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Abstract 

Alkaloids are among the most important secondary metabolites, and the discovery of their 

biosynthetic pathways is a key focus for pharmacological applications. Nowadays, these discoveries 

rely heavily on data from genomes, transcriptomes, and metabolomes. Since the 2000s, RNA 

sequencing has become a common approach for uncovering metabolic pathways by correlating plant 

transcript expression with metabolomic profiling. While the biosynthesis routes for isoquinoline 

alkaloids (IsAs) are well-documented in the literature, those for Amaryllidaceae alkaloids (AmAs) 

remain poorly described. In this review, we compile the available information on the genomic and 

transcriptomic approaches used in plants producing IsAs and AmAs and explore how the similarities 

between these two groups contribute to understanding the current challenges in elucidating AmAs 

pathways. Additionally, we compare historical approaches to discovering IsAs and AmAs pathways 

by analyzing key representatives—lycorine and galanthamine (AmAs) and morphine (IsAs)—while 

highlighting the role of various enzyme families involved in the synthesis of these alkaloids. 

Keywords: isoquinoline alkaloids; Amaryllidaceae alkaloids; transcriptomes; RNA sequencing; 

functional genes; secondary metabolism 

 

1. Introduction 

Secondary plant metabolites (SPMs) are chemical phytocompounds that enable plants to 

compete in their environment. These molecules are of immense interest due to their high diversity 

[1] and industrial applications. They are produced by plant cells through metabolic pathways derived 

from primary metabolic processes, such as nitrogen metabolism, through secondary modifications, 

including deaminations, decarboxylations, and hydroxylations, among others [2,3]. On the basis of 

their chemical structure, SPMs can be classified as phenolics, alkaloids, saponins, terpenes, lipids, 

and glycosylated carbohydrates [3]. Among these, alkaloids are a diverse group of organic 

compounds often referred to as plant defense resources against potential predators [4], although 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 September 2025 doi:10.20944/preprints202509.1631.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1631.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 27 

 

many can be produced by different taxa such as fungi, bacteria, and animals. Alkaloids contain at 

least one nitrogen atom and can be classified according to the origin and position of this atom in the 

molecule as: 1) true alkaloids, which contain nitrogen atoms derived from amino acids, 2) 

protoalkaloids, which are alkaloid precursors that lack some structural features of true alkaloids, such 

as the presence of a quaternary nitrogen atom, and 3) pseudoalkaloids, which are compounds that 

resemble alkaloids in some ways but do not directly derive nitrogen atoms from amino acids but do 

so through mechanisms such as transamination reactions [5]. They can also be classified according to 

a defined chemical-related skeleton (Figure 1) [1] and are of great interest as plant natural products 

(PNPs) due to their biological activities, which include but are not limited to, antiviral, antibacterial, 

anti-inflammatory, and antineoplastic properties, as well as herbicidal, insecticidal and fungicidal [6–

8].  

 

Figure 1. Some representative skeletons of alkaloid diversity: (1) Indole, (2) Quinoline, (3) Isoquinoline, (4) 

Pyrrolizidine, (5) Tropane, (6) Imidazole, (7) Pyrroline, (8) Pyrrole, (9) Piperidine, and (10) Pyridine. Adapted 

from Singh, Poonam, and Geeta (2019). Narcissus pseudonarcissus (Amaryllidaceae). Created in BioRender.com. 

Isoquinoline alkaloids are a structural class present in at least 28 plant families, distributed 

across 17 orders, with families belonging to Ranunculales order the most diverse producers [9]. The 

Ranunculales Isoquinoline alkaloids (IsAs) represent the largest group of well-documented alkaloids 

derived from benzopyridines synthesized from L-phenylalanine and/or L-tyrosine [10]. The synthesis 

involves the condensation of tyramine and L-DOPA to form dopamine, a substituted phenethylamine 

that is central to many biochemical pathways and produces a vast diversity of compounds [11]. In 

the IsAs pathway, dopamine is condensed to form another central intermediate known as 

norcoclaurine, which has a nitrogen heterocycle and two phenolic rings [12]. Several reactions 

involving methyltransferases and oxidoreductases then occur to produce reticuline, an important 

molecule that can undergo intramolecular phenol-couplings. Specifically, the para-ortho coupling 

leads to the most well-documented route from this family: the morphine pathway [13] (Figure 2). 
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Figure 2. Phylogenetic comparison between the main families producing IsAs and AmAs. The cladogram shows 

the relationship between key orders and families, highlighting Ranunculales and Asparagales, At the top, 

representative alkaloid structures from Ranunculales and Asparagales, At the top, representative alkaloid 

structures from Ranunculales are represented: (1) Morphine, (2) Isoboldine, (3) Corytuberine. At the bottom, 

examples of representative AmAs are shown, such as (4) Hemanthamine, (5) Galanthamine and (6) Lycorine. 

The flowers are Hepatica nobilis (Ranunculaceae) and Zephyranthes carinata (Amaryllidaceae). Created in 

BioRender.com. 

On the other hand, the Amaryllidaceae alkaloids (AmAs) are a class of compounds restricted 

mainly to the Amaryllidaceae family, specifically Amaryllidoideae subfamily, but also present 

in Aspargaceae, the sister family within the same order Asparagales [14] (Figure 2). Despite IsAs 

being present in the Amarillydacea family, the metabolic pathway differs from what happens in other 

families. These alkaloids are derived from the amino acids L-phenylalanine and L-tyrosine. L-

phenylalanine undergoes some reactions from the phenylpropanoid pathway leading to 3,4-

dihydroxybenzaldehyde (3,4-DHBA), while tyramine is produced from L-tyrosine [15]. These two 

compounds undergo a condensation reaction to produce the imine norcraugsodine, followed by a 

reduction to produce norbelladine [16,17] and a methylation leading to 4'-O-methylnorbelladine 

(4OMET), a protoalkaloid of two phenolic rings connected by a nitrogen atom [17,18]. From this point, 

4OMET can undergo three different types of intramolecular phenol-coupling reactions, para-para, 

para-ortho, or ortho-para couplings, producing compounds that can incorporate benzopyridine 

structures, such as the alkaloid haemanthamine. While similar phenol-coupling reactions, para-ortho, 

ortho-para, or ortho-ortho, occur in reticuline as part of the IsAs pathway, they are catalyzed by 

distinct enzymes. All couplings are mediated by a family of cytochrome P450-dependent oxidase 

enzymes known as CYPs. Galanthamine is one of the major examples of para-ortho phenolic coupling 

derivatives and is the only alkaloid approved by the FDA for the treatment of neurodegenerative 

diseases such as Alzheimer's disease due to its anticholinesterase inhibitory activity [19,20]. Lycorine, 

an alkaloid derived from ortho-para-phenol coupling, has shown cytotoxic and antitumor properties 

[21], while haemanthamine, crinine and montanine are some alkaloids resulting from the para-para 

phenol coupling of 4OMET (Figure 2), which have displayed anxiolytic, antidepressant and 

anticonvulsant activities, along with immunomodulatory properties. Over the past five years, 

researchers have described new alkaloids derived from norbelladine, as opposed to the previously 

mentioned 4OMET-derived alkaloids. These new alkaloids are known as Cherylline-type and 

Norbelladine-type, and their biosynthetic pathway remains fully unknown [22–24]. Figure 3 shows a 

comparation between IsAs and AmAs metabolic pathway.  
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Figure 3. IsAs and AmAs biosynthetic pathways comparation. The IsAs pathway is highlighted in blue, while 

the AmAs pathway is depicted in green. Solid lines indicate enzymatic reactions catalyzed by a single enzyme, 

whereas dashed lines represent multi-step reactions catalyzed by several enzymes. The structures of key 

intermediates are displayed, highlighting the specific carbon atoms involved in phenol-coupling reactions with 

distinct colors. 4-HPP; 4-hydroxyphenylpyruvate, 4-HPAA; 4-Hydroxyphenylacetaldehyde, L-DOPA; 3,4-

Dihydroxy-L-phenylalanine, 3,4-DHPA; 3,4-Dihydroxyphenylacetaldehyde, 3,4-DHBA; 3,4-

dihydroxybenzaldehyde, 4’OMET; 4’-O-methylnorbelladine. TAT; Tyrosine aminotransferase, TH; Tyrosine 

hydroxylase, AADC; Aromatic L-amino acid decarboxylase, TYDC; Tyrosine decarboxylase, PAL; 

Phenylalanine ammonia lyase, C4H; Trans-cinnamate 4-monooxygenase, 4CL: Coumarate-4-lyase, C3H: 4-

coumarate 3-hydroxylase (ascorbate peroxidase), HCT; hydroxycinnamoyl transferase, C3 H́; p-coumaroyl 

shikimate 3 -́hydroxylase, CSE; Caffeoyl shikimate esterase, HBS; Hydroxy Benzaldehyde synthase, NBS: 

Norbelladine synthase (coupled with norcraugsodine/noroxomaritidine reductase – NR), NCS; Norcoclaurine 

synthase, CYP96: Family of enzymes capable of phenolic couplings. Created in BioRender.com. 

Although AmAs have been extensively extracted and described from many plants, the 

molecular understanding of their synthesis remains incomplete due to the lack of genomic 

sequencing information for the plants in the Amaryllidaceae family that produce them, and complete 

transcriptomes are limited to only a few genera within them[24]. Furthermore, metabolomic studies 

have shown that certain alkaloids can be produced by specific species within a genus. For example, 

all Phaedranassa herbs have been reported to produce galanthamine and lycorine-type alkaloids, 

with the latter being the predominant one in most cases, except for P. cinerea which is the only species 

that does not appear to produce lycorine-type alkaloids [25]. Several omics approaches have been 

explored to understand how alkaloids are produced. Genomics, transcriptomics, and metabolomics 
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are the main tools used to elucidate the molecular mechanisms and pathways involved in alkaloid 

production. However, genomic DNA sequencing has remained elusive because of its complexity and 

size. Instead, transcriptomics is currently the most widely researched and applied approach, as it 

allows the study of functional and differentially expressed genes (DEGs) and it is often used to 

complement metabolomic profiling of plants under specific conditions. Most of the research in this 

field focuses on gaining a differential understanding of plant tissues, elicitors, and abiotic factors [26]. 

While the biosynthetic pathways of isoquinoline alkaloids (IsAs) and Amaryllidaceae alkaloids 

(AmAs) share several common elements, such as the use of similar precursors and the involvement 

of key enzymes like methyltransferases and oxidoreductases, they also exhibit significant differences 

in taxonomic distribution, metabolite structure, and the current state of characterization. Table 1 

synthesizes these similarities and differences, highlighting opportunities for biotechnological 

development in both groups. With this in mind, in this review, we seek to identify the challenges in 

elucidating AmAs biosynthetic pathways by contrasting them with the advances made in elucidating 

IsAs alkaloid metabolic pathways over the past 10 years. Specifically, we summarize the available 

studies on plants producing AmAs and IsAs, detailing the technologies employed and the enzymes 

identified in each case. Furthermore, we discuss how this accumulated information has been utilized 

to reconstruct metabolic pathways for specific alkaloids in both groups 

Table 1. Comparative table between AmAs and IsAs. 

Aspect Isoquinoline Alkaloids (IsAs) Amaryllidaceae Alkaloids (AmAs) 

Central Metabolic 

Pathways 

Norcoclaurine → Reticuline → 

Morphine 

Norbelladine → 4OMET → 

Galanthamine/Lycorine 

Main Precursors L-tyrosine, L-DOPA L-tyrosine, L-phenylalanine 

Key Enzymes 

Methyltransferases, 

oxidoreductases (CYP719B, 

STORR) 

Norbelladine synthase (NBS), CYP96T1, 

N4OMT 

Phenolic Couplings 
Intramolecular: Ortho-Ortho, Para-

Ortho 

Intramolecular: Para-Para, Para-Ortho, 

Ortho-Para 

Taxonomic 

Distribution 

28 families in 17 orders (mainly 

Ranunculales) 

Mainly in Amaryllidaceae, with 

exceptions in Asparagaceae 

Progress in 

Elucidation 
Pathway almost fully characterized 

Pathway partially elucidated with major 

gaps (e.g., 3,4-DHBA) 

Biotechnological 

Applications 

Morphine production in 

microorganisms 

Galanthamine production for 

Alzheimer’s treatment 

Current Limitations 
Structural complexity of final 

metabolites 

Lack of integrated genomic and 

transcriptomic data 

 

2. Historical Landmarks in IsAs and AmAs Pathway Elucidation 

The elucidation of alkaloid biosynthetic pathways has a long history that predates modern omics 

technologies. Morphine, for example, has been recognized for over two hundred years since its 

isolation in 1805 by Friedrich Wilhelm Adam Serturner, who referred to it as "Principium somniferum" 

[27]. The biosynthesis pathway of morphine was reviewed in 1967, proposing major steps from 

tyrosine to morphine via intermediates including norlaudanosoline, reticuline, salutaridine, 

salutaridinol-1, thebaine, and codeine, employing tracer experiments validated through analogous 

chemical transformations [28]. This suggests an understanding of at least five out of the twelve 

currently known intermediates leading directly from norlaudanosoline to morphine by 1967. In the 

case of pathway IsAs, the initial proposal in 1981 was for norlaudanosoline as the first natural 

intermediate, with 3,4-dihydroxyphenylacetaldehyde (3,4-DHPA) as the precursor, determined 

using 3H-radiolabeled dopamine as substrate and cell-free systems as enzyme sources [29]. However, 

subsequent tracer experiments with 13C-radiolabeled demonstrated that the enzyme does not 
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produce norlaudanosoline in plants. Instead, it produces norcoclaurine from 4-

hydroxyphenylacetaldehyde, as a result, the enzyme was renamed norcoclaurine/norlaudanosoline 

synthase (NCS) in 1987 [30]. Besides radiolabeling, studies related to gene expression were performed 

as tools for pathway elucidation, in situ RNA hybridization was used to establish differential and 

organ-dependent TYDC accumulation, suggesting a coordinated regulation of specific alkaloid 

biosynthetic genes [31].  

In 2001, the biotechnological production of morphinan alkaloids started to be a goal by the hand 

of recombinant DNA for heterologous expression and enzyme purification, which allowed the 

characterization of enzymes such as 7-O-Acetyltransferase [32]. Later, immunofluorescence labeling, 

and shotgun proteomics were used to establish that morphine biosynthesis occurs in two specific cell 

types [13], by 2015 a genetic locus designated STORR ((S)- to (R)-reticuline) responsible for encoding 

cytochrome P450-oxydoreductase fusion protein, was sequenced and microbial-based morphinan 

production was practically a reality [33]. In 2019, a new enzyme responsible for catalyzing a reaction 

previously assumed as spontaneous was identified; the isomerization of neopinone to codeinone [34]. 

To date, several synthetic systems have been engineered to produce morphine [35,36] and even 

feedback inhibition in those systems has started to be studied to improve production [37]. These 

findings underline the ever-evolving nature of alkaloid pathway research and the need for ongoing 

investigation and reassessment of our understanding.  

AmAs have been known since 1878 when the first alkaloid of its kind, lycorine, was isolated 

from Narcissus pseudonarcissus by A. W. Gerrard [38] during investigations into the poisonous 

properties of the Amaryllidaceae plants. Further studies on lycorine were carried out in Lycoris 

species, with initial reports in 1897, followed by the extraction and description of other alkaloids in 

the 1920s. Early studies aimed to understand the carbon origins of AmAs using radiolabeling 

experiments, which led to a partial understanding of the phenylpropanoid pathway that produces 

3,4-DHBA and clarified that all AmAs are derived from norbelladine [39], which is derived from the 

amino acid precursors phenylalanine and tyrosine. Radiolabeling was also used to understand 

galanthamine biosynthesis by application of 13C-labelled 4′-O-methylnorbelladine to different organs 

of Leucojum aestivum [40]. Despite knowledge of the main steps on the biosynthetic pathway for 

AmAs [41], it remained largely unexplored until the last decade, with the discovery of norbelladine-

4'-O-methyltransferase (N4OMT) as the first specific enzyme in the pathway responsible for the 

methylation of norbelladine, leading to the central intermediate 4OMET, which can undergo 

intramolecular phenol couplings [42]. By 2022, only three additional native enzymes have been 

described in Amaryllidaceae: norbelladine synthase (NBS) [43] and 

norcraugsodine/noroxomaritidine reductase (NR) [44], both of which are active prior to the phenol 

coupling reaction; and noroxomaritidine synthase (CYP96T1), the enzyme responsible for the para-

para phenol coupling reaction [45]. In 2024, the remaining phenol-coupling enzymes: 

Demethylnarwedine synthase (CYP96T6) and Noroxopluviine synthase (CYP96T5), as well as a 

short-chain alcohol dehydrogenase/reductase (SDR1), a cinnamoyl-CoA reductase-type (SDR2), a 

CYP71-family protein (CYP71DW1), a 2-oxoglutarate dependent dioxygenase (ODD2), a 11-

hydroxyvittatine O-methyltransferase (OMT1), a gamma-tocopherol methyltransferase (NMT1), and 

an aldo-keto reductase (AKR1) have been described, reporting the galanthamine and haemantamine 

biosynthetic pathways [46]. In the same year, the first monocot enzymes capable of catalyzing the 

three regioselective phenol couplings, CYP96T1 and CYP96T2 from Leucojum aestivum was also 

published [47] 

Although IsAs have been studied for a longer period than AmAs, it is important to identify the 

essential similarities between the main components of both pathways. Both pathways share a core 

compound created through the condensation of two molecules: norcoclaurine (IsAs) and 

norbelladine (AmAs). Additionally, both compounds are capable of undergoing modifications that 

generate a molecule able to perform intramolecular phenol-coupling rearrangements through CYPs: 

reticuline (IsAs) and 4OMET (AmAs). Figure 4 illustrates the major discoveries in each pathway over 

time. Genomic and transcriptomic data have played a crucial role in discovering five out of seven 
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genes responsible for morphine biosynthesis since 2010. However, the sequence of enzymes 

characterized thus far in the AmAs pathway has been elucidated solely with the aid of 

transcriptomes. Surprisingly, N4OMT was partially purified in 1963 [48], eighteen years before the 

first purification of (S)-norlaudanosoline synthase in the morphine pathway [29]. Since 1981, research 

into the AmAs pathway has not advanced as rapidly as that of the IsAs pathway. This is especially 

true when considering that the morphine pathway involves more steps than those involved in the 

synthesis of lycorine or galanthamine. 

 

Figure 4. Landmarks on IsAs and AmAs pathways elucidation. The elucidation of metabolic pathways for IsAs 

and AmAs began with the isolation of compounds now characteristic of each group, such as morphine and 

lycorine. Initially, the proposed steps in these pathways were based on experiments involving radioactive 

tracers. Later, omics technologies enabled a more in-depth characterisation of the enzymes involved in each 

pathway, to the point where, today, biofactories can be assembled to produce these molecules. Created in 

BioRender.com. 

2.1. Mining Functional Genes on IsAs Biosynthesis 

Isoquinoline alkaloids (IsAs) are renowned for their diversity and prevalence across multiple 

plant species, leading to extensive research on their biosynthesis. Transcriptomic studies have 

covered more than 70 species across 20 families (Table 2). To generate transcriptomes of IsAs-

producing plants, technologies like third-generation sequencing have been used. In addition, 

genomic data from various families has been analyzed in tandem with transcriptomic data, 

specifically, just over 20 genomes have been reviewed within the Ranunculales order. However, 

despite significant efforts, certain biosynthetic pathways for specific IsAs remain only partially 

understood [49]. A systematic search of the Web of Science database yielded 237 articles on IsAs and 

transcriptomes data, 104 of which focused on plants (Figure 5). Transcriptomic analyses across 

various IsAs-producing genera have provided valuable insights into conditions, elicitors, and DEGs 

associated with the production of specific alkaloids. Notably, certain enzymes are predominantly 

studied within specific plant families. 
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Table 2. Transcriptome sequencing studies on non-Amaryllidaceae families with data correlated to IsAs 

production. 

Family Sequenc

ing year 

Sequenc

ing 

country 

Sequencing  

platforms 

Reference 

Amaranthac

eae 

2020 China Illumina 

HiSeq 2500 

[50] 

Araceae 2021, 

2022 and 

2024 

China Illumina 

Nova seq 

6000 and 

Illumina 

HiSeq 2000 

[51–53]  

Aristolochia

ceae 

2021 and 

2022 

China PacBio Iso-

Seq, Illumina 

HiSeq2500 & 

Oxford 

Nanopore. 

[54,55] 

Asteraceae 2021 China Illumina 

NovaSeq 

6000 

[56] 

Berberidacea

e 

2012, 

2014, 

2015 and 

2016 

Canada 

and 

U.S.A. 

Illumina and 

454 GS FLX 

pyrosequenci

ng 

[57–60] 

Brassicaceae 2019 and 

2023 

China Illumina 

HiSeq 2000 

[61,62] 

Cactaceae 2022 and 

2023 

China 

and 

Canada 

Illumina 

HiSeq X Ten 

and Illumina 

NovaSeq 

6000 

[63,64] 

Caryophylla

ceae 

2016 China Illumina 

HiSeq 4000 

[65] 

Convolvulac

eae 

2023 China Illumina 

NovaSeq 

6000 

[66] 

Fabaceae 2019, 

2021 and 

2024 

China 

and 

Brazil 

Illumina 

HiSeq 2000 

and Illumina 

NextSeq 500 

[67–69] 

Lauraceae 2020 and 

2023 

China bgiSeq-500 

and Illumina 

[70,71] 

Liliaceae 2023 China Illumina 

Novaseq6000 

[72] 

Magnoliacea

e 

2022 China Illumina 

HiSeq 2500 

[73] 

Melanthiace

ae 

2023 China Illumina 

HiSeq 2500 

[74] 

Menisperma

ceae 

2012, 

2015, 

2016, 

2020, 

Canada 

and 

China 

Illumina, 454 

GS FLX 

pyrosequenci

ng, Illumina 

[57,59,60,75–77] 
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* Tables may have a footer. 

The Papaveraceae family has been the most extensively studied, revealing the presence of 

CYP719B1, a key P450-dependent oxidoreductase responsible for the phenol-phenol coupling of (S)-

reticuline. This coupling reaction is the most studied in the production of IsAs [113], and is regulated 

2022 and 

2024 

HiSeq X Ten, 

Illumina 

HiSeq-2500 

Nelumbonac

eae 

2017 and 

2022 

China Illumina 

HiSeq 2000 

 

[78,79] 

Oleaceae 2021 China Illumina 

HiSeq X Ten 

[80] 

Orchidaceae 2022 China Illumina 

HiSeq 2500 

[81] 

Papaveracea

e 

2010, 

2012 (3), 

2013 (2), 

2015 (2), 

2016 (3), 

2017 (2), 

2018 (3), 

2019 (2), 

2020, 

2021 (2) 

and 

2022. 

Canada, 

China, 

Iran, 

Japan, 

Korea, 

Turkey 

and U.K. 

454 GS FLX 

pyrosequenci

ng, Illumina 

HiSeq 2000, 

Illumina 

HiSeq 2500, 

Illumina 

HiSeq 3000, 

Illumina 

HiSeq 4000, 

Illumina 

HiSeq X Ten 

and PacBio 

Iso-Seq 

[82,57,83,84,85,59,60,86,87,88,89,90,91,92,9

3,94,95,96,97,98] 

Poaceae 2017 and 

2021 

India 

and 

China 

Illumina 

HiSeq 4000 

[99,100] 

Ranunculace

ae 

2012, 

2015 (2), 

2016, 

2018, 

2019, 

2020, 

2021, 

2022, 

2023 and 

2024 

Canada, 

China 

Illumina, 454 

GS FLX 

pyrosequenci

ng, Illumina 

HiSeq 2000, 

Illumina 

HiSeq 2500, 

Illumina 

HiSeq X Ten, 

PacBio Iso-

Seq, Illumina 

NovaSeq 

6000 

[57,59,60,101–109] 

Saururaceae 2024 China Illumina/MG

I-SEQ 2000 

[110] 

Theaceae 2022 China Illumina 

HiSeq 2000 

[111] 

Xanthorrhoe

aceae 
2024 China 

Illumina 

HiSeq 

xten/NovaSe

q6000 

[112] 
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by specific transcription factors and miRNAs in response to alkaloid elicitors. For example, the 

WRKY transcription factor family regulates morphinan biosynthesis [92]. The STORR protein, a gene 

fusion of a P450 enzyme and an oxidoreductase, is another important gene, it plays a key role in 

morphinan alkaloids pathway, transforming (S)-Reticuline into (R)-Reticuline directing metabolites 

into the morphinan branch of the pathway [98]. A large diversity of CYPs has been described in 

different species, many of which show organ specificity. Genomic data suggests that specific plant 

species produce exclusive families of alkaloids. Therefore, having sanguinarine, morphine, and 

papaverine in the same plant is unlikely. Regarding DEGs during bulb development in Corydalis 

yanhusuo, a study revealed several significant findings [86]. Using RNA-Seq, it identified dynamic 

changes in transcript abundance across three developmental stages: Day 0 (bulb initiation), Day 10 

(early expansion), and Day 30 (maturation), 1387 unigenes were co-expressed on Day 0 and Day 10, 

while 917 were co-expressed on Day 10 and Day 30, and 662 unigenes were co-expressed between 

Day 0 and Day 30, indicating distinct gene expression patterns throughout development. Moreover, 

alkaloid biosynthesis was found to be developmentally regulated, as their accumulation increased as 

the bulbs matured. This suggests that alkaloid biosynthesis is transcriptionally regulated during bulb 

development.  

 

Figure 5. Number of publications with transcriptomic related data on IsAs and AmAs over the years. Temporal 

evolution of the number of scientific publications mentioning IsAs (blue) and alkaloids from the AmAs (green). 

An increase in the number of publications for both categories has been observed in recent years, indicating a 

growing interest in the research of these bioactive compounds. 

The combination of transcriptomic and metabolomic analyses related to plant developmental 

stages in members of the Ranunculacea family, such as Coptis chinensis, revealed that four-year-old 

rhizomes exhibited higher levels of IsAs alkaloids compared to two-year-old rhizomes [114]. 

Transcriptome analysis identified 464 DEGs, with 36 associated with the IsAs biosynthesis pathway. 

The study highlighted that the rapid growth stage is crucial for alkaloid accumulation. During this 

period, plants are more likely to produce higher amounts of bioactive compounds, whereas their 

accumulation may be less pronounced during the slower growth stages. Although no CYP719B 

enzymes have been reported in this family, CYP719A enzymes are present and are responsible for 

the formation of methylenedioxy bridges [115]. Additionally, CYP80G2 plays a key role in the C-C 
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phenol-coupling reaction in Coptis japonica, contributing to aporphine biosynthesis [116]. Studies on 

the Berberidaceae family have revealed the presence of hydroxylases, N-methyltransferases, 4- and 

6-O-methyltransferases, and synthases such as norcoclaurine synthase (NCS) and coclaurine 

synthase (CS) [57–59,65]. In addition, studies on Menispermaceae have identified DEGs between 

roots and leaves, including CYP80G, a phenol-phenol coupling enzyme involved in the production 

of corytuberine [57,59,65,75,76]. Studies in other families have focused on the effects of elicitors, such 

as those reported in the Araceae family, where factors such as light wavelength and hormones have 

been studied. Gene ontology analysis has suggested their influence on IsAs production [51,52].  

Methyltransferases play a central role in the biosynthesis of IsAs due to their crucial function in 

generating alkaloid diversity [117,118]. Alkaloid skeletons are often modified through methylation 

events, which typically occur after condensation reactions catalyzed by lyases—more common in the 

IsAs pathway than in the AmAs pathway [73,119]. These methylation events, often followed by 

further methylations or coupled with oxidoreductase activity, lead to rearrangements of alkaloid 

skeletons, forming distinct alkaloid families. For example, dopamine-derived colchicine alkaloids 

undergo multiple methylation and oxidoreduction steps, producing complex multimethylated 

structures with seven-membered rings [120]. Downstream in the synthesis of (S)-reticuline, the 

molecule may interact with methyltransferases or oxidoreductases. These enzymatic activities 

contribute to ring closure, radical reduction and substrate stereospecificity [121,122]. Thus, 

methyltransferases and oxidoreductases play a crucial role in shaping the structural features and 

stereochemistry of IsAs during their biosynthesis. 

2.2. Mining Functional Genes on AmAs Biosynthesis 

RNA-Seq-based strategies, combined with isotopically labeled substrates, have become the 

primary tool for understanding the biosynthesis of AmAs. The enzymes have been identified using 

a similar methodology, which involves targeted or untargeted transcriptomics combined with 

metabolomic analyses, cloning of candidate genes, heterologous expression, in vitro enzymatic 

assays, metabolite characterization, and studies with isotope-labeled precursors. Recent studies 

highlight the use of transcriptomic analyses targeted at the developmental stage of different sections 

of basal tissue, as well as transient expression mediated by Agrobacterium tumefaciens in systems such 

as Nicotiana benthamiana [46]. The number of transcriptomic studies focused on this topic has been 

increasing steadily (Figure 4). Research in this area began in when Wang et al [123] published the 

first transcriptome assembly for an Amaryllidaceae species, Lycoris aurea, in response to different 

elicitors and tissues. In this study, 116,507 singletons were identified, related to responses to methyl 

jasmonate (MeJA) and salicylic acid (SA) in various tissues. Since then, additional transcriptomes for 

Amaryllidaceae species have been sequenced (Table 3), and in some cases, the proposed transcripts 

have been cloned to assess the functionality of the predicted enzymes [42–44,124]. Research has 

primarily focused on Leucojum and Narcissus species in Canada, while Lycoris species have been the 

most studied in China. To date, only one approach using third-generation sequencing has been 

conducted, while the majority of transcriptomic data from this family has been generated through 

second-generation sequencing technologies, and the only genome assembly available is for Narcissus 

pseudonarcissus (GCA_032191725.1), as part of a whole genome shotgun sequencing project. While 

genome sequences for other Amaryllidoideae species are registered in NCBI BioProjects, these data 

have not yet been made publicly available. 

From the first transcriptome published, 25 hits for transcripts encoding phenylalanine ammonia-

lyase (PAL), 6 for tyrosine decarboxylase (TYDC), 91 for O-methyltransferases (OMT), 214 for plant 

cytochromes P450 (P450s) and 191 for N-methyltransferases (NMT) were identified as potential 

candidates related to AmAs biosynthesis, but non validated [123]. From that point onwards, thirteen 

enzymes are related to the production of 4OMET have been exclusively characterized in the AmAs 

pathway including norbelladine O-methyltransferase (N4OMT) and norbelladine synthase (NBS). 

Enzymes related to and after the para-para coupling of 4OMET include noroxomaritidine synthase 

(CYP96T1), noroxomaritidine reductase (NR), normaritidine synthase (SDR2), vitattine synthase 
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(CYP71DW1), vitattine hydroxylase (ODD2), and 11-hydroxyvitattine-O-methyltransferase (OMT1). 

Enzymes related to and after the para-ortho coupling of 4OMET include nornarwedine synthase 

(CYP96T6), nornarwedine methyltransferase (NMT1), and narwedine reductase (AKR1). And 

enzymes related to and after the ortho-para coupling of 4OMET include noroxopluviine synthase 

(CYP96T5) and noroxopluviine reductase (SDR1) to produce norpluviine.  

N4OMT was the first enzyme characterised by Kilgore ś team in 2014 through illumina 

sequencing and transcriptome assembly. Candidate genes were identified using HAYSTACK, 

followed by PCR, cloning in E. coli BL21(DE3), protein purification, and kinetic characterization [42]. 

CYP96T1 and NR were described in 2016, with CYP96T1 being the enzyme responsible for the para-

para coupling of 4OMET and a low-rate para-ortho coupling of the same compound as a by-product 

[45]. NR is a short-chain alcohol dehydrogenase/reductase responsible for the reaction following the 

para-para coupling of 4OMET. 

Table 3. Transcriptome sequencing studies on Amaryllidaceae species with data corelated to AmAs 

production. 

Amaryllidaceae 

species 

Sequencing 

year 

Sequencing 

country 

Sequencing  

platforms 

Reference 

Crinum x 

powellii 

2023 Canada 
Illumina NovaSeq 6000 

[125] 

Leucojum  

aestivum 

2022 Canada 
Illumina HiSeq 2000 

[126] 

Lycoris  

aurea 

2013 China 454 GS FLX [123] 

2016 China Illumina HiSeq 2000 [127] 

2016 China Illumina HiSeq 2000 [128] 

2017 China Illumina HiSeq 2000 [129] 

2024 China Illumina HiSeq X Ten [130] 

Lycoris  

chinensis 

2022 China 
Illumina HiSeq 2500 

[131] 

Lycoris 

longituba 

2020 China Illumina HiSeq X Ten [132] 

2021 China Illumina NovaSeq 6000 [119] 

Lycoris  

radiata 

2019 China 
Illumina NextSeq 500 

[133] 

Narcissus 

cyclamineus 

2024 USA Illumina HiSeq 4000/PacBio Iso-

Seq 

[46] 

Narcissus 

papyraceus 

2019 Canada 
Illumina HiSeq 2000 

[134] 

Narcissus 

pseudonarcissus 

2017 Canada Illumina HiSeq 2000 [135] 

2021 U.K. Illumina HiSeq 2500 [136] 

* Tables may have a footer. 

It is important to note that NR was found to be able to reduce norcraugsodine, an imine Schiff 

base that is an intermediate in the formation of norbelladine from 3,4-DHBA [137]. Condensation 

between tyramine and 3,4-DHBA is thought to occur spontaneously, followed by reduction by an 

enzyme such as NR. However, it is unclear whether the condensation takes place in the active site of 

the enzyme. It was not until 2018 that the main enzyme responsible for norbelladine formation was 

described, when Desgagné's group reported an NBS as the first relevant synthase specific to the 

AmAs pathway [43].  

DEGs related to alkaloid biosynthesis vary depending on the tissue type and the developmental 

stage at which samples are collected [43,134]. Bulbs tend to accumulate higher concentrations of 

AmAs like galanthamine and lycorine, while proteins related to earlier steps in primary metabolism, 

such as TYDC, are found more broadly across tissues [136,138]. This suggests that gene expression of 
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downstream biosynthetic pathway genes is tissue-specific, with potential metabolite translocation 

occurring within the plant. Mehta et al [46] studied DEGs related to alkaloid biosynthesis in Narcisus, 

finding differences in metabolite accumulation patterns across tissues. They proposed two possible 

explanations: either local synthesis of metabolites or transport from other tissues. Their results 

showed that younger foliar tissues accumulated fewer alkaloids than older tissues but still exhibited 

active biosynthesis, suggesting a strategy for resource allocation in toxin production during early 

development, and allows the identification and characterization of enzymes involved in 

galanthamine and hemanthamine biosynthesis such as NtAR1, NtCTP96T6 and NtNMT1. 

The regulation of AmAs has also been studied in the family. In fact, one transcriptome research 

in Lycoris aurea showed that some transcripts can be related to AmAs by modulating the expression 

of some enzymes in the pathway in response to elicitors. Specifically, miR396 was found to be 

increased as well as galanthamine synthesis in response to MeJA (Xu et al. 2016). This study is the 

only one that has explored the role of miRNAs in the regulation of expression of genes related to 

alkaloid synthesis in Amaryllidaceae, and the authors reported that no miRNAs were found to target 

OMTs or NMTs. Furthermore, a direct relationship between a TYDC and the same miRNA was found 

later in a more specific study, where it was reported as responsible for tyramine accumulation in 

different tissues [139]. 

Despite significant advances, one of the key unresolved questions in AmAs biosynthesis is the 

specific pathway leading to the production of 3,4-dihydroxybenzaldehyde (3,4-DHBA) (Figure 3). 

Although caffeic acid has been detected in Amaryllidaceae and is believed to act as an intermediate 

in 3,4-DHBA synthesis, no enzymes from this family have been fully characterized to bridge the gaps 

in the pathway, despite the proposal of candidates such as CSE and HBS [24,124]. Recently, the 

metabolite dihydrocaffeic acid methyl ester was found in Pancratium maritimum [140] and it was also 

described in Hippeastrum vittatum 17 years prior [141]. It is also possible that 3,4-DHBA formation 

may be accomplished by CoA coupling through enzymes like FerB; however, this pathway has only 

been proposed through retrobiosynthesis data [142]. 

3. Integrative Approaches on Biosynthetic Understanding 

Authors should discuss the results and how they can be interpreted from the perspective of 

previous studies and of the working hypotheses. The findings and their implications should be 

discussed in the broadest context possible. Future research directions may also be highlighted. The 

enzymes involved in the proposed biosynthetic pathway of AmAs consist of oxidoreductases, 

hydrolases, methyltransferases, and lyases, with oxidoreductases being the most frequently found. 

This enzyme distribution resembles that of IsAs biosynthesis, although a quick glance at the KEGG 

pathway map (https://www.genome.jp/pathway/map00950) reveals a more complex route for IsAs, 

with a predominance of methyltransferases and synthases. Each enzyme group exhibits distinct 

characteristics, such as specificity for co-substrates [143,144]. Enzymes involved in IsAs biosynthesis 

have been extensively characterized through genomic and transcriptomic approaches, in contrast to 

Amaryllidaceae alkaloids AmAs, where there is still a significant lack of genomic information. Until 

recently, two major gaps remained in the AmAs biosynthetic pathway: (1) the specific enzymes 

responsible for producing 3,4-DHBA and (2) the C–C coupling reactions catalyzed by cytochrome 

P450s (CYPs), oxidoreductases, and methyltransferases downstream of 4OMET. However, recent 

advances have begun to shed light on the second gap, thanks to the research teams of Sattely’s [46] 

and Desgagne-Penix ś [47] who have described a variety of CYPs involved in these key C–C coupling 

reactions. 

It is interesting to note that information about enzymes capable of ortho-para coupling is still 

needed for both IsAs and AmAs, despite the importance of compounds produced through this type 

of rearrangement in both groups of alkaloids—lycorine-type alkaloids in AmAs and isoboldine-type 

alkaloids in IsAs. While several lycorine CYPs have been proposed [46,47], the pathway remains to 

be fully understood, as deep as galanthamine and hemanthamine. In contrast, for isoboldine, no CYP 

has yet been proposed, leaving a significant gap in understanding this pathway [145]. Nature has 
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played a significant role in the evolution of enzymes that exhibit precise control over both the site 

and stereoselectivity of bond formation. Among these enzymes, CYPs, laccases, and peroxidases are 

particularly noteworthy, with CYPs being the most extensively studied in alkaloid biosynthetic 

pathways. These enzymes initiate radical mechanisms in phenolic rings by abstracting a hydrogen 

atom. Interestingly, only CYPs have been characterized as being responsible for intermolecular 

couplings, whereas all three enzyme types—CYPs, laccases, and peroxidases—can facilitate 

intramolecular couplings [146]. This suggests that research focusing on enzymes beyond CYPs, such 

as laccases and peroxidases, could provide valuable insights into alkaloid biosynthesis. Expanding 

the scope of these enzymes might uncover new mechanisms and enzyme functions involved in the 

formation of complex alkaloid structures.  

It is important to not only explore the proposed reactions found in other plants but also to 

investigate chemical similarities with other SPMs to identify enzymatic activities responsible for such 

biotransformations. Regarding the first gap, insights suggest that the native pathways could be 

elucidated by integrating data from methyltransferases and oxidoreductases [73,147] (Table 4). For 

both IsAs and AmAs, many enzymes involved have shown the ability to efficiently catalyze a wide 

variety of substrates. However, it is essential to note that assays testing enzyme specificity have only 

been conducted within compounds of the same biosynthetic pathways. This limits our understanding 

of their broader catalytic potential across different SPMs, suggesting a need for more diverse 

experimental setups to explore substrate flexibility. 

Analysis based on chemical structures of the metabolites can be accomplished to gain insights 

into what is needed to be looked for. For example, noticing that the structure of AmAs after the 

phenol-phenol coupling has tetrahydrofurans (galanthamine) or even dioxolanes (lycorine, crinine 

and haemanthamine) which are products of cyclization that can be catalyzed by CYPs enzymes, 

similar compounds can be addressed in other routes like from IsAs and analyzed to discover potential 

enzymes capable of making such cyclizations. Nornarwedine, so far known as the p-o precursor of 

galanthamine, has an immediate tetrahydrofuran ring produced from 4OMET after the phenol-

phenol coupling that seems to be spontaneously produced 148; however, this rearrangement does 

not occur in IsAs biosynthesis of (S)-salutaridine, the p-o morphine precursor where the formation of 

a tetrahydrofuran ring happens through the incorporation of acetate which provides the radicals 

needed to produce thebaine and later this molecule undergoes several demethylation and 

isomerization reactions leading to morphine [34] which could be seen as the structural analogue to 

galanthamine among IsAs.  

Despite the various technologies used for RNA-Seq, the geographic distribution of research on 

IsAs-producing plants is notably more diverse compared to that on Amaryllidaceae. China leads 

investigations related to omics approaches for both IsAs and AmAs (Figure 6), highlighting its 

dominance in plant natural product (PNP) research. This underscores the need for a more globally 

diversified interest and research effort in this area, as advancements in understanding these 

pathways and their enzymes hold great potential for biotechnological applications across different 

regions. Expanding research beyond current geographic boundaries could enhance knowledge and 

exploration of these valuable compounds. Different technologies for RNA-Seq have been employed 

to study the transcriptomes of IsAs and AmAs-producing plants. However, it is crucial to note that 

sequencing technologies are continuously evolving, making it easier to obtain relevant information. 

For instance, several Illumina platforms such as HiSeq 2500, HiSeq 3000, HiSeq 4000, HiSeq X Ten, 

and HiSeq X Five have been declared discontinued [148]. This exemplifies the rapid advancement in 

sequencing technologies, underscoring the importance of keeping pace with new developments to 

facilitate more efficient and comprehensive transcriptomic analyses. 
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Figure 6. Sequencing countries of alkaloid producing plants. here is a clear segregation in terms of the countries 

involved in studying IsAs and AmAs. While the sequencing of plants producing IsAs appears to be a global 

effort, only three countries are currently sequencing AmAs-producing plants. 

4. Challenges and Opportunities 

DNA sequencing has complemented RNA-Seq data, providing deeper insights into these 

processes. By 2022, sequencing a complete human genome cost approximately 1,000 USD, with 

results obtainable within a few days [149], by 2024, the company 3Billion estimates the cost of whole 

genome sequencing at approximately 600 USD, while RNA sequencing is projected to range between 

36.9 and 173 USD per sample, showing a clear difference in price and accessibility. Beyond common 

sequencing challenges, plant genomes tend to be larger in size due to their high content of 

transposable elements and polyploidy, characterized by the presence of more than one set of 

chromosomes, including identical homologues, which are difficult to distinguish during genome 

assembly [150]. Moreover, the lack of bioinformatic tools specifically tailored for polyploids 

complicates the generation of reference genomes [151], as these identical sequences frequently result 

in chimeric contigs with switch errors or false alingments [152]. This issue is particularly relevant for 

the Ranunculaceae family, where species such as Ranunculus kuepferi exhibit diploid, triploid, and 

autotetraploid cytotypes in the Alps [153], as well as for the second major clade of the Amaryllidaceae 

in the Americas, the Andean clade, which consists of tetraploid species [154]. Exploring polyploid 

genomes not only enhances our understanding of enzyme variability and metabolic diversity but also 

provides a foundation for investigating the biosynthesis of alkaloids.  

Establishing connections between different groups of alkaloids is essential for elucidating the 

molecular mechanisms underlying the production of these diverse compounds. Research into IsAs 

has made significant strides, particularly in identifying the enzymes responsible for key 

biotransformations. Among the most extensively studied enzyme groups are methyltransferases and 

oxidoreductases (including CYPs). These enzymes have even been used in studies of evolutionary 

ancestry [73] and linked to polyploidy events that drive the specificity of IsAs production in 

particular taxa [97,98]. Over the last two decades, transcriptomic analyses of IsA-producing plants 

have led to the near-complete elucidation of the biosynthetic pathway for key alkaloids such as 

morphine, However, research on the molecular mechanisms underlying the biosynthesis of AmAs 

has progressed more slowly. Since 2018, transcriptomes in the genera Leucojum sp., Narcissus sp. and 

Lycoris sp. have been continuously studied (Table 3), from these studies, elicitors effects have been 

more understood and other important data has been obtained like NBS being localized in the cytosol 

[126] and S-adenosyl methionine (SAM) synthetases and decarboxylases have been found co-

expressing among previously known transcripts [136]. Despite enzymes from AmAs pathway have 
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been described since 2014: NBS, NR, N4OMT and CYP96T1, being NBS the last one described 5 years 

ago and its specific mechanism coupled to NR is the most recently studied [44], the non-enzymatic 

components of the pathway and the regulatory mechanisms behind biosynthesis remain poorly 

understood, leaving a gap in knowledge that could be addressed through genomics and 

transcriptomics, as well as through a deeper understanding of the impact of elicitors and plant 

developmental stages on the biosynthesis of both IsAs and AmAs. 

While challenges in genome and transcriptome sequencing of AmAs-producing plants persist, 

these limitations also present opportunities to advance integrative and collaborative approaches. In 

this context, discussing emerging opportunities in biotechnology, such as engineering biosynthetic 

pathways in microbial systems, offers a promising perspective toward industrial and 

pharmacological applications. The discovery of complete biosynthetic gene clusters that can be used 

to produce AmAs or IsAs is key for protein engineering and bioprospecting of enzymes and 

metabolites. Such discoveries hold immense potential for biotechnological developments, especially 

in the realm of SPMs. Although Amaryllidaceae plants have long been valued for their 

pharmacological properties, most research has focused on extracting raw components from these 

plants. Investigations into in vitro cultures, using callus or parenchyma cells under controlled 

conditions, aim to produce AmAs with better reproducibility. However, there is limited discussion 

on the cost-effectiveness of these experiments. Microbial cell factories have successfully been used to 

produce SPMs in various microorganisms [155], and IsAs are no exception [156–159]. Continuing to 

develop similar approaches for AmAs, based on fully elucidated biosynthetic pathways through 

multi-omics integration, would be of tremendous value. 

These advancements pave the way for multiple practical applications in biotechnology, 

pharmacology, and industrial production. For instance, microbial engineering has enabled the use of 

engineered microorganisms to produce high-value compounds like morphine, reducing dependency 

on plant extraction, which is often costly and environmentally unsustainable. Beyond healthcare, 

IsAs have shown bioactivity as templates for herbicides and pesticides, which could lead to 

environmentally friendly agricultural solutions. Similarly, leveraging these techniques for AmAs 

could provide controlled and scalable production platforms for compounds like galanthamine and 

lycorine with pharmacological applications for Alzheimer’s treatment, and cytotoxic and antitumor 

activities respectively, presenting potential for novel chemotherapeutic agents. 

5. Conclusions 

Historically, the elucidation of IsAs pathways began earlier than that of AmAs pathways. Both 

have undergone similar approaches, which have been shaped by technological advancements over 

the years, allowing for different investigative strategies. A clear difference lies in the availability of 

genomic data, which is significantly greater for IsAs-producing plants compared to those in the 

Amaryllidaceae family, along with a predominant reliance on transcriptomic approaches for 

studying AmAs. Thus, expanding multi-omics data in the elucidation of metabolic pathways is 

essential, as it facilitates a comprehensive and integrative understanding of the processes involved. 

Interdisciplinary collaborations and investments in genomic and transcriptomic resources are 

essential to fully unlock alkaloid potential and realize their economic and societal benefits. Bridging 

basic science with applied research, the elucidation of these pathways offers innovative solutions 

across industries and creates opportunities for the development of biotechnological applications, 

facilitating the scalable production of compounds with pharmaceutical and industrial relevance. 
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