for further introduction in vitro.
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Data available in the scientific literature clearly show that undifferentiated in vitro systems (callus) derived from

Amaryllidacea species exhibit lower biosynthetic potential compare to differentiated plant in vitro systems

. This fact leaves open many questions regarding the scale-up of cultivation processes, because the

difficulties associated with bioreactor cultivation of differentiated plant in vitro systems are well known .

Recently, in attempts to respond to the demand of Amaryllidaceae alkaloids, substantial efforts have been made to

improve the yields and biosynthesis efficiency of target molecules, including the application of metabolic

engineering technologies. In contrast to the fast-growing knowledge about Amaryllidaceae alkaloids chemistry and

pharmacological activities, very little is known about their biosynthesis, the responsible functional and regulatory

genes, and the molecular mechanisms underlying its regulation . Although rapid advances in omics

technologies over the past few years have led to significant discoveries in Amaryllidaceae alkaloid biosynthesis,

there are still many unknown details about their biosynthetic pathway. The biosynthesis of Amaryllidaceae alkaloids

is a complex process and is a result of coordinated action of enzymes from different biosynthetic pathways of

primary, secondary and specialized cell metabolism. According to Desgagne’-Penix , the biosynthetic pathway of

Amaryllidaceae alkaloids could be provisionally divided into five stages: 1) Biosynthesis of the two aromatic amino

acid L-phenylalanine and L-tyrosine, which are the building blocks of Amaryllidaceae alkaloids; 2) Formation of 3,4-

dihydroxybenzaldehyde from phenylalanine, which is the aldehyde moiety of Amaryllidaceae alkaloids; 3)

Formation of 4′-O-methylnorbelladine from norbelladine (a condensation product of tyramine with 3,4-

dihydroxybenzaldehyde); 4) Formation of unstable intermediate products by specific phenol coupling of 4′-O-

methylnorbelladine followed by a reduction step; 5) Biosynthesis of the different types of Amaryllidaceae alkaloids

(galanthamine, lycorine, homolycorine, galasine, haemanthamine, plicamine, secoplicamine, narciclasine,

pretazettine, crinine, cripowelline, graciline, montanine, ismine, cherylline and norbelladine types, as well as

galanthindole, maritinamine and elwesine). The last stage involves very specialized enzymes which could be found

in different plant species producing specific Amaryllidaceae alkaloids .

Obviously, a better understanding of Amaryllidaceae alkaloid biosynthesis is crucial so that the advantages of

metabolic engineering can be applied in constructing effective plant or microbial systems able to produce a

desirable molecule. The development of such expression systems will have a great impact on the cost of

Amaryllidaceae alkaloids, their availability and sustainable production. Till now, there is no enough information

about the structural and regulatory genes involved into fifth stage of Amaryllidaceae alkaloids biosynthesis, and

thus, we cannot suggest the optimal strategy for engineering this part of the pathway. Nowadays, there is no report

on engineered plant or microbial system expressing target Amaryllidaceae alkaloids.

As stated in the Introduction, the optimization of the production process of Amaryllidaceae alkaloids is well

documented, especially in the case of galanthamine . It is clear that the main stages of such

optimization are: optimization of the nutrient medium for maximal yields of the target alkaloids; selecting the

appropriate cultivation system and improving its design; optimization of the environmental conditions of cultivation

and process control, management and modeling. In our opinion, elicitation is one of the most effective approaches

to optimizing the biosynthesis of Amaryllidaceae alkaloids and it is a mandatory step in a future technology for their

production . Important steps for effective elicitation are the experimental determination of the type of elicitor, its
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concentration and time of addition to the cultivation system, and these experiments should be carried out after the

cultivation system is selected, as well as the composition of the nutrient medium and environmental conditions of

cultivation are optimized. Elicitation is also a powerful tool for directing biosynthesis to one or another group of

Amaryllidaceae alkaloids depending on the specific aim of the production process being developed . As we

stated above, the differentiated shoot type cultures are most suitable for the biosynthesis of Amaryllidaceae

alkaloids, which creates problems with the development and optimization of cultivation systems . For the

production of Amaryllidaceae alkaloids it seems that temporary immersion cultivation systems and modified bubble

column bioreactors are the most appropriate .

3. Conclusions and Future Prospects

Many of the known Amaryllidaceae alkaloids show remarkable biological activities and some of them, galanthamine

for example, are already used in medicine. However, the limited amounts found in plants, in combination with the

wide diversity in the chemical structures of these alkaloids render their production, isolation and purification very

expensive.

Plant in vitro systems are an alternative approach to Amaryllidaceae alkaloid bioproduction. Nowadays, alkaloid

yields are still too low and not attractive for commercial production despite the huge progress in the development of

an integrated approach for their biotechnological production. It seems this disadvantage could be solved using

metabolic engineering for constructing effective plant or microbial systems able to produce a desirable molecule.

Possible solutions could be: 1) a combination of chemical synthesis of norcraugsodine as precursor and its

conversion into nornarwedine by engineered microbial system; or 2) developing hybrid biosynthetic pathway for

Amaryllidaceae alkaloids synthesis by yeasts or in vitro plant systems; or 3) developing hybrid bioprocess systems.
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