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Abstract 31 

Plant natural products (PNPs) play important roles in plant physiology and have been applied 32 

across diverse fields of human society. Understanding their biosynthetic pathways informs plant 33 

evolution and meanwhile enables sustainable production through metabolic engineering. 34 

However, the discovery of PNP biosynthetic pathways remains challenging due to the diversity 35 

of enzymes involved and limitations in traditional gene mining approaches. In this review, we 36 

will summarize state-of-the-art strategies and recent examples for predicting and characterizing 37 

PNP biosynthetic pathways respectively with multi-omics-guided tools and heterologous host 38 

systems, and share our perspectives on the systematic pipelines integrating these various 39 

bioinformatic and biochemical approaches.  40 
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Introduction 45 

Plants produce more than 200, 000 small molecules [1] with high diversity and complexity, called plant 46 

natural products (PNPs). PNPs are important in plant signaling and defense in response to stressors such 47 

as herbivores, insects, fungal infection, and allelopathy [2,3]. PNPs also have unique applications useful 48 

in various fields including pharmaceuticals and agriculture [4–6]. Unraveling the biosynthetic pathways 49 

of PNPs sheds light on understanding how plants evolve to adapt to the changing environment and also 50 

paves the way for sustainable production of these valuable compounds via metabolic engineering.  51 

PNPs can be categorized by their different core scaffolds, such as the isoprene-derived terpenoids and 52 

nitrogen-containing alkaloids. Scaffold-forming enzymes that catalyze the committed step toward 53 

different types of PNP scaffolds are important components of PNP biosynthetic pathways [1]. For 54 

example, terpenoids are the largest group of PNPs in nature [7]. Plant terpene synthases (TPSs) catalyze 55 

the formation of the core polycyclic carbon-based scaffolds of terpenoids using varied numbers of five-56 

carbon isoprene units synthesized through the mevalonate pathway. Alkaloids, such as benzylisoquinoline 57 

alkaloids (BIAs) and monoterpene indole alkaloids (MIAs), typically feature a nitrogen-containing ring 58 

derived from amino acids including tyrosine and tryptophan. Amine-aldehyde condensation is the key 59 

step for the alkaloid scaffold formation, such as norcoclaurine synthase (NCS) for BIA and strictosidine 60 

synthase (STR) for MIA. Based on the core scaffold, a series of tailoring reactions further greatly 61 

increases the diversity of PNPs. Typical tailoring reactions involve oxidation by cytochrome P450 62 

enzymes (CYPs), reduction by alcohol dehydrogenases (ADHs), and group transfer by methyltransferases 63 

(MTs), acyltransferases (ACTs) and glycosyltransferases (GTs) [1]. Advances in knowledge of the 64 

chemical logics of PNP biosynthesis have led to the elucidation of diverse PNP biosynthetic pathways, 65 

including the biosynthetic pathways of morphine [8], noscapine [9], and scopolamine [10]. However, 66 

these accomplishments represent only a fraction of the diverse PNPs in nature.  67 

Despite fruitful achievements in PNP pathway discovery and metabolic engineering [11–15], the pathway 68 

elucidation process is still challenging (Figure 1A). First, the traditional BLAST-based gene mining 69 

approach may not predict all the enzymes involved in a very long PNP pathway, which includes 70 

complicated chemical logic and various potential substrates, intermediates, and different final products. 71 

The wide variety of chemicals possibly involved in the PNP pathway makes it nearly impossible to 72 

predict the entire cascaded chemical reactions a priori.  Second, despite the advances in next-generation 73 

sequencing, plant transcriptome information is still limited and hinders efficient gene mining. Enzymes 74 

involved in PNP biosynthesis are highly diverse and may be expressed only in certain cultivars, certain 75 

plant tissues, at certain growth stages, or when induced by a special stimulus, making it highly possible 76 



that their sequence information might not be detected in general transcriptome analysis. Further 77 

complicating the elucidation process is that enzymes catalyzing similar types of reactions may have 78 

evolved independently in different species, resulting in low sequence similarity that hinders efficient 79 

pathway prediction via gene mining. Characterizing the predicted enzymes in a PNP pathway is also 80 

challenging, because different types of enzymes may require different cofactors and sub-cellular 81 

environments. In this review, we discuss the state-of-the-art pipelines for PNP pathway prediction and 82 

characterization to address these challenges, as well as recent achievements in novel PNP pathway 83 

elucidation within the past two years.   84 

 85 

Multi-omics-guided pathway prediction  86 

Transcriptome-based approaches, majorly co-expression and comparative analyses, have been the 87 

prevalent methods used in PNP pathway prediction, which have been reviewed comprehensively in prior 88 

reviews [16–18]. Advances in next-generation sequencing, protein and metabolite quantification, and 89 

computational approaches make way for integrated genomics, transcriptomics, proteomics, and 90 

metabolomics methods (Figure 1B). Recent advances from the past two years are included in Table 1.  91 

1) Combined transcriptomics and genomics 92 

One way that genomic sequence data has enhanced the elucidation of PNP pathways is through the 93 

identification of biosynthetic gene clusters (BGCs). The discovery of BGCs in plants dates back to 1997, 94 

where five genes in maize encoding enzymes in 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one 95 

(DIMBOA) biosynthesis were found to localize closely on the same chromosome [19]. To date, more 96 

than 30 plant BGCs have been identified [20,21]. Genomic analysis can predict potential BGCs from 97 

sequenced plant genomes. Since genes in a plant BGC are more likely to be in the same pathway, BGC 98 

prediction via genomics analysis can significantly narrow down the search space for given pathways. 99 

Several computational tools, including plantiSMASH [22], PlantClusterFinder [23], and PhytoClust [24], 100 

can predict BGCs with limited biochemical information. However, BGCs in plants typically do not 101 

comprise the entire pathway, requiring the identification of additional enzymes to complete the reactions. 102 

Transcriptomic co-expression analysis can complement this strategy by searching for the enzymes sharing 103 

similar expression patterns with genes in the known BGC. For example, Forman et al. investigated the 104 

ginkgolide biosynthesis pathway in ginkgo [25]. Genomic analysis identified a BGC in the ginkgo 105 

genome where five CYP genes were located physically close (within 2 Mbp) to levopimaradiene synthase 106 

(LPS), a diterpene synthase that forms the scaffold of a ginkgo terpenoid. Subsequently, they verified that 107 

the five CYPs modified the product of LPS. Transcriptomic analysis further uncovered ten other CYP 108 



genes outside the BGC that co-expressed with the BGC genes across different ginkgo tissues. One of 109 

them was verified to further catalyze the lactone-ring forming step after the BGC enzymes. 110 

Genomic analysis also allows for gene discovery via comparison across species. Wang et al. identified the 111 

biosynthetic pathways producing akuammilan and strychnos alkaloids across the Apocynaceae family  112 

through comparison to identified Catharanthus roseus genes. The authors initially sequenced the 113 

transcriptome of Alstonia scholaris to highlight candidates for metabolic pathways of interest. They then 114 

used synteny (i.e. shared locus on a particular chromosome) to identify homologous genes in the Alstonia 115 

scholaris genome based on the C. roseus genome and constructed a phylogenetic tree of CYP-encoding 116 

genes from MIA-producing plants across the Apocynaceae family to select candidate genes [26]. In 117 

another study, Rodríguez-López et al. built a biosynthetic pathway reconstruction algorithm to predict the 118 

iridoid biosynthetic mechanism in the Lamiaceae family based on their metabolic profiles and 119 

phylogenetic relationships, informed by genomics data. This algorithm predicted a CYP from Callicarpa 120 

americana that could catalyze bartsioside toward aucubin, which was then identified through transcript 121 

expression analysis and biochemically characterized to catalyze the predicted reaction, although neither 122 

compound had been previously reported in the genus [27]. 123 

2) Combined transcriptomics and metabolomics 124 

Combined transcriptomics with metabolomics is another prevalent multi-omics approach for PNP 125 

pathway prediction. PNP pathways exhibit different expression patterns across diverse tissues, growth 126 

stages, and environmental conditions, and the accumulation of a metabolic intermediate or product 127 

typically correlates well with higher expression of the enzyme catalyzing its production. Experimenters 128 

can therefore leverage these differential expression patterns to identify enzymes catalyzing a reaction of 129 

interest by investigating correlations between gene expression and metabolite profiles. For instance, Chen 130 

et al. found that the external application of methyl jasmonate (MeJA), a hormone associated with plant 131 

stress responses, increased saponin production in Saponaria vaccaria and upregulated several genes 132 

encoding CYPs and glycosyltransferases for saponin biosynthesis [28]. Berman et al. applied matrix-133 

assisted laser desorption/ionization–mass spectrometry imaging (MALDI–MSI), a technique for 134 

identification and quantification of metabolites in their spatial context, to map the high-resolution profile 135 

of cannabinoid accumulation in different tissues in Helichrysum umbraculigerum. Combining this mass 136 

spectrometry (MS) technique with tissue-specific transcriptomic analysis, they identified biosynthetic 137 

enzymes in the H. umbraculigerum cannabinoid pathway, whose expression correlated with higher 138 

cannabinoid accumulation in glandular trichomes [29].  139 

3) Other omics approaches  140 



Novel omics-based approaches have emerged to facilitate the discovery of PNP pathways. Stander et al. 141 

employed proteomic analysis in the latex exudate of Rauvolfia tetraphylla to identify 19 putative ADHs 142 

for MIA biosynthesis. Meanwhile, transcriptional co-expression analysis identified 27 putative ADHs, 143 

and genomics analysis identified 44 by BGC prediction. Integrating all three prediction results led to one 144 

ADH that was involved in yohimbine biosynthesis [30]. Researchers have also leveraged the interactions 145 

between proteins in a pathway to profile the protein-protein interactions (PPIs) for novel enzyme 146 

discovery. Wu and Liu et al. developed this interactomics-driven prediction approach to identify medium-147 

chain dehydrogenases/reductases (MDRs) involved in MIA biosynthesis from a medicinal plant, 148 

Mitragyna speciosa (kratom). This approach leveraged post-translational regulation mechanisms in plants 149 

to identify novel enzymes that can interact with a known enzyme in MIA biosynthesis, namely 150 

strictosidine β-glucosidase (SGD), to form dynamic enzyme complexes [31]. Starting with 20 MDRs that 151 

were predicted by transcriptomics and metabolomics analysis, this method selected six MDR candidates 152 

that could interact with SGD in yeast and in planta. Four MDRs out of the six candidates were eventually 153 

characterized as functional enzymes, leading to the discovery of four different pathway branches, 154 

highlighting the opportunity of leveraging dynamic enzyme-enzyme interaction for novel PNP pathway 155 

discovery. 156 

 157 

Biochemical characterization of putative enzymes 158 

The biochemical characterization of putative enzymes can be carried out in different hosts or platforms, 159 

including plants, microorganisms, and in vitro methods (Figure 1C). Most recent studies involve two or 160 

more platforms as described in Table 1. 161 

In vitro biochemical assays can identify a predicted enzyme’s function in isolation, with optimal pH, 162 

temperature, and cofactors. Generally, putative enzymes are overexpressed in a microbial host, 163 

predominantly Escherichia coli, and purified. Yeast microsomes have also been used instead of E. coli for 164 

expressing membrane-bound enzymes like CYPs. Furthermore, certain enzymes need to be expressed in a 165 

plant host prior to in vitro assays to ensure proper folding and post-translational modifications needed for 166 

enzymatic function. For example, Nett et al. investigated the biosynthetic pathway of huperzine A in 167 

Phlegmariurus tetrastichus and found that the key scaffold-forming reaction catalyzed by α-carbonic 168 

anhydrase (CAH) -like (CAL) enzymes took place in the apoplast, the extracellular space between plant 169 

cell walls [32]. Attempts to express these enzymes in E. coli showed no activity, so the authors turned to 170 

expressing the putative CAL enzymes in N. benthamiana followed by isolation of apoplast extract and in 171 



vitro enzymatic assay. This led to the characterization of a new type of decarboxylative condensation 172 

reaction which had never been previously reported for this class of enzymes. 173 

It remains challenging to characterize enzymes that require specific cellular environments or substrates 174 

that are commercially unavailable or unstable in vitro. Characterization in microbe hosts provides 175 

advantages over in planta assays due to their short generation time, high scalability, and well-established 176 

repertoire of tools for genetic manipulation. Eukaryotic microorganism Saccharomyces cerevisiae 177 

(baker’s yeast) serves as a feasible platform for in vivo enzyme characterization because of its similar 178 

cellular structures and organelles to plant cells, including the endoplasmic reticulum (ER), Golgi 179 

apparatus, and vacuole. Engineered yeast platforms are also able to efficiently produce PNPs in vivo as 180 

the reaction substrates, which might be unstable or inaccessible using traditional chemical synthesis 181 

approaches. For example, Deng et al. verified the function of a valencene synthase from Alpinia oxyphylla 182 

using an efficient terpene-producing yeast. Subsequent construction of a valencene-producing strain 183 

provided the appropriate substrate to CYP candidates and led to the functional characterization of three 184 

key CYPs in the nootkatone biosynthetic pathway [33]. Similarly, Carroll et al. used yeast strains 185 

producing various sterol substrates to identify the function of a CYP from foxglove. This CYP has been 186 

characterized to catalyze the side chain cleavage of cholesterol and campesterol, which is the first crucial 187 

step for digoxin biosynthesis [34]. Wu et al. used a strigolactone-producing E. coli-yeast consortium for 188 

rapid gene screening to investigate a CYP enzyme, strigol synthase, in the Prunus genus [35]. All these 189 

examples highlight the advantages of microbial hosts as an efficient platform for substrate production and 190 

putative enzyme expression. Furthermore, microbial hosts can continue to serve as the platforms for 191 

valuable PNP biomanufacturing. Kim et al. demonstrated the use of E. coli and yeast platforms to 192 

characterize novel enzymes and subsequently produce mitragynine, an analgesic candidate from kratom, 193 

by reconstructing a pathway composed of genes from kratom, mushroom, and firebush [36].  194 

Heterologous plant hosts can provide a more appropriate cellular context for the efficient expression and 195 

characterization of plant enzymes. Agrobacterium-mediated transient transformation in the model plant 196 

host N. benthamiana provides an alternative to conveniently characterize plant enzymes heterologously. 197 

N. benthamiana has been commonly used for individual enzyme characterization (see Table 1 for more 198 

examples) in combination with characterizations using microbial hosts and in vitro assays. It is 199 

noteworthy that a plant enzyme expressed in N. benthamiana or yeast might exhibit different product 200 

preferences [25,28], indicating the importance of using multiple platforms for PNP pathway 201 

characterization.  202 

Moreover, N. benthamiana has been widely used for entire PNP pathway reconstruction and 203 

characterization. For example, Hong et al. identified a 10-enzyme pathway for strychnine biosynthesis, 204 



using in vitro assays and the N. benthamiana platform [37]. More recently, De La Peña et al. elucidated a 205 

22-enzyme pathway including CYPs, ATs, ADHs, and 2-oxoglutarate-dependent dioxygenases (2-ODDs) 206 

for limonoid furan biosynthesis purely using N. benthamiana [38]. Great efforts have been made to 207 

enhance transformation efficiency in N. benthamiana. Carlson et al. established experimental regimes that 208 

can simultaneously deliver and co-express over twenty genes in N. benthamiana leaves [39]. These 209 

achievements demonstrate the ability of N. benthamiana as a host in characterizing long pathways via 210 

efficient co-infiltration and co-expression of multiple enzymes. Notably, Dudley et al. reconstituted the 211 

biosynthetic pathway for strictosidine [40], a central intermediate of monoterpene indole alkaloids (MIA), 212 

in N. benthamiana, showing its future potential for downstream MIA pathway elucidation and 213 

biomanufacturing [25,28]. 214 

Gene silencing in the native host has been used to characterize enzyme functions, using techniques such 215 

as virus-induced gene silencing (VIGS), RNA interference, and CRIPSR-Cas9 knockout lines. Although 216 

these methods have drawbacks due to the difficulty in decoupling the enzyme from complicated cross-talk 217 

and regulation within the native host, such methods can still complement other validation methods 218 

effectively. For example, Palmer et al. used VIGS to confirm the in vivo relevance of several enzymes 219 

involved in nepetalactone synthesis in Nepeta cataria after those enzymes had already been characterized 220 

in vitro [41]. Additionally, Sonawane et al. complemented assays in vitro and in N. benthamiana with the 221 

generation of CRISPR-Cas9 knockout lines in tomato plants to better understand the biosynthetic 222 

pathway for Esculeoside A, a chemical contributing to flavor in the tomato fruit [42]. This example 223 

demonstrates the importance of characterizing an enzyme’s function in the native host from a breeding 224 

perspective. 225 

 226 

Recent advances 227 

Notable achievements on PNP pathway discovery in the past two years are summarized in Table 1. Here 228 

we highlight two representative examples. 229 

Kratom alkaloid biosynthesis 230 

Kratom (Mitragyna speciosa) is a tropical tree producing a variety of MIAs with medicinal uses. Among 231 

them, mitragynine and 7-hydroxymitragynine show analgesic effects and potentially have less severe side 232 

effects than opioids. The biosynthesis of MIAs involves an amine-aldehyde condensation and a glycoside 233 

hydrolysis to form the key intermediate strictosidine aglycone, catalyzed by STR and SGD, respectively. 234 

The upstream biosynthetic pathway towards strictosidine aglycone had been elucidated in other MIA-235 



producing plants, particularly C. roseus. Recently, Schotte et al. [49], Kim et al. [36], and Wu and Liu et 236 

al. [31] reported the discovery of downstream pathways towards kratom alkaloids. Two medium-chain 237 

alcohol dehydrogenases (MsDCS1 and MsDCS2) and one MT (MsEnolMT) were predicted from tissue-238 

specific transcriptomic data and/or sequence alignment with C. roseus enzymes, and were verified to 239 

participate in mitragynine biosynthesis in vitro, in yeast, and in N. benthamiana. Although one 240 

hydroxylation step and one methylation step could not be resolved in kratom, Kim et al. achieved the 241 

microbial synthesis of mitragynine from tryptamine and secologanin with addition of a MT from Hamelia 242 

patens (firebush) and a CYP from Psilocybe cubensis (a psychedelic mushroom) [36]. Moreover, a 243 

variety of other ADHs were identified to catalyze the reduction of different isomers of strictosidine 244 

aglycone, initializing the branched pathways of other kratom alkaloids. Wu and Liu et al. also revealed 245 

the physical protein-protein interactions between those ADHs and SGD [31], demonstrating the physical 246 

interactions of subsequent enzymes in a pathway that can be leveraged for pathway discovery. 247 

Lycopodium alkaloid biosynthesis 248 

Lycopodium alkaloids are produced by plants in the Lycopodiaceae family (clubmosses), including more 249 

than 400 molecules. One particularly significant Lycopodium alkaloid is huperzine A (hupA), which can 250 

reversely inhibit acetylcholinesterase and impact neural synapse activity. Its bioactive properties make it a 251 

potential treatment for neurological diseases including Alzheimer’s disease. However, for many years, 252 

little was known about its biosynthesis. Researchers had identified the first several enzymes catalyzing 253 

the synthesis of two precursors, 4-(2-piperidyl)acetoacetic acid (4PAA) and pelletierine, from lysine [48], 254 

but the following scaffold formation and tailoring steps were not reported until 2023. Starting from co-255 

expression analysis in different tissues, Nett et al. [32] selected 131 enzymes sharing similar expression 256 

patterns with known enzymes in the pathway. Two short-chain dehygrogenases/reductases (SDRs), one 257 

ACT, and one CYP were found to convert pelletierine to its diene derivative in N. benthamiana. Previous 258 

isotope-labeled metabolomics indicated a step condensing the diene and 4PAA, but no reported enzymes 259 

could catalyze this type of chemistry. Tests of the 131 enzymes revealed that the phlegmarane scaffold 260 

was synthesized by CALs that are dissimilar to any relevant proteins reported previously in PNP 261 

biosynthesis. The two CAL enzymes were individually verified afterwards in N. benthamiana and in vitro 262 

using N. benthamiana apoplast extract. The finding of CALs involved in PNP scaffold formation 263 

represents a striking neofunctionalization of this family. Subsequently, two 2-ODDs and one hydroxylase 264 

were identified from the 131-enzyme cluster to catalyze the tailoring reactions. Together with previously 265 

reported other three tailoring 2-ODDs, the biosynthetic pathway of hupA was completely elucidated.  266 

 267 



Conclusions and future perspectives 268 

Recent advances in discovery of PNP pathways, using various multi-omics-guided prediction and 269 

biochemical characterization tools, have brought a deeper understanding of the intricate and diverse world 270 

of PNPs, shedding light on novel biosynthetic pathways and expanding the possibilities for applications in 271 

various fields. However, considering the rapid development of downstream metabolic engineering, 272 

including host engineering, enzyme engineering, and expression control, pathway discovery is still the 273 

rate-limiting step of PNP biomanufacturing, and thus needs to be further accelerated. Computational 274 

tools, including knowledge-based databases and machine learning (ML)-based algorithms, have proved 275 

powerful when dealing with extensive multi-omics data, as well as understanding the basic biological and 276 

chemical principles. ML-guided tools have played important roles in predicting chemical routes, BGCs, 277 

protein structures, enzyme functions, and biomedical activities [57–61], and their further development 278 

will significantly facilitate the prediction and characterization of PNP pathways.  279 
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Figure captions 291 

 292 

Figure 1. Overview of PNP biosynthetic pathway discovery challenges and elucidation methods. A) 293 

An abstract PNP biosynthetic pathway depicts the challenges associated with PNP pathway discovery, 294 

which are largely related to the complexity of these pathways. This includes many cascading steps 295 

between substrates (S) and intermediates (I), which may require elicitation by a stimulus and may be 296 

localized across different plant tissues or subcellular compartments, such as the chloroplast or vacuole. B) 297 

Tools for PNP pathway prediction include genomic, transcriptomic, proteomic, interactomic, and 298 

metabolomic analysis methods. These methods are frequently used in combination to allow for analysis of 299 

the correlated spatial and/or temporal presence of various pathway-associated molecules. C) Once genes 300 



predicted to be involved in PNP biosynthesis have been identified, they can be functionally characterized 301 

in heterologous host systems (e.g. model plants such as Nicotiana benthamiana or microbes such as 302 

Escherichia coli or Saccharomyces cerevisiae), in vitro, or through gene silencing in the native host plant. 303 

Created with BioRender.com. 304 
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Table 1. Notable developments in PNP biosynthetic pathway discovery made 306 

in the past two years. 307 

Type of 
PNP 

End Product Host Plant Enzymes 
Involved 

Prediction method 
(transcriptomics: T, 
metabolomics: M, 
genomics: G, 
proteomics: P, 
interactomics: I) 

Characterization 
platform 

Ref.  

terpenoid baccatin III Taxus spp. CYP T (comparative 
expression) and M 

N. benthamiana [43] 

terpenoid paclitaxel Taxus spp. CYP, 
CoA 
ligase 

T (gene co-
expression) 

N. benthamiana [44] 

terpenoid nootkatone Alpinia 
oxyphylla 

TPS, 
CYP, 
cytochro
me P450 
reductase 
(CPR), 
SDR 

T and M (tissue-
specific co-
expression); gene 
candidates 
narrowed using 
phylogenetic 
analysis 

S. cerevisiae and 
in vitro 

[33] 

terpenoid ginkgolides Ginkgo 
biloba 

CYP G (BGC mining) 
and T (gene co-
expression) 

S. cerevisiae and 
N. benthamiana 

[25] 

terpenoid limonoids 
(kihadalacto
ne A and 
azadirone) 

Citrus 
sinensis, 
Melia 
azedarach, 
Azadirachta 
indica 

CYP, 
sterol 
isomerase 
(SI), 
ACT, 
SDR, 
aldo-keto 
reductase 
(AKR), 
furan 
synthase 

T and M (tissue-
specific co-
expression) 

N. benthamiana [38] 

terpenoid saponin Saponaria 
vaccaria 

CYP, GT T (comparative T 
via elicitation); 
gene candidates 
narrowed using 
phylogenetic 
analysis 

S. cerevisiae, N. 
benthamiana, 
and in vitro 
(yeast 
microsomes) 

[28] 

terpenoid triptonide Tripterygium 
wilfordii 

CYP T (BLAST gene 
mining) 

S. cerevisiae and 
N. benthamiana 

[45] 

phenolic verbascosid
e 

Lamiales 
spp. 

hydroxyci
nnamoyltr
ansferase 
(HCT), 
CYP 

T (tissue-specific 
gene co-
expression); gene 
candidates 
narrowed using 
phylogenetic 
analysis 

in vitro (purified 
enzymes and 
yeast 
microsomes), E. 
coli, and N. 
benthamiana 

[46] 



phenolic cannabinoid
s 

Helichrysum 
umbraculiger
um 

acyl-CoA 
transferas
e (CoAT), 
tetraketid
e synthase 
(TKS), 
GT, ACT 

G (genome 
assembly), M, T 

in vitro (purified 
enzymes and 
yeast 
microsomes), E. 
coli,  N. 
benthamiana, 
and S. cerevisiae 

[29] 

indole-
derived 

benzoxazino
ids 

Aphelandra 
squarrosa & 
Lamium 
galeobdolon 

CYP, 
Fe(II)/2-
oxoglutar
ate-
dependent 
dioxygena
se 
(2OGD), 
GT, MT 

T and M (tissue-
specific co-
expression); 
comparative T 
(producer vs. non-
producer species) 

N. benthamiana 
and in vitro 
(yeast 
microsomes) 

[47] 

sesquiter
pene 
alkaloid 

huperzine A Phlegmariur
us 
tetrastichus 

α-
carbonic 
anhydrase
-like 
protein 
(CAL; 
catalyzing 
condensat
ion & 
cyclizatio
n), 
2OGD, 
α/β 
hydrolase 
(ABH) 

T (gene co-
expression) 

N. benthamiana 
and in vitro (N. 
benthamiana 
extract) 

[32] 

sesquiter
pene 
alkaloid 

huperzine A Phlegmariur
us 
tetrastichus 

decarboxy
lase, 
copper 
amine 
oxidase 
(CAO), 
polyketid
e synthase 
(PKS), 
2OGD 

T and M (tissue-
specific co-
expression) 

N. benthamiana 
and in vitro 

[48] 

monoterp
ene 
indole 
alkaloid 
(MIA) 

mitragynine Mitragyna 
speciosa 

MDR, 
MT 

T (BLAST gene 
mining) 

in vitro, E. coli, 
and S. cerevisiae 

[36] 

MIA mitragynine 
and related 
compounds 

Mitragyna 
speciosa 

medium-
chain 
alcohol 
dehydrog
enase 

T and M (tissue-
specific co-
expression) 

in vitro and N. 
benthamiana 

[49] 



(MDR), 
MT 

MIA N/A-MIA 
upstream 
universal 
scaffold 

Mitragyna 
speciosa 

MDR T and M (tissue-
specific co-
expression); I 

in vitro, S. 
cerevisiae, and 
N. benthamiana 

[31] 

MIA strychnine, 
brucine, 
diaboline 

Strychnos 
nux-vomica 

CYP, 
ABH, 
MDR, 
ACT, MT 

T and M (tissue-
specific co-
expression); 
comparative T 
(producer vs. non-
producer species) 

N. benthamiana 
and in vitro (N. 
benthamiana 
extract) 

[37] 

MIA yohimbanes Rauvolfia 
tetraphylla 

MDR G (genome 
assembly), M, T, P 

S. cerevisiae and 
in vitro 

[30] 

MIA akuammilin
e 

Alstonia 
scholaris 

CYP, 
oxidoredu
ctase, 
ACT 

T and G (BLAST 
gene mining and 
synteny) 

in vitro (yeast 
microsomes) 
and S. cerevisiae 

[26] 

terpenoid astramalabar
icosides 

Astragalus 
membranace
us 

TPS T (BLAST gene 
mining) 

S. cerevisiae and 
in vitro 

[50] 

terpenoid saponin Lonicera 
macranthoid
es & 
Lonicera 
japonica 

TPS, GT comparative G 
(genome assembly, 
collinearity 
analysis), T, M 

in vitro and N. 
benthamiana 

[51] 

flavonoid melitidin Citrus 
grandis 

GT, ACT, 
rhamnosy
ltransferas
e 

G (genome-wide 
association studies) 
and M  

in vitro and N. 
benthamiana 

[52] 

flavonoid hyperoside Hypericum 
monogynum 

CYP, 
flavonol 
synthase 
(FLS), 
GT 

T and M (tissue-
specific co-
expression) 

in vitro, E. coli, 
and S. cerevisiae 

[53] 

aldoxime phenylacetal
doxime 
glucoside 

Miconia 
microphysca 

CYP, GT comparative T and 
M via elicitation 

in vitro (purified 
enzymes and 
yeast 
microsomes) 
and N. 
benthamiana 

[54] 

phenolic bibenzyls Cannabis 
sativa 

CoA 
ligase, 
double-
bond 
reductase, 
PKS 

T (BLAST gene 
mining) 

in vitro [55] 

acyl 
sugar 

N/A—
nonspecific 
analysis 

Solanum 
lycopersicum 
& Solanum 
pennellii 

β-
ketoacyl 
reductase 
(KAR), 

comparative G 
(predicted 
orthologs, 
narrowed gene 

virus-induced 
gene silencing 
in host 

[56] 



rubisco 
small 
subunit 
(RBCS) 

candidates based on 
characteristic signs 
of positive 
selection), M, T 
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