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Abstract Amaryllidaceae alkaloids are an example

of the vast diversity of secondary metabolites with

great therapeutic promise. The identification of novel

compounds in this group with over 300 known

structures continues to be an area of active study.

The recent identification of norbelladine 40-O-methyl-

transferase (N4OMT), an Amaryllidaceae alkaloid

biosynthetic enzyme, and the assembly of transcrip-

tomes for Narcissus sp. aff. pseudonarcissus and

Lycoris aurea highlight the potential for discovery of

Amaryllidaceae alkaloid biosynthetic genes with new

technologies. Recent technical advances of interest

include those in enzymology, next generation

sequencing, genetic modification, nuclear magnetic

resonance spectroscopy, and mass spectrometry.

Keywords Galanthamine � Haemanthamine � Mass
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ADH Alcohol dehydrogenases

AKR Aldo-keto reductase

CRISPR Clustered regularly interspaced short

palindromic repeats

Cas CRISPR associated

ELSD Evaporative light scattering detection

FTMS Fourier transform mass spectrometers

gRNA Guide RNA

LDR Long-chain dehydrogenases/reductase

MS Mass spectrometry

MDR Medium-chain dehydrogenase/reductase

N4OMT Norbelladine 40-O-methyltransferase

NMR Nuclear magnetic resonance spectroscopy

PAL Phenylalanine ammonia-lyase

PAM Protospacer adjacent motif

SDR Short-chain dehydrogenase/reductase

SPE Solid phase extraction

TALENs Transcription activator-like effector

nucleases

VpVAN Vanillin synthase

VIGS Virus induced gene silencing

ZFNs Zinc-finger nucleases

Amaryllidaceae alkaloids

Amaryllidaceae alkaloid introduction

The Amaryllidaceae alkaloids are largely restricted to

the family Amaryllidaceae, specifically the subfamily

Amaryllidoideae (Chase et al. 2009). Some notewor-

thy exceptions are the collection of alkaloids that have
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been found in the genus Hosta that is in the order

Asparagales along with Amaryllidaceae (Chase et al.

2009; Li et al. 2012), the potential but un-replicated

isolation of acetylcaranine and lycorine from Urginea

altissima which is also a member of the order

Aspergales (Miyakado et al. 1975; Pohl et al. 2001),

and the isolation of crinamine from Dioscorea

dregeana (Mulholland et al. 2002). New Amarylli-

daceae alkaloid structures and the biosynthesis of

these alkaloids have recently been reviewed (Kor-

nienko and Evidente 2008; Bastida et al. 2011; Jin

2013; Takos and Rook 2013). Galanthamine is a prime

example of the Amaryllidaceae alkaloids. It is one of

the three primary drugs used for the treatment of

Alzheimer’s disease. Another Amaryllidaceae alka-

loid called lycorine has been shown to arrest the cell

cycle and induce apoptosis in the cancer cell line HL-

60 (Liu et al. 2004). In addition, the Amaryllidaceae

alkaloids haemanthamine and haemanthidine have

been shown to have anticancer activities (Havelek

et al. 2014; Doskočil et al. 2015). The Amaryllidaceae

alkaloids and their derivatives have been a source of

novel acetylcholine esterase inhibitors, anti-cancer

compounds, anti-viral compounds, and antibacterial

compounds. The last 10 years of progress in the

identification of these bioactive compounds has

recently been reviewed (He et al. 2015). There are

still new alkaloids being discovered in this group and

even novel carbon skeletons with great potential to

contribute to the list of known biologically active

compounds. A diversity of carbon skeletons are

known for this group of alkaloids including hostasi-

nine, belladine, galanthamine, crinine, lycorine, galan-

thindole, homolycorine, galasine, montanine,

cripowellin, cherylline, buflavine, plicamine, tazet-

tine, graciline, augustamine, pancratistatin, and gracil-

amine (Jin 2009) (Figs. 1, 2, 3, 4, 5, 6). Many of these

compounds are of potential pharmacological signifi-

cance and their production through biological means is

an area of great interest.

Prevalent biosynthetic gene superfamilies

To further the biological production of these com-

pounds, an understanding of their biosynthetic genes is

requisite and, although only one gene is known, the

majority of the reactions are reaction types that are

typically catalyzed by a collection of characterized

enzyme families. The knowledge of these families can

help inform efforts through homology searches to

identify candidate genes. When studying secondary

metabolism, in particular Amaryllidaceae alkaloid

biosynthesis, several reaction types appear frequently,

including methylation, reduction, oxidation, conden-

sation, hydroxylation, phenol-phenol’ coupling, and

oxide bridge formation (see Figs. 1, 2, 4, 5, 6 for

examples). Examples of reductions found in the

Amaryllidaceae include reduction of ketones, aldehy-

des, carbon–carbon double bonds, and imines. Two

reductase superfamilies noted for their tendency to

reduce aldehydes, ketones, carbon–carbon double

bonds, and imines include aldo–keto reductases

(AKRs) and short-chain dehydrogenase/reductases

(SDRs) (Jörnvall et al. 1995; Sengupta et al. 2015).

The SDR superfamily consists of three families

including short-chain dehydrogenase/reductases,

medium-chain dehydrogenase/reductases (MDRs)

also known as alcohol dehydrogenases (ADH), and

long-chain dehydrogenases/reductases (LDRs) (Ka-

vanagh et al. 2008). The common feature of the SDR

superfamily is a ‘‘Rossmann-fold’’ which is involved

in the binding of dinucleotide cofactors including

NADPH or NADH (Kavanagh et al. 2008). Oxidation

reactions creating these various double bonds could be

catalyzed by AKRs and SDRs as well because of the

potential of these enzyme families to drive oxidations

(Porté et al. 2013). 2-Oxoglutarate dependent dioxy-

genases and cytochrome P450 enzymes are well

known for their ability to hydroxylate substrates thus

making them good candidate gene families for the

various hydroxylases in the biosynthesis of the

Amaryllidaceae alkaloids (Lester et al. 1997; Nelson

and Werck-Reichhart 2011) (Figs. 1, 2, 5, 6). The

formation of an oxide bridge from a methoxy and

hydroxyl group, as noted in haemanthamine and

lycorine biosynthesis, is probably catalyzed by a

cytochrome P450 because CYP81Q1, CYP719A1,

CYP719A13, and CYP719A14 are enzymes shown to

catalyze this type of reaction (Ikezawa et al. 2003; Ono

et al. 2006; Dı́az Chávez et al. 2011) (Fig. 1). Phenol-

phenol’ coupling reactions are also likely catalyzed by

cytochrome P450 enzymes. The P450s CYP81Q1,

CYP719A1, CYP719A13, CYP719A14, DesC, and

KtnC have been shown to catalyze phenol–phenol

coupling reactions and are proposed to act by a

diradical mechanism (Ikezawa et al. 2003; Ono et al.

2006; Dı́az Chávez et al. 2011; Mazzaferro et al.

2015). Other enzyme groups noted for their ability to

318 Phytochem Rev (2016) 15:317–337

123



Fig. 1 Primary Amaryllidaceae skeleton biosynthetic pathways with elaboration into the alkaloids haemanthamine, crinine, lycorine,

and galanthamine
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Fig. 2 Carbon skeleton rearrangements in narciclasine, tazettine, and plicamine biosynthesis
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perform phenol-phenol’ coupling reactions are lac-

cases and peroxidases (Schlauer et al. 1998; Con-

stantin et al. 2012). In the Amaryllidaceae, two forms

of methylation are common: O-methylation and N-

methylation. O-Methyltransferases are divided into

class I and class II methyltransferases (Ibdah et al.

2003) (see Figs. 1, 2, 5, 6 for examples). It has been

shown that the class I O-methyltransferase, N4OMT is

responsible for the methylation of norbelladine to 40-

O-methylnorbelladine in Amaryllidaceae alkaloid

biosynthesis (Kilgore et al. 2014). Other O-methyla-

tion reactions in the biosynthesis of these compounds

could be catalyzed by homologues to N4OMT or other

known O-methyltransferases including reticuline 7-O-

methyltransferase, (R,S)-norcoclaurine 6-O-methyl-

transferase, columbamine O-methyltransferase, chav-

icol O-methyltransferase, and eugenol O-

methyltransferase (Gang et al. 2002; Morishige et al.

Fig. 3 Para-para ‘phenol–phenol’ coupling-derived skeletons found in the Amaryllidaceae and Hostasinine A from Hosta spp
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Fig. 4 Core biosynthetic pathway for Amaryllidaceae alka-

loids. Phenylalanine is converted to trans-cinnamic acid by

phenylalanine ammonia lyase (PAL) and then to 4-hydroxycin-

namic acid by CYP73A1. 4-hydroxycinnamic acid is potentially

converted to 3,4-dihydroxycinnamic acid by CYP98A3 or to

4-hydroxybenzaldehyde and then to 3,4-dihydroxybenzaldehyde

potentially by a VpVAN paralogue. Tyrosine is converted to

tyramine by tyrosine decarboxylase. 3,4-dihyroxybenzaldehyde

and tyramine are condensed to form a Schiff-base that is reduced

by an unknown reductase into norbelladine. Norbelladine is

methylated by norbelladine 40-O-methyltransferase (N4OMT)

into 40-O-methylnorbelladine
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2002; Ounaroon et al. 2003). Examples of N-methyl-

transferases that could share homology with N-

methyltransferases involved in several Amarylli-

daceae alkaloid biosynthetic pathways include

coclaurine N-methyltransferase and caffeine synthase

(Kato et al. 2000; Choi et al. 2002). Homologues of O-

methyltransferases would be of potential interest when

looking for an N-methyltransferase as well because of

Fig. 5 Formation of the

homolycorine carbon

skeleton from norpluviine.

The order of reactions

between norpluviine and

homolycorine are not

determined, but are

diagramed step by step for

illustration of the enzyme

types that may be involved
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the close homology that exists between the O- and N-

methyltransferases (Raman and Rathinasabapathi

2003).

Amaryllidaceae alkaloid biosynthetic pathways

have several reaction types with little enzymatic

information in the existing literature. Examples

include a potential retro-Prins reaction and a carbon–

carbon bond severing reaction. During the biosynthe-

sis of narciclasine from the para-para’ phenol-phenol’

coupling derivative 11-hydroxyvittatine a series of

reactions including a retro-Prins reaction are proposed

(Fuganti 1973). The retro-Prins reaction would result

in the carbon-2 hydroxyl, cleavage of the 10b-11 bond,

and migration of the 1-2 carbon double bond to 10b-1

(see Fig. 2 for proposed narciclasine pathway).

An enzyme proposed to use the retro-Prins reaction

is germacradienol/germacrene D synthase from

Streptomyces coelicolor (Jiang et al. 2006). Another

reaction of special mechanistic interest occurs during

the biosynthesis of cripowellin. The cripowellin

skeleton was discovered in 1998 in Crinum powellii

and resembles a highly oxidized version of the

haemanthamine skeleton that has had the 10b-4a

carbon–carbon bond severed and replaced with a

ketone on the 4a position (Velten et al. 1998) (see

Fig. 3 for structure). If this is the pathway for

generating this alkaloid, it is possible that carbon

bond cleavage leading to the formation of a ketone is

catalyzed by a cytochrome P450 similar to secolo-

ganin synthase that converts loganin into secologanin

in an analogous manner with a ketone product (Irmler

et al. 2000).

Core biosynthetic pathway

Intermediate discovery

The core biosynthetic pathway of the Amaryllidaceae

alkaloids consists of the reactions required to produce

3,4-dihydroxybenzaldehyde and tyramine, the con-

densation and reduction of these precursors to norbel-

ladine, and the subsequent methylation of norbelladine

to 40-O-methylnorbelladine (Fig. 4). Phenylalanine

and tyrosine were shown to be precursors for hae-

manthamine by incorporation of [3-14C]phenylalanine

and [3-14C]tyramine into haemanthamine in Nerine

bowdenii (Wildman et al. 1962b). Degradation exper-

iments of haemanthamine generated from radiola-

beled tyramine were used to demonstrate the

placement of the labeled carbons on positions 11 and

12 in experiments with [2-14C]tyrosine in Sprekelia

formosissima and [1-14C]tyrosine in Narcissus

‘Twink’ daffodil (Battersby et al. 1961a; Wildman

et al. 1962a). [3-14C]Tyramine has also been docu-

mented to incorporate into haemanthamine, haeman-

thidine, and 6-hydroxycrinamine in Haemanthus

natalensis bulbs (Jeffs 1962). Lycorine and norpluvi-

ine have been shown to incorporate [2-14C]tyramine

and [1-14C]tyramine in Narcissus ‘‘Twink’’ (Battersby

and Binks 1960; Battersby et al. 1961b). [14C]Pheny-

lalanine and [3H]3,4-dihydroxybenzaldehyde were

both shown to be precursors to the aromatic half of

haemanthamine and lycorine (Suhadolnik et al. 1962,

1963a). The pathway from phenylalanine to the

intermediate 3,4-dihydroxybenzaldehyde was deter-

mined by feeding to Narcissus pseudonarcissus

Fig. 6 The pathway for cherylline and the structures of

galasine, buflavine, and apogalanthamine. R indicates an

undetermined methyl or hydrogen group
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[3-14C]trans-cinnamic acid, [3-14C]4-hydroxycinnamic

acid, [7-14C]benzaldehyde, [7-14C]4-hydroxybenzalde-

hyde, [3H]3,4-dihydroxybenzaldehyde and [3H]threo-

DL-phenylserine and monitoring production of hae-

manthamine. The precursors [3-14C]trans-cinnamic

acid, [3-14C]4-hydroxycinnamic acid, [3H]3,4-dihy-

droxybenzaldehyde and [7-14C]4-hydroxybenzalde-

hyde showed incorporation into haemanthamine. This

led to the conclusion that the pathway for conversion of

phenylalanine to 3,4-dihydroxybenzaldehyde is in the

following sequence: phenylalanine, trans-cinnamic

acid, 4-hydroxycinnamic acid, 3,4-dihydroxycinnamic

acid or 4-hydroxybenzaldehyde, and 3,4-dihydroxy-

benzaldehyde (Suhadolnik et al. 1963b). 3,4-Dihydrox-

ybenzaldehyde has been documented in Hydnophytum

formicarum and other plants outside the Amarylli-

daceae (Prachayasittikul et al. 2008). It is possible that

the 3,4-dihydroxybenzaldehyde pathway is more phy-

logenetically spread than the latter steps or convergent

evolution of product formation has occurred. Carbon

fourteen-labeled norbelladine has been shown to

incorporate into the alkaloids lycorine, crinamine,

belladine, haemanthamine, and norpluviine (Battersby

et al. 1961a, b; Wildman et al. 1962c). 40-O-methyl-

norbelladine has been shown to be a precursor of all the

primary alkaloid skeletons including crinine (crinine),

haemanthamine (vittatine, 11-hydroxyvittatine), galan-

thamine (galanthamine, N-demethylgalanthamine, and

N-demethylnarwedine), and lycorine (lycorine, norplu-

viine, and galanthine) (Kirby and Tiwari 1966; Bruce

and Kirby 1968; Fuganti and Mazza 1972a, b; Fuganti

1973; Eichhorn et al. 1998). 40-O-methylnorbelladine

has long been considered the direct substrate for

creation of the para-para’ and ortho-para’ carbon

skeletons. 40-O-methylnorbelladine has recently been

established as the direct precursor of the para-ortho’

skeleton as well (Eichhorn et al. 1998). This universal

requirement in all phenol-phenol coupling branches for

40-O-methylnorbelladine makes it the last common

intermediate before a three way split in the Amaryll-

idaceae biosynthetic pathway.

The three common divisions at 40-O-methylnorbel-

ladine are the para-para’ coupling that leads to the

crinine and vittatine enantiomeric series, the ortho-

para’ phenol coupling that is elaborated into the

classic alkaloid lycorine, and the para-ortho’ coupling

that is elaborated into the most widely used Amaryl-

lidaceae alkaloid galanthamine (Fig. 1). Most other

Amaryllidaceae alkaloid carbon skeletons are thought

to be derivatives of these four skeletons. Examples

include the pancratistatin and tazettine carbon skele-

tons derived from the haemanthamine skeleton and the

homolycorine skeleton derived from the lycorine

skeleton (Figs. 2, 3, 5). The belladine-type alkaloids

are thought to originate by the simple methylation of

norbelladine, though the order of methylations is not

determined. The cherylline skeleton is thought to

originate from hydroxylation at the 11-position of the

norbelladine skeleton and subsequent cyclization with

the dioxygenated phenol group (Chan 1973) (Fig. 6).

Enzymology

The biosynthesis of 3,4-dihydroxybenzaldehyde from

phenylalanine likely involves the early phenyl-

propanoid biosynthetic pathway through to caffeic

acid (3,4-dihydroxycinnamic acid). Assuming the

involvement of the phenylpropanoid pathway, 3,4-

dihyroxycinnamic acid is a more likely intermediate in

the biosynthesis than 4-hydroxybenzaldehyde. This is

in agreement with the relatively low incorporation of

4-hydroxybenzaldehyde in radiolabeling experiments

(Suhadolnik et al. 1963b). The deamination of pheny-

lalanine to trans-cinnamic acid is done by phenylala-

nine ammonia-lyase (PAL) (Tanaka et al. 1989).

LrPAL1 and LrPAL2 have been cloned from the

Amaryllidaceae plant Lycoris radiata demonstrating

the presence of this enzyme in the Amaryllidaceae

(Jiang et al. 2011, 2013b). The hydroxylation of trans-

cinnamic acid to 4-hydroxycinnamic acid is done by

cinnamate 4-hydroxylase (CYP73A1) (Fahrendorf

and Dixon 1993; Teutsch et al. 1993). CYP98A3 has

been documented to hydroxylate the 3-position of free

4-hydroxycinnamic acid (Franke et al. 2002). How-

ever, CYP98A3 has been shown to prefer the shikimic

acid or quinic acid esters over free 4-hydroxycinnamic

acid (Schoch et al. 2001; Franke et al. 2002). For this

reason, it is possible a detour is required through

shikimic acid, quinic acid, or acyl-CoA esters to obtain

hydroxylated 3,4-dihydroxycinnamic acid. The con-

version of 3,4-dihydroxycinnamic acid to 3,4-dihy-

droxybenzaldehyde appears very similar to the

conversion of ferulic acid to vanillin by vanillin

synthase (VpVAN), a hydratase/lyase (Gallage et al.

2014). The only difference is that the 3-hydroxyl is

methylated in vanillin biosynthesis. Because of the

substrate and reaction similarity, it is possible that this

Phytochem Rev (2016) 15:317–337 325
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reaction is catalyzed by an enzyme related to VpVAN.

Interestingly, there has been debate regarding

VpVAN’s preference for ferulic acid or 4-hydroxycin-

namic acid (Havkin-Frenkel et al. 2003). If a similar

enzyme in 3,4-dihydroxybenzaldehyde biosynthesis

shares the ability to perform this reaction on

substrates that have or have not been hydroxylated

at the 3-position, it would explain some of the

ambiguity observed in earlier radiolabeling experi-

ments. The conversion of tyrosine to tyramine is

likely done by a homologue to the enzyme respon-

sible for this reaction in other systems, tyrosine

decarboxylase (Lehmann and Pollmann 2009). This

homologue in Narcissus sp. aff. pseudonarcissus,

KT378599, has been cloned and confirmed to have

tyrosine decarboxylase activity.

The formation of the predicted Schiff-base inter-

mediate from tyramine and 3,4-dihydroxybenzalde-

hyde is possibly a spontaneous reaction occurring in

solution, an enzymatically catalyzed condensation,

or both. This Schiff-base exists as three interchanging

isomeric structures. This condensation is followed by

a reduction of the imine double bond to make

norbelladine. The reductase catalyzing this reaction

could be an AKR or SDR and could also facilitate the

formation of the Schiff-base by binding the tyramine

and 3,4-dihydroxybenzaldehyde and causing an

increase in local concentration for condensation. An

SDR in the ADH family, tetrahydroalstonine syn-

thase, from Catharanthus roseus has been shown to

reduce the imine bond on strictosidine to form

tetrahydroalstonine (Stavrinides et al. 2015). Several

more NADPH dependent imine reductases have been

characterized in bacteria (Wetzl et al. 2015). After

this reduction, norbelladine has been shown to be

methylated by the class I methyltransferase N4OMT

in Narcissus sp. aff. pseudonarcissus (Kilgore et al.

2014). The three common phenol-phenol’ coupling

reactions that follow require the same biochemistry

to operate and are likely catalyzed by cytochrome

P450 enzymes, laccases, or peroxidases (Schlauer

et al. 1998; Ikezawa et al. 2003; Ono et al. 2006; Dı́az

Chávez et al. 2011; Constantin et al. 2012). The

extensive work studying the biosynthesis of the

derivatives generated from phenol–phenol’ coupling

products has been reviewed recently and is beyond

the scope of this review (Kornienko and Evidente

2008; Bastida et al. 2011; Jin 2013; Takos and Rook

2013).

Methods of interest to pathway elucidation

Introduction

The themes of miniaturization and increased through-

put in methods supporting secondary metabolism

research promise to accelerate discovery of biosyn-

thetic enzymes in these systems. These trends are

particularly relevant because they enable studies in

non-model systems with increased efficiency. How

these methods and their associated computational

tools relate to metabolomics has recently been

reviewed (Misra and van der Hooft 2015; Sumner

et al. 2015). In this section, advances in methods and

theory of potential use to secondary metabolism

research in non-model species are examined, includ-

ing gene discovery, next generation sequencing, gene

editing, NMR, and MS.

Gene clusters and co-regulation of biosynthetic

pathways

Gene clusters have been observed in the secondary

metabolism of Zea mays, Avena spp., Oryza sativa,

Arabidopsis thaliana, Lotus japonicus, Sorghum

bicolor, Manihot esculenta, Papaver somniferum,

and Solanum spp. as reviewed recently (Boycheva

et al. 2014; Chae et al. 2014). Current theory for gene

cluster formation postulates that gene clusters form

when a particular set of genes or alleles of genes are

favored in one environment but disfavored in another

and the alleles interact positively together or nega-

tively apart (Takos and Rook 2012). In secondary

metabolism, intermediates lacking modifications, for

example glycosylation in the case of cyanogenic

glucosides, are often toxic (Takos et al. 2011). In this

scenario, the presence of the entire pathway generates

a beneficial compound, but an incomplete pathway

may lead to a loss in fitness. When looking at

Amaryllidaceae alkaloid biosynthesis, several inter-

mediates are catechols, which could form reactive

oxygen species, form DNA adducts, form protein

adducts, or cause protein–protein cross-linking (Sch-

weigert et al. 2001). Also, Amaryllidaceae alkaloids

are thought to function primarily as herbivore deter-

rents, but the drain on the plant’s nitrogen supply

would have a fitness cost. Under a low-nitrogen, low-

herbivore pressure, the pathway would be unfavor-

able. Corroborating this perspective, Narcissus
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rupicola, one of the only Narcissus spp. without

Amaryllidaceae alkaloids, grows on rocky soil where

nutrients such as nitrogen may be limiting (Berkov

et al. 2014). Variability in the composition of alkaloids

between Galanthus elwesii populations has been

observed; this could indicate environment-specific

benefits for selected alkaloids (Berkov et al. 2004).

Considering that Amaryllidaceae alkaloids are favor-

able in particular environments, but perhaps not in

others, and that intermediates possess reactive func-

tional groups, they meet all the criteria that favor the

generation of gene clusters (Fisher 1930; Takos and

Rook 2012). Genome assemblies can be used to

discover genes surrounding known biosynthetic genes

and assuming a gene cluster organization these genes

could be tested for involvement in the biosynthetic

pathway (Itkin et al. 2013). Members of gene families

with the same enzymatic mechanism for a proposed

reaction are prime candidates because evolutionary

changes in substrate preference are more likely than

changes in the underlying chemistry (Furnham et al.

2012). This clustering information could be combined

with co-expression analysis to filter and support

candidate gene lists (Itkin et al. 2013). Changes in

chromatin structural proteins have been noted to

change expression in genes from gene clusters of

Arabidopsis thaliana and this is thought to contribute

to co-expression of genes in clusters (Nützmann and

Osbourn 2015). This could be one of the mechanisms

for the co-expression observed in many biosynthetic

genes in secondary metabolism pathways. Another

potential mechanism is a shared transcription factor as

noted for the transcription factor OsTGAP1 in momi-

lactone biosynthesis (Okada et al. 2009). One

approach to elucidating biosynthetic pathways is to

address correlation between metabolites or known

biosynthetic genes and potential biosynthetic genes

with regard to expression patterns, presence, absence,

or pseudo gene status either within a species or

between species. If, for example, genes that co-express

with a known biosynthetic gene in multiple species

can be found, it is more likely to be related to the

function of this known biosynthetic gene than a gene

co-expressing in only one species. However, when

looking for a biosynthetic gene in this way, the

possibility of non-homologous genes doing the same

reaction should be considered and misannotation of

the known gene should be guarded against. This is

possible when considering the history of convergent

evolution in secondary metabolism (Pichersky and

Lewinsohn 2011; Takos et al. 2011). This may be the

case for the more derivatized Amaryllidaceae alka-

loids, since there is not a clear correlation between

phylogeny and the presence or absence of particular

alkaloids (Rønsted et al. 2012). Due to the limitations

of detection methods, however, the absence of these

compounds in intervening lineages cannot be asserted

with any certainty. The wide distribution of Amaryl-

lidaceae alkaloids within the Amaryllidaceae would

indicate a conserved core biosynthetic pathway and

therefore a lack of convergent evolution. Examination

of alkaloid composition in species closely related to

the species in question may be helpful. If the

biosynthetic pathway seems to be present in most

common lineages as indicated by the presence of the

end product, for example the ubiquitous Amarylli-

daceae alkaloid lycorine, then there is no evidence for

convergent evolution and common origin can be

assumed in gene discovery workflows.

Sequencing technologies

Advances in sequencing technologies show great

promise to improve de novo genome and transcrip-

tome assemblies in non-model systems. These

improved datasets will facilitate identification of gene

clusters, co-expression analysis, and cloning of can-

didate genes. Second generation sequencing has

improved the efficiency with which genomic and

transcriptomic sequence information can be obtained.

It is of particular value when studying systems without

previous sequencing information (Kilgore et al. 2014).

Early platforms for high throughput sequencing are

Roche 454 sequencing by Life sciences corporation;

second generation MiSeq, NextSeq, HiSeq, and HiSeq

X Illumina platforms; and SOLiD from life technolo-

gies. De novo genome assemblies can be made with

second generation sequencing data using programs

such as ALLPATHS, Velvet, ABySS, and SOAPde-

novo (Zerbino and Birney 2008; Simpson et al. 2009;

Li et al. 2010; Gnerre et al. 2011). These genomes can

provide information for the majority of the genome

including genes, intergenic space, promoters, and

introns. If the actual transcripts or the proteins they

encode are the primary interest of the study, then de

novo transcriptome assemblies will be more practical

because of the reduced level of information required

for sequence coverage and ability to focus only on
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transcripts that are being transcribed in samples of

interest. The ability to focus on expressed material is

of particular value for Amaryllidaceae species with

Narcissus spp. genome sizes in the C2 range of

14–38 pg (Zonneveld 2008). De novo transcriptome

assembly can provide a combination of sequence

information, alternative splicing, and expression

information in one experiment (Wang et al. 2009;

Liu et al. 2014). Several prominent de novo transcrip-

tome assemblers include Trinity, Oases, and Trans-

ABySS (Robertson et al. 2010; Schulz et al. 2012;

Haas et al. 2013). Programs commonly used to align

reads back to the transcriptomes and obtain expression

estimates in the form of read counts include Bowtie

and BWA (Li and Durbin 2009; Langmead 2010).

This combination of information allows workflows for

candidate gene selection based on homology and co-

expression to be carried out with a very manageable

initial investment and no prior sequence information

(Giddings et al. 2011; Yeo et al. 2013; Kilgore et al.

2014). Many transcriptomes have been assembled

using second generation sequencing, thereby provid-

ing information on a genetic level to previously

uncharacterized systems such as Camptotheca acumi-

nata, Catharanthus roseus, Rauvolfia serpentina,

Valeriana officinalis, and Veratrum californicum

(Góngora-Castillo et al. 2012; Yeo et al. 2013;

Augustin et al. 2015). Transcriptomes for the Amaryl-

lidaceae species Narcissus sp. aff. pseudonarcissus

and Lycoris aurea have been reported (Wang et al.

2013; Kilgore et al. 2014). In addition, transcriptomes

are available for Galanthus elwesii and Galanthus sp.

in the MedPlant RNA Seq Database, http://www.

medplantrnaseq.org. The Alliums are close relatives

of the Amaryllidaceae and transcriptomes have been

reported for Allium sativum, Allium cepa, Allium fis-

tulosum, and Allium tuberosum (Kamenetsky et al.

2015; Rajkumar et al. 2015; Tsukazaki et al. 2015;

Zhou et al. 2015). Given the agricultural importance of

alliums (garlic and onion) they will likely be examined

more extensively on a molecular level in the near

future and could provide a valuable point of compar-

ison when examining genes in the closely related

Amaryllidaceae. As more organisms are sequenced,

homology-based comparisons become more mean-

ingful because these sequences can be used to prepare

phylogenies. When these phylogenies are combined

with biochemical validation data for proteins con-

tained in the phylogenies, annotations will be more

accurate using programs such as SIFTER (Engelhardt

et al. 2009).

Second generation sequencing generates short

reads that create fragmented genomes in non-model

and model systems alike. The inability to differentiate

reads from highly similar transcripts can make de novo

transcriptome and genome assemblies prone to col-

lapsing these similar sequences into one contig.

Sophisticated analysis workflows have been devel-

oped to resolve this problem in second generation

sequencing (Spannagl et al. 2013). In addition, third

and fourth generation sequencing technologies that

provide longer sequencing reads are a promising new

tool. PacBio from pacific biosciences is an instrument

that monitors the incorporation of fluorescently

labeled bases into a DNA strand by a polymerase

tethered to a pore on a sequencing cell. The system is

able to routinely generate sequences * 5 kb long

with up to 50 kb possible. The down side is a*80 %

error rate (Lee et al. 2014). Using circular libraries, the

polymerase used for sequencing can read the same

sequence multiple times and this data can be processed

for error reduction. This results in a tradeoff between

read length and accuracy determined by the number of

times the polymerase can make a cycle around a loop.

This system has been used for the sequencing and

distinguishing of members of the highly similar

vomeronasal receptor class 1 gene family in the non-

model lemur Microcebus murinus (Larsen et al. 2014).

Using PacBio single-molecule sequencing an assem-

bly of Oropetium thomaeum was constructed by

VanBuren et al. 99 % of this 245 Mb genome was

assembled into 625 contigs and highly repetitive

regions including a *25 kb inverted repeat in the

chloroplast genome were completely assembled

(VanBuren et al. 2015). One advantage of the PacBio

system is its ability to simultaneously detect DNA

modifications including the modified bases N6-methy-

ladenosine, 5-methylcytosine, and 5-hydroxymethyl-

cytosine. This information could be of use when using

genomic DNA as a template and searching for

regulatory modifications (Flusberg et al. 2010). A

fourth generation system for DNA sequencing that

commercializes nanopore technology is the MinION

system that measures changes in electrical conduc-

tance as a DNA strand passes through a protein pore.

This instrument is produced by Oxford Nanopore

Technologies. One of the advantages of this technol-

ogy is its size, measuring only 4 inches long and the
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ability to be powered by a standard USB 3.0 port

making it the first highly portable sequencer. The

consistency of this system will need to be improved

and the fail rate reduced (Camilla et al. 2015). The

MinION has been shown to have an average read size

of *5 kb with reads reaching 10 kb. The low

accuracy of MinION has improved from *65 to

*85% since its first appearance, but still makes the

technology impractical when used alone (Mikheyev

and Tin 2014; Loman and Watson 2015). A combi-

nation of Illumina sequencing and MinION to make

accurate Nanopore Synthetic-long reads prior to

assembly has been used, however, to generate an

Acinetobacter baylyi assembly with 99.99 % accuracy

(Madoui et al. 2015). A third approach to the

generation of long reads is Illumina TruSeq which is

a variant of second generation sequencing. This

technique shears genomes into 10 kb sections and

then performs a short read sequencing and assembly

workflow on these 10 kb sections. This has been

shown to be effective in the placement of the highly

related transposable elements within the Drosophila

melanogaster genome (McCoy et al. 2014). The

longer sequence reads from PacBio, MinION, and

Illumina TruSeq will help improve genome assem-

blies and connect contigs separated by highly repet-

itive regions. PacBio and MinION should also be able

to provide start to end sequencing information of

transcripts enabling splice variant analysis. The cur-

rent downside to PacBio and MinION technologies is

the high error rate associated with the raw read data.

The Illumina TruSeq technology has low error rates

*0.03 % because its reads are built with short reads.

As for MinION, the high error rate can be corrected in

PacBio with very high coverage with circular libraries

or by combining the second generation short reads

with third generation long reads as the programs LSC,

proovread, and LoRDEC are designed to do (Au et al.

2012; Hackl et al. 2014; Salmela and Rivals 2014).

Genetic modification

Recent advances in genome editing have enabled the

testing of candidate genes in non-model organisms

through the generation of knockout mutations with

substantially reduced effort. Prior to genome editing

techniques, random mutagenesis techniques such as

EMS mutagenesis and transposon-based methods

were used for the generation of knockout mutations

in a gene of interest (Page and Grossniklaus 2002; Kim

et al. 2006). Several techniques have been applied to

induce targeted mutations through double stranded

breaks including meganucleases, zinc-finger nucle-

ases (ZFNs), transcription activator-like effector

nucleases (TALENs), and clustered regularly inter-

spaced short palindromic repeats (CRISPR)/CRISPR

associated (Cas) protein. These double stranded

breaks are repaired through non-homologous end

joining resulting in error prone repair with deletions,

additions, and substitutions or with homologous

recombination using a provided template sequence

to add a desired insertion, substitution, or deletion.

Meganucleases, ZFN, and TALENs, though extre-

mely sequence specific, are limited by the technical

difficulties associated with their use in the lab. The

first enzymes used for targeted mutagenesis were

meganucleases. These are large restriction enzymes

with long motifs 14–40 nt long. They are specific, but

engineering new sequence specificity is a complicated

endeavor (Smith et al. 2006). ZFNs are modular with

the ability to place motifs for 3 nt sequences in tandem

and build sequence specificity with an added FokI

domain for target DNA cleavage. The applications of

ZFNs are limited by availability of compatible

sequences, potential for incompatibility between

specific modules, and difficult cloning requirements

as reviewed previously (Carroll 2011). TALENs are

easier to use with one motif per nucleotide and no

restrictions on the sequence targeted except technical

limitations that come with the cloning of repeats and

the recommendation that the target sequence should

start with a T (Gaj et al. 2013). TALENs also are very

sequence specific and generate a low level of back-

ground mutations (Guilinger et al. 2014). However,

TALENs require extensive cloning and, as a result,

applications are limited by cloning efforts.

Due to the simplicity of its application, the

CRISPR/Cas system has been used in a diversity of

ways since its first application for targeted genetic

modification in human and mouse cell lines (Jinek

et al. 2012; Cong et al. 2013; Mali et al. 2013). In this

system, the Cas9 protein binds to a guide RNA

(gRNA) and the gRNA directs Cas9 to a specific

sequence of DNA for cleavage. CRISPR/Cas is very

simple to implement with a compatible sequence;

given the Cas9 gene, only a gRNA sequence is

required, which can easily be synthesized. This makes

CRISPR/Cas a far easier system to apply to non-model
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species than its predecessors (Gilles and Averof 2014).

The CRSPR/Cas system has some sequence con-

straints. The gRNA used to designate the target

sequence contains *20 nt of sequence complemen-

tary to the sequence of interest. Typically, the gRNA is

transcribed by RNA polymerase III using a U6

promoter and as a result the preferred first base of

the template, and therefore the gRNA target, is G.

However, if the gRNA is placed between tRNAs in a

tRNA array and the tRNA generating machinery is

used to make the gRNA, this restraint on the 50

nucleotide is lifted (Xie et al. 2015). Upstream from

the 30 end on the *20 nt targeted sequence, a Cas9

protein defined protospacer adjacent motif (PAM),

typically NGG, is required on the target sequence. The

most extensively used Cas9 systems have NGG

motifs, although Cas9 proteins with altered PAM

motifs have been generated (Kleinstiver et al. 2015).

Strong variability in mutation rate exists between

constructs and room for improvement exists (Johnson

et al. 2015; Mikami et al. 2015). Potential ways to

improve the system are to use geminivirus- or tobacco

rattle virus-based delivery systems that allow the

spread of construct and the desired mutation through a

plant by systemic infection (Ali et al. 2015; Yin et al.

2015). The CRISPR/Cas system also generates a

variable level of off target mutations and several

approaches have been applied to reduce these muta-

tions. These include using FokI dimerization depen-

dent cleavage domains with nuclease deficient Cas9

for sequence targeting. Dimerization allows two Cas9

proteins to target neighboring sequences doubling the

sequence used for targeting from 20 to 40 nt

(Wyvekens et al. 2015). Another approach is to

shorten the 20 nt complementary sequence on the

gRNA to 19–17 nt. The shortened sequence decreases

the tolerance of mismatches typically observed

towards the 50 end. Large decreases in mutagenesis

efficiency are not observed with 19 nt, but are

observed with 18 or 17 nt (Wyvekens et al. 2015).

Another approach to reduce off target mutations and

broaden PAM specificity is to make a fusion protein

for Cas9 and a TALEN or ZFN construct (Bolukbasi

et al. 2015). In some cases, applications of CRISPR/

Cas have resulted in the successful mutation of both

copies of the gene (Oriza sativa and Populus tomen-

tosa), mutations in close paralogues, or multiplexing

of mutations for multiple genes (Zhang et al. 2014; Ma

et al. 2015; Xie et al. 2015). The ability to target

paralogues and potentially get homozygous mutations

in one mutagenesis without subsequent breeding

would be of particular interest when working on the

Amaryllidaceae because some commercial cultivars

are polypoid, sterile, and/or have a 3–7 year seed-to-

seed generation time (Zonneveld 2010). The CRISPR/

Cas system has been applied to Nicotiana benthami-

ana, Oryza sativa, Arabidopsis thaliana, Sorghum

bicolor, Citrus sinensis var. Valencia, Solanum lycop-

ersicum, Nicotiana tabacum, Triticum aestivum, Zea

maize (in press accepted), Glycine max, Populus

tomentosa, and Marchantia polymorpha showing the

versatility of this technique in plants (Feng et al. 2015;

Jiang et al. 2013a; Shan et al. 2013; Brooks et al. 2014;

Jia and Wang 2014; Ron et al. 2014; Sugano et al.

2014; Fan et al. 2015; Gao et al. 2015; Johnson et al.

2015; Sun et al. 2015). To apply any of these targeted

gene-editing systems to the Amaryllidaceae and

obtain knockouts for candidate biosynthetic genes,

the ability to make stable transformants is desirable

and has been demonstrated in Narcissus tazzeta (Lu

et al. 2007). The application of virus-induced gene

silencing (VIGS) for the down regulation of genes of

interest is another alternative for the examination

genes in any species where infiltration, transient

expression, and appropriate interaction with viral

components can be achieved (Senthil-Kumar and

Mysore 2014).

Nuclear magnetic resonance spectroscopy

NMR techniques have become more practical for the

identification of the small quantities of compound

observed in metabolomics surveys and generated

during many enzyme assays. This will allow more

complete catalogs of compounds in plant species to

determine the presence or absence of compounds and

their associated metabolic pathways. It will also

facilitate identification of unknown products observed

in enzyme assays. The usage of SPE to concentrate

metabolite fractions coming out of a separation

technique like HPLC and the subsequent release of

metabolite for NMR analysis has been of great utility.

This workflow enables the structural elucidation of

compounds from complex mixtures. When used in

parallel with 2DNMR techniques for deconvolution of

co-eluting compounds chromatography issues can

be avoided (Mahrous and Farag 2015). Another

improvement of NMR technique is the invention of
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microprobes and miniaturized coils with current

volumes of 10 ll and the potential of nanoliter sample

sizes (Fratila and Velders 2011). The low volumes

required allow for the elucidation of structures with

microgram quantities of compound (Aramini et al.

2007). In addition, algorithms for combining NMR

data with MS data during compound identification for

greater accuracy have been developed (Bingol et al.

2015; Bingol and Brüschweiler 2015). Without these

innovations for deconvolution and miniaturization of

NMR experiments, the workflows that utilize NMR in

high throughput systems with LC–MS outlined in the

following section would not be practical.

Mass spectrometry

MS has improved in mass accuracy with the develop-

ment of fourier transform mass spectrometers

(FTMS). The increased mass accuracy of FTMS such

as the Orbitrap can be of immense value in

metabolomics by providing the accuracy needed to

infer the molecular formula of compounds (Krauss

et al. 2010). Combined with MS/MS data, the

compounds can be searched against databases for the

inference of structure. This is of great value in

metabolomic studies and in enzyme product identifi-

cation when the product is a characterized structure for

which standard is lacking. Several workflows apply

MSn and HPLC with SPE and NMR for the systematic

structure elucidation of components in complex mix-

tures of metabolites (Castro et al. 2010; Sumner et al.

2015). An additional separation technique that can be

used is ion mobility spectrometry, which uses a gas

phase to slow compounds of different shapes. Com-

pounds that interact with the gas phase more arrive at

the detector later than compounds that interact with

the gas phase less. This technique can be modified to

separate chiral compounds by adding a chiral modifier

to the gas phase (Dwivedi et al. 2006). The ability to

use this technique on small molecules and to use it in

parallel with LC make this another useful tool for the

identification of compounds in complex mixtures

(Budimir et al. 2007). To obtain quantification of

compounds, evaporative light scattering detection

(ELSD) can be used in combination with LC–MS

(LC–ELSD–MS) (Cremin and Zeng 2002). Another

example of a combination workflow utilizes

LC–ELSD–MS detection for initial characterization

of complex plant extracts, followed by structural

elucidation of select compounds by NMR. A signif-

icant effect in a high throughput screen for a biological

activity of interest, such as a greater than 32 %

reduction in growth of the cancer cell lines MCF7,

NCI-H460, or SF-26, is used to prioritize compounds

for structural elucidation with NMR (Eldridge et al.

2002). These systematic catalogs of structures are very

useful to secondary metabolism research because the

associated MSn and NMR data become available in

databases for future analysis of enzyme products or

identification of metabolites from other complex

mixtures in workflows lacking MSn or NMR compo-

nents. In GC–MS data analysis, the use of libraries

such as just described is relatively simple because of

the standard ionization settings and resulting repro-

ducibility of spectra. In LC–MSn, the fragmentation of

compounds can vary greatly depending on the instru-

ment and settings (Hopley et al. 2008). To deal with

this problem, there are prediction algorithms that

utilize LC–MSn data with fragmentation rules for ion

trees and algorithms for relatingMSn data to databases

with different instruments and settings; an example is

the Mass Frontier software from Thermo Scientific.

Quantification and identification of small metabolites

is complemented by the use of proteomic methods to

acquire information on expressed proteins. This is

illustrated by the use of proteomics on Lycoris aurea

to identify proteins responsive to nitrogen treatment

and the quantification of galanthamine changes during

nitrogen treatment. This study demonstrated that

galanthamine levels correlated on nitrogen treatment

with the change observed in phenylalanine ammonia-

lyase protein, an early enzyme in galanthamine

biosynthesis (Ru et al. 2013) (Fig. 4).

Substrate considerations

Advances in MS and NMR promise to lower the

quantity of product of enzyme assays necessary for

structure elucidation. This also lowers the quantity of

substrate required, which can also be a limiting factor

when performing enzyme assays. When trying to

acquire substrates for enzyme assays the substrates can

be bought, synthesized, or isolated from the source.

Purchasing the substrate is frequently not an option for

highly specialized pathway intermediates, so the latter

two alternatives become necessary. In the case of

Amaryllidaceae alkaloids, there is a large diversity of

specialized synthesis methods that have regularly been
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reviewed by Zhong Jin and can be used for production

of various pathway intermediates (Jin 2013). As

biosynthetic genes are discovered, functional expres-

sion of these genes in a heterologous system will

facilitate chemo-enzymatic syntheses (Augustin et al.

2015). It is possible that in the future reactions for

which the native enzyme is not known could have an

alternate enzyme engineered to perform the desired

reaction (Arnold 2015). Methods for isolation are

provided in the publication of a compound’s discov-

ery, but the availability of plant material can be a

major constraint, particularly for endangered species.

Conclusion

In conclusion, the Amaryllidaceae alkaloids are a

diverse group of alkaloids with many biosynthetic

enzymes yet to be discovered. Advances in sequencing

will facilitate genomic and transcriptomic analyses of

these plants to identify candidate biosynthetic genes.

Several sequencing projects have already generated

transcriptomes for Narcissus sp. aff. pseudonarcissus

and Lycoris aurea (Wang et al. 2013; Kilgore et al.

2014). The combination of sequencing with other

methods such as proteomics can be a powerful

approach for identification candidate genes. This

combination was implemented during the discovery

of VpVAN in Vanilla planifolia by selectively looking

for transcripts and proteins highly concentrated in the

biosynthetic tissue for vanillin, the inner bean pod

(Gallage et al. 2014). Transcriptomic and genomic

sequencing can also provide complementary informa-

tion during candidate gene selection by allowing the

combination of co-expression analysis and gene

cluster searches. This combination of transcriptomic

and genomic resources have become available in

Catharanthus roseus through next generation

sequencing (Kellner et al. 2015). Testing the candidate

enzymes that will be identified through combinations

of omics approaches, including transcriptomics, pro-

teomics, and genomics, will be facilitated by sensitive

detection and structural elucidation of substrates and

products by MS and NMR techniques, either through

plant-to-plant comparisons or direct assay. The dis-

covery of N4OMT is an example: a de novo transcrip-

tome assembly of Narcissus sp. aff. pseudonarcissus

provided both the sequence and expression informa-

tion needed to identify a candidate methyltransferase.

Once the methyltransferase was shown to make a

methylated product from norbelladine with MS/MS,

small volume NMR technologies were utilized to

identify the product 40-O-methylnorbelladine (Kilgore

et al. 2014). Another example of combining transcrip-

tomics with sensitive techniques such as small volume

NMR is the discovery of the first 6 steps of

cyclopamine biosynthesis from cholesterol up to the

intermediate verazine. In this study, a de novo

transcriptome assembly of Veratrum californicum is

used to find candidates through co-expression analy-

sis. The candidates are expressed in insect cells and the

various products are identified by a combination of

MS/MS and NMR (Augustin et al. 2015). Existing and

new transcriptomic data can be used in combination

for the discovery of biosynthetic enzymes. This is the

case for the discovery of the 6 missing biosynthetic

genes in mayapple for etoposide aglycone which is a

precursor for etoposide, a topoisomerase inhibitor

used in chemotherapy. The study uses the Nicotiana

benthamiana transient expression system to build the

pathway step by step in planta while supplementing

with the early intermediate matairesinol. The creation

of biosynthetic intermediates in planta avoided the

need to poses every intermediate during enzyme

testing. Untargeted metabolomics enabled the obser-

vation of the biosynthetic intermediates generated

during transient expression of different candidate

biosynthetic gene combinations (Lau and Sattely

2015). These examples of enzyme discovery in

different species with different compound classes

show these improvements are generally applicable to

secondary metabolism in non-model systems when

looking for novel enzymes and will be of use when

pursuing biosynthetic genes in the Amaryllidaceae.
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