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Novel mechanisms for the
synthesis of important
secondary metabolites in
Ginkgo biloba seed revealed
by multi-omics data

Bing He1, Kun Qian1, Xin Han2, Jianyang Li1, Qi Zhou3,
Li-an Xu2, Hailin Liu1* and Peng Cui1*

1Agricultural Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences,
Shenzhen, China, 2Co-Innovation Center for Sustainable Forestry in Southern China, Nanjing Forestry
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Although the detailed biosynthetic mechanism is still unclear, the unique

secondary metabolites of Ginkgo biloba, including ginkgolic acids (GAs) and

terpene trilactones, have attracted increasing attention for their potent

medicinal, physiological and biochemical properties. In particular, GAs have

shown great potential in the fields of antibacterial and insecticidal activities,

making it urgent to elucidate their biosynthetic mechanism. In this study, we

systematically revealed the landscape of metabolic-transcriptional regulation

across continuous growth stages of G. biloba seeds (GBS) based on multi-omics

mining and experimental verification, and successfully identified all major types

of GAs and terpene trilactones along with more than a thousand kinds of other

metabolites. The phenological changes and the essential gene families

associated with these unique metabolites were analyzed in detail, and several

potential regulatory factors were successfully identified based on co-expression

association analysis. In addition, we unexpectedly found the close relationship

between large introns and the biosynthesis of these secondary metabolites.

These genes with large introns related to the synthesis of secondary metabolites

showed higher gene expression and expression stability in different tissues or

growth stages. Our results may provide a new perspective for the study of the

regulatory mechanism of these unique secondary metabolites in GBS.

KEYWORDS

ginkgolic acids, secondary metabolites, large intron, gene expression, Ginkgo biloba
1 Introduction

As the only surviving member of the Ginkgo family, Ginkgo biloba is a relict plant from

the Quaternary Ice Age and is widely known as the “living fossil” (Zhou and Zheng, 2003).

In addition to its special evolutionary status, as a typical economic gymnosperm, G. biloba

also possesses a variety of values, including edible, medicinal and ornamental uses. For
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example, a standardized preparation of G. biloba extract (EGB761)

is among the best-selling herbal remedies in America and many

European countries (Gulec et al., 2006; Nabavi and Silva, 2019). The

dietary supplements sales of G. biloba exceed US$ 1.26 billion

annually in the global market (Mei et al., 2017), and are utilized to

treat thrombosis, inflammation, cardiovascular condition and

Alzheimer’s disease (Sasaki et al., 2002; Rodriguez et al., 2007). In

addition, G. biloba seed (GBS) has a very long history of

consumption around the world for its important secondary

metabolites, which mainly contains the medicinal substances

flavonoids and terpenoids, together with the unique ginkgo

phenolic acids (van Beek, 2005; Mahadevan and Park, 2008).

Unlike flavonoids, which are ubiquitous in plants and have a

relatively clear synthetic pathway, the research into the unique

metabolites of Ginkgo has lagged behind (Ye et al., 2020; He

et al., 2021).

The terpenoids in G. biloba are a unique class of terpene

trilactones, which are composed of sesquiterpene (bilobalide) and

diterpenes (ginkgolide). Ginkgolide is a potent platelet activating

factor (PAF) antagonist, which can selectively inhibit platelet

aggregation and prevent thrombosis, and is widely used in the

treatment of cardiovascular and cerebrovascular diseases (Yang

et al., 2017). Bilobalide, on the other hand, does not appear to

have PAF antagonistic activity and has been shown to exert central

neuroprotective effects (Atzori et al., 1993). In terms of industrial

applications, currently these terpene trilactones could only be

extracted directly from G. biloba tissues due to the unclear

biosynthesis mechanism and cost limitations. Meanwhile, it

should be mentioned that the terpenoid content of Ginkgo tissues

is not satisfactory and could easily be affected by seasonal changes

or other environmental factors, causing problems for downstream

industrial preparation (Cartayrade et al., 1997).

Ginkgo phenolic acids are another group of important

secondary metabolites in GBS, which are mainly concentrated in

mature sarcotesta. Ginkgo phenolic acids belong to the urushiolic

acids, which include three major groups of ginkgolic acids (GAs),

ginkgols, and bilobols (van Beek, 2002). The GAs are referred to

various n-alkyl phenolic acids with side chain length of 13-17 and

side chain double bond number of 0-2, which are the main

substance of ginkgo phenolic acids, accounting for 90% (Yang

et al., 2014). Ginkgo phenolic acids have long been considered a

typical hazardous substance due to their strong sensitization and

cytotoxicity, and their proportion has been strictly limited in the

preparation of ginkgo medicinal remedies. On the other hand, due

to their unique hydrophobicity and hydrophilicity, ginkgo phenolic

acids have been gradually applied in many fields, including

antimicrobial (Lee et al., 1998), chemical (Jiang et al., 2017) and

pest control (Pan et al., 2006b). Among them, GA (15:1) has been

shown to prevent the acylation of small ubiquitin-related modifier

proteins (SUMO) to regulate cell functions, which has been utilized

as a potential treatment for cancer and neurological diseases

(Fukuda et al., 2009; Baek et al., 2017).

Although some progress has been made in recent years on the

anabolic regulation of important secondary metabolites in G. biloba

(He et al., 2015; Li et al., 2018; Ye et al., 2020), most of the current
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research is still focused on leaves, and there is still a lack of research

on the regulation of secondary metabolite synthesis in GBS

considering its rich editable values. In addition, the results of

systematic analysis of GAs are obviously insufficient compared to

those of flavonoids and other substances. With the flourishing

development of multi-omics analysis technology, new insights

could be provided for the study of the in vivo synthesis

mechanism. In this study, we aim to construct a metabolite map

of GBS during the whole development period supported by these

multi-omics data, and mainly focus on these unique secondary

metabolites including GAs and terpene trilactones based on their

detailed systematic characterization, in an attempt to better explain

the specific mechanisms of their anabolism.
2 Materials and methods

2.1 Sample collection and preparation

Due to the relatively long developmental process of GBS, which

takes about half a year from pollination to seed maturity, including

the physiological post-ripening phenomenon. The plump seeds of a

healthy female G. biloba tree aged about 20 years were selected and

sampled every month from June to October on the campus of

Nanjing Forestry University (32°4’N, 118°48’E). Samples from three

representative periods (June 1, August 1, and October 1,

respectively) with three replicates were selected for subsequent

analysis based on the morphological observation. After sampling,

these tissues were immediately frozen in liquid nitrogen and stored

at -80°C until further treatment.
2.2 Metabolomic analysis

Biological samples were first lyophilized in a lyophilizer

(SCIENTZ-100F/A) and subsequently ground (30 Hz, 1.5 min) to

powder using a grinding machine. The 100 mg of powder was then

weighed and dissolved in 1.0 mL of extract. The dissolved samples

were refrigerated overnight at 4 °C overnight and swirled three

times during this time to improve the extraction rate. After

centrifugation (rotation speed: 12000 rpm, 10 min), the

supernatant was extracted with the samples filtered through a

microporous membrane (0.22 mm pore size) and stored in

injection bottles for UPLC-MS/MS analysis.

The data acquisition system consistedmainly of an UPLC-ESI-MS/

MS system (SHIMADZU Nexera X2 Series, www.shimadzu.com) and

a tandem mass spectrometer (Applied Biosystems 6500 Q TRAP,

www.appliedbiosystems.com). Both positive and negative ion modes

were controlled by Analyst 1.6.3 software (AB Sciex). Instrument

tuning and quality calibration were performed with 10 and 100

mmol/L polypropylene glycol solution in QQQ and LIT modes,

respectively. QQQ scanning adopts MRM mode and sets collision

gas (nitrogen) as the medium. DP and CE of each MRM ion pair were

completed by further optimization, and a specific set of MRM ion pairs

would be monitored at each period based on the eluted metabolites.
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2.3 Identification and quantification
of metabolites

The metabolites were characterized according to the secondary

spectral information. The isotopic signals and the repetitive signals

containing K+ ions, Na+ ions or NH +
4 ions, and the repetitive signal

of other substances of high molecular weight were removed.

Metabolites were quantified by multiple reaction monitoring

(MRM) using triple quadrupole mass spectrometry. In the MRM

mode, the precursor ions (parent ions) of the target substance were

first screened by the quadrupole, and the corresponding ions of

other molecular weight substances were excluded to first eliminate

the interference. After ionization induced by the collision chamber,

the precursor ions would break and form many fragments. Then, a

characteristic fragment ion was selected by triple quadrupole

filtration to eliminate the interference of non-target ions in order

to make the quantification results more accurate. After obtaining

the metabolite spectrum of different samples, the mass spectrum

peaks of all substances were integrated with the peak area, and these

peaks identified as the same metabolite in different samples were

integrated with correction.

Due to the typically high-dimensional nature of metabolomic

data, the traditional principal component analysis (PCA) may not

be able to cluster these data well, resulting in the poor interpretation

of the analysis results. Therefore, the identification of differential

metabolites was conducted with orthogonal partial least squares

discriminant analysis (OPLS-DA), which combines both

orthogonal signal correction (OSC) and the partial least squares

discriminant analysis (PLS-DA) (Thevenot et al., 2015). In contrast

to PCA, which is an unsupervised classification method, PLS-DA is

a multivariate statistical analysis method with supervised pattern

recognition. It could extract the components of the independent

variable X and the dependent variable Y, and then calculate the

correlation between each component. Based on the analysis results

of the variable importance in projection (VIP) values in the OPLS-

DAmodel, differential metabolites were screened by combining fold

changes, p-values of t-test and VIP values, and the filtering standard

was set as fold change > 1 and VIP > 1 with p-value should be less

than 0.05.
2.4 Transcriptome sequencing and analysis

RNA concentration and purity were measured using NanoDrop

2000 (Thermo Fisher Sc ient ific , Wi lmington , USA,

www.thermofisher.com). RNA integrity was assessed using the

RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100

system (Agilent Technologies, CA, USA, www.agilent.com). A

total amount of 1 mg RNA per sample was used as input for the

RNA sample preparation. Clustering of the indexed samples was

performed on a cBot Cluster Generation System using the TruSeq

PE Cluster Kit v4-cBot-HS according to the manufacturer’s

instructions. After clustering, library preparations were sequenced

on an Illumina Hiseq X Ten platform to generate paired-end reads.

Raw reads were first trimmed with fastp to remove reads containing

adapter, poly-N, or low quality (Chen et al., 2018). Only reads with
Frontiers in Plant Science 037
a unique match were further analyzed and annotated based on the

reference genome (Liu et al., 2021). HISAT2 (Kim et al., 2019) was

utilized to align the reads to the reference genome, and

quantification of gene expression levels was estimated by

fragments per kilobase of transcript per million fragments

mapped (FPKM) using StringTie (Pertea et al., 2015). Differential

expression analysis was performed with DESeq2 based on the

negative binomial distribution (Love et al., 2014). The resulting p-

values were adjusted using the Benjamini and Hochberg’s approach

to control for false discovery rate (FDR) (Thissen et al., 2002).
2.5 Gene family analysis and
functional validation

The identification of gene families related to secondary

metabolite biosynthesis was performed using BLAST with e-

values of 1e-10, and the potential members were further filtered

based on the evidence of full-length transcript according to our

previous data (Han et al., 2021). The Ka/Ks rate of these gene

families was calculated using KaKs_calculator 2.0 (Wang et al.,

2010). Weighted Gene Correlation Network Analysis (WGCNA)

was utilized to infer the gene co-expression pattern (Langfelder and

Horvath, 2008), and the transposable elements were identified with

EDTA (Ou et al., 2019).

The same batch of collected seeds was used for the qRT-PCR

experiment with three biological replicates. An RNAprep Pure Plant

Kit (Polysaccharides&Polyphenolics-rich) (Tiangen Biotech,

Beijing, China, www.tiangen.com) was applied to extract total

RNA from each sample. PrimeScript™ RT Master Mix (Takara,

Tokyo, Japan, www.takarabiomed.com) was used for reverse

transcription, and the reverse transcribed product was diluted 3-

fold for real-time quantitative experiments. The according primers

were designed (Supplementary File 1) and the qRT-PCR analysis

was performed using SYBR Premix Ex Taq (Takara, Tokyo, Japan,

www.takarabiomed.com) and ViiA 7 Real-Time PCR System

(Thermo Fisher, USA, www.thermofisher.com), and each reaction

was subjected to 3 technical replicates. PCR amplification was

performed under the following conditions: 95 °C for 10 min; 95 °

C for 15 s, and 60 °C for 60 s with 45 cycles; 95 °C for 15 s, 60 °C for

60 s, and 95 °C for 15 s. EIF3D was set as the endogenous control,

and the relative expression level was calculated using the 2-

DDCt method.
3 Results

3.1 The landscape of GBS metabolites
across continuous developmental stages

Ginkgo seeds were sampled at three developmental stages: June,

August, and October, along with the quality assessment of these

samples (Figure 1). The correlation results of the metabolome

showed that the sample results within the same batch were

satisfactory, and the results of the principal component analysis

(PCA) were able to fully reveal the significant differences between
frontiersin.org
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samples from different batches. The transcriptome results were also

in line with our expectations. These results demonstrated the

robustness of the data quality, which could strongly support our

subsequent analysis.

A total of 1,043 kinds of metabolites were detected, and the

number was far more than 780 kinds obtained from G. biloba leaves

during the same sampling periods, showing vigorous metabolic

activity (He et al., 2021). The substances detected were mainly

primary metabolites, including carboxylic acids and derivatives,
Frontiers in Plant Science 048
fatty acids, and related oxidation compounds. All metabolites were

then clustered into nine groups according to their expression

(Figure 2). The results showed that most of the metabolites in

ginkgo seeds were more active in June and August, and 208 of them

(Group 1) significantly increased from June to August and

maintained until October, while the expression levels of other 389

metabolites (Group 2), on the contrary, decreased from June to

October. The number of metabolites between these two groups with

opposite expression trends accounted for more than half of all
FIGURE 1

Morphological observations of the complete developmental stages of GBS.
FIGURE 2

Classification of the trend changes in the content of all metabolites over different time periods.
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metabolites, and their functional enrichment results also showed

differences. Metabolites of Group 1 with obvious up-regulated

expression trend were mainly enriched in amino acid and lipid

metabolism, including biosynthesis of unsaturated fatty acid

biosynthesis and linoleic acid metabolism together with glycine,

serine and threonine metabolism, showing an active tendency in

energy metabolism and storage (Figure 3A). On the other hand,

metabolites of Group 2 with a downward tendency were mainly

enriched with flavonoid biosynthesis, which was another class of

important secondary metabolites in G. biloba.

Subsequently, the differential metabolites were screened by

combining the fold changes and VIP values generated by the

OPLS-DA model to further observe the content change of

metabolites in different developmental stages (Figure 3B). From

June to August, the number of down-regulated metabolites was

much higher than that of up-regulated metabolites, and the levels of

other 386 metabolites were relatively stable. One of the most

significantly up-regulated substances during this period was

turanose (log2 (fold change) > 18), which is an isomer of sucrose,

and the most representative down-regulated metabolites were
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myricetin-3-O-glucoside and tricin-7-O-glucoside (Figure 3C).

Tricin is biosynthesized as a component of plant secondary

metabolites through a combination of phenylpropanoid and

polyketide pathways, and it has been extensively studied due to

its biological significance in plant growth as well as its potential for

pharmaceutical importance (Zhou and Ibrahim, 2010). Both this

metabolite and myricetin-3-O-glucoside belong to the flavonoid

group, and their content changes were consistent with other typical

flavonoids within these two periods, reaching the peak in June and

dramatically decreasing in August.

According to our results, there seemed to be a significant

decrease in metabolite activity and a steady state between August

and October compared to the previous two months. Among them,

most metabolites showed no significant change, and other 167 and

126 metabolites were up- and down-regulated, respectively

(Figure 3D). This statistic was slightly different from the previous

clustering results based on simple trend analysis, which mainly

involved distinguishing the significance of the difference. The most

representative metabolite, methyl cinnamate, which is an ester

within the cinnamate family (Bhatia et al., 2007), was up-
A B

DC

FIGURE 3

Differential metabolite results; (A) Annotated bubble diagram of metabolites for Group 1; (B) Permutation plot of the OPLS-DA model. The horizontal
axis indicates the similarity to the original model, and the vertical axis indicates the value of R2Y or Q2. The blue and red dots represent R2Y and Q2
of the model after Y replacement, respectively, and the dashed line is the fitted regression line. If R2Y and Q2 are smaller than R2Y and Q2 of the
original model, then the model could be screened for differential metabolites according to VIP values; (C) Volcanic map of differential metabolites
between June and August. The horizontal coordinate represents the fold change of each substance compared in this group, and the size of the
scatter point represents the VIP value generated from the OPLS-DA model; (D) Heatmap of all metabolites based on VIP values. (A–C) represent
June, August and October, respectively.
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regulated throughout August and October with the highest fold

change value. It is worth mentioning that the most significantly up-

regulated metabolites during this period were also highly enriched

in the phenylpropanoid biosynthetic pathway, which is involved in

the synthesis of various terpenoids, including trans-

cinnamaldehyde and p-coumaric acid. In particular, there seemed

to be significant differences in metabolic activity at different

developmental stages in GBS. The primary metabolic activity was

more vigorous from June to August, while the metabolic activity

tended to be stable after August and gradually accumulated

secondary metabolites including terpene trilactones.
3.2 Identification of the unique secondary
metabolites in G. biloba

From a continuous developmental perspective, June to

August produced many more differential metabolites compared

to August to October, and these content differences appeared to

persist over a long period of time, culminating in 165 differential

metabolites being present in the comparative results for any two

time points (Figure 4A). As the unique secondary metabolites

identified in G. biloba with potential sensitization, mutagenicity

and strong cytotoxicity, all major ginkgo phenolic acids were

successfully mined in our research based on their differences in

side chain length and double bond number, including GA (13:0),

GA (15:0), GA (15:1), GA (17:1) and GA (17:2). The chemical

structures of these metabolites are similar to urushic acid in
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Pelargonium hortorum, and it is inferred that the more double

chains on the hydrocarbon group, the more susceptible to

sensitization (Narnoliya et al., 2017). Among them, GA (15:1)

accounted for more than 60% of the total, and the content of GA

(17:2) was the lowest (Figure 4B). According to the previous

clustering results of ginkgo metabolites, the expression trends of

all GAs were similar. The levels of GAs peaked in June and then

decreased rapidly without any obvious fluctuation since then,

which was also consistent with the results of other Group

2 metabolites.

In contrast to the hazardous properties of GAs, the unique

terpene trilactones are widely used in the treatment of human

cardiovascular diseases. Our results were also fruitful for the

identification of terpene trilactones in GBS. A total of seven types

of terpene trilactones were identified, including six typical

diterpenes (Ginkgolide A/B/J/K/M/Q, respectively) and one

sesquiterpene (bilobalide). Interestingly, the content variation of

terpene trilactones showed a clear difference when compared to

GAs (Figure 4C). According to the previous clustering results, all

GAs shared a consistent tendency to be classified in Group 2, while

different groups were confirmed among these terpene trilactones.

Specifically, Ginkgolide A and bilobalide were in Group 5 with

other 60 metabolites, and the typical characteristic of this group was

the double peak phenomenon, which had a much higher content in

June and October and decreased dramatically in August. On the

other hand, Ginkgolide B、J and K were in Group 8, and the change

trend of this group was completely opposite to that of Group 2. The

contents of these terpenoids didn’t change much in the early
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FIGURE 4

The unique secondary metabolites identified in GBS; (A) Venn diagram of all differential metabolites in three time periods; (B) Content variation of
five representative GAs in three time periods; (C) Content variation of all types of terpenoids unique to GBS in three time periods; (D) Secondary
spectrum of ginkgotoxin and its mirror image of the standard. The upper and lower plots represent the secondary spectrum extracted from the
standard and the sample, respectively. The vertical axis represents the mass charge ratio (m/z).
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months and gradually reached the peak around October. These

results indicated the complexity of the terpene trilactone

biosynthesis in GBS, and there seems to be a potential

antagonistic relationship in their synthesis processes, although

these terpenoids share common precursors.

In addition to the various GAs and terpene trilactones, the

unique neurotoxin in GBS, ginkgotoxin (4′-O-methylpyridoxine,

MPN), was also observed (Figure 4D). Ginkgotoxin is an

antivitamin which is structurally related to vitamin B6

(pyridoxine), and excessive consumption of GBS could easily lead

to poisoning, causing drowsiness, convulsions and seizures, loss of

consciousness and even death (Leistner and Drewke, 2010). It is an

inhibitor of pyridoxal kinase and glutamic acid decarboxylase in

mouse brain, and its toxic effect could be alleviated by pyridoxine

(Kobayashi et al., 2015). In our study, the variation trend of

ginkgotoxin content was consistent with that of GAs, which

reached the highest content in June and then decreased rapidly

without any significant fluctuation.
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3.3 Multi-omics analysis of GA synthesis
revealed active involvement of
large introns

Although metabolome analysis could intuitively obtain the atlas

and content trends of all metabolites in GBS, the combination

analysis of transcriptome and other multi-omics data is necessary to

reveal the detailed synthesis and regulation mechanisms. Co-

expression analysis was first performed based on the relative

content of values with WGCNA method, and nearly 400

metabolites were grouped together with all GAs into the same

module, which was very similar to the previous clustering results in

Group 2 (Figure 5A). Then, all metabolites in this module were

further annotated and a correlation network was constructed

according to their correlation weight in order to identify the

essential metabolites related to GA synthesis. According to our

results, palmitoleic acid and erucic acid, which are considered as the

primary precursors of GAs, were found to be closely related
A B
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FIGURE 5

Regulation of GA synthesis in GBS; (A) Clustering and co-expression results of all metabolites based on WGCNA method; (B) Correlation network
diagram of GAs and other representative metabolites; (C) Inferred pathway and related genes involved in GAs synthesis in plastid and cytoplasm.
Genes of the ACSL family, which are responsible for transmembrane transport, underwent a significant intron length expansion; (D) Co-expression
network of candidate essential genes involved in the regulation of GA synthesis based on transcriptome and metabolome. Stars represent
metabolites and triangles represent genes. The red and green lines represent positive and negative correlations, respectively.
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metabolites along with several flavonoid derivatives (Figure 5B).

Subsequently, we mainly focused on metabolic pathways for further

analysis using homologous comparison and literature mining.

According to previous studies, the aromatic ring and long-chain

alkyl/alkenyl group of GAs are thought to be synthesized by steps

that could be divided into two parts: 1. the synthesis of free palm-

oleyl CoA and oleyl CoA generated from malonyl CoA/acetyl CoA

based on fatty acid synthesis; 2. the synthesis of GAs from long-

chain oleyl CoA using polyketides (Gellerman et al., 1976).

The synthesis of GAs is based on palmitoleic acid and oleic acid,

which initially contain the necessary alkyl side chains, and the levels

of both metabolites were significantly altered in our study. In this

process, acyl carrier protein (ACP) is the center of fatty acid synthesis

as an intermediate conserved carrier, and stearoyl-ACP desaturase

(SAD) protein is a key rate-limiting enzyme in this process. It is a

homodimer composed of conserved domains belonging to the ferritin

family, and is the only known soluble desaturase group in plants

which could regulate the ratio of saturated fatty acids (Knutzon et al.,

1992). According to our results, six genes encoding SAD protein were

identified in GBS, and analysis of their expression patterns showed

that four of them had significantly higher expression in June than in

August, while the other two genes remained relatively stable.

Association analysis with the metabolome further revealed that one

of them was highly positively correlated with GA (15:1) and GA

(17:2) content changes. Beta-ketoacyl-ACP synthase (KAS) is another

important enzyme in this process, and it is the core element of the

fatty acid synthase (FAS) complex, which could catalyze the

condensation of malonyl-ACP and palmitic acid to long-chain fatty

acids (Mindrebo et al., 2020). A total of nine genes encoding for KAS

were identified in GBS, and two of them showed a significant

correlation with the variation in GA content. Chromosomal

mapping of these genes revealed that four of them were distributed

in obvious clusters on chromosome 6, and one of them was not only

an important regulator of GA synthesis, but also highly correlated

with the synthesis of other metabolites, such as isoquercitrin, which is

a typical compound of flavonoids.

The next key step in the synthesis of GAs is the formation of the

phenol-lipid benzene ring. After obtaining the main long-chain

fatty acid precursor, several condensation reactions would occur to

generate different types of GAs, and type III polyketide synthase

protein (PKS III) is the key rate-limiting enzyme. PKS III is

characterized by its ability to reuse homologous proteins and to

react directly with acyl-CoA substrates independently of ACP

activation (Yu et al., 2012). Many members have been identified

in this family, of which chalcone synthase (CHS), stilbene synthase

(STS), and FAE1-type keto-acyl CoA synthase (KCS) are their

typical representatives. Chalcone is an important precursor of

flavonoid synthesis and the CHS family is widely distributed in

plants, while STS is highly homologous to CHS with amino acid

sequence similarity of nearly 70% and could form resveratrol from

coumaryl CoA (Schroder and Schroder, 1990). KCS is a rate-

limiting enzyme that catalyzes the first step condensation reaction

in the synthesis of very long chain fatty acids (VLCFAs), and the

studies on the KCS family have been mainly in model plants with

few studies in other species (Sagar et al., 2015). According to our

results, a total of 31 genes encoding PKS III were identified in GBS,
Frontiers in Plant Science 0812
including 15 genes encoding KCS, and several of them had the

consistent expression pattern with GAs. Surprisingly, although

previous studies on the synthesis of phenolic acids in other

species showed that PKS-Cyclase might play a key role in the

formation of phenyl rings, and then catalyze the reaction between

hydrogen ions and ketone groups similar to the aldol condensation

in order to form double bonds (Nakano et al., 2009), not even one

gene encoding PKS-Cyclase was found in GBS according to the

homology comparison in this study (Figure 5C).

In addition to analyzing the key genes and enzymes of GA

synthesis based on metabolic pathways, other associated regulatory

factors were also investigated based on the co-expression network.

Through rigorous screening, two differentially expressed genes

(DEGs) were identified that were most highly correlated with

GAs (Figure 5D). Functional annotation of these two genes

showed one putative annotation for GDSL esterase, and the other

one had an unknown annotation. The encoded protein of this

unannotated gene showed very low conservation with other species,

indicating that it should be a Ginkgo-specific gene involved in GA

synthesis. Lipase is one of the key enzymes in seed oil degradation,

which includes GDSL esterase because of its highly conserved

glycine (G)-aspartic acid (D)-serine (S)-leucine (L) motif at the

N-terminus of the protein. GDSL esterases are widely distributed in

plants with diverse members, but only a few of them have been

identified with clear molecular functions (Lai et al., 2017). A study

in Arabidopsis has confirmed that several GDSL esterases could

alter the fatty acid composition of seeds by acting downstream of

the gibberellin signaling pathway, which is also consistent with our

results (Chen et al., 2012).

Fatty acids from exogenous or endogenous sources must first be

activated to form acyl-CoA before entering most metabolic

pathways. This activation step is catalyzed by acyl-CoA synthase

(ACS) through a two-step reaction involving the formation of the

intermediate fatty acyl-AMP with the release of pyrophosphate, and

the formation of fatty acyl-CoA to release AMP (Mashek et al.,

2004). In G. biloba, nearly 30 members have been identified

encoding ACSs distributed on different chromosomes, including

the long-chain ACSs (ACSL) that preferentially activate the most

abundant fatty acids including GAs (12-20 carbons) (Figure 6A).

Surprisingly, more than 50% of the GbACSL genes in GBS were

extremely long, with the average length of all ACSL genes reaching

73 Kbp and the longest even reaching 418 Kbp. The length of these

genes was much longer than other genes related to GA synthesis,

whose average length was less than 3 Kbp (Figure 5B). Further

analysis showed that introns instead of exons were surprisingly

elongated among these genes, and transposable elements might play

an important role in their intron elongation. Meanwhile, it should

be mentioned that these non-TE regions also accounted for a large

proportion, which might be composed of some other decayed

elements (Figure 6C). Interestingly, the integration analysis results

showed that these large introns did not seem to impose a burden on

the transcription of these GbACSL genes, and on the contrary, the

expression of these genes was significantly increased (Figure 6D). In

addition, the expression patterns of these large genes appeared to be

more stable, maintaining a conserved expression pattern and largely

unaffected by period changes, as further confirmed by subsequent
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qRT-PCR experimental validation of our RNA-seq results

(Figure 6E).The selection pressure analysis results of these

GbACSL genes were consistent with the expression patterns, and

genes with large introns tended to have higher Ka/Ks values for

positive selection (Figure 6F).
3.4 Co-expression analysis for precursors
of terpene trilactone synthesis in GBS

According to the co-expression results based on metabolome

and transcriptome, all types of unique terpene trilactones identified

in GBS were successfully correlated with the gene expression profile,

except for Ginkgolide K due to its extremely low content

(Figure 7A). Two major biosynthetic pathways of terpene

trilactones in G. biloba could be identified, including the

mevalonate pathway (MVA) in the cytoplasm and the 2-C-

methyl-D-erythritol-4-phosphate pathway (MEP) in the plastid. It

is generally concluded that the biosynthesis of various ginkgolides is

mainly through the MEP pathway, while the biosynthesis of the

sesquiterpene (bilobalide) is achieved through the MVA pathway,

or it may be the degradation product of ginkgolides (Penuelas and

Munne-Bosch, 2005). HMGR (3-hydroxy-3-methylglutaryl

coenzyme A reductase) is the first rate-limiting enzyme in the

MVA pathway of terpenoid synthesis. It could catalyze 3-hydroxy-

3-methylglutaryl-CoA to obtain mevalonate, which is an important

precursor of terpenoid synthesis. Previous studies showed that the

gene family encoding HMGR in other plants was generally small

(Kim et al., 2014). Meanwhile, more than 10 members of the

HMGR family were identified in GBS based on homology

comparison, which was also the largest number of gene families

related to terpenoid synthesis in GBS. Most of these genes were
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distributed in a typical cluster arrangement on chromosome 9 and

chromosome 4. On the other hand, despite the large number of

members, only a few HMGR genes were significantly positively

correlated with terpene trilactone levels in both periods based on

the results of co-expression analysis (Figure 7B). DXS (1-deoxy-D-

xylulose-5-phosphate synthase) is the first enzyme in the MEP

synthesis pathway. It catalyzes pyruvate and glyceraldehyde-3-

phosphate to synthesize 1-deoxy-D-xylulose-5-phosphate, and

also plays a critical role in terpenoid metabolism as a major rate-

limiting enzyme (Estevez et al., 2001). In GBS, four genes encoding

DXS were identified, one of which showed a high and stable

expression level. Similar to the results of GbACSL, this highly

expressed gene also had a very long length of 122 Kbp as well,

including two large introns with the length of 48 Kbp and 70 Kbp

respectively, which was the longest one among all rate-limiting

genes involved in the synthesis of ginkgo terpenoids. Then, these

highly associated genes obtained from previous co-expression

predictions were further annotated, and the results showed that

these genes seemed to be closely associated with seed and embryo

development in addition to their active involvement in terpene

biosynthesis (Figure 7C).

Farnesyl diphosphate synthase (FPS) is another key enzyme in

this pathway with two aspartic acid-rich regions. It catalyzes the

condensation reaction of two molecules of isopentenyl

pyrophosphate (IPP) and one molecule of dimethylallyl

pyrophosphate (DMAPP) to (2Z, 6E)-farnesyl diphosphate, which

could provide the C15 scaffold for sesquiterpenoid formation

(Estevez et al., 2001). Although only one gene encoding FPS was

identified, this large gene length of more than 109 Kbp still

maintained high expression. The corresponding enzyme of FPS is

geranylgeranyl diphosphate synthase (GGPPS) in the MEP

pathway, which could catalyze three molecules of IPP and one
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FIGURE 6

Analysis results of the ACSL gene family in GBS; (A) Phylogenetic tree and expression pattern of all ACSL gene family members in GBS. The heatmap
represents the FPKM values of all samples in three time periods, and the bar chart represents the length of each gene; (B) Length distribution of
GbACSL and other GA synthesis-related gene family members; (C) Detailed composition of the intron regions of GbACSL gene members; (D) Violin
plot of the expression of GbACSL genes with and without large introns; (E) Expression results of GbACSL genes with large introns validated by RT-
PCR experiments; (F) Ka/Ks results for GbACSL genes with and without large introns. **** p value < 0.0001.
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molecule of DMAPP to form geranylgeranyl diphosphate (GGPP),

providing the C20 backbone for diterpenoid formation (Schmidt

and Gershenzon, 2007). GGPPS is not only involved in the

synthesis of ginkgolides, but also closely related to the synthesis

of chlorophyll, carotenoids and gibberellins. Seven members

encoding GGPPS were identified, and none of them was a large

gene with an average length of less than 2 Kbp and an intronless

structure (Figure 7D). According to our results, there seemed to be a

delicate balance between the number and the length of genes in

GGPPS and FPS that shared similar functions.
4 Discussion

As a unique secondary metabolite ofG. biloba, the rich content of

ginkgo phenolic acids in GBS is difficult to ignore for their strong

sensitizing toxicity and cytotoxicity. Due to the significant

antibacterial properties of GAs, including the inhibition of a variety

of gram-negative and positive bacteria, rice blast fungus and other

fungi, as well as the inhibition of aphids, cabbage caterpillars and

other insects, GAs have the potential to be developed as biological

pesticides (Muroi and Kubo, 1996; Pan et al., 2006a). Meanwhile,

compared with flavonoids in G. biloba with clear pharmacological

activities, the biosynthesis and regulatory mechanism together with

the derivative efficacy of GAs have not been thoroughly studied,

which severely limits their effective utilization. More than 30,000 tons

of the GBS testa would be discarded each year during the production

process of Ginkgo-related remedies, which not only pollutes the

environment but also causes a great waste of resources (Boateng,
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2022). The unique terpenoids of G. biloba also had the same doubts

about the detailed biosynthesis and regulation mechanisms. The

synthesis of terpene trilactones in GBS involves oxidation,

cyclization, and rearrangement reactions, resulting in their complex

structures, making their analysis lag behind that of other metabolites

(Ding et al., 2008).

In this study, based on multi-omics analysis and functional

validation, we systematically analyzed the phonological changes and

synthetic pathways related to GAs and terpenoids in GBS, focusing

on their major rate-limiting enzyme families. Analysis of the

expression patterns and chromosome mapping of these genes

further revealed that most of them were arranged in clusters, and

the role of large introns in their expression should be paid more

attention. Recent studies have shown that cytochrome P450

(CYP450) enzymes may play an important role in the

downstream synthesis of terpene trilactones (Zheng et al., 2019).

According to the homologous alignment results, a very large and

complex group of CYP450 family and the complete loss of PKS-

Cyclase in GBS suggested that there might be a unique aldol

condensation reaction in the downstream synthesis process of GAs.

The heterogeneous distribution of large genes was observed

during the analysis of genes related to secondary metabolite

synthesis in GBS, and the enrichment was most significant in the

GbACSL gene family. The length of these large genes exceeded the

range of most plant genes, and further analysis revealed that intron

elongation played an essential role. Combined with the existing

features of the Ginkgo genome, a considerable number of LTR-RTs

insertion events were identified in G. biloba and other gymnosperm

genomes, which may provide some explanation for the dramatic
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FIGURE 7

Mining results of terpene trilactone co-expression data in GBS; (A) Co-expression heatmap of the terpene trilactones identified in GBS and all genes;
(B) Association network of ginkgo terpene trilactones and the essential genes based on Spearman’s correlation coefficient. The red and green lines
represent positive and negative correlation, respectively, and the width of the lines indicates the strength of the correlation; (C) Functional
annotation results of the extracted essential genes closely related to terpenoid synthesis in GBS; (D) Gene structure diagram of the genes involved in
terpene trilactone synthesis in GBS.
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increase in the length of Ginkgo introns (Liu et al., 2021). On the

other hand, it is worth considering whether these intron-lengthening

genes were simply randomly generated by violent transposable

element insertions. From the point of view of energy consumption,

the retention of large introns means the additional loss of energy

during replication and transcription. For a large 100 Kb intron, it

would be a million times harder to bring its ends together than for a 1

Kb intron in length, and a stretched 100 Kb RNA could even expand

to a size larger than that of the mammalian nucleus (Shepard et al.,

2009). It could be easily deduced that introns should have several

advantages to compensate for these costly disadvantages, and the

current results clearly showed that the significant increase in intron

size is not meaningless and would lead to a stable high expression

during transcription in GBS. Moreover, compared with Arabidopsis

and other angiosperms, no whole genome duplication (WGD) event

could be identified in Ginkgo or other gymnosperms, although this

event should be a cornerstone of genome evolution in angiosperms

(Clark and Donoghue, 2018), and genes with large introns in GBS

showed functional enrichment along with higher positive selection

pressure. These results suggest that large genes in G. bilobamay tend

to acquire their own introns independently, and the proportion of

large introns in these families may be an effective indicator of their

preference for environmental adaptation.

Combined with our current results, we believe it’s very possible

that these large genes may further promote the growth or

environmental adaptation of G. biloba. As for the typical large

GbACSL gene family in this study, due to the key role of lipids in cell

growth and energy metabolism, higher expression of this family,

which is responsible for the acetylation of all C12-20 members of

lipids, may not only be involved in the precursor synthesis of GAs,

but also plays an essential role in the formation of plant signal

transducers and other lipid-related molecules. Another typical

example is the GGPPS and FPS gene families in terpenoid

synthesis. These two families have similar functions and both use

IPP and DMAPP as substrates, and the emergence of large genes

seems to lead these two families to different paths in the selection of

gene length and gene number. On the other hand, how to explain

the significant positive correlation between these large introns and

gene expression remains an unresolved doubt. We speculated that

one possibility is the high-frequency occurrence of intron-mediated

enhancement (IME), which has also been observed in Arabidopsis

and several other plants (Gallegos and Rose, 2015). Meanwhile, it

should be mentioned that these enlarged introns had no particular

positional preference in the ginkgo genes, whereas IME usually

occurs at the first intron, suggesting that a novel mechanism may

regulate gene expression in G. biloba, and more multi-omics data

would be obtained in our subsequent work to unravel this mystery.
Conclusion

In this study, the global metabolite landscape of GBS

throughout the almost complete growth cycle was revealed by

UPLC-MS/MS platform, and the anabolic regulation mechanism

of the unique GAs and terpene trilactones in GBS was systematically

analyzed by integrating metabolomics, transcriptomics and other
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multi-omics data. Most members of the key rate-limiting enzymes

within the synthetic pathways of these secondary metabolites were

successfully identified along with several important regulatory

factors. In addition, large introns seemed to play a very important

role in the expression of genes related to secondary synthesis and

metabolism in GBS.
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A novel colchicine-myricetin
heterozygous molecule: design,
synthesis, and effective
evaluations on the pathological
models of acute lung injury in vitro
and in vivo

Zhiyue Li1,2,3†, Xueqin Yan1,2†, Jiangchun Wei1,2†, Liuyang Pu1,
Guanbao Zhu1,4, Yongkai Cao1, Zhanyan Liu1, Yaqian Liu1, Yan Li1,
Limin Li1, Xinping Li1 and Zhengzhi Wu1,2*
1Shenzhen Institute of Translational Medicine, The First Affiliated Hospital of Shenzhen University,
Shenzhen, China, 2Wu Zhengzhi Academician Workstation, Ningbo College of Health Sciences, Ningbo,
China, 3Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China,
4Graduate School, Guangxi University of Chinese Medicine, Nanning, China

Acute lung injury (ALI) is an inflammatory condition and there are no effective
treatments. A novel new compound----colchicine-myricetin hybrid (CMyrH) was
herein designed and synthesized. To evaluate the activity of CMyrH in ALI, we used
a bleomycin (BLM) induced BEAS-2B injury model in vitro and established a well-
recognized rat model of BLM-induced lung injury in vivo. The results
demonstrated that colchicine-myricetin hybrid protected BEAS-2B cells against
BLM-induced cell injury in an increased dosemanner, and reducedwet/dry weight
ratio, histological scoring, and inflammation cytokines IL-1β, IL-6, IL-18, and TNF-
α levels of lung tissue of the rats. Furthermore, we found colchicine-myricetin
hybrid inhibited caspase-1, ASC, GSDMD, and NLRP-3 expression in vivo.
Meanwhile, we used molecular docking to analyze the binding mode of
colchicine-myricetin hybrid and human neutrophil elastase (HNE), it revealed
that colchicine-myricetin hybrid showed strong binding affinity toward human
neutrophil elastase when compared to its parent molecules. In conclusion, It is
suggested that colchicine-myricetin hybrid antagonized acute lung injury by
focusing on multi-targets via multi-mechanisms, and might be served as a
potential therapeutic agent for acute lung injury.

KEYWORDS

colchicine-myricetin hybrid, colchicine, bleomycin, inflammation, acute lung injury,
neutrophil elastase

1 Introduction

Acute lung injury (ALI) is a life-threatening clinical inflammatory condition
characterized by lung vascular permeability, pulmonary edema, massive alveolar damage,
and recruitment of numerous inflammatory cells to the lungs. Loss of control over the
migration of inflammatory cell infiltrations toward the inflamed lung tissue shares in the
pathology of ALI and its more severe form, acute respiratory distress syndrome (ARDS)
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(Zhan et al., 2022; Hafez et al., 2023). Despite improvements in
general supportive treatment and ventilatory care strategies
designed to limit lung injury, no specific pharmacological therapy
has yet proven to be efficacious in the management of acute lung
injury (ALI) or ARDS. The most common causes of ALI are
pneumonia and sepsis, despite recent progress, there is still a lack
of knowledge on revealing pathological mechanisms of this
condition (Bandela et al., 2022). Multiple studies have been
performed to better elucidate the underlying pathogenic
mechanisms of ALI. Examples of mechanisms explored in
preclinical models of ALI include NOD-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome and neutrophil
elastase (NE) signaling. NLRP3, a key component of the
inflammasome, plays a critical role in the secretion of IL-1β and
in pyroptosis, which is an inherently inflammatory caspase-1-
dependent mechanism of cell death triggered by various
pathological stimuli that have been critically implicated in the
pathogenesis of acute lung injury (Peiró et al., 2017; Hsu et al.,
2022). NE is an active protease released from neutrophils involved in
tissue damage by inducing direct cytotoxicity and proinflammatory
mediator release (Ishida et al., 2023). Numerous evidence suggests
that NE acts as a key target in ALI, and inhibitors of this protease are
able to inhibit ALI in patients with cardiopulmonary bypass as well
as other animal models associated with ALI (Pan et al., 2023).
Bleomycin (BLM), originally designed as an anti-cancer drug, has
now been demonstrated to cause ALI in multiple in vitro and in vivo
experiment paradigms (Albanawany et al., 2022; Li et al., 2023; Lv
et al., 2023). As such, BLM is widely accepted as an ALI inducer for
identifying lung-protective compounds (Su et al., 2019; Chen et al.,
2022). Intratracheal bleomycin administration induces acute lung
inflammation and epithelial cell injury, followed by epithelial cell
repair and fibrotic reactions (Chung et al., 2019). Herein, we used
the bleomycin model of ALI to assess the effectiveness of CMyrH in
the pathology.

Herb medicine is a great source from which a lot of drugs have
been developed. (−)-Colchicine 1) is an iso-quinoline alkaloid
isolated from medicinal plants including Colchicum autumnale L.
and Gloriosa superba L. (Misra et al., 2023). Originally, colchicine
was characterized as a mitotic inhibitor and universally applied in
the treatment of cancer. In 2009, colchicine was approved by US
FDA to treat gout and other related disorders. More encouragingly,
colchicine has been proposed as a beneficial drug in the treatment of
coronavirus disease 2019 (COVID-19) due to its excellent anti-
inflammatory actions (Kacar et al., 2020; Pascual-Figal et al., 2021;
Kasiri et al., 2023; Perricone et al., 2023). Whereas colchicine turned
out to be an effective anti-inflammatory and anti-cancer agent,
colchicine is still in the preclinical stages of development due to
its high toxicity and severe side effects, including severe diarrhea,
neuropathy, rhabdomyolysis, and bone marrow suppression
(Spasevska et al., 2017; Kacar et al., 2020). Myricetin 2) is a
flavonol compound existing in fruits and berries and has been
reported to exert numerous pharmacological activities including
antiviral, antioxidation and anti-tumor (Chaves et al., 2022; Sedbare
et al., 2022). Myricetin is also well-recognized for its anti-
inflammatory properties that act by inhibiting the formation of
the NLRP3 inflammasome, which plays a key role in the innate
immune response and the pathogenesis of many inflammatory
diseases (Skrajnowska et al., 2021). At present, myricetin is listed

as a natural health product and dietary supplement in Europe and
has been approved by the FDA for pharmaceuticals, foods, and
health products in the United States (Liu et al., 2020).

Since that, both colchicine and myricetin are able to counteract
inflammatory response simultaneously, and myricetin possesses
excellent safety, the hybridization of colchicine and myricetin
may produce additive effects and reduce adverse and even toxic
effects to treat complicated inflammatory diseases where ALI is
involved. We have recently conducted a series of works exploring
new drug candidates based on the concise synthesis and
modification of (−)-colchicine 1) (Li et al., 2022; Pu et al., 2022).
Herein we put forward our conception that the synthesis of a new
hybrid of colchicine and myricetin to find a new bioactive molecule
applied in anti-acute lung injury (Figure 1).

2 Materials and methods

2.1 Chemistry

General Information. Reaction mixtures at temperatures
higher than ambient temperature were heated in an oil bath.
All general chemicals were used directly without further
purification. Petroleum ether (PE) refers to the fraction boiling
in the 60°C–90°C range. Melting points were detected with an RY-I
apparatus and uncorrected. NMR spectra of new compounds were
recorded on a Bruker AV 400 spectrometer at 400 MHz (1H
NMR), and 101 MHz (13C NMR). Chemical shifts were
reported in ppm relative to internal TMS for 1H NMR data,
and deuterated solvent for 13C NMR data, respectively. Data
are recorded in the following format: chemical shift,
multiplicity, coupling constant in hertz (Hz), and signal area
integration in natural numbers. High-resolution mass spectra
(HRMS) were obtained on Bruker Maxis impact instrument
with ESI ion source and TOF mass analyzer.

2.2 Synthesis of CMyrH

To the solution of myricitrin (0.8 g, 1.72 mmol) in MeCN
(40 mL), was added K2CO3 (1.8 g, 12.9 mmol) and dimethyl
sulfate (1.2 mL, 12.9 mmol). The reaction mixture was refluxed
for 24 h, then filtrated and concentrated in a vacuum. The
obtained residue was dissolved in EtOH (40 mL), then was added
conc. HCl (1.4 mL). The solution was stirred at 70°C for 12 h, then
concentrated in a vacuum to remove EtOH. The residue was
dissolved in DCM (40 mL) and washed with a saturated NaCl
solution. The organic phase was dried over Na2SO4 and then
concentrated in vacuo to yield crude product 4.

Compound 5 was synthesized according to the reported
procedure (lit.). To the solution of compound 4 (620 mg,
1.6 mmol) and 5 (767 mg, 1.68 mmol) in DCM, was added EDCI
(460 mg, 2.4 mmol) and DMAP (20 mg, 0.16 mmol). The solution
was stirred at 25°C for 12 h. The contents were adsorbed on silica gel.
The product was purified by column chromatography with EA to
give the product CMyrH (595 mg, 45% yield) as a light yellow solid.
MP 182°C–184°C. 1H NMR (400 MHz, CDCl3) δ 7.53–7.43 (m, 3H),
7.41 (d, J = 11.1 Hz, 1H), 7.05 (s, 2H), 6.63 (d, J = 11.3 Hz, 1H), 6.55
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(d, J = 2.2 Hz, 1H), 6.51 (s, 1H), 6.40 (d, J = 2.2 Hz, 1H), 4.71–4.64
(m, 1H), 3.95 (s, 3H), 3.94 (s, 3H), 3.92 (s, 3H), 3.91 (s, 3H), 3.89 (s,
3H), 3.88 (s, 6H), 3.62 (s, 3H), 3.08 (t, J = 7.4 Hz, 2H), 2.46 (dd, J =
13.3, 6.5 Hz, 1H), 2.36 (td, J = 12.9, 6.7 Hz, 1H), 2.28–2.18 (m, 1H),
1.98 (s, 3H), 1.94–1.80 (m, 3H). 13C NMR (101 MHz, CDCl3) δ
175.47, 170.48, 170.07, 168.84, 164.74, 161.30, 159.34, 153.84,
153.40, 153.04, 151.45, 151.42, 151.24, 141.66, 140.70, 139.11,
134.68, 134.08, 130.99, 126.95, 124.81, 123.68, 108.75, 108.33,
107.32, 105.77, 104.98, 96.41, 92.88, 61.56, 61.45, 61.15, 60.56,
56.55, 56.48, 56.26, 56.04, 52.68, 38.51, 37.25, 33.31, 30.21, 23.01,
14.34. HRMS (m/z): calculated for C44H46N2NaO14 [M + Na]+)
849.2841, found 849.2859.

2.3 Drugs and chemicals

Colchicine (Q107209-15g) was purchased from Chemxyz Bio-
technology Co., Ltd. (Shanghai, China), and myricetin (MED80097-
25g) was from MedBio Pharmaceutical Technology Inc., (Shanghai,
China). Bleomycin (B5507-15un) was from Sigma (St. Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), and other cell culture supplements were from Gibco
(Grand Island, NY, USA).

2.4 Cell culture and treatment

Human bronchial epithelial cells (BEAS-2B cells, purchased
from Procell, Wuhan, China) were incubated in DMEM with
10% FBS under the conditions of 5% CO2 at 37°C. BEAS-2B
cells were passaged (dilution, 1:3) when attaining 90%
confluency. For the establishment of models, BEAS-2B cells were
disposed of diverse concentrations (0.01, 0.1, 0.3, 1, 3, 10, and 30 μg/
mL) of BLM for 24 h. For the evaluation of protection of CmyrH,
myricetin and colchicine, cells were pre-treated with CMyrH
(0.01 μM, 0.1 μM, 0.3 μM, 1 μM, 3 μM, 10 μM), myricetin
(0.01 μM, 0.1 μM, 1 μM, 3 μM, 10 μM, 30 μM, 100 μM) or
colchicine (0.01 nM, 0.1 nM, 1 nM, 0.01 μM, 0.1 μM, 0.3 μM) for
2 h, and then exposed to BLM for 24 h.

2.5 Cell viability analysis

CCK-8 assay was applied to evaluate the cell viability of BEAS-
2B cells. Briefly, BEAS-2B cells (2500 cells/well) were seeded into 96-
well plates. The next day, cells were pre-treated with CMyrH,
myricetin or colchicine for 2 h, and therewith undergo BLM for
24 h. At the end of treatment, CCK-8 solution (Fluorescence,

FIGURE 1
The design of a new hybrid of colchicine (1) and myricetin (2).
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Beijing, China) was directly pipetted into the culture medium
(100 μL per well) and cells were further incubated at 37°C for
1 h. The absorbance was measured at 562 nm using a microplate
reader.

2.6 Animals and care

Adult male-specific pathogen-free Sprague-Dawley rats (200 ±
20 g, 6–8 weeks) were purchased from the Guangdong VRLAT Co.,
Ltd. (Certificate: SYXK (Guangdong) 2022–0063). All rats were
housed in standard cages in a climate-controlled room (24°C)
under 12/12 h of light/dark cycles for 5 days. The experimental
protocol was approved by the Animal Experimentation Ethics
Committee of the Shenzhen Second People’s Hospital, protocol
number 202300110. All the experimental procedures were carried
out in accordance with the international guidelines for the care and
use of laboratory animals.

2.7 Rat BLM-induced acute lung injury
model

Acute lung injury was induced by airway delivery of bleomycin
(BLM, 5 mg/kg) in rats, applying a previously described method
(Albert et al., 2020; Zhou et al., 2020). Briefly, the trachea was
exposed by making a small midline incision on the neck following
anesthesia with isoflurane, and inoculated with 5 mg/kg bleomycin
solution in 0.1 mL of PBS using a sterile syringe with a 28-gauge
needle. Survival of rats were then checked three times daily for a
period of 3 days.

2.8 Rat groups and drug treatment

Rats were weighed and randomly divided into six groups (9 rats
per group). Rats from Col-treated groups were treated with different
doses of colchicine (1.0 and 1.5 mg/kg, i.p.) and the CMyrH-treated
groups with CMyrH (1.0 and 3.0 mg/kg, i.p.). Control and ALI-
model rats were treated with saline only. Rats were euthanized with
an overdose of 5% isofluorane inhalation 3 days after treatment,
followed by cervical dislocation after lung tissues and blood samples
harvesting.

2.9 Lung wet/dry weight ratio

At the endpoint, rats were sacrificed, the right upper lungs were
removed, weighed (wet weight), and dried at 55°C for 72 h. The
resulting dry lungs were weighed (dry weight), and the ratio between
the two values was determined, without correction for blood
content.

2.10 Lung pathology

The extracted lungs were histopathologically examined and
assessed for inflammatory changes. For each group of rats, the

left lobe of the lung of 4/8 rats was fixed in 4% of
paraformaldehyde, and fixed sections of paraffin-embedded
lungs were stained with hematoxylin and eosin (H&E). Lung
lesions were scored at four levels (from 0 (normal), 1 (mild), 2
(moderate) to 3 (severe)) by the % of the affected tissue, as
previously published (Glineur et al., 2014; Abdel-Daim et al.,
2018; Qin et al., 2020).

2.11 Immunohistochemical staining

Immunohistochemical staining was performed on 4 mum
paraffin sections prepared from the abovementioned resected
specimens. Sections were incubated at 4°C overnight with a
rabbit anti-caspase-1 polyclonal antibody (1:200, 22915-1-AP;
Proteintech, Chicago, USA), a rabbit anti-ASC polyclonal
antibody (1:100, GTX55818; Genetex, USA), a rabbit anti-NLRP-
3 polyclonal antibody (1:200, bs10021R; Biosis, Beijing, China), a
rabbit anti-GSDMD polyclonal antibody (1:200, 20770-1-AP;
Proteintech, Chicago, USA) and a rabbit anti-NE polyclonal
antibody (1:100, A13015; Abclonal, Wuhan, China) according to
the manufacturer’s protocol. The IHC images were analyzed using a
TEKsqray Digital Slide Scanner (SQS-40P, Shenzhen, China) and
ImageJ software.

2.12 Inflammatory cytokines assay

Lung tissue lysates were prepared by homogenizing tissue in ice-
cold lysis buffer containing 1 mM phenylmethane sulfonyl fluoride
(PMSF), protease and phosphatase inhibitor cocktails (Servicebio,
Wuhan, China), using a high-speed low-temperature tissue grinding
machine (Servicebio, Wuhan, China), and then centrifuged at
13,000 rpm for 15 min at 4°C. The supernatant was collected and
used to measure total protein concentration with the BCA assay
(Solarbio, Beijing, China). The levels of inflammatory cytokines IL-
1β, IL-6, IL-18 and TNF-α were measured by ELISA, using a
Quantikine ELISA Kit (Spbio, Wuhan, China) and a microplate
reader (Molecular devic, Guangzhou, China) at 450 nm, according
to the manufacturer’s protocol, specific for each investigated
cytokine.

2.13 Molecular docking and data processing

The crystal structure of neutrophil elastase (PDB ID: 6SMA) was
obtained from the RSCB PDB database (http://www.rcsb.org/) and
saved as a PDB format file. The structures of the proposed ligands
were drawn through ChemDraw 15.0 and then converted to a 3D
structure following energy minimization by Chem3D 16.0. The
molecular docking was performed by Autodock 4.2, and binding
energy was predicted to evaluate the affinity of the target proteins
and active components. The best binding conformations were
selected from 50 lowest energy docked structures based on a
criterion combining the lowest binding energy and root-mean-
square deviation values (RMSD <1) (Bahuguna et al., 2022), and
were displayed by PyMOL. Here, if the binding energy of the
ligand <0, the receptors bind spontaneously, and if the binding
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energy is ≤ −5.0 kcal/mol, they form a stable docking (Guo et al.,
2022).

2.14 Statistical analysis

Statistical analyses were performed using GraphPad Prism
Software (version 7.0 and 8.0). One-way ANOVA followed by
posthoc tests, incorporating a Bonferroni correction for multiple
comparisons, was employed, where p < 0.05 was considered
significant. The cell viability and inflammatory cytokines were
presented as mean ± SEM, and the lung W/D ratio was expressed
as means ± SD. Cumulative survival rates were compared using the
log-rank statistical analysis. Histological scores were expressed as
median (interquartile range) and analyzed by the Kruskal–Wallis
test followed by the Mann-Whitney U test.

3 Results

3.1 Chemical synthesis of CMyrH

The synthetic method was shown in Figure 2. The myricitrin 3)
was firstly methylated with excess dimethyl sulfate and Potassium
carbonate. After being refluxed in MeCN for 24 h, the crude product
was directly treated with HCl to afford the intermediate 4. Then
compound 5 was synthesized from (−)-colchicine 1) in one step

according to our reported procedure (Pu et al., 2022). Compounds
4 and 5 underwent an esterification reaction with EDCI and DMAP
to provide the new hybrid CMyrH in moderate yield.

3.2 CMyrH alleviated BLM-induced BEAS-2B
cell injury

Since BLM at the dose of 10 μM resulted in approximately 50%
cell death (Figure 3A), then 10 μM inducer was chosen for the
subsequent experiments. To evaluate the protective effects of
CMyrH, colchicine or myricetin against BLM-induced ALI,
BEAS-2B cells were pretreated for 2 h with different
concentrations of these compounds, then exposed to 10 μM
BLM. It was found that CMyrH at 3 μM, colchicine at 0.01 nM,
and myricetin at 30–100 μM protected BEAS-2B cells from BLM-
induced injury (Figures 3C–E).

3.3 CMyrH decreased the toxicity of
colchicine and improved the survival

After an intratracheal BLM challenge, the survival rates of the
model and CMyrH (1.0 mg/kg and 3.0 mg/kg, i.p.) groups remained
at 100% within 72 h. However, we found that 6 out of 9 rats at
colchicine doses of 1.5 mg/kg (vs. CMyrH 3.0 mg/kg i.p. group, log-
rank test, p = 0.004) and 2 out of 9 rats at colchicine doses of

FIGURE 2
The synthesis route of CMyrH.
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1.0 mg/kg (vs. CMyrH 1.0 mg/kg i.p. group, log-rank test, p = 0.145)
were dead during 3 days of drug treatment (Figure 4A).

3.4 CMyrH decreased acute pulmonary
edema in the ALI model

The lung wet/dry weight ratio (W/D) was elucidated to estimate
pulmonary edema. Lung edema formation was significantly
enhanced in the model group, as shown by an increased lung
W/D (p < 0.001). All CMyrH and colchicine treatments led to a
reduced lung W/D as compared to the model (p < 0.001), but no
differences in the lung W/D were detected between COL-
(1.0 mg/kg) and CMyrH- (3.0 mg/kg) treatment groups (Figure 4B).

3.5 CMyrH improved BLM-induced
pathological alterations in lung tissue

Histologically, the lungs of BLM-induced rats showedmoderate-
to-severe pneumonia. CMyrH- (1.0 mg/kg) treated rats showed less
severe (moderate) histopathological changes in the lungs. CMyrH-
(3.0 mg/kg) and COL- (1.0 mg/kg) showed multifocal bronchiolitis
and bronchitis to mild to moderate bronchointerstitial pneumonia
(Figure 5). As shown in Figure 4C, median scoring of the severity of
lung tissue damage at the end of the study demonstrated
substantially reduced pathological scores in rats treated with
3.0 mg/kg CMyrH (p < 0.01) and 1.0 mg/kg colchicine (p <
0.05). The CMyrH- (1.0 mg/kg) treated rats also had reduced
pathological median scores in lung tissues compared to the ALI-

model rats, but this difference was not statistically significant
(p < 0.05).

3.6 CMyrH attenuated BLM-induced lung
inflammation via suppression of
inflammatory cytokine expression

As shown in Figures 4D–G, the lung cytokine productions of IL-1β,
IL-6, IL-18 and TNF–α in ALI-model rats were significantly increased
postoperative administration of BLM. However, Treatments with both
drugs (CMyrH and colchicine) mitigated the cytokine overproductions
of IL-1β, IL-6, IL-18 and TNF-α, as compared to the ALI-model rats.
The higher dose of CMyrHmore effectively alleviated the inflammatory
cytokines levels than the low dose.

3.7 CMyrH suppressed pyroptosis via
inhibition of NLRP3, ASC, caspase-1, GSDMD
expression

According to our research, the ALI-model group, when compared
with the control group, showed elevated expression of NLRP3, ASC,
caspase-1 and GSDMD, with an increase in the levels of IL-1β and IL-18.
However, the groups which received CMyrH (1.0 and 3.0 mg/kg)
exhibited a weak expression of caspase-1, ASC, GSDMD and
NLRP3 accompanied by a reduction in IL-1β and IL-18 secretion in a
dose-dependent manner than ALI-model rats. The present IHC analysis
results suggested the ability of CMyrH to suppress pyroptosis caused by
BLM in the rats’ lung tissues.

FIGURE 3
CMyrH protected against BLM-induced BEAS-2B injury. Effect of BLM (A) and CMyrH (B) treatment on BEAS-2B cell viability. Colchicine (C),
myricetin (D) and CMyrH (E) reversed the decrease in cell survival induced by BLM. All data are presented asmean ± SEM (n = 6 per group). *p < 0.05, **p <
0.01, ***p < 0.001, versus control group; #p < 0.05, ##p < 0.01, ###p < 0.001, versus BLM group.
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3.8 CMyrH inhibited neutrophil elastase
activity by blocking the enzyme’s active site

The docking results provided the first evaluation as to which
CMyrH exhibited a stronger binding affinity (higher docking score
value) to NE, namely, CMyrH-b, which exhibited a higher affinity to
NE than CMyrH-a, -c, and -d. Furthermore, silico studies showed
that CMyrH inhibited NE protein by forming both a covalent bond

between α-/β-unsaturated carbonyl groups in the colchicine
fragment of CMyrH-b and Ser195, a hydrogen bond between the
amino groups outside the 7-membered ring in colchicine fragment
of CMyrH-b and Ser214, and a hydrogen bond between the ketone
carbonyl groups in myricetin fragment of CMyrH-b and Gly216.
Results showed that CMyrH has the highest binding energy
values, −13.54 kcal/mol for NE protein (Ki value was 118.49 pM),
followed by colchicine and myricetin with docking scores

FIGURE 4
CMyrH improved survival, reduced pulmonary edema, restored pulmonary histology, repressed the production of proinflammatory cytokines, and
was less toxic than colchicine. Panel 4(A), the survival curve showed a significant difference in survival rate between BLM-challenged rats treated with
colchicine or CMyrH. Panel 4 (B), CMyrH reduced wet to dry lung weight ratio of lung tissues of rats at 72 h. Lung water content was determined in the
right upper lobe (n = 7 per group) and measured via determination of lung wet-to dry-weight ratios, without correction for blood content. Panel 4
(C), CMyrH downregulated histological scoring of lung tissues from BLM-induced rats following treatment. Lung lesions were scored from 0 to 3 based
on a histopathologic scheme (n = 7). Panels 4 (D–G), CMyrH alleviated the levels of IL-1β (D), IL-6 (E), IL-18 (F) and TNF-α (G) in the lung tissue of rats.

FIGURE 5
Microscopic pathological changes in the lung from treated rats. Lung sections (4 mum) were H&E stained with representative images shown from
each group above (magnification ×40 and 200×).
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of −5.86 kcal/mol and −1.89 kcal/mol (Ki values were 51.03 μM and
40.93 mM), respectively.

4 Discussion

4.1 Efficient synthesis of a novel hybrid
CMyrH

As for some adverse reactions, we altered the chemical
structure of Colchicine to enhance its clinical application.
Colchicine-CD44-Targeted Peptide conjugate decreased the
cytotoxic effect of colchicine while maintaining anti-
inflammatory against gout (Zoghebi et al., 2019). However,
there were few studies about the hybridization of Colchicine
with bioactive natural molecules to exert its efficient biological
effects with low toxicity in ALI. In this current study, we designed a

new kind of C-10-modified Colchicinoid which was a
heterozygous molecule of Colchicine and Myricetin with a
simple amino acid as the linker (Figure 2).

4.2 CMyrH caused lower toxicity and
decreased BLM-induced BEAS-2B cells
injury than colchicine

Subsequently, we used human lung epithelial BEAS-2B cells to
estimate the effects of CMyrH and its parent molecules on BLM-
induced cell injury. As shown in Figure 3, CMyrH antagonized
significantly BLM-induced BEAS-2B cells injury, in a dose-
dependent manner, especially in the 3 μM group; myricetin
revised BLM-induced injury in increased dose-manner at 30 μM;
colchicine reversed BLM-induced injury at 0.01 nM, but the safety
range between the upper and lower limits was extremely narrow and

FIGURE 6
Effects of CMyrH on NLRP3, ASC, Caspase-1, GSDMD and HNE immunoreactivities in lung sections. The five upper lines, immunohistochemical
detection of NLRP3, ASC, Caspase-1, GSDMD andHNE expression in lung tissues, x400. The bottom line, corresponding NLRP3, ASC, Caspase-1, GSDMD
and HNE labeling index values. Values were presented as mean ± SD of 4 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 7
Molecular docked CMyrH panel (A), colchicine panel (B), and myricetin panel (C) into neutrophil elastase crystal structure (6SMA) using AutoDock
4.2. CMyrH bounded to amino acid residue Ser195 via a covalent bond and to Ser214 and Gly216 via two hydrogen bonds in the active site of NE protein.
Among the three docking complexes, CMyrH has the highest binding energy values of −13.54 kcal/mol for NE protein (Ki value was 118.49 pM) as
compared to others.
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even overlap, which creates difficulties when setting therapeutic
margins. Thus, these results suggested that a novel hybrid CMyrH
exhibited a better and safer anti-inflammatory effect on BLM-
induced BEAS-2B cell injury compared with colchicine.

4.3 CMyrH ameliorated BLM-mediated
inflammation in a ALI rat model

In the end, the CMyrH’s ability to improve ALI was further
verified by using a rat BLM-induced acute lung injury model. As
shown in Figures 4B–C and Figures 5H, E staining of lung tissue
sections revealed less lung injury in rats administered CMyrH (at
1.0 mg/kg and 3.0 mg/kg) for 3 days post-challenge, with
significantly lower lung injury score and W/D, indicating mild
lung inflammation and pulmonary edema. CMyrH 1.0 mg/kg
i.p. was relatively safe in rats up to 72 h, in addition, an acute
toxicity study of CMyrH showed no signs of toxicity or cause
mortality in rats even at doses = 3.0 mg/kg (Figure 4A). For
reference, colchicine at 1.0 mg/kg reduced histopathological end
scores and W/D in their lung tissues compared to the model rats
(Figures 4B,C), however, colchicine administration for 72 h
showed severe toxic effects with a 22.2%, 66.7% mortality rate
at the doses of 1.0 mg/kg and 1.5 mg/kg i.p. (Figure 4A).
Furthermore, multiple cytokines in lung tissue dramatically
declined after treatment with the diverse concentration of
CMyrH (1.0 mg/kg and 3.0 mg/kg), importantly, a high dose of
CMyrH remarkably reversed proinflammatory cytokines including
IL-1β, IL-6, IL-18 and TNF-αmore than that of a low dose (Figures
4D–G). These findings indicated that threefold doses of CMyrH
had already achieved anti-inflammation efficacy comparable or
even superior to colchicine, without severe toxicity or treatment-
related deaths.

4.4 CMyrH suppressed NLRP3
inflammasome-mediated pyroptosis caused
by BLM in the rats’ lung tissues

Pyroptosis is a form of cell death triggered by the innate
immune system that has been implicated in the pathogenesis of
acute lung injury (Hsu et al., 2022; Liang et al., 2022). Activated
NLRP3 recruits ASC and caspase-1 to form the
NLRP3 inflammasome, resulting in the cleavage of gasdermin
D (GSDMD) and membrane pores formation (pyroptosis)
accompanied by the proinflammatory cytokines IL-1β and IL-
18 release (Faria et al., 2021; Tummers and Green, 2022). In the
current study, the immunohistochemical expression of caspase-1,
ASC, GSDMD and NLRP3 was investigated in lung sections to
reflect on the anti-pyroptosis potential of CMyrH. Our findings
showed a decrease in caspase-1, ASC, GSDMD and
NLRP3 immunoreactivity in lung sections accompanied by a
reduction in cytokine production of IL-1β and IL-18 affiliated to
both CMyrH-treated (1.0 mg/kg and 3.0 mg/kg) groups. These
evidences suggested that CMyrH might protect rats against ALI
caused by BLM by alleviating lung inflammation through the
inhibition of pyroptosis.

4.5 CMyrH antagonized ALI by binding to the
active site of the neutrophil elastase enzyme

Human neutrophil elastase (HNE) is a potent serine protease
secreted by activated polymorphonuclear neutrophils (PMNs), whose
uncontrolled production can result in inflammatory-derived disease
conditions. (González-Fernández et al., 2018.). Besides its crucial role in
powerful host defense, HNE is well known as one of the most
destructive enzymes in the human body (Thierry, 2020). It is
reported that excessive HNE activity is involved in the pathogenesis
of ALI, thereby administering anti-NE might prevent lung tissue
damage caused by inflammation (Conrad and Eltzschig, 2020).
Analyzing the resultant in silico interactions of the CMyrH-b
molecule with the residues of host HNE protein showed that
CMyrH-b molecule significantly hit most of the active site residues
of the HNE protein with strong interactions, such as covalent bond and
hydrogen bonding. The docking score with NE indicated that CMyrH
was the highest affinity binding with the lowest energy
value −13.54 kcal/mol (Ki value was 118.49 pM) as compared to
other docking complexes. Immunohistochemical studies confirmed
this result, with lung tissues from CMyrH-treated rats analyzed
showing a decrease in immunoreactivity for antibodies specific to
HNE (Figure 6 Figure 7). It is suggested that CMyrH-b had a
strong inhibitory effect on neutrophil elastase, which might also be
an important mechanism for CMyrH-b to antagonize ALI.

5 Conclusion

In conclusion, we herein designed and synthesized a novel
hybrid CMyrH by splicing colchicine and myricetin. CMyrH
exerted strong anti-inflammatory abilities to alleviate bleomycin-
induced BEAS-2B cell injury, and to protect the lung from
inflammatory injury and pulmonary edema in a rat model of
ALI, even conferring a survival benefit. The present findings
insinuated a superior potential of CMyrH over colchicine in
inhibiting NLRP3 inflammasome-mediated pyroptosis. And the
key to CMyrH’s pharmacological properties also included its
stable binding to the active site in the NE enzyme. These
findings obtained in vitro and in vivo models of bleomycin-
induced ALI were confirming the promising therapeutic potential
for ALI of novel hybrid CMyrH supporting their future employment
as a novel inflammation strategy.
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Effects of Litsea cubeba essential
oil on growth performance, blood
antioxidation, immune function,
apparent digestibility of nutrients,
and fecal microflora of pigs
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1Hunan Provincial Key Laboratory of the TCM Agricultural Biogenomics, Changsha Medical University,
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bioresources, College of Animal Science and Technology, Guangxi University, Nanning, Guangxi, China,
4Hunan Nuoz Biological Technology Co., Ltd., Yiyang, Hunan, China, 5College of Animal Science and
Technology, Hunan Agricultural University, Changsha, Hunan, China

The purpose of this experiment was to investigate the effects of Litsea cubeba
essential oil (LCO) on the growth performance, blood antioxidation, immune
function, apparent digestibility of nutrients, and fecalmicroflora in fattening pigs. A
total of 120 pigs were randomly assigned to five groups, with six replicate pens per
treatment and four pigs per pen, and they were fed basal diet, chlortetracycline
(CTC), and low-, medium-, and high-concentration LCO. The results of the study
showed that compared with the control treatment and CTC addition treatment of
the basic diet, the catalase level in the serum of the pigs treated with 500 mg/kg
LCO in the diet of finishing pigs was significantly increased (p < 0.05). The apparent
digestibility of crude protein, crude ash, and calcium in pigs with different levels of
LCO was significantly increased compared with the control treatments fed the
basal diet (p < 0.05). In addition, comparedwith the control treatment fed the basal
diet and the treatment with CTC, the apparent digestibility of ether extract in pigs
treated with medium-dose LCO was significantly increased (p < 0.05), and the
apparent digestibility of pigs was significantly increased after the addition of low-
dose LCO (p < 0.05). Among the genera, the percentage abundance of SMB53 (p <
0.05) was decreased in the feces of the CTC group when compared to that in the
medium-LCO group. At the same time, the relative abundance of L7A_E11 was
markedly decreased in the feces of the control and medium- and high-
concentration LCO group than that in the CTC group (p < 0.05). In conclusion,
adding the level of 250mg/kg LCO in the diet of pig could improve the growth
performance and blood physiological and biochemical indicators of pigs, improve
the antioxidant level of body and the efficiency of digestion and absorption of
nutrients, and show the potential to replace CTC.
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1 Introduction

Aromatic and volatile oils are obtained from plant tissues by
steam distillation. They consist of aliphatic, aromatic, and terpene
compounds (Hyldgaard et al., 2012). Essential oils have numerous
applications, including spices, food, the chemical industry, and
cosmetics. They have certain inhibitory effects on
microorganisms (Burt, 2004), making them widely used in these
industries. Through research, scholars found that probiotics, plant
essential oil, organic acids, etc., as functional additives, can improve
animal growth performance, improve animal intestinal health, and
have effects similar to that of antibiotics, which is of great
significance to the livestock and poultry breeding industry
(Suiryanrayna and Ramana, 2015; Liu et al., 2018). At present,
the substitutes for antibiotics in feed mainly include organic acids
(He RX. et al., 2020), enzyme preparations (Zhang et al., 2020;
Vangroenweghe et al., 2021), probiotics (Pan et al., 2017; Csernus
and Czeglédi, 2020), antimicrobial peptides (Wang et al., 2016),
medium-chain fatty acids (Ren et al., 2020), and essential oils (Li P.
et al., 2012; Cheng et al., 2018; Yi et al., 2018). As one of the main
antibiotic substitutes, essential oil promotes the growth of weaned
piglets and regulates intestinal microorganisms. Plant essential oils
are considered potential substitutes for antibiotics and play an active
role in improving animal growth performance and preventing
diarrhea (Tian and Piao, 2019).

Plant essential oils have antibacterial, anti-inflammatory and
antioxidant functions, which can improve the immunity and
antioxidation of animals, regulate the structure of intestinal flora,
improve intestinal health, and promote animal growth (Zeng et al.,
2015a; Zhai et al., 2018). Under normal circumstances, the free
radicals produced by the body in the process of oxidative
metabolism can be removed by the antioxidant system in time to
maintain the balance between oxidation and antioxidation in the
body. When the animal body is subjected to stress (such as weaning
and bacterial or viral infection), a large number of free radicals are
produced in the body, which leads to the imbalance of redox state
and oxidative damage (Jiang et al., 2017). A large number of studies
have found that essential oils derived from plants (such as oregano
essential oil, thyme essential oil, and clove essential oil) have strong
antioxidant activity (Bozin et al., 2006; Bounatirou et al., 2007; Wei
and Shibamoto, 2010; Teixeira et al., 2013). In addition, phenols,
aldehydes, and their derivatives in the main components of essential
oil have antioxidant function (Amorati et al., 2013). Essential oils
can exert their antioxidant function in two ways: 1) essential oils can
directly react with oxygen free radicals, thus reducing the number of
oxygen free radicals in the body (Foti, 2007); 2) essential oils can
regulate the activities of antioxidant enzymes in the body and
indirectly participate in antioxidant function (Choi et al., 2020).

Essential oil also has the function of promoting the growth of
intestinal probiotics and protecting against pathogenic bacteria and
inhibiting their proliferation, thus improving the structure of intestinal
flora (Ouwehand et al., 2010). The mechanism of essential oil inhibiting
pathogenic bacteria may be that its active components have strong
surface activity and fat solubility, can quickly penetrate the cell
membrane of pathogenic microorganisms, make their contents flow
out, and effectively prevent the process of respiratory oxidation in
mitochondria. Microorganisms lose their energy source and die (Di
Pasqua et al., 2007). L. cubeba is a deciduous shrub or small tree with

high appreciation value and application value in China. L. cubeba
essential oil (LCO) is composed of trans-citral, cis-citral, d-limonene,
and other chemicals derived from the fruit of L. cubeba (Thielmann and
Muranyi, 2019). LCO is active against V. parahaemolyticus, L.
monocytogenes, H. anomala (Liu and Yang, 2012), and Botrytis
cinerea, a fungus causing the putrefaction of fruits and vegetables
(Wang L. et al., 2019). The purpose of this experiment is to explore
the effects of LCO on growth performance, apparent digestibility of
nutrients, serum immunity, and antioxidant indexes of Taoyuan black
pigs, so as to provide data support for the rational application of LCO
in pigs.

2 Materials and methods

2.1 Ethical approval

All the experiment procedures were reviewed and approved by
the animal care committee of Changsha Medical University (No.
2021-08), Changsha, China.

2.2 Animals, diets, and treatments

The experiment adopted a single-factor randomized trial design.
The 120 fattening pigs of the same breed with good health status and
similar body weight were selected and randomly divided into five
treatments (six replicates per treatment and four pigs per replicate).
In addition, the animals used in the experiment were prefed for
7 days, and the formal test was conducted for 35 days. The test
groupings are shown in Table 1.

The basal diet used in the experiment was formulated with
reference to the nutritional requirements of fattening pigs in NRC
(2012) and Chinese pig breeding standards (NY-T65-2004). The diet
was composed of corn, soybean meal, and rice bran meal. The
nutrition level is shown in Table 2, and the test pigs were fed pelleted
feed for the whole period.

2.3 Sampling and collection

At the beginning and end of the experiment, the test pigs were
weighed on an empty stomach in repeated units. During the test
period, the daily feed intake of each repeated test pig was recorded,
and the average daily feed intake (ADFI), average daily gain (ADG)
and feed-to-weight ratio (F/G) of the test pigs were calculated.

TABLE 1 Experimental design and grouping.

Group Diet

Con Basal diet

CTC Basal diet +75 g/t chlortetracycline (15%) premix

LCO1 Basal diet +250 g/t LCO

LCO2 Basal diet +500 g/t LCO

LCO3 Basal diet +1000 g/t LCO
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(ADG) and feed-to-weight ratio (F/G). We used disposable sterile
gloves to collect 500 g of feed samples for each treatment, and at the
same time, we randomly collected fresh and clean fecal samples in
each replicate, approximately 1 kg for each replicate. Then, we
stored them in separate packages for testing.

For each repetition, 20 mL of blood was collected from the
anterior vena cava from a pig close to the average body weight of the
treatment, placed in an ordinary centrifuge tube, kept at room
temperature for 30 min, centrifuged at 3500 r/min for 10 min,
and separated. Serum was divided into 1.5 mL centrifuge tubes
and stored at −80 C for routine physiological, biochemical,
antioxidant, and immune indicators of the serum to be tested.

2.4 Serum index detection

The serum levels of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), urea, glucose
(GLU), total cholesterol (TC), triglyceride (TG), low-density
lipoprotein (LDL), high-density lipoprotein (HDL), total protein
(TP), and albumin (ALB) in the pigs were measured by using an
automatic biochemical analyzer, and the level of globulin (GLB) was
calculated (Wang et al., 2022a). A spectrophotometer or microplate
reader was used to test total antioxidant capacity (T-AOC),

superoxide dismutase (SOD), glutathione (GSH), glutathione
peroxidase in pig serum (GPX), catalase (CAT), and
malondialdehyde (MDA) levels, including the determination of
six antioxidant indicators. The levels of IgA, IgG, and IgM and
the levels of complements C3 and C4 in the serum of the test pigs
were determined by the enzyme-linked immunosorbent assay.

2.5 Nutrient digestibility determination

The digestibility of dietary dry matter, energy, crude protein,
crude fat, crude fiber, crude ash, calcium, and phosphorus was
analyzed by the endogenous indicator (acid-insoluble ash) method.

2.6 DNA extraction and PCR amplification

As previously reported, DNA extraction of fecal samples and 16S
ribosomal RNA amplification were carried out (Wang et al., 2022b).
Fecal samples were extracted for DNA using an E.Z.N.A. ® Soil DNA
Kit (Omega Biotek, Norcross, GA, United States) on the basis of the
standard protocol. Using universal primers targeting the
V3–V4 region 338F/806R, 16S rRNA from bacteria was amplified
and sample sequenced using an Illumina Miseq PE300 platform
(Illumina, SD, United States) (Wang H. et al., 2019). Sequence reads
from the original sequence were uploaded to NCBI’s Sequence Read
Archive under accession number PRJNA953808.

2.7 Statistical analysis

After preliminary processing of the experimental data with Excel
2007 software, one-way ANOVA was performed with SPSS
19.0 statistical software. If the difference between groups was
significant (p < 0.05), Duncan’s method was used for multiple
comparisons. Furthermore, 0.05 < p < 0.1 was considered a
trend. Test results are presented in the form of mean ± standard
deviation. In addition, orthogonal polynomial contrasts were used to
analyze the linear and quadratic effects of different dietary levels of
LCO on various indicators of pigs.

3 Results

3.1 Effect of dietary LCO levels on growth
performance in Taoyuan black pigs

The effects of different dietary levels of LCO on the growth
performance of finishing pigs are shown in Table 3. Compared with
the control treatment of the basal diet and the addition of
chlortetracycline, the addition of different levels of LCO in the
finishing pig diet had no effect on the average final weight, ADG, and
ADFI of the test pigs (p > 0.05). However, from the numerical point
of view, the average final weight and ADG of the pigs in the
experimental treatment with 250 mg/kg of LCO in the diet were
the highest, and the diets supplemented with different levels of LCO
improved the ADFI compared with the control group of the basal
diet. At the same time, dietary supplementation with different levels

TABLE 2 Composition and nutrition levels of the basal diet (air-dry basis, %).

Item Content

Ingredients

Corn 27.50

Rice bran 10.00

Rice bran meal 16.00

Broken rice 30.00

Soybean meal 12.50

Premix1) 4.00

Total 100.00

Nutrient level2

DE (Mcal/kg) 3.20

CP 15.02

Ca 0.55

TP 0.76

AP 0.20

Lys 1.15

Thr 0.60

Met 0.25

Met + Cys 0.50

1) Premix contained per kg VA, 325IU; VD, 37.5IU; VE, 2.75IU; VK3, 0.013 mg; VB2,

0.63 mg; VB6, 0.25 mg; VB12, 2.5 mg; biotin, 0.013 mg; folic acid, 0.08 mg; D-pantothenic

acid, 2.00 mg; hydrochloric acid, 2.5 mg; choline chloride, 0.08 mg; antioxidants, 12.50 mg;

FeSO4·H2O, 12.50 mg; CuSO4·H2O, 0.88 mg; ZnO, 15.00 mg; MnSO4·H2O, 0.50 mg;

Na2SeO3 0.04 mg; KI, 0.04 mg. 2) Digestible energy was a calculated value.
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of LCO had a tendency to reduce the feed-to-weight ratio of pigs (p =
0.078), and the treatment group supplemented with 250 mg/kg LCO
in the diet obtained the best feed-to-weight ratio.

3.2 Effect of dietary LCO levels on serum
biochemical indices in Taoyuan black pigs

The effects of different LCO levels in diet on serum physiological
and biochemical indexes of finishing pigs are shown in Table 4.
Compared with the control treatment and CTC addition treatment
in the basal diet, adding different levels of LCO to the diet of
finishing pigs had no significant effect on the serum GLU, TG,
TCHO, ALB, H-DLC, ALP, AST, and ALT levels of pigs (p > 0.05).
At the same time, the addition of high-level LCO to the diet had a
tendency to increase the serum TP and GLB levels of pigs (0.05 < p <
0.10), and there was a significant linear positive correlation between
this trend and the addition of different levels of LCO to the diet (p <
0.05). In addition, compared with CTC treatment, the serum L-DLC
levels of pigs in the treatment group supplemented with 250 and
500 mg/kg LCO were significantly decreased (p < 0.05).

3.3 Effect of dietary LCO levels on serum
antioxidant indices in Taoyuan black pigs

As shown in Table 5, compared with the control treatment
and CTC addition treatment of the basic diet, the catalase level in
the serum of the pigs treated with 500 mg/kg LCO in the diet of
finishing pigs was significantly increased (p < 0.05), and there was
a significant secondary correlation between the catalase level in
the serum of the pigs treated with different LCO levels in the diet
(p < 0.05). In addition, T-AOC and the levels of SOD, GSH-Px,
GSH, and MDA in serum of pigs were not significantly affected
(p > 0.05).

3.4 Effect of dietary LCO levels on serum
immune indices in Taoyuan black pigs

The effects of different dietary levels of LCO on the serum
immune-related indicators of pigs are shown in Table 6. There
was no significant difference in the serum IgA, IgG, IgM, C3, and
C4 levels of the test pigs between the treatments (p > 0.05), but

TABLE 3 Effect of dietary LCO levels on growth performance in Taoyuan black pigs (kg).

Item CTC level, mg/kg LCO levels, mg/kg SEM p-value p-value

75 0 250 500 1000 Linear Quadratic

Average initial weight (kg) 82.03 ± 2.46 82.69 ± 2.84 80.83 ± 4.68 80.97 ± 3.26 81.67 ± 4.30 0.624 0.894 0.578 0.463

Average final weight (kg) 107.63 ± 2.91 107.36 ± 3.32 109.47 ± 4.39 108.58 ± 3.86 107.36 ± 5.30 0.704 0.866 0.941 0.327

ADG (kg) 0.74 ± 0.06 0.72 ± 0.06 0.83 ± 0.10 0.80 ± 0.10 0.75 ± 0.07 0.015 0.118 0.404 0.023

ADFI (kg) 2.62 ± 0.09 2.50 ± 0.16 2.59 ± 0.10 2.63 ± 0.08 2.63 ± 0.07 0.032 0.191 0.033 0.477

F/G 3.55 ± 0.25 3.50 ± 0.09 3.15 ± 0.28 3.32 ± 0.36 3.55 ± 0.33 0.059 0.078 0.897 0.014

In the same row, values with different small letter superscripts mean a significant difference (p < 0.05), the same as in the following.

TABLE 4 Effect of dietary LCO levels on serum biochemical indices in Taoyuan black pigs.

Item CTC level, mg/kg LCO levels, mg/kg SEM p-value p-value

75 0 250 500 1000 Linear Quadratic

GLU/(mmol/L) 2.68 ± 0.67 2.46 ± 0.88 3.62 ± 2.89 2.61 ± 0.22 2.85 ± 0.92 0.178 0.296 0.922 0.273

TG/(mmol/L) 0.50 ± 0.20 0.50 ± 0.15 0.61 ± 0.10 0.57 ± 0.14 0.60 ± 0.14 0.031 0.741 0.420 0.576

TCHO/(mmol/L) 2.54 ± 0.17 2.16 ± 0.71 1.96 ± 0.45 1.88 ± 0.63 2.73 ± 0.25 0.123 0.117 0.201 0.081

UREA/(mmol/L) 4.93 ± 1.32 3.50 ± 0.97 4.74 ± 0.81 5.00 ± 0.35 5.23 ± 0.86 0.269 0.119 0.006 0.454

TP/(g/L) 65.11 ± 7.53 58.63 ± 10.37 60.27 ± 8.47 60.93 ± 7.95 75.10 ± 2.25 2.064 0.058 0.015 0.137

ALB/(g/L) 24.19 ± 1.88 22.19 ± 5.99 20.62 ± 1.90 20.58 ± 3.27 25.80 ± 2.50 0.833 0.195 0.224 0.096

GLB/(g/L) 40.93 ± 5.93 36.43 ± 6.44 39.65 ± 8.04 40.34 ± 4.75 49.30 ± 3.78 1.539 0.081 0.012 0.356

H-DLC/(mmol/L) 0.88 ± 0.07 0.84 ± 0.10 0.88 ± 0.09 0.86 ± 0.09 1.02 ± 0.17 0.050 0.209 0.093 0.256

L-DLC/(mmol/L) 1.11 ± 0.16a 0.93 ± 0.22ab 0.74 ± 0.16b 0.70 ± 0.18b 0.88 ± 0.17ab 0.048 0.040 0.438 0.095

ALP/(U/L) 74.53 ± 5.75 79.14 ± 14.86 70.22 ± 9.62 72.10 ± 4.76 84.96 ± 9.37 2.255 0.242 0.417 0.056

AST/(U/L) 20.75 ± 3.75 18.93 ± 3.64 17.52 ± 1.79 18.02 ± 1.65 21.15 ± 5.28 0.770 0.514 0.368 0.212

ALT/(U/L) 55.65 ± 10.51 42.75 ± 11.37 41.02 ± 7.58 41.87 ± 6.49 53.10 ± 8.87 2.307 0.107 0.130 0.166
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from the numerical point of view, the diets added different levels
of LCO increased serum immunoglobulin levels in
experimental pigs.

3.5 Effect of dietary LCO levels on nutrient
apparent digestibility in Taoyuan black pigs

Table 7 shows the effects of different dietary levels of LCO on the
apparent digestibility of nutrients in pigs. Compared with the
control treatment fed the basal diet and the CTC treatment, the
experimental treatments with different levels of LCO increased the
apparent digestibility of DM and GE and decreased the apparent
digestibility of CF (0.05 < p < 0.10). Moreover, the apparent
digestibility of CP, Ash, and Ca in pigs with different levels of
LCO was significantly increased compared with the control
treatments fed the basal diet (p < 0.05). In addition, compared
with the control treatment fed the basal diet and the treatment with
CTC, the apparent digestibility of EE in pigs treated with medium-
dose LCO was significantly increased (p < 0.05), and the apparent
digestibility of pigs was significantly increased after the addition of
low-dose LCO (p < 0.05). At the same time, the apparent digestibility
of CP, Ash, and Ca, as well as the changing trend of the ADE, had
noticeable linear positive correlations with different dietary levels of
LCO (p < 0.05). These indicated that the addition of different levels
of LCO in the diet could significantly improve the efficiency of
nutrient digestion and absorption in pigs.

3.6 Effect of dietary LCO levels on bacterial
diversity in the feces of Taoyuan black pigs

The rarefaction curves reached a plateau and fully measured
most of the bacterial diversity (Figure 1A). In addition, the PCoA
showed that the CTC group stayed away from the LCO1 group, and
the other group sets of samples were not completely separated
(Figure 1B).

Based on the five treatments, Figure 2 shows the differences
in fecal bacterial diversity among Taoyuan black pigs. The
bacterial composition of the LCO2 group had a higher
Chao1 estimator and lower Simpson index than the other
four groups, and the CTC group showed the lowest
observed_species and Chao1 in the feces. However, the
difference between the four indicators in the five groups was
not statistically significant (p > 0.05).

Firmicutes, Bacteroidetes, and Spirochetes were the dominant
phyla in the feces of Taoyuan black pigs, accounting for more than
90% of the total fecal bacterial community (Figure 3). When the diet
of LCO proportion increased from 0% to 0.1%, the abundance of
cyanobacteria in Con, LCO2, and LCO3 was significantly decreased
than that in the CTC group (p < 0.05). Within the bacterial
population, the top 30 genera were identified across all samples
(Figure 4A), and the genus Streptococcus was the most abundant
genera, followed by Lactobacillus, Treponema, SMB53, and
Clostridium, which were predominant genera of feces in the
Taoyuan black pigs. Among the genera, the percentage

TABLE 5 Effect of dietary LCO levels on serum antioxidant indices in Taoyuan black pigs.

Item CTC level, mg/kg LCO levels, mg/kg SEM p-value p-value

75 0 250 500 1000 Linear Quadratic

SOD/(U/mL) 35.19 ± 16.77 41.69 ± 10.11 39.07 ± 8.81 37.96 ± 10.35 39.72 ± 8.35 2.298 0.945 0.745 0.651

GSH-Px/(U/mL) 1751 ± 343 1553 ± 239 1737 ± 291 1656 ± 147 1626 ± 263 56.18 0.820 0.665 0.379

CAT/(U/mL) 4.19 ± 1.07b 4.65 ± 1.35b 5.61 ± 0.59ab 6.79 ± 1.08a 4.70 ± 0.34b 0.286 0.012 0.534 0.006

GSH/(µmol/L) 43.37 ± 11.71 37.70 ± 9.95 49.59 ± 3.65 53.23 ± 2.73 45.39 ± 5.10 2.440 0.087 0.029 0.017

T-AOC/(mmol/L) 1.17 ± 0.13 1.31 ± 0.05 1.13 ± 0.16 1.23 ± 0.22 1.29 ± 0.20 0.040 0.519 0.835 0.160

MDA/(nmol/mL) 2.55 ± 0.86 2.58 ± 0.58 2.44 ± 0.84 2.48 ± 0.61 2.23 ± 0.48 0.171 0.955 0.505 0.831

TABLE 6 Effect of dietary LCO levels on serum immune indices in Taoyuan black pigs.

Item CTC level, mg/kg LCO levels, mg/kg SEM p-value p-value

75 0 250 500 1000 Linear Quadratic

IgA (µg/mL) 641.90 ± 36.78 634.34 ± 17.11 643.09 ± 39.82 647.85 ± 48.28 651.09 ± 54.70 8.923 0.982 0.564 0.980

IgG (mg/mL) 19.60 ± 1.73 17.24 ± 1.63 19.71 ± 2.14 18.77 ± 1.26 18.57 ± 1.73 0.405 0.304 0.284 0.146

IgM (mg/mL) 19.70 ± 0.72 19.93 ± 1.39 20.15 ± 1.02 19.62 ± 0.79 20.55 ± 1.66 0.310 0.799 0.681 0.631

C3 (µg/mL) 107.26 ± 12.24 103.37 ± 7.09 101.94 ± 7.74 104.78 ± 4.04 100.02 ± 9.07 1.965 0.789 0.685 0.700

C4 (µg/mL) 7.62 ± 0.85 7.62 ± 0.70 7.16 ± 0.45 6.94 ± 0.66 7.47 ± 0.85 0.194 0.605 0.529 0.234
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abundance of SMB53 (3.50 ± 2.17 vs. 1.56 ± 0.19; p < 0.05) was
decreased in the feces of the CTC group when compared to that in
the LCO2 group (Figure 4B). At the same time, the relative

abundance of L7A_E11 was markedly decreased in the feces of
the Con, LCO2, and LCO3 group than that in the CTC group
(p < 0.05).

TABLE 7 Effect of dietary LCO levels on nutrient apparent digestibility in Taoyuan black pigs.

Item CTC level, mg/kg LCO levels, mg/kg SEM p-value p-value

75 0 250 500 1000 Linear Quadratic

DM 84.09 ± 0.57 82.18 ± 1.14 84.91 ± 2.76 85.58 ± 3.20 85.66 ± 2.20 0.464 0.065 0.017 0.439

CP 82.03 ± 1.08 ab 80.49 ± 1.22b 82.84 ± 1.09a 83.25 ± 2.05a 83.16 ± 1.36a 0.336 0.021 0.004 0.218

EE 87.29 ± 1.02b 87.84 ± 1.34b 88.48 ± 0.79 ab 89.83 ± 0.53a 88.63 ± 0.92 ab 0.258 0.013 0.051 0.242

Ash 34.95 ± 2.05a 30.51 ± 1.88b 36.10 ± 2.82a 37.28 ± 3.93a 36.64 ± 3.37a 0.739 0.012 0.004 0.141

CF 44.95 ± 5.51 38.20 ± 6.48 35.45 ± 3.79 39.11 ± 3.33 36.23 ± 2.84 1.187 0.056 0.724 0.862

Ca 39.99 ± 2.76 ab 34.33 ± 3.47b 41.63 ± 6.39a 43.10 ± 4.28a 43.98 ± 4.36a 1.082 0.020 0.005 0.379

P 48.41 ± 3.81 46.89 ± 2.84 44.16 ± 3.13 44.90 ± 3.19 49.17 ± 4.87 0.766 0.224 0.665 0.048

GE 86.38 ± 0.68 85.46 ± 1.23 88.62 ± 1.99 88.03 ± 2.66 87.49 ± 2.25 0.404 0.067 0.066 0.098

ADE (Mcal/kg) 3.27 ± 0.03b 3.17 ± 0.06c 3.38 ± 0.11a 3.25 ± 0.04bc 3.27 ± 0.03b 0.018 0.001 0.023 0.005

FIGURE 1
(A) Rarefaction curves of observed bacterial sequences in the fecal contents of pigs. (B) Principal coordinates analysis (PCoA) of fecal contents
bacterial community of pigs. Con represents the group fed a basal diet, and CTC represents the group fed a basal diet with antibiotics, LCO1, LCO2, and
LCO3 combined with 250 mg/kg, 500 mg/kg, and 1000 mg/kg, respectively.
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FIGURE 2
Alpha diversity indices of the fecal bacterial communities in pigs. Con represents the group fed a basal diet, and CTC represents the group fed a basal
diet with antibiotics, LCO1, LCO2, and LCO3 combined with 250 mg/kg, 500 mg/kg, and 1000 mg/kg, respectively.

FIGURE 3
Distribution of fecal bacteria at the phylum level in pigs. Con represents the group fed a basal diet, and CTC represents the group fed a basal diet with
antibiotics, LCO1, LCO2, and LCO3 combined with 250 mg/kg, 500 mg/kg, and 1000 mg/kg, respectively.
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4 Discussion

Currently, traditional Chinese medicine (TCM) research mainly
focuses on polysaccharides and flavonoids (Zhong et al., 2016; Ma
et al., 2021). There have been many studies on the application effect
of plant essential oil in piglet production, but the results vary. The
study of Li SY. et al. (2012) showed that the addition of 100 or
150 mg/kg plant essential oils containing thymol and
cinnamaldehyde to the diet of weaned piglets could significantly
improve the average daily gain and feed conversion efficiency. The
study of Gois et al. (2016) showed that the growth performance of
piglets was unaffected by pepper essential oil, but it increased the
density of intestinal villi. Charal et al. (2016) added 50 mg/kg star
anise essential oil to the diets of lactating sows and weaned piglets.
There was no significant difference between star anise essential oil
and other essential oils in terms of affecting sow performance, but
weaned piglets consumed significantly more feed after being fed star
anise essential oil. The results of this experiment showed that adding
different levels of LCO to the diets of finishing pigs did not
significantly affect their growth rates, but the treatment group
adding 250 mg/kg LCO in the diet obtained the best feed weight
ratio. This indicated that adding an appropriate amount of LCO to
the diet for fattening pigs can create economic benefits by
saving feed.

In addition to providing information about the body’s health
and immune function, blood biochemical indexes reveal its
biological characteristics (Hussain et al., 2016). Animal growth
performance is affected by oxidative stress (Mruk et al., 2002),
and due to excess production and accumulation of reactive

oxygen species (ROS), this imbalance occurs in the oxidative
system (Hussain et al., 2016). MDA is a metabolite produced by
peroxidation between free radicals and biofilm lipids. MDA reflects
the extent of tissue peroxidation and indirectly indicates cell damage
caused by oxygen free radicals. SOD is a common antioxidant
enzyme in the animal body, which can catalyze the
disproportionation of superoxide anion (O−

2) into oxygen (O2)
and hydrogen peroxide (H2O2) and remove O−

2 from the
mitochondrial membrane and mitochondrial matrix, which is
usually an indicator of the body’s ability to respond to oxidative
stress. GSH-Px is involved in the reduction of glutathione. T-AOC is
used to reflect the scavenging ability of the antioxidant system to
oxygen free radicals, and it is often used as a reference index of total
antioxidant capacity (Moine et al., 2018; Li et al., 2019). Previous
studies have shown that the addition of oregano essential oil (Zhang
et al., 2015), cinnamaldehyde (Luo et al., 2020), and the mixture of
cinnamaldehyde and thymol (Tian and Piao, 2019) can increase the
activity of antioxidant enzymes and reduce the content of MDA in
serum. This experiment proved that LCO can improve the level of
CAT in the body to improve the ability of pigs to cope with stress.
IgA, IgG, and IgM are the main substances of animal humoral
immunity, and they can specifically combine with corresponding
antigens to play a role. Serum IL-1 β, IL-10, and IFN-γ are involved
in the immune response of many kinds of cells, and their contents
can judge the inflammation of the body. The content of
immunoglobulin can be used as an index to evaluate the immune
function of weaned piglets (Grivennikov et al., 2010). Although LCO
has no significant effect on the content of IgA, IgG, and IgM in pig
serum, from the numerical point of view, the addition of different

FIGURE 4
Effects of different concentrations LCO on fecal bacteria at the genus level in pigs. (A) Distribution of fecal top 30 bacteria at the genus level in pigs.
(B)Distribution of different bacteria at the genus level in pigs. Con represents the group fed a basal diet, and CTC represents the group fed a basal diet with
antibiotics, LCO1, LCO2, and LCO3 combined with 250 mg/kg, 500 mg/kg, and 1000 mg/kg, respectively.

Frontiers in Pharmacology frontiersin.org08

Chen et al. 10.3389/fphar.2023.1166022

37

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1166022


levels of LCO to the diet has increased the level of pig serum
immunoglobulin to a certain extent.

Studies have shown that plant essential oils can increase the
secretion and activity of endogenous digestive enzymes by increasing
the secretion of animal saliva and bile and finally improve the
digestibility of nutrients in the diet (Lee et al., 2003). The study of
Zeng et al. (Yan et al., 2010) also showed that the addition of plant
essential oils to the diet could significantly improve the apparent
digestibility of crude protein in piglets. Amad et al. (2011)
demonstrated that the addition of mixed essential oils of star anise
and thyme could significantly improve the apparent digestibility of
crude protein and crude fat in broilers. This experiment was conducted
to explore the effect of LCO on nutrient digestibility of Taoyuan black
pigs in order to clarify the effect of LCO on nutrient digestion of pigs.
Based on the results, the addition of LCO could effectively improve the
apparent digestibility of EE in weaned pigs. This may be due to the fact
that the fat in the diet breaks down into free fatty acids and glycerol
under the action of intestinal lipase and enters the bloodstream in the
form of chylous particles (Qing-Hui et al., 2016). An imbalance in the
interaction between gut microbiota and other factors can disrupt
intestinal mucosal homeostasis (Luo et al., 2022). Studies have
shown that the addition of plant essential oils to animal diets is
beneficial to the balance of intestinal microorganisms and the
secretion of digestive enzymes (Helander et al., 1998; Jang et al.,
2004). Zeng et al. (2015b) significantly increased the digestibility of
dry matter, crude protein, and energy after adding cinnamaldehyde and
thymol to the diet of piglets. The experiment of Yan et al. (2010) in
growing and finishing pigs demonstrated that the addition of menthol-
based plant essential oil significantly improved the digestibility of crude
protein and main amino acids, while the addition of cinnamaldehyde-
based plant essential oil did not significantly affect the apparent
digestibility of dietary nutrients. Li P. et al. (2012) found that the
addition of 18 mg/kg thymol and cinnamaldehyde to the diet of weaned
piglets could increase the digestibility of nutrients, reduce the content of
IL-6 in blood and the number of Escherichia coli in feces, and increase
the total antioxidant capacity in blood, but it did not significantly affect
the growth performance of piglets. Van Noten et al. (2020) added
500 mg/kg thymol to the diet of weaned piglets and found that it
decreased intestinal permeability and diarrhea rate, but had no
significant effect on the growth performance of pigs. Thus, it can be
seen that there is a significant difference in the addition level of essential
oil in the diet of weaned piglets, and the adding effect is different, which
needs to be further studied. Finally, the diet supplementedwith different
levels of LCO could significantly improve the nutrient digestion and
absorption efficiency of finishing pigs.

It is very important to study fecal microbiota for the growth and
health of animals (Wu et al., 2017; Wang H. et al., 2019; Wang et al.,
2022c). Microbiota in the gut play an important role in digestion,
metabolism, immunity, and pathogen defense in animals (Cani and
Delzenne, 2009; Wang et al., 2021). To study the complex
relationship between the host and microbiota, it was essential to
better understand how host andmicrobes interact. The development
of gene sequencing technology allows us to study how changes in the
animal diet affect the structure and function of intestinal
microorganisms (He B. et al., 2020; Wang et al., 2022d). Several
studies have demonstrated the antibacterial activity of various
essential oils (Si et al., 2006; Tu et al., 2018). The study on the
antibacterial model of plant essential oil by Helander et al. (1998)

showed that plant essential oil decomposes the bacterial cell
membrane and releases the substances in the membrane from
the cell to the external medium. Animal experiments
demonstrated that added plant essential oil could increase the
number of lactic acid bacteria in piglet feces and reduce the
number of E. coli (Wei and Shibamoto, 2007). In this study,
lactic acid bacteria and E. coli in pig feces were not affected by
the level of LCO. To maintain digestive function and absorption of
nutrients, the intestinal structures and microbiota must remain
intact. It was believed that the intestinal bacterial community
played a significant role in preserving intestinal function
(Sczesnak et al., 2011; Chen J. et al., 2015). The ecosystem
contained more than 100 trillion microorganisms, mostly bacteria
(Collins et al., 2012). Several factors affect the composition and
activity of the microbiota in the intestine, including age,
environment, and diet. Diet was the most important factor (Fan
et al., 2015; Sonnenburg et al., 2016; Ma et al., 2017). Dietary patterns
could affect not only weight but also bone density (Chen Y. et al.,
2015). In addition to colonization, gut microbiota-mediated
immunity was also influenced by the diet (Saresella et al.,
2017). In this study, the bacteria at the major phyla and genus
levels of pig feces were not significantly changed. Species-based
definitions of a healthy gut microbiome were difficult due to the
high variability between and within species (Nguyen et al., 2015;
Sender et al., 2016). Even so, gut microbiota and metabolites
seem to remain relatively stable (Sender et al., 2016; McCoy et al.,
2017). The results of the study of Wei et al. (2017) showed that
supplementation of the mixture of thymol and carvol could
reduce the relative abundance of Enterococcus and E. coli and
increase the Lactobacillus abundance in the jejunum of weaned
piglets. Manzanilla et al. (2004) added 15 and 30 mg/kg carvanol,
cinnamaldehyde, and pepper essential oil to the diet could
significantly increase the ratio of lactic acid bacteria to
enterobacteria in the jejunal chyme of piglets. In this
experiment, the cyanobacteria abundance had a downward
trend in LCO compared to CTC treatment. According to the
study of Ley et al. (2005), the cyanobacteria group has a logical
intestine-associated branch. It is possible that this group is the
descendant of ancestral non-photosynthetic cyanobacteria that
have adapted to live in animal gastrointestinal tracts.

5 Conclusion

To sum up, adding a certain level of LCO to the diet of pigs
could improve the growth performance and blood physiological
and biochemical conditions of pigs, improve the antioxidant
level of the pig body and the efficiency of digestion and
absorption of nutrients, and show the potential to replace
antibiotics (CTC). In general, it was considered that
250 mg/kg of LCO should be added to the diet under the
experimental conditions.
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The synthesis of Paris saponin VII
mainly occurs in leaves and is
promoted by light intensity

Feiyan Wen1,2†, Siyu Chen1,2†, Yue Wang1,2, Qinghua Wu1,2,
Jie Yan1,2, Jin Pei1,2* and Tao Zhou1,2*

1State Key Laboratory of Southwestern Chinese Medicine Resources, Chengdu University of
Traditional Chinese Medicine, Chengdu, Sichuan, China, 2College of Pharmacy, Chengdu University of
Traditional Chinese Medicine, Chengdu, Sichuan, China
Unraveling the specific organs and tissues involved in saponin synthesis, as well

as the light regulatory mechanisms, is crucial for improving the quality of

artificially cultivated medicinal materials of Paris plants. Paris saponin VII (PS

VII), a high-value active ingredient, is found in almost all organs of Paris plant

species. In this study, we focused on Paris polyphylla var. yunnanensis (Franch.)

Hand. - Mzt. (PPY) and found that PS VII synthesis predominantly occurs in leaves

and is increased by high light intensity. This intriguing discovery has unveiled the

potential for manipulating non-traditional medicinal organ leaves to improve the

quality of medicinal organ rhizomes. The analysis of the impact of organ

differences on saponin concentration in P. polyphylla var. chinensis (Franch.)

Hara (PPC), P. fargesii Franch. (PF), and PPY revealed consistency among the

three Paris species and was mainly dominated by PS VII. Notably, the leaves and

stems exhibitedmuch higher proportions of PS VII than other organs, accounting

for 80–90% of the four main saponins. Among the three Paris species, PPY had

the highest concentration of PS VII and was selected for subsequent

experiments. Further investigations on saponin subcellular localization,

temporal variation, and stem wound fluid composition demonstrated that PS

VII is synthesized in mesophyll cells, released into the intercellular space through

exocytosis, and then transported to the rhizome via vascular tissue. These

findings confirm the significant role of leaves in PS VII synthesis. Additionally, a
13C-glucose feeding to trace PS VII biosynthesis revealed that only PS VII in the

leaves exhibited incorporation of the labeled carbon, despite conducting 13C-

glucose feeding in leaves, stems, rhizomes, and roots. Thus, the leaves are indeed

the primary organ for PS VII synthesis in PPY. Furthermore, compared with plants

under 100 mmol m−2 s−1, plants under 400 mmol m−2 s−1 exhibited a higher PS VII

concentration, particularly in the upper epidermal cells of the leaves. We propose

that high light intensity promotes PS VII synthesis in leaves through three

mechanisms: (1) increased availability of substrates for saponin synthesis; (2)

protection of leaves from high light damage through enhanced saponin

synthesis; and (3) enhanced compartmentalization of saponins within the

leaves, which in turn feedback regulates saponin synthesis.
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Introduction

Paris, a genus belonging to the Melanthiaceae family, is

predominantly distributed in Asia with a partial presence in

Europe. Throughout Asia, the wild resources of Paris are in a

critically endangered state due to overexploitation and habitat

degradation. Recognizing this threat, the International Union for

Conservation of Nature (IUCN) has designated Paris as ‘vulnerable’

on its Red List, highlighting the decline in wild populations. In

China, the entire genus Paris, with the exception of Paris verticillata

M.-Bieb., is listed under special state key protection for wild plants.

At present, the artificial cultivation industry of Paris species has

achieved a certain scale. The main cultivated species are Paris

polyphylla var. yunnanensis (Franch.) Hand. - Mzt. (PPY) and

Paris polyphylla var. chinensis (Franch.) Hara (PPC), which are

listed in the Chinese Pharmacopoeia. Paris species all contain Paris

saponins (PS), which are isoprene compounds that exhibit a diverse

range of pharmacological activities, including antioxidant,

anticancer, anti-inflammatory, antifungal, and hypolipidemic

functions (Qin et al., 2018; Ding et al., 2021). However, despite

cultivation periods lasting nearly 8 years, the saponin concentration

in most cultivated medicinal materials of Paris fails to meet the

minimum standards required for medicinal use (Wu et al., 2017).

This discrepancy raises concerns about the environmental

adaptability of Paris plant growth and the synthetic biology of

saponin, particularly the lack of clarity regarding the synthesis

organelle. These factors serve as key limitations in achieving high-

quality medicinal materials of Paris.

The principal saponins identified in Paris species comprise Paris

saponin VII, H, VI, II, I, Dioscin, and Gracillin (Zhou et al., 2021). In

the current version of National Pharmacopoeia Commission,

(2020), PS VII, PS II, and PS I are designated as quality control

components for medicinal materials of Paris (Paridis Rhizoma). In

addition, PS H is recognized as an important hemostatic active

ingredient (Bi et al., 2021). Typically, the Paris rhizome with the

highest saponin concentration and biomass accumulation is used as

medicinal material. However, studies have revealed the presence of

PSs in various organs of PPY, including the root, stem, leaf, flower,

fruit, and seeds. Analysis of saponin types in different organs has

shown a consistent composition of PS VII in leaves and stems, which

differs from that found in the rhizome. Moreover, the concentration

of PS VII in the rhizome increases gradually during the initial years

of growth (usually within the first 4 years) but remains lower than

that in the leaves (Wen, unpublished data). Notably, young Paris

plant leaves have the highest concentration of PS VII (Wen

unpublished data). These findings provide evidence supporting the

significant role of leaves in the synthesis of PS VII.

Leaves have been speculated to be a major organ for the

synthesis of steroidal saponins in medicinal plants. For instance,

the subcellular localization of ginsenoside Rb1 in Panax ginseng has

been identified in chloroplasts, the cytoplasm of parenchymal cells,

and the vascular phloem cells of leaves (Yokota et al., 2011). In

Dioscorea species, including Paris species, Diosgenin saponins play

a pivotal role. In Dioscorea zingiberensis, the distribution of

diosgenin saponins is predominantly observed in multiple plant

tissues. These include the epidermis of the leaves, the palisade tissue,
Frontiers in Plant Science 0243
spongy tissue, phloem in the vascular tissues of the stem, and the

ground tissue within the rhizomes. (Li et al., 2022). By analyzing

spatial and temporal variations, immunohistochemical localization,

and transcriptome data, it has been revealed that diosgenin is first

synthesized in the leaves of Dioscorea zingiberensis, converted into

dioscin, and subsequently transported to the rhizome for storage (Li

et al., 2022). Similarly, in PPY, transcriptome analysis has indicated

that genes responsible for regulating PS synthesis are specifically

expressed in the leaves where they are significantly more highly

expressed than in the rhizome (Gao et al., 2020). Based on these

findings, we hypothesize that in PPY, the leaves, rather than the

rhizome, serve as the primary organ for the synthesis of PS.

Despite extensive research on the pharmacological activities of

saponins in disease treatment, our understanding of their biological

functions, particularly their synthesis, distribution, and

accumulation in response to biotic and abiotic stress, remains

limited. Unlike mobile organisms, plants growing in soil have

developed mechanisms to protect themselves from external

damage, often utilizing specialized metabolites (Liu et al., 2019a;

Hunziker et al., 2021). Optimization of chemical defenses is one

strategy employed by plants to defend against herbivores

(Gershenzon and Ullah, 2022), and saponins have been identified

as a class of defense compounds that exhibit toxicity or deterrent

effects on insects, molluscs, fungi, and microorganisms (Faizal and

Geelen, 2013; Hussain et al., 2019; Ninkuu et al., 2021). The unique

chemical structure of saponins, characterized by a hydrophobic

terpenoid backbone with attached hydrophilic saccharide groups,

contributes to those functions by altering cell membrane

permeability, ultimately leading to cell damage (Stewart et al., 2018).

In addition to their role in response to biotic stress, saponin

biosynthesis can be induced to mitigate abiotic stressors, such as

light, temperature, and drought (Szakiel et al., 2011; de Costa et al.,

2013; Rogowska and Szakiel, 2020). The natural habitat and

cultivation areas of PPY primarily encompass Yunnan and the

plateau of western Sichuan in China, with total solar radiation

ranging from 5,000 to 5,850 MJ m−2 per year, which is

approximately the annual average for China as a whole (5,900 MJ

m−2). Interestingly, PPY grown in areas with lower light intensity,

such as Sichuan and Guizhou in China, where total solar radiation

ranges from 3,350 to 4,190 MJ m−2 per year, exhibits significantly

lower saponin concentrations than PPY grown in Yunnan. Previous

studies have shown that optimizing light quality and intensity can

increase the total saponin concentration and rhizome biomass of

PPY (Zhang et al., 2018). Additionally, LED light exposure has been

found to increase the accumulation of triterpenoid saponin

glycosides in in vitro culture of Bacopa monnieri when combined

with precursor feeding (Watcharatanon et al., 2019), while saponins

in Centella asiatica have been shown to increase resistance to UV

oxidation damage (Müller et al., 2013).

Traditional Chinese medicine and crops have played a

significant role in promoting human health and survival.

However, our understanding of the growth habits and survival

strategies of medicinal plants lags behind that of crops. This

knowledge gap has resulted in outdated cultivation techniques,

small-scale production, and an inconsistent quality of medicinal

herbs. Although advancements in sequencing technologies and
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molecular biology have led to the identification of whole-genome

sequences of over 100 medicinal plant species and the elucidation of

synthetic pathways for important medicinal components, their

impact on high-quality herbal medicine production has been

limited. To address this issue, it is essential to gain insights into

the tissue-specific and environmentally regulated mechanisms

underlying the synthesis of medicinal components. Such

understanding is a prerequisite for developing cultivation

practices that achieve both high quality and high yield in

medicinal plants. To bridge this knowledge gap, a series of

experiments were conducted using plant physiological and

biochemical analysis methods. These included variability analysis

at the tissue level, spatial and temporal specificity analysis, isotopic
13C labeling, and transmission electron microscopy observation.

The aim was to clarify the main organs responsible for the synthesis

of PS and how their synthesis is regulated by light intensity.

Specifically, two hypotheses were tested: (1) the leaf is the main

organ for the synthesis of PS, and (2), high light intensity increases

the synthesis of PS in leaves.
Materials and methods

Plant materials

The study employed 5-year-old plants of three Paris species: P.

polyphylla var. chinensis (PPC), P. fargesii (PF), and P. polyphylla var.

yunnanensis (PPY). These plants were collected from different

locations in China: PPC from Sichuan Pengzhou (103°44′E, 31°13′
N), PF from Sichuan Dujiangyan (103°33′E, 30°55′N), and PPY from

Yunnan Wenshan (104°11′E, 23°04′N). Analysis of saponins in the

leaves, stems, rhizomes, and roots of these plants was conducted to

evaluate their similarities and differences. Additional 5-year old P.

polyphylla var. yunnanensis(PPY) plants were collected for a leaf

saponin transport experiment and the sampling of stem wound fluid.

To avoid interference from saponin accumulation in perennial

rhizomes, 2-year-old seedlings were used for the 13C-glucose

(13C6H12O6) feeding and light intensity experiments. The weight of

the seminal root of the seedlings was controlled at approximately 2 ±

0.2 g. The seedlings were initially harvested from Wenshan, Yunnan

during winter and then cultivated in a climate chamber. The

following year, seedlings of the same height were selected for the

experiments after the plants had achieved stable growth in height.
Experimental design and
plant management

The experiment was conducted using a randomized block

design with three replicates in a greenhouse environment. The

greenhouse maintained a relative humidity of 75% and a day/night

temperature of 20°C/10°C, and a photoperiod of 12 h day/12 h night

during the plant growth period. PPY has the characteristics of a

typical heliophyte herb; according to the daily sunshine hours

during the growing period in Yunnan, a photoperiod of 12 h day/

12 h night was employed. The irradiance was provided by light-
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emitting diode (LED) lamps. Our previous study found that 2-year-

old PPY seedlings can tolerate a light intensity of up to 400 mmol

m−2 s−1 for cultivation in the laboratory (data not shown), with

higher photosynthesis and only slight photoinhibition. Thus, light

intensities of 100 and 400 mmol m−2 s−1 were chosen as the low and

high light intensity treatments, respectively. All seedlings were

placed under 100 mmol m−2 s−1 before treatment. During the

plant growth period, the distance gap between LED lamps and

the plant canopy was 30 cm. Irradiance was measured routinely

using a quantum sensor (Highpoint, Taiwan).

The 5-year-old PPY were individually placed in pots measuring

10×10×10 cm. Six PPY were used for the leaf saponin transport

experiment and three for the stem wound fluid sampling. The 2-year-

old seedlings were placed in seedling disc of 25 holes; 100 seedlings

were used under each light intensity (100 and 400 mmol m−2 s−1) in

follow-up experiments. All seedlings received regular watering and

nutrient supply according to their respective treatments.

The experiment involving 13C-glucose (13C6H12O6) feeding

track PS VII biosynthesis via plant organs was set to four groups

as follows (Figure 1A). In group 1, the leaves were sprayed with

0.2%13C-glucose solution at a volume of 1 ml per leaf, administered

once every 2 days (Yuan et al., 2020). In groups 2 and 3, the roots of

the seedlings were fed with 0.2%13C-glucose solution. Additionally,

in Group 3, the stem of the seedlings was partially severed near the

rhizome end to facilitate feeding through the stem’s vascular

bundle. Group 4 served as the control group without any 13C-

glucose treatment. The experimental treatment time lasted for 10

days. In each group, three 2-year-old seedlings were subjected to a

light intensity of 100 mmol m−2 s−1. All groups were cultivated

hydroponically using Hoagland’s nutrient solution; the culture

medium was changed every 2 days and the solution was

ventilated with an air pump (Zhou et al., 2016).
Plant sampling

Four organ samples of the three Paris species were collected

from origin for PS analysis. To investigate the PS flowing in the

leaves, a specific procedure was followed for leaf sampling. Each

seedling’s three leaves were individually wrapped in aluminum foil

to avoid exposure to light (Figure 2A). Sampling was conducted

daily at 5 pm, with a 24-h interval time series (0, 24, 48, and 72 h)

followed. For the collection of stem wound fluid, the stem of the

seedlings was severed near the rhizome end to obtain the fluid. A

negative pressure pump with a pressure of 0.05 MPa was used to

facilitate the outflow of the stem wound fluid within a few minutes.

The fluid was then concentrated on 2 cm2
filter paper and

immediately subjected to 75% ethanol extraction for the analysis

of saponins (Figure 3A). Fresh PPY leaves were sampled and fixed

for PS subcellular chemical localization using a transmission

electron microscope (TEM).

At the conclusion of the 13C-glucose experiment, which lasted 10

days, the leaves, stems, rhizomes, and roots of each group were

collected individually. These collected plant organs were thoroughly

washed to remove any surface impurities. Subsequently, quantitative

analysis of PS VII and the ratio of 13C/12C in different plant organs was
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performed. In the following light intensity processing experiment, the

light intensities of two groups were set as 100 mmol m−2 s−1 and 400

mmol m−2 s−1. Throughout the 1-week treatment period, various

photosynthetic parameters and chlorophyll fluorescence were

measured. Then, the seedlings from the two groups were sampled to

determine chlorophyll concentration. To examine cell morphology and

chloroplast arrangement, the leaves were fixed with formalin-aceto-

alcohol (FAA) solution, stained with red and solid green, and then

sliced for observation under a general microscope. The distribution of

saponins in the upper and lower epidermis was observed using

chemical chromogenic techniques via TEM. At the same time, the

upper and lower epidermis of the leaves were manually separated using

pointed tweezers (approximately 2 mg of dried weight). Sections of

leaves of considerable weight without major vascular tissue were

removed by scissors. Subsequently, whole leaves without petioles,

stems, rhizomes, and roots were collected separately. All samples for

quantification were first incubated at 105°C for 30 mins and then dried

at 60°C until a constant weight was reached.
Measurement of Paris saponin
VII, H, II, and I

The dried samples were ground to a fine powder using a steel

ball mill (Tissuelyser-48, Jingxin, China). Approximately 30 mg of
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powder of each sample was subjected to ultrasonic and extracted in

2 ml of 75% v/v ethyl alcohol water at 25°C for 20 min twice, and

three parallel samples were prepared. The extract solution was

filtered, merged and dried with nitrogen, and then dissolved to a

volume of 1 ml with chromatographic methanol. The extraction

and preparation process for the filter-paper-adsorbed stem wound

fluid was the same as with other organs. The preparation method

for the upper and lower epidermis tissue was the same as above,

except the dose was approximately 2 mg and the final volume was

200 ml. Before injection, a 0.22-mm organic phase filter (Jinteng,

China) was used for filtration. Saponins were identified through

comparison with retention times and coelution of authentic

standard solutions. The main saponins were identified through

qualitative analysis of the filter-paper-adsorbed stem wound fluid

and other organs. The proportions of PS VII, PS H, PS II, and PS I

in the sum of the four main saponins were calculated to compare

the similarity of the saponin types and the proportion difference. In

other experiments, quantitative concentrations of PS VII, PS H, PS

II, and PS I were determined.

The determination of four saponins was carried out using a

UFLC-MS/MS system, equipped with two LC-30D pumps, an SIL-

30AC autosampler, a CTO-20AC column oven (Simadzu, Japan),

and Qtrap 5500 mass spectrometry coupled with an electrospray

ionization (ESI) interface, controlled by Analyst 1.6.2 software for

operation, data acquisition, and analysis (AB SCIEX, USA).
A

B C

FIGURE 1
13C-glucose (13C6H12O6) feeding track PS VII biosynthesis via plant organs. (A) Schematic diagram illustrating glucose feeding in different organs.
Groups 1–3 were fed in the leaf, rhizome, and stem vascular bundle, and group 4 was not fed. (B) The ratio of PS VII (M+2)−/M− in organs. (C) The
ratio of 13C/12C isotopes in rhizomes of four groups. PS, Paris saponins. Each column represents the mean (± SE) of three replicates. * indicates a
significant difference (t-test at p ≤ 0.01). Data with different letters are significantly different between four groups (p≤0.05).
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Chromatographic separations were performed on a Waters Acquity

UPLC BEH C18 column (100 mm × 2.1 mm, 1.7 mm) at 35°C. The

mobile phase was composed of 0.01% ammonia water in water

(solvent A) and acetonitrile (solvent B) with a gradient elution: 0–

1.0 min, 10–90% B; 1–2.5 min, 90% B (Yang et al., 2017). The flow

rate was 0.5 ml min−1. The volume of the injection was 0.1 ml.
The mass spectrometer was operated in negative mode. The

operating parameters of the ion source were designed as follows: ion

spray voltage, −4.50 kV; source temperature, 500°C; curtain gas,

20 psi; ion source gas1, 60 psi; ion source gas2, 60 psi; and

declustering potential, 100V. The multiple reaction monitoring

(MRM) transitions were employed for quantification. Ion pairs of

1029.5–737.3, 869.4–721.3, 1013.5–721.3, and 853.4–721.4 were

selected for the quantification of VII, H, II, and I, with collision

energies of −60, −42, −59, and −44, respectively.
Determination of sucrose, glucose and
fructose concentration

Sucrose, glucose, and fructose concentration were determined

in leaves. Dried leaves were extracted in 80% v/v ethanol at 80°C for

10 min. Before loading to an HPLC system, the extracts were filtered

through 0.22 mm water phase filters (Jinteng, China). The HPLC

assays of sucrose, glucose, and fructose were run on aWaters Binary
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HPLC System (Waters 1525–2707, Milford, USA) equipped with a

refractive index detector (2414, Waters, Milford, USA). The

analytical conditions were as follows: column Agilent Hi-Plea Ca

(8% crosslinked) 300 mm × 7.7 mm, 8 μm in diameter (Agilent

Technologies, Inc., USA); column temperature of 85°C; mobile

phase Milli-Q water; and a flow rate of 0.6 ml min−1 (Zhou et al.,

2022). Data were collected and processed by the Waters

chromatography station Data Apex. Sugars were identified

through comparison with retention times and the coelution of

authentic standard solutions.
13C-glucose (13C6H12O6) feeding track PS
VII biosynthesis via plant organs

High-resolution liquid chromatography-mass spectrometry was

applied to track 13C-PS VII biosynthesis via plant organs. LC-MS

can analyze a variety of substances in complex samples, and high-

resolution mass spectrometry has the advantage of resolving isotope

peaks. The exoisotope-labeled compounds have the same molecular

structure and similar molecular weights, physicochemical

properties, and retention times as the unlabeled compounds.

Therefore, in the detection of PS VII labeled with different

amounts of 13C molecules, extraction of the target molecule ion

by high-resolution mass spectrometry can be used to resolve isotope
A

B
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C

FIGURE 2

The transport characteristics of saponins and soluble sugar in PPY leaves. (A) Schematic diagram illustrating the use of aluminum foil for covering
and sampling leaves. (B–E) Concentration of PS VII, PS H, PS II, and PS I, respectively. (F) Soluble sugar concentration in leaves. (G) Correlation
between saponins and sucrose concentration. Each column represents the mean (± SE) of three replicates. PS, Paris saponins. Data with different
letters are significantly different (p ≤ 0.05).
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peaks and calculate the ratio of PS VII labeled with different

amounts of 13C. Owing to the natural abundance of 13C, there

will be a series of small peaks exiting in the position of the PS VII

molecular ion peak (M−), mainly (M+1)−, (M+2)−, (M+3)−, (M

+4)−, etc. These are the isotope ion peaks of PS VII, which are

mainly caused by the presence of 13C. Owing to the constant ratio of
13C isotope in the natural state, the ratios of (M+1) −/M−, (M+2)
−/M−, (M+3)−/M−, and (M+4)−/M− are generally fixed. When

compounds labeled with exogenous 13C were entered into the

mass spectrum and detected, the abundance of total 13C increased

and the ratio of series isotope ion peaks changed. Therefore, in this

study, the plants were fed with 13C-glucose (13C6H12O6) and PS VII

was synthesized with an exogenous 13C label; the ratio of the series

isotope ion peak changes were used to track and infer the

biosynthesis of saponins. Owing to its advantages of high

sensitivity, simplicity, and stability, this isotope tracking method

has been widely used in drug chemical synthesis and absorption,

distribution, metabolism, and elimination in vivo (Lozac'h et al.,

2018; Martin et al., 2020).

The liquid chromatographic separation conditions were as

follows: samples were eluted with the mobile phases of 0.1%

formic acid water (A) and acetonitrile (B) with a BEH C18

column (1.7 mm, 2.1 × 100 mm, Waters, Milford, MA, USA)

maintained at 40°C. The optimized gradient elution had a flow

rate of 0.3 ml min−1, and the optimized gradient procedure was

designed as follows: started with 10% B and linearly increased to

30% B for 8 min, then linearly increased to 45% B from 8 min to

16 min, linearly increased to 50% B from 16 min to 24 min, and
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linearly increased to 70% B from 24 min to 30 min. Finally, the

gradient was rapidly decreased to its initial condition for 0.1 min

then maintained at 10% B for the next 2.9 min. Samples of a 5 ml
volume were injected for analysis (Wang et al., 2021).

Mass spectrometry conditions were as follows: All MS and MS/

MS data were acquired from a Thermo QExactive Plus (Thermo

Fisher Scientific, San Jose, CA, USA), which is equipped with a

heated electrospray ionization source (HESI) via negative ion mode.

The parameters of the HESI source were set as follows: capillary

voltage, 3.0 kV; capillary temperature, 350°C; sheath gas (N2), 35

arbitrary units; and auxiliary gas (N2), 15 arbitrary units. Through

full scanning (operated from m/z 100–1500), saponins were

identified, and the appropriate collision energy was given to

obtain the clear fragmentation pattern of the plausible saponins.

According to the fracture rule, the structures of saponins were

predicted. Xcalibur 4.2 software (Thermo Fisher Scientific, USA)

was used for data acquisition and processing. The raw data files of

the control and sample groups and blanks were imported into

Compound Discoverer™ 3.0 software (Thermo Scientific, Fremont,

CA, USA) to identify saponins by accurately calculating the mass

and fragments of saponins, and the maximum tolerance of mass

error was set at 5 ppm.

A negative ion mass spectrum of PS VII (C51H82O21,

1030.5349) was detected and mainly ionized with COOH- ions in

formic acid water (Figure S1). To rule out the effect of 13C natural

abundance, the ratio of both marked and unmarked ion currents

was calculated in each organ of the four groups. The calculation

method of the ratio is the abundance of the series isotope ion peaks
A B

D

C

FIGURE 3

Saponin composition in stem wound fluid. (A) Schematic diagram illustrating the collection of stem wound fluid from wounded stem. (B–D)
Proportion of the concentrations of the four main saponins in leaf, stem, and stem wound fluid, respectively. PS, Paris saponins. Each column
represents the mean (± SE) of three replicates.
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with 13C and the PS VII molecular ion peak (M−), i.e., (M+1)−/M−,

(M+2)−/M−, (M+3)−/M−, and (M+4)−/M−. M− means the sum of

the peak areas of ion current (M+COOH) − and M−, which were

mainly ionized with COOH− ions in formic acid water. The

calculation formula is illustrated as follows:

Ratio = (M + 2)−=M−PS : (M+2)−include(M + 2

+ COOH)−and(M+2)−; M− include(M + COOH)–and M− :

The 13C/12C ratio in rhizomes of four groups were analyzed by

gas chromatography combustion isotope ratio mass spectrometry

(GC/IRMS, Delta V Advantage, Thermo Fisher, Germany). Dried

rhizome was grinded through a 200-mesh sieve, and 0.2 mg of

powder sample was wrapped in a tin cup. Solid samples were placed

into the combustion tube and converted into CO2, which was

separated by GC and detected by IRMS. Isodat software (Thermo

Fisher Scientific, Germany) was used for data acquisition

and processing.
Leaf tissue distribution of saponins by
transmission electron microscopy

Leaf saponins for cytochemical localization were treated as

following (Chen et al., 2019): leaf samples were cut into 1-mm3

fragments and fixed with 3% glutaraldehyde (prepared with 3% lead

acetate in 0.1 M sodium cacodylate buffer at a pH of 7.4) at 4˚C.

Samples were then washed four times for 30 min each time with 3%

lead acetate, following which, the cuts were incubated with 1% osmic

acid (prepared with 3% lead acetate in 0.1M sodium cacodylate buffer

at a pH of 7.4) overnight at 4˚C, then washed twice (each for 30 min)

with 0.1 M sodium cacodylate buffer at a pH of 7.4. The fragments

were then gradually dehydrated with a grade series of ethanol of 30%,

50%, 70%, 80%, 90%, 95%, and 100%. The 100% ethanol step was

repeated three times. Next, samples were incubated with epoxy

propane transition and embedded with Epon812. The fragments

were sliced into semi-lamellar sections to enable the positioning of

the leaf cross-sections under a light microscope. Then, the semi-

lamellar of the leaves was cut into 60–90-nm long sections using an

ultramicrotome UC7rt (LEICA, Germany). After samples were

stained with uranyl acetate, the sections were subsequently

examined and photographed using a transmission electron

microscope JEM-1400-FLASH (JEOL, Japan). The control sample

was subjected to the same procedures as described above, but the

fixing step with lead acetate was excluded.
Determination of chlorophyll
concentration, fluorescence, and
photosynthetic rate

The fresh leaf samples were ground in liquid nitrogen, and 0.1 g

of powder was extracted in 10 ml of 80% v/v aqueous acetone at 25°

C in the dark for 48 h. Chlorophyll a+b (Chl a+b) and Chlorophyll

a/b (Chl a/b) were measured directly in the extract at 663, 645, and

470 nm using an enzyme-labeled instrument (SpectraMax iD3,
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Molecular Devices, USA) (Arnon, 1949; Porra et al., 1989; HK and

Buschmann, 2001). The chlorophyll fluorescence parameters

maximal photochemical efficiency (Fv/Fm) and non-

photochemical quenching coefficient NPQ(Fm/Fm’-1) were

measured using a MINI-PAM-II portable fluorometer (Walz,

Effeltrich, Germany). Before the measurement, the leaves required

dark adaptation for 30 min, and the photochemical light was set to

178 mmol m−2s−1. Maximum photochemical efficiency (Fv/Fm),

apparent electron transfer rate (ETR), and other chlorophyll

fluorescence parameters of PS II were determined according to

the instructions. Three plants were measured for each treatment

and the average value was obtained. The photosynthesis rate (Pn)

and stomatal conductance (Cs) were measured using a Li-6400

photosynthesis system (Li-COR, Lincoln, NE, USA). The

measurements were taken on a sunny day in a greenhouse

between 10:00 h and 12:00 h. The photosynthetic photon flux

density was set as 500 m mol m−2 s −1, and CO2 was set at 400 m
mol mol−1. The chamber temperature was 20°C and the vapor

pressure deficit was 0.5–1.0 kPa.
Statistical analysis

The data, including PS VII, PS H, PS II, and PS I levels and

sugar quantification results, were analyzed using one-way ANOVA

(SPSS 19.0), and t tests were used to assess the significant differences

between the 100- and 400-mmol m−2 s−1 treatments (p ≤ 0.05).

Empirical polynomial (inverse third order) equations were used in

Origin 2021 (Origin Pro Learning Edition) to analyze the

relationship between PS VII and sucrose concentration in leaves

(Zhou et al., 2020). Histograms representing chlorophyll

concentration, fluorescence, and photosynthetic rate were

generated using Origin 2021 (Origin Pro Learning Edition).
Results

PS VII has the highest concentration in
leaves of medicinal Paris species

PS VII, H, II, and I concentrations were analyzed in various

organs, including leaves, stems, rhizomes, and roots (Figure 4). Four

saponins were found in the leaves, stems, rhizomes, and roots of

PPC, PF, and PPY. However, the concentrations (Figures 4A–C)

and proportions (Figures 4D–G) of these saponins in the four

organs varied among the different plant species. The main saponin

in the leaves, stems, and roots of the three Paris species was PS VII

(Figures 4D, E, G), especially in leaves and stem, where the

proportion of PS VII was up to 80–90% (Figures 4D, E). In the

rhizome, PS VII was also the main saponin in PPC and PF, but not

in PPY (Figure 4F). In the rhizome of PPY, PS I had highest

concentration, followed by PS VII. These findings suggest that PS

VII is present in all organs of the three Paris species and its

concentration is dominant compared with the other detected

saponins. As a result, PS VII was chosen as the focus of further

research in this study.
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PS VII flow from leaf to rhizome through
vascular tissues

To investigate the potential movement of PSs out of the leaves, an

experiment was conducted by covering the leaves with aluminum foil

to block incoming light. The concentrations of PSs and soluble

sugars, such as sucrose, glucose, and fructose, were monitored at

specific time intervals: 0, 24, 48, and 72 h after the covering was

applied. The concentrations of PS VII, H, and II in leaves increased

from 0 h to 48 h, but then decreased sharply from 48 h to 72 h

(Figures 2B–D). By contrast, the sucrose concentration in leaves

showed a decreasing trend as the covering time increased. Between

0 h and 48 h, there was a sharp decline in sucrose levels (from 292.55

to 184.70 mg g−1), followed by a stable period from 48 h to 72 h

(184.70 to 174.34 mg g−1) (Figure 2F). The rate of reduction in

sucrose concentration in leaves was notably faster than that of

saponins. These suggest that the transport of sucrose from the

leaves (source) to the rhizomes (sink) was more rapid, resulting in

an increase in the concentration of PSs in the leaves during the initial

0 to 48 h. Although the sucrose concentration in the leaves remained

stable between 48 h and 72 h, there was a continued reduction in PS

concentration in the leaves, leading to a sharp decrease. The trend in

PS VII concentration showed a significant correlation with the

sucrose concentration in the leaves (Figure 2G). However, no

significant changes were observed in the concentrations of PS I,

glucose, and fructose throughout the 72-h period.

The decreased concentration of PS in leaves does not

automatically prove that saponins are being transported out of

the leaves, as they might be being broken down or synthesized into

other substances. Therefore, the stem wound fluid, leaves, and stems
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of PPY were obtained to analyze the similarity of PS (Figure 3). In

stem wound fluid, the saponin type and proportions of the four

saponins were almost the same as that of stem and leaves, and PS

VII was the main saponin (Figures 3B–D). This proved that

saponins in PPY can be transported to other organs via the

fibrovascular tissue of leaves and stem.
13C-glucose feeding traces specificity in PS
VII biosynthetic organs

The above results have proved that the leaves were an important

organ for the synthesis of PS VII in PPY. However, from these results,

we cannot conclude that the leaf is the major organ in the synthesis of

PS VII, as the rhizome also contains high concentrations of PS VII.

To further prove hypothesis 1, we conducted 13C-glucose labeling

experiments to trace the synthesis sites and pathways of PS VII in

PPY. PS VII concentrations in four organs of PPY in four groups

(Figure 1A) were detected by high resolution liquid chromatography-

mass spectrometry. The results showed that only the ratio of PS VII

molecules (M+2) −/M− increased significantly in the leaves of group 1

and group 3 (Figure 1B). In group 1, PS VII marked with two 13C was

synthesized in leaves of PPY after spraying with 13C-glucose. In group

3, 13C-glucose was feeding at the stem incision, and PS VII marked

with two 13C could also be synthesized in leaves. However, the ratio of

PS VII molecules (M+2)−/M− in stems, rhizomes, and roots was

obviated, with no differences among groups 1, 2, and 3. All the results

suggested that leaves are the main synthesis organ of PS VII in PPY.

At the same time, the ratios of (M+1) −/M−, (M+3) −/M−, and

(M+4) −/M−, i.e., marked with one, three, or four 13Cs in each
A B
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FIGURE 4

The organ-specific distribution of saponins in medicinal Paris species. (A–C) The concentration of PS VII, PS H, PS II, and PS I in four organs of PPC,
PF, and PPY (mg g−1), respectively. (D–G) Proportion of PSs in the leaves, stems, rhizomes, and roots of PPC, PF, and PPY (%), respectively. PS, Paris
saponins; PPC, Paris polyphylla var. chinensis; PF, Paris fargesii; PPY, Paris polyphylla var. yunnanensis. Each column represents the mean (± SE) of
three replicates. The letters on the columns mean significantly different in the same saponin type between organs (p ≤ 0.05).
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organ, were not significantly different between all the groups

(Figures S2A–C). The results are consistent with the saponin

biosynthetic pathway. Acetyl-coenzyme A can be produced from

glycolysis. And PSs, which are isoprenoid compounds, are

biosynthesized de novo from acetyl-coenzyme A via the

mevalonate (MVA) pathway in the cytoplasm or the 2-C-methyl-

D-erythritol 4-phosphate (MEP) pathway in the plastids (Vranová

et al., 2013). After plants have been fed exogenous 13C-glucose,

acetyl-coenzyme A with two 13Cs is produced from 13C-glucose

glycolysis and is then used to biosynthesize PS VII with a maximum

probability of two 13C. Therefore, there are higher levels of PS VII

marked with two 13C than other molecules in the leaves.

To certify the success of root 13C-glucose feeding, further

analysis of the 13C/12C isotope ratio in rhizomes was carried out.

The 13C/12C isotope ratios of groups 2 and 3 were much higher than

those of groups 1 and 4 (Figure 1C). The results showed that 13C-

glucose had significantly entered the rhizomes through feeding in

groups 2 and 3.
TEM subcellular chemical localization of
PSs in leaves

To visualize the specific sites of PS synthesis in leaves,

subcellular chemical localization was carried out using TEM. The

TEM images revealed the presence of saponin precipitations

localized in various cellular components, including the

membrane, chloroplasts, mitochondria, and cell wall (Figure 5A).

These saponin precipitations appeared as needle crystals bundled

along the membrane (Figure 5B). The exocytosis of saponins

occurred from both the chloroplast and cell, leading to their

release into the intercellular space via transmembrane transport.

Subsequently, the saponins dispersed peripherally along the
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intercellular space, exhibiting a gradual reduction in abundance

(Figure 5C). Additionally, the observations revealed instances in

which saponin precipitations detached from the cellular membrane

and entered small vesicles within the intercellular space or inside

the cells (Figure 5D).
Physiological response of PPY leaves under
light intensity treatments

Based on the aforementioned findings, it is evidenced that the

synthesis of PS VII primarily occurs in the leaves rather than the

rhizome. To investigate the potential regulation of PS synthesis in

leaves by light intensity, we initiated an examination of the

photosynthetic and fluorescence properties of the leaves under

two different light intensity treatments, 100 mmol m-2 s-1 and 400

mmol m-2 s-1. This initial assessment was conducted to ensure the

appropriateness of the selected light intensity treatments for

further investigations.

Total chlorophyll (Chl a+b), chlorophyll a/b, photosynthetic

rate, and Cs showed no difference between the two light intensity

treatments (Figures 6A, B). However, chlorophyll fluorescence

identified a slight inhibition of the photosynthetic system under

400 mmol m−2 s−1 (Figure 6C). The level of Fv/Fm under 400 mmol

m−2 s−1 was lower than that of leaves under 100 mmol m−2 s−1. By

contrast, the NPQ of leaves under 400 mmol m−2 s−1 was

significantly higher than that under 100 mmol m−2 s−1. In

addition, we examined the anatomical characteristics of the leaves

to further visualize the effect of light intensity on leaf morphology

(Figure 6D). Plants exhibit adaptive responses to different light

intensities through morphological changes, including alterations in

cell morphology and chloroplast arrangement. Under 100 mmol m-2

s-1, there was a reduced number of mesophyll cells, with
FIGURE 5

Subcellular chemical localization of PS in leaves. (A) Saponin precipitations can be observed as black masses positioned on the membrane.
Chloroplasts (Ch), mitochondria (Mi), and cell walls (CW) are indicated by blue arrows. (B) Saponin precipitations in the form of needle crystals
bundle positioned along the membrane. (C) Saponins are exocytosed into the intercellular space (IS) through transmembrane transport from the
chloroplast and cell. (D) Saponin precipitations shed from the membrane into a small vesicle (Ve). S, starch grains. Bars=1 mm.
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chloroplasts arranged laterally along the cells. This arrangement

provided a larger chloroplast surface area exposed to light,

facilitating photosynthesis. By contrast, leaves subjected to 400

mmol m-2 s-1 exhibited an increased number of mesophyll cells,

and chloroplasts were arranged more closely together

longitudinally. Taken together, these results indicate that 400

mmol m−2 s−1 in the greenhouse should be an appropriate light

intensity for investigating whether the synthesis of PSs in leaves is

regulated by high light intensity, as this had a slight photoinhibitory

effect on PPY leaves but did not affect their photosynthetic capacity.
PS VII concentration in different
organs and tissues of leaves in
response to light intensities

The concentration of PS VII in leaves under 400 mmol m−2 s−1

was significantly higher than that under 100 mmol m−2 s−1

(Figure 7A). Similarly, in the stem, the concentration of PS VII

was also higher under 400 mmol m−2 s−1 than under 100 mmol m−2

s−1 (Figure 7B). However, no significant difference in PS VII

concentration was observed between the two light intensity

treatments in the rhizome and root (Figure S3).

To further understand how high light intensity increases PS

synthesis, we quantified the level of PS VII in tissues (including leaf

tissue without vein, upper epidermal cells, and lower epidermal

cells) of the leaf under two light intensity treatments. Under both
Frontiers in Plant Science
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light intensity treatments, the level of PS VII in the upper epidermal

cells, low epidermal cells, and leaf tissue sequentially declined

(Figure 7C). High light intensity (400 mmol m−2 s−1) increased PS

VII concentration in all three leaf tissues, particularly the upper

epidermal cells. The ratio of PS VII concentration in the upper

epidermal cells to that in the entire leaf tissue was 2.5 under 400

mmol m−2 s−1, which was 31.6% higher than the ratio observed

under 100 mmol m−2 s−1 (Figure 7D).

The differential distribution of PSs in leaf tissue under the two

light intensity treatments was further confirmed through the

cytochemical localization of saponins using TEM (Figure 8). In

comparison to the 100 mmol m−2 s−1 treatment (Figures 8D–F), a

greater number of saponin precipitations were observed in the upper

and lower epidermis leaves exposed to a light intensity of 400 mmol

m−2 s−1 (Figures 8G–I). Conversely, the control group (CK) showed

no saponin precipitations (Figures 8A–C). These findings suggest

that the increase in PS synthesis in leaves under high light intensity is

accompanied by enhanced translocation and accumulation of

saponins in the upper epidermal cells. This phenomenon may

contribute to improved resistance against photodamage.
Discussion

The purpose of this study was to investigate the role of the leaf

in PS VII synthesis and to explore the influence of light intensity on

this process.
A B

DC

FIGURE 6

Physiological response of leaves under two light intensities. (A) Chlorophyll a+b (Chl a+b) and Chlorophyll a/b (Chl a/b). (B) Photosynthesis rate (Pn)
and stomatal conductance (Cs). (C) Fv/Fm and NPQ (Fm/Fm’-1). (D) Characteristics of a transverse leaf section under 100 mmol m−2 s−1 and 400
mmol m−2 s−1 light intensity. Bar=50 mm. Each column represents the mean (± SE) of three replicates. * indicates a significant difference between the
given light treatments (t-test at p ≤ 0.01).
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The leaf is a major organ in the
synthesis of PS VII

Studies on various plant species have shown that the synthesis

and accumulation of saponins can occur in different organs,

emphasizing the important role of leaves in saponin synthesis. For

example, studies on Achyranthes bidentata, Polygala tenuifolia, and

Cyclocarya paliurus have found high saponin concentrations in

leaves, particularly in the palisade tissue (Li and Hu, 2009; Teng

et al., 2009; Chen et al., 2019). The presence of saponins in the stem

vascular bundles of plants such as Achyranthes bidentata, Panax

notoginseng, and Panax ginseng suggests that stems can also act as

transport organs for saponins (Li and Hu, 2009; Yokota et al., 2011;

Mu et al., 2016). In the case ofDioscorea zingiberensis, comprehensive

research has revealed that diosgenin saponins are synthesized in the

leaves and then transported through the stem to the rhizome for

storage, supported by the specific expression of diosgenin

biosynthetic genes in the leaves (Li et al., 2022). These findings

align with the observation that the accumulation of rhizome saponins

in perennial plants gradually increases with age during the initial

years (Wang and Li, 2018). Additionally, in the present study, we

observed high concentrations of saponins, particularly PS VII, in the

leaves of PPC, PF, and PPY, and identified the transport of saponins

from leaves to the rhizome through the stem (Figure 3). However, it is

important to note that these results alone do not conclusively

establish that leaves are the main organ for the synthesis of PS VII.
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Although the genome of PPY has been sequenced, the specific

genes and enzymes responsible for regulating the synthesis of PS VII

remain unknown (Li et al., 2020). In light of this, rather than adopting

genetic approaches, we opted for physiological methods to explore the

specific organ responsible for PS VII synthesis.We used 13C labeling in

our study, which is a well-established method for tracing the synthesis

sites and pathways of substances (Wang et al., 2018; Wu et al., 2022).

To expedite the experiment and ensure the reliability of our results, the

plants were fed with 13C-glucose, which is rapidly metabolized to

acetyl-CoA, a precursor for saponin synthesis (Vranová et al., 2013). In

both the leaf and stem vascular bundle feeding treatments, the ratio of
13C-labeled PSVII to unlabeled PSVII in the leaveswas higher than the

ratio in the control group (Figure 1B). Conversely, in the rhizome and

stem vascular bundle feeding treatments, there was no significant

difference in the ratio of 13C-labeled PS VII to unlabeled PS VII in the

rhizomebetween the labeling andnon-labeling treatments (Figure 1B).

The concentration of 13C in the rhizome was quantified and found to

be significantly higher in the two labeling treatments than in the no

feeding treatment (Figure 1C), confirming the successful labeling of the

rhizome with 13C-glucose. Additionally, the process of saponin release

from the cells into the intercellular space in the leaves, followed by

diffusion along the intercellular space, was observed (Figure 5C).

Interestingly, PS VII labeled with 13C was not detected in the

rhizome when the leaves were fed with 13C-glucose, which

challenges the notion that PS VII is transported from the leaves

through the stem to the rhizome. One possible explanation for this
A B

DC

FIGURE 7

The effect of light intensity on PS concentration in (A) leaf and (B) stem. (C) Concentration of PS VII in leaf tissue without vein (L), upper epidermal
cells (UE) and lower epidermal cells (LE). (D) Ratio of PS VII in leaf tissue of PPY. PS, Paris saponins. Each column represents the mean (± SE) of three
replicates. * indicates s significant difference between the two given light intensity treatments (t-test at p ≤ 0.01). Data with different letters are
significantly different between the partial leaf tissue (p ≤ 0.05).
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discrepancy is that the transit speed of saponins from leaves to rhizome

is slow, as indicated by the lack of decrease in PS VII concentration

after the leaves were covered with foil for 48 h (Figure 2B).

Although the synthesis of saponins is typically attributed to the

leaves in the majority of reported plant species, it cannot be

regarded as an absolute rule. In our current study, intriguingly,

the rhizome of PPY exhibited the highest proportion of PS II, albeit

at a significantly lower concentration than PS VII in the leaves

(Figure 4C). Additionally, there was no difference in the ratios of
13C-labeled PS II to unlabeled PS II in the leaves of plants under

leaf-feeding and non-feeding treatments (Figures S2D–G),

indicating that the leaves may not be the main site of PS II

synthesis in PPY. This conclusion may contradict previous

findings reported in the literature. One possible explanation

might be that most of the studies conducted focused only on total

saponin levels and tissue localization, without detailing the saponin

types, ignoring the tissue specificity of different types of saponin

synthesis. Therefore, the question is why the leaves specifically

synthesize PS VII. The reason for this can mainly be attributed to

the chemical structural and functional properties of PS VII,

whereby: (1) unlike most of the saponins in PPY, including PS H,

I, dioscin, and gracillin, which are linked with a trisaccharide chain

(Li, 1998), PS VII has a tetrasaccharide chain linked at the C-3

position, providing greater resistance to biotic and abiotic stresses in

field conditions, including predation, pathogenic microorganisms,

and high light intensity. Additionally, pharmacological studies have
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shown that PS VII exhibits stronger cytotoxic and anti-

inflammatory properties than saponins with a trisaccharide chain

(Fan et al., 2015; Zhang et al., 2019; Ahmad et al., 2021); (2) the

synthesis of PS VII in leaves aligns with the concept of phyto-

economics, as it is more convenient and requires less energy (Züst

and Agrawal, 2017; He et al., 2022). Owing to the glycosidic linkage

of PS VII, it can be enzymatically modified, leading to the formation

of other saponins through the relinking of sugar chains or changes

in the linkage position (Hua et al., 2022; Song et al., 2022). However,

we still lack more direct and convincing evidence of the variability

of the synthetic organization of the saponin types in Paris species

and other plant species with saponins, and further work is needed to

unravel their mystery so that a contribution can be made to the

production of high-quality Paris herbs and human health.

Nevertheless, these results certify that the leaf of PPY is a major

organ in the synthesis of PS VII.
PS VII synthesis in leaves regulated
by light intensity

The synthesis, transport, and distribution of plant metabolites

play a crucial role in plant defense against biotic stresses. For

instance, plants protect themselves from attackers by using

specialized metabolites and from herbivores by optimizing the

distribution of chemical defenses (Hunziker et al., 2021). Mature
FIGURE 8

The effect of light intensity on the distribution of saponins in leaf cells. Saponin precipitations can be observed as black masses indicated with blue arrows.
(A–C) Group CK with no saponin precipitation. (D–F) PPY leaves under LED 100 mmol m−2 s −1. (G–I) PPY leaves under LED 400 mmol m−2 s −1. UE, upper
epidermal cell; M, mesophyll cell; LE, lower epidermal cell; Ch, chloroplast (Ch); Ve, vesicle. Bars=5 mm (B, E, H); 10 mm (A, C, D, F, G, I).
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leaves often allocate defense compounds to vulnerable or

reproductive parts of the plant to enhance defense mechanisms

against herbivory (Hunziker et al., 2021; Gershenzon and Ullah,

2022). Additionally, saponins in plants such as Centella asiatica

have been found to increase resistance against UV oxidation

damage (Müller et al., 2013). Additionally, the level of leaf

saponin concentration can influence the response to high light

stress, with variations observed between young and old leaves

(Chen et al., 2019). Nevertheless, the specific mechanisms

underlying saponin synthesis, distribution, and accumulation in

leaves in response to abiotic stresses, particularly light intensity, are

poorly understood.

The present study revealed that plants grown under a light

intensity of 400 mmol m−2 s−1, which slightly inhibited the growth of

PPY in the controlled environment, exhibited higher PS VII

concentration in leaves than those grown under 100 mmol m−2 s−1.

Additionally, the distribution of saponins in leaf cell types was also

regulated, with a higher proportion of saponins found in the leaf

epidermal cells of plants grown under 400 mmol m−2 s−1. The

explanations for the light-induced regulation of saponin synthesis

and distribution may be based on the following aspects: (1) high light

intensity increases the availability of substrates for saponin synthesis,

thus driving the reaction in a positive direction. This is supported by

the higher number of starch granules observed under 400mmolm−2 s−1

than under 100 mmol m−2 s−1 (Figure 8H). (2) Similar to the role of

saponins in resistance toUVoxidative damage (Müller et al., 2013), the

increased synthesis and distribution of saponins in epidermal cells

under high light intensity may help protect against high light damage.

(3) High light intensity promotes the transport of saponins to

epidermal cells, and this feedback regulation may further modulate

saponin synthesis. Compartmentalization of secondary metabolism,

such as saponin synthesis, can effectively control the rate and direction

of metabolic flow, reduce the cytotoxicity of intermediates, and

minimize the metabolic burden on cells (Sun et al., 2023). The slow

rate of PS VII translocation between organs (Figure 2), suggests that

compartmentalization of PS VII in leaves is an effective strategy for

maintaining its synthesis rate. However, how light intensity regulates

saponin synthesis and distribution in leaves is still unclear, and further

work is needed to elucidate the underlying mechanisms.

Indeed, understanding the relationship between light and the

expression and signaling pathways of key genes involved in saponin

synthesis, such as PgMYB2, PgMYC2, PgWRKY1, and PgWRKY22,

and genes including PgDELLA, PnDS, and PnSE (Rahimi et al., 2016;

Deng et al., 2017; Liu et al., 2019b; Zheng et al., 2023), is crucial in

unraveling the light-mediated regulation of saponin synthesis in

Paris plants. These transcription factors and genes have been shown

to play important roles in the light-mediated regulation of saponin

synthesis in Panax. Further investigation into the expression patterns

and signaling pathways of these genes in Paris plants during saponin

synthesis will provide valuable insights into the molecular

mechanisms underlying the light regulation of saponin

metabolism. By gaining a higher-order understanding of these

regulatory processes, it will be possible to increase the production

of high-quality medicinal materials from Paris plants through

environmentally friendly and resource-efficient cultivation practices.
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Conclusion

In the present study, chemical phenotypic analysis, subcellular

localization, and 13C tracing have demonstrated at the physiological

level that the leaf rather than the rhizome of PPY is the main organ

for the synthesis of PS VII. However, PS VII is not stored in the leaves

but is instead transported through the vascular tissue to the rhizome

for storage. The synthesis of PS VII in leaves is regulated not only by

genetics but also by environmental cues, such as light intensity. The

proposed physiological mechanisms underlying the positive effects of

high light intensity on PS VII synthesis are as follows: (1) high light

intensity increases the availability of substrates required for saponin

synthesis; (2) promoting saponin synthesis protects leaves from

potential damage caused by high light; and (3) high light intensity

enhances the compartmentalization of saponins within the leaves,

including transfer to the upper epidermal cells, which in turn

feedback regulates saponin synthesis. These studies partially unveil

the tissue-specific and light-regulated properties of PS VII synthesis

in PPY and lays the theoretical foundation for the development of

double high (high yield and high quality) cultivation practices. The

tissue specificity of the synthesis of saponin types and the genetic and

ecological mechanisms of light-regulated saponin synthesis should

be the focus of future studies.
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Untargeted metabolomics
reveal rhizosphere metabolites
mechanisms on continuous
ramie cropping
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Qiulin Gong2, Guang Li1, Qian Lin1* and Siyuan Zhu1*

1Institute of Bast Fiber Crops, Chinese Academy of Agricultural Sciences, Changsha, China,
2Selenium Resources Development and Utilization Center, Yichun Agricultural and Rural Bureau,
Jiangxi, China
Ramie is an important fiber feed dual-purpose crop in China and plays an

important role in the national economy. However, ramie yield and quality can

be reduced after many years of continuous cultivation. Currently, relatively little

research has been conducted on rhizosphere metabolites and their pathways in

continuous ramie cropping. Therefore, a healthy group (CK) and obstacle groups

(XZQG, JZ, DJY, and GXD) with 8 years of continuous cultivation were selected

for the study. LC-MS and GC-MS untargetedmetabolomics were used to explore

and analyze ramie rhizosphere metabolites and pathways. The results revealed

that significant differences in the agronomic traits of ramie occurred after 8 years

of continuous cultivation, with dwarfed plants and decreased yields in the

obstacle groups. Metabolomic analysis identified 49 and 19 rhizosphere

metabolites, including lipids, organic acids, phenols, and amino acids. In

addition, four differential metabolic pathways (phenylpropanoid biosynthesis,

fatty acid metabolism, amino acid metabolism, and ascorbate and aldarate

metabolism) were elucidated. It was also clarified that sinapic acid, jasmonic

acid, glutamine, and inositol might be the main metabolites affecting ramie

continuous-cropping obstacle groups, and they were significantly correlated

with ramie agronomic traits and physiological indicators. This provided important

insights into the mechanisms affecting continuous ramie cropping. Accordingly,

it is expected that the increase or decrease of sinapic acid, jasmonic acid,

glutamine, and inositol in the soil will alleviate obstacles to continuous ramie

cropping and promote the healthy development of the ramie industry in

the future.

KEYWORDS

ramie, untargeted metabolomics, rhizosphere metabolites, metabolic pathways,
continuous cropping
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1 Introduction

Ramie (Boehmeria nivea L. Gaud) belongs to the genus

Boehmeria, family Urticaceae, and is a perennial herbaceous fiber

plant with persistent roots, commonly known as “Chinese grass.”

China accounts for more than 90% of the world’s ramie production

in terms of the area under cultivation and total production, is rich in

germplasm resources, and dominates the international market.

Ramie fiber is an excellent raw material for the textile industry,

and its root system has a high medicinal value (Rehman et al., 2020).

Under normal conditions, ramie roots can self-renew and grow for

10–20 years or even longer. However, after 3–5 years of continuous

long-term cultivation, ramie renewal, root damage and root rot are

inevitable. This is a major crop disorder that commonly occurs after

heavy ramie cropping. Pathogenic microorganisms intensify, cell

structure changes, and in severe cases, the life span shortens, and

whole plant death can occur (Wang Y. et al., 2020; Zhu et al., 2018).

These phenomena were typical of persistent ramie diseases.

Therefore, it is important to understand the complex mechanisms

of the obstacles to continuous ramie cropping.

Continuous cropping is the practice of planting the same crop

or family on the same plot of land for many years. This can result in

poor plant growth and development, smaller yellow leaves,

increased disease, reduced crop quality, and lower yield (Lyu

et al., 2022). In recent decades, experts worldwide have begun to

use crop science and ecology to study the barriers to continuous

cropping at greater depths. For example, continuous cropping of

soybean leads to the frequent occurrence of soil-borne fungal

diseases (Song et al., 2022); long-term continuous cropping of

strawberry leads to unfavorable inter-root soil conditions and

reduces soil physicochemical properties and enzyme activities (Li

et al., 2018); and continuous cropping of oil flax reduces the

diversity of soil bacteria and affects the structure of the bacterial

community (Wang L. G. et al., 2022). Wang Y. et al. (2020) found

that continuous ramie cropping negatively affected ramie itself,

affecting the physiological, biochemical, and root microbial

community diversity. According to the results of Bai (2017),

potential chemosensitive substances in ramie have a negative

impact on ramie itself, affecting its physiology, biochemistry, and

root microbial community diversity.

The effects of continuous cropping are significant, while two

categories of factors are reported in the literature regarding the

formation of disorders in crops: abiotic and biotic. Abiotic factors

are mainly considered as altered physical and chemical properties of

the soil, improper application of fertilizers and herbicides, soil

nutrient imbalance, poor soil structure, and irrigation practices

(Subhashini and Kumar, 2019; Wang S. et al., 2020). Biotic factors

include mainly many biotic and abiotic factors, such as changes in

microbial communities (Dong et al., 2017), enrichment of soil-

borne plant pathogens (Liu et al., 2014), decreased soil enzyme

activity (Fu et al., 2017), changes in soil physicochemical properties

(Kaur and Singh, 2014; Perez-Brandan et al., 2014; Li et al., 2018),

and plant self-toxicity (Van Wyk et al., 2017). In recent

years, research on cropping barriers has focused on the

chemosensitization of plant autotoxic substances, which is defined
Frontiers in Plant Science 0258
as a biological phenomenon in which an organism affects the

germination, growth, survival, and reproduction of other

organisms in the same community by producing one or more

biochemical substances (Xu et al., 2012; Huang et al., 2021). The

long-term continuous cropping of soybean leads to the

accumulation of harmful secondary metabolites (phenolic acids,

benzene, and esters) in root secretions, resulting in soybean

autotoxicity and reduced yield and quality (Cui et al., 2018).

Previous studies in our laboratory (Wang Y. et al., 2020) found

that metabolites such as cysteine, glycine, uracil, and malonic acid

were disturbed after continuous ramie cropping and were used as

risk markers. The present study builds on these findings by selecting

a healthy control group and four species that developed continuous

crop disorder to further explore the changes in ramie rhizosphere

metabolites and their mechanisms in various continuous

cropping groups.

Metabolomics is an important component of systems biology that

identifies the full spectrum of detectable metabolites present in

biological systems (Wang R. et al., 2022). It is a powerful

bioanalytical tool widely used for qualitative and quantitative studies

of metabolites in various test samples. Although untargeted gas

chromatography-mass spectrometry (GC-MS) and liquid

chromatography-mass spectrometry (LC-MS) have been widely used

to detect many plant metabolites (Dhawi et al., 2016; Son et al., 2016),

few studies have reported the application of metabolomics to explore

crop-linked disorders in ramie. Therefore, in this study, we used an

untargeted metabolomics approach that combines LC-MS and GC-

MS. We selected a healthy group after 8 years of cultivation (CK) and

ramie varieties (XZQG, JZ, DJY, and GXD) that developed continuous

crop disorder as experimental materials to investigate the effects of

continuous and non-continuous group treatments on ramie biomass,

rhizosphere soil physicochemical properties and rhizosphere

Metabolites and metabolic pathways. These results provide a

comprehensive understanding of the stress state of ramie after

continuous cropping. It may provide important insights into the

mechanisms of the obstacles to continuous ramie cropping and may

help to alleviate the effects of continuous ramie cropping by regulating

related metabolites and metabolic pathways to promote the healthy

development of the ramie industry.
2 Materials and methods

2.1 Plant materials collection

Ramie cultivars were planted in a test field at the Institute of

Bast Fiber Crops, Chinese Academy of Agricultural Sciences,

Changsha, China. Five ramie germplasm resources, comprising a

healthy (CK) and four damaged varieties (XZQG, JZ, DJY, and

GXD), that had been cultivated for 8 years and provided the names,

collection sites, categories, and resequencing data summary in

Table S1. The experiment began in March 2015 and lasted until

June 2022, during which the plot was cultivated using a continuous

cropping system (3 seasons per year for 5 consecutive years). All the

plots were cultivated under the same cropping system and
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https://doi.org/10.3389/fpls.2023.1217956
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Fu et al. 10.3389/fpls.2023.1217956
conditions, including annual sowing time, harvest time,

fertilization, and irrigation methods. The rhizosphere soil samples

were collected on August 3, 2022, from successive crops and then

mixed thoroughly. The mixed soil samples from each group were

divided into two parts for GC-MS and LC-MS analyses (6 samples

were randomly selected for both, n = 6), and 30 ramie rhizosphere

soil samples were prepared for each of these two analyses. All

col lected samples were stored at −80°C immediately

after preparation.
2.2 Plant agronomic traits and
physiological measurements

The measured agronomic traits included stem length (SL, cm),

stem diameter (SD, mm), bark thickness (BT, mm), bark weight

(BW, kg), Fiber yield (FY, g) and fiber yield (FOR, %). Following

simultaneous sampling, enzyme activity was measured in the

collected rhizosphere soil samples. The activities of the soil

enzymes acid phosphatase (S-ACP), neutral phosphatase (S-NP),

urease (S-UE), and sucrase (S-SC) were measured using ELISA kits

(MLBIO, Shanghai, China) as describe by Zhao et al. (2022). Soil pH

was measured using a pH after the samples were dried at 105°C for

24 hours to determine soil moisture content. Soil pH was

determined using a calibrated pH meter (soil: solution ratio

of 1:2.5).
2.3 Sample preparation

For untargeted metabolite analysis, each sample of

approximately 0.5 g was sonicated for 2 min by adding 1 mL of

pre-cooled solvent (methanol/water 1:1 (v/v), containing L-2-

chlorophenylalanine, 2 mg/mL), followed by centrifugation

(10 min at 4°C and 12000 rpm) and 1 mL was transferred to a

sample vial. Next, 200 mL of methanol-water (1:4 (v:v)) was

redissolved for 3 min, and the reaction was carried out at −40°C

for 30 min. The sample was then centrifuged (10 min at 4°C and

12000 rpm), and 150 mL of the supernatant was aspirated, filtered

through a 0.22 mm organic phase pinhole filter, and transferred to a

vial for LC-MS analysis. In parallel, a 100 mL aliquot of the

supernatant was transferred to a glass sampling vial, and then 80

mL of methoxypyridine hydrochloride solution (15 mg/mL) was

added, vortexed for 2 min, and then incubated at 37°C for 60 min.

Subsequently, 50 mL of BSTFA derivatization reagent and 20 mL of

hexane were added, vortexed for 2 min, and then incubated at 70°C

for 60 min. Samples were incubated at 25°C for 30 min and

subjected to GC-MS metabolomic analysis.
2.4 LC-MS-based untargeted
metabolomics analysis

LC-MS setup: The injection volume was 10 mL. The separation
was performed on an HSS T3 C18 column (100 mm × 2.1 mm × 1.8

mm,Waters) with the column temperature maintained at 50 °C. The
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gradient elution program was set as follows: 0-2 min, 100% A; 2-

11 min, 0%-100% B; 11-13 min, 100% B; 13-15 min, 0%-100% A.

The Q-TOF mass spectrometer was operated in positive and

negative ion modes. ESI source temperature: 120°C; desorption

temperature: 450°C; desorption gas: 800 L/h; cone gas: 50 L/h; TOF

mass range: 50-1200 Da; scan time: 0.2s. The LC-MS metabolic

profiles were acquired using an ACQUITY UHPLC system (Waters

Corporation Milford, USA) with an AB SCIEX Triple TOF 5600

system (AB SCIEX, Framingham, MA, USA) in the ESI positive and

negative ion modes. The QC samples were injected at regular

intervals (every 6 samples) throughout the analysis to provide a

data set to assess reproducibility. The raw LC-MS data were

provided by Luminous (Shanghai, China), and metabolites were

identified primarily based on RT m/z pairs and tandem mass

spectrometry (MS/MS) spectra, HMDB (https://hmdb.ca/), LIPID

MAPS (https://lipidmaps.org/), and a self-constructed database.

The data matrix, including 3D datasets of m/z, RT peaks, and

intensities, was exported as an Excel file for further analysis.
2.5 GC-MS-based untargeted
metabolomics analysis

GC-MS setup: GC-MS analysis was performed using a hybrid

quadrupole-Orbitrap GC-MS/MS system (Q Exactive GC,

ThermoFisher). The sample volume injected was 1 mL at a carrier

gas flow rate of 1 mL/min of helium. The oven temperature was

initially set to 50°C and held for 1 min, ramped up to 100°C at 10°C/

min, and immediately ramped up to 200°C at 10°C/min and held

for 1 min, then ramped up to 320°C at 10°C/min. The ion source

temperature was set to 230°C. The scan range was 50.0 to 650.0 m/z,

and the mass spectrum was acquired in electron ionization mode

(70 eV).

The raw data from the GC-MS analysis were converted to ABF

(Analysis Base File) format using analysis base file converter

software, and peak detection, deconvolution, alignment, and

filtering were performed to identify the metabolites based on the

LUG database ((Untargeted database of GC–MS from Lumingbio)),

removing all internal standards and false positive peaks. The raw

data matrix of the sample information, retention times, and peak

intensities was then exported to an Excel file for further analysis.
2.6 Multivariate and univariate analysis and
biological pathway analysis

Partial least squares discriminant analysis (PLS-DA) is

a supervised clustering method that uses multiple linear

regression techniques to maximize separation between groups and

to help understand which variables carry class separation

information (Yang et al., 2018). PLS-DA was performed on the

LC-MS and GC-MS results using online resources (http://

www.metaboanalyst.ca/). The variable importance (VIP) in the

projection is the weighted sum of squares from the PLS-DA

analysis, which indicates the importance of a variable to the

overall model. Metabolites with a VIP > 1 and P< 0.05were
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considered significant. Univariate (one-way ANOVA) analysis of

LC-MS/MS results was performed using an online resource (http://

www.metaboanalyst.ca/) (Miska et al., 2021). Biological pathway

analysis was performed on all metabolites data using

MetaboAnalyst 5.0. The calculated impact value threshold for

pathway identification was set to 0.1 (Li et al., 2022).
3 Results

3.1 Effects of continuous soil cropping
on ramie

After 8 years of continuous cropping of ramie plants, the ramie

grown in the 1-year rhizosphere soil was very robust (defined as the

CK group), whereas the ramie grown in the four varieties in the

continuous cropping had weak growth and low yield (defined as
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the obstacle groups). The values of plant height, stem diameter, bark

thickness, weight, and weight of fresh and dry fibers were lower in

the impaired group than in the healthy group (P<0.001; Figure 1).

These findings confirm that there is a great difference between

growing the CK and obstacle groups in the same field.

Most of the pH values tested in the 8-year rhizosphere soil were

bellow pH 7, indicating an acidic soil. At the same time, there were

significant differences in the rhizosphere soil enzyme activities among

the different planting years. The activities of polyphenol oxidase,

neutral phosphatase, and urease were lower than the CK group,

whereas the urease activity increased (Table 1). Meanwhile, it was

found that there were significant differences in soil enzyme activities

among different cropping years (P < 0.001, Figure 1). The activities of

soil acid phosphatase (S-ACP) and soil neutral phosphatase(S-NP)

decreased with increasing years of continuous cropping and were all

lower than those of the CK group, whereas soil urease (S-UE) activity

increased after 8 years of continuous cropping (Table 1).
A

B D

E F G

C

FIGURE 1

(A) Diagram of ramie after five years of continuous cropping. From left to right: CK; XZQG; JZ; DJY; GXD. (B) SL. (C) SD. (D) BT. (E) BW. (F) FY.
(G) FOR. **indicates a significant difference at the p <0.001 level.
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3.2 Metabolic profiles analyzed by GC–MS
and LC–MS

Metabolite profiling was performed on the rhizosphere soil

samples of the CK and four obstacle groups (XZQG, JZ, DJY, and

GXD) using LC-MS and GC-MS. In the LC-MS analysis, PLS-DA

was used to identify the metabolites that led to the separation

between the CK and obstacle groups. The results showed that the

different groups underwent relatively clear clustering, and there

was no significant sample overlap, suggesting that the metabolites

detected using LC-MS differed significantly between species

(Figure 2A). Furthermore, when the CK group was compared

with each obstacle group, the CK group and the other groups were

located within a 95% Hotelling’s T2 ellipse in the PLS-DA models,

showing a clear separation (Figures 2B-E). A further 7-fold

internal cross-validation and 200 permutation tests were

performed to assess these models’ predictive accuracy and

statistical significance. The slopes of the R2Y and Q2Y straight

lines were found to be very close to the horizontal straight line for

each group compared to the CK group (Figure S1). In the GC-MS

analysis, the CK group in the PLS-DA models showed the same

significant separation from the other total obstacle groups

(Figure 2G), as wel l as when compared individual ly

(Figures 2H-K). The blue regression line at the Q2 point was

below zero with the vertical axis in the 200 permutations 1

component test, and these PLS-DA models showed a low

overfitting risk. These results suggest that the PLS-DA models

can identify enriched metabolites that differ between the CK and

obstacle groups (Figure S2).
3.3 Changed metabolites in ramie soil
between the CK and obstacle groups

A comprehensive LC-MS and GC-MS untargeted metabolomics

approach was used to analyze the overall metabolic profiles of

continuous ramie crop soil samples. We selected metabolite peaks

with a coefficient of variation (CV) <15% in 30 quality control

samples and selected metabolites with large differences based on the

VIP value of the PLS-DA model (VIP>1) and the corrected p-value

of the Student’s t-test (p-value < 0.05). As shown in Figure 2, the

differentially expressed metabolites produced under different

explosive exposures in the LC-MS analysis were mainly lipids and
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lipid-like molecules (47–69), organic acids and their derivatives

(27–53), and organic oxygen compounds (25–46), whose abnormal

differences in metabolites may be responsible for cytotoxicity.

Simultaneously, when the CK group and the obstacle groups were

analyzed using LC-MS untargeted metabolomics, 49 metabolites

were identified and quantified (Figure 2F), of which 27 were

upregulated, and 22 were downregulated (VIP>1; Table S2). In

GC-MS analysis, the differential metabolites mainly included

organic oxygen compounds (5–23), organic acids and their

derivatives (2–20), lipids and lipid-like molecules (8–10), organic

heterocyclic compounds (2–7), phenylpropanoids and their

derivatives (1–5), among others (Figure 3), while the CK group

combined with obstacle group analysis revealed that 19 metabolites

were quantified (Figure 2L); 12 metabolites showed an increasing

trend and 7 metabolites showed a decreasing trend (VIP>1,

Table S3).
3.4 Metabolic pathways of differential
abundant metabolites

The above significantly altered metabolites are involved in

several important metabolic pathways. Subsequently, we searched

49 metabolites from the LC-MS (Figure 2F) and 19 metabolites

from the GC -MS (Figure 2L), determined using the Venn diagrams

in the KEGG database, which revealed 10 metabolic pathways

Tables S2, S3) that were altered in continuous ramie soil crops.

Simultaneously, we performed enrichment analysis using

MetaboAnalyst 5.0 to characterize the affected biological

pathways and constructed as chematic diagram showing that

there were 20 differential metabolites of interest in these

differentially enriched metabolic pathways (Figure 4). These

differentially enriched metabolic pathways were classiedas

phenolic, lipid, aminoacid, nucleoside, ascorbate, and aldarate

metabolic pathways.

Among these differentially enriched metabolic pathways, seven

had impact values >0.1, which is the correlation threshold following

pathway enrichment and topological analysis. Based on negative log

(P) and impact values, we identified ramie as a significantly

correlated pathway in soil secretion for phenylalanine, tyrosine

and tryptophan biosynthesis; phenylalanine metabolism;

pyrimidine metabolism; fatty acid metabolism; histidine

biosynthesis; arginine biosynthesis; and ascorbate and aldarate
TABLE 1 Differences in soil chemical parameters between the CK and Obstacle group.

CK XZQG JZ DJY GXD P-value

PH 7.03 ± 0.10 5.42 ± 0.02 5.24 ± 0.02 4.79 ± 0.03 5.82 ± 0.02 <0.001

S-ACP (nmol/h/g) 1155.40 ± 7.64 2096.21 ± 4.58 2482.29 ± 3.51 3067.51 ± 6.54 1697.94 ± 2.64 <0.001

S-NP (nmol/h/g) 842.09 ± .00 158.99 ± 2.65 547.69 ± 2.00 283.19 ± 2.52 628.19 ± 1.00 <0.001

S-UE (mg/d/g) 52.72 ± 1.15 67.76 ± 1.00 70.16 ± 4.16 57.68 ± 1.00 87.68 ± 1.53 <0.001

S-SC (mg/d/g) 8.00 ± 0.15 6.14 ± 0.15 5.93 ± 0.10 6.54 ± 0.01 5.97 ± 0.06 <0.001
fron
Values followed by different letters were significantly different according to Duncan’s multiple range tests (P <0.001).
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metabolism. Their impact values were 0.5, 0.36, 0.23, 0.23, 0.16,

0.14, 0.13, respectively (Figure 5).
3.5 Associations between metabolic
changes and physiological parameters

A Spearman correlation analysis was performed to evaluate

the relationship between the 20 annotated metabolites and 11

physiological parameters in continuous ramie cropping soils.

Only the correlations with P < 0.05 were highlighted in the

heat map (Figure 6). In phenylpropanoid biosynthesis following

continuous ramie cropping, caffeic acid, sinapinic acid, trans-

ferulic acid, and phenylalanine were positively correlated with SL,

BT, SD, BW, FOR, FY, PH, S-NP, and S-SC, and negatively

correlated with S-ACP and S-UE, suggesting that phenolic acids

could be used in ramie metabolic pathways. Regarding fatty acid

metabolism, tetracosanoic acid, jasmonic acid, and 4-
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hydroxycrotonic acid were positively correlated with agronomic

traits (SL, BT, SD, BW, FY, and FOR) and negatively correlated

with S-UE, indicating that highly expressed lipid metabolites may

disrupt normal plant growth homeostasis and adversely affect

plants. In amino acid and derivative metabolism, L-histidine, L-

lysine, and citrulline were positively correlated with S-UE and S-

ACP and negatively correlated with other physiological

indicators, which demonstrated that soil urease activity and soil

acid phosphatase activity were enhanced after years of

continuous ramie cultivation. Plant antioxidant capacity was

also enhanced. Myo-inositol, which is derived from ascorbate

and aldarate metabolism, has important antioxidant effects and

can scavenge reactive oxygen species and free radicals.

Accordingly, myo-Inositol was positively correlated with S-

ACP, S-SC, and S-UE and negatively correlated with other

physiological indicators, implying that this metabolite may also

be an effective metabolite for improving the environment during

continuous cropping.
A B
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FIGURE 2

Metabolomic analysis of ramie continuous crop obstacle groups. (A) PLS-DA score plots of LC-MS between CK group and all obstacle groups (B-E)
PLS-DA score plots of LC-MS between CK group and each obstacle group, (F) LC-MS metabolite Venn diagram; (G) PLS-DA score plots of GC-MS
between CK group and all obstacle groups (H-K) PLS-DA score plots of GC-MS between CK group and each obstacle group, (L) GC-MS metabolite
Venn diagram.
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4 Discussion

The current data suggest that ramie may have undergone strong

metabolic changes following 8 years of continuous cropping.

Identifying these metabolites could be useful in developing

potential chemical markers for monitoring or even predicting

whether ramie plants are affected by continuous cropping. In the

present study, a combination of metabolomic analyses focusing on 49

metabolites in LC-MS and 19 differential metabolites in GC-MS and

their significantly related metabolic pathways, revealed significant

differences with ramie agronomic properties, enzyme activity, and

other indicators, which provided new insights into the barrier

response of soil metabolites after continuous ramie cropping.
4.1 Phenylpropanoid pathway

The phenylpropanoid pathway, a classical metabolic pathway

associated with the induction of resistance, can inhibit or scavenge

ROS in cells under biotic or abiotic stress, thereby protecting

proteins, membrane lipids, DNA, enzymes, and other organellar

components from severe damage (Chen et al., 2006; Xu et al., 2019;

Oliva et al., 2021; Wang et al., 2021). Notably, in the present study,

some compounds associated with phenylpropanoid biosynthesis,

such as cinnamic acid and cis-p-coumaric acid, increased the
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relative abundance of ramie growth in the obstacle group by 1–3-

fold compared to the CK group (P<0.05), which may be due to an

overreaction of stress to ROS, producing secondary metabolites that

protect themselves from oxidative damage by reactive oxygen

species generated by adversity stress. This is similar to the

findings of Zhao et al. (2018), who found that phenylalanine and

4-hydroxycinnamic acid levels were enhanced in maize under

adverse stress. Interestingly, phenylalanine, as well as derivatives

of hydroxycinnamic acid (caffeic acid, trans-ferulic acid, and

mustardic acid), showed a significant downward trend relative to

the CK group, especially the downstream phenylpropanoid pathway

compound (mustardic acid), which showed a 5–10-fold decrease in

relative abundance (Table S4). It is well known that aromatic acids

are important metabolites for the study of phenylpropanoid

metabolism involved in the regulation of plant growth and

development and response to adversity. They are widely present

in the plant kingdom, where they possess antioxidant, antibacterial,

anti-inflammatory, anticancer, and anxiolytic activities (Nićiforović

and Abramovič, 2014). This suggested that the metabolism of the

phenylpropanoid biosynthetic pathway was disrupted after ramie

crop succession. Meanwhile, correlation analysis of physiological

indicators of ramie showed that phenylalanine, caffeic acid,

sinapinic acid, and trans-ferulic acid in the phenol propane

pathway were positively correlated with SL, BT, SD, and S-NP

and significantly correlated with SL with correlation coefficients of
FIGURE 3

Analysis of differentially expressed metabolites classification statistics using LC-MS and GC-MS.
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0.814, 0.982, 0.961, and 0.972, respectively (Table S4). In addition,

the metabolomic analysis results showed that these metabolites

were downregulated, indicating that these phenolic acid products in

ramie inter-root metabolites seriously affected the normal growth of
Frontiers in Plant Science 0864
ramie plants and led to poor plant growth. This indicates that these

metabolites can promote plant growth at certain concentrations.

Interestingly, cinnamic acid and cis-p-coumaric acid in the phenol-

propane pathway were negatively correlated with SL, BT, PH, SD,
FIGURE 4

Schematic diagram of the main metabolic pathways affected by ramie rhizosphere soil metabolites. The red text represents metabolites with
increased concentrations, and green text represents metabolites with decreased concentrations.
FIGURE 5

Schematic metabolome profiles of the significant metabolic pathways in
ramie after continuous cropping. Each bubble in the figure is a
metabolic pathway, with the x-axis indicating pathway enrichment and
the y-axis indicating pathway impact. The size and color represent the
enrichment and impact values of the major pathway, respectively.
FIGURE 6

Association network analysis between metabolite changes and
physiological parameters in continuous ramie cropping soil. The
absolute values of Pearson correlation coefficients above the
threshold are shown (P<0.01), and the correlation levels are
indicated as red (positive correlation) or blue (negative correlation),
with darker colors indicating stronger correlations. Symbols
provided on bars: *: P < 0.05; **: P < 0.01; ***: P < 0.001.
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and S-NP; in particular, cinnamic acid and cis-p-coumaric acid

were correlated with BT with the highest correlation coefficients of

-0.683 and -0.781, respectively (Table S4). These two metabolites

were upregulated in the metabolomic analysis, indicating that high

concentrations of phenolic acids can inhibit ramie growth and lead

to the development of succession disorders. This result was

mirrored in a similar study by Li et al. (2017), in which cinnamic

acid had an inhibitory regulatory effect on cucumber

morphogenesis and development. In conclusion, while some

metabolites (phenylalanine, caffeic acid, sinapinic acid, trans-

ferulic acid) were depleted to protect the plants from adverse

stress, the intermediates of phenylalanine metabolism (cinnamic

acid, cis-p-coumaric acid) appeared to accumulate, indicating that

the accumulation and depletion of secondary metabolites in ramie

are both manifestations of ramie’s response to continuous ramie

cropping and subsequently ensure the normal growth of ramie.
4.2 Fatty acid metabolism

Fatty acids, which are components of cell membranes, are

essential for maintaining cell fluidity and integrity under various

stress levels (Raval et al., 2017). Interestingly, the fatty acids that

were upregulated in the CK group compared with those in the

obstacle groups were mainly saturated fatty acids, including

pentadecanoic acid and tetracosanoic acid, some of which are

metabolites derived from the malonyl-CoA precursor of flavonoid

biosynthesis (Lyu et al., 2018). Raval et al. (2017) also found a

higher accumulation of palmitic and stearic acids in an adversity

study. This could indicate that adversity induces changes in fatty

acid composition. However, unsaturated fatty acids make

membranes more susceptible to ROS attack (Paupière et al.,

2014). In the current study, unsaturated fatty acids (jasmonic

acid and 4-hydroxycrotonic acid) were significantly down-

regulated by 1–3 fold relative to the CK group, demonstrating

that the saturated level of fatty acids seems to have a critical effect

on membrane stability and normal growth of ramie plants.

Simultaneously, jasmonic acid and 4-hydroxycrotonic acid were

positively correlated with agronomic traits, such as SL, BT, PH,

SD, and S-NP, especially in the jasmonic acid variable with SL, BT,

SD, and S-NP, with significant correlations of 0.857, 0.749, 0.739,

and 0.811, respectively (Table S4). These results are similar to the

view that jasmonic acid initiates the plant immune defense

response and activates related genes and metabolites (Zhang

et al., 2017). Notably, jasmonic acid is an endogenous growth

regulator present in higher plants with physiological effects, such

as inhibition of plant growth, promotion of leaf senescence, and

enhancement of resistance. More strikingly, jasmonic acid-like

JA-mediated signaling pathways are closely related to plant

resistance and can induce the expression of resistance genes,

effectively mediating plant defense responses to pathogenic

bacteria, herbivores, and abiotic stresses, inducing the

expression of a series of defense genes, synthesis of defense

response chemicals, and modulation of plant immune and stress

responses (Han, 2017). Preliminarily, jasmonic acid may be one of

the factors affecting ramie succession.
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4.3 Amino acid and derivatives metabolism

The accumulation of amino acids and other nitrogenous

compounds has been observed in many studies on plants

exposed to adversity (Sanchez et al., 2008). The current study

showed that the altered amino acids were mainly involved in the

metabolism of arginine, proline, histidine, and lysine. Specifically,

lysine, citrulline, histidine, and methionyl glutamine were

upregulated, especially methionyl glutamine was upregulated by

a factor of 10–40 (Figure S3). Glutamine is an important form of

nitrogen present in plants and is a precursor for the intracellular

biosynthesis of many important substances, such as nucleic acids,

nucleotides, amino sugars, and proteins, as well as a carrier of

nitrogen during ammonia and urea synthesis in vivo. Glutamine

is also an important component of the nitrogen cycle; in rapidly

multiplying and differentiating cells and tissues, it is

preferentially selected as the main energy source and plays a

key role in nitrogen assimilation, recycling, transport, and

storage. (Zhao et al., 2018). The increase in glutamine and

glutamate levels was also consistent with previous reports

showing that glutamine is significantly upregulated and

elevated in response to adverse stress (Rizhsky et al., 2004). In

addition, the correlation between glutamine and S-UE was

significant, with a correlation coefficient of 0.889 (Table S4),

indicating that glutamine affected urease activity in ramie soil and

was closely related to soil nutrient regulation. In conclusion, the

increase in glutamine may imply that ramie was under adverse

stress after continuous cropping and needed to continuously

enhance nitrogen assimilation, cycling, transport, and storage.
4.4 Ascorbate and aldarate metabolism

The ascorbic acid pathway is critical for regulating plant growth,

inducing flowering, delaying senescence, scavenging self-reactive

oxygen species and free radicals, reducing damage caused by stress,

and ensuring normal metabolic function (Gallie, 2013). A study

conducted on two wheat species showed that endogenous ascorbic

acid content increased because of cold stress (Kader et al., 2011). An

explanation for the elevated ascorbic acid levels could be an

expression of plant stress resistance (Sivaci et al., 2014). While

inositol is considered an essential vitamin-like ascorbic acid

pathway substance that is converted to the TCA cycle through

galactose metabolism, the plant body can synthesize inositol

autonomously; if inositol metabolism is insufficient or impaired in

plants, plant stress tolerance, growth, and development will be

limited (Sang et al., 2017). In contrast, in the current study, vitamin

and cofactor metabolism (inositol) after ramie crop succession

played critical roles as intermediates of sugar, fatty acid, and

amino acid metabolism. As shown in Figures 5, S3, one inositol

metabolite was significantly upregulated in severe tillage soil

damage stress, suggesting that ramie plants may reduce the

concentration of reactive oxygen species through the ascorbic acid

metabolic pathway, thereby mitigating free radical damage to

plants. The antioxidant process involved in ascorbic acid is also

an important defensive response of ramie in response to inheritance
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disorders. In contrast, in the present study, the metabolism of

vitamins and cofactors (inositol) after ramie crop succession

played a critical role as intermediates of sugar, fatty acid, and

amino acid metabolisms. As shown in Figure 5; Supplementary

Tables S3, one inositol metabolite was significantly upregulated in

severe tillage soil damage stress, suggesting that ramie plants may

reduce the concentration of reactive oxygen species through the

ascorbic acid metabolic pathway, thereby mitigating free radical

damage to plants. The antioxidant process involved in ascorbic acid

is also an important defensive response of ramie in response to

inheritance disorders. According to the correlation analysis with

physiological indicators of ramie, inositol metabolites were

negatively correlated with SD, BW, FOR, FY, and S-NP, with

correlation coefficients of -0.811 -0.904 -0.917 -0.895 -0.836,

respectively (Table S4). This indicated that traits such as SD, BW,

FY, and S-NP of ramie reflected adverse effects when more inositol

metabolites were secreted into the soil and that inositol metabolites

can be used as a marker of disease.

As mentioned above, this study simultaneously elucidated that

sinapic acid, jasmonic acid, glutamine, and myo-inositolmay be the

main metabolites affecting ramie continuous cropping obstacles,

and provided important insights into the mechanisms of the

obstacles to continuous ramie cropping.
5 Conclusion

In summary, in the present study, metabolomics based on LC-

MS and GC-MS was used to systematically investigate the

metabolite composition, abundance, and metabolic pathways in

ramie following continuous ramie cropping, revealing significant

changes in the levels of phenylpropane compounds, fatty acids,

amino acids, and other important metabolites. Furthermore, we

demonstrated the enhanced resistance of ramie plants to the ramie

continuous cropping barrier, predicted that these metabolites may

function in concert to establish a complex metabolic network for

mitigating ramie continuous cropping barriers, and provided

important insights into the mechanism of the obstacles to

continuous ramie cropping.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Frontiers in Plant Science 1066
Author contributions

SZ designed the experiments. QL and YW and provided

experimental methods. QG and GL performed the research, YF,

TL and XW analyzed the data and wrote the manuscript and

reviewed the manuscript. All authors contributed to the article

and approved the submitted version.
Funding

This work was supported by grants from the National Natural

Science Foundation of China (31571618 and 31771734), the

Agricultural Science and Technology Innovation Program

(ASTIP-IBFC), Supported by China Agriculture Research System

of MOF and MARA (CARS-16-E12), and the science and

technology innovation Program of Hunan Province(2022RC1160).
Acknowledgments

We thank the Shanghai Luming Biological Technology Co., Ltd

(Shanghai, China) for providing metabonomics services.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1217956/

full#supplementary-material
References
Bai, Y. (2017). Effect of potential allelochemicals from ramieon rhizosphere microbial
diversity andphysiology and biochemistry of ramie [D]. Hunan Agricultural University.

Chen, J. Y., Wen, P. F., Kong, W. F., Pan, Q. H., Wan, S. B., and Huang, W. D.
(2006). Changes and subcellular localizations of the enzymes involved in
phenylpropanoid metabolism during grape berry development. J. Plant Physiol. 163
(2), 115–127. doi: 10.1016/j.jplph.2005.07.006
Cui, J. Q., Sun, H. B., Sun, M. B., Liang, R. T., Jie, W. G., and Cai, B. Y. (2018). Effects
of funneliformis mosseae on root metabolites and rhizosphere soil properties to
continuously-cropped soybean in the potted-experiments. Int. J. Mol. Sci. 24, 19
(8):2160. doi: 10.3390/ijms19082160

Dhawi, F., Datta, R., and Ramakrishna, W. (2016). Mycorrhiza and heavy metal
resistant bacteria enhance growth, nutrient uptake and alter metabolic profile of
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1217956/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1217956/full#supplementary-material
https://doi.org/10.1016/j.jplph.2005.07.006
https://doi.org/10.3390/ijms19082160
https://doi.org/10.3389/fpls.2023.1217956
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Fu et al. 10.3389/fpls.2023.1217956
sorghum grown in marginal soil. Chemosphere 157, 33–41. doi: 10.1016/
j.chemosphere.2016.04.112

Dong, L., Xu, J., Zhang, L., Yang, J., Liao, B., Li, X., et al. (2017). High-throughput
sequencing technology reveals that continuous cropping of American ginseng results in
changes in the microbial community in arable soil. Chin. Med. 12, 18. doi: 10.1186/
s13020-017-0139-8

Fu, H. D., Zhang, G. X., Zhang, F., Sun, Z. P., Geng, G. M., and Li, T. L. (2017).
Effects of continuous tomato monoculture on soil microbial properties and enzyme
activities in a solar greenhouse. Sustainability 9, 317. doi: 10.3390/su9020317

Gallie, D. R. (2013). The role of l-ascorbic acid recycling in responding to
environmental stress and in promoting plant growth. J. Exp. Bot. 64 (2), 433–443.
doi: 10.1093/jxb/ers330

Han, G. Z. (2017). Evolution of jasmonate biosynthesis and signaling mechanisms. J.
Exp. Bot. 68 (6), 1323–1331. doi: 10.1093/jxb/erw470

Huang, W., Sun, D., Wang, R., and An, Y. (2021). Integration of transcriptomics and
metabolomics reveals the responses of sugar beet to continuous cropping obstacle.
Front. Plant Sci. 12. doi: 10.3389/fpls.2021.711333

Kader, D. Z. A., Saleh, A. A. H., Elmeleigy, S. A., and Dosoky, N. S. (2011). Chilling-
induced oxidative stress and polyamines regulatory role in two wheat varieties. J.
Taibah Univ. Sci. 5, 14–24. doi: 10.1016/S1658-3655(12)60034-X

Kaur, J., and Singh, J. P. (2014). Long-term effects of continuous cropping and
different nutrient management practices on the distribution of organic nitrogen in
soil under rice-wheat system. Plant Soil Environ. doi 60, 63–68. doi: 10.17221/440/
2013-Pse

Li, W., Liu, Q., and Chen, P. (2018). Effect of long-term continuous cropping of
strawberry on soil bacterial community structure and diversity. J. Integr. Agric. 17 (11),
2570–2582. doi: 10.1016/S2095-3119(18)61944-6

Li, J., Li, Y., Tian, Y., Qu, M., Zhang, W., and Gao, L. (2017). Melatonin Has the
Potential to Alleviate Cinnamic Acid Stress in Cucumber Seedlings. Frontiers in plant
science, 8, 1193. doi: 10.3389/fpls.2017.01193

Li, J., Shu, X., Xu, J., Su, S. M., Chan, U. I., Mo, L., et al. (2022). S100A9-CXCL12
activation in BRCA1-mutant breast cancer promotes an immunosuppressive
microenvironment associated with resistance to immunotherapy. Nat. Commun. 13
(1), 1481. doi: 10.1038/s41467-022-29151-5

Liu, X., Zhang, J. L., Gu, T. Y., Zhang, W. M., Shen, Q. R., Yin, S. X., et al. (2014).
Microbial community diversities and taxa abundances in soils along a seven-year
gradient of potato monoculture using high throughput pyrosequencing approach. PloS
One 9, 86610. doi: 10.1371/journal.pone.0086610

Lyu, J., Jin, N., Meng, X., Jin, L., Wang, S., Xiao, X., et al. (2022). Exogenous silicon
alleviates the adverse effects of cinnamic acid-induced autotoxicity stress on cucumber
seedling growth. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.968514

Lyu, X., Ng, K. R., Mark, R., Lee, J. L., and Chen, W. (2018). Comparative metabolic
profiling of engineered saccharomyces cerevisiae with enhanced flavonoids production.
J. Funct. Foods 44, 274–282. doi: 10.1016/j.jff.2018.03.012

Miska, J., Rashidi, A., Lee-Chang, C., Gao, P., Lopez-Rosas, A., Zhang, P., et al.
(2021). Polyamines drive myeloid cell survival by buffering intracellular pH to promote
immunosuppression in glioblastoma. Sci. Adv. 7 (8):eabc8929. doi: 10.1126/
sciadv.abc8929
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and Desgagné-Penix I (2023)
Characterization of norbelladine synthase
and noroxomaritidine/norcraugsodine
reductase reveals a novel catalytic
route for the biosynthesis of
Amaryllidaceae alkaloids including
the Alzheimer’s drug galanthamine.
Front. Plant Sci. 14:1231809.
doi: 10.3389/fpls.2023.1231809

COPYRIGHT
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Characterization of norbelladine
synthase and noroxomaritidine/
norcraugsodine reductase reveals
a novel catalytic route for the
biosynthesis of Amaryllidaceae
alkaloids including the
Alzheimer’s drug galanthamine

Bharat Bhusan Majhi1, Sarah-Eve Gélinas1, Natacha Mérindol1,
Simon Ricard1 and Isabel Desgagné-Penix1,2*

1Department of Chemistry, Biochemistry and Physics, Université du Québec à Trois-Rivières, Trois-
Rivières, Québec, QC, Canada, 2Plant Biology Research Group, Université du Québec à Trois-Rivières,
Trois-Rivières, Québec, QC, Canada
Amaryllidaceae alkaloids (AAs) are a large group of plant specialized metabolites

with diverse pharmacological properties. Norbelladine is the entry compound in

AAs biosynthesis and is produced from the condensation of tyramine and 3,4-

dihydroxybenzaldehyde (3,4-DHBA). There are two reported enzymes capable of

catalyzing this reaction in-vitro, both with low yield. The first one, norbelladine

synthase (NBS), was shown to condense tyramine and 3,4-DHBA, while

noroxomaritidine/norcraugsodine reductase (NR), catalyzes a reduction

reaction to produce norbelladine. To clarify the mechanisms involved in this

controversial step, both NBS and NR homologs were identified from the

transcriptome of Narcissus papyraceus and Leucojum aestivum, cloned and

expressed in Escherichia coli. Enzymatic assays performed with tyramine and

3,4-DHBA with each enzyme separately or combined, suggested that NBS and

NR function together for the condensation of tyramine and 3,4-DHBA into

norcraugsodine and further reduction into norbelladine. Using molecular

homology modeling and docking studies, we predicted models for the binding

of tyramine and 3,4-DHBA to NBS, and of the intermediate norcraugsodine to

NR. Moreover, we show that NBS and NR physically interact in yeast and in-

planta, that both localize to the cytoplasm and nucleus and are expressed at high

levels in bulbs, confirming their colocalization and co-expression thus their

ability to work together in the same catalytic route. Finally, their co-expression

in yeast led to the production of norbelladine. In all, our study establishes that

both NBS and NR participate in the biosynthesis of norbelladine by catalyzing the

first key steps associated in the biosynthesis of the Alzheimer ’s

drug galanthamine.

KEYWORDS

Amaryllidaceae alkaloids, Leucojum aestivum, Narcissus papyraceus, norbelladine
synthase, noroxomaritidine/norcraugsodine reductase, enzyme activity
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1 Introduction

Amaryllidaceae alkaloids (AAs) are a large group of plant

specialized metabolites with large therapeutical potential. The

greatest commercial success among AAs is galanthamine,

produced by many Narcissus, Galanthus and Leucojum species,

and presently used as an acetylcholinesterase inhibitor to fight

Alzheimer’s disease symptoms (Heinrich and Lee Teoh, 2004).

Other AAs with strong antiviral activity, such as lycorine and

cherylline, are intensively studied to fight emerging infectious

diseases (Wang et al., 2014; Zhang et al., 2020; Ka et al., 2021).

AAs have complex carbon skeletons and are challenging to

chemically synthesize. Hence, they are often extracted directly

from plants, limiting their broad usage due to the often low and

variable quantity produced in vivo. Their massive extraction could

lead to a loss in the biodiversity of the endogenous flora of some

countries. One interesting alternative would be to heterologously

biosynthesize them in host microorganisms, developing a

sustainable platform of production, but this requires prior

knowledge of the metabolic pathway. Unfortunately, much more

is known about the pharmacology of AAs than about their

biosynthesis. Few genes encoding biosynthetic enzymes are

known and scarcely any of the accepted enzymatic reactions have

been thoroughly characterized (Desgagné-Penix, 2021).

Despite their diverse chemical structures, AAs share

norbelladine as a common biosynthetic origin (Figure 1).
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Following its synthesis, norbelladine undergoes several chemical

modifications performed by a myriad of enzymes catalyzing various

reactions, such as O- and N-methylations (OMTs, NMTs), C−C and

C−O bond formation, oxidations and reductions, demethylations,

and hydroxylations resulting in a array of different structural types

of AAs (Eichhorn et al., 1998; El Tahchy et al., 2010; El Tahchy

et al., 2011; Kilgore et al., 2014; Saliba et al., 2015; Kilgore

et al., 2016a).

Previous studies have tried to unravel norbelladine biosynthesis

because of its pivotal role in AAs biosynthesis. We and others

identified several AA biosynthetic genes encoding enzymes

involved in these early steps (Kilgore et al., 2014; Kilgore et al.,

2016b; Singh and Desgagné-Penix, 2017; Singh et al., 2018;

Hotchandani et al., 2019; Tousignant et al., 2022). Norbelladine

originates from the condensation of tyramine and 3,4-

dihydroxybenzaldehyde (3,4-DHBA), respectively derived from L-

tyrosine and L-phenylalanine. The enzymes responsible for

tyramine and 3,4-DHBA biosynthesis are well known and often

found in most plant species (e.g., tyrosine decarboxylase (TYDC),

phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase

(C4H), etc.). Nevertheless, it is uncertain which enzymes and

intermediates specific to Amaryllidaceae are responsible for

norbelladine synthesis. The currently accepted model states that

the condensation of tyramine and 3,4-DHBA leads to the formation

of the imine norcraugsodine, which is further reduced into

norbelladine (Battersby et al., 1961). To date, there are two

reported enzymes able to catalyze these reactions in vitro, but

both perform poorly (Kilgore et al., 2016b; Singh et al., 2018).

The first one is norbelladine synthase (NBS), recently characterized

from two plant species N. pseudonarcissus (NpKANBS) and L.

aestivum (LaNBS). NBS was shown to condense tyramine and

3,4-DHBA to form low levels of norbelladine (Singh et al., 2018;

Tousignant et al., 2022). The second one, noroxomaritidine/

norcraugsodine reductase (NR) from N. pseudonarcissus

(NpKANR) mainly catalyzes noroxomaritidine reduction, but also

produces above background levels of norbelladine following

incubation with tyramine, 3,4-DHBA and NADPH (Kilgore et al.,

2016b). Therefore, the contribution of these two enzymes to

norbelladine synthesis in vivo is still not clear.

We hypothesized that norbelladine is formed through two

separate reactions (i.e., condensation and reduction) catalyzed by

two distinctive enzymes (Figure 1). In this study, we characterized

the NBS and NR enzymes from two Amaryllidaceae plants species

N. papyraceus and L. aestivum to try and elucidate the crucial

reactions involved in norbelladine synthesis. We propose that for

NBS or NR to induce norbelladine synthesis efficiently, the two-step

mechanism requires the catalytic activity of both enzymes

interacting together in a metabolon.
2 Materials and methods

2.1 Plant materials and growth condition

Paperwhite narcissus (Narcissus papyraceus) and summer

snowflake (Leucojum aestivum) bulbs were purchased from
FIGURE 1

Norbelladine synthase (NBS) and noroxomaritidine/norcraugsodine
reductase (NR) are involved in the proposed biosynthetic pathway
for galanthamine, lycorine and haemanthamine. NBS catalyzes the
condensation of tyramine and 3,4-dihydroxybenzaldehyde (3,4-
DHBA) to form norcraugsodine while noroxomaritidine/
norcraugsodine reductase (NR) reduces the latter to form
norbelladine, the common precursor to all Amaryllidaceae alkaloids
produced in plants including galanthamine, cherylline, and lycorine.
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Vesey’s (York, PE, Canada). Bulbs were planted in plastic pots using

autoclaved AGRO MIX G6 potting soil (Fafard, Saint-Bonaventure,

QC, Canada). The plants were kept at room temperature with

exposure to tube lighting in long day (16 h of light/8 h of dark)

conditions until flowering. The plants were watered when necessary

to keep the soil moist. Different tissues such as bulbs, roots, stems,

leaves, and flowers were collected, flash frozen in liquid nitrogen,

and stored at −80°C until further used. Nicotiana benthamiana

(Goodin et al., 2008) plants were grown in a growth chamber in

long day (16 h of light/8 h of dark) conditions at 22°C.
2.2 Bacterial and yeast strains
and growth conditions

The bacteria used in this study were Escherichia coli DH5a
(Invitrogen), E. coli Rosetta (DE3) pLysS (Novagen), and

Agrobacterium tumefaciens GV3101 (Holsters et al., 1980). The

yeast strain (Saccharomyces cerevisiae) used is Y2HGold (Clontech

Laboratories). The bacteria were grown in Luria-Bertani (LB)

medium supplemented with the appropriate antibiotics at the

following temperatures: E. coli at 37°C; and A. tumefaciens at 28°

C. Antibiotics were used at the following concentrations (µg/mL):

ampicillin, 100; chloramphenicol, 34; kanamycin, 50; rifampicin, 50;

gentamicin, 30. Yeasts were grown at 30°C in selective synthetic

complete medium.
2.3 PCR amplification, cloning, and
construction of vectors

RNA was extracted from N. papyraceus (Np) and L. aestivum

(La) bulbs using CTAB (cetrimonium bromide) method as

described by Singh and Desgagné-Penix (2017). cDNA was

synthesized from 1 µg RNA samples using SensiFAST cDNA

synthesis kit (Bioline) according to manufacturer’s protocol. The

open reading frame (ORF) of full length NpNBS, NpNR, NpTR,

LaNBS, LaNR, and LaTR were amplified from bulbs cDNA using

PrimeStar GXL premix (TaKaRa Bio) in 50 mL reaction with 0.2 mM
forward and reverse primers (Supplementary Table S2). PCR

program parameters: 2 min 98°C 1 cycle, 10 s 98°C, 20 s 55°C, 1

min 72°C for 35 cycles, 5 min 72°C 1 cycle, and final infinite hold at

4°C. A classical restriction digestion based cloning approach was

used to clone and create all the desired vectors.

For protein expression in E. coli, NpNBS, NpNR, NpTR

(tropinone reductase), LaNBS, LaNR, and LaTR were fused to the

C-terminus of the maltose binding protein (MBP) in the pMAL-c2x

vector (New England Biolabs). Precisely, the full-length ORFs were

amplified from cDNA by PCR using primers reported (respective

restriction enzyme sites are underlined, Supplementary Table S2).

PCR products were cleaned using GenepHlow Gel/PCR kit

(Geneaid). Purified PCR products of NpNBS, NpNR, LaNBS, and

LaNR were digested with BamHI and HindIII, while NpTR and

LaTR were digested with BamHI and SalI and ligated into pMAL-

c2x vector digested with BamHI/HindIII and BamHI/SalI

respectively, using T4 DNA ligase (New England Biolabs). The
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recombinant plasmids were transformed into chemically competent

E. coli DH5a cells by heat shock transformation and colonies were

selected on ampicillin LB agar plates. The positive clones were

identified by colony PCR in a 20 mL reaction using Taq DNA

polymerase with ThermoPol buffer (New England Biolabs) with

PCR parameters: 5 min 95°C 1 cycle, 30 s 95°C, 40 s 55°C, 1 min 68°

C for 30 cycles, 5 min 68°C 1 cycle, and final infinite hold at 4°C.

The resulting plasmids were verified by DNA sequencing to ensure

the correct sequence and exclude undesired mutations.

For split luciferase complementation assays (SLCA) in N.

benthamiana leaves, the NpNBS, NpNR, NpTR, LaNBS, LaNR, and

LaTR genes were cloned into pCAMBIA1300:CLuc fused to the C-

terminal (398-550 amino acids) offirefly luciferase (Cluc), and NpNBS,

NpNR, LaNBS, and LaNR into pCAMBIA1300:Nluc fused to the N-

terminal (2-416 amino acids) of firefly luciferase (Nluc) and driven by

the CaMV 35S promoter (Chen et al., 2008). The full-length ORFs were

amplified by PCR using reported primers from cDNA (respective

restriction enzyme sites are underlined, Supplemental Table S2). After

cleaning up using GenepHlow Gel/PCR kit (Geneaid), PCR products

were digested with the mentioned restriction enzyme pair and ligated

into the corresponding sites of pCAMBIA1300:Cluc or

pCAMBIA1300:Nluc vectors using T4 DNA ligase. The recombinant

plasmids were transformed into chemically competent E. coli DH5a
cells and colonies were selected on kanamycin LB agar plates. The

positive clones were identified by colony PCR. The resulting binary

vectors were verified by DNA sequencing.

For yeast two-hybrid assays, genes encoding full-length NpNBS,

NpNR, NpTR, LaNBS, LaNR, and LaTR were amplified from N.

papyraceus and L. aestivum bulbs cDNA and cloned into the

pGBKT7 (bait) or pGADT7 (prey) vectors (Clontech Laboratories)

in frame with the GAL4 DNA binding domain (DNA-BD) or GAL4

activation domain (AD). The full-length genes were amplified by PCR

using primers reported (respective restriction enzyme sites are

underlined, Supplemental Table S2). After cleaning up using

GenepHlow Gel/PCR kit (Geneaid), PCR products were digested

with the mentioned restriction enzyme pair and ligated into the

corresponding sites of pGBKT7 (bait) or pGADT7 (prey) vectors

using T4 DNA ligase. The recombinant plasmids were transformed

into chemically competent E. coli DH5a cells. Colonies with bait

plasmids were selected on kanamycin while colonies with prey

plasmids were selected with ampicillin LB agar plates. The positive

clones were identified by colony PCR. The resulting plasmids were

verified by DNA sequencing.

For subcellular localization, NpNBS, NpNR, LaNBS, and LaNR

coding sequences were fused upstream to the gene encoding the yellow

fluorescence protein (YFP) in the pBTEX binary vector under the

control of the CaMV 35S promoter (Frederick et al., 1998). The full-

length ORFs were amplified (respective restriction enzyme sites are

underlined, Supplemental Table S2). The PCR products were cleaned

up using GenepHlow Gel/PCR kit (Geneaid), digested with KpnI/XbaI,

and ligated into pBTEX-YFP vector digested with KpnI/XbaI using T4
DNA ligase. The recombinant plasmids were transformed into

chemically competent E. coli DH5a cells and colonies were selected

on kanamycin LB agar plates. The positive clones were identified by

colony PCR. The resulting plasmids/binary vectors were verified by

DNA sequencing.
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2.4 Expression and purification of MBP
fusion proteins in E. coli

NpNBS, NpNR, NpTR, LaNBS, LaNR, and LaTR were cloned

into the pMAL-c2x vector. The purified plasmids were transformed

using heat shock transformation into chemically competent E. coli

Rosetta (DE3) pLysS strain for protein expression. Transformed

cells were selected on LB plates with ampicill in, and

chloramphenicol overnight at 37°C. The positive colonies were

screened by colony PCR. A PCR positive single colony was

picked and grown overnight at 37°C at 220 rpm in 12.5 mL LB

broth containing ampicillin and chloramphenicol. The overnight

grown pre-culture was added into fresh 250 mL LB broth

containing ampicillin and chloramphenicol and grown at 220

rpm at 37°C to an OD600 = 0.5 to 0.6. The cultures were brought

to room temperature and Isopropyl-b-D-thiogalactopyranoside
(IPTG) was added to a final concentration of 0.25 mM to induce

protein expression. The cultures were further incubated for 20 h at

18°C at 150 rpm. Bacterial cultures were pelleted at 10,000 rpm for

15 min at 4°C, resuspended in 25 mL column binding buffer (25

mM Tris-HCl [pH 7.5], 150 mM NaCl, and 1 mM EDTA) and

frozen at −80°C overnight. The cultures were thawed on ice water

and 1 mM phenylmethylsulfonyl fluoride [PMSF] with 0.1x

protease inhibitor cocktail (Cell Signaling Technology) was added.

Cultures were then lysed using a sonicator at 41% amplitude for a

total of 8 min with 15 s run and 35 s cooling time in ice. The lysates

were centrifuged twice at 14,000 rpm for 20 min at 4°C to pellet the

cell debris and the clear supernatants were collected. Supernatants

were mixed with 500 mL of amylose resin beads (New England

Biolabs) (prewashed with column binding buffer and resuspended

to 50% slurry) and incubated for 1 h at 4°C with constant rocking.

The mixture was passed twice through the filter columns (Thermo

Scientific) with gravitational flow to retain the beads with bound

proteins in the column matrix. The beads were washed with

gravitational flow in the columns three times with 30 mL column

binding buffer. The bead slurry was transferred to microcentrifuge

tubes and centrifuged at 1000 rpm for 1 min and the supernatant

was removed. Finally, the bound proteins from the bead pellet were

eluted twice (elution 1 and 2) each time in 500 mL elution buffer (15

mM maltose in column binding buffer) by centrifugation at 1000

rpm for 1 min and supernatant/elute was collected. The protein

samples were flash frozen in liquid nitrogen and stored at −80°C.

Protein quantification was done using DC protein assay kit (Bio-

Rad) according to the manufacturer’s instructions with bovine

serum albumin (BSA) as standard, and protein samples were

fractionated by 10% (v/v) SDS-PAGE and stained with

Coomassie Blue.
2.5 Protein analysis and alignment

The in-silico protein analysis was done by DNAMAN analysis

software (Lynnon BioSoft). Protein sequences of NpNBS, and

LaNBS were aligned with Narcissus pseudonarcissus ‘King Alfred’

norbelladine synthase (NpKANBS; GenBank: AYV96792.1), and
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Thalictrum flavum norcoclaurine synthase (TfNCS; GenBank:

ACO90248.1). Similarly, NpNR, LaNR, NpTR and LaTR were

aligned with N. pseudonarcissus noroxomaritidine/norcraugsodine

reductase (NpKANR; KU295569) using CLUSTAL W algorithm in

T-Coffee software (Notredame et al., 2000) with default parameters.

Sequence alignments were formatted using Boxshade program

(https://embnet.vital-it.ch/software/BOX_form.html).
2.6 Molecular homology modelling
and docking

Amino acid sequences corresponding to NpNBS, LaNBS,

NpNR, LaNR, NpTR, LaTR candidates were uploaded on Protein

Homology/analogY Recognition Engine V 2.0 (Phyre2) (Kelley

et al., 2015) website, I-Tasser from Zhang lab (Yang and Zhang,

2015) and MOE 2020.09 software (Chemical Computing Group) to

model NBS and NR proteins. Following close analysis of predicted

structures and comparison by superimposition with orthologs and

homologs, the most consistent models were selected. LaNR from I-

Tasser, NpNR and La and NpTR models from Phyre2 were used,

while NBS were best modeled by MOE. MOE was further used to

analyze the resulting homology model conformation and prepare

receptors for docking. First, modeled structures were compared to

their template crystal structures in complex with their ligands

downloaded from the Protein Data Bank (for NBS: norcoclaurine

synthase from Thalictrum flavum in complex with dopamine and

hydroxybenzaldehyde 2VQ5 (I lar i et a l . , 2009) , NR:

noroxomaritidine/norcraugsodine reductase in complex with

NADP+ and tyramine 5FF9 NpKANR (Kilgore et al., 2016b), TR:

Tropinone reductase-II complexed with NADP+ and

pseudotropine 2AE2 and 5FF9 (Yamashita et al., 1999), aligning

amino-acid sequences and then superimposing the structures.

Structure preparation consisted of correcting issues, capping,

charging termini, selecting appropriate alternate, and calculate

optimal hydrogen position and charges using Protonate 3D. Fixed

receptor and tethered active site energy minimization was

performed for each modeled protein in presence of template

ligands prior to docking. Ready to dock ligands were uploaded

from ZINC15 (Sterling and Irwin, 2015) when available, or

manually drawn (from SMILES), washed, prepared, and

minimized with MOE. The MMFF94× force field was used.

Receptors active site was predicted using MOE Site Finder and

used as docking site to place ligand using Triangle Matcher as

placement method for 200 poses and tethered induced fit as

refinement to perform flexible docking. Ten resulting poses were

analyzed. The most probable poses based on literature description

of templates active site, on comparison with crystalized templates

interactions and on scores are presented. For NBS, 3,4-DHBA was

docked first, the most consistent pose was further included in the

active site used for tyramine docking. Similarly for NR, NADPH

was docked first, and the most consistent pose compared to

template crystals was further included in the active site used to

dock norcraugsodine. PLIP was used to analyze interactions

between ligands and receptors (Adasme et al., 2021), and were

further processed using PyMOL (Shrödinger).
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2.7 Substrates and standards preparation

Norbelladine and norcraugsodine were synthesized as

previously described (Singh et al., 2018). Standard solutions of

3,4-DHBA (Fisher Scientific), tyramine (Sigma-Aldrich), and

papaverine (Sigma-Aldrich) were prepared at 1000 mg/L in LC-

MS grade methanol (Sigma-Aldrich). Standard solutions of

norbelladine and norcraugsodine were prepared as previously

described (Singh et al., 2018). From these standard solutions,

dilutions were performed to obtain working solutions of 100 mg/

L in methanol, and 1 mg/L in the mobile phase (ammonium acetate

10 mM (Sigma-Aldrich) (pH 5.0), and acetonitrile (Sigma-Aldrich)

[60:40]). Standards and solutions were stored in the dark at −20°C.
2.8 Enzymatic assays

Single enzyme assays were performed at 35°C for 2 h. All the

enzymatic reactions were terminated by the addition of 10 mL of

20% trichloroacetic acid (TCA). Negative controls were purified

MBP-tag protein from E. coli, and reactions without substrate or

cofactor. The catalytic activity of purified NBS enzymes were

analyzed following the method of Singh et al., 2018 with minor

modifications. Reactions were conducted using 80 mg of purified

proteins in 100 mM HEPES buffer (pH 6.0), with 10 mM tyramine

and 300 mM 3,4-DHBA, in a total volume of 100 mL. Reaction
components were equilibrated at 35°C and the reaction was started

by the addition of enzyme to the substrate and buffer mixture. NR

and TR single enzyme assays were performed as previously reported

by Kilgore et al., (2016b) with minor modifications. The assay mix

contained 60 mg of purified proteins, 10 mM tyramine, 300 mM 3,4-

DHBA, and 1 mM NADPH in 100mM sodium citrate buffer (pH

6.0), in a total volume of 100 mL. The assays with NBS and NR or TR

together in a single-step reaction contained 80 mg of purified NBS

enzyme, 60 mg of purified NR/TR enzyme, 10 mM tyramine, 300 mM
3,4-DHBA, and 1 mM NADPH in 100mM HEPES buffer (pH 6.0),

in a total volume of 100 mL. The assays with NBS and NR/TR in

two-step reactions were conducted as follows: 80 mg of purified NBS
enzyme in 100 mM HEPES buffer (pH 6.0), with 10 mM tyramine

and 300 mM 3,4-DHBA, in a total volume of 100 mL was incubated

at 35°C for 2 h. The NBS enzyme was inactivated by boiling at 95°C

for 10 min, sample was centrifuged, and the supernatant (100 mL)
was used as norcraugsodine solution, and 60 mg of purified NR/TR

enzyme and 1 mM NADPH were added and incubated for

additional 2 h. Following the reaction termination, papaverine

(1000 mg/L) was added to all the reaction serving as an internal

standard for the relative quantification of detected compounds. All

reactions were performed in triplicates. The reaction samples were

diluted 100 fold with mobile phase (ammonium acetate 10 mM [pH

5.0], and acetonitrile [60:40]) and analysis of the enzymatic product

(norbelladine) using a high-performance liquid chromatography

(HPLC) system coupled with a tandem mass spectrometer (MS/

MS) was carried out as described by (Tousignant et al., 2022).
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2.9 Derivatization of norcraugsodine and
GC-MS analysis

Norcraugsodine (257 m/z) could not be detected by GC-MS

without derivatization. For the derivatization, dry enzymatic assay

samples were reconstituted in 300 mL HPLC grade acetonitrile and

were transferred quantitatively in crimp-seal autosampler vials,

without capping the vials. A 150 mL aliquot of BSTFA (with 1%

TMCS) was added to each sample along with a magnetic stir bar,

then the vials were capped using crimpers. The samples were stirred

at room temperature for 60 minutes. For the GC-MS analysis, the

derivatized samples were injected into the GC-MS (Agilent

Technologies 6890N GC coupled with 5973N inert MSD) in

electron ionization mode at 70 eV. The temperature ramp used is

described as follows: temperature was set at 100°C for 2 min,

followed by 100–180°C at 15°C min−1, 180–300°C at 5°C min−1,

and a 10 min hold at 300°C. Injector and detector temperatures

were set at 250°C and 280°C, respectively, and the flow rate of

carrier gas (He) was 1 mL min−1. A split ratio of 1:10 was applied,

and the injection volume was 1 mL. The presence of norcraugsodine
in the tested samples was determined by comparison with the GC-

MS analysis of a norcraugsodine standard derivatized following the

same protocol. Tris-derivatized norcraugsodine (473 m/z) was

observed at a retention time of 24.79 minutes and showed

characteristic fragment ions (458 m/z and 294 m/z) that we

respectively attributed to the loss of a methyl radical and to the

loss of a 4-((trimethylsilyl)oxy)benzyl radical. The corresponding

bis-derivatized aldehyde (282 m/z) was observed at a retention time

of 9.28 minutes and showed characteristic fragment ions (267 m/z

and 193 m/z) that we respectively attributed to the loss of a methyl

radical and to the loss of a (trimethylsilyl)oxy radical.
2.10 Agrobacterium-mediated
transient expression

The YFP- and LUC-fusion binary vectors were transformed

into A. tumefaciens strain GV3101 by electroporation and colonies

were selected on LB agar plates with rifampicin, kanamycin, and

gentamicin at 28°C. The positive colonies were confirmed by colony

PCR using PCR parameters: 10 min 95°C 1 cycle, 30 s 95°C, 40 s 55°

C, 1 min 68°C for 30 cycles, 5 min 68°C 1 cycle, and a final infinite

hold at 4°C. For transient expression, cultures of A. tumefaciens

were grown overnight in 5 mL LB broth with rifampicin,

kanamycin, and gentamicin at 28°C. The cultures were pelleted at

8000 rpm for 5 minutes at room temperature, washed three times

with 10 mMMgCl2, resuspended in 5 mL of induction medium (10

mM MgCl2, 10 mM MES [pH 5.6], and 200 µM acetosyringone),

and incubated at 28°C with shaking at 200 rpm for 3−4 h. A.

tumefaciens cultures were diluted in the induction media to OD600 =

0.25 and infiltrated into young but fully expanded leaves of five-

week-old N. benthamiana plants using a 1 mL needleless syringe.

After agroinfiltration the plants were incubated in a growth

chamber in long day (16 h of light/8 h of dark) conditions at 22°

C for 48 h until leaf discs were harvested.
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2.11 Split luciferase complementation assay

NpNBS, NpNR, NpTR, LaNBS, LaNR, and LaTR genes were

cloned in frame to firefly luciferase fragments in the binary vector

pCAMBIA1300:NLuc or pCAMBIA1300:CLuc. The obtained

binary vectors were transformed into A. tumefaciens. The desired

NLuc- and CLuc-fusion A. tumefaciens combinations were mixed at

1:1 ratio (OD600 = 0.25) and co-expressed inN. benthamiana leaves.

Split luciferase complementation assays were performed as

described by (Chen et al., 2008) with minor modifications. Three

millimeter-diameter leaf discs were harvested 48 h after

agroinfiltration and floated abaxial side up in 100 µL of degassed

water on a white 96-well plate. Samples were supplemented with 1

mM D-luciferin (Sigma-Aldrich) and incubated in the dark for 2

min with gentle shaking and an additional 8 min at rest to quench

fluorescence. Luminescence was measured using a Synergy H1

Microplate reader (BioTek) with integration time set to 2 s and

imaged using a Gel Doc XR system (Bio-Rad).
2.12 Yeast two-hybrid analysis

NpNBS, NpNR, NpTR, LaNBS, LaNR, and LaTR genes were

either fused to the GAL4 DNA binding domain (DNA-BD) in the

bait vector pGBKT7 or were fused to the GAL4 activation domain

(AD) in the prey vector pGADT7 (Clontech Laboratories). The

yeast strain Y2H Gold (Clontech Laboratories) was first

transformed with the bait vectors (i.e., NBS, NR, and TR in the

pGBKT7 vector) and subsequently with prey vectors (i.e., NBS, NR,

and TR in the pGADT7 vector). The transformants were selected on

synthetically defined (SD) medium lacking leucine and tryptophan

(SD-LW). The interactions were verified by testing the activation of

the HIS3, ADE2 and AUR1-C reporter genes on selective media

plates lacking histidine and adenine (SD-LWHA) or containing the

antibiotic Aureobasidin A (AbA), respectively.
2.13 Expression of NBS and NR in yeast

NpNBS was amplified and digested with BamHI and HindIII

and ligated into a similarly digested pESC-LEU vector (Stratagene)

to produce pESC-LEU : NpNBS. Similarly, NpNR and NpTR were

amplified and digested with BamHI/HindIII and BamHI/SalI and

ligated into a similarly digested pESC-LEU vector to produce pESC-

LEU : NpNR and pESC-LEU : NpTR, respectively. To produce

pESC-LEU : NpNBS-NpNR, the NpNR ORF was ligated into pESC-

LEU : NpNBS plasmid vector digested with SpeI/BglII, with NBS

expressed under control of the Gal1 promoter and NR under the

Gal10 promoter. Yeast (INVSc1; Invitrogen) was transformed with

all the above constructs and selected on SD-LEU plate for 3 d at 28°

C. A single colony was used to inoculate 3 mL of SD-LEU glucose

medium and incubated with shaking at 28°C for 2 d. A 500-mL
aliquot of starter culture was then used to inoculate to 10 mL of SD-

LEU galactose medium containing 250 mM tyramine and 250 mM
Frontiers in Plant Science 0673
3,4-DHBA and incubated with shaking at 28°C for 3 d. A culture

lacking substrates was used as a control. The cultures were

centrifuged, the medium and cell pellet were extracted with 5 mL

ethyl acetate, and the extracts were dissolved in mobile phase (100

mL) of (ammonium acetate 10 mM [pH 5.0], and acetonitrile

[60:40]). Papaverine (1000 mg/L) was added to all the reaction as

an internal standard for the relative quantification. The analysis of

the product (norbelladine) was done using a high-performance

liquid chromatography (HPLC) system coupled to a tandem mass

spectrometer (MS/MS) as described by (Tousignant et al., 2022).
2.14 Protein extraction

For protein extraction from N. benthamiana leaves, five leaf discs

(1 cm diameter) were frozen in liquid nitrogen, homogenized in 300

µL extraction buffer (100 mMTris [pH 7.5], 1% [v/v] Triton X-100, 1

mM PMSF, and 0.1x protease inhibitor cocktail), and centrifuged at

17,000 g for 30 min at 4°C. The clear supernatant was collected, and

protein concentration was determined using DC protein assay kit

(Bio-Rad) according to the manufacturer’s instructions.

For protein extraction from yeast, 5 mL overnight-grown

cultures were pelleted at 12,000 g for 5 min at 4°C, resuspended

in 250 µL ice-cold lysis buffer (4% [v/v] 5 N NaOH and 0.5% [v/v]

b-mercaptoethanol), and incubated with 1x SDS sample buffer

(30% [v/v] glycerol, 15% [v/v] b-mercaptoethanol, 37.5% [v/v]

500 mM Tris-HCl [pH 6.8], 0.15% [w/v] SDS, and a few grains of

Bromophenol Blue) for 10 min at 95°C.
2.15 Western blotting

Equal amounts of protein (100 µg) were fractionated by 10% (v/v)

SDS-PAGE. Proteins from gels were transferred onto Polyvinylidene

difluoride (PVDF) membrane using Trans-Blot Turbo transfer

system (Bio-Rad). The membrane was equilibrated with Tris-

buffered saline (TBS) buffer (20 mM Tris, 150 mM NaCl pH 7.6)

for 15 min, followed by blocking of membrane for 2 h with TBS buffer

containing 0.1% tween 20 (TBST), and 5% skim milk. The PVDF

membrane was incubated overnight at 4°C in TBST with 5% milk

containing 1:1000 dilution of specific primary antibodies. The

primary antibodies used in this study are rabbit anti full-length

firefly luciferase antibodies (Sigma-Aldrich), which react with both

the N-terminal and C-terminal firefly LUC fragments, mouse anti-

GFP/CFP/YFP monoclonal antibody (Cedarlane labs), mouse anti-

Myc/c-Myc monoclonal antibody (Santa Cruz Biotechnology), and

mouse anti-HA-tag monoclonal antibody (GenScript). After primary

antibody incubation, the membrane was washed three times each for

5 min in TBST buffer and incubated for 30 min in TBST containing

5% skim milk and goat anti-rabbit horseradish peroxidase (GAR)-

HRP or goat anti-mouse horseradish peroxidase (GAM)-HRP

conjugate in 1:10,000 dilutions. The immunoblot was washed three

times for 5 min each in TBST buffer and developed using clarity

Western ECL substrate (Bio-Rad). Finally, the membrane was washed

twice with TBST and stained with Ponceau S stain [0.5% (w/v)
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Ponceau S (Sigma-Aldrich) in 1% (v/v) acetic acid] for 1 min and

photographed using Gel Doc XR system (Bio-Rad).
2.16 Subcellular localization

To visualize NpNBS, NpNR, LaNBS, and LaNR subcellular

localization, the YFP fusion proteins were expressed via A.

tumefaciens in leaves of 5-week-old N. benthamiana plants. Forty-

eight hours post infiltration, the abaxial epidermis of leaf discs were

placed on a microscopic slide in a water drop, covered by a cover slip,

and imaged immediately. Protein localization was visualized by a

confocal laser scanning microscope (Leica TCS SP8; Leica

Microsystems) with a 40X/1.30 oil immersion objective. Images were

first processed with Las AF Lite software (Leica Microsystems). CFP

was used as a control for colocalization (Kruse et al., 2010). YFP was

excited with an argon laser at 488 nm, while CFP was excited with a

diode laser at 405 nm. Emission was detected with a spectral detector

set between 500 and 525 nm for YFP and between 420 and 490 nm for

CFP. Chlorophyll autofluorescence was observed with an excitation

wavelength of 552 nm and the emission of fluorescence signals were

detected from 630 to 670 nm. The combined images were generated

using the Las X software (Leica Microsystems).
2.17 RNA extraction and Real-time
quantitative PCR

Total RNA was isolated from bulbs, roots, stems, leaves, and

flowers using the TRIzol reagent (Invitrogen). Briefly, 100 mg of

tissues were frozen in liquid nitrogen, fully ground, and

homogenized in 1 mL of TRIzol using a mortar and pestle. The

liquid was transferred to a microcentrifuge tube, incubated 5 min at

room temperature and extracted with 200 µL chloroform. Following

centrifugation at 12,000 g for 15 min at 4°C, the upper phase

containing RNA was transferred to a fresh tube. The RNA was

precipitated with 500 µL of isopropanol for 10 min at room

temperature and centrifuged at 12,000 g for 10 min at 4°C. The

RNA pellet was washed twice with 1 mL of 75% ethanol (with

DEPC water) and centrifuged at 7500g for 5 min at 4°C. Finally, the

RNA pellet was air dried and suspended in 40 µL of DEPC-treated

water. The quality and quantity of RNA extracted from different

tissues were verified on NanoPhotometer (Implen) and 1.5% (w/v)

agarose gel electrophoresis. RNA samples (1 µg) were reverse

transcribed using SensiFAST cDNA synthesis kit (Bioline)

according to manufacturer’s protocol and subjected to Real-time

quantitative PCR (RT-qPCR) using gene-specific primers

(Supplementary Table S2). The experiments were performed in

triple technical replicates of each plant sample. A total reaction

volume of 20 mL containing 1x SensiFAST SYBR Lo-ROX mix

(Bioline), 200 mM of each forward and reverse primer, and 2 µL of

template cDNA (50 ng/µL) was used for RT-qPCR analysis. RT-

qPCR was performed on CFX Connect Real-Time PCR System

(Bio-Rad). Amplification conditions were 95°C for 3 min 1 cycle,

95°C for 10 s, and 60°C for 30 s for 40 cycles followed by
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dissociation step 95°C for 10 s, 65°C for 5 s and 95°C for 5 s.

LaGAPDH and NpHISTONE were used as internal reference genes

for La andNp, respectively. To verify the specificity of the primers, a

melting-curve analysis was also performed. The threshold cycle

(CT) value of each gene was normalized against the CT value of the

reference genes. Mean CT values calculated from the technical

triplicates were used for quantification of relative gene expression

involving the comparative CT method (Pfaffl, 2001). The results

were analyzed, and the statistical error was calculated using CFX

Maestro software (Bio-Rad).
2.18 Accession numbers

Sequence data from this article can be found in GenBank under

the following accession numbers: N. papyraceus norbelladine

synthase (NpNBS; MZ054104), N. papyraceus noroxomaritidine/

norcraugsodine reductase (NpNR; MF979872), N. papyraceus

histone (NpHistone; MF979875), L. aestivum norbelladine synthase

(LaNBS; MW971977), L. aestivum noroxomaritidine/norcraugsodine

reductase (LaNR; MW971981), L. aestivum glyceraldehyde-3-

phosphate dehydrogenase (LaGAPDH; MW971984), Narcissus

pseudonarcissus ‘King Alfred’ norbelladine synthase (NpKANBS;

AYV96792), N. pseudonarcissus noroxomaritidine/norcraugsodine

reductase (NpKANR; KU295569).
3 Results

3.1 Identification and structure analysis
of NBS homologs from N. papyraceus
and L. aestivum

The full-length cDNAs of NpNBS, LaNBS, NpNR, and LaNR

candidate genes were obtained from previously reported

transcriptome sequencing of N. papyraceus and L. aestivum

(Hotchandani et al., 2019; Tousignant et al., 2022). The open

reading frame (ORF) of both NpNBS and LaNBS gene is 480 bp

and encodes a 159-amino acid protein (Figure S1). In silico protein

analysis by DNAMAN analysis software indicated that NpNBS and

LaNBS candidates had a predicted molecular weight (MW) of 17.4

kDa and a theoretical isoelectric point (pI) of 5.3 and 5.1,

respectively. Multiple amino acid sequence alignments of NpNBS

and LaNBS candidates with the already characterized protein

NpKANBS (Singh et al., 2018) and norcoclaurine synthase from

T. flavum (TfNCS) (Ilari et al., 2009) showed that NpNBS and

LaNBS share over 41% of amino acids sequence identity with the

ortholog TfNCS (Figure S1). In addition, NpKANBS, NpNBS and

LaNBS share 83% identity between each other, while NpNBS and

LaNBS share 85% of identity (Figure S1). Domain search using

NCBI-conserved-domain-search service revealed the presence of

conserved Bet v1 and Pathogenesis-Related (PR-10) protein

domains in both NpNBS and LaNBS homologs. Both contained

the phosphate-binding loop (P-loop) glycine-rich region (Figure

S1), a conserved ligand-binding domain of Bet v1 protein family
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(Fernandes et al., 2013). As reported previously, the alignment

showed that TfNCS catalytic residues Tyr108, Glu110 and Lys122

are well-conserved in NpNBS and LaNBS, corresponding to Tyr68,

Glu71, and Lys83, respectively, in their sequences (Figure S1) (Ilari

et al., 2009; Singh et al., 2018). The fourth catalytic residue Asp141

from TfNCS is replaced by hydrophobic Ile102 in both NpNBS and

LaNBS, as reported previously for NpKANBS (Singh et al., 2018).

Homology modeling of the enzymes from both N. papyraceus (Np)

and L. aestivum (La) revealed a striking structure similarity with

superimposed template crystal of TfNCS, analogous to the overall

structure of Bet v1-like proteins family (Figures 2A; S2A; S3A-D).

As TfNCS, both NBS homologs are composed by seven-stranded

antiparallel b-sheets, two long C- and N-terminal helices and two

short ones, enclosing a cleft with polar residues at its entrance and

hydrophobic residues in its core (Figures 2A, B; S2A, B).
3.2 Identification and structure analysis
of NR homologs from N. papyraceus
and L. aestivum

The ORF of NpNR and LaNR candidate genes is 810 bp, both

encoding a 269-amino acid protein (Figure S4). NpNR and LaNR

homologs have a predicted molecular weight (MW) of 29 kDa and

theoretical pI of 6.0 and 5.4 respectively. Sequence comparison and

domain search confirmed the presence of conserved short-chain

dehydrogenases/reductases (SDR) domain in NpNR and LaNR

candidates. NpKANR, NpNR and LaNR candidates share over

76% of identity with each other, while NpNR and LaNR share

90% of identity (Figure S4). Like all classical SDRs, NpNR and

LaNR contain a TGXXX[AG]XG cofactor binding motif and a

YXXXK active site motif, with the Tyr and Lys of the active site

serving as critical catalytic residues (Figure S4). Structurally,

predicted models of NRs from both species are formed by a

seven-stranded parallel b-sheet inserted between a pair of three

a-helices (Figures 2C; S2C). A long tunnel is shaped at the C-

termini of b-strands partially wrapped by the a-helices and loops

that elevate beyond the b-sheets (Figures 2C, D; S2C, D). At the site
of ligand interaction, the tunnel expands into a larger pocket where

aromatic Phe214 (216 in NpKaNR) is conserved, Ala112 replaces

Tyr114, both possibly involved in polycyclic substrate orientation

and binding. At the extremity, Glu224 (226), Arg265 (267), Cys162

(164), His170 (172) are preserved. A strong similarity in structure of

both NpNR and LaNR homologs with N. pseudonarcissus

noroxomaritidine/norcraugsodine reductase (NpKANR, 5FF9) was

noted (Figures S5A-D).

To identify other reductases that could catalyze similar

reduction reactions, we searched for homologs of NR in the

transcriptome sequences of N. papyraceus (Hotchandani et al.,

2019) and L. aestivum (Tousignant et al., 2022), and identified a

candidate tropinone reductase (TR) belonging to the same SDR

superfamily in both species. The ORF of the NpTR homolog is 825

bp and encodes a 274-amino acid protein while the LaTR is 816 bp

and encodes a 271-amino acid protein (Figure S4). NpTR and LaTR

candidates have a predicted molecular weight (MW) of 30 kDa and

29.5 kDa and theoretical pI of 6.9 and 8.4 respectively. NpTR and
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LaTR contain the TGXXX[AG]XG cofactor binding motif and the

YXXXK catalytic active site motif (Figure S4). Gly206 is replaced by

a tryptophan at position 203 and 200 in NpTR and LaTR

respectively, although this residue was conserved in active SDR/

tropinone reductases (Roth et al., 2018). Multiple sequence

alignments showed that NpKANR, NpNR, LaNR, NpTR, and

LaTR share over 58% of identity between each other. Predicted

TRs structures are similar to NRs with some key differences in the

ligand active site, including replacement of Phe216 from NpKANR

by Arg213 in NpTR and by Leu210 in LaTR, while Tyr114 is

replaced by Asn111 in NpTR and Asn108 in LaTR (Figures 2E, F;

S2E, F; S6; Table S1).
3.3 Predicted interactions of ligands with
NBS and NR

To shed light on the reactions involved in norbelladine

synthesis (Figure 1), we studied the interaction of NBS and NR

candidates with their respective proposed ligands through

molecular docking analysis in silico. Tyramine and 3,4-DHBA

were docked with scores of -5.03 and -5.23 kCal/mol inside the

NBS pocket respectively (Figures 3; S7; Table S1). Most of the

obtained poses displayed the same ligand orientations where 3,4-

DHBA and tyramine adopted a stack configuration with their

aromatic rings lying on near-to-parallel planes, similarly to

dopamine and hydroxybenzaldehyde in crystalized TfNCS

(2VQ5) (Figures 3A, B; S7A, B). The carbonyl group of 3,4-

DHBA faced the amine group of tyramine. Lys83, whose

proposed role is to intercept the carbonyl group of the aldehyde

substrate, interacted with 3,4-DHBA carbonyl end through

hydrogen bonding (Figure 3B; Table S1). At the other end, the

hydroxyl group of C4 was hydrogen-bonded with the possibly base-

acting residue Glu71. All predicted poses implied interaction with

Glu71 and Lys83 strengthening the probability of their key role in

the catalytic mechanism. Tyramine was hold in place by stacking

interaction, and hydrogen bonding between its amine and 3,4-

DHBA carbonyl group. PLIP software (Adasme et al., 2021)

predicted additional hydrophobic interactions between Phe73,

Thr85, Phe104 and Ile143, and 3,4-DHBA, as well as two

hydrogen bonds between tyramine and Ser31 and Tyr59

(Figures 3B; S7B; Table S1). In general, these predicted

interactions and spatial arrangements of the ligands inside NBS

are consistent with the reaction proposed by Ilari et al., 2009 that

would lead to norcraugsodine biosynthesis.

Following its formation, norcraugsodine would be transferred

from NBS to NR active site to be reduced into norbelladine

(Figure 1) with NADPH as the electron donor. Upon docking,

NADPH positioned into LaNR and NpNR modeled active site

following a similar arrangement compared to crystalized

reductases such as 5FF9 (NpKANR) with a score of -11.51 kCal/

mol (Figures 3C, D; S7C, D; Table S1). It interacted with Gly36,

Cys53, Arg55, Val109, Ile35, His170, Thr111, Lys177, Asn108,

Thr206. PLIP confirmed these interacting residues and

additionally predicted hydrophobic interaction with Ile35,

hydrogen bonding with Lys33, Cys79, Gly110, Thr208, Val209
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FIGURE 2

Homology modeling of NpNBS, NR and TR. (A) Ribbon representation of NpNBS with colored secondary structures. b-sheets are displayed yellow,
a-helices red, and loops blue. Conserved glycine rich P-loop of PR10-/Betv1 enzymes is shown black, as are conserved active site residues of
norcoclaurine synthase Tyr68 (Tyr108 from TfNCS), Glu71 (Glu111), Lys83 (Lys123). As TfNCS, NBS are composed by seven-stranded antiparallel b-
sheets, two long C- and N-terminal helices and two short ones, enclosing a cleft with polar residues at its entrance and hydrophobic residues in its
core. (B) Transparent ribbon representation of NpNBS with predicted active site pocket in transparent surface. The predicted ligand site computed
by the Site Finder tool of MOE software is displayed as white and red alpha sphere centers inside the pocket. NpNBS cavities is predicted to contain
an active site of 27 residues, surrounded by catalytic Tyr68, Glu71, Lys83 and Ile102 (shown as black sticks), with Tyr68 at its entrance, Lys83 at the
other side and the P-loop at the bottom. (C) Ribbon representation of NpNR with highlighted secondary structures. b-sheets are displayed yellow,
a-helices red and loops in blue. (D) Cartoon ribbon representation of NpNR with transparent surface view of the predicted active site forming a
catalytic tunnel that crosses the enzyme. The predicted ligand site is displayed as white and red alpha sphere centers inside the pocket. NpNR tunnel
active site is predicted to contain 55 residues. Conserved active site residues Cys162, Tyr173, Lys177, Phe214, Glu224, Arg265 surrounding the tunnel
are shown as black sticks. In general, amino acids involved in NADPH binding by noroxomaritidine/norcraugsodine reductase (NpKANR, 5FF9) are
conserved and similarly oriented, i.e., Val81 (Val83 for NpKANR); Asp80 (82), Arg55 (57), Ser54 (56), Thr32 (34), catalytic residue Tyr173 (175), catalytic
residue Lys177 (179), Asn108 (110); Thr208 (210), Pro203 (205), Gly204 (206) and Ala205 (207). (E) Ribbon representation of NpTR with secondary
structures. b-strands are displayed yellow, a-helices red, and loops blue. (F) Ribbon representation of NpTR with transparent surface view of
predicted active site tunnel crossing the enzyme. Predicted ligand site is displayed as white and red alpha sphere centers. Conserved catalytic Tyr172
and Lys176 are shown as black sticks.
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and Gln210 along with p-Cation interactions and salt bridges with

Arg55 (Table S1). Close to the ligand-binding site, the nicotinamide

ring faces Ile158, Pro203, Gly204 on one side, and the substrate-

binding pocket on the B-side. As it was the case for docked

noroxomaritidine in the active site of noroxomaritidine reductase,

docking predicted that norcraugsodine binds to the active site of NR

by a combination of polar and non-polar interactions. Docked

norcraugsodine displayed two possible conformations in NpNR and

LaNR: either bended or diagonal. For both conformations, the

amine group of norcraugsodine was positioned close to C4 of

NADPH and to Tyr173, obtaining a docking score of -6.36 and

-6.15 kCal/mol for NpNR and LaNR respectively (Figures 3C, D;

S7C, D; Table S1). In both cases, norcraugsodine phenol cycle was

located near Phe214, and its dihydroxybenzene group was

positioned close to Glu224, interacting with His170 and Arg265.

PLIP predicted additional hydrophobic interactions of

norcraugsodine with Leu114, Ile205, Phe214 and Leu215, and

hydrogen-bonding with Glu224 (Figures 3C, D; S7C, D; Table
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S1). These interactions are consistent with the proposed reduction

of the imine functional group of norcraugsodine to yield

norbelladine by a mechanism involving NADPH and the catalytic

residues Tyr173 and Lys177.
3.4 NBS and NR produce higher titers of
norbelladine together than separately

To examine the NBS, NR, and TR candidate protein function

from both N. papyraceus and L. aestivum, the full-length ORFs were

PCR-amplified from N. papyraceus and L. aestivum bulb cDNA,

cloned, and expressed proteins were purified (Figure S8). We were

unable to purify the LaTR enzyme in our experimental conditions.

We first tested the NBS, and NR purified proteins from N.

papyraceus (Np) and L. aestivum (La) separately in assays

containing tyramine, 3,4-DHBA, and NADPH. The resulting

assay products were subjected to HPLC-MS/MS analysis using
B

C D

A

FIGURE 3

NpNBS docked with 3,4-dihydroxybenzaldehyde (3,4-DHBA) and tyramine. (A) Cartoon representation of NpNBS with transparent surface-active site
pocket docked with 3,4-DHBA (up) and tyramine (down). Conserved catalytic residues Tyr68 (Tyr108 from TfNCS), Glu71 (Glu110), Lys83 (Lys122)
and Ile102 (instead of Asp141) shaping the binding site are shown as black sticks. (B) PLIP predicted conformation of interacting residues of NpNBS
(grey) docked with 3,4-DHBA (turquoise) and tyramine (yellow). (C) NpNR docked with NADPH and norcraugsodine. Ligands NADPH (left) and
norcraugsodine (right) are represented as thick yellow sticks. Conserved active site residues Cys162, Tyr173, Lys177, Phe214, Glu224 and Arg265)
shaping the binding site are shown as thin black sticks. (D) PLIP predicted interacting residues of docked norcraugsodine (turquoise) with NpNR (grey
sticks).
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positive electrospray ionization mode (ESI+). Before injecting the

assays, norbelladine standard was injected at 1 mg/L and predicted

parent-ion was observed with a mass-to-charge ratio (m/z) of 260

[M + H]+ at 3.435 min (Figures 4A; S9A-R). Fragmentation of the

norbelladine parent-ion yielded to major ion fragments of m/z 121,

123 and 138 using 10 V as collision energy. Multiple reaction
Frontiers in Plant Science 1178
monitoring (MRM) transitions of 260 → 138 m/z and 260 → 121

m/z were selected, optimized using MassHunter Optimizer

software, and used as quantifier and qualifier ions respectively.

We could not observe any parent-ion mass for the norcraugsodine

standard, despite repeated trials. We inferred that norcraugsodine

was highly unstable in solution and/or thermolabile so the heat used
B

A

FIGURE 4

Enzymatic activity of NBS, NR and TR. Enzymes were tested separately or together for production of norbelladine, and the reaction product was
monitored using HPLC-MS/MS. (A) Extracted ion chromatograms of quantifier MRM transition 260 → 138 m/z showing the product norbelladine in
different enzymatic assays. The tested substrates used were 3,4-DHBA (300 mM) and tyramine (10 mM), and panels show norbelladine standard; assay
without substrates; assay with MBP tag; assay without enzyme; and the complete assay performed with recombinant NpNBS, LaNBS, NpNR, LaNR
and NpTR recombinant enzymes as indicated. Parent ion mass-to-charge (m/z) of 260 for norbelladine was subjected to collision-induced
dissociation using multiple reaction monitoring (MRM) analysis. (B) Comparison and relative quantification of assays shown in Figure 4A in triplicate
(mean ± SD, n = 3). The norbelladine product profiles in different assays performed were analyzed by HPLC-MS/MS and the obtained amount were
relatively quantified using the area ratio of norbelladine produced in the assay to the papaverine internal standard. Data are means ± SE of three
biological repeats. Asterisks indicate a significant difference (Student’s t test, p < 0.05) relative to NpNBS alone enzymatic assay.
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during the ionization process in the HPLC-MS/MS source could

lead to its degradation. Enzyme assays containing recombinant NBS

candidate protein from Np or La, 3,4-DHBA, tyramine, and with or

without NADPH yielded a peak at 3.435 min in MRM acquisition

mode on HPLC-MS/MS which was the same retention time as

norbelladine standard (Figures 4A; S9E, F). Similarly, for the assays

examining the NR candidates, tyramine and 3,4-DHBA were

incubated with NR and NADPH, and the resulting product

showed a peak with the same retention time as norbelladine

standard in the reaction mixture of Np enzyme or La enzyme

(Figures 4A; S9G, P). Comparison of the mass spectrum obtained

after the fragmentation of authentic norbelladine standard using

collision-induced-dissociation (CID) with 10V and the mass

spectrum of the products obtained from NBS and NR reactions

showed fragmentation patterns to be the same for both, thus

confirming the identity of the enzymatic product (Figure S10). In

assays lacking substrates or enzyme, no norbelladine was detected

(Figures 4A; S9B, D). Similarly, MBP tag alone protein purified

from E. coli transformed with empty pMAL-c2X vector showed no

activity (Figures 4A; S9C). The papaverine internal standard (1000

mg/L) was used to normalize each signal obtained by LC-MS/MS to

have accurate relative quantification for the produced norbelladine.

The relative quantification was made by comparing peak area ratios

(i.e., the peak area of norbelladine divided by the peak area of

papaverine internal standard) of different samples with each other.

As expected, NR assays lacking NADPH resulted in no norbelladine

production (Figures 4A; S9C). As reported before (Kilgore et al.,

2016b; Singh et al., 2018; Tousignant et al., 2022), our results

confirm that both NBS and NR homologs alone from N.

papyraceus and L. aestivum are able to catalyze the reaction of

condensation/reduction of tyramine and 3,4-DHBA to produce a

low amount (0.07 for NBS and 0.08 for NR relative peak area ratio)

of norbelladine (Figure 4A). To examine if NBS and NR work

together for the condensation of tyramine and 3,4-DHBA into

norcraugsodine followed by its reduction into norbelladine

(Figure 1), we tested NBS and NR purified enzymes together in

one-step assay and in two-step sequential manner. Our inability to

detect the intermediate norcraugsodine through HPLC-MS/MS

prompted us to examine the norbelladine production in each

assay mixture. We measured the substrates and equal amount of

added papaverine (internal standard) in all reaction mixtures for

relative quantification of the observed product (Figures S9A-R).

Norbelladine production was significantly (six-fold, 0.49 relative

peak area ratio) higher when both NpNBS and NpNR were present

in a single reaction, compared to assays with NpNBS or NpNR

separately (Figures 4A, B; S9E-J). Similarly, we observed four-fold

higher (0.31 relative peak area ratio) for norbelladine production

when LaNBS and LaNR were present in a single reaction, compared

to assays with LaNBS or LaNR individually (Figures 4A, B; S9O-R).

When the reactions were performed in a two-step manner: NBS first

followed by NR, we observed two-fold higher norbelladine level

(0.92 relative peak area ratio) than when enzymes were together in a

single-step for both Np and La enzymes (Figures 4A, B; S9I, J, Q, R),

which was 12 fold (Np) and 8 fold (La) higher in comparison to

assays with the enzymes individually (Figures 4A, B). In the reverse
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order, stepwise reaction for both species consisted of NR first

followed by NBS and yielded lower levels (0.3 relative peak area

ratio) of norbelladine than observed with the original sequence (i.e.,

NBS first followed by NR), but still produced higher amounts of

norbelladine compared to single enzyme reactions (Figures 4A, B;

S9J, K). Our results indicate that NBS and NR function together

optimally in a sequential manner (NBS first followed by NR) to

produce norbelladine. To further confirm the specificity of NR

enzyme in norbelladine production, we tested the NpTR purified

protein individually and together with NpNBS in assays containing

3,4-DHBA, tyramine, and NADPH. We observed no norbelladine

formation in assays containing NpTR enzyme, and assays with both

NpNBS andNpTR in one-step or two-step yielded similar level (0.07

relative peak area ratio) of norbelladine compared to assays

containing only NpNBS enzyme (Figures 4A, B; S9L-N). These

results confirm the role of NBS and NR together to channel the

substrates effectively for the condensation/reduction sequence

leading to the formation of norbelladine.
3.5 Derivatized norcraugsodine is detected
only in assays with both NBS and NR

Direct analysis of norcraugsodine by HPLC-MS/MS or GC-MS

was inconclusive (Figure S11A). Therefore, we derivatized the

norcraugsodine using BSTFA reagent (N,O-bis(trimethylsilyl)

trifluoroacetamide) (Figure S12). Following derivatization, two

signals corresponding to tris-TMS-norcraugsodine (24.79

minutes) and the bis-TMS-3,4-dihydroxybenzaldehyde (9.28

minutes) result ing from the hydrolysis of tris-TMS-

norcraugsodine were observed by GC-MS (Figures S11B-D; S12).

La and Np NBS, and NR purified proteins were tested separately in

enzymatic assays containing tyramine, 3,4-DHBA, and NADPH.

The resulting assay products were dried, reconstituted in

acetonitrile, derivatized using BSTFA, and injected into the GC-

MS using electron ionization (EI) at 70 eV. As expected, in assays

lacking substrates or enzymes, tris-TMS-norcraugsodine was not

detected (Figures S13A, C). Similarly, MBP tag alone protein

purified from E. coli transformed with empty pMAL-c2X vector

showed no activity (Figure S13B). Surprisingly, we did not detect

any tris-TMS-norcraugsodine in assays with single NBS or NR

enzyme with or without NADPH (Figures S13D-K). However, tris-

TMS-norcraugsodine was detected in assays containing both

enzymes, in a one-step or two-step fashion, from both Np and La

species (Figures S13L-O). In both cases, the detected tris-TMS-

norcraugsodine fragmentation pattern matches with the tris-TMS-

norcraugsodine standard (Figure S14). In the assays with the reverse

order of enzymes, i.e., NR first followed by NBS, a very small signal

for tris-TMS-norcraugsodine was detected (Figures S13P, Q), but

the fragmentation pattern did not exactly match with the standard

due to proximity with the baseline. As expected, the TR enzyme

alone or with NBS did not produce any detectable amounts of tris-

TMS-norcraugsodine (Figures S13R-T). These results confirm that

both NBS and NR are specifically required to harness

norcraugsodine and for its efficient reduction into norbelladine.
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3.6 NBS and NR form a dimer and NBS
physically interacts with NR in planta and
in yeast

Previous studies suggest that the norcoclaurine synthase (NCS)

proteins assemble as dimers to be catalytically active (Samanani and

Facchini, 2002; Samanani et al., 2004; Vimolmangkang et al., 2016).

Similarly, the NR protein of N. pseudonarcissus was shown to exist

as a tetramer through crystal structure of the enzyme (Kilgore et al.,

2016b). Based on these observations, we hypothesized that NBS and

NR form a dimer which impacts their activity. To explore the ability

of using split-luciferase-complementation assay (SLCA) in testing

the interactions of NBS and NR in N. benthamiana leaves, we first

examined the physical interactions between NpNBS-NpNBS,

LaNBS-LaNBS, NpNR-NpNR, and LaNR-LaNR. NpNBS, LaNBS,

NpNR, and LaNR were fused to the N-terminal half of the luciferase

protein (NLuc) and co-expressed via Agrobacterium in N.

benthamiana leaves while NpNBS, LaNBS, NpNR, and LaNR

were fused to the C-terminal half of luciferase (CLuc) protein. As

negative controls, NpNBS-NLuc, LaNBS-NLuc, NpNR-NLuc, and

LaNR-NLuc were co-expressed with CLuc empty vector and CLuc-

NpNBS, CLuc-LaNBS, CLuc-NpNR, and CLuc-LaNR were co-

expressed with NLuc empty vector (Figures 5A-D). Expression of

all the fusion proteins was validated by western blot analysis

(Figures S15A, B). The homodimeric interactions were monitored

by measuring luminescence 48 h after agroinfiltration of the tested

protein pairs. Co-expression of NpNBS-NLuc with CLuc-NpNBS,

LaNBS-NLuc with CLuc-LaNBS, NpNR-NLuc with CLuc-NpNR,

and LaNR-NLuc with CLuc-LaNR resulted in emission of

significantly higher luminescence compared to the negative

controls indicating a physical interaction in planta between NBS-

NBS and NR-NR fusion proteins (Figures 5A-D). One explanation

for the production of norbelladine in reactions containing NBS and

NR is that NR functions as an enzyme that acts on norcraugsodine

produced from tyramine and 3,4-DHBA by NBS. Alternatively, NR

may alter the catalytic properties of NBS through allosteric

regulation, which allows NBS to form norbelladine, or vice versa,

but it remains formally possible that NBS and NR are present

together in a metabolon, NR playing a regulating role by guiding the

substrates to the imine intermediate followed by reduction to

norbelladine. To test the importance of physical interactions for

norbelladine biosynthesis, the interactions of NpNBS and LaNBS

with full-length NpNR and LaNR were examined in N.

benthamiana leaves by split-luciferase-complementation-assays.

NpNBS and LaNBS were fused to the N-terminal half of the

luciferase protein (NLuc) and co-expressed via Agrobacterium in

N. benthamiana leaves along with NpNR and LaNR fused to the C-

terminal half of luciferase (CLuc). As a control, NpNBS-NLuc and

LaNBS-NLuc were co-expressed with CLuc-NpTR and CLuc-LaTR,

respectively. As negative controls, NpNBS-NLuc and LaNBS-NLuc

were co-expressed with CLuc empty vector and CLuc-NpNR and

CLuc-LaNR were co-expressed with NLuc empty vector

(Figures 5A-D). Expression of the examined fusion proteins was

confirmed by western blot analysis (Figures S15A, B). Protein-

protein interactions in planta were quantified by measurements of
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luminescence 48 h after agroinfiltration. In agreement with the

enzymatic assays, co-expression of NpNBS-NLuc with CLuc-NpNR

and LaNBS-NLuc with CLuc-LaNR resulted in emission of

significantly higher luminescence compared to the negative

controls and the control protein CLuc-NpTR and CLuc-LaTR

(Figures 5A-D), demonstrating a physical interaction in planta

between NBS and NR fusion proteins.

To validate the interaction detected in planta and to check if the

observed interactions are direct, the interactions between NBS-NBS,

NR-NR, NBS-NR, and NBS-TR were then examined by yeast two-

hybrid system. NBS, NR and TR from both plant species were fused

to both bait and prey plasmids. Expression in yeast of bait and prey

proteins was confirmed by western blot analysis (Figures S15C, D).

Similar interactions between NBS-NBS, NR-NR and NBS-NR were

observed (Figures 5E, F) when the same protein pairs from both

plant species were expressed in yeast as bait and prey proteins in

agreement with the observed interaction in planta. As observed in

planta, no interaction was found between NBS-TR in yeast

(Figures 5E, F). Taken together, these results obtained in different

experimental systems indicated regulatory interactions between

NBS and NR and support the possibility that NBS and NR

function as heteromultimeric proteins.
3.7 NBS and NR produce norbelladine
together in vivo

Functional analysis of NBS and NR via RNAi was not possible

because Amaryllidaceae transformation has not been achieved. To

demonstrate NBS and NR activity in vivo, we reconstituted

norbelladine biosynthesis in yeast. Yeast cultures expressing

NpNBS, NpNR, and NpTR as single enzymes or NpNBS together

with NpNR or NpTR were fed with tyramine and 3,4-DHBA, and

norbelladine production was monitored in the yeast cell extracts.

We measured the equal amount (1000 mg/L) of added papaverine

(internal standard) in all reaction mixtures for relative

quantification of the observed norbelladine product. Surprisingly,

we did not detect norbelladine in any of the yeast cultures

expressing single NBS or NR enzyme (Figures 6A, B). However,

we detected low levels of norbelladine (0.22 relative peak area ratio)

in yeast cultures expressing both NBS and NR (Figures 6A, B). This

confirms that both enzymes are required for norbelladine

production in an in vivo model.
3.8 NBS and NR colocalize in the cell
cytoplasm and nucleus

The NBS protein fused with green fluorescent protein (GFP)

from both L. aestivum and N. papyraceus was recently shown to

localize to the cell cytoplasm and nucleus (Tousignant et al., 2022).

Similarly, we found NR lacked any predicted signal peptides. To

investigate NBS and NR subcellular localization, the NBS and NR

coding regions from both N. papyraceus and L. aestivum plants

were fused upstream to the yellow-fluorescent-protein gene (YFP).
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The NpNBS-YFP, LaNBS-YFP, NpNR-YFP, and LaNR-YFP fusions

were transiently expressed in leaves of N. benthamiana plants via A.

tumefaciens, and their localization was monitored by confocal

fluorescence microscopy. The cyan fluorescent protein (CFP),

which localizes to the cytoplasm and nucleus (Kruse et al., 2010),

was used as a control. Expression of all the fusion proteins was

validated by western blot (Figure S16). As shown in Figure 7A, the

NBS-YFP and NR-YFP fusion proteins from both plant species

localized in the cell cytoplasm and nucleus like CFP. These results

suggest that both NBS and NR are distributed to the same

nucleocytoplasm cellular compartment. To further confirm the
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colocalization pattern of NBS and NR, the NR coding regions

from both N. papyraceus and L. aestivum plants were fused

upstream to the cyan fluorescent protein (CFP) and co-expressed

via Agrobacterium in N. benthamiana leaves while NpNBS and

LaNBS were fused to the YFP, and their localization pattern was

monitored by confocal microscopy. Expression of all the fusion

proteins was validated by western blot (Figure S16). Similar profiles

of fluorescence pattern in the cell cytoplasm and nucleus were

observed for NBS-YFP and NR-CFP (Figure 7B). These results

confirm that NBS and NR which lack predicted signal peptides,

colocalized to both the cytoplasm and the nucleus of the cell.
B

C D
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A

FIGURE 5

Physical interaction of NBS and NR in planta and in Yeast. (A-D) The indicated proteins fused to NLuc or CLuc were expressed in leaves of Nicotiana
benthamiana plants via Agrobacterium tumefaciens infection. (A, B) The images show LUC images of 96-well microtiter plates containing N.
benthamiana leaf discs expressing the indicated constructs. (C, D) Luciferase activity was quantified as relative luciferase units (RLU) 48 hr post-
infiltration. Data are means ± SE of three biological repeats. Asterisks indicate a significant difference (Student’s t test, p < 0.05) relative to empty
vector. (E, F) Yeast expressing the indicated proteins fused to the GAL4 DNA-binding domain (Bait) or to the GAL4 DNA activation domain (Prey)
were grown on synthetically defined (SD) medium lacking Leu and Trp (SD-LW), SD-LW lacking histidine and adenine (SD-LWHA), or SD-LW
supplemented with Aureobasidin A (SD-LW+AbA). Empty vectors (EV) were used as negative controls. * = Asterisks indicate a significant difference
(Student's t test, p < 0.05).
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3.9 NBS and NR are expressed at high
levels in the bulbs of N. papyraceus
and L. aestivum

The expression profiles of the NBS and NR in different tissues

including bulb, root, stem, leaf, and flower were evaluated by using

quantitative real-time PCR (qRT-PCR) analysis. The results showed

that NBS was ubiquitously expressed in all tissues detected, with the

highest expression levels in bulb and root (Figures 8A, B). The

expression patterns of NpNBS and LaNBS were similar, mRNA

accumulated in high amount in bulb and root, and low transcript

levels were detected in leaf, stem, and flower (Figures 8A, B). The

NR expression pattern was different. LaNR and NpNR mRNA

specifically accumulated at high levels in bulbs, and in low

amount in other tested tissues (Figures 8C, D). We further

checked the expression pattern of TR in different tissues to

compare tissue expression profiles between NR and TR and found

that NpTR and LaTR genes were widely expressed in all the

examined tissues (Figures S17A, B). These results suggest that the

highest transcript levels of NR were in bulbs, which parallels with

the high expression for NBS transcripts in the bulbs. This high

expression ofNBS andNR aligns with the higher expression of other

AA biosynthetic genes in bulbs of N. papyraceus (Hotchandani

et al., 2019) and L. aestivum (Tousignant et al., 2022).
4 Discussion

To date, PR10/Bet v1-like proteins have been directly

implicated in the biosynthesis of two alkaloid classes – the AAs

and the benzylisoquinoline alkaloids (BIAs) (Dastmalchi, 2021;

Morris et al., 2021). Although end-product alkaloids within these

two classes are structurally distinct, the pathways have similar

biogenic origins. In the BIAs pathway, NCS catalyzes the

condensation between dopamine and 4-HPAA to form (S)-

norcoclaurine. The initiation of AAs’ biosynthesis is proposed to

occur via condensation of tyramine and 3,4-DHBA to yield the

imine norcraugsodine, which is then reduced to produce

norbelladine (Figure 1). Our results confirm that the

condensation of tyramine and 3,4-DHBA by LaNBS and NpNBS

forms norbelladine at low levels, but not norcraugsodine (Singh

et al., 2018; Tousignant et al., 2022), despite the absence of a

cofactor for the reduction in the reaction mixture. In our

enzymatic assays, even the prepared standard solution of

norcraugsodine was highly unstable , indicat ing that

norcraugsodine is difficult to detect because of its instability. Still,

the imine reduction of norcraugsodine intermediate into

norbelladine by NBS is surprising. NBS is part of the PR10/Bet v

1-like enzymes, which are not known to use cofactors for their

activity, with few reported exceptions (Jain et al., 2016). Although

unlikely, low but enough bacterial components carrying cofactors

could remain in the purified protein and help with the reduction.
B

A

FIGURE 6

In vivo biosynthesis of norbelladine in yeast. HPLC-MS/MS analysis
of norbelladine produced in yeast cultures expressing NBS and NR
both singly and in combination. (A) Extracted ion chromatograms of
quantifier MRM transition 260 → 138 m/z showing the product
norbelladine in different indicated yeast cultures. (B) Comparison
and relative quantification of assays shown in Figure 6A in triplicate
(mean ± SD, n = 3). The norbelladine product profiles in different
assays performed were analyzed by HPLC-MS/MS and the obtained
amount were relatively quantified using the area ratio of
norbelladine produced in the assay to the papaverine internal
standard. Data are means ± SE of three biological repeats. Asterisks
indicate a significant difference (Student’s t test, p < 0.05) relative to
the yeast culture expressing NpNBS alone. * = Asterisks indicate a
significant difference (Student's t test, p < 0.05).
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However, in our enzymatic assays, the addition of NADPH to the

reaction did not significantly increase the norbelladine production

by NBS. Alternatively, NpNBS and LaNBS could possess a reductase

activity as found in PR-10 protein CaARP from chickpea (Jain et al.,

2016), but it is improbable as they lack the conserved motifs

corresponding to the catalytic signatures of short chain

dehydrogenase/reductase (SDR) (Y-X3-K) and aldo/keto reductase

(AKR) (Y-X27–30-K) with the common tyrosine residue (Jain et al.,

2016). On the other hand, NpKANR was previously reported to also

yield norbelladine following incubation with tyramine, 3,4-DHBA

and NADPH, albeit in low yield (Kilgore et al., 2016b). We

confirmed that low but detectable amounts of norbelladine can be

produced from 3,4-DHBA and tyramine with NR isolated for N.

papyraceus and L. aestivum in enzymatic assays. In theory, other

SDR members with imine reduction capability could be able to

catalyze this reaction as proposed previously (Roth et al., 2018). In
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our study, only NR, but not TR, the other identified SDR member,

was specifically able to catalyze this reaction. The low yields

reported with NBS and NR alone prompted us to hypothesize

that they could need to work together to channel the substrates

effectively for their condensation into norcraugsodine followed by

an immediate reduction into norbelladine. Their interaction could

help by improving their catalytic activity, by avoiding degradation

of unstable norcraugsodine in decreasing its transit time, and by

preventing feedback regulation of norbelladine production.

We used homology modelling and docking studies to model our

hypothesis and gain insight of the ligand-enzyme interactions

involved in norbelladine synthesis as a two-step reaction.

Although performing docking on predicted structures has its

limitations, it provides a general scheme on the possible

interactions of NBS and NR with their respective ligands that is

consistent with the enzymatic reactions they performed. Our
B

A

FIGURE 7

NBS and NR colocalize to the cell cytoplasm and nucleus. (A) The indicated fusion proteins were co-expressed with the cyan fluorescent protein
(CFP) in Nicotiana benthamiana leaves via Agrobacterium tumefaciens. After 48 hr, fluorescence was monitored in epidermal cells by confocal
microscopy. Bright field, chlorophyll, yellow fluorescent protein (YFP), cyan fluorescent protein (CFP), and merged fluorescence images are shown.
Scale bars in images represent 50 mM. (B) Confocal micrographs of transiently expressed NBS-YFP and NR-CFP in Nicotiana benthamiana leaves
showing they colocalize to the cytoplasm and nucleus. Bright field, chlorophyll, yellow fluorescent protein (YFP), cyan fluorescent protein (CFP), and
merged fluorescence images are shown. Scale bars in images represent 50 mM.
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proposed model for norbelladine synthesis involves NBS first where

the condensation of 3,4-DHBA and tyramine subunits yields an

imine/iminium intermediate (Schiff base) (i.e., norcraugsodine),

followed with a reduction by NR leading to norbelladine

(Figure 1). Similarly to the NCS catalyzed reaction (Lichman

et al., 2017a; Lichman et al., 2017b), homology modeling and

docking results suggest that NBS Tyr68, Lys83 and Glu71

surround the active site and interact with 3,4-DHBA and

tyramine, probably playing key roles in norcraugsodine synthesis.

In this proposed reaction, Lys83 would transfer a proton from the

ammonium group of tyramine to the carbonyl oxygen of 3,4-

DHBA, stabilizing a partial positive charge on the carbon atom.

Lys83-assisted nucleophilic attack of tyramine amine group to the

aldehyde carbonyl would lead to the release of a water molecule

from the carbinolamine moiety, generating the imine double bond,

in a similar reaction to NCS’s (Lichman et al., 2017b). Finally,

norcraugsodine would be formed following an electrophilic attack

and deprotonation assisted by the carboxyl moiety of Glu71, acting

as a base. Tyr68 could contribute to the electrostatic properties of

the active site and by shaping the cavity entrance. Following its

synthesis, norcraugsodine would then be reduced to norbelladine

inside NR active site with the assistance of NADPH. In SDR

enzymes, the catalytic dyad Tyr175 and Lys179 is conserved and

have a double role in the active site, the tyrosine serving as a general

acid to protonate the substrate keto-group, while the lysine lowers

the tyrosine’s pKa to promote proton donation. Noroxomaritidine

reduction occurs in a similar structural and chemical arrangement:

the substrate ketone is positioned in proximity to Tyr175 and

NADPH (Kilgore et al., 2016b). Electrostatic interaction with

Lys179 reduces the pKa of Tyr175 to po lar i ze the

noroxomaritidine carbonyl group for protonation and hydride

transfer, to yield the ketone product with a reduced carbon-
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carbon double bond (Kilgore et al., 2016b). Similarly, to

noroxomaritidine crystal structure in complex with NADPH and

tyramine or piperonal, docking results showed that norcraugsodine

phenol cycle binds near Phe214, its amine group is positioned close

to Tyr173 and NADPH C4, and its dihydroxybenzene binds to

Glu224. Lys177 in the proximity of Tyr173 could allow the tyrosine

hydroxyl group to serve as a general acid with a hydride transfer

from NADPH, leading to norbelladine (i.e., with its reduced imine

group). Consistent with reactions catalyzed by the SDR families,

docking studies suggest that NADPH, Tyr173 and Lys 177 play key

roles in norcraugsodine reduction.

We tested our model pathway of norbelladine biosynthesis

using several enzymatic assays. Our results confirmed that when

both enzymes are present in the reaction, either in a single-step or in

a two-step reaction, significantly higher levels of norbelladine were

produced than when using each enzyme separately. The highest

yield (12-fold increase) was obtained when the assay was carried out

in a two-step manner, with NBS first and NR second. The

observation of obtaining more norbelladine in two-step assays

than one-step in in vitro enzymatic assay is not aligning with our

hypothesis that the channelled reactions of the single-step assay

would yield highest levels of norbelladine as both the enzymes (NBS

and NR) are present together. We propose that the 10 mins boiling

step in two-step assays might not have completely inactivated all the

NBS protein and the following further 2-hour incubation with NR

could have an increased norbelladine production as all the

substrates are present in the reactions. Another possibility is that

the large MBP tag (42-kDa) present in the fusion protein could be

hindering the property of the NBS and NR hetero multimers. Thus,

it is possible that NR in inappropriate conformation inhibits NBS or

vice versa, but somehow interferes to a lesser extent to that of homo

multimers of either or both of NBS and NR. To address this, we
B

C D

A

FIGURE 8

Relative expression of NBS, and NR in different tissues of N. papyraceus and L. aestivum using reverse transcription quantitative PCR (RT-qPCR)
analysis. Different plant tissues as indicated were harvested after flowering, and NpNBS (A), LaNBS (B), NpNR (C), LaNR (D) mRNA levels were
measured by RT-qPCR analysis relative to expression in leaves. NpHISTONE and LaGAPDH were used as normalizer. Data are means ± SE of three
biological repeats.
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attempted to cleave the MBP-tag with Factor Xa protease.

Unfortunately, we observed that upon the tag cleavage, both NBS

and NR protein precipitated/aggregated, and we were unable to

obtain the NBS or NR protein without a MBP tag fusion. Similarly,

we found that these two proteins are prone to be in insoluble

fraction with a smaller histidine (HIS)-tag. Lower levels of soluble

NBS protein with HIS-tag was also reported by Singh et al., 2018.

The MBP tag does not dimerize itself as other larger tags such as

glutathione S-transferase (GST) (Reuten et al., 2016), and

interaction between the two proteins were confirmed in yeast and

colocalization in planta using other tag systems. Hence, the

possibility of forced dimerization between NBS and NR, and its

false implication on the enzymatic assays is unlikely. However, we

cannot completely rule out the possibility that the large fusion tag

can interfere with proper conformation of the hetero multimers.

Future studies that will mutate important amino acids required for

the physical interaction of NBS and NR will shed light on how these

hetero multimers are formed, and how they regulate biochemical

properties of the enzymes. The initial purpose of the two-step assay

was to check if we can detect higher norbelladine as we could not

detect the intermediate norcraugsodine in our assays. Overall, our

results showed that NBS and NR can co-operate to produce

norbelladine in vitro.

The inability to detect the intermediate norcraugsodine was a

major challenge in our study. With very extensive work we found

that norcraugsodine is highly unstable and difficult to detect by LC-

or GC-MS analysis. However, we could detect the norcraugsodine

by GC-MS upon derivatization with BSTFA. Interestingly, our in

vitro enzymatic assays showed that to detect the derivatized

norcraugsodine both enzymes (NBS and NR) required physically

present together. We propose a metabolon with NBS and NR

proteins, where NR functions as an enzyme that acts immediately

on norcraugsodine produced from tyramine and 3,4-DHBA by NBS

and converts it to norbelladine. Alternatively, NR may alter the

catalytic properties of NBS through allosteric regulation, which

allows NBS to form norbelladine, or vice versa. The other possibility

is that NBS and NR are present together in a metabolon, and both

play a regulatory role together in guiding the substrates to the imine

intermediate and keeping the intermediate norcraugsodine stable,

followed by immediate reduction to norbelladine. Hence without

both proteins norcragusodine is not stabilized and hence cannot be

detected. The formation of norcraugsodine in assays s with NBS or

NR alone can not be ruled out but if norcraugsodine was indeed

produced, it was below detection levels.

In vivo, enzymes perform their functions in specific subcellular

compartments (Huh et al., 2003). We showed that NBS and NR are

colocalized to the cell cytoplasm and nucleus. Their colocalization is

consistent with their possible cooperation. We propose that the site

of their activity is the cytoplasm as previous studies have shown that

La tyrosine decarboxylase 1 (TYDC1), which catalyzes the

conversion of tyrosine to tyramine, was localized to the cytosol

(Wang et al., 2019), as were O-methyltransferase 1 from Lycoris

aurea (OMT) and the N4OMT from Lycoris longituba, which

catalyze the O-methylation of norbelladine into 4 ’-O-

methylnorbelladine (Sun et al., 2018). In addition, there is some

evidence of cytoplasmic localization for tyramine and 3,4-DHBA
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(Nagahashi et al., 1996). Thus, our results support the hypothesis

that the early reactions of AAs are biosynthesized in the cytosol.

Our gene expression analysis clearly indicates that both NBS and

NR from both species are highly expressed in bulb, but only the

former in root. This suggests that root has a reduced catalytic

efficiency in norbelladine biosynthesis because of the low level of

NR expression and unavailability of catalytically active metabolon

containing NBS and NR. These results align with the previous work

onNarcissus papyraceus (Hotchandani et al., 2019) where transcript

levels of other AA biosynthetic genes such as TYDC1, TYDC2,

PAL2, C4H, C3H and N4OMT are very high in the bulb, lower in

the roots, and lowest in the leaves. By contrast, at the alkaloid level,

the opposite was observed: the bulb tissue has the lowest amount of

alkaloids and the leaves and roots the highest. A possible

explanation is that the biosynthetic enzymes and/or alkaloids

produced in the bulb are being transported to other parts of the

plant, leading to fewer alkaloids in the bulb and higher amounts in

the roots and leaves (Hotchandani et al., 2019). In Amaryllidaceae

plants, we observed combined high expression of both NBS and NR

in bulbs of N. papyraceus and L. aestivum, reinforcing their

probable cooperation to produce norbelladine in vivo in the bulb

tissues, later transported to different parts as the plant grows and

develops. Future study with a full set of spatio-temporal profiles of

NBS and NR expression together with AA accumulation in

Leucojum aestivum will shed light on the involvement of the

proposed AA biosynthetic genes in the production of the AAs at

each developmental stage.

Then, we investigated the possibility that NBS and NR interact

together in yeast and in planta. First, we observed that both NBS

and NR proteins physically interact as homodimers in yeast and in

planta, suggesting that this conformation is important for their

function in vivo. Then, our results in yeast suggest that the two

enzymes directly interact with each other and that additional plant

proteins are not required for this interaction. These results support

the hypothesis that NBS and NR work together in a metabolon,

where NBS as a homodimer synthesizes the intermediate

norcraugsodine, which is readily converted into norbelladine by

NR, present as a homodimer in the same protein complex. The

formation of metabolons allows the intermediate product to be

passed directly from one enzyme to the active site of the subsequent

enzyme in the metabolic pathway (Zhang et al., 2017). It is also

possible that allosteric regulation of NBS by NR (or vice-versa)

could explain the enhanced production of norbelladine when both

enzymes interact. NBS or NR could play a chaperone-like role in

guiding the folding of the norcraugsodine intermediate or of the

second enzyme, as has been previously suggested for PR10/Bet V1-

like members (Dastmalchi, 2021; Morris et al., 2021). Metabolons

are dynamic and transient protein assemblies that facilitate

metabolic reactions within the cells (Dahmani et al., 2023). To

date, several metabolons in plants have been suggested to mediate

channeling of different substrates, including the TCA cycle (Zhang

et al., 2017), the glycolytic pathways, and several pathways of

specialized metabolism in plants (Laursen et al., 2016; Camagna

et al., 2018; Fujino et al., 2018; Gou et al., 2018). All metabolons

involve physical association of different enzymes involved in a

specific metabolic pathway and plays a crucial role in cellular
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metabolism by enhancing reaction rates, protecting unstable

intermediates, and minimizing side reactions (Dahmani et al., 2023).

In our study we observed all the common features of a metabolon

formation like enzyme-enzyme complex, detection of substrate

channels, presence of the enzymes in same cellular compartments.

Our results clearly showed thatNBS andNR are present as homo- and

heteromeric complexes, which protect and channel the unstable

intermediate norcraugsodine. Furthermore, their interactions are

direct, and localization to same nucleocytoplasmic compartments.

Wepropose that, as AAs biosynthesis inAmaryllidaceae plant cells is a

very complex process due to the number of subcellular organelles in

plant cell, and thenumberof isoformsof specific enzymes theycontain,

and the sheer range of metabolites they form, possible formation of

different metabolons will be ideal to regulate mechanisms to rapidly

and frequentlyaltermetabolicfluxes in response tospecificdemandsor

challenges. Future studies involving X-ray crystallography, electron

microscopy, anddevelopmentof artificial intelligence (AI) for accurate

predictionof complex structures,will help us to better understandhow

different sequential enzymes in AAs biosynthesis form structural-

functional complexes and how this metabolon is regulated.

Finally, we used a yeast system to express NBS alone, NR alone,

or both NBS/NR to show that their interaction is essential to

generate higher levels of norbelladine. Our results confirmed that

when both NBS and NR are present together, the yeast produces

detectable levels of norbelladine, as compared to the absence of

detectable norbelladine when each protein was present alone or

when the yeast was simply fed with tyramine and 3,4-

dihydroxybenzaldehyde. Future studies with metabolic

engineering of yeast with the complete elucidated pathway for

galanthamine biosynthesis will help us better understand how this

pathway is regulated and how to increase the production of

norbelladine in heterologous systems.

In conclusion, our study establishes that NBS and NR

cooperatively catalyze the biosynthesis of norcraugsodine and its

reduction into norbelladine. We show that the two enzymes localize

to both the cytoplasm and nucleus, are expressed at high levels in

bulbs, and physically interact with each other in yeast and in planta.

This study unravels the reactions involved in the first key steps of

the biosynthesis of all AAs. Deciphering norbelladine synthesis will

facilitate the development of the biosynthetic tools required to

produce AAs in vitro and help fight human diseases, for example

via the biosynthesis of galanthamine in heterologous hosts to treat

the symptoms of Alzheimer’s disease.
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regulation of the expression of Amaryllidaceae alkaloid biosynthetic genes in.
Narcissus papyraceus. Genes 10 (8), 594. doi: 10.3390/genes10080594

Huh, W.-K., Falvo, J. V., Gerke, L. C., Carroll, A. S., Howson, R. W., Weissman, J. S.,
et al. (2003). Global analysis of protein localization in budding yeast. Nature 425
(6959), 686–691. doi: 10.1038/nature02026

Ilari, A., Franceschini, S., Bonamore, A., Arenghi, F., Botta, B., Macone, A., et al.
(2009). Structural basis of enzymatic (S)-norcoclaurine biosynthesis. J. Biol. Chem. 284
(2), 897–904. doi: 10.1074/jbc.M803738200

Jain, D., Khandal, H., Khurana, J. P., and Chattopadhyay, D. (2016). A pathogenesis
related-10 protein CaARP functions as aldo/keto reductase to scavenge cytotoxic
aldehydes. Plant Mol. Biol. 90 (1), 171–187. doi: 10.1007/s11103-015-0405-z

Ka, S., Merindol, N., Sow, A. A., Singh, A., Landelouci, K., Plourde, M. B., et al.
(2021). Amaryllidaceae alkaloid cherylline inhibits the replication of dengue and Zika
viruses. Antimicrob. Agents Chemother. 65 (9), e0039821. doi: 10.1128/aac.00398-21

Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N., and Sternberg, M. J. E. (2015).
The Phyre2 web portal for protein modeling, prediction and analysis. Nat. Protoc. 10
(6), 845–858. doi: 10.1038/nprot.2015.053

Kilgore, M., Augustin, M. M., May, G. D., Crow, J. A., and Kutchan, T. M. (2016a).
CYP96T1 of Narcissus sp. aff. pseudonarcissus Catalyzes Formation of the Para-Para’
Frontiers in Plant Science 2087
C-C Phenol Couple in the Amaryllidaceae Alkaloids. Front. Plant Sci. 7. doi: 10.3389/
fpls.2016.00225

Kilgore, M. B., Augustin, M. M., Starks, C. M., O’Neil-Johnson, M., May, G. D.,
Crow, J. A., et al. (2014). Cloning and Characterization of a Norbelladine 4’-O-
Methyltransferase Involved in the Biosynthesis of the Alzheimer’s Drug Galanthamine
in Narcissus sp. aff. pseudonarcissus. PloS One 9 (7), e103223. doi: 10.1371/
journal.pone.0103223

Kilgore, M., Holland, C., Jez, J. M., Crow, J. A., and Kutchan, T. M. (2016b).
Identification of a noroxomaritidine reductase with Amaryllidaceae alkaloid
biosynthesis related activities. J. Biol. Chem. 291 (32), 16740–16752. doi: 10.1074/
jbc.M116.717827

Kruse, T., Gehl, C., Geisler, M., Lehrke, M., Ringel, P., Hallier, S., et al. (2010).
Identification and biochemical characterization of molybdenum cofactor-binding
proteins from Arabidopsis thaliana. J. Biol. Chem. 285 (9), 6623–6635. doi: 10.1074/
jbc.M109.060640

Laursen, T., Borch, J., Knudsen, C., Bavishi, K., Torta, F., Martens, H. J., et al. (2016).
Characterization of a dynamic metabolon producing the defense compound dhurrin in
sorghum. Science 354 (6314), 890–893. doi: 10.1126/science.aag2347

Lichman, B. R., Sula, A., Pesnot, T., Hailes, H. C., Ward, J. M., and Keep, N. H.
(2017a). Structural evidence for the dopamine-first mechanism of norcoclaurine
synthase. Biochemistry 56 (40), 5274–5277. doi: 10.1021/acs.biochem.7b00769

Lichman, B. R., Zhao, J., Hailes, H. C., and Ward, J. M. (2017b). Enzyme catalysed
Pic te t -Speng ler format ion of chi ra l 1 ,1 ’-d isubst i tu ted- and sp i ro-
tetrahydroisoquinolines. Nat. Commun. 8, 14883. doi: 10.1038/ncomms14883

Morris, J. S., Caldo, K. M. P., Liang, S., and Facchini, P. J. (2021). PR10/Bet v1-like
proteins as novel contributors to plant biochemical diversity. ChemBioChem 22 (2),
264–287. doi: 10.1002/cbic.202000354

Nagahashi, G., Abney, G. D., and Doner, L. W. (1996). A comparative study of
phenolic acids associated with cell walls and cytoplasmic extracts of host and non-host
roots for AM fungi. New Phytol. 133 (2), 281–288. doi: 10.1111/j.1469-
8137.1996.tb01895.x

Notredame, C., Higgins, D. G., and Heringa, J. (2000). T-Coffee: A novel method for
fast and accurate multiple sequence alignment. J. Mol. Biol. 302 (1), 205–217.
doi: 10.1006/jmbi.2000.4042

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 29 (9), e45–e45. doi: 10.1093/nar/29.9.e45

Reuten, R., Nikodemus, D., Oliveira, M. B., Patel, T. R., Brachvogel, B., Breloy, I.,
et al. (2016). Maltose-binding protein (MBP), a secretion-enhancing tag for
mamMalian protein expression systems. PloS One 11 (3), e0152386. doi: 10.1371/
journal.pone.0152386

Roth, S., Kilgore, M. B., Kutchan, T. M., and Muller, M. (2018). Exploiting the
catalytic diversity of short-chain dehydrogenases/reductases: versatile enzymes from
plants with extended imine substrate scope. Chembiochem 19 (17), 1849–1852.
doi: 10.1002/cbic.201800291

Saliba, S., Ptak, A., and Laurain-Mattar, D. (2015). 4′-O-methylnorbelladine feeding
enhances galanthamine and lycorine production by Leucojum aestivum L. shoot
cultures. Eng. Life Sci. 15 (6), 640–645. doi: 10.1002/elsc.201500008

Samanani, N., and Facchini, P. J. (2002). Purification and characterization of
norcoclaurine synthase. J. Biol. Chem. 277 (37), 33878–33883. doi: 10.1074/
jbc.M203051200

Samanani, N., Liscombe, D. K., and Facchini, P. J. (2004). Molecular cloning and
characterization of norcoclaurine synthase, an enzyme catalyzing the first committed
step in benzylisoquinoline alkaloid biosynthesis. Plant J. 40 (2), 302–313. doi: 10.1111/
j.1365-313X.2004.02210.x
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Antibacterial resistance poses a significant global threat, necessitating the

discovery of new therapeutic agents. Plants are a valuable source of

secondary metabolites with demonstrated anticancer and antibacterial

properties. In this study, we reveal that Melastoma dodecandrum exhibits

both bacteriostatic and bactericidal effects against Pseudomonas aeruginosa

and Staphylococcus aureus. Treatment with plant extracts results in

membrane damage and a reduction in P.aeruginosa swimming and

swarming motility. A comparative analysis of bacterial transcriptomes

exposed to M.dodecandrum extracts and four distinct antibiotics indicates

that the extracts may trigger similar transcriptomic responses as triclosan, a

fatty acid synthesis inhibitor. Activity-guided fractionation suggests that the

antibacterial activity is not attributable to hydrolyzable tannins, but to

unidentified minor compounds. Additionally, we identified 104 specialized

metabolic pathways and demonstrated a high level of transcriptional

coordination between these biosynthetic pathways and phytohormones,

highlighting potential regulatory mechanisms of antibacterial metabolites

in M.dodecandrum.

KEYWORDS

co-expression analysis, antimicrobial, fractionation, Melastoma, Pseudomonas,
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Introduction

Antimicrobial resistance (AMR) has been identified by the World

Health Organization (WHO) as one of the top ten global health threats

affecting humanity (Antimicrobial resistance). This problem is

exacerbated by the lack of new effective antibacterials within clinical

pipelines (Antimicrobial resistance). Breakthroughs in genomics and

bioinformatics in the 90s enabled the identification of essential

bacterial genes and targets. Consequently, pharmaceutical companies

have attempted to generate new leads via target-based rational drug

design. However, this strategy had limited success, partly due to an

incomplete understanding of resistance mechanisms and factors

influencing drug membrane permeability (Payne et al., 2007;

Tommasi et al., 2015; Lewis, 2020). Alternatively, bioprospecting, the

examination of natural sources for active bioproducts, may be

considered in the search for new antibacterial compounds. To this

end, the plant kingdom represents a rich source of plant secondary

metabolites, many of which are known to have antimicrobial

properties and have been used in traditional medicine to treat

bacterial infections (Rıós and Recio, 2005; Frey and Meyers, 2010;

Kessler and Kalske, 2018; Singh et al., 2018; Lal et al., 2020).

While bioprospecting may enable the discovery of more target-

specific and structurally complex active biological compounds, it

comes with associated challenges (Cushnie et al., 2020). For

example, there may be difficulties in isolating and identifying

active compounds from biological extracts which may be further

compounded if there are multiple active compounds that contribute

synergistically to the therapeutic activity of the extract. Similarly,

the subsequent elucidation of the mechanism of action of an active

compound may also be a tedious process (Atanasov et al., 2021).

Additionally, the further use and industrial production of plant

metabolites may be hindered by a limited understanding of their

biosynthetic pathways and that the active metabolites may only be

produced under specific conditions in specific organs (Kumar et al.,

2019; Atanasov et al., 2021). Multi-omics methods, consisting of a

combination of transcriptomics, metabolomics, genomics and/or

proteomics, have been utilized in the drug discovery process and

have been recognized as a useful tool to identify new targets and the

mechanisms of lead compounds (Goff et al., 2020). The multi-omics

strategy may also be used to discover plant metabolic genes and

pathways using co-expression analysis and metabolite-based

genome-wide association studies (Zhan et al., 2022; Zhao and

Rhee, 2022; Julca et al; Usadel et al., 2009; Lim et al., 2022).

Taken together, such multi-omics approaches may represent the

means to address challenges associated with bioprospecting and

bridge the knowledge gap.

Members of the Melastoma genus, such as Melastoma

malabathricum, Melastoma candidum D. Don, and Melastoma

dodecandrum, have long been used in areas such as Malaysia,

Taiwan, and China as traditional medicine for the treatment of

dysentery, wounds, high blood pressure, diabetes, and skin diseases,

amongst others (Wang et al., 2008; Joffry et al., 2012). More

recently, studies have been carried out to scientifically evaluate M.
Frontiers in Plant Science 0290
malabathricum and M. candidum D. Don for acute toxicity, and

antibacterial, antioxidant, and immunomodulatory activities

(Alnajar et al., 2012; Wong et al., 2012; Che Omar et al., 2013;

Mamat et al., 2013; Zheng et al., 2021). Similarly, efforts have been

made to identify the chemical constituents of M. dodecandrum and

its associated activities (Yang et al., 2014; Wang et al., 2017; Tong

et al., 2019; Huang et al., 2021; Xu et al., 2023). However, limited

studies have been carried out on evaluating the antimicrobial

activity of the plant and identifying associated active compounds

or mechanisms, with only a recent paper reporting moderate

antibacterial activity of its ethanolic extract against diarrheagenic

bacterial pathogens following an activity screen of 32 plants

(Kudera et al., 2021).

Through the screenings conducted in this study, we have

identified M. dodecandrum Lour. as a plant with antimicrobial and

bactericidal effects on Pseudomonas aeruginosa. Phenotypic studies

on P. aeruginosa indicate that the plant’s active compounds likely

result in membrane damage and affect bacteria motility. Additionally,

a comparative transcriptomic analysis of P. aeruginosa suggests that

out of four antibiotics that target various vulnerabilities of bacteria,

the plant extract’s mode of action overlaps with triclosan. Subsequent

evaluation of fractions of the plant extract and activity testing of

purified compounds suggests that an unknown compound is

responsible for the antibacterial activity. By collecting samples of

different organs, and carrying out transcriptomics studies and co-

expression analysis, we investigated the biosynthetic potential of

M.dodecandrum and showed that the plant likely synthesized

many types of phenylpropanoids, with high levels of expression of

sulfur-containing compounds, phenylpropanoids, and terpenoids.

Finally, we showed co-expression patterns between the specialized

metabolic pathways and hormones, suggesting that the pathways in

the plant are transcriptionally linked.
Methods

Bacterial strains and culture conditions

P. aeruginosa PAO1 (ATCC BAA-47) was maintained on

Luria-Bertani agar containing 10 g/L NaCl (LB10) (644520,

Difco). S. aureus 25923 was maintained on TSB agar (236920,

Difco). Cultures were routinely cultured in 10 mL LB10 media

(244620, Difco) at 37°C with 200 rpm shaking overnight.
Plant sampling

The flowers, fruits, leaves, stems, and roots of M. dodecandrum

were sampled from the NTU Community Herb Garden. Leaves

used solely for bioactivity screening were transported in dry ice and

lyophilized using a freeze dryer (Labconco). Plant organs used for

both bioactivity and transcriptomic studies were transported in

liquid nitrogen.
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Metabolite extraction

Plant material was ground in liquid nitrogen to a fine powder.

One hundred mg of the powder was aliquoted into a screw cap tube.

Three 3 mm steel beads and 500 μL of 80% HPLC-MS grade

methanol were then added. The sample was subsequently

homogenized for two cycles at 2000 rpm (PowerLyzer 24,

Qiagen). The steel beads were removed, and the samples were

placed on a shaker for 10 mins at 1500 rpm at room temperature in

the dark. The samples were centrifuged at 10 min, 12000 × g. The

supernatant was transferred into a new 2 mL Eppendorf tube and

kept on ice. Five hundred μL of 80% HPLC-MS grade methanol was

added to the remaining pellet, and the shaking and centrifuge step

was repeated twice until 1.5 mL of supernatant was collected. The

supernatant was dried completely using a centrifugal vacuum

concentrator (Centrivap, Labconco) and dissolved in 100 – 500

μL of DMSO before use.
Antimicrobial screening and activity testing

Dried methanol extracts derived from 100 mg of plant material

or different plant organs were dissolved in 500 μL DMSO to give a

stock solution of 200 mg/mL plant material. Overnight bacterial

cultures were subcultured 1:10 in 10 mL of LB10 broth until the

bacteria reached the exponential phase. Exponential phase bacteria

were then diluted in Mueller-Hinton broth (MHB) to a final

concentration of 5 × 105 CFU/mL, and 2 μL of the stock DMSO

solution was added to 100 μL of MHB to a final concentration of 4

mg/mL starting plant material or 2% v/v DMSO. Evaluation of

HPLC fractions was carried out at 2% v/v DMSO, with each fraction

corresponding to ~10 mg/mL mass equivalent of the crude

methanol extract.
Extraction, bioassay guide fractionation,
and chemical characterization

Freeze-dried leaves of M. dodecandrum (11 g) were milled and

extracted twice with 400 mL of methanol (MeOH). The combined

MeOH extract was dried under reduced pressure to afford 3 g of

dried MeOH extract. Crude MeOH extract (2 g) dissolved in 5 mL

of MeOH was fractionated using a Sephadex LH20 open column (5

x 35 cm). Compounds were eluted sequentially with 1 L of MeOH,

50% aqueous acetone, and acetone to generate 13 fractions.

Biological testing results showed activity in only one fraction

(58K, 120 mg) which was eluted in the acetone eluent.

50 mg of active fraction 58K was reconstituted in 15% aqueous

MeOH, sonicated, and centrifuged. The insoluble pellet was

collected (labeled as PPT, 5 mg) while the supernatant was

injected into a Waters XTerra Prep MS C18 Column (10 x

300 mm) on an Agilent 1260 Infinity II Preparative HPLC

system. The mobile phase consisted of water (A) and acetonitrile

(B), both with 0.1% formic acid. The gradient elution started at 15%

B for 5 mins, 15-30% B in 20 mins, 30-60% B in 25 mins, held at
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60% for 10 mins, then increased from 60-100% B in 2 mins and

washed at 100% B for 10 mins. The flow rate was 20 mL/min and

the detection UV wavelength was at 254 nm. 8 fractions were

generated from the preparative HPLC. All HPLC fractions, PPT and

parent fraction 58K were submitted for biological evaluation.

Purified fractions were analyzed on an Agilent UPLC1290

coupled with a Quadrupole Time-of-Flight (Q-TOF) system.

Separation was carried out with a reversed-phase C18 column

(2.1 x 50 mm) at 0.5 mL/min, using a 10 mins linear gradient

with 0.1% formic acid in both solvent A (water) and solvent B

(acetonitrile). The typical QTOF operating parameters were as

follows: negative ionization mode; sheath gas nitrogen flow, 12 L/

min at 275°C; drying gas nitrogen flow, 8 L/min at 250°C; nebulizer

pressure, 30 psi; nozzle voltage, 1.5 kV; capillary voltage, 1.5 kV.

Lock masses in negative ion mode: TFA anion at m/z 112.9856 and

HP-0921 TFA adduct at m/z 1033.9881. 1H NMR spectra were

acquired on a Bruker DRX-400 NMR spectrometer with a 5-mm

BBI Cryoprobe.
Determination of minimum
inhibitory concentrations

Minimum inhibitory concentrations (MIC) were determined

using broth microdilution methods as described in (Wiegand et al.,

2008). Briefly, plant extracts or equivalent concentrations of DMSO

were diluted in MHB to four times the desired final concentration.

50 μL of the samples were added to 50 μL of MHBmedia on the first

column of a 96-well plate, then serially diluted two-fold down the

row. Untreated media-only growth control wells were also included.

Overnight cultures of PAO1 were subcultured in LB10 medium and

further incubated at 37°C with 200 rpm shaking. Exponential phase

cells were then diluted in MHB to 1 × 106 CFU/mL. Fifty μL of the

bacterial culture was added to each well to a final concentration of 5

× 105 CFU/mL, with the final concentration of plant extract falling

between 0 – 50 mg/mL (0 – 5% DMSO). Sterility control wells,

consisting of only MHB media, and blank control wells, containing

0 – 50 mg/mL of plant extract and MHB media, were also included.

The 96-well plate was incubated for 24 h at 37°C with OD readings

taken at 600 nm every 10 mins using a microplate reader (Tecan

M200). Readings from blank control wells were subtracted from

wells with bacteria added to account for high background readings

at high plant extract concentrations. MIC was similarly determined

for 0 – 512 μg/mL of the antibiotics and antimicrobial compounds

triclosan, rifampicin, ceftazidime, and gentamicin. MIC was defined

as the first concentration at which no growth is observed after

24 h incubation.

Antibacterial activities across experiments were compared using

the area under the curve (AUC), which represents bacterial growth

over a period of 18 h. The AUC is calculated using Graphpad prism

(version 9.3.0). The same parameters (t = 0 - 1080 mins) were used

for all data. Eighteen hours were used for the AUC calculations even

though OD data were collected over 24 h, as cell growth has already

plateaued and increased noise was observed at later time points,

possibly due to evaporation of the small volume of medium used.
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The AUC values were plotted and compared using one-way

ANOVA with multiple comparisons in Graphpad prism.
Time-kill kinetics assay

Overnight cultures of PAO1 were subcultured in LB10 medium

and further incubated at 37°C with 200 rpm shaking. Exponential

phase cells were diluted to 1 × 106 CFU/mL in MHB media and

treated with 0 – 2 × MIC of plant extract. Vehicle controls were

treated with equivalent volumes of 0 – 5% v/v DMSO. At each

timepoint, samples were collected for serial dilution in PBS and

CFU enumeration. Five μL of each dilution was spot plated onto

LB10 agar plates and incubated at room temperature overnight. The

first spots containing between 3 – 30 colonies were counted. The

assay was carried out independently twice with two technical

replicates each time.
Evaluation of membrane integrity

The effect of plant extract on membrane integrity was evaluated

using the LIVE/DEAD stain (L7012, Thermo Fischer) and

microtiter plate reader (Tecan) as described in the commercial

protocol. Briefly, sub-cultured exponential phase bacterial cells were

washed in 1 × PBS (PBS). 5 × 107 CFU/mL of bacterial cells diluted

in PBS were subsequently treated with a non-inhibitory

concentration of 0 – 4 mg/mL of filtered plant extract or equi-

volume of DMSO for 10 mins. Samples were then treated for a

further 30 mins with LIVE/DEAD stain readings taken with

excitation at 485 nm and emission at 535 (red) and 635 nm

(green). Dead cells were prepared via incubation of bacteria at 65°

C for 30 mins. The percentage of live cells is determined using a

standard curve generated through a mixture of live and dead cells

and the calculation of the green/red fluorescence ratio as stated in

the commercial protocol. When LIVE/DEAD stain is used in

microscopy, 2 × 107 cells were seeded into a well of a poly-L

lysine pre-treated ibidi 8-well chamber slide (80826, ibidi). The cells

were allowed to attach for 10 mins before each well was washed and

treated for 10 mins with 0 - 16 mg/mL of plant extract or

equivolume of 0 - 1.6% v/v DMSO. Following treatment, each

well was washed again and stained with LIVE/DEAD stain as

described in the commercial protocol. At least three images per

sample were taken using an epifluorescence microscope (Axio

Observer Z1, Carl Zeiss) using the FITC filter for imaging SYTO

9 fluorescence and AF 568 filter for imaging propidium iodide (PI)

staining. Images of fluorescence staining were analyzed using

Image J.
Motility assays

Swimming and swarming assays with P. aeruginosa were

carried out similarly to (Ha et al., 2014a; Ha et al., 2014b). Briefly,

0.3% w/v or 0.5% w/v of 1X M8 agar (1X M8 solution: 42.3 mM

Na2HPO4, 22 mM KH2PO4, 8.56 mM NaCl) were prepared for use
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equivalent volumes of DMSO were added to the well with the

highest concentration of the extracts, then serially diluted 4-fold

down the wells before the agar solidified to a final concentration of 0

– 4 mg/mL plant extract. The agar was dried under laminar flow for

45 mins and used immediately after drying. Overnight cultures of

PAO1 were used for inoculation. The agar was inoculated either by

dipping an Eppendorf pipette tip into the culture and then stabbing

it midway of the depth of the agar (swimming assay) or by spotting

1 μL of the culture on the surface of the agar at the centre of the well

(swarming assay). Following inoculation, the plates were incubated

at 30°C overnight and the images were taken 16 h after inoculation.

Swimming and swarming areas were assessed using Image J by

setting an appropriate scale and selecting the region of interest. The

resulting values are plotted in Graphpad (9.3.0) and analyzed using

one-way ANOVA with multiple comparisons against the

control group.
RNA extraction and sequencing

FollowingM. dodecandrum sample collection and grinding into

a fine powder (as described in ‘Metabolite extraction’), RNA was

extracted from 100mg of a sample using Spectrum™ Total Plant

RNA Kit (Sigma) Protocol A following manufacturer’s instructions.

Three biological replicates were collected for each adult organ, while

single replicates were collected for the young flowers. To extract

RNA from bacteria (PAO1), overnight cultures of PAO1 were first

subcultured and grown to mid-log phase. Cells were adjusted to

OD=0.4 and then treated with equivolume of 2X antibiotic

dissolved in MHB medium to a final concentration of OD=0.2,

MIC=1X (or 25 mg/mL plant extract and 128 μg/mL triclosan), and

a final volume of 500 μL. The samples were incubated at 37°C

statically for 30 mins. Following treatment, 1 mL of RNA protect

reagent (76506, Qiagen) was added to 500 μL of the sample. The

sample was treated as described in the commercial kit and the dried

pellet was stored at -80°C. RNA was extracted using the RNeasy

plus mini kit (Qiagen) as per the kit’s instructions. For both plant

and bacteria, quality control of all extracted RNA was carried out by

Novogene (Singapore). Each sample was evaluated for its quantity,

integrity, and purity using agarose gel electrophoresis, Nanodrop,

and Agilent 2100 Bioanalyzer. Library construction was performed

by Novogene where mRNA of plants was enriched from total RNA

with oligo(-dT) magnetic beads. No ribosomal RNA depletion was

performed for bacteria library construction due to high sequencing

depth. The library was quantified with Qubit and real-time PCR,

and then sequenced using Illumina NovaSeq 6000, with paired-end

sequencing of 150 base pairs (bp) per read and a sequencing depth

of approximately 60-70 million reads.
RNA sequencing analysis (P. aeruginosa)

Low-quality RNA-seq reads were removed, and the remaining

reads were trimmed with fastp (v0.23.2)(Chen et al., 2018). Reads

were then aligned to the PAO1 genome (NC_002516.2) and read
frontiersin.org

https://doi.org/10.3389/fpls.2023.1205725
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Poh et al. 10.3389/fpls.2023.1205725
counts were obtained using EDGE-pro (Magoc et al., 2013). Due to

poor overall read alignment, one DMSO-treated sample (replicate

1) was discarded (data not shown). One-third of the reads from the

remaining two DMSO-treated samples were removed and collated

to form a new third replicate. To evaluate sample-level variability,

read counts were transformed using variance-stabilizing

transformation, followed by hierarchical clustering of samples

using Euclidean distance as the distance metric (Love et al.,

2014). Differentially expressed genes (DEGs) between each

antibiotic-treated sample compared to the DMSO control were

identified with read counts using DESeq2. Genes with jlog2fold
change| ≥ 1 and Benjamini-Hochberg (BH) adjusted p-value< 0.01

were considered significant (Benjamini and Hochberg, 1995) for

multiple-testing correction. Gene ontology (GO) enrichment

analysis was performed via the GO webtool on each list of

significant DEGs against the PAO1 GO biological process data set

by applying Fisher’s Exact test with BH correction (adjusted p-

va lue< 0 . 01 ) (Mi e t a l . , 2 019 ; The Gene Onto logy

Consortium, 2021).
M.dodecandrum gene expression
data preprocessing

Quality control and read trimming of raw RNA-seq data were

performed with fastp (v0.23.2). To obtain normalized transcript

abundances (transcripts per million; TPM) of the RNA-seq

samples, the reads were pseudoaligned against the coding

sequences of the M.dodecandrum genome (PRJCA005299 from

the National Genomics Data Center)(Hao et al., 2022) and

quantified using Kallisto (v0.46.1)(Bray et al., 2016). To evaluate

sample-level variability, samples were clustered using Spearman’s

correlation as the distance metric - dx,y =   1  −   jrx,yj, where x and y
are vectors comprising TPM expression profiles for all transcripts of

a pair of RNA-seq samples respectively and r is the Spearman

correlation coefficient. The final gene expression matrix was derived

after filtering out genes with an average TPM of 0 across all organs.

Genes were translated into protein sequences using the transeq

module (EMBOSS v6.6.0.0)(Rice et al., 2000).

The following analyses were performed in M.dodecandrum
Enzyme annotation and
pathway prediction

Enzyme annotation and pathway prediction were performed

following the pipeline described by (Hawkins et al., 2021). Briefly,

protein sequences were annotated with E2P2 (v4), pathway

membership was predicted using PathoLogic in PathwayTools

(v26) with default settings, and semi-automated validation of the

final pathways was performed by SAVI (v3.1). All pathways

assigned to the manual-to-validate list by SAVI were retained

except for PWY0-501 and PWY-5723, following recommended

validation steps by SAVI. From SAVI’s list of pathways to add,
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PWY-5173 was discarded as it is a deprecated ID in the current

version of MetaCyc used by PathwayTools.
Gene co-expression and pathway
subcluster identification

To determine if genes within an SM pathway are more co-

expressed than by chance, Pearson’s correlation coefficient (PCC)

for each gene-pair within a pathway was first calculated. To

simulate random pathways, a list of pathway-labeled gene-pairs

was generated. The pathway labels were then randomly shuffled

amongst the gene-pairs. The PCC for each gene-pair was calculated,

and the median PCC of each random pathway was extracted. This

was repeated 100 times.

To identify subclusters of a pathway, genes within a pathway

were hierarchically clustered based on their pattern of expression

across samples using the dendrogram function from scipy with

default parameters (where the distance threshold is 70% of the

maximum dendrogram distance). A representative subcluster was

only identified for a pathway if the subcluster consisted of genes that

represented at least 75% of the annotated reactions in the pathway

in the plant (degree of completeness). As some pathways have

multiple genes catalyzing the same reaction, subclusters of differing

sizes can have the same degree of completeness. In these cases, the

largest subclusters will be chosen as representative subclusters. For

pathways with no representative sub-cluster, the original pathway

was the representative ‘sub-cluster’ in downstream analyses.
Co-expression analysis of
connected pathways

To investigate patterns of inter-pathway coexpression within

and between SM classes, we generated a pathway coexpression

network. First, gene-pairs of all SM genes were calculated using the

‘pearsonr’ function from the scipy package. Then, p-values were

corrected with the BH method (Benjamini and Hochberg, 1995).

Gene-pairs with PCC ≥ 0.6 and BH-adjusted p-value (two-tailed)<

0.05 were considered significant. Subsequently, the gene nodes

within the gene co-expression network were labeled with their

respective SM pathways (as determined by pathway prediction).

Multiple pathway labels will be assigned to genes that are predicted

to be involved in multiple SM pathways. Labels of “Superpathways”,

defined as pathways that combine individual pathways, will only be

assigned to a gene if the gene is not already labeled with their

respective subpathways.

Next, to determine if the intra-pathway coexpression was better

than random, the network was then subjected to the following

permutation analysis: for each pathway, the number of intra-

pathway edges was counted. Pathway labels were then randomly

shuffled and the number of intra-pathway edges was counted. The

following empirical p-value was calculated for each pathway:
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p − value   =  o
N
n=1I(edgeobserved ≤ edgerandomized)

N

where N is the number of permutations, I is an indicator

function that takes a value of 0 or 1 if the statement is false or

true, respectively. This was repeated 10 000 times. Pathways with

BH-adjusted p-values of< 0.05 were considered to be coexpressed

(gene members of the particular pathway are coexpressed with each

other). Inter-pathway coexpression between pathway-pairs were

also determined similarly by counting inter-pathway edges that

connect genes across any given two pathways.

To generate a pathway coexpression network, edges were used

to connect SM pathways (represented as nodes) that were

coexpressed with each other. Nodes were named according to the

SM classes each pathway belongs to. Each node has a suffix of “_X”
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where X represents a single pathway from an SM class. e.g., if a

PWY-A belongs to Y number of SM classes, then there will be Y

number of PWY-A nodes in the network (“PWY-A_1, “PWY-A_2”,

… , “PWY-A_Y”) while each edge joins 2 significantly

coexpressed pathways.

Results

Melastoma dodecandrum Lour. shows
antimicrobial activities

To assess the antimicrobial activity of M. dodecandrum, we

sampled roots, petioles, leaves, vegetative branches, stems, fruits,

and flowers from the Nanyang Technological University herb
FIGURE 1

Antibacterial activities of M. dodecandrum. (A) Various organs of M. dodecandrum Lour were collected for evaluating antimicrobial activity. The
antibacterial activity of each plant organ against (B) P. aeruginosa PAO1 and (C) S. aureus 25923 was assessed using 2% v/v of plant methanol extract
(~4 mg/mL). The area under the growth curve (AUC) over 18 hours was measured and plotted. GC = Growth control (untreated bacteria in media).
Boxplots represent data from at least two biological replicates, with differences in activity evaluated using one-way ANOVA with multiple
comparisons against the 2% v/v DMSO control. *, P,< 0.05; ****, P,<0.0001. (D–G) Antibacterial activity of methanol plant extract from M.
dodecandrum leaves was further evaluated in P.aeruginosa at higher concentrations of 0-50 mg/mL (D) and equivalent DMSO concentrations of 0-
5% v/v (E) over 24 hours. The AUC over 18 hours was plotted in (F), the open and closed circles represent data from two biological replicates while
error bars represent the standard deviation of the mean. (G) The time-kill activity of 50 mg/mL of methanol plant extract from M. dodecandrum
leaves or equivalent volumes of DMSO was assessed over 24 hours, with data points from each biological replicate plotted.
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garden in Singapore (Figure 1A), and tested the antibacterial

activity of methanol extracts derived from these organs. Bacterial

growth inhibition studies indicated that the plant has antibacterial

activity against gram-negative P. aeruginosa (Figure 1B; Table S2)

and gram-positive S. aureus (Figure 1C; Table S2). When tested at

2% v/v (~4 mg/mL extract) against P. aeruginosa, the stems showed

the highest activity with a 33.13% (ANOVA, p< 0.0001) inhibition

in growth over 18 h as compared to the DMSO controls, followed by

flowers (32.56%), fruits (27.9%), leaves (15.54%), and roots

(11.26%) (Figure 1B). Similarly, the stems showed the highest

activity against S. aureus with 50.21% growth inhibition (p< 0.05)

(Figure 1C). The vegetative branch, fruit, roots, and leaves showed

moderate activity in a descending order ranging from 30.02 –

24.27% growth inhibition. In comparison, the flowers and petiole

showed the lowest activity against S. aureus at 10.67 and 14.15%

growth inhibition, respectively (Figure 1C).

Next, we evaluated the minimum inhibitory concentration

(MIC), defined as the concentration at which no growth is

observed after overnight incubation. While leaves did not have

the strongest activity amongst all organs (Figure 1B), they were the

most abundant and easiest to collect. Hence, leaf methanol extract

was used to evaluate the MIC of the extract on P. aeruginosa via a

broth microdilution method. Complete growth inhibition was

achieved when the extract was used at 50 mg/mL (Figures 1E, F,

Table S4). The inhibitory effect was concentration dependent, with

> 50% growth inhibition by 1.563 mg/mL of the extract compared

to treatment with equivalent volumes of DMSO (Figures 1E, F,

Tables S4, S5). While 5% v/v DMSO treatment resulted in longer lag

times, growth resumed by 720 min (Figure 1D).

The leaf methanol extract was bactericidal at 50 mg/mL, with

complete cell death within four hours after treatment (Figure 1G,

Table S6). In contrast, with the addition of equivalent 5% v/v

DMSO, P. aeruginosa CFU recovered by 24 h (7.00 × 109 CFU/mL)

to levels comparable to that of untreated samples (5.65 × 109 CFU/

mL) (Figure 1G). A lower cell count was measured from 0 – 8 h with

treatment with 25 mg/mL extract (Figure S1), but the bacterial

density reached untreated control levels by 24 h. Finally, P.

aeruginosa treated with 4 mg/mL of the plant extract or

equivalent concentrations of DMSO showed similar growth across

all time points (Figure S1), suggesting that a higher concentration of

the plant extract is needed to achieve growth inhibition of bacteria.
M.dodecandrum extracts cause membrane
damage and reduced swimming and
swarming motility

To elucidate how the M. dodecandrum extracts affect the

bacterial viability, we used LIVE/DEAD staining to assess

potential membrane damage. The LIVE/DEAD stain consists of

two nucleic acid staining dyes, propidium iodide (PI) and SYTO9.

The green fluorescing SYTO9 can enter all cells, while the red

fluorescing PI can only enter cells with compromised or damaged

cytoplasmic membranes. PI, however, has a stronger affinity to

DNA and hence can displace SYTO9 if present (Stiefel et al., 2015).

While the kit is more accurately said to distinguish between cells
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infer populations of living or dead cells under the assumption that

all membrane-compromised cells are likely dead.

DMSO, when used at equivalent volumes of 0 – 0.8% v/v and a

treatment time of 10 minutes, did not result in increased uptake of

PI (Figure 2A, nearly all cells are green), and the proportion of live

cells was calculated to be at ~100% across all concentrations of

DMSO (Figure 2B). In contrast, 10-minute treatment with 0 – 8 mg/

mL of the plant extract resulted in a concentration-dependent

increase in PI uptake and a corresponding reduction in the

proportion of live cells from ~100% in untreated samples to

13.6% in 8 mg/mL treated samples (Figures 2A, B, nearly all cells

are red, Table S7).

Antibacterial compounds can also negatively affect the motility

of bacteria, effectively disrupting their pathogenesis (Erhardt, 2016).

Microscopy revealed reduced motility of cells treated with M.

dodecandrum plant extract compared to the DMSO control

groups, even at low concentrations of 1 mg/mL, where most P.

aeruginosa cells appeared alive following 10 mins of treatment

(Video 1 and 2 for DMSO control and extract treatment,

respectively). To quantify and evaluate the effect of plant extract

treatment on P. aeruginosa motility, swarming and swimming

motility assays were carried out (Figures 2C–F). Swarming

motility was significantly impaired at 0.0625 mg/mL (p< 0.05)

(Figures 2C, D; Table S7), while swimming motility was impaired

at 0.25 mg/mL (p< 0.0001) (Figures 2E, F; Table S7). These results

indicated that M. dodecandrum leaf extracts exhibit a multi-

pronged effect on P. aeruginosa, inhibiting viability, growth,

and motility.
Comparative transcriptomic analysis of
antibiotic- and extract-induced gene
expression changes in P. aeruginosa

Antibiotics can stimulate or depress gene expression in bacteria

(Shitikov et al., 2022). Studying gene expression changes in

responses to antibiotics can help the understanding of the mode

of action of the various drug classes on bacterial adaptive ability,

physiology, and metabolism. Since different antibiotics can elicit

specific transcriptional responses (Hesketh et al., 2011), we

hypothesized that gene expression analysis of P. aeruginosa-

treated M. dodecandrum extracts and several antibiotics would

allow us to propose the mode of action of the plant extracts.

To see if transcriptome changes caused by our plant extracts are

similar to the changes caused by common antibiotics, we performed

a comparative RNA sequencing analysis. We treated P. aeruginosa

with rifampicin (RNA synthesis inhibitor), triclosan (fatty acid

synthesis inhibitor), ceftazidime (cell wall synthesis inhibitor),

gentamicin (protein synthesis inhibitor), M. dodecandrum

extracts and DMSO control (Table S8). Notably, rRNA depletion

was not needed to obtain a high number (on average ~20 million) of

reads mapping to protein-coding genes when increasing the

sequencing depth to ~40 million reads (Table S9), indicating that

this expensive step can be skipped if sequencing depth can

be adjusted.
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Concentrations of extracts and antimicrobial compounds used

for RNA-sequencing were selected based on results from microtiter

plate growth curves (Figure S2). While 25 mg/mL of the extract did

not fully inhibit P. aeruginosa growth by 24 h (Figures 1E, H), it was

selected over 50 mg/mL as it inhibited growth to a similar extent

within 18 h of growth without strong inhibition of growth

associated with higher DMSO concentrations at 50 mg/mL

(Figure 1F). Rifampicin, ciprofloxacin, and gentamicin were used

at 1 × MIC of 32, 0.5, and 2 μg/mL respectively (Figure S2). Lastly,

no growth inhibition was observed for triclosan over the range of

concentration tested. Higher concentrations of triclosan treatment

were not evaluated due to the precipitation of the compound in the

media. As such, the highest concentration of 128 μg/mL, where

some growth inhibition was observed, was used. DMSO was

adjusted to the same concentration of 2.5% v/v for all samples to

enable comparison with the control group. The resulting RNA-
Frontiers in Plant Science 0896
sequencing data was used to generate the gene expression matrix

(Table S10).

Interestingly, the hierarchical clustering analysis of the 18 RNA-

seq samples revealed that M. dodecandrum extracts show the

highest Euclidean distance to all other samples (Figure 3A, M.

dodecandrum RNA-seq samples form an outgroup). Similarly,

rifampicin and triclosan also showed unique transcriptomic

responses, while DMSO control, ceftazidime, and gentamicin

displayed a similar response (Figure 3A). These responses could

be explained by the number of significantly differentially up- (red)

and down-regulated genes (Figure 3B, BH-adj. p-value< 0.01).

M.dodecandrum elicited the highest number of up- (712) and

down-regulated (757) genes, followed by rifampicin (331 up, 283

down) and triclosan (250, 135)(Table S11). Conversely, ceftazidime

(40, 13) and gentamicin (99, 13) caused the mildest transcriptomic

response. Overall, we observed that the M.dodecandrum extracts
FIGURE 2

Viability, swimming and swarming analysis if P.aeruginosa. (A) Confocal microscopy images of P. aeruginosa PAO1 cells treated with equivolume of
0.1% (top left), 0.4% (top middle), or 1.6% v/v (top right) DMSO and 1 mg/mL (bottom left), 4 mg/mL (bottom middle), or 16 mg/mL (bottom right) M.
dodecandrum extract and stained with LIVE/DEAD stain. Green and red cells indicate live and dead cells, respectively. (B) Percentage of live cells
following treatment with 0-8 mg/mL of M. dodecandrum leaf extract or an equal volume of DMSO, as determined using LIVE/DEAD stain and
quantified using a microtiter plate reader. Two replicates were performed. (C) Swarming area experiment over 0-4 mg/mL M. dodecandrum extract
ranges. (D) Normalized area values from the swarming area experiments. Two replicates were performed. (E) Swimming area experiment over 0-4
mg/mL M. dodecandrum extract ranges. F) Normalized area values from the swimming area experiments. Each data point (B, D, F) represents data
from at least two independent experiments, with error bars representing the standard deviation of the mean. * = p ≤ 0.05, ** = p ≤ 0.01, **** = p ≤

0.0001.
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showed some similarities of the differentially expressed genes with

rifampicin and triclosan (Figure S3).

To see which biological processes are differentially expressed,

we performed a Gene Ontology enrichment analysis (see methods).

We observed that the DEGs caused by triclosan resulted in the

highest number of expressed GO terms (Figure S4). These terms

comprised many metabolic, biosynthetic, respiration, and

macromolecule localization processes. All 8 GO terms enriched in

the plant extract-treated samples overlap with triclosan and are

mostly metabolic and biosynthetic processes (translation, peptide,

amide, protein, and nitrogen compounds). Conversely, rifampicin

only induced changes in the type VI secretion system (Figure S4).

Interestingly, gentamicin caused changes in terms involved in the
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high-temperature response (folding, response to heat, and

temperature stimulus), while ceftazidime responses were external

stimulus and DNA damage (Figure S4). Taken together, these

results indicate the M.dodecandrum extracts may have an

overlapping mode of action with triclosan (fatty acid

synthesis inhibitor).
The antibacterial activity is conferred by
unidentified metabolites

To identify the antibacterial compounds in M.dodecandrum,

we performed a bioassay-guided purification on the MeOH extract
B

A

FIGURE 3

Gene expression responses of P.aeruginosa to M. dodecandrum extracts and four antibiotics. (A) Hierarchical clustering of RNA sequencing samples
for DMSO, M.dodecandrum extract, and four antibiotics. Each sample type is represented by three replicates, indicated by its suffix. (B) The number
of significantly differentially expressed genes (BH-adjusted p-value< 0.01), where up- and down-regulated genes are indicated in red and blue bars,
respectively.
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from the leaves. The extract was further fractionated by preparative

reversed-phase HPLC and yielded 8 subfractions (a-h).

Antimicrobial activity was observed in the Parent fraction and

PPT, however, no activity was found in the a-h fractions

(Figure 4A), indicating that the activity is caused by more than

one synergistically-acting metabolites, or that the active metabolite

was diluted during the fractionation.

To study which metabolites might be present in the active

fractions, we compared the active material (Parent and PPT) to the

three inactive fractions f-h, using 1H NMR and LC-HRMS. HR-ESI-

MS (High-resolution electrospray ionization mass spectrometry) of

fractions f-h showed a major m/z of 1402.1149 [z=2]; 784.0776

[z=2] and 935.0793 [z=2], respectively (Figure 4B). A dominant

fragment ion observed at m/z 301 indicated the existence of a

hexahydroxydiphenoyl group (HHDP), which was characteristic of

ellagitannins (Era et al., 2020). The MS/MS profiles were also in
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good agreement with that of hydrolyzable tannin casuarinin (m/z

935.0805 [z=1])(Figure 4C)(Chang et al., 2019). Coincidentally,

fraction h presented the same m/z 935.0805, but a doubly

charged [M-2H]2-. Therefore, the mass of h was calculated to be

1872.1738 and the molecular formula was determined as

C82H56O52. From the predicted formula, fractions h, f

(C123H82O78), and g (C68H50O44) were putatively identified as

nobotanin analogs. The 1H NMR spectra (Figure 4D) of the

major compound in fraction H also resembles spectra containing

nobotanins (Chang et al., 2019). However, as none of the eight

fractions a-h is active, it is unlikely that the tannins are significantly

conferring antibacterial activity.

The overlay of 1H NMR spectra (Figure 4D) showed that the

precipitation of the Parent fraction using 15% MeOH/H2O

removed most of the hydrolysable tannins. 1H NMR of PPT

revealed several unidentified signals in the Parent fraction,
B

C

D

A

FIGURE 4

Bioassay results for HPLC fractions A-H, Parent fraction, and insoluble pellet (PPT). (A) Antibacterial activity of eight HPLC fractions(A–H), Parent,
insoluble pellet (PPT) and DMSO control. (B) MS/MS profiles of the three fractions (F–H). (C) Fragmentation patterns of casuarinin. (D) Overlay 1H
NMR spectra of fractions H, PPT, and Parent, acquired in acetone-d6.
frontiersin.org

https://doi.org/10.3389/fpls.2023.1205725
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Poh et al. 10.3389/fpls.2023.1205725
indicating a complex mixture consisting of phenolic compounds (9

- 11 ppm) and other unidentified compounds that could be

responsible for the antibacterial activity.
Gene expression analysis of specialized
metabolic pathways in M.dodecandrum

To investigate the types of metabolic pathways in

M.dodecandrum, we analyzed its 32021 annotated protein-coding

genes with PathwayTools (Karp et al., 2016). The analysis revealed

that 25.09% (8035) of the genes are enzyme-coding and 12.08%

(3867) could be assigned to a pathway (Table S12). Most of these

genes were associated with general metabolism (GM, 3097 genes,

80.09% of all enzymes), followed by specialized metabolism (SM,

494 genes, 12.77%) and both GM/SM (276 genes, ~7%, Table S12).

From the 463 predicted pathways, 104 (22.4%) were associated with

SM (Tables S12, S13).

Next, we investigated the types of metabolites produced by the

detected SM pathways. The majority of the compounds belonged to

phenylpropanoids, of which flavonoids aremost abundant (Figure 5A).

Terpenoids, and more specifically diterpenoids biosynthesis comes in a

close second. These observations are concurrent with previous studies

which report these compounds in the largerM.dodecandrumcae family

(Serna and Martıńez, 2015).
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To propose which specialized metabolites are most abundant in

M.dodecandrum, we analyzed the gene expression of the SM

pathways. Since SM pathways are thought to be under strong

transcriptional control (Mutwil, 2020), we set out to investigate

the gene expression patterns in M.dodecandrum. To this end, we

isolated RNA from the same samples used to measure antibacterial

activity (Figure 1A) and constructed a gene expression atlas for

M.dodecandrum (Figure S5, Table S14). We then ranked the SM

pathways within each organ based on its average TPM expression.

To identify the 20 highest and lowest-ranked pathways, we ordered

them according to the sum of their ranks in each organ (Figure 5B).

The top 5 pathways included a sulfur-containing compound, two

terpenoids, a phenylpropanoid, and a hormone synthesis pathway.

There are some pathways that show organ-specific expression (e.g.

young-flower-specific nitrogen-containing secondary compound,

PWY-6442).

Since SM pathways expand and diversify by gene duplications

(Hofberger et al., 2013), the predicted SM pathways might likely

represent several separate, related pathways biosynthesizing related

metabolites. For example, several enzymes implicated in flavonoid

biosynthesis (PWY-7897, Figure 5C) form an aerial root-specific

cluster (green clade). This suggests that these genes biosynthesize a

flavonoid in aerial roots, which might differ from flavonoids

produced in flowers (first five enzymes, pink and brown

clade, Figure 5C).
B

C

A

FIGURE 5

Identification of specialized metabolic pathways in M. dodecandrum. (A) The number and types of putative specialized metabolic pathways identified
by PathwayTools. (B) Identification of the top 5 most and least expressed pathways from each organ. The scale represents the rank of a pathway
(white = lowest rank, dark blue = highest rank). The rows represent pathways, while the columns indicate the sampled organs (as in Figure 1A). The
lower rank (lighter color) indicates a higher expression. (C) Clustering analysis of flavonoid biosynthesis pathway (PWY-7897).
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To investigate whether these functional sub-clusters are

frequently found within the predicted pathways, we calculated the

gene expression correlation (captured by Pearson Correlation

Coefficient, PCC) within a pathway. We assumed that the median

PCC should be high if the enzymes within a pathway are involved in

the biosynthesis of the same metabolite. Surprisingly, while some of

the pathways showed a high average PCC (blue line, Figure S6), many

pathways showed average PCC values like randomly chosen gene

pairs (orange line, average PCC ~ 0.25). Conversely, using tissue-

specific gene expression data to identify the clusters containing >75%

of annotated enzymatic reactions within a pathway resulted in a

much higher average PCC value for nearly all pathways (green line,

Figure S6D). This result shows that sequence similarity-based

approaches such as PathwayTools can be supported by gene

expression analyses to identify genes from tissue-specific pathways.
Transcriptional wiring of specialized
metabolism in M.dodecandrum

M.dodecandrum might express over 100 SM pathways (Table

S12) and metabolites (Figure 4A). Since these pathways should have

specific functions, we expect the functionally-related pathways to be

expressed at the same time and place. To identify such patterns, we

investigate which pathways are more connected in the co-

expression network than expected by chance. We first set a PCC

threshold of ≥0.6, as the PCC values obtained from the randomized

pathway assignments were all<0.6 (Figure S5, randomized pathway

assignment confidence interval is shown in orange). We then

counted the number of co-expression edges connecting any two

pathways and calculated which pathways were more connected

than expected by chance (see methods). Interestingly, we observed

high connectivity between the different pathways, where, e.g., most

phenylpropanoid, terpenoid, and hormone biosynthesis pathways

were significantly connected, indicating transcriptional

coordination between the pathways (Figure 6A). Between 93

pathways, there were 251 significant connections.

To take a closer look at the connections that are found within and

across the pathways, we investigated the gene co-expression networks

of two connected pathways. The first pathway involves the

biosynthesis of the plant hormone ethylene, which has numerous

roles in plant development and stress responses (Chang, 2016).

Ethylene is synthesized from L-methionine by three enzymatic steps

comprising methionine adenosyltransferase, 1-aminocyclopropane-1-

carboxylate synthase (synthase), and 1-aminocyclopropane-1-

carboxylate oxidase (oxidase) (Chang, 2016) Interestingly, the co-

expression network of the ethylene biosynthesis pathway shows

several groups of co-expressed synthases and oxidases (Figure 6B,

left pathway, blue edges connect co-expressed genes), suggesting that

M.dodecandrum contains several ethylene biosynthesis pathways. The

other pathway represents the biosynthesis of phytosterol terpenoids,

which comprise multiple steps that convert cycloartenol to

stigmasterol, crinosterol, and brassicasterol in Arabidopsis thaliana.

This pathway in M.dodecandrum contains several dehydrogenases,

methyltransferases, isomerases, demethylases, and desaturases that
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modify the cycloartenol (or a related compound) to other sterols

(Figure 6B, right pathway). While PWY-2541 has been characterized

in Arabidopsis, it is likely that this pathway produces other, related

compounds in M.dodecandrum. Within each pathway, we also

observed subclusters of genes that are co-expressed with the same

gene(s) in the other pathway. While the analysis does not reveal any

clear organ-specific clusters like in Figure 4C, this could suggest

separate clusters of SM pathway expansion where subclustering

occurs not only within a pathway but with other pathways too. The

co-expression edges found between the ethylene and phytosterol

pathways indicate that the two pathways are transcriptionally

positively coordinated. This suggests that an increase in ethylene

might result in increased biosynthesis of phytosterols. This is in line

with a recent study that showed that exogenous ethylene led to a

profound change in the ratio of stigmasterol to sitosterol (Markowski

et al., 2022).
Discussion

In this study, we showed that M. dodecandrum shows

antibacterial activities against gram-positive and -negative

bacteria (Figure 1). The plant is known to produce a diverse

range of chemical compounds and metabolites, including

flavonoids, tannins and ellagitannins, phenylpropanoids, long-

chain fatty acids, aromatic acids, terpenoids, steroids, alkaloids,

glycosides and monosaccharides (Zheng et al., 2021). Plant

specialized metabolites can exert their antibacterial effects through

various mechanisms. This includes but is not limited to, inhibition

of bacterial nucleic acid and protein synthesis, inhibition of

enzymes and respiration or metabolism, disruption of cell wall

synthesis or cell membrane permeability or function, influencing

the expression of virulence genes or chelation of essential metal ions

such as iron (Rıós and Recio, 2005; Payne et al., 2007; Frey and

Meyers, 2010; Tommasi et al., 2015; Kessler and Kalske, 2018; Singh

et al., 2018; Lewis, 2020).

Results from LIVE/DEAD staining, in conjunction with viable

CFU counts, suggest that the M. dodecandrum extract results in

membrane damage (Figure 2), butviable cell counting suggests that

there is no significant difference or drop in CFU compared to the

control groups at 25 mg/mL (Figure 1H) or in viable cell counts in

time-kill studies involving samples treated with 4 mg/mL w/v of the

plant extract within an hour of treatment (Figure 1I). Recent studies

suggest intermediate living/dead states in populations of bacteria

stained with the LIVE/DEAD kit (Cushnie et al., 2020).

Furthermore, there is evidence that, in some cases, PI staining

may underestimate the viability of bacterial cells (Rosenberg et al.,

2019). Taken together, it is likely that the increased PI staining

following extract treatment is partly due to membrane damage and

not actual cell death.

In addition to membrane damage, treatment with M.

dodecandrum extract leads to reduced swimming and swarming

motility in P. aeruginosa (Figures 2C-F, Video 1). Both forms of

motility are flagella-mediated (Kazmierczak et al., 2015). The effects

on motility may be related to the extract’s effects on the bacterial
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membranes, as flagella rotation is driven by ion flux and

membrane-active antibiotics that result in the alteration of

membrane and changes in cation permeability have been

suggested to reduce flagella activity and in turn, motility in P.

fluorescens (Faust and Doetsch, 1971; Manson et al., 1980).

Similarly, cationic peptides that target cell membranes may also

affect flagella integrity, and some cationic peptides can reduce

swimming and swarming motility in E. coli (Faust and Doetsch,

1971). Unlike swimming motility, swarming motility is a much

more complex and tightly regulated adaptation process involving

the upregulation of virulence gene expression and antibiotic

resistance (Overhage et al., 2008). In addition to functional

flagella, swarming is also dependent on quorum sensing and type

IV villi (Köhler et al., 2000; Déziel et al., 2003). Several plant
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metabolites have been reported to inhibit swarming via various

mechanisms. For example, ginseng extract reduces swarming by

reducing the production of QS signals in P. aeruginosa, while some

flavonoids act as allosteric inhibitors of QS receptors (Wu et al.,

2011; Paczkowski et al., 2017; Rütschlin and Böttcher, 2020). Some

phenolic plant compounds or tannins can affect swarming but not

swimming motility by affecting surfactant production (O’May and

Tufenkji, 2011; Rütschlin and Böttcher, 2020). Beyond plant

metabolites, antibiotics such as gentamicin and ciprofloxacin have

also been reported to reduce swarming either via disruption of QS

or through SOS responses that prevented polar chemosensory array

formation (Irazoki et al., 2017; Rütschlin and Böttcher, 2020).

Comparison of gene expression responses of P.aeruginosatreated

with M.dodecandrum extracts revealed that the plant extracts elicited
B

A

FIGURE 6

Co-expression network analysis reveals a transcriptional association between specialized metabolic pathways and hormones. (A) Nodes represent
pathways, while edges connect significantly connected pathways. Edges within the same pathway type are colored blue, while edges connecting
different pathway types are colored gray. Node colors represent different pathway types. (B) Ethylene (left) and phytosterol (right) biosynthesis
pathways. Nodes represent enzymes, while edges connect enzymes correlated with r>0.6. Edges within the same pathway are blue, while edges
connecting two pathways are gray.
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the most unique and highest number of differentially expressed genes

compared to four antibiotics (Figures 3A, B). This is not surprising, as

the plant extract contains hundreds of different compounds that might

synergistically affect different aspects of P.aeruginosabiology.

Surprisingly, the observed transcriptomics responses were not aligned

with the primary mode of action of the antibiotics (Figure S4). For

example, while rifampicin inhibits RNA biosynthesis, the observed

transcriptomic changes affect the unrelated type VI secretion system

(Figure S4). While these results indicate that transcriptomics might not

be suitable to reveal the primary protein target of antibiotics, the

downstream secondary effects can still be inferred (O’Rourke et al.,

2020). Antibiotics with classical mechanism-of-actions can be clustered

using their gene expression profiles (O’Rourke et al., 2020). Thus the

overlapping differentially expressed biological processes between

M.dodecandrum and triclosan could represent some of the similar

downstream transcriptomic effects caused by triclosan (fatty acid

biosynthesis inhibitor), which is in line with the observed membrane

damage phenotypes (Figure S4). However, more time points and

concentrations of the extracts and antibiotics should be compared to

differentiate between primary and downstream effects.

To identify the metabolite(s) responsible for the antibacterial

activity, we performed activity-guided fractionation. However, none

of the purified fractions showed activity (Figure 5A), suggesting that

either the activity is caused by multiple metabolites that together

cause the activity or that the active metabolite is poorly soluble. The

latter is more likely, as the insoluble material showed antibacterial

activity (Figure 5A). The 1H NMR analysis of the partially purified

Parent fraction indicated the presence of hydrolysable tannins

(Figure 5B), which are known to show broad antibacterial

activities (Tomiyama et al., 2016), and other health-promoting

activities due to their anti-oxidant properties (Abu Zarin et al.,

2016). However, a deeper analysis using different fractionation

methods showed that the activity was not due to the major

hydrolysable tannins, but some other unidentified minor

compounds. A larger scale of purification is needed to identify

the active compounds.

The genomic and transcriptomic analysis revealed that M.

dodecandrum contains many phenylpropanoid and terpenoid

biosynthetic pathways (Figure 4A), and we were able to identify

the most expressed pathways producing a sulfur-containing

compound, two terpenoids, a phenylpropanoid (Figure 4B).

Interestingly, within the predicted pathways, we observed several

groups of highly co-expressed enzymes (Figures 4C, D), suggesting

that these groups might represent several related pathways active in

the different parts of the plant. Since enzymes biosynthesizing a

given metabolite are expected to be expressed in the same cell, tissue

and organ (Delli-Ponti et al., 2020), pathway inference approaches

should be augmented with gene expression data. With >300,000

RNA-seq samples publicly available for hundreds of species (Julca

et al., 2023), and several approaches that can be used to infer the

biosynthetic pathways (Delli-Ponti et al., 2020), our and other

groups can expect to provide more accurate inventories of

specialized metabolism pathways.

Finally, we observed many co-expressed metabolic and

hormonal pathways. This indicates that the specialized metabolic

pathways are transcriptionally and functionally connected and that
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they are under hormonal control. This is in line with the existing

knowledge linking many hormones to the biosynthesis of

specialized metabolites (Chen et al., 2019; Markowski et al.,

2022). Since co-expression analysis can identify hormone-

pathway pairs (Figure 6A), our analyses can generate testable

hypotheses of how plants’ hormones and metabolism are wired.

In conclusion, the high connectivity observed between various

pathways, such as phenylpropanoid, terpenoid, and hormone

biosynthesis pathways in M.dodecandrum, highlights the intricate

transcriptional coordination between these pathways, suggesting

that they work together to regulate key aspects of plant

development, stress responses, and secondary metabolite

production, ultimately contributing to the plant’s adaptive

capabilities and overall survival. Future studies could investigate

how modulating plant hormones could affect the production of

anti-bacterial metabolites.
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SUPPLEMENTARY FIGURE 1

Time-kill assay of M.dodecandrum extract against PAO1.The time-kill activity
of 4 and 25 mg/mL of methanol plant extract respectively from M.
Frontiers in Plant Science 15103
dodecandrum leaves or equivalent volumes of DMSO was assessed over 24
hours, with data points from each biological replicate plotted.

SUPPLEMENTARY FIGURE 2

Effects of various antimicrobials on the growth of P. aeruginosa PAO1. Effects

of the treatment of P. aeruginosa with 0 – 128 µg/mL of the antimicrobials
triclosan, rifampicin, gentamicin, and ciprofloxacin were evaluated and the

area under the curve was plotted. Each data point represents data from one
independent biological replicate while error bars represent the standard error

of the mean. At least two biological replicates were carried out.

SUPPLEMENTARY FIGURE 3

UpSet plot analysis of differentially expressed genes. The four antibiotics and
M. dodecandrum plant extract is shown.

SUPPLEMENTARY FIGURE 4

Gene ontology enrichment analysis of the four antibiotics and

M.dodecandrum extracts. Antibiotics and the extract are shown in columns,
while significantly enriched gene ontology terms are shown in columns. Cell

colors indicate the different significance levels of the enrichment.

SUPPLEMENTARY FIGURE 5

Hierarchical clustering analysis of gene expression data from Melastoma.

Ward-linkage clustering based on Spearman correlation coefficient

distance matrix.

SUPPLEMENTARY FIGURE 6

Correlation analysis of genes in the SM pathways of M.dodecandrum.

Pathways without confidence interval bands comprise two genes only.

SUPPLEMENTARY VIDEO 1

Pseudomonas treated with DMSO of equivalent volume to 1 mg/mL of
plant extract.

SUPPLEMENTARY VIDEO 2

Pseudomonas treated with 1 mg/mL of plant extract.
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anticancer properties and
phytochemicals: current trends
and future perspectives
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Sanjiv Kumar3, Sachin Kumar3, Sanjeev Kumar3,
Bhagwati Devi2*, Jesus Simal-Gandara5, Bairong Shen1*

and Rajeev K. Singla1,6*
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Medicine and Institutes for Systems Genetics, Frontiers Science Center for Disease-related Molecular
Network, West China Hospital, Sichuan University, Chengdu, China, 2Shri Baba Mastnath Institute of
Pharmaceutical Science and Research, Baba Mastnath University, Asthal Bohar Rohtak, Haryana, India,
3Department of Pharmaceutical Sciences, Chaudhary Bansi Lal University, Bhiwani, Haryana, India,
4Geeta Institute of Pharmacy, Geeta University, Panipat, Haryana, India, 5Universidade de Vigo,
Nutrition and Bromatology Group, Analytical Chemistry and Food Science Department, Faculty of
Science, Ourense, Spain, 6School of Pharmaceutical Sciences, Lovely Professional University,
Phagwara, Punjab, India
Cancer is a leading cause of mortality worldwide, and conventional cancer

therapies such as chemotherapy and radiotherapy often result in undesirable

and adverse effects. Natural products have emerged as a promising alternative

for cancer treatment, with comparatively fewer side effects reported. Opuntia

ficus-indica (L.) Mill., a member of the Cactaceae family, contains a diverse array

of phytochemicals, including flavonoids, polyphenols, betalains, and tannins,

which have been shown to exhibit potent anticancer properties. Various parts of

the Opuntia plant, including the fruits, stems/cladodes, and roots, have

demonstrated cytotoxic effects against malignant cell lines in numerous

studies. This review comprehensively summarizes the anticancer attributes of

the phytochemicals found in Opuntia ficus-indica (L.) Mill., highlighting their

potential as natural cancer prevention and treatment agents. Bibliometric metric

analysis of PubMed and Scopus-retrieved data using VOSviewer as well as QDA

analysis provide further insights and niche to be explored. Most anticancer

studies on Opuntia ficus-indica and its purified metabolites are related to

colorectal/colon cancer, followed by melanoma and breast cancer. Very little

attention has been paid to leukemia, thyroid, endometrial, liver, and prostate

cancer, and it could be considered an opportunity for researchers to explore O.

ficus-indica and its metabolites against these cancers. The most notable

mechanisms expressed and validated in those studies are apoptosis, cell cycle

arrest (G0/G1 and G2/M), Bcl-2 modulation, antiproliferative, oxidative stress-

mediated mechanisms, and cytochrome c. We have also observed that cladodes

and fruits ofO. ficus-indica have beenmore studied than other plant parts, which

again opens the opportunity for the researchers to explore. Further, cell line-
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based studies dominated, and very few studies were related to animal-based

experiments. The Zebrafish model is another platform to explore. However, it

seems like more in-depth studies are required to ascertain clinical utility of this

biosustainable resource O. ficus-indica.
KEYWORDS
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1 Introduction

Cancer is an uncontrolled division of abnormal cells that can

potentially intrude or spread (metastasize) to other body regions

(Singla et al., 2022c; Chavda et al., 2023). Cancer is a collection of

more than 100 different disorders rather than a single disease. It is an

uncontrolled cell division that causes abnormal cell development and

spread. These malignant cells may infiltrate other tissues and spread

to other body parts (metastasize). Cancer is a collection of over 100

different ailments instead of a single disease. Cancer is the world’s

second leading cause of death, accounting for 7.6 million deaths in

2005 (Abbas and Rehman, 2018). Globally, an estimated 11 million

people have been diagnosed with cancer, which was expected to climb

to 16 million by 2020 (Sarfati et al., 2016). According to estimates,

one-third of all new cancer cases may be cured if properly diagnosed

and treated (Wang et al., 2013; Ricks, 2015). Chemotherapy is a

cancer treatment that is widely used. Because cancer cells lack many

of the regulatory processes normal cells have, they continue to divide

even when normal cells do not. Chemotherapeutic medicines are

more sensitive to cancer cells with this characteristic (Zugazagoitia

et al., 2016; Prager et al., 2018). A substantial collection of useful

chemotherapeutic drugs has been established after almost five

decades of systemic medication research and development.

Chemotherapeutics, on the other hand, are not without their own

set of issues. Chemotherapeutic treatments can result in a wide range

of side effects. 5-fluorouracil, for example, is known to produce

myelotoxicity (Klein et al., 2022) and cardiotoxicity (Labianca et al.,

1982), and has even been demonstrated to serve as a vasospastic

agent, in rare but recorded occurrences (Rastogi et al., 1993).

Doxorubicin, another commonly used chemotherapeutic, has been

linked to cardiac toxicity (Avilés et al., 1993; Desai et al., 2008;

Damiani et al., 2016), renal toxicity (Varela-López et al., 2019), and

myelotoxicity (Pourtier-Manzanedo et al., 1995). The toxicity of

chemotherapeutic drugs can be a severe problem when treating

cancer using allopathy or traditional medicine (Zugazagoitia et al.,

2016; Gezici and Şekeroğlu, 2019). Like chemotherapy, natural

products also play an essential role in preventing cancer (Rani

et al., 2022). Plants consist of various phytochemicals which are

responsible for anticancer activity. The structure of natural plant

chemicals varies greatly; many are aromatic compounds, most of

which are phenols or their oxygen-substituted counterparts. It is

beneficial to focus on active phytochemicals for herbal therapy to

minimize the adverse effects, as well as pathogenic resistance against
02107
antibiotics (Kooti et al., 2017). Plants produce a large number of

secondary metabolites that are biosynthetically derived from primary

metabolites and are a major source of microbicides, insecticides, and

a variety of pharmaceutical medications (Garg et al., 2022; Babbar

et al., 2023; Kumar et al., 2023). Medicinal plants or their secondary

metabolites have played an essential role in human society for a long

time in combating diseases, either directly or indirectly (Greenwell

and Rahman, 2015; Sharma et al., 2022). Despite the availability of

various synthetic antitumor drugs, researchers are still looking for

potent naturally occurring anticarcinogens that can prevent, delay, or

reverse cancer progression (Singla et al., 2022b). Plants are essential in

cancer treatment (Singla et al., 2021a; Singla et al., 2022a). Plant-

derived chemicals are thought to account for more than half of all

anticancer drugs (Omara et al., 2020). Plant extracts were employed

to cure a variety of ailments, and this is the foundation of all Indian

medical systems (Singla et al., 2021b). However, compared tomodern

medicine, this subject is underdeveloped owing to a lack of scientific

documentation in this field (Chanchal et al., 2017).

Natural foods and food-derived antioxidants, such as vitamins

and phenolic phytochemicals, have recently gotten much attention

because they protect against oxidative damage and genotoxicity.

During the last 20 years, demand for fresh and ready-to-eat items

has increased interest in minimally processed fruits and vegetables,

which combine freshness and convenience (Kim et al., 1993). Plant

forms have long been known to provide medical benefits (Pandey

et al., 2023). This review comprehensively summarizes the

anticancer attributes of the phytochemicals found in Opuntia

ficus-indica (L.) Mill. Several species of cactus pear plants

(Cactaceae family) evolved in Central America (Mexico). In folk

medicine, Opuntia fruits and young stems have long been used to

treat diseases such as hypertension, diabetes, allergies and asthma,

burns, swelling, and nausea. (Abou-Elella and Ali, 2014). The most

significant bioactive substances found in cactus fruit are

betaxanthin, betacyanin, and phenolic compounds, which all have

potent antioxidant capabilities (Gentile, 2004; Kuti, 2004). Phenolic

compounds, especially their effective variants, have an aromatic ring

bearing one or more hydroxyl groups. Both chemical compositions

and concentrations vary considerably depending on the kind of

plant tissue, variety, and ripening phases. Cactaceae plants and

fruits have been shown to contain glycosylated flavonols,

dihydroflavonols, flavonones, and flavonols (Kuti, 2000). Cactus

pear fruit is a crucial product for protecting human health against

degenerative diseases like cancer, diabetes, hyperglycemia,
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hypercholesterolemia, arteriosclerosis, and gastric ailments because

of the phenolic compounds’ antioxidant qualities (Galati et al.,

2003). O. ficus-indica’s polyphenolic chemicals have been

demonstrated to cause the plasma membrane to become

hyperpolarized and to increase the intracellular calcium pool in

human Jurkat T-cell strains (Aires et al., 2004).
2 Methodology

An extensive survey of the chemical composition and

pharmacological activities of Opuntia ficus-indica (L.) Mill. was

conducted in scientific databases, including Research Gate,

Pubmed, Scopus, Science Direct, Web of Science, and Google

Scholar. The search terms “Opuntia ficus-indica,” “Opuntia ficus-

indica and biological activity,” “Opuntia ficus-indica and

pharmacological activity,” “Opuntia ficus-indica and chemical

compounds,” and “Opuntia ficus-indica and chemical profile,”

were used for data collection. One hundred and ten publications

were included, from 1992 to 2022, from the articles focused on

phytochemicals obtained from O. ficus-indica.
3 Opuntia ficus-indica
(O. ficus-indica)-
ethnopharmacological perspectives

O. ficus-indica (L.) Mill., sometimes known as the prickly pear

or nopal cactus, pertains to the Cactaceae family of dicotyledonous

angiosperms, which comprises around 1500 species of cactus

(Figure 1A). The plant O. ficus-indica is native to the tropics and

subtropics (Abou-Elella and Ali, 2014). It can grow in arid and

semi-arid environments and can be found in South Africa, Mexico,

Latin America, and the Mediterranean region (El-Mostafa et al.,

2014). Moroccan inhabitants now recognize three kinds of O. ficus-
Frontiers in Plant Science 03108
indica. The first is known as “Christians’ nopal” and is widely

employed as a field barrier. It is made up of thorny cladodes. The

second, cladodes of inermis, is known as “Muslims’ nopal” and is

used as green feed for cattle. The final variation, “Moses’ nopal,” has

huge inermis cladodes and produces a gigantic pear. It grows

primarily in the south of Morocco (Madrigal-Santillán et al.,

2022). The juice, jam, oil, and tea derived from the prickly pear

of the nopal cactus are used in health, nutrition, and cosmetics (El-

Mostafa et al., 2014). Indigenous peoples eat large amounts of fresh

or dried fruits. Cactus cladodes, fruits, and flowers are highlighted

in these populations due to their high antioxidant, pectin

polysaccharide, and fiber content (Farag et al., 2020).

In several nations, it is utilized as an natural treatment for

various health conditions (Slimen et al., 2017). Fresh or dried fruits

are consumed in large quantities by indigenous people. Cactus

cladodes, fruits, and flowers are promoted in these populations due

to their pectin polysaccharide, high antioxidant, and fiber content

(Lu et al., 2019). Recent scientific studies have emphasized the

synthesis of many bioactive molecules that promote O. ficus-indica

(L.) Mill medicinal uses and pharmacological characteristics. These

molecules include carbohydrates, minerals, amino acids, fatty acids,

vitamins, fibers, and secondary metabolites recognized for their

antioxidant and anticancer properties (Trachtenberg and Mayer,

1981). The primary aim of this article is to summarize and

emphasize the benefits of O. ficus-indica in terms of cancer

prevention and treatment (Park and Chun, 2001).
4 Opuntia ficus-indica as
medicinal and nutritional plant:
a bibliometric analysis

We have searched PubMed using the search term “Opuntia

ficus-indica,” and 628 articles were retrieved as of 02.06.2023
B

CA

FIGURE 1

(A) Opuntia ficus-indica. (B) Number of publications related to Opuntia ficus-indica over the period until 02.06.2023, as indicated in PubMed.
(C) Term interaction map based on the literature related to Opuntia ficus-indica (the data obtained from PubMed dated 02.06.2023 and processed
in VOSviewer).
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(Figure 1B), which covered 19 clinical trials articles, three

metanalysis articles, 15 randomized controlled trial-based articles,

31 review articles, and four systematic reviews. Some of the

countries that researched more on the topics oriented towards

Opuntia ficus-indica are Italy (98), Brazil (38), Korea (37), Spain

(37), France (35), Germany (26), South Africa (17), India (13),

China (7), United States (5), Australia (5), and United Kingdom (5).

When we processed the title and abstracts of those 628 articles in

the VOSviewer, it yielded 16411 keywords. Once we set criteria for a

minimum occurrence of a term five times, it resulted in 1229 terms.

For each of the 1229 terms, a relevance score will be calculated and

based on the score, and with a cutoff of 60% most relevant terms, it

finally yielded 737 terms out of 628 articles. The top 10 keywords

are given in Table 1, and the overall interactions of all the keywords

are illustrated in Figure 1C. The bigger the bubble is, the more it is

dominant as keywords in the searched literature.

Nevertheless, we have observed only 1375 MeSH terms and 189

terms that have minimally appeared five times in the selected

literature. The top 10 MeSH terms are given in Table 2, and the

overall MeSH term map is illustrated in Figure 2. We could see the

prevalence of work on Opuntia ficus-indica related to apoptosis, cell

line tumor, antioxidants, cytoprotection, and reactive oxygen

species. It reveals the strong potential of Opuntia ficus-indica as a

therapeutic reservoir and further encourages us to explore the

anticancer potential of Opuntia ficus-indica.
5 Opuntia ficus-indica with anticancer
potential: a bibliometric analysis

When the MeSH terms “Opuntia ficus-indica” and “Cancer”

were searched on PubMed (dated 01.08.2023), it resulted in 23

articles, including one review article. When the publication data was

processed in VOSviewer, it yielded 157 MeSH terms in the title and

abstract of these articles. 48 MeSH terms have been repeated in a

minimum of 2 publications. Figure 3 is the interactive mapping

between these 48 MeSH terms. The most co-occurred MeSH terms
Frontiers in Plant Science 04109
were “opuntia,” “humans,” “antineoplastic agents, phytogenic,”

“plant extracts,” “animals,” “apoptosis,” “phytotherapy,” “cell line,

tumor,” “cell proliferation,” and “mice.” We could also observe

other vital terms like skin neoplasms, melanoma, colonic

neoplasms, HeLa cells, and many others.

While exploring Scopus for the articles published with the terms

“Opuntia ficus-indica” and “cancer,” present in Title/Abstract/

Keywords, yielded 62 documents. The analyze tool embedded

within Scopus was further utilized to do the bibliometric analysis

(Figure 4). It has been observed that in the past five years,

publications related to “Opuntia ficus-indica” and “cancer” have

increased significantly (Figure 4A). Four research groups “Antunes-

Ricardo, M. et al.,” “Attanzio, A. et al.,” “Livrea, M.A. et al.,” and

“Tesoriere, L. et al.,” have published four papers each (Figure 4B).

Top-most cited article from Antunes-Ricardo, M. et al. was

“Induction of Apoptosis in Colon Cancer Cells Treated with

Isorhamnetin Glycosides from Opuntia ficus-indica Pads” with 71

citations as of date (Antunes-Ricardo et al., 2014). The top-most

cited article from Attanzio, A. et al., Livrea, M.A. et al., and

Tesoriere, L. et al. was the same. It was entitled “Antiproliferative

and pro-apoptotic activity of whole extract and isolated

indicaxanthin from Opuntia ficus-indica associated with re-

activation of the onco-suppressor p16INK4a gene in human

colorectal carcinoma (Caco-2) cells” with 50 citations as on date

(Naselli et al., 2014). Of 62 documents, 69.4% were articles, followed

by 22.6% review articles (Figure 4C), and Italy was recorded as the

country with the highest number of documents, followed by Mexico

and South Korea (Figure 4D).

When the bibliometric data from these 62 Scopus-retrieved

documents were extracted and imported in VOSviewer, there were

1891 indexed keywords. Of these 1891 indexed terms, 59 are visible

in at least five publications. Before analysis, some indexed keywords

were manually removed like “human,” “humans,” “nonhuman,”

“chemistry,” “article,” “plant extracts,” “animal,” “animals,”

“priority journal,” “review,” “isolation and purification,” “human

cell,” “animal experiment,” “animal tissue,” “mice,” “drug
TABLE 1 Top 10 keywords as retrieved by VOSviewer from the
publications data related to Opuntia ficus-indica obtained from PubMed.

Keywords Occurrences Relevance

Gardenia seed 5 3.09

Green tea 6 2.93

Sc co 7 2.72

Cactus pear polysaccharide 5 2.71

Ice plant 6 2.68

Nhdf 5 2.57

Metabolic activity 6 2.48

Fibroblast 9 2.16

Susceptibility 5 2.14

M pulegium 5 2.11
TABLE 2 Top 10 MeSH keywords as retrieved by VOSviewer from the
publications data related to Opuntia ficus-indica obtained from PubMed.

MeSH Keywords Occurrences Total Link Strength

Opuntia 352 2255

Plant extracts 182 1364

Animals 154 1184

Male 94 850

Fruit 118 818

Humans 112 817

Antioxidants 94 800

Rats 57 549

Rats, Wistar 41 417

Female 45 360
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mechanism,” and “procedures.” Figure 5 illustrates the interactive

mapping between the selected indexed keywords retrieved from

these 62 documents. Along with the Opuntia ficus-indica and

cancer-specific terms, important co-occurring terms were

oxidative stress, antioxidants, anti-inflammatory activity, and

diabetes mellitus. Indicaxanthin was strongly connected with cell

proliferation and antineoplastic agents. Cell proliferation seems to

strongly associate with oxidative stress and lipid peroxidation as a

co-occurred term.
Frontiers in Plant Science 05110
6 Role of Opuntia ficus-indica in
cancer treatment and management

In several studies, abundant Opuntia parts, including prickly

pear fruits, seeds, peels, stems, cladodes, and roots, have been shown

to have cytotoxic effects on malignant cell lines (Table 3). Antunes-

Ricardo et al. (Antunes-Ricardo et al., 2014) investigated the

cytotoxic activity of purified isorhamnetin glycosides or cladode

flour extracts of O. ficus-indica (var. Jalpa) on two types of cancer
FIGURE 2

MeSH Term interaction map based on the literature related to Opuntia ficus-indica (the data obtained from PubMed dated 02.06.2023 and
processed in VOSviewer).
FIGURE 3

MeSH terms interaction map based on the literature on Opuntia ficus-indica and cancer (the data obtained from PubMed dated 01.08.2023 and
processed in VOSviewer).
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cell lines of the human colon, Caco-2, and HT-29, which represent

apoptosis-resistant and apoptosis-susceptible cell lines, successively,

with normal fibroblasts (NIH 3T3) were employed as control.

According to these authors, the glycosylation pattern of pure

isorhamnetin glycosides and extract of cladode flour was more

cytotoxic to HT-29 cells than Caco-2 cells. The induction of

apoptosis by the caspase cascade, which plays a crucial role in

apoptosis pathways, was linked to these effects. Naselli et al. (Naselli
Frontiers in Plant Science 06111
et al., 2014) analyzed the results of an aqueous fruit extract of O.

ficus-indica on the growth of the Caco-2 cancer cell line of the

human colon. On proliferating cells, these researchers found no

effect on the differentiated cells but a dose-dependent apoptotic

effect. This research shows an epigenomic effect on the tumor

suppressor gene p16INK4a due to the demethylation of its

promoter and stimulation of its expression, indicaxanthin.

Betanin, obtained from fruits of O. ficus-indica, was found to
FIGURE 5

Indexed keywords interaction map based on the literature related to Opuntia ficus-indica and cancer (the data obtained from Scopus dated
01.08.2023 and processed in VOSviewer).
A B

D
C

FIGURE 4

Bibliometric analysis of manuscript published with search terms Opuntia ficus-indica and cancer (the data obtained from Scopus dated 01.08.2023).
(A): Documents by year; (B): Documents by author; (C): Documents by type; (D): Documents by country or territory.
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suppress the development of the human’s chronic myeloid leukemia

cell line K562 via the apoptotic intrinsic pathway (Sreekanth

et al., 2007).

The toxicity impact from prickly pear fruits-filtered juices of

several species of Opuntia on various cancer cell lines was

investigated by Chavez-Santoscoy et al. (Chavez-Santoscoy et al.,

2009). The Caco-2 and PC3 prostate cell lines were most impacted,

whereas hepatic HepG2 and mammary gland MCF-7 cell lines grew

slower. As a control, normal fibroblasts were used. On cancer cells,

O. rastrera was the most cytotoxic species, with the highest potential

and antioxidant content amongst the distinct species exposed to be

tested. Kim et al. demonstrated that cladodes extracts from O.

humifusamay cause apoptosis in human colon SW-480 and MCF-7

cells (Kim et al., 2015). Water-separated fractions of O. humifusa

stems and fruits suppressed the development of U87MG

glioblastoma cells, which was related to cell proliferation and

reactive oxygen species (ROS) production (Hahm et al., 2010).

The same researchers reported a similar effect on HeLa cancer cells

but not on usual fibroblasts (Hahm et al., 2014). Serra et al. (Serra

et al., 2013) reported that juice concentrates rich with polyphenols

from several Opuntia were found to be cytotoxic to colorectal

cancer cell lines HT- 29 but hardly toxic to Caco-2 and that cell-

cycle arrest in the same cells was induced more efficiently by the

natural juice remnants extracts (peels and seeds) than juice
Frontiers in Plant Science 07112
concentrates. Surprisingly, this effect was associated with a rise in

ROS in the cells, suggesting that extracts’ pro-oxidant effects caused

cell death induced by ROS. Feugang et al. (Feugang et al., 2010)

observed a similar pro-oxidant effect in ovarian cancer cells when

compared to immortalized or normal cells. It is essential to use

relevant controls, such as cells of the same type with the same

genotype, to make conclusions about compounds’ potential

benefits. (Phyto)-compounds could be more cytotoxic to cancer

cells than their non-cancerous counterparts to be considered as

anti-cancer compounds (Keller et al., 2015). Furthermore, various

Opuntia cladode flours protect against the cytotoxicity of 4-

hydroxynonenal, an oxidation product of dietary lipids that may

have a role in promoting red meat for colorectal cancer. Only the

usual epithelial cells of the mouse colon showed the protective

effect, not on the similar cells that had the Apc type of mutation,

whichever is an early phenomenon of colorectal oncogenesis

prevalent in humans (Karim and Huso, 2013). Nevertheless,

validating the effects seen in vitro and in vivo studies is essential.

Zou et al. observed that aqueous extracts of Opuntia cactus pear

inhibited carcinogenesis in nude mice to a similar extent as the

synthetic retinamide (4-HPR) retinoid N-(4-hydroxyphenyl)

employed as a chemotherapeutic dummy compound (Zou et al.,

2005). Hahm et al. demonstrated that O. humifusa had a protective

effect on HeLa cell xenografts (Hahm et al., 2010). Some researchers
TABLE 3 Metabolite extracts of O. ficus-indica and related species and their anticancer potential.

S.
No

The plant
part of O.
Ficus-Indica

Sample Form Cell lines Outcome References

1 Seed Seed oil Adeno-carcinoma Cell
Lines (Colo-320 and
Colo-741)

Reduction in cell viability (Becer et al.,
2018)

2 Stems Extracts (hexane, ethyl acetate
(EtOAc), acetone, methanol (MeOH),
and MeOH: water (80:20))

SW480 colon
MCF7 breast cancer
cells

All except hexane extract exhibited significant
cytotoxicity, possibly by COX-2 inhibition and
increased Bax/Bcl2 ratio.

(Kim et al.,
2015)

3 Fruit Methanolic extract U87-MG (glioblastoma
multiform; brain cancer)
HT-29 (colon cancer)
cell lines

Dose-dependent cell death (Okur et al.,
2019)

4 Seed Seed Oil Colo-320
Colo-741Colon
Carcinoma Cell Lines

Modulates PGE2-mediated and VEGF-
dependent angiogenesis

(Becer et al.,
2021)

5 Fruit Aqueous extract Cancer cell line Caco-2
of the Human colon

Dose-dependent apoptosis (Naselli et al.,
2014)

6 Fruit Juice PC3 prostate
Caco-2 colon cell lines

The viability of prostate and colon cancer was
most affected by juices

(Chavez-
Santoscoy et al.,
2009)

7 Fruit Mixture aqueous extract Ovarian cancer cells
(OVCA420, SKOV3)

ROS increase, downregulation of NF-kappaB
and p-/SAPK/JNK, and upregulation of p-AKT,
the apoptotic effect

(Feugang et al.,
2010)

8 Cladode Powder Preneoplastic (Apc min/
+) immortalized
epithelial colon cells

Inhibit LDL oxidation, and increase cytotoxicity (Keller et al.,
2015)

9 Fruit Alkaline hydrolysis-based extracts HT-29 and Caco2 More cytotoxic against HT-29 cells than Caco2
cells, increased activity of caspase 3/7

(Antunes-
Ricardo et al.,
2014)
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noted that cladode extracts of O. ficus-indica reduced genotoxicity

and oxidative stress caused by the aflatoxin B1 and mycotoxins

zearalenone in vivo (Zourgui et al., 2008). Extracts of Opuntia were

usually administered into the peritoneal cavity. To determine the

protective effects of Opuntia spp. additional studies are required,

including evaluating the compounds by an oral route or in a more

physiological condition that takes into consideration the digestion

and bioavailability of compounds alike. In such an approach, in two

distinct animal models of skin carcinogenesis, lyophilized powder of

O. humifusa fruit administered through pelletized food was found

to be protecting with a decline in inflammation and skin lipid

peroxidation (Lee et al., 2012; Lee et al., 2013). All these findings

suggest that Opuntia spp., whether in the form of fruits, nopal

(Opuntia cladodes or stems), or fruit juice, might be an effective

anticancer approach.
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7 Phytochemicals present in O. ficus-
indica and its anticancer attributes

Opuntia ficus-indica is known to have various phytochemicals,

which are discussed below.
7.1 Polyphenolic compounds

Phenolics are small plant secondary metabolites with at least

one hydroxyl group and an aromatic ring (Singla et al., 2019). More

than 8000 phenolic chemicals have been found in the vegetable

kingdom, with over 4000 flavonoids now known (El Gharras, 2009).

Flavonoids are the most frequent phenolic compounds found in
TABLE 4 Phytochemicals and their contents found in different parts of O. ficus indica.

Phytochemicals
(unit)

Plant
Part

Content References

Total phenolics (mg/
100gm)

Flower 12022–
27090

(Fernández-López et al., 2010; Jorge et al., 2013; El-Mostafa et al., 2014; Ammar et al., 2015; Ramıŕez-
Ramos et al., 2018)

Cladodes 390.90

Peels 45.700–
425.59

Fruits 48.11–
218.8

Seeds 48–89

Fruit Pulp 5.35 mg
GAE/g

(Sigwela et al., 2021)

Total flavonoids (mg/
100gm)

Flower 6081–
6267

(Fernández-López et al., 2010; Jorge et al., 2013; El-Mostafa et al., 2014; Ammar et al., 2015; Ramıŕez-
Ramos et al., 2018)

Cladodes 73

Peels 6.95–
23.96

Fruits 2.60–
15.560

Seeds 1.5–
2.6

Fruit pulp 0.63 mg CE/
g

(Sigwela et al., 2021)

Total tannins (mg/100gm) Flower 768.67 (Figueroa-Pérez et al., 2018; Ramıŕez-Ramos et al., 2018)

Cladodes 430–620

Peels 23–
144

Seeds 4.1–
205

Total anthocyanins (mg/
100gm)

Cladodes 0.05–
0.34

(Alves et al., 2017)

Quinic acid (mg/100gm) Cladodes 42.983–
436.96

(Belhadj Slimen, 2017; Oniszczuk et al., 2020)

Peels 145.071

(Continued)
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plants. They feature a diphenylpropane (C6-C3-C6) core structure

with two aromatic rings connected by an oxygenated heterocycle

(Harborne and Williams, 2000). The fruits and seeds of O. ficus-

indica had the lowest concentrations of phenolics and flavonoids,

whereas peels, flowers, and cladodes had the highest concentrations.

The phenolic profile of the whole Opuntia plant includes 40

phenolic acids, 1 gallotannin, 3 flavanones, 8 flavanols, 18

flavonols, 3 flavononols, and 9 flavones (Table 4).
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7.1.1 Organic acids
Three organic acids were discovered in O. ficus-indica in

addition to the phenolic compounds: malic (Figure 6A), quinic

(Figure 6B), and aconitic (Figure 6C) acids. Peels and cladodes had

the highest concentrations. More research is required to determine

the comparable levels in flowers and seeds. Quinic acid (C7H12O6)

is a cyclohexane carboxylic skeleton-containing plant metabolite.

Quinic acid is critical in manufacturing aromatic chemicals
TABLE 4 Continued

Phytochemicals
(unit)

Plant
Part

Content References

Fruits 45.471

Malic acid (mg/100gm) Cladodes 3124– 4421.7 (Allai et al., 2016)

trans-Aconitic acid (mg/
100gm)

Cladodes 77.15– 88.63 (Allai et al., 2016)

Betalains (mg/Kg) Cladodes 16.17 (De Wit et al., 2020)

Peels 13.57

Fruits 18.52

b-Sitosterol(mg/Kg) Cladodes 16.53 (Ramadan and Mörsel, 2003; Allai et al., 2016)

Peels 21.1

Fruits 11.2

Seeds 6.75

Seed oil 2.80

Stigmasterol (mg/Kg) Cladodes 13.4

Peels 0.73

Fruits 2.12

Seeds 0.30

D7-Avenasterol (mg/Kg) Cladodes 11.6

Seeds 0.05

Campesterol (mg/Kg) Cladodes 5.7

Peels 8.74

Fruits 8.76

Seeds 1.66

Seed oil 0.51

Campestanol (mg/Kg) Cladodes 6.4

Carotenoids (mg/g) Peels 12.58–16.83 (Fernández-López et al., 2010)

Fruits 2.58–6.68

Saponins (g/Kg) Cladodes 8.72 (Touré et al., 2015)

Peels 6.36

Seeds 20.4

Ascorbic acid (mg/100 gm) Fruit pulp 12.35 (Sigwela et al., 2021)
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(flavonoids and phenol carboxylic acids) in higher plants, people,

and animals (Bai et al., 2018). D-(-)-Quinic acid has been shown to

have antioxidant, anti-inflammatory, and antiproliferative

characteristics in addition to its antibacterial activity (Belhadj

Slimen et al., 2021). This chemical is also linked to neuro- and

radioprotective properties (Liu et al., 2020). Antioxidant, anti-

inflammatory, and antiproliferative effects have been described for

D-(-)-Quinic acid (Alfieri et al., 2021). In experimental mice, cis-
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aconitic acid prevented carcinogenesis produced by 3, 4-

benzopyrene (Belhadj Slimen et al., 2021).

7.1.2 Phenolic acids
Phenolics are secondary metabolites that have recently attracted

attention as anti-cancer agents. Phenolics have much potential as

anti-cancer medicines since they promote apoptosis, reduce

proliferation, and target several elements of cancer (angiogenesis,
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FIGURE 6

Structure of some of the phytochemicals isolated from O. ficus-indica. (A) Malic acid; (B) Quinic acid; (C) Aconitic acid; (D) Cinnamic acid;
(E) Chlorogenic Acid; (F) p-Coumaric acid; (G) Ferulic acid; (H) Caffeic Acid; (I) Sinapic acid; (J) Dimethoxycinnamic acid; (K): Gallic acid;
(L) Protocatechuic acid; (M) Quercetin; (N) Catechin; (O) Rutin; (P) Naringenin; (Q) Naringin.
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growth and differentiation, and metastasis) (Abotaleb et al., 2020).

Hydroxybenzoic and hydroxycinnamic acids are different kinds of

phenolic acids (Clifford, 1999). Cinnamic acid derivatives include

hydroxycinnamic acids. Simple esters containing quinic acid or

glucose. Cinnamic (Figure 6D), chlorogenic (Figure 6E), coumaric

(Figure 6F), and ferulic (Figure 6G) acids are the most prevalent

hydroxycinnamic acids in O. ficus-indica. Caffeic (Figure 6H),

sinapic (Figure 6I), and dimethoxycinnamic (Figure 6J) acids

were found in lower quantities (Bai et al., 2018).

7.1.2.1 Gallic acid

Gallic acid (Figure 6K), chemically known as 3,4,5-

trihydroxybenzoic acid, was discovered in the flowers and

cladodes of O. ficus-indica. It can be found in plants as an ester,

free acid, hydrolyzable tannin, or catechin derivatives. Gallic acid,

along with its by-products, has been shown to have a broad range

of biological activities like bactericide, antiviral, antifungal,

inflammatory harmonizer, antidiabetic activit ies , and

antiproliferative (Kahkeshani et al., 2019). Gallic acid and its

derivatives have been shown to have an anti-cancer effect in vivo

and in vitro in several investigations (Sun et al., 2002; Bhattacharya

et al., 2016). Gallic acid has been shown to have anti-cancer

properties in various cancer cells, including human ovarian

cancer cells (Dai and Mumper, 2010; De et al., 2013). Gallic acid’s

anti-cancer properties have been proved to be attributable to its

capacity to suppress cell proliferation and promote apoptosis (De

Mejia et al., 2009).

7.1.2.2 Protocatechuic acid

Protocatechuic acid (PCA) (Figure 6L), also known as 3,4-

dihydroxybenzoic acid, is a dihydroxybenzoic acid in which the

hydroxy groups are attached at positions 3 and 4. Recent research

suggests that PCA could be a cancer-fighting agent against

neoplasms. Its mode of action is related mainly to its radical

scavenging activity, which allows it to limit the formation of free

radicals while also up-regulating enzymes involved in the

neutralization of radicals (Kakkar and Bais, 2014). PCA has also

been described as an anticancer agent and found to be a powerful

antioxidant (Belhadj Slimen et al., 2021).

7.1.2.3 Cinnamic acid and derivatives

Cinnamic acid (C9H8O2) is a plant-derived organic acid. It is

less toxic and possesses many biological and antioxidant properties

(Sova, 2012). Cinnamic acid derivatives have better antioxidant

activity than benzoic acid analogs (Natella et al., 1999). Cinnamic

acid and its derivatives (natural and non-natural molecules) have

been shown to have anticancer potential in recent decades. Various

cinnamoyl compounds and their anticancer effectiveness have

gotten much interest in recent decades (De et al., 2011) and

promote the proliferation of neural progenitor cells (Otero

et al., 2014).
7.1.2.4 Chlorogenic acid

Chlorogenic acid (C16H18O9) (CGA), also termed 3-O-

caffeoylquinic acid, is a cinnamate ester produced by conventional
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condensation of the carboxy group of trans-caffeic acid with the 3-

hydroxy group of quinic acid. Chlorogenic acid has long been

known to be an antioxidant (Meng et al., 2013; Su et al., 2015; Tajik

et al., 2017). Its anticarcinogenic, anti-inflammatory, and

antioxidant properties might make it a non-invasive cure or

preventative approach for some chronic diseases (Tajik et al.,

2017). CGA also works as a potent chemo-sensitizing agent,

inhibiting cancer growth by activating and inhibiting critical

pathways in cancer metabolism (Slimen et al., 2016). CGA’s

anticancer molecular processes, on the other hand, are unknown

(Abd Elrazik et al., 2019).

7.1.2.5 Coumaric acid and derivatives

P-coumaric acid (C9H8O3), also referred to as 4-hydroxycinnamic

acid, is a phenyl ring hydroxylated cinnamic acid analog. It is a

conjugate of 4-coumarate. The amino acids tyrosine and

phenylalanine are used to synthesize p-coumaric acid. Coumaric acid

is crucial in phenolic acid production, including rosmarinic, caffeic,

chlorogenic, and ferulic acids. Based on the research by Kiliç and

Yesi̧loğlu, p-coumaric acid is a reasonable scavenger and potent

antioxidant of reactive oxygen species and free radicals (Kiliç and

Yesi̧loğlu, 2013). It was more efficient than vitamin E in reducing

oxidative stress in animal models (Guglielmi et al., 2003). This acid has

been drawn to suppress cancer cell growth and migration while

promoting apoptotic cancer cell death, indicating that it may have

antioxidant effects (Roy et al., 2016). It has also been shown in animal

models to have chemopreventive effects against colon cancer. The

biosynthesis of coumaric acid is shown in Figure 7 (Sharma

et al., 2018).

7.1.2.6 Ferulic acid

Ferulic acid (FA) is a trans-cinnamic acid with hydroxy and

methoxy aggregates on the phenyl ring at positions 3 and 4. It is an

omnipresent phytochemical occurring in the cell walls of the plant.

It may be found in both covalently-coupled and free (rarely) forms,

one to lignin and others in biopolymers in leaves and seeds. FA

readily generates a resonance-stabilized phenoxyl radical, which

gives its high antioxidant activity (Graf, 1992; Mancuso et al., 2007).

Ferulic acid has been proven to have anti-cancer properties in a

range of cancers, including colon and lung cancers and tumors of

the central nervous system. However, its possible effect in limiting

breast cancer metastasis is still uncertain (Zhang et al., 2016).

Trans-ferulic acid inhibited Hsp60-induced cell growth to a

significant extent (Fukuoka et al., 2004). FA has been shown to

have anticancer properties. Gao et al. (2018) demonstrated that in

Hela and Caski cells, FA can substantially reduce cell invasion and
FIGURE 7

Synthesis of coumaric acid.
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metastasis. Inhibiting autophagy and triggering cell cycle arrest in

human cervical carcinoma cells could make it an anti-cancer

therapeutic. The synthesis of Ferulic Acid is shown in Figure 8

(Mancuso and Santangelo, 2014; Gao et al., 2018).

7.1.2.7 Caffeic acid

Caffeic acid (3, 4-dihydroxycinnamic acid) structurally has

acrylic and phenolic functional groups (Rocha et al., 2012). It was

found in high concentrations in the fruits and flowers of O. ficus-

indica and was found to have a wide range of biological

characteristics. Caffeic acid and its derivatives are effective against

oral, colon, and liver cancers and are likely to be cyclooxygenase II

inhibitors in malignancies (Slimen et al., 2016). Even though much

research has shown caffeic acid’s anticancer activity, some

researchers have demonstrated carcinogenic effects, even at

modest doses (Hirose et al., 1998). The International Agency for

Research on Cancerous disease has categorized this acid as a

chemical “possibly carcinogenic to humans” in group 2B. As a

result, further research is needed before concluding that caffeic acid

has a preventive or carcinogenic potential (Slimen et al., 2016).

7.1.3 Flavonoids
Flavonoids are secondary metabolites derived from plants. They

are divided into four primary categories: anthocyanidins, flavanols,

flavones, and isoflavonoids. They are also classified into

subcategories (Duraipandiyan et al., 2017).

7.1.3.1 Flavanols

Flavanols are a structurally complex subclass of phenolic

compounds that range from monomers (such as catechin) to

oligomers (from dimers to decamers), polymers, and more

complex derivatives (such as theaflavins and thearubigins).

Quercetin (Figure 6M) and its derivatives, catechin (Figure 6N),

and rutin (Figure 6O), a flavan-3-ol, are the vital flavanols found in

O. ficus-indica. Although flavanols were not found in Opuntia

cladodes and peels, they were in high concentrations in flowers

and minimal levels in fruits. Flowers have excessive concentrations

of flavanols, followed by cladodes, peels, and fruits. More research is

required to determine the flavanol concentration in seeds. Because

of its high antioxidant action, rutin is a very potent molecule. It was

found to have antifungal, anti-allergic, and antibacterial properties,

and it is now used to treat many chronic diseases like diabetes,

hypertension, hypercholesterolemia, and cancer. Rutin is a non-

oxidizable and non-toxic molecule when compared to other

flavonoids (Sharma et al., 2013). Flavonoids have been

demonstrated to have a wide range of anti-cancer properties,

including the ability to modulate ROS, induce apoptosis,
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autophagy, invasiveness, and reduce cancer cell growth.

Flavonoids have a dual role in ROS homeostasis: they are

significant pro-oxidants in cancer cells, initiating apoptosis

pathways, and they also act as antioxidants in healthy cells,

inhibiting pro-inflammatory signaling pathways (Kopustinskiene

et al., 2020).

7.1.3.2 Flavanones

Flavanones, commonly called dihydroflavones, are a kind of

flavonoid discovered in secondary metabolites of plants. In O. ficus-

indica, three types of flavanones were found: naringenin

(Figure 6P), naringin (Figure 6Q), and hesperidin (Figure 9A)

(Zeghad et al., 2019; Hernández Garcıá et al., 2020). Hesperidin

(16.18–17.46 mg/100 g), which was found mainly in cladodes, had

the highest content, followed by naringin, mainly in peels (0.17 mg/

100 g) (Belhadj Slimen et al., 2021). In peels, residues of naringenin

were detected, while traces of naringenin were identified in fruits. O.

ficus-indica peels have been verified as a flavanones source, whereas

cladodes contain the highest hesperidin amount (Renugadevi and

Prabu, 2009). More research is needed to evaluate these compounds

in flowers and seeds. The glycosylated derivative of naringenin is

naringin (C27H32O14), a polymethoxylated flavonoid (C15H12O15).

The antioxidants naringenin and naringin are both potent (Jung

et al., 2003).
7.2 Betalains

Betalains are nitrogen-containing hydro-soluble pigments.

They are established in the sap of vacuoles and are mixed as bis-

anions there (Brockington et al., 2015). Betalains were discovered in

large quantities in the pulp and peel of O. ficus-indica. Peels have a

higher concentration of betacyanins (19.43 compared to 6.76 mg/

kg); however, fruits have a higher concentration of betaxanthins

(53.27 compared to 40.72 mg/kg). Peels have more total betalains

than fruits. Consequently, the peel’s betanin (Figure 9B)

concentration is more significant than that of fruits (2473 mg/kg

vs. 1616 mg/kg). The quantities of betacyanins and betaxanthins

were closely related to the fruit coloring (Belhadj Slimen et al.,

2021). De Wit et al. had compared seven cultivars of O. ficus-indica

and one fromO. robusta. Out of 7 cultivars, seeds of Nepgen (green)

contains highest quantities of betacyanins (69.89 mg/Kg) and

betaxanthins (48.92 mg/Kg), followed by seeds of Sicilian Indian

Fig (pink) with betacyanins (56.50 mg/Kg) and betaxanthins (39.55

mg/Kg). However, seeds of O. robusta were having highest

betacyanins and betaxanthins (de Wit et al., 2019). Further, in

another study, De Wit et al. compared 4 cultivars of O. ficus-indica

and one cultivar from O. robusta. Among various cultivars of O.

ficus-indica, fresh fruit from Meyers cultivar possesses highest

quantity of betacyanins (6.87 mg/kg) and betaxanthins (4.81 mg/

Kg). However, again the fresh fruits from O. robusta contains

betacyanins and betaxanthins, multifolds higher than that of O.

ficus-indica. Their study also signifies that fresh and dried fruits are

containing maximum betacyanins and betaxanthins, and it was

significantly reduced in the form of chutney, juice, and preserves
FIGURE 8

Synthesis of ferulic acid.
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(De Wit et al., 2020). The peel also consists of muscaaurin,

portulacaxanthin I (Figure 9C), portulacaxanthin III (Figure 9D),

gomphrenin I (Figure 9E), (S)-valine-betaxanthin, (S)-isoleucine-

betaxanthin, (S)-serine-betaxanthin, (S)-phenylalanine-

betaxanthin, Vulgaxanthin I (Figure 9F), Vulgaxanthin II

(Figure 9G), Vulgaxanthin IV, and miraxanthin II (Figure 9H)

(Stintzing et al., 2005; Yeddes et al., 2013). Several investigations

have identified betalains as an antioxidant dietary cationized type

with a strong radical scavenging capacity (Kanner et al., 2001; de

Wit et al., 2019; De Wit et al., 2020; Sigwela et al., 2021).
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In vitro research has indicated that betalains elicit the phase II

detoxifying enzyme quinone reductase in murine hepatoma cells

(Madadi et al., 2020). Betalains actively scavenge free radicals,

which may help to prevent cancer and cardiovascular disease.

Betalains have been discovered to activate a critical factor of

transcription, which causes to activate the endogenous defense of

antioxidant systems in cells (Esatbeyoglu et al., 2014). In cancer

cells, betalains from Opuntia ficus-indica fruits were discovered to

have the effect of antiproliferative activity. In nude mice, betalains

containing prickly pear fruit extracts inhibited the development of
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FIGURE 9

Structure of some of the phytochemicals isolated from O. ficus-indica. (A) Hesperidin; (B) Betanin; (C) Portulacaxanthin I; (D) Portulacaxanthin III;
(E) Gomphrenin-I; (F) Vulgaxanthin I; (G) Vulgaxanthin-II; (H) Miraxanthin-II; (I) Lutein; (J) Carotene; (K) Cryptoxanthin; (L) Violaxanthin.
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human ovarian cancer cel ls compared to a synthetic

chemopreventive drug, Fenretinide (4-HPR). In addition, these

extracts suppressed 40 to 60 percent of immortal cervical

epithelial cells and cervical cancer cells (Zou et al., 2005). Betanin

(betalain) was discovered to cause time and dose-dependent

apoptosis in the leukemia cell line (K562) of human chronic

myeloid, as well as a decrease in the potential of mitochondrial

membrane and the presence of cyt C in the cytosolic portions of

cells (Sreekanth et al., 2007). Subsequently, treatment with betalains

and combining medication, which stops the process at several cell

cycle points (G1 and/or S phases), can be a potential scheme for

preventing cancerous tumor survival. Although the method by

which betalains may prevent cancer is unknown, studies have

indicated that they change gene expression and modulates cell

development and apoptosis (Zou et al., 2005). Cancer cell lines

like K562 and MCF7 enables researchers to investigate possible

anticancer chemicals like betalains in a simple, controlled, and

repeatable setting. However, because cell cultures cannot mimic

tumor behavior and its interaction with the host (HogenEsch and

Nikitin, 2012), the efficiency of betalains as an anticancer drug in

human clinical trials may differ. Future research, combining cancer

cell lines of humans within a model that profoundly resembles the

targeted cancer of humans, will have a better chance of determining

betalains’ anticancer potential (Gengatharan et al., 2015).

7.3 Carotenoids

Carotenoids are abundant in O. ficus-indica, and their

concentration in the peel is substantially higher than in the pulp.

Their maturation stage heavily influences the carotenoid
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composition of cladodes; the highly rich carotenoids in young

cladodes are lutein (Figure 9I), carotene (Figure 9J), and b-
cryptoxanthin (Figure 9K). Despite cultivar differences, cladodes

carry more carotene than fruit (de Wit et al., 2019). Four carotenes

and nine xanthophylls (84–86% of all carotenoids) make up the

carotenoid profile of fruits. Lutein and violaxanthin (Figure 9L)

were the most abundant xanthophyll compounds (representing 69–

72 percent and 5 percent of all amount of carotenoid content in the

whole fruit, respectively), whereas carotene was the most abundant

pigment of carotene (representing almost 12–14 percent of the total

carotenoid content). Lower concentrations of antheraxanthin

(Figure 10A), zeaxanthin (Figure 10B), and neoxanthin

(Figure 10C) have been found. The highest values were in orange-

colored cultivars plants (Cano et al., 2017).

In 2014, Niranjana et al. examined carotenoids’ anticancer

effectiveness through cell cycle arrest, apoptosis induction, anti-

metastasis, and anti-angiogenic activities. One of the main

characteristics of cancer cells is that they lose their ability to

regulate the cell cycle and limit the proliferation rate. Carotenoids

have been demonstrated to limit tumor cell proliferation by

interfering with various cell cycle stages. Carotenoids have been

shown to have chemopreventive properties in humans, lowering

cancer incidence through apoptosis (Niranjana et al., 2015).

Creating innovative anti-metastatic medications with minimal

toxicity and excellent efficacy is one of the most active fields in

contemporary anti-cancer research. Carotenoids have been shown

in observational studies to have anti-metastasis properties (Kozuki

et al., 2000). Various chemicals from natural sources have been

proven to suppress angiogenesis, with carotenoids being

particularly effective (Slimen et al., 2016).
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FIGURE 10

Structure of some of the phytochemicals isolated from O. ficus-indica. (A) Antheraxanthin; (B) Zeaxanthin; (C) Neoxanthin; (D) Linoleic Acid;
(E) Sitosterol; (F) Campesterol; (G) Taurine.
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Bensadón et al. determined the antioxidant and scavenging

properties of polyphenols and carotenoids and other compounds by

FRAP and ABTS methods in two varieties of O. ficus-indica, the

Atlixco (52.22 ± 1.07 and 52.37 ± 2.00, respectively) and Milpa Alta

(65.33 ± 2.23 and 57.55 ± 1.83, respectively) (Bensadón et al., 2010).

b-cryptoxanthin has shown its potential in various cancers,

including stomach cancer (Sengngam et al., 2022), hepatocellular

carcinoma (Lim et al., 2020), lung cancer (Iskandar et al., 2016), and

colon cancer (San Millan et al., 2015). Lutein was reportedly having

strong anticancer potential against breast cancer (Bulatao et al.,

2023), non-small cell lung cancer (Zhang et al., 2023), pancreatic

cancer (Han and Song, 2022), and gastric cancer (Eom et al., 2023).

Zeaxanthin has anticancer potential against melanoma (Cenariu

et al., 2021), colorectal cancer (Kim et al., 2019), dermal fibroblasts

(Wu et al., 2010), and gastric cancer (Abnet et al., 2003).

7.4 Fatty acids

Chromatographic techniques were used to determine total

lipids in various vegetative sections of O. ficus-indica. Linoleic

acid (Figure 10D) has been identified as the most abundant

cladodes polyunsaturated fatty acid, accounting for about 32.83

percent of the total fatty acid content. Palmitic acid, linolenic acid,

oleic acid, and linoleic acid make up about 90% of cladode’s total

fatty acids (Kolniak-Ostek et al., 2020). The polyunsaturated and

mono-unsaturated fatty acid content in fruits ranged from 35.2% to

53.9% and 16.9% to 40.2%, independently, of total fatty acid

content. Peels have lower concentrations of mono-unsaturated

fatty acids than the concentration of polyunsaturated fatty acids.

Similarly, seed oil has a high proportion of polyunsaturated

fatty acids but a low proportion of mono-unsaturated fatty acids.

Linoleic acid can be considered the most common fatty acid in seed

oil, fruits, and peels, which is interesting. Similarly, the content in

peels is higher than that found in fruits (De Wit et al., 2017). Mono-

unsaturated and polyunsaturated fatty acid consumption has been

suggested for its health-improving qualities. They also help improve

various health issues associated with cancer (Simopoulos, 2002).

7.5 Phytosterols

Sitosterol (Figure 10E) was found to be the most abundant

sterol in oil fruit, seeds, peel, and pulp of O. ficus-indica (Kozuki

et al., 2000), with amounts ranging from 6.75 to 21.1 g/kg.

Campesterol (Figure 10F) was found in seeds, peels, and fruits in

concentrations ranging from 1.66 to 8.76 g/kg. Other phytosterols

discovered in trace amounts included stigmasterol, lanosterol,

ergosterol, 5-avenasterol, and 7-avenasterol. Ergosterol (ergosta-

5,7,22-trien-3-ol) is a sterol present in the cell membranes of fungi

and protozoa. In animal cells, it performs the same functions as

cholesterol. In human nutrition, ergosterol is a vitamin D2

provitamin. Remarkably, ergosterol was observed in Opuntia

peels in small amounts. Phytosterols have been attributed to a

reduced risk of breast, colon, and prostate cancers. Phytosterols, for

example, have been found to enhance cancer immune recognition,
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impact hormonally dependent endocrine cancer growth, cycle

arrest, and impede tumor growth and spread (Slimen et al., 2016).
7.6 Taurine

Taurine (C2H7NO3S) (Figure 10G) is an organic osmolyte not

integrated into proteins. Taurine is an amino acid found in the

brain, retina, muscles, and organs all over the body. Taurine is

engaged in various processes, from development to cytoprotection,

and is regarded as a cell-protective amino acid with antioxidative

properties (Devamanoharan et al., 1998). The taurine content in

cladodes, peels, and seeds should be examined. Taurine, the most

abundant free amino acid, is involved in several biological processes

in humans and has been found to have an antitumor effect (He

et al., 2016). Kim and Kim examined the protective effects of taurine

against anticancer medicines on normal cells, which were recently

revealed. However, the anticancer effects of taurine on cancer cells

are still unknown. As a result, we looked at the anti-cancer effects of

taurine alone as well as taurine combined with cisplatin in human

cervical cancer cells. In a time and dosage-dependent way, a single

dose of taurine reduced cell growth. Cell proliferation was reduced

more when cisplatin was combined with taurine than when

cisplatin was used alone. Apoptosis induction resulted in

decreased cell growth. Apoptotic cells were studied when cisplatin

was treated with taurine. Taurine or cisplatin, in combination,

promoted apoptotic cells more than taurine or cisplatin alone.

The activation of caspase-3, caspase-6, caspase-7, and caspase-9

was attributed to the induction of apoptosis (Kim and Kim, 2013).

7.7 Saponins

Saponins are glycosides with triterpenoid or spirostane aglycones

that have anti-mammalian disease pharmacological properties (Xu

et al., 2016). More research on saponins in O. ficus-indica is needed.

The presence of saponins in the aqueous extract of O. ficus-indica

cladodes was discovered by Halmi and his associates (Halmi et al.,

2018). Figueroa-Pérez and his colleagues found larger quantities in

cladodes, averaging 28.13 g equivalents/kg (Figueroa-Pérez et al.,

2018). Saponins show strong anti-tumorigenic effects through various

anticancer mechanisms due to the considerable heterogeneity of their

structures. Unique saponins with potent anticancer properties have

also been developed. Ginsenosides, which belong to the dammaranes

family, have been proven effective at inhibiting tumor angiogenesis by

suppressing its inducer in blood vessel endothelial cells and

preventing tumor cell adhesion, invasion, and metastasis. Dioscin, a

steroidal saponin, and its aglycone diosgenin have indeed been

researched extensively for their anticancer effects via cell cycle

arrest and apoptosis (Man et al., 2010).

8 Future perspectives

O. ficus-indica contains various phytochemicals ranging from

phenolic acids to phytosterols (Figure 11). Many phytochemicals like
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quercetin, hesperidin, and linolenic acid have already been evaluated

and proven to have multifarious therapeutic potentials. However, it

seems like more in-depth studies are required to validate the

translational potential of O. ficus-indica to reach bedside.

Searching on PubMed for O. ficus-indica and cancer-related

papers yielded 18 results on 02.06.2023 while searching for O. ficus-

indica and apoptosis-related papers resulted in 9 papers as of

03.06.2023. These studies indicate the increasing interest of

researchers to examining anticancer potential of this plant.

However, it is still quite low quantitatively and more in-depth

research is utmost needed in this direction. Upon removal of

duplicates, 21 articles were processed for quantitative data

analysis (QDA). Some of the most prominent terminologies

found to be “Opuntia ficus-indica,” “extract,” “indicaxanthin,”

“kaempferol,” “glycoside,” “Opuntia,” “cancer,” “colorectal/colon

cancer,” and “apoptosis.” (Figure 12) Indicaxanthin, kaempferol,

and isorhamnetin glycosides were most studied as anticancer agents

in those studies (Figure 13A). When we looked for the prevalence of

the phytochemical class mentioned repeatedly in those 21 articles,

we had observed that glycosides dominate, followed by flavonoids
Frontiers in Plant Science 16121
and betalains (Figure 13B). Most anticancer studies on O. ficus-

indica and its purified metabolites are related to colorectal/colon

cancer, followed by melanoma and breast cancer (Figure 14). Very

little attention has been paid to leukemia, thyroid, endometrial,

liver, and prostate cancer, and it should be considered an
FIGURE 11

Phytochemicals present in O. ficus-indica and their phytochemical class.
FIGURE 12

Quantitative data analysis-based study to understand the overall
prevalence and dominating key terms in papers published with
“Opuntia ficus-indica” and “Cancer”.
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opportunity for the researchers to explore O. ficus-indica and its

metabolites for these heterogenous cancers. The most notable

mechanisms expressed and validated in those studies were

apoptosis, cell cycle arrest (G0/G1 and G2/M), Bcl-2 modulation,

antiproliferative, oxidative stress-mediated mechanisms, and

cytochrome c (Figure 15). We have also observed that cladodes

and fruits ofO. ficus-indica have been more studied than other plant

parts, which again opens opportunities for researchers to explore.

Further, cell line-based studies dominated, and there were very few

studies related to animal-based experiments. The Zebrafish model
Frontiers in Plant Science 17122
has also been utilized by one group, and it could open a new

platform for others to explore.
9 Conclusion

In this article, we discussed the effectiveness of O. ficus-indica

against most death-causing diseases, including cancer. Traditional

chemo- and radiotherapies can weaken the patient due to their toxic

and destructive effects on normal cells. The O. ficus-indica plant is a

natural means that can be used for the prevention and cure of cancer

without any serious side-effects. Various phytochemicals are present

in O. ficus-indica, which includes flavonoids, polyphenols, betalains,

and tannins, which possess various biological activities such as

antimicrobial, anti-inflammatory, antioxidant, and most essential,

anticancer activity. Based on the available literature we provided in

this study, investigations using diverse cancer cell lines have shown

compelling evidence of anticancer activity. Only a few investigations

employing in vivo tumor models have produced comparable results.

Currently, very little information is available on whether

concentrations demonstrating activity in vitro are attainable in the

blood or serum of laboratory animals. While this is a restriction in

our current knowledge of the anticancer potential of plants in the

Cactaceae family, future studies are likely to examine this to next

level. We believe that the significance of our review lies in drawing the

scientific community’s attention to this plant family, which is, on the

one hand, auspicious in terms of cancer treatment and prevention,

but on the other hand, remains mostly unexplored.
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Functional iridoid synthases
from iridoid producing and
non-producing Nepeta species
(subfam. Nepetoidae,
fam. Lamiaceae)
Neda Aničić 1*, Dragana Matekalo1*, Marijana Skorić 1,
Uroš Gašić 1, Jasmina Nestorović Živković 1,
Slavica Dmitrović1, Jelena Božunović 1, Milica Milutinović 1,
Luka Petrović1, Milena Dimitrijević2,
Boban Anđelković3 and Danijela Mišić 1*

1Institute for Biological Research “Siniša Stanković” - National Institute of the Republic of Serbia,
University of Belgrade, Belgrade, Serbia, 2Institute for Multidisciplinary Research, University of
Belgrade, Belgrade, Serbia, 3Faculty of Chemistry, University of Belgrade, Belgrade, Serbia
Iridoids, a class of atypical monoterpenes, exhibit exceptional diversity within the

Nepeta genus (subfam. Nepetoidae, fam. Lamiaceae).The majority of these

plants produce iridoids of the unique stereochemistry, with nepetalactones

(NLs) predominating; however, a few Nepeta species lack these compounds.

By comparatively analyzingmetabolomics, transcriptomics, gene co-expression,

and phylogenetic data of the iridoid-producing N. rtanjensis Diklić & Milojević

and iridoid-lacking N. nervosa Royle & Bentham, we presumed that one of the

factors responsible for the absence of these compounds in N. nervosa is iridoid

synthase (ISY). Two orthologues of ISY weremined from leaves transcriptome of

N. rtanjensis (NrPRISE1 and NrPRISE2), while in N. nervosa only one (NnPRISE)

was identified, and it was phylogenetically closer to the representatives of the

Family 1 isoforms, designated as P5bRs. Organ-specific and MeJA-elicited

profiling of iridoid content and co-expression analysis of IBG candidates,

highlighted NrPRISE2 and NnPRISE as promising candidates for ISY

orthologues, and their function was confirmed using in vitro assays with

recombinant proteins, after heterologous expression of recombinant proteins

in E. coli and their His-tag affinity purification. NrPRISE2 demonstrated ISY

activity both in vitro and likely in planta, which was supported by the 3D

modeling and molecular docking analysis, thus reclassification of NrPRISE2 to

NrISY is accordingly recommended. NnPRISE also displays in vitro ISY-like

activity, while its role under in vivo conditions was not here unambiguously
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Aničić et al. 10.3389/fpls.2023.1211453

Frontiers in Plant Science
confirmed. Most probably under in vivo conditions the NnPRISE lacks substrates

to act upon, as a result of the loss of function of some of the upstream enzymes

of the iridoid pathway. Our ongoing work is conducted towards re-establishing

the biosynthesis of iridoids in N. nervosa.
KEYWORDS

iridoid synthase, iridoids, Nepeta rtanjensis, Nepeta nervosa, functional
characterization, metabolomics, transcriptomics
Introduction

Nepetoidae subfamilly of the Lamiaceae family comprises

mainly iridoid-lacking taxa. It has been proposed that, during

evolution, these plants have lost a key enzyme in the early iridoid

pathway, iridoid synthase (ISY) (Boachon et al., 2018), which

disabled their iridoid biosynthetic platform. The exception are

members of the genus Nepeta, which went through the re-

establishment of the iridoid biosynthesis by engaging the latent

biosynthetic machinery existing in all Nepetoidae, in parallel

with convergent evolution of ISY from an alternative ancestor,

progesterone 5b-reductase (P5bR) (Lichman et al., 2020). Another

evolutionary innovation of the genus Nepeta includes NAD-

dependent nepetalactol-related short-chain-dehydrogenase/

reductase (NEPS) and major latex protein-like (MLPL) enzymes,

which, in combination with novel ISYs, gave rise to iridoid

aglycones nepetalactones and glycosylated iridoids of unique

stereochemistry, exclusively present in this group of plants.

All iridoids in Nepeta have a common precursor nepetalactol,

which emerges from geranyl pyrophosphate (GPP) originating

from the MEP pathway. This central precursor arises in a

reaction assisted by the GPP synthase (GPPS), and is further

converted into geraniol via geraniol synthase (GES). Nepetalactol

arises from geraniol through the series of intermediates and

enzymatic reactions catalyzed by geraniol 8-hydroxylase (G8H),

8-hydroxygeraniol oxidoreductase (8HGO), ISY, NEPS(s), and

MLPL (Figure 1). In Nepeta species, ISYs are mainly responsible

for the stereoselective 1,4-reduction of 8-oxogeranial to uncyclized

and reactive 8-oxocitronellyl enol, and for determining the

stereochemistry of the C7 (Sherden et al., 2017; Lichman et al.,

2019b; Lichman et al., 2020; Hernández Lozada et al., 2022). In

other iridoid producing plants, including Catharanthus roseus L.

(Geu-Flores et al., 2012) and Olea europea (Alagna et al., 2016) ISYs

are responsible for reduction of 8-oxogeranial. The subsequent

cyclization step, which gives rise to a core iridoid skeleton

characteristic for nepetalactol, is in these plants either mediated

by some unknown cyclases, or it occurs spontaneously. Enolate

intermediate 8-oxocitronellyl enol in Nepeta is cyclized by NEPSs

(Lichman et al., 2019a; Lichman et al., 2019b), but can also undergo

a spontaneous cyclization to produce predominately cis,trans-

steroisomer of nepetalactol (Hernández Lozada et al., 2022).
02128
NEPS enzymes are also involved in the subsequent enzymatic

step, which converts nepetalactol to nepetalactone, and are

responsible for setting the stereochemistry of the bridged carbons

(C4a and C7a) of nepetalactone (Hernández Lozada et al., 2022). In

summary, the family of NEPS enzymes can be divided into 3

subgroups according to their catalytic activity: 1) redox-inactive

cyclases (e.g. N. mussinii NmNEPS3); 2) oxidazes (e.g. NmNEPS1

and NmNEPS5); 3) dual-function enzymes catalyzing both stereo

selective cyclization and oxidation of various nepetalactols to

nepetalactons (e.g. N. cataria NcNEPS3A; N. mussinii NmNEPS4;

N. sibirica NsNEPS2) (Lichman et al., 2020; Hernández Lozada

et al., 2022). MLPLs are proven to be involved in the biosynthesis of

cis,trans-nepetalactol stereoisomer (Lichman et al., 2020).

The story of iridoid biosynthesis within the genus Nepeta

becomes even more fascinating when it comes to taxa lacking

iridoids, or producing them in trace amounts. We here

hypothesized that a “biochemical reservoir” of enzymes with

different catalytic activities related to the iridoid biosynthesis

exists in iridoid non-producing Nepeta species, but substrates to

act upon are missing due to the loss of function/silencing of some of

the early biosynthetic genes. In order to test this hypothesis we

focused our study towards two chemodiverse Nepeta taxa: 1) N.

rtanjensis Diklić & Milojević, an endemic and critically endangered

plant of Serbia, which is characterized by the presence of

nepetalactones with trans,cis- and cis,trans- stereochemistry; and

2) iridoid-lacking N. nervosa Royle ex Benth. Following

comprehensive metabolomics, we analyzed transcriptomes of N.

rtanjensis and N. nervosa leaves in search for iridoid-related

biosynthetic genes, to acquire accurate information on the

presence/absence of iridoid biosynthetic gene transcripts and gene

nucleotide sequence. Candidates of iridoid biosynthetic genes

(GPPS, GES, G8H, HGO, ISY, NEPSs, and MLPLs) are identified

based on similarity to the previously characterized orthologues

from Nepeta cataria, N. mussinii, N. rtanjensis, N. sibirica, C.

roseus, and other iridoid-rich species. As ISYs were identified as

genes responsible for the loss of iridoid biosynthesis in the majority

of Nepetoidae, and are highlighted as enzymes important for

determining the metabolic flux through the pathway, we further

aimed to isolate and functionally characterize ISYs from N.

rtanjensis and N. nervosa, and analyze them in a phylogenetic

context. Furthermore, it has recently been suggested that the
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presence or absence of ISY-like enzymatic activity controls whether

plants accumulate nepetalactones, or whether these molecules are of

7S or 7R configuration (Hernández Lozada et al., 2022). Iridoids

with 7R stereochemistry predominate outside of Nepeta genus,

while, up to date, only 7S isomers of iridoids are recorded within

Nepeta, which coincides with the fact that only 7S-specific ISYs

from N. cataria and N. mussinii (Sherden et al., 2017), and N.

sibirica (Hernández Lozada et al., 2022) have been isolated and

functionally characterized. As transcripts of only one potential

PRISE were recorded in transcriptome of N. nervosa, we aimed to

investigate whether the loss of function or silencing of this

important IBG is, at least partially, responsible for the lack of

iridoids in this species.
Materials and methods

Plant material and in vitro
culture establishment

Seeds of N. nervosa were commercially purchased from

Grugapark Essen (Germany), while seeds of N. rtanjensis were

collected in July 2017 in locality Javor (Mt Rtanj, SE Serbia). Seeds

were surface sterilized in a 20% solution of commercial bleach for

10 min, rinsed five times with sterile distilled water and germinated
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in Petri dishes on 20 ml basal medium (BM): solid ½ MS

(Murashige and Skoog, 1962) culture medium, supplemented

with 20 g l-1 sucrose, 7 g l-1 agar (Torlak, Serbia) and 100 mg l-1

myo-inositol (Merck, Germany). All the cultures were grown in 370

ml glass jars, each containing 100 ml of BM, and kept in a

growth chamber under long day conditions (16/8 h light/dark

cycle), at 25 ± 2°C. White fluorescent tubes provided a photon

flux rate of 32.5 mmol m2 s-1 at the level of plant cultures.

Sufficient plant material for experiments was obtained by

micropropagation of one selected genotype of each of the Nepeta

species, using single-node stem segments as explants, and by

subcultivation on fresh BM every 4 weeks. RNA-seq libraries were

constructed using leaves of four-week old in vitro grown N.

rtanjensis and N. nervosa plants. Leaves, stems, and roots of four

month old plants were separately harvested, weighted and

immediately frozen in liquid nitrogen, and further stored at −80°C

until use. Three individuals (three biological replicates) of

one clonally propagated genotype per species, at the same

developmental stage, were analyzed separately.
MeJA-elicitation experimental setup

Four weeks-old N. rtanjensis and N. nervosa plants, propagated

on BM under in vitro conditions, were used in experiments to
A B

C

FIGURE 1

Following GC/MS and UHPLC/QToF MS characterization of methanol extracts of N. rtanjensis and N. nervosa leaves, iridoid compounds were
identifyed only in N. rtanjensis, with t,c-NL, c,t-NL, and DNL predominating on the (A) representative GC/MS chromatogram. In parallel, orthologues
of iriroid biosynthetic genes were searched in transcriptomes of N. rtanjensis (red color) and N. nervosa (green color) and the biosynthetic pathway
of the two species was reconstructed (B): GPPS- geranyl diphosphate synthase, GES- geraniol synthase, G8H- geraniol 8-hydroxylase, 8HGO- 8-
hydroxygeraniol oxidoreductase, PRISE- progesterone-5b-reductase/iridoid synthase activity displaying enzymes, NEPS- nepetalactol-related short-
chain dehydrogenase, MLPL- major latex protein-like enzyme. Pairwise sequence alignment results for amino acid sequences of investigated genes
belonging to N. nervosa with the corresponding N. rtanjensis genes (C). IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pirophosphate; GPP,
geranyl pyrophosphate; GE, geraniol; 8HG, 8-hydroxygeraniol; 8OG, 8-oxogeranial; 8CE – 8-oxocitronellyl enolate; NLL, nepetalactol; NL,
nepetalactone; DNL, 5,9-dehydronepetalactone; 1,5,9-eDLA, 1,5,9-epideoxyloganic acid; t,c-NL, trans,cis-nepetalactone, c,t-NL, cis,
trans-nepetalactone.
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comparatively analyze methyl jasmonate (MeJA)-elicitation effects

on iridoid profile and related BG expressions. Plants were

transferred on BS supplemented with 250 mM MeJA and leaves

were harvested after 24 h and 72 h. Filter-sterilized MeJA (sterile 0.2

mm cellulose filters, Agilent Technologies, Santa Clara, CA, USA)

was added to the culture medium after its sterilization by

autoclaving at 114°C for 25 min. Control group of plants was

simultaneously transferred on BM, and leaves were harvested in

parallel with those of MeJA-treated plants. Each of the three

biological replicates per treatment consisted of five clonally

propagated plants grown in the same jar. After harvesting, leaves

belonging to the plants of the same biological replicate were pulled,

ground into a fine powder and homogenized in liquid nitrogen, and

samples were stored at −80°C until use. The obtained plant material

was used for both RNA extraction and quantification of iridoids.
Extraction of plant material for
metabolic profiling

Plant material was ground in LN, and extracted with 96%

methanol (w:v = 1:10) in an ultrasonic bath for 1 h. After

centrifugation for 20 min at 10000 × g, the supernatants were

filtered through 0.2mm cellulose filters (Agilent Technologies, Santa

Clara, CA, USA) and stored at 4°C until use. All the analyses were

performed in triplicates.
GC/MS non-targeted metabolomics of
methanol extracts of N. rtanjensis and
N. nervosa leaves

Profiling of volatile compounds in leaves of N. rtanjensis and N.

nervosa grown in vitro was performed using Agilent 8890 gas

chromatography (GC) System with 5977B GC/MSD (Agilent

Technologies, USA) connected to Centri sample extraction and

enrichment platform (Markes International Ltd., UK).

Chromatographic separations were performed on HP-5MS

column (30 m × 0.25 mm, 0.25 mm film thickness) (Agilent

Technologies, USA), and using He (99.999%, The Linde Group,

Ireland) as a carrier gas at a flow rate of 1.6 ml min−1. Transfer line

was heated at 280°C, and detector temperature was set to 270°C.

Mass spectra were acquired in positive EI mode (+70 eV), with

temperature of the EI source set to 280°C. Column temperature was

linearly programmed from 40 to 300°C, at rate of 20°C min−1, and

held isothermally at 240°C for the next 10 min. Methanol extract (1

ml) was injected in a split mode (20:1), with split flow 24 ml min-1.

Analyses were performed in SCAN mode, tracking the compounds

within the range 45 to 500 amu. The constituents of the reaction

mixtures were identified by comparison of their mass spectra and

retention times with those of the respective standards, and by

comparison with the NIST05 library.
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UHPLC−QToF−MS non-targeted
metabolomics of N. rtanjensis and
N. nervosa methanol extracts

The analyses were carried out on Agilent 1290 Infinity ultra-

high-performance liquid chromatography (UHPLC) system

coupled with a quadrupole time-of-flight mass spectrometry

(6530C Q-ToF-MS) from Agilent Technologies, Inc., CA, USA.

The chromatographic separation was performed at 40°C on a

Zorbax C18 column (2.1 × 50 mm, 1.8 µm) from Agilent

Technologies, Inc., CA, USA. The composition of mobile phases,

gradient elution program, and the all chromatography parameters

were as previously described by Gasǐć et al., 2023.

The QToF-MS system was equipped with an Agilent Jet Stream

electrospray ionization (ESI) source, operating in both positive (ESI+)

and negative (ESI-) ionization modes. The operation parameters for

ESI, as well as the other settings of the QToF mass analyzer and data-

dependent acquisition (DDA) parameters were the same as in Kostić

et al., 2023. Agilent MassHunter software was used for data

acquisition. The CAS SciFindern database was used to search for

chemical compounds by formulas and structures (https://scifinder-

n.cas.org/). For the evaluation of MS data R Studio software (enviPick

and xcms R packages) was used (Zengin et al., 2020).
UHPLC/(+)HESI-MS/MS quantification of
targeted iridoids

Dionex Ultimate 3000 UHPLC system (ThermoFisher

Scientific, Germany) connected to TSQ Quantum Access Max

triple-quadrupole mass spectrometer (ThermoFisher Scientific,

Switzerland) was used for the determination and quantification of

nepetalactone, dehydronepetalactone, and 1,5,9-epideoxyloganic

acid in methanol extracts of N. rtanjensis and N. nervosa leaves,

stems and roots, as well as in MeJA-elicited leaves. Elution was

performed at 40°C on Hypersil gold C18 column (50 × 2.1 mm)

with 1.9 m particle size (ThermoFisher Scientific, USA). The liquid

chromatography parameters (mobile phase, gradient elution, and

the flow rate) and the mass spectrometry detection settings were set

according to Mis ̌ić et al., 2015. Mass spectrometry data were

acquired in both positive (trans,cis-nepetalactone, cis,trans-

nepetalactone, and dehydronepetalactone) and negative (1,5,9-

epideoxyloganic acid) mode, and collision-induced fragmentations

were performed using argon, with collision energy (cE) set to 30 eV.

The identification of targeted compounds was additionally

confirmed by DAD analysis . Absorption spectrum of

nepetalactone isomers was characterized by the lmax at 230 nm,

while dehydronepetalactone had a max absorption at lmax = 300

nm. As for 1,5,9-epideoxyloganic acid, its absorption spectra was

characterized by lmax = 340 nm.

The amounts of trans,cis-nepetalactone, dehydronepetalactone,

and 1,5,9-epideoxyloganic acid were evaluated by calculating the
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peak areas, based on the calibration curve of pure compounds, as

previously described in Aničić et al., 2021. Amounts were expressed

as µg per 100 mg of fresh weight (µg 100 mg-1 FW). All the analyses

were performed in triplicates.
Transcriptome mining and selection of
iridoid biosynthesis candidate genes

Transcriptomes of nepetalactone-producing Nepeta rtanjensis

Diklić & Milojević and nepetalactone-lacking N. nervosa L. are

searched for the presence/absence of transcripts of iridoid-pathway-

related genes (biosynthetic genes and transcription factors), based

on the homology with the genes characterised in many iridoids- and

alkaloids- producing plants, including those from the Nepeta genus

(Lichman et al., 2019a; Lichman et al., 2020; Hernández Lozada

et al., 2022). Sequences of N. rtanjensis iridoid-biosynthetic-

pathway-genes coding for NrGPPS.SSU, NrGES, NrG8H,

Nr8HGO, NrPRISE1, NrPRISE2, NrMLPL1, NrMLPL2, NrNEPS1,

NrNEPS2, NrNEPS3, and NrNEPS4 (Aničić et al., 2020) were used

for BLAST search of corresponding candidate genes in N. nervosa

leaf RNA-seq available in our laboratory (data not published).

BLAST search derived 6 genes putatively involved in iridoid

biosynthesis – NnGPPS.SSU, NnG8H, Nn8HGO, NnMLPL,

NnPRISE, and NnNEPS1 from N. nervosa transcriptomic

database. All of the sequences have shown high similarity to the

characterized genes from other species present in the NCBI

database. For the NCBI accession numbers of all genes from this

paper please refer to the Supplementary Table 1.
RNA extraction and qPCR profiling of
tissue-specific and MeJA-elicited
expression of iridoid-related
biosynthetic genes

Once the candidates for the iridoid biosynthesis-related genes

were identified inN. rtanjensis andN. nervosa transcriptomes, highly

specific primer pairs for qPCR co-expression analysis were designed

using Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/

primer3plus/primer3plus.cgi) (Supplementary Table 1). Finally,

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as

the housekeeping gene, as previously reported by Aničić et al., 2018.

The RNA extraction from leaves, stems, and roots of N. rtanjensis

and N. nervosa, as well as from MeJA-elicited leaves, was performed

applying a modified CTAB method (Gasic et al., 2004). RNA was

quantified with N60 Nano-Photometer® (Implen GmbH, Munich,

Germany) and fluorometrically (Qubit 3.0 Fluorometer, ThermoFisher

Scientific, USA), and its integrity was confirmed with gel

electrophoresis. Obtained total RNA was treated with DNaze I

(ThermoFisher Scientific, USA) for 30 min at 37°C. From 1 mg of

total RNA cDNA was constructed using the Revert Aid First Strand

cDNA Synthesis Kit (ThermoFisher Scientific, USA) following

manufacturers’ specifications, with oligo-(dT) primers (Life

Technologies, USA). The PCR mixture comprised of cDNA
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corresponding to 50 ng of total RNA, 1µM primers, 1U of Phusion

Hot Start II High-Fidelity polymerase (Thermo Scientific, USA) in a

volume of 50 µl. The amplification was carried out in an Eppendorf

Mastercycler Nexus (Eppendorf, Germany) thermal cycler with the

following amplification profile: initial denaturation (30 s at 98°C),

followed by 40 cycles of denaturation (10 s at 98°C), annealing (30 s at

60°C), and extension (45 s at 72°C) with final extension (7 min at

72°C). The obtained amplicons were purified electrophoretically,

extracted from gel using GeneJET Gel extraction kit (Thermo

Scientific, USA), quantified and serially diluted in a 109-102 copies

µl-1 range to be used as standards for the absolute qPCR quantification.

Gene expression analyses were performed by real-time PCR

using QuantStudio™ 3 Real-Time PCR System (Life Technologies,

USA). Thermocycler conditions were as previously described in

Aničić et al., 2018. The reactions were performed using Maxima

SYBR Green/ROX Master Mix (2X) (ThermoFisher Scientific,

USA), cDNA corresponding to 50 ng RNA and 0.3 µM primers,

according to the manufacturer’s recommendations. The expression

levels of candidate IBGs were calculated according to the 2−DDCt

method (Livak and Schmittgen, 2001) using GAPDH as a

housekeeping gene, as mentioned above. The data represent

means ± SE from three biological replicates.
NrPRISE2 and NnPRISE amplification
and cloning

Primers for the full-length amplification of candidate ISYs are

presented in Supplementary Table 1. Total N. rtanjensis and N.

nervosa leaf RNAs were isolated with Spectrum™ Plant Total RNA

kit (Sigma-Aldrich®, Hamburg, Germany), and cDNA was

synthesized using RevertAid First Strand cDNA Synthesis kit

(ThermoScientific, Lithuania) following manufacturers ’

instructions. Full lengths of the selected genes were amplified

using AmpliTaq Gold (Thermo Fisher Scientific, USA) and

cDNAs as templates. PCR products were gel purified and the

products were subsequently cloned into vector PTZ57R/T using

InsTAclone PCR Cloning Kit (ThermoScientific, Lithuania). The

obtained constructs were used for PCR amplification of candidate

PRISEs genes with primers containing restriction enzymes sites

(KpnI and SacI) (Supplementary Table 1). After digestion with the

appropriate restriction enzymes the digests were ligated to bacterial

expression vector pRSETA (N-terminal 6xHis tag). Final constructs

were verified by sequencing.
NrPRISE2 and NnPRISE expression in
bacteria and protein purification

The pRSETA-NrPRISE2 and pRSETA-NnPRISE constructs

were used for heat-shock transformation of E. coli strain BL21-

CodonPlus (DE3)-RIL (Stratagene, USA). Single colonies were

grown in Lauria-Bertani (LB) broth supplemented with 100 mg
ml-1 ampicillin, 50 mg ml-1 kanamycin and 17 mg ml-1

chloramphenicol overnight at 37°C. The following day, the
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colonies were used to inoculate 20 ml of fresh LB medium and the

pre-cultures were grown overnight at 37°C shaking at 220 rpm. The

next day, 200 ml of LB medium with antibiotics was inoculated with

20 ml of pre-cultures and bacteria were grown at 37°C shaking at

220 rpm. After reaching an OD600 of 0.6, protein expression was

induced with 0.1 mM IPGT and bacteria were incubated in a shaker

at 18°C for ~ 17h. Subsequently, the cells were harvested, pelleted

and re-suspended in 2 ml lysis buffer (50 mM NaH2PO4, 300 mM

NaCl and 10 mM imidazol, pH 8.0). Following lysozyme (Sigma

Aldrich, Germany) (1 mg ml-1 final concentration) and protease

inhibitor addition, samples were incubated for 30 min on ice. After

additional cell disruption by 4 freeze-thaw cycles, RNAse A and

DNAse were added to cell suspension following incubation on ice

for 15 min. Next, 10 ml of Triton-X (Sigma-Aldrich, Germany), 600

ml of 5M NaCl and 100 ml of glycerol were added. The lysate was

centrifuged and His-tagged proteins were purified with Ni-NTA

resin (Qiagen, Hilden, Germany) according to manufacturer’s

instructions. Wash buffer (pH 8.0) contained 50 mM NaH2PO4,

300 mM NaCl, and 50 mM imidazole and elution buffer (pH 10.2)

contained 50 mM NaH2PO4, 300 mM NaCl, and 250

mM imidazole.

Pur ified prote in concentra t ions were determined

fluorometrically using Qubit 3.0 Fluorometer (ThermoFisher

Scientific, USA). The recombinant proteins were analyzed on 5%–

10% SDS-PAGE using Mini-PROTEAN II Electrophoresis Cell

(BioRad, USA) followed by Coomassie blue staining and

immuno-blot. His-probe antibody in 1:100 dilution (H-3. sc-8036,

Santa Cruz Biotechnology, USA) and goat anti-mouse IgG-HPR

(1:5,000, Agrisera Antibodies, Sweden) were used to confirm the

presence of 6xHis labeled proteins. The bound antibodies were

visualized by enhanced chemiluminescence (ECL). Radiographic

film (Kodak X-Omat LS, Sigma-Aldrich, USA) exposure was

performed for 10 min for detection.
In vitro enzymatic assays

The activity of the recombinant PRISEs was tested based on the

consumption of the putative substrate 8-oxogeranial and the

formation of the reaction product cis,trans-nepetalactol. The

enzyme assay was conducted following the protocol from Sherden

et al. (2017), and it contained 50 mM MOPS (pH 7.5), 100 mM

NaCl, 1 mM NADPH, tetrahydrofuran (THF) (0.5% v/v), 500 mM
8-oxogeranial (Santa Cruz Biotechnology, USA), and 2.5–5 mg of

recombinant ISY. A negative control was conducted without the

enzyme. The reactions were incubated overnight at 30°C, followed

by extraction with 1:1 (v:v) hexane. Following enzymatic assay for

the confirmation of NrPRISE2 and NnPRISE function, reaction

products were subjected to GC/MS, UHPLC/(+)MS2, and NMR

analyses, for the confirmation of their structure.
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GC/MS targeted analysis of 8-oxogeranial
and cis,trans-nepetalactol

Pure standards of 8-oxogeranial (Santa Cruz Biotechnology,

Dalas, Texas, USA) and cis,trans-nepetalactol (SigmaAldrich, St.

Louis, MO, SAD) diluted in n-hexane (1 mg ml-1), reaction

mixtures containing NrPRISE2 and NnPRISE, and those lacking

recombinant enzymes, were analyzed using GCMS-QP2010 plus

instrument (Shimadzu, Japan) equipped with a split-splitless

injector. Gas chromatographic separations was achieved adopting

a ZB-1 MS column (30 mm × 0.25 mm, 0.25 mm film thickness)

(Phenomenex, Austria), and using He (99.999%, The Linde Group,

Ireland) as a carrier gas at a flow rate of 1.6 ml min−1. Transfer line

and detector temperatures were maintained at 250°C and 270°C,

respectively. Mass spectra were acquired in positive EI mode (+70

eV), with temperature of the EI source set to 280°C. The

temperature program of the chromatographic oven was set to

linearly increase the temperature from 50 to 240°C, at rate of 5°C

min−1, and then maintain 240°C for the next 10 min. The splitless

mode was applied for injection of samples (2 ml). Analyses were

performed in SCAN mode, tracking the compounds within the

range 40 to 400 amu, and in Single Ion Monitoring mode (SIM)

which was targeted towards masses corresponding to 8-oxogeranial

(166) and nepetalactol (168). The constituents of the reaction

mixtures were identified by comparison of their mass spectra and

retention times with those of the respective standards, and by

comparison with the Wiley8, NIST05, and FFNSC3 libraries,

using different search engines.
NMR analysis of PRISE reaction products

Detection and structure confirmation of targeted compounds

was performed using 1H and 2D H−H COSY NMR techniques and

comparing the obtained spectral data with in house data of pure

compounds. The NMR spectra were recorded on a Bruker

AVANCE III 500 MHz NMR spectrometer equipped with a 5

mm inverse broadband (BBI) probe head at 298 K. Samples were

dissolved in 500 µL of 99.8% CDCl3 (SigmaAldrich, Germany) with

0.03% (v/v) of internal standard trimethylsilane (TMS).

To generate 1H NMR spectra, 32k data points were collected using

standard pulse program zg30 with 128 scans. Spectral width was set to

20 ppm (10,005.2 Hz), relaxation time to 2 sec (d1), acquisition time 2

sec, and transmitter frequency offset to 8.5 ppm. Spectral referencing

was performed used chemical shift of TMS, set to d = 0 ppm). Total

acquisition time was 10 min. For the 2D H−H COSY NMR spectra,

spectral width was set to 5,502.8 HZ for F1 and F2 frequency axis,

relaxation time 2 sec and frequency offset to 5.75 ppm. Spectra were

acquired using 32 scans per 256 increments of F1, with FID of 2k data

points per F2. Total duration of analyses was 90 min.
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Evolutionary analysis of NrPRISEs and
NnPRISE by maximum likelihood method

The evolutionary history was inferred by using the Maximum

Likelihood method and JTT matrix-based model (Jones et al., 1992).

Phylogeny test was conducted by bootstrap method and number of

bootstrap replications were 1,000. The tree with the highest log

likelihood is shown. The percentage of trees in which the associated

taxa clustered together is shown next to the branches. Initial tree(s) for

the heuristic search were obtained automatically by applying Neighbor-

Join and BioNJ algorithms to a matrix of pairwise distances estimated

using the JTT model, and then selecting the topology with superior log

likelihood value. The tree is drawn to scale, with branch lengths

measured in the number of substitutions per site. This analysis

involved 38 amino acid sequences. All positions containing gaps and

missing data were eliminated (complete deletion option). There were a

total of 344 positions in the final dataset. Evolutionary analyses were

conducted in MEGA X (Kumar et al., 2018).
NrPRISE2 and NnPRISE tertiary structure
modeling and ligand docking

The tertiary structure of ISY and PRISE proteins was predicted

with AlphaFold2.1 (Jumper et al., 2021) via UCSF ChimeraX 1.4

(Pettersen et al., 2021). Assessment of obtained structures was

performed via SWISS-MODEL Workspace (Waterhouse et al.,

2018) by MolProbity 4.4 (Williams et al., 2018). The obtained

PDB structures ware compared to ISY/P5bR enzymes with

experimentally resolved 3D structures using the jFATCAT rigid

model (Li et al., 2020) and in ChimeraX after superposition using

the matchmaker command with default parameters (Pettersen

et al., 2021).

Cofactor (NADP) inclusion in the predicted ISY structures was

performed by first superposing ofDigitalis lanata P5bR (PDB:2V6G,

Thorn et al., 2008) using the matchmaker command in ChimeraX

after which the cofactor atom coordinates were extracted and the

predicted ISY protein-cofactor complex energy was minimized using

Gromacs 2018.6 (Abraham et al., 2015). For energy minimization

the protein topology was prepared using the CHARMM36 all-atom

force field (Huang and Mackerell, 2013, jul 2021 version, http://

mackerell.umaryland.edu/charmm_ff.shtml#gromacs); ligand

topology was generated using CHARMM General Force Field

server (Vanommeslaeghe et al., 2009, https://cgenff.umaryland.edu/

initguess/). Solvation of the complex was performed using the

CHARMM-modified TIP3P water model (TIP3P_CHARMM),

while energy minimization of the complex was performed using

steepest descent algorithm with 50k minimization steps using the

following options: emtol = 50.0, emstep = 0.01, nstlist = 1, cutoff-

scheme = Verlet, ns_type = grid, rlist = 1.2, coulombtype = PME,

rcoulomb = 1.2, vdwtype = cutoff, vdw-modifier = force-switch,

rvdw = 1.2, pbc = xyz, DispCorr = no.
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The cofactor-protein energy minimized structures were used for

ligand docking using AutoDock Vina 1.2.3 (Eberhardt et al., 2021).

For docking the following ligands were used: 8-oxogeranial, trans-

and cis- 8-oxocitronellyl enolates, (1R)-c,c-NLL (PubChem CID:

11194562), (1R)-c,t-NLL (PubChem CID: 442438), (1S)-c,c-NLL

(PubChem CID: 11298185), (1S)-c,t-NLL (PubChem CID:

11286692), (1S)-t,c-NLL and (1R)-t,c-NL (obtained by reducing t,

c-NL (PubChem CID: 442430) using Avogadro 1.2.0 (Hanwell et al.,

2012). 50 conformers of each of the bicyclic ligands was generated

via RDKit 2021.09.5 (Landrum et al., 2022) using the ETKDG

version 3 method with small ring torsion angle preferences (Wang

et al., 2020) and subsequently filtered using an RMSD threshold of

0.5 Å so that only those conformations that are at least 0.5 Å RMSD

away from all retained are kept. This resulted in 2–4 conformers per

compound. The geometry of the resulting conformers was

optimized using Merck molecular force field (MMFF94s) as

implemented in RDKit 2021.09.5 (Landrum et al., 2022). 8-

Oxogeranial ligand was prepared so that Ca-Cb bonds were held

rigid in the following conformations: 1. C1-C2 s-cis, C7-C8 s-cis, 2.

C1-C2 s-cis, C7-C8 s-trans, 3. C1-C2 s-trains, C7-C8 s-cis and 4.

C1-C2 s-trains, C7-C8 s-trans. Two types of ligand dockings were

performed: using rigid protein structures and flexible docking

where the residues Lys147 and Tyr179 for NnPRISE and Phe153

and Tyr185 for NrISY were allowed to be flexible. The docking

procedures were performed using an exhaustiveness of 64, with

autogrid4 precalculated affinity maps (Hanwell et al., 2012). 8-

Oxogeranial coordinates from the C. roseus ISY (Qin et al., 2016,

PDB: 5COB) were used to define the docking box center, after

superposition to the AlphaFold models of NnPRISE (grid center:

x = 7.484, y = -4.133, z = 3.346) and NrISY (grid center: x = 6.686,

y = -7.040, z = 2.655). The docking box was 40 grid points in each

direction, with a grid spacing of 0.375 Å. The highest scoring poses

for each ligand were inspected and compared to 8-oxogeranial from

the experimental structures of C. roseus ISY – PDB: 5COB (Qin

et al., 2016) and PDB: 5DBI (Hu et al., 2015).

8-Oxogeranial a,b -conformer energy evaluation and

minimization was performed with Avogadro 1.2 (Hanwell et al.,

2012) using steepest descent algorithm and the following forcefields:

Universal force field (UFF, Rappe et al., 1992), Merck molecular

force fields - MMFF94 (Halgren, 1996) and MMFF94s (Halgren,

1999) and the general Amber force field (GAFF, Wang et al., 2004).
Statistical analysis

For the Hierarchical Cluster Analysis (HCA) the input variables

were scaled to the [0, 1] range. HCA was based on Pearson method

of cluster agglomeration, adopting the Morpheus software (https://

software.broadinstitute.org/morpheus). The correlation matrix for

the gene expression quantitative data was constructed using

Pearson’s correlation coefficients, with the Past 4 software

(version 4.12; Hammer et al., 2001). Quantitative metabolomics
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and gene-expression data were subjected to post hoc Tukey’s test

(p < 0.05) of one way ANOVA, or to Student’s t-tests (p < 0.05).
Results and discussion

Untargeted metabolomics of N. rtanjensis
and N. nervosa leaves

The present study describes for the first time the comprehensive

profiling of iridoids in N. rtanjensis and N. nervosa, by simultaneously

acquiring and comparatively analyzing iridoid aglycones and

glycosides. Methanol extracts of N. rtanjensis and N. nervosa leaves,

harvested from in vitro grown plants, were subjected to non-targeted

metabolomics adopting GC/MS for the analysis of iridoid aglycones,

and UHPLC/QToF MS2, in both negative and positive ionization

modes, for the analysis of iridoid glycosides and iridoid aglycones.

Currently available data on the distribution and diversity of these two

subgroups of iridoids across the genus Nepeta are fragmentary; only

rarely they are simultaneously analyzed. Complementary analytical

methodologies and tools, described within the present study, could

easily be adopted to other Nepeta species, which can facilitate the

elucidation of the overall diversity of iridoids at inter- and intra-species

level, and further direct the reconstruction of the molecular

background of this diversity within the genus.

GC/MS analysis of methanol extracts revealed the presence of a

variety of terpenoids in N. rtanjensis and N. nervosa leaves

(Supplementary Table 2). The total number of identified

compounds in N. rtanjensis and N. nervosa leaves was 26 and 10,

respectively. In leaves of N. rtanjensis, the most abundant were

monoterpenoids from the group of iridoid aglycones, 5,9-

dehydronepetalactone and trans,cis-nepetalactone, which were

followed by cis,trans-nepetalactone (Supplementary Table 2;

Figure 1). Germacrene D was the major sesquiterpenoid in

methanol extracts of N. rtanjensis, while monoterpenoids a-
thujene and a-copaene were also present in significant amounts.

Although iridoids were not identified in methanol extracts of N.

nervosa leaves, this species contained significant amounts of

sesquiterpenoids, among which Germacrene D and Germacrene

D-4-ol predominated (Supplementary Table 2). Diterpene phytol

was also abundant in leaves of N. nervosa.

UHPLC/(+)QToF MS2 analysis in the positive ionization mode

confirmed the presence of the two nepetalactone diasteroisomers and

5,9-dehydronepetalactone in methanol extracts of N. rtanjensis leaves,

and identified several more iridoid aglycones (Supplementary Table 3).

Dihydronepetalactone belongs to the group of iridoid aglycones and is a

hydrogenation product of nepetalactone, while nepetaracemoside B

aglycone and 7-deoxyloganin aglycone most likely arise through the

deglycosilation of nepetaracemoside B and deoxyloganin, two

compounds which are a part of the biosynthetic branch leading to

iridoid glycosides. Two stereoisomers of nepetalactone, cis,trans- and

trans,cis-nepetalactone, and 5,9-dehydronepetalactone, were very

abundant in N. rtanjensis leaves, which is in accordance with
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previously published data (Misǐć et al., 2015; Skorić et al., 2017;

Aničić et al., 2021). By studying the exact mass and high-resolution

MS2 fragmentation of iridoid glycosides in the negative ionizationmode,

6 compounds (16-21) specific to the Nepeta genus were identified in N.

rtanjensis leaves, as well as 5-deoxylamiol (15), previously found in other

Lamiaceae species. A total of 13 iridoid glycosides have previously been

found in N. rtanjensis cultured in vitro (Aničić et al., 2021), including

1,5,9-epideoxyloganic acid, geniposide, 1-O-hexosyl-epideoxyloganic

acid, and nepetariaside, also identified within the present study

(Supplementary Table 2). 1,5,9-epideoxyloganic acid is recognized as

the major iridoid glycoside in N. rtanjensis, and was previously

identified as one of the major compound from this subgroup in other

Nepeta species, including N. cataria (Murai et al., 1984), N. cadmea

(Takeda et al., 1998), N. nuda (Kökdil et al., 1998; Petrova et al., 2022),

and N. argolica (Ahmed et al., 2006). Interestingly, no iridoids were

identified in methanol extracts of leaves of in vitro grown N. nervosa

plants (Supplemetary Tables 1 and 2; Figure 1). Literature search

revealed only a few publications dealing with the chemical profiling of

N. nervosa (Nestorović et al., 2010; Misǐć et al., 2015), which pointed to

the fact that this species produces no iridoids. However, it should not be

ruled out that this species actually produces some of the iridoids in

amounts which are below the limits of detection of the adopted

analytical instruments. It could also be speculated that N. nervosa

plants might produce iridoids under more favorable growth conditions.

In addition to iridoids, compounds belonging to the class of

phenolics (14 compounds) and other classes (10 compounds) were

also identified in analyzed samples (Supplementary Table 3).

Hydroxycinnamic acids (10 compounds) were represented by

glycosides and esters of caffeic and ferulic acids. Rosmarinic acid,

which is structurally a dimer of caffeic acid, was abundant in leaves

of both analyzed Nepeta species, while 5-O-caffeoylquinic acid and

3-O-caffeoylquinic acid were present only in N. rtanjensis.

Nepetoidin A or B, a derivative of caffeic acid specific for plants

from the genus Nepeta (Aničić et al., 2021), was identified in leaves

of N. nervosa. Totally 4 compounds from the group of flavonoids

are identified in leaves of N. nervosa. Two aglycones (13 and 14),

which are methylated flavones according to their structure, are

specific for the genus Nepeta (Aničić et al., 2021). Luteolin 7-O-

dihexuronide (11), detected at 5.59 min, showed molecular ion at

637.10464 m/z and MS2 base peak at 285.03234 m/z (deprotonated

luteolin). MS2 fragments at 175 and 193 m/z originate from

hexuronic acid, while the ion found at 351 m/z corresponds to

the fragment resulting from the neutral loss of the luteolin molecule,

which is the proof that 2 molecules of hexuronic acid are

interconnected (Dienaitė et al., 2018). For compound 12 at 8.38

min and 577.15518 m/z, the proposed molecular formula was

C27H29O14
+, based on the correct isotopic mass. The MS2 base

peak at 329.10012 m/z was formed by the neutral loss of C9H12O8

(248 Da), which by mass completely corresponds to the malonyl-

hexose residue. Such a compound has not been found in the genus

Nepeta so far, nor in any other plant species. However, a similar

compound without malonyl group was detected in Salvia species

(Qiao et al., 2009), and it is known as salvigenin 5-O-glucoside.
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Aničić et al. 10.3389/fpls.2023.1211453
Comparative transcriptomics of N.
rtanjensis and N. nervosa leaves

Transcriptomes of N. rtanjensis and N. nervosa leaves were

searched for the presence/absence of transcripts of iridoid pathway-

related genes, based on the homology with the genes characterised in

iridoids- and alkaloids- producing C. roseus (Geu-Flores et al., 2012;

Miettinen et al., 2014; Krithika et al., 2015) and those from the genus

Nepeta (Lichman et al., 2019a; Lichman et al., 2020; Hernández Lozada

et al., 2022). This resulted in the list of candidate biosynthetic genes

fromN. rtanjensis andN. nervosa. In the transcriptome of N. rtanjensis

leaves, orthologues of NrGPPS, NrGES, NrG8H, Nr8HGO, NrPRISE1,

NrPRISE2, NrNEPS1, NrNEPS2, NrNEPS3, NrNEPS4, and NrMLPL1

andNrMLPL2 were identified (Aničić et al., 2020) (Figures 1B, C). Due

to their affiliation with the “promiscuous” enzyme group – PRISE

(Petersen et al., 2016), the potential ISY orthologs were labeled as the

PRISE enzymes for the purpose of initial functional characterization

and co-expression analyses. The designations include NrPRISE1,

NrPRISE2, and NnPRISE. As N. rtanjensis is predominately a trans,

cis-nepetalactone producing species, it is not surprising that NEPS4 and

NEPS1 homologues were identified in the transcriptome of leaves of

this species. It was previously shown that NEPS4 enzymes inN. cataria

and N. mussinii are trans-cis-cyclazes, which act with a partner

dehydrogenase NEPS1 and ISY to give a rise to trans,cis-

nepetalactone (Lichman et al., 2020; Hernández Lozada et al., 2022).

On the other hand, NEPS1 has also been reported to have cis,trans-

nepetalactol dehydrogenase activity (Lichman et al., 2019a). N.

rtanjensis leaves also contain significant amounts of cis,trans-

nepetalactone, and their transcriptome is shown to possess

homologue of NEPS2, which in N. sibirica (NsNEPS2) acts as a cis-

trans cyclase and oxidase (Lichman et al., 2019a; Hernández Lozada

et al., 2022). According to the literature data, NEPS3 has specific 7S-cis,

cis-nepetalactone cyclase activity (Lichman et al., 2019a).

Orthologues of GPPS, G8H, 8HGO, PRISE, MLPL, and NEPS

were present in the transcriptome of N. nervosa leaves, while GES

transcripts were lacking. Interestingly, only one orthologue of both

PRISE (NnPRISE) and NEPS (NnNEPS1) were identified in N.

nervosa. The reaction catalyzed by GES is considered a key

gatekeeping step in iridoid biosynthesis, since this enzyme is

responsible for diverting metabolic flux away from canonical

monoterpenes by converting GPP to geraniol, the precursor of

iridoids (Boachon et al., 2018). Silencing of GES in N. cataria leaves

resulted in significant decrease of the content of all nepetalactoneL

isomers and 1,5,9-epideoxyloganic acid (Palmer et al., 2022), while in

C. roseus the content of iridoid-derived alkaloids was decreased

(Kumar et al., 2015). As NEPS and MLPL work in combination

with ISY to control the stereochemical mode of 8-oxogeranial

cyclization (Lichman et al., 2020), it might be speculated that

besides GES, functional ISY and some of the NEPSs are important

missing parts to complete the iridoid biosynthesis puzzle in this

species. The loss of function of NEPSs, which are directly responsible

for nepetalactone formation and stereochemistry at the 4a and 7a

carbons (Lichman et al., 2019a; Lichman et al., 2019b), can certainly

lead to the absence of nepetalactones in these Nepeta species.

We further compared the protein sequences corresponding to

iridoid-related biosynthetic genes of the two Nepeta species.
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Pairwise sequence alignment results revealed high level of

similarity between the homologues of all identified iridoid-related

biosynthetic genes of the two species (Figure 1C). MLPL sequences

had shown lowest similarity between the two species, while

NnPRISE displayed especially high sequence similarity with

NrPRISE1 (96.4%).
Phyllogenetic analysis of NrPRISE2
and NnPRISE

The nucleotide sequences potentially encoding ISYs found in

leaf transcriptomes of N. rtanjensis – NrPRISE1 (1164 bp) and

NrPRISE2 (1203 bp), and of N. nervosa - NnPRISE (1167 bp), have

shown to be highly similar to functionally characterized ISYs from

other species (Figure 2). TheNrPRISE2 is most closely related to the

characterized iridoid synthases from N. cataria (NcISY) and N.

mussinii (NmISY) (Lichman et al., 2020). Recombinant NcISY and

NmISY enzymes were shown to be active isoforms, which fully

converted 8-oxogeranial to cis,trans-nepetalactol in assays in vitro

(Sherden et al., 2017; Lichman et al., 2020). On the other hand,

NnPRISE and NrPRISE1 are more similar to P5bRs isoforms from

N. cataria (NcP5bR1) and N. mussinii (NmP5bR1). P5bR isoforms

display very low catalytic activity (Sherden et al., 2017), which is

why they are thought not to be physiologically relevant for iridoid

biosynthesis (Lichman et al., 2020).

Although phylogenetic relationships of the previously

characterized ISYs and PRISE candidates from N. rtanjensis and

N. nervosa indicate a high degree of mutual homology, this

information alone cannot predict with absolute certainty the

catalytic activity of the enzymes. Furthermore, ISYs belong to the

“promiscuous” group of enzymes, together with progesterone-5-b-
reductases (PRISE) (Petersen et al., 2016), that are structurally and

functionally very close, which additionally makes unreliable the

prediction of isolated isoforms activity solely based on the

phylogenetic analysis. Therefore, we proceed with the organ-

specific and MeJA-induced profiling of iridoids content and

expression profiling of corresponding biosynthetic genes to

further support the phylogenetic data.
Organ-specific and MeJA-induced patterns
of iridoid biosynthesis in N. rtanjensis and
N. nervosa

According to the organ-specific profiling of major iridoids in N.

rtanjensis shoots grown in vitro, leaves displayed the highest

content of trans,cis-nepetalactone, 5,9-dehydronepetalactone, and

1,5,9-epideoxyloganic acid, and were followed by stems (Figure 3A).

Roots contained no targeted iridoids. It has previously been shown

that leaves of N. rtanjensis are enriched with glandular trichomes,

the main site of nepetalactone biosynthesis and accumulation in

Nepeta species (Aničić et al., 2018; Aničić et al., 2020). In parallel

with iridoid profiling, we analyzed co-expression patterns of iridoid

biosynthesis-related gene candidates (NrGPPS, NrGES, NrG8H,

Nr8HGO, NrPRISE1, NrPRISE2, NrNEPS1, NrNEPS2, NrNEPS3,
frontiersin.org

https://doi.org/10.3389/fpls.2023.1211453
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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NrNEPS4, and NrMLPL) in the same organs. Leaves and stems were

more enriched with the transcripts of the majority of analyzed

biosynthetic genes candidates when compared to roots. The

expression of NrPRISE2 in roots was very low, while in N.

rtanjensis leaves around 400 fold higher amount of NrPRISE2

transcripts was recorded (Figure 3B). As for NrPRISE1, the

highest expression level of this PRISE orthologue was recorded in

stems of N. rtanjensis (Figure 3B). Expression profiles of selected

iridoid-related biosynthetic gene candidates in leaves, stems and

roots of N. rtanjensis were subjected to the Pearson’s correlation

analysis. Results indicate that the majority of the analyzed genes are

co-expressed while displaying significant positive correlations

(Figure 3C). The only exception was NrPRISE1, which displayed

the lowest level of correlations with other gene candidates. The

majority of genes analyzed within the present study (NrGPPS,

NrGES, NrG8H, Nr8HGO, NrPRISE1, NrPRISE2, NrNEPS1,
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NrNEPS2, NrNEPS3, and NrNEPS4) were previously analyzed for

their expression profiles in detached trichomes and abraded leaves

(Aničić et al., 2020), but also in response to PEG-induced

dehydration of leaves (Aničić et al., 2020). All these data point to

the NrPRISE2 as a promising candidate for iridoid synthase, an

enzyme involved in the reduction of nepetalactol, a critical point

determining metabolic flux throughout the iridoid pathway.

N. rtanjensis NrPRISE2 orthologue was further subjected to

functional characterization.

Nepetalactone, 5,9-dehydronepetalactone, and 1,5,9-

epideoxyloganic acid were not recorded in leaves, stems, and

roots of N. nervosa grown in vitro, as expected (Nestorović et al.,

2010; Misǐć et al., 2015). No literature data on the organ- or tissue-

specific iridoid profiling is available for N. nervosa. Organ-specific

expression patterns of selected biosynthetic gene candidates

(NnGPPS, NnG8H, Nn8HGO, NnPRISE, NrNEPS1, and NnMLPL)
FIGURE 2

The Maximum Likelihood tree generated with MEGA X (version 10.2.6) illustrating the phylogenetic relationship of NrPRISE1, NrPRISE2, and NnPRISE
candidates compared to homologous genes from different plant species. The tree with the highest log likelihood is shown. The percentage of trees
in which the associated taxa clustered together is indicated next to the branches. Accession numbers of sequences are listed next to species names
and protein abbreviations.
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were also analyzed in N. nervosa. The lowest expression level of the

analyzed genes was recorded in roots of N. nervosa, while stems and

leaves were enriched with transcripts of targeted biosynthetic gene

candidates. Of the analyzed genes, NnPRISE displayed ~2 fold

higher expression in leaves than in roots (Figure 3D), as well as

the lowest level of positive correlations with other analyzed genes

(Figure 3E). Pearson’s correlation analysis showed that the

expression of NnPRISE is significantly positively correlated with

the NnGPPS, while no significant correlations were observed with

other analyzed genes (Figure 3E). Some of the BG candidates are co-

expressed in different tissues (NnGPPS with NnPRISE, as well as

NnNEPS1 with NnG8H and Nn8HGO), indicating their possible

involvement in the iridoid biosynthetic pathway.

To elucidate the interrelation between N. rtanjensis and N.

nervosa metabolome and transcriptome, the effect of methyl

jasmonate (MeJA) as a potent elicitor, on iridoid content and

relative changes in the expression of biosynthetic gene candidates

in leaves of N. rtanjensis and N. nervosa grown in vitro, was

investigated. MeJA has previously been used as a potent elicitor

of specialized metabolism in plants, including those producing

iridoids (e.g. (Wang et al., 2010; Cao et al., 2016; Piat̨czak et al.,

2016; Matekalo et al., 2018; Rubio-Rodrıǵuez et al., 2021; Pu et al.,

2022). This elicitor promotes changes in the accumulation of

specialized metabolites at the transcriptional level of genes

involved in their biosynthesis. Content of major iridoids was

significantly increased in MeJA-treated N. rtanjensis plants 24 h
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following the application of the elicitor (Figure 4A). The most

significant increase was recorded for 5,9-dehydronepetalactone,

which was followed by trans,cis-nepetalactone and 1,5,9-

epideoxyloganic acid. Significantly higher amounts of 5,9-

dehydronepetalactone and trans,cis-nepetalactone, and lower

amounts of 1,5,9-epideoxyloganic acid were also recorded in

MeJA-treated plants than in non-treated plants 72 h after the

beginning of the experiment (Figure 4A). The highest increase in

the expression of the majority of targeted biosynthetic genes and

transcription factors candidates was recorded 24 h after the

application of MeJA, and after that the expression decreases

(Figure 4B). Still, the expression of the majority of biosynthetic

genes and transcription factors is higher in MeJA-treated than in

non-treated plants after 72 h of experiment. The changes in the

expression levels were the most pronounced for NrNEPS3 and

transcription factors NrJAZ3 and NrMYC2. Similarly, in Castilleja

tenuifora the increase in the expression of some iridoid

biosynthesis-related genes was the most pronounced 24 h after

the MeJA treatment (Rubio-Rodrıǵuez et al., 2021). The selection of

TF for the co-expression analysis was based on our previous studies,

where NrMYC2 and NrYABBY5 are recognized as the potential

positive regulators of NL biosynthesis in N. rtanjensis (Aničić et al.,

2020). NrPRISE1 and NrPRISE2 clustered close to NrMLPL2 and

NrCOI1 on Pearson HCAmatrix (Figure 4B). All the other analyzed

genes formed a separate cluster, which indicates their coordinated

changes in the expression levels. To study the interrelation between
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FIGURE 3

(A) Organ-specific profiling of the major iridoid aglycones and iridoid glycosides in N. rtanjensis plants grown in vitro was performed adopting
UHPLC/DAD/(±)HESI−MS2 analysis. No iridoids were recorded in analyzed N. nervosa samples. Error bars represent SE of three biological replicates.
In all cases, bars with different letters are significantly different (p < 0.05) according to post hoc Tukey’s test of one way ANOVA. (B) Expression
profiles of N. rtanjensis PRISE candidates (NrPRISE1 and NrPRISE2) and (D) N. nervosa NnPRISE in roots, stems and leaves of in vitro grown plants.
Letters above the bars denote significant differences according to Tukey’s HSD post hoc test at p < 0.05. Pearson correlations based on the relative
gene expression of iridoid-related biosynthetic genes in (C) N. rtanjensis and (E) N. nervosa. Each field in the Pearson’s correlation plot indicates the
coefficient for a pair of genes, and the value of the correlation coefficient is represented by the intensity of red and yellow (positive correlations) or
blue and green (negative correlations), as indicated on the color scales (for the interpretation of the references to color in this Figure legend, the
reader is referred to the web version of this article). GPPS, geranyl diphosphate synthase; GES, geraniol synthase; G8H, geraniol 8-hydroxylase;
8HGO, 8-hydroxygeraniol oxidoreductase; PRISE, progesterone-5b-reductase/iridoid synthase activity displaying enzymes; NEPS, nepetalactol-
related short-chain dehydrogenase; MLPL, major latex protein-like enzyme; IA, iridoid aglycone; IG, iridoid glycoside; DNL, 5,9-
dehydronepetalactone; t,c-NL, trans,cis-nepetalactone; 1,5,9-eDLA, 1,5,9-epideoxyloganic acid.
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FIGURE 4

(A) MeJA- induced changes in the content of major iridoids in N. rtanjensis leaves as quantified using UHPLC/DAD/(±)HESI−MS2 instrument: DNL −

5,9-dehydronepetalactone; t,c-NL − trans,cis-nepetalactone; 1,5,9-eDLA − 1,5,9-epideoxyloganic acid. Error bars represent SE of three biological
replicates. In all cases, bars with different letters are significantly different (P < 0.05) according to post hoc Tukey’s test of one way ANOVA. Red
asterisks denote significantly different values according to the t-test, p-values, *p< 0.05, **p< 0.01, ***p< 0.001. Heatmap of the scaled quantitative
data (expression data of iridoid-related biosynthetic genes- BGs and transcription factors- TFs) in N. rtanjensis (B) and N. nervosa leaves (D), with the
samples (both columns and rows) arranged according to the hierarchical cluster analysis (Pearson method of cluster agglomeration). Intensity of red
color indicates the expression levels of targeted genes, with red color representing the max values and white color the min values recorded for
individual gene, as indicated in the color scale. Pearson correlation plot based on the gene expression of biosynthetic genes and transcription factors
in leaves of (C) N. rtanjensis and (E) N. nervosa is presented. Each field in the Pearson’s correlation plot indicates the coefficient for a pair of genes,
and the value of the correlation coefficient is represented by the intensity of red and yellow (positive correlations) or blue and green (negative
correlations), as indicated on the color scales (for the interpretation of the references to color in this Figure legend, the reader is referred to the web
version of this article). GPPS, geranyl diphosphate synthase; GES, geraniol synthase; G8H,geraniol 8-hydroxylase; 8HGO, 8-hydroxygeraniol
oxidoreductase; PRISE, progesterone-5b-reductase/iridoid synthase activity displaying enzymes; NEPS, nepetalactol-related short-chain
dehydrogenase; MLPL, major latex protein-like enzyme; COI, coronatine-insensitive transcription factor; JAZ3, jasmonate ZIM-domain 3; MYC2,
transcription factor Mouse-ear cress 2; YABBY5, YABBY5 transcription factor; DNL, 5,9-dehydronepetalactone; t,c-NL, trans,cis-nepetalactone; 1,5,9-
eDLA, 1,5,9-epideoxyloganic acid.
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the expression profiles of the iridoid-related biosynthetic genes and

transcription factors in MeJA-treated leaves, a Pearson’s correlation

analysis was performed (Figure 4C). The expression levels of the

majority of analyzed genes were positively correlated, with the

exception of NrMLPL2, NrCOI1, and NrPRISE1 which displayed

mainly negative correlations with the rest of analyzed genes

(Figure 4C). Although statistically significant positive correlations

were observed in several cases (Figure 4C), the results show no clear

co-expression patterns of analyzed N. rtanjensis genes, but point to

the involvement of NrJAZ and NrMYC2 in jasmonate signaling

pathway and indicate direct transcriptional regulation of NrGES

and NrNEPS1-NrNEPS4 via the above mentioned transcription

factors. Thus, our results indicate the involvement of some of the

analyzed genes in the same biosynthetic route, and point to the

transcriptional regulation of their activity, which is consistent with

our previous findings (Aničić et al, 2020). Our research suggested

that shoot culture of N. rtanjensis in combination with MeJA

elicitation has a promising application in biotechnology-assisted

iridoid production.

As for iridoid non-producing N. nervosa, MeJA treatment did

not induce the accumulation of iridoids in leaves. On the other

hand, the expression of the majority of analyzed biosynthetic genes

was induced 24h and 72h following the application of MeJA

(Figure 4D). The most prominent changes were observed for

NnG8H , Nn8HGO and NnNEPS1 . One of the analyzed

transcription factors, NnYABBY, clustered close to NnGPPS and

NnPRISE on the Pearson HCA matrix (Figure 4D). NnJAZ3 was

segregated to the other analyzed biosynthetic genes. Pearson

correlation analysis revealed positive correlations in the

expression of all the analyzed biosynthetic genes and

transcription factors, additionally indicating the transcriptional

regulation of their activity (Figure 4E).

Based on the organ-specific and MeJA-induced profiling of

expression of the PRISE candidates (NrPRISE1, NrPRISE2, and

NnPRISE), their co-expression patterns with the rest of IBGs, as well

as on the phylogenetic analysis, we further proceeded with

functional characterization. As NrPRISE1 showed no activity in

enzymatic assays, we presumed that this PRISE candidate was not

physiologically relevant for iridoid biosynthesis in N. rtanjensis, and

we are further presenting the results of NrPRISE2 and NnPRISE

functional characterization.
Functional characterization of recombinant
NrPRISE2 and NnPRISE expressed in E. coli

SDS-PAGE analyzes and Coomassie Brilliant Blue staining, as

well as immunoblot detection of recombinant NrPRISE2 and

NnPRISE proteins with anti-His antibodies, confirmed the

presence of a single major band of the expected monomer length

of 42 kD (Geu-Flores et al., 2012; Sherden et al., 2017), in both

NrPRISE2 and NnPRISE lanes (Figure 5). Recombinant NrPRISE2

and NnPRISE were biochemically characterized, adopting in vitro

enzymatic assay to determine their catalytic activities (Figure 5A).

Reaction mixtures with recombinant proteins, 8-oxogeranial as

substrate, and a cofactor NADPH, as well as a control assay
Frontiers in Plant Science 13139
mixture that did not contain the enzymes, were extracted in

hexane. Based on their accurate mass, elemental composition, and

fragmentation pattern, the products were characterized as

nepetalactol and iridodials using GC/MS and UHPLC/MS2

analyses (Figures 5B, C). Cis,trans-nepetalactol was visible as a

peak at Rt = 16.9 min, while 8-oxogeranial was represented by a

peak at Rt = 21.5 min on the GC/MS chromatogram (Figure 5B).

By comparing the GC/MS spectra and retention times of

compounds from the reaction mixtures with those of pure 8-

oxogeranial and cis,trans-nepetalactol, as well as with those of the

Wiley Mass Spectral Database (Registry of Mass Spectral Data,

Palisade Corporation, Newfield, NY, USA), peaks corresponding to

the standards were identified (Figure 5C). The mass spectra of the

compounds from the reaction mixtures, which correspond to 8-

oxogeranial and cis,trans-nepetalactol, show fragmentation profiles

characteristic for pure standards. GC/MS chromatograms of the

control reaction showed only the peak corresponding to 8-

oxogeranial. On the other hand, in the assays with NrPRISE2 and

NnPRISE, in addition to 8-oxogeranial, peaks corresponding to cis,

trans-nepetalactol were present (Figures 5B, C). This indicated the

enzymatic conversion of 8-oxogeranial into nepetalactol in the

presence of NrPRISE and NnPRISE.

An unambiguous assignment of the NMR spectra of cis,trans-

nepetalactol and 8-oxogeranial was achieved using 1D (1H) and 2D

COSY NMR techniques, and the results are shown in Supplementary

Figures 1 and 2, respectively. NMR data resembled those reported in

the literature (Liblikas et al., 2005). The obtained results of 1H NMR

spectra of the reaction products withNnPRISE show a clear appearance

of peaks characteristic for cis,trans-nepetalactol (H-3, 6.01 and H-1,

4.85 ppm) and 8-oxogeranial (H-6, 6.42 and H-2, 5.91 ppm) which was

unequivocal confirmed with crosspeaks in the COSY spectra. In the

product of the reaction, which was catalyzed by the NrPRISE2 enzyme,
1H NMR spectra indicate only the presence of cis,trans-nepetalactol

peaks, while the concentration of 8-oxogeranial is below the detection

level of the used spectroscopic technique (Supplementary Figure 1).

Despite NnPRISE being phylogenetically closer to P5bR, the NMR

COSY spectrum confirmed that this recombinant enzyme converts 8-

oxogeranial to cis,trans-nepetalactol, although incompletely

(Supplementary Figure 2). In other words, NnPRISE probably

exhibits a weaker activity than NrPRISE2 under the given reaction

conditions, but kinetics studies are needed in order for this to be

confirmed. It cannot be ruled out that altered reaction conditions (e.g.

buffer pH value, MOPS concentration in the buffer, temperature, etc.)

could lead to complete conversion and higher catalytic activity

of NnPRISE.

In Nepeta species ISYs perform the reduction of 8-oxogeranial

and NEPSs are responsible for the subsequent cyclization (Lichman

et al., 2019a and Lichman et al., 2019b). As both PRISEss

(NrPRISE2 and NnPRISE) resulted in the production of cis,trans-

nepetalactol in the absence of NEPSs, our results indicate that

cyclization occurred spontaneously. This was also confirmed for

NcISY2 and NmISY2 (Sherden et al., 2017), as well as for ISYs from

plants of other genera (Geu-Flores et al., 2012; Alagna et al., 2016;

Kries et al., 2017; Xiang et al., 2017; Fellows et al., 2018).

Moreover, in light of NrPRISE2 demonstrated ISY activity both

in vitro and likely in planta, in contrast to NnPRISE which lacks
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suitable substrates for enzymatic action and exhibits a closer

phylogenetic proximity to progesterone-5-b-reductases (P5BRs), we
posit that a nomenclatural adjustment is warranted. Accordingly, we

recommend the reclassification of NrPRISE2 to NrISY, accurately

reflecting its functional role as an iridoid synthase.
Overall protein structure of NnPRISE
and NrISY

In order to gain insights into the sequence structure

relationships in NnPRISE and NrISY, multiple sequence

alignment with several ISY/5beta-POR enzymes with resolved 3D

structures was performed (Figure 6A), and their structure was

predicted using AlphaFold (Figures 6B, C). Overall, the structures

resemble experimentally determined ISY and P5bR enzyme

structures. After superposing with Digitalis lanata P5bR
(PDB:2V6G, Thorn et al., 2008) the RMSD between aligned pairs

of the backbone C-alpha atoms was 1.03 Å for NrISY and 0.86 Å for

NnPRISE. Both predicted structures have a high percent of

Ramachandran favored angles (94 – 96%), few Ramachandran

outliers, and low clash score (Table 1).
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The predicted structures contain a probably disordered N-

terminal stretch of amino acids followed by a b-strand, which is a

part of the parallel 7-stranded sheet sandwiched between alpha

helices - the so called Rossmann fold (Figures 6B, C). The C-

terminal extension region consists of alpha helices which are

located between b6 and b7 and after b7. A short, most likely

disordered (low pLDDT), loop is present between b5 and b6. This
loop separates the two active site residues Lys and Tyr (Lys147 and

Tyr 179 in NnPRISE) which are located in the helical regions around

it. Interestingly the Lys residue is replaced by Phe (Phe153) in NrISY.

In the literature there is conflicting evidence about the role of the

mentioned Lys residue; while it is conserved in ISY/P5bR, in C. roseus
ISY the K146A, K146S, K146M and K146R mutants only suffered a

slight loss of catalytic activities (Kries et al., 2015; Qin et al., 2016),

while in the Plantago major P5bR multisubstrate oxido-reductase

K147A and K147M mutations completely abrogated enzymatic

activity (Fellows et al., 2018). Considering that NrISY is active,

replacement of the mentioned Lys residue to Phe seems not to

disturb the catalytic activity of this enzyme.

The NADP cofactor binding site in ISY/P5bR enzymes

(Figure 5A; Supplementary Figure 3) is mostly made up from

residues after the b strands of the Rossmann fold (Supplementary
A

B DC

FIGURE 5

GC-MS analysis of in vitro assays with recombinant enzymes NrPRISE2 and NnPRISE. An enzymatic reaction is shown, in which iridoid synthase
converts 8-oxogeranial to cis,trans-nepetalactol in a buffer with 50mM MOPS and pH 7.5 (A). Extracted GC-MS chromatograms for 166 and 168 m/
z, 8-oxogeranial and cis,trans-nepetalactol standards were compared with chromatograms of in vitro assays without enzymes (control) and with
recombinant enzymes NrPRISE2 and NnPRISE (B). The retention time of the peak corresponding to nepetalactol is Rt= 16.9 min, and 8-oxogeranial
is Rt= 21.5 min. The peaks corresponding to the masses of 166 m/z are marked green, while the peaks of mass 168 m/z are red. The figure also
shows the mass spectra (C) corresponding to the peaks from the chromatogram on the left with Rt= 16.9 min (red) and 21.5 min (green).
Immunoblot (A) shows the isolated proteins NrPRISE2 and NnPRISE. 1 – insoluble proteins, 2 – soluble proteins (D). The immunoblot figures have
been extracted by cropping from the original images, constituting a part of Supplementary Figure 5. SDS-PAGE (B) shows the NI-NTA agarose
protein purification process. 1- protein marker; 2 − proteins before IPGT introduction; 3 − insoluble proteins; 4 − soluble proteins; 5 − soluble
proteins unbound to the NI-NTA resin; 6,7,8 − wash step 1, 2,3; 9, 10, 11 − elution steps 1,2,3. (D). 8OG, 8-oxogeranial; NLL, cis,trans-nepetalactol;
PRISE, progesterone-5b-reductase/iridoid synthase activity displaying enzymes.
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Figure 3). Due to the conservation of residues involved in

interaction with NADP the hydrogen bonding network is similar

between the NnPRISE (Supplementary Figure 3A) and NrISY

(Supplementary Figure 3B) predicted structures and the

experimental C. roseus ISY (Supplementary Figure 3C) and D.
Frontiers in Plant Science 15141
lanata P5bR structures (Supplementary Figure 3D). In order to

examine 8-oxogeranial binding to NnPRISE and NrISY active sites

docking was performed with 8-oxogeranial and different

configurations of nepetalactol. 8-Oxogeranial is an a,b
unsaturated aldehyde from both sides of the molecule
A

B C

FIGURE 6

Sequence structure relationships in NnPRISE and NrISY. (A) Multiple sequence alignment of NnPRISE, NrISY and several ISY/P5bR enzymes with
resolved 3D structures. Residues involved with NADP binding are colored blue (cdd: cd08948 annotation), catalytic residues are colored magenta
(cdd: cd08948 annotation), residues forming the substrate binding cavity are colored black (Qin et al., 2016), while olive-colored residues are crucial
loop residues determining substrate specificity (Sandholu et al., 2018). Under the alignment are the pLDDT score (predicted lDDT-Ca) - a per-
residue estimate of AlphaFold confidence on a scale from 0 – 100 and the secondary structure (SS) diagram based on the respective AlphaFold
models: a-helices are in green, b-strands are in yellow. (B) NnPRISE AlphaFold predicted structure, a-helices are colored green, b-strands yellow,
coils grey, regions with pLDDT < 80 are shown in tangerine (potential disorder). Specific residues involved in cofactor and substrate binding,
important loop residues and catalytic residues are colored as in (A, C) NrISY AlphaFold predicted structure: coloring is as in (A, B).
TABLE 1 Evaluation of AlphaFold predicted models of NnPRISE and NrISY.

Structure MolProbity
Score

Clash
Score

Ramachandran
Favored

Ramachandran
Outliers

Rotamer
Outliers

RMSD
(2V6G)

TM
(2V6G)

SI
%
(2V6G)

NnPRISE 1.2 1.8 96.12% 0.26% 0.00% 0.86 0.92 82%

NrISY 1.32 1.76 94.24% 1.50% 0.00% 1.03 0.89 75%
fro
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Aničić et al. 10.3389/fpls.2023.1211453
(Supplementary Figure 3A). Due to conjugative stabilization the

rotation around the a,b bond in a,b -unsaturated carbonyl

compounds is constrained to s-cis and s-trans forms (Abraham

et al., 2006; Supplementary Figure 3A) which exist in an equilibrium

dictated by the bulkiness of the groups on the carbonyl, Ca and Cb
atoms. Interestingly 8-oxogeranial is currently present in three

enzyme structures deposited to the PDB, two from C. roseus ISY -

5COB (Qin et al., 2016) and 5DBI (Hu et al., 2015), as well as one

from P. major - 5MLH (Fellows et al., 2018). In two of these

structures, 5COB and 5MLH, the C1-C2 a,b bond is neither in the

s-trans, nor the s-cis form but is rather in between these two forms

(Supplementary Figure 3B). It is unclear if this is due to poor

goodness of fit of the ligand to experimental data (8 percentile for

5COB, 13% 5MLH and 75% 5DBI) or some other factor. On the

other hand, the substrate in the 5DBI structure is in the 1,2 s-trans,

7,8 s-cis conformation, and Hu and associates (2015) provide a

mechanistical explanation how this 8-oxogeranialtransoid (1,2 s-
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trans) is converted to a shunt-reaction product S-10-oxocitronellal

(8-oxocitronellal) while the cisoid (1,2 s-cis), as yet experimentally

unobserved, is converted to nepetalactol. Some 8-oxogeranial a,b
conformations are more stable than others as revealed by examining

their energy using several forcefields (Supplemetary Table 4).

In view of all this, docking was performed with the four 8-

oxogeranial conformational variants (Supplementary Table 4) so that

the rotation of a,b bonds was not permitted. When performing

docking to the rigid NnPRISE model active site the highest affinity

docked position was of 1,2 s-trans, 7,8 s-cis 8-oxogeranial (same

conformer as observed in 5DBI) which assumed an extended

conformation where the C1 carbonyl oxygen is at hydrogen bond

distance from Tyr179 and the backbone N of Lys147, while the C8

carbonyl oxygen is proximate to the backbone N of Asn205

(Figure 7A). The docked ligand is in a similar position as in 5DBI

regarding the hydrogen bonding of C1 carbonyl oxygen as well as the

positioning of the C2=C3 double bond on top of the NADP cofactor.
A B

DC

FIGURE 7

Substrate and product binding to the AlphaFold model of NnPRISE. (A) Highest affinity docked position of 1,2 s-trans, 7,8 s-cis 8-oxogeranial to the
rigid NnPRISE active site. (B) Highest affinity docked position of 1,2 s-trans, 7,8 s-cis 8-oxogeranial to the NnPRISE active site where the side chains
of Lys147 and Tyr179 were allowed to be flexible. (C) Highest affinity docked position of 1S- cis,trans nepetalactol (PubChem: 11286692) to NnISY
active site where the side chains of Lys147 and Tyr179 were allowed to be flexible. (D) Superposition of bound substrate, hydride addition products
[trans- 8-oxocitronellyl enolate (yellow) and cis- 8-oxocitronellyl enolate (magenta)] and cyclisation product. Hydrogen bonding between the
docked ligands and protein residues is shown with dashed yellow lines (relaxed hydrogen bonding criteria - distance tolerance 1 Å and angle
tolerance 20°).
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In this structure the ϵ-NH3 group of Lys147 appears not to have a role

in ligand binding because it is facing away from the ligand, and is H-

bonded to Glu112 (Figure 7A). Contrary to this when flexible docking

was employed (Lys147 and Tyr179 side chains) 1,2 s-trans, 7,8 s-cis 8-

oxogeranial assumed a contorted conformation with both carbonyl

groups in the direction of the active site residues Lys147 and Tyr179,

just above the nicotinamide ring of NADP (Figure 7B). The ϵ-NH3

group of Lys147 has moved away from Glu112 to contribute to H-

bonding with both substrate carbonyl groups (~2.6 Å, Figure 7A). The

carbonyl oxygen on C8 is positioned less than 4 Å away from Tyr179

Oz, while the carbonyl oxygen on C1 is less than 4 Å away from the 2’

ribose OH group. This docked position suggests 8-oxogeranial binding

to the active site in a conformation that could promote cyclisation. In

addition to this the products of the hydride addition reaction trans- and

cis- 8-oxocitronellyl enolates assume a very similar highest scoring

docked position (Figure 7D) to the before mentioned 1,2 s-trans, 7,8 s-

cis 8-oxogeranial. When nepetalactol (1S cis,trans) was docked, Lys147

has pooled towards Tyr179 reducing the distances of nepetalactol

oxygens to Tyr179 Oz, Lys147 e-NH3 and 2’ ribose OH group

(Figure 7C). Taken together these in silico results suggest that if the

Lys147 e-NH3 group remains H-bonded to Glu112 during 8-

oxogeranial binding then the enzyme most likely catalyzes just the

reduction reaction and not the subsequent cyclisation. Lichman et al.

(2019a) proposed that ISY in Nepeta performs just the reduction of 8-

oxogeranial to 8-oxocitronellyl enol/enolate which is converted to

nepetalactol either by spontaneous cyclization in solution, or by

cyclisation catalyzed by Nepetalactol-related short-chain reductases

(NEPS) which subsequently catalyze the reduction of nepetalactol to

nepetalactone. In addition, different NEPS isoforms promote formation

of different nepetalactone stereochemical configurations (Lichman

et al., 2019a).
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When docking different conformations of 8-oxogeranial to the

rigid active site of the NrISY model the resulting docked positions

were not compatible with the catalysis of the hydride attack because

the substrate conformations were bound away from NADP and

Tyr185 (not shown). Presumably because the side chain of Phe153

is oriented in such a way that prohibits the 8OG C2=C3 double

bound to orient on top of NADP cofactor (Figure 8A). Indeed, with

the flexible docking procedure the Phe153 aromatic ring rotated

~90 degrees allowing 8-oxogeranial to bind so that the C1 carbonyl

oxygen is at hydrogen bond distance from Tyr185 and the backbone

N of Phe153, while the double bond prone to reduction is

sandwiched between Phe153 and the nicotinamide ring

(Figure 8B). Based on the docked poses it seems NrISY does not

bind 8-oxogeranial in a conformation suitable for cyclization in the

enzyme active site. The main difference between NnPRISE and

NrISY is that the active site Lys147 is replaced by Phe (Phe153 in

NrISY), and that the NnPRISE substrate binding site is more

spatially confined with bulky hydrophobic amino acids such as

Trp353 and Trp156. In NrISY Trp353NnPRISE is replaced by Arg365,

while Trp162 which is by position in the sequence equivalent to

Trp156NnPRISE is positioned away from the substrate binding cleft.

Superposition of NrISY docked 1,2 s-trans, 7,8 s-trans 8-

oxogeranial (light blue) and 1,2 s-trans, 7,8 s-cis 8-oxogeranial

(purple) is presented in Figure 8C.
Conclusions

Although several ISYs were previously characterized from

Nepeta species, this is, to the best of our knowledge, the first

record of functional ISY (NrISY) in trans,cis-nepetalactone and
A B C

FIGURE 8

Ligand binding to the AlphaFold model of NrISY. (A) AlphaFold model of NrISY active site. (B) Highest affinity docked position of 1,2 s-trans, 7,8 s-
trans 8-oxogeranial to NrISY active site where the side chains of Phe153 and Tyr185were allowed to be flexible. (C) Superposition of NrISY docked
1,2 s-trans, 7,8 s-trans 8-oxogeranial (light blue) and 1,2 s-trans, 7,8 s-cis 8-oxogeranial (purple). Hydrogen bonding between the docked ligands
and protein residues is shown with dashed yellow lines (relaxed hydrogen bonding criteria - distance tolerance 1 Å and angle tolerance 20°).
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5,9-dehydronepetalactone predominating N. rtanjensis. Displaying

high catalytic activity under in vitro conditions, NrISY is an enzyme

showing organ-specific expression profiles in plants, with leaves

being enriched with the enzyme transcripts. On the other hand,

PRISE isolated from leaves of N. nervosa (NnPRISE) shares high

level of similarity with the NrISY, but is characterized by more

spatially confined substrate binding site, which is, most likely,

responsible for less efficient conversion of 8-oxogearnial to cis,

trans-nepetalactol. Future kinetics experiments will be aimed to

confirm these statements. Described NnPRISE from N. nervosa is

actually phylogenetically closer to the representatives of the Family

1 isoforms, designated as P5bRs and displaying very low catalytic

activity. However, based on the functional genomics and

bioinformatics (3D modeling and molecular docking analyses)

data, it could be presumed that this enzyme displays ISY-like

function under in vitro conditions. Although NnPRISE is

expressed in high levels in stems and leaves of N. nervosa, more

studies are needed to confirm its activity in vivo.

MeJA- induced accumulation of iridoids inN. rtanjensis leaves was

followed by the elevated co-expression of the majority of the iridoid

biosynthesis-related genes and transcription factors, which indicated

transcriptional regulation of their activity. The same treatment with

MeJA slightly increased the expression levels of the candidate

biosynthetic genes in N. nervosa leaves; however, this induced no

appearance of iridoid glycosides and iridoid aglycones (nepetalactone,

its precursors, or derivatives). Although Nepeta nervosa is lacking

detectable amounts of iridoids in leaves, even under MeJA-elicitation

conditions, this species most likely possesses iridoid biosynthetic

platform, which is silenced. Based on the obtained metabolomics and

transcriptomics data, we could presume that there are a few missing

points in the iridoid biosynthetic platform ofN. nervosa, which disables

the biosynthesis of iridoids: 1) the absence of GES − like activity, due to

the gene silencing, which results in the absence of both iridoid

aglycones and iridoid glycosides; 2) the activity of some other NEPSs

and MLPLs besides NnNEPS1 and NnMLPL are essential for iridoid

aglycones biosynthesis. In the quest for answers, our ongoing work is

conducted towards testing these robust hypotheses and re-establishing

the biosynthesis of iridoids in this remarkable plant. Interestingly, the

majority of putative iridoid biosynthesis-related gens are expressed in

leaves ofN. nervosa, even if there are no substrates to act upon, which is

an interesting paradox. The question arises as to how energetically

profitable it is for plants to express enzymes that are unable to fulfill

their function within specific biosynthetic routes of specialized

metabolites. Most likely this is not an isolated example within the

plant kingdom, but it certainly deserves our attention.
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Antimicrobial and immunomodulating activities of two endemic nepeta species and
their major iridoids isolated from natural sources. Pharmaceuticals 14, 414.
doi: 10.3390/ph14050414
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Skeletons in the closet? Using a
bibliometric lens to visualise
phytochemical and
pharmacological activities linked
to Sceletium, a mood enhancer
Kaylan Reddy 1, Gary I. Stafford 2

and Nokwanda P. Makunga 1*

1Department of Botany and Zoology, Natural Sciences Faculty, Stellenbosch University,
Stellenbosch, South Africa, 2Department of Plant and Soil Sciences, University of Pretoria,
Pretoria, South Africa
Plants from the Sceletium genus (Aizoaceae) have been traditionally used for

millennia by the Khoe and Khoen people in southern Africa, as an appetite

suppressant as well as a mood elevator. In more recent times, this mood-

elevating activity has been commercialised in the South African natural

products industry for the treatment of anxiety and depression, with several

products available both locally and abroad. Research on this species has seen

rapid growth with advancements in analytical and pharmacological tools, in an

effort to understand the composition and biological activity. The Web of Science

(WoS) database was searched for articles related to ‘Sceletium’ and ‘Mesembrine’.

These data were additionally analysed by bibliometric software (VOSviewer) to

generate term maps and author associations. The thematic areas with the most

citations were South African Traditional Medicine for mental health (110) and

anxiolytic agents (75). Pioneer studies in the genus focused on chemical

structural isolation, purification, and characterisation and techniques such as

thin layer chromatography, liquid chromatography (HPLC, UPLC, and more

recently, LC-MS), gas chromatography mass spectrometry (GC-MS), and

nuclear magnetic resonance (NMR) to study mesembrine alkaloids. Different

laboratories have used a diverse range of extraction and preanalytical methods

that became routinely favoured in the analysis of the main metabolites

(mesembrine, mesembranol, mesembranone, and Sceletium A4) in their

respective experimental settings. In contrast with previous reviews, this paper

identified gaps in the research field, being a lack of toxicology assays, a deficit of

clinical assessments, too few bioavailability studies, and little to no investigation

into the minor alkaloid groups found in Sceletium. Future studies are likely to see

innovations in analytical techniques like leaf spray mass spectrometry and direct

analysis in real-time ionisation coupled with high-resolution time-of-flight mass

spectrometry (DART-HR-TOF-MS) for rapid alkaloid identification and quality

control purposes. While S. tortuosum has been the primary focus, studying other

Sceletium species may aid in establishing chemotaxonomic relationships and

addressing challenges with species misidentification. This research can benefit

the nutraceutical industry and conservation efforts for the entire genus. At
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present, little to no pharmacological information is available in terms of the

molecular physiological effects of mesembrine alkaloids in medical clinical

settings. Research in these fields is expected to increase due to the growing

interest in S. tortuosum as a herbal supplement and the potential development of

mesembrine alkaloids into pharmaceutical drugs.
KEYWORDS

alkaloid chemistry, central nervous system activity, Kanna, secondary metabolites,
pharmacology, phytochemistry
Introduction

The plant Mesembryanthemum tortuosum (syn. Sceletium

tortuosum) (L.) N.E.Br. has well-documented medicinal activity

and ethnopharmacology (Smith et al., 1998; Gericke and Viljoen,

2008) and is thus the most popular from the Sceletium genus

(Family: Aizoaceae, subfamily: Mesembryanthemoideae).

S. tortuosum is also referred to as kanna, channa, kougoed, or
02148
‘sceletium’ (Smith et al., 1998). This species is a climbing or

creeping perennial with succulent leaves and stems that become

thick and slightly woody with age (Klak et al., 2007). An important

diagnostic feature of this genus is the skeletonised veins that are

apparent when leaves dry (Figure 1A). The typical growth form

exhibits a scandent nature (Figures 1B, C) together with leaves that

have idioblasts or ‘bladder cells’ (Figure 1D). The flower colour of

petals ranges from white, yellow to pale pink (Figure 1E). The seeds
A B

D E F

C

FIGURE 1

(A) Sceletium rigidum; (B) Image of Sceletium subvelutium (syn. Mesembryanthemum varians); (C) climbing or decumbent habit form of growth;
(D) characteristic idioblasts (bladder-like cells) on Sceletium leaves; (E) flower structure of Sceletium species and (F) characteristic kidney-shaped
seeds. (All images taken by N Makunga and K Reddy).
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of Sceletium species are brown to black kidney-shaped, and these

are small in diameter ranging from 1 mm to 2 mm (Figure 1F).

The plant is indigenous to southern Africa where it has been

traditionally used in folk medicine by the Khoekhoen and Sān

(Khoe-Sān/KhoiSan) people as a masticatory agent or as a mood

elevator (Gericke and Viljoen, 2008). More recently, S. tortuosum

has been commercialised as an antidepressant or anxiolytic and it is

also recommended for attention-deficit disorders, as it aids in

mental alertness (Harvey et al., 2011). The chemical constituents

which were recognised for their medicinal activity are a group

of mesembrine alkaloids that are uniquely associated with

Sceletium species; however, they do share some similarities with

Amaryllidaceae alkaloids. There has been a particular emphasis on

mesembrine (Figure 2A), mesembrenone (Figure 2B), and

D7mesembrenone (Figure 2C) as biomarker compounds due to

more scientific information being available in terms of chemical

characterisation and for commercial quality assurance profiling

regimes. Thus far, there have been several comprehensive reviews

based on the chemistry of alkaloids found in Sceletium (Jeffs et al.,

1982; Lewis, 1995; 2001; Jin, 2016; Jin and Yao, 2019). Although this

list may not necessarily be comprehensive as it is based on a Scopus

database search, other reviews that focus on Sceletium and its

phytochemistry and pharmacology include the work of Gericke

and Viljoen (2008); Stafford et al. (2008); Van Wyk (2011); Van

Wyk (2015); Krstenansky (2017); Makolo et al. (2019), and Faro

et al. (2020). These reviews discuss 1) the ethnobotanical history

and chemical diversity in the genus (Smith et al., 1998); 2) the

pharmacological and chemical evidence of ethnobotanical use in

Sceletium (Gericke and Viljoen, 2008); 3) plants from South Africa

with CNS effects used for mental health purposes (Stafford et al.,

2008); 4) the commercial potential of medicinal plants in South

Africa (Van Wyk, 2011, 2015); 5) the occurrence, chemistry, and

pharmacology of mesembrine alkaloids (Krstenansky, 2017); 6) the

distribution, structural elucidation, biosynthesis, organic synthesis,

chemotaxonomy, and biological activities of (−)-mesembrine from

Sceletium species (Makolo et al., 2019); and 7) the biomedical

activities of new psychoactive substances from natural origins

(Faro et al., 2020). Within this current paper, we provide an

update on analytical techniques used to study Sceletium
Frontiers in Plant Science 03149
tortuosum and its relatives, where possible. We also summarise

studies that focus on chemical variation as much quantitative and

qualitative information is still presently missing with regard to the

biochemical components that make up the phytochemical profiles

of these plants. This paper also presents findings on the use of

VOSviewer to identify gaps and trends in Sceletium research, which

may be of value for other scientists and industry to decide on areas

to research within the available options. Furthermore, there is great

interest in the use of Sceletium species and Sceletium alkaloids

against anxiety (Shikanga et al., 2011; Loria et al., 2014) and

depression (Gericke and Viljoen, 2008; Krstenansky, 2017) but

preclinical and clinical evidence that validates these particular

applications, which are grounded in an ethnobotanical context, is

still limited. In spite of this, the commercialisation of S. tortuosum

for various phyto-pharmaceutic markets is on the rise (Patnala and

Kanfer, 2013; Krstenansky, 2017).

In order to get an overview of the available literature, a systematic

bibliometric analysis was undertaken. Currently, there is a growing

body of scientific literature that is based on chemical and

pharmaceutical studies that have focused on S. tortuosum but recent

studies on the taxonomy and geographical occurrence of the other

Sceletium species are limited. This is of relevance as species

misidentifications and biodiversity losses may prevail. The first part

of this review thus aimed to collate information linked to the taxonomy

and distribution of Sceletium species. These data were collected from

databases such as SANBI-BODATSA and iNaturalist as an

introduction before an update on the pharmacology and chemistry

observed within the genus is presented. It is imperative to prioritise the

correct collection of species, and as such an understanding of the

taxonomy of the genus should be consulted. The current trends within

the literature and associated authors on a global scale. The present

review summarises the studies conducted on the Sceletium genus and

its chemical constituents over time in terms of the progress in

phytochemistry, ethnobotanical use, and pharmacology. This work

intends to expose the current gaps within Sceletium research. Here, we

report on studies from 1961 to the present and direct attention to

recent advancements and future directions that may further develop

quality, safety, and toxicological standards for therapeutic and

nutraceutical applications concerning S. tortuosum and its relatives.
A B C

FIGURE 2

Chemical structures of (A) mesembrine, (B) mesembrenone, and (C) D7mesembrenone.
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Taxonomy and distribution

The species currently recognised are S. crassicaule (Haw.) L.

Bolus, S. emarcidum (Thunb.) L. Bolus ex H.J. Jacobson, S.

exalatum Gerbaulet, S. expansum (L.) L. Bolus, S. rigidum

(Figure 1A), L. Bolus, S. strictum L. Bolus, S. tortuosum, and S.

varians (Haw.) Gerbaulet (Figure 1B), as revised by Gerbaulet

(Gerbaulet, 1996). Several species were reduced to being

combined into the same species including S. joubertii L. Bol. and

S. namaquense L. Bol., now considered to be part of the S. tortuosum

complex. Taxonomically the plant genus was established in 1925 by

N.E. Brown, but Klak et al. (2007), in their phylogenetic study of the

family, proposed that Mesembryanthemoideae should consist of the

single genus Mesembryanthemum. Thus, Sceletium was reduced to

synonymy to Mesembryanthemum, and thus, the eight species of

Sceletium (above) are currently accepted as Mesembryanthemum

crassicaule Haw., M. emarcidum Thunb., M. exalatum (Gerbaulet)

Klak, M. expansum L., M. archeri (L. Bolus) Klak (=S. rigidum), M.

ladismithiense Klak (=S. strictum),M. tortuosum L., andM. varians

Haw. However, for the purpose of this particular article, Sceletium is

used as this is still predominantly used in industry, in scientific

works on the commercially important Sceletium tortuosum,

particularly related to its chemistry and pharmacology, and non-

scientific settings. The conservation status of species within the

Sceletium genus is also variable with several members of the genus

being evaluated as threatened (S. expansum, S. strictum, and S.

varians) by the South African National Biodiversity Institute’s

Threatened Species Programme (http://redlist.sanbi.org/, Table 1).

With S. strictum, being categorised as endangered (EN) and S.

expansum and S. varians, both listed as vulnerable (VU). All other

species in the genus are considered as being of least concern (LU).

As part of this review, a distribution map of Sceletium species

was generated from the SANBI-BODATSA (South African National

Biodiversity Institute - Botanical Database of Southern Africa); this

database contained information sourced from observational data,

herbaria, literature, collector information, and species checklists.

The majority of the observations were in the Western Cape of South

Africa with some in the Northern and Eastern Cape provinces, as
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illustrated in Figure 3. A particular emphasis has been placed on S.

tortuosum in the literature for its medicinal properties. The

distribution of S. tortuosum has been reported in the

southwestern areas of South Africa (Gericke and Viljoen, 2008).

The plant has an affinity for arid environments and has been

reported to grow from Namaqualand through to Aberdeen in

South Africa (Chesselet, 2005).
Ethnobotany

Simon van der Stel’s, the last commander and first Governor of

the Dutch Cape Colony, journey to Coperbergh (near present-day

Okiep and Carolusberg, in the Northern Cape, South Africa) in

1685 made note of how kanna was consumed by the native people,

and details of its processing were included in the descriptions

related to the species. The journal had the following quotation

(translated from Dutch):

“They chew mostly a certain plant which they call Canna and

which they bruise, roots as well as the stem, between the stones and

store and preserve in sewn-up sheepskins”.

Between the date ranges of 1772 and 1774, a Swiss botanist and

student of Linnaeus, Carl Peter Thunberg, made journeys to the

Eastern Cape and reported on the value of the sedative plants that

were found in the locality of present-day Oudtshoorn in the Little

Karoo, South Africa (Gordon, 1996). Other reports followed: the

plants were used as tinctures (Pappe, 1857), snuffed or smoked or as

teas (Jacobson, 1960; Smith et al., 1996; Van Wyk and Wink, 2018),

or recreationally (Hartwich and Zwicky, 1914). Watt and Breyer-

Brandwijk (1962) indicated that in Namaqualand, both the aerial

and underground (root) parts were used to make kougoed and how

Sceletium tortuosum was used as an agent to help with pain, hunger

relief, cholic, and restlessness in infants by the Nama people. Since

the review paper of Smith et al. (1998), an increasing body of

scientific information, associated in particular with Sceletium

tortuosum, has emerged, leading to continuous progress in the

areas of phytochemistry and pharmacology. This review aimed to

provide visual networks linked to past research and identified

current trends. We provide a historical account of the use of

analytical techniques and pharmacological bioassays that have

been employed to study S. tortuosum and its relatives. Finally,

gaps in knowledge, recommendation, and best practice in studying

these neurologically acting medicinal plants are presented.
Method—bibliometric analysis

Data sources

The Web of Science Core Collection (Clarivate Analytics,

United States) was chosen as the data source. In August 2023, we

conducted a search of the topic (phrases appearing in titles,

abstracts, and keywords) using the following search terms:

‘Sceletium’ OR ‘mesembrine’ NOT ‘Gastropoda’. A bibliometric

data analysis, for the period 1961–2023, was used to determine

trends within previous investigations and how Sceletium research
TABLE 1 SANBI Red List conservation status of the species of the
Sceletium genus.

Species SANBI Red
List conservation status

Sceletium tortuosum (L) N.E.Br Least concern (LC)

Sceletium varians (Haw.) Gerbaulet Vulnerable (VU)

Sceletium strictum L. Bolus Endangered (EN)

Sceletium rigidum L. Bolus Least concern (LC)

Sceletium crassicaule L. Bolus Least concern (LC)

Sceletium expansum (L.) L. Bolus Vulnerable (VU)

Sceletium exaltum L. Bolus Gerbaulet Least concern (LC)

Sceletium emarcidum (Thunb.) L. Bolus
ex H.Jacobsen

Least concern (LC)
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has evolved, through tracking patterns, trends, relationships, and

the development of a discipline over time. Titles and abstracts were

screened to exclude false-positives (papers that were not exclusively

on Sceletium or mesembrine-type compounds found within the

Sceletium genus). No supplementary restrictions had been placed

on document type (review, editorial, letter, etc.) and assay model (in

vivo, in silico, in vitro, etc.). The average citation amongst the most

popular thematic areas within the body of knowledge associated

with Sceletium is represented as a bar graph generated in Excel.

The literature search resulted in 348 articles being eligible for

the systematic review, and two duplicate studies were removed

(Figure 4). After reviewing the abstracts of 346 articles, 27 articles

were removed on the basis of 25 being irrelevant due to the study

either being focused on a different genus than Sceletium or studies

investigating the occurrence of mesembrine in other species aside

from Sceletium. Two additional organic synthesis studies were

removed based on their contents not directly linking to

mesembrine alkaloid synthesis. Finally, only 319 studies were

included for analysis, as indicated in the PRISMA chart (Figure 4).

The data from our WOS searches were read from a

bibliographic database file (i.e., the.txt file). Different types of

analyses were performed based on our research questions. We

were interested in determining the following: 1) the number of

contributions in the field and how this changed with time; 2)

authorship patterns; 3) geographical location of the producers of

the articles, and finally; 4) identification of trends and gaps in

the field.
Term maps

Term maps were generated using words in the titles and

abstracts whilst authorship and country maps were generated

from information associated with the authors and affiliations.
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Within the bibliographic analysis, 319 articles were analysed and

visualised by VOSviewer (Van Eck and Waltman, 2010).

VOSviewer is a software that visualises patterns between authors,

countries, and terms found in a body of literature. The software

creates networks between the data and illustrate them as bubbles
FIGURE 3

A Geographic distribution of wild collections of eight species of Sceletium in South Africa (data obtained from SANBI-BODATSA Database).
FIGURE 4

PRISMA chart illustrating the process used to screen studies for
eligibility in this systematic review.
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connected by lines, indicating association. The larger the bubble, the

greater its frequency of occurrence. The thicker the lines the greater

number of links an item has with others in the network. Irrelevant

phrases or repetitions of phrases were excluded.
Discussion

Past and current trends in literature

From the 319 articles that were published on Sceletium and

Mesembrine-type alkaloids from Sceletium, the document types were

predominantly articles (n = 264) and reviews (n = 55). The citations

received by the 319 articles in this domain ranged from 0 to 230

(mean ± SD = 26.02 ± 28.18). The most cited paper was between two

papers, the first an ethnobotanical review by Stafford et al. (2008)

investigating traditional South African plants with CNS activity (8.86

citations per year). This was followed by the Gu and You (2011)

paper on the organic synthesis of mesembrine isomers (11.27

citations per year). The hundred most cited papers within the field

had an average citation of 55, with an average yearly citation of 4.

The thematic areas where the majority of the research is focussed

were as follows: Chemistry; Molecular Biology; and Pharmacology.

The average citation amongst the most popular thematic areas

associated with Sceletium research is presented in Figure 5.

For this reason, this review has a stronger emphasis on the work

conducted in these fields. A particular focus has been placed on one

species, S. tortuosum (119 links to other topics), and the membrane-

rich extracts (64 links to other topics) of this plant. This has been

the trend since the initial scientific interest in the plant in the 1960s.

It is also interesting to note a lack of publications between 1980 and

2000. Dominant investigation areas were identified as ‘chemistry’

and ‘pharmacology’ especially, those focussing on Sceletium

alkaloids to further understand the medicinal application of this

plant (Figure 5).
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Key research themes

Several different research themes appear to be of superior

relevance (as indicated by citation trends) in Sceletium literature.

There were 349 terms that occurred three or more times in the 296

articles (Figure 6 block D); these were separated into 13 thematic

clusters identified through the VOSviewer (Figure 6 block C). An

analysis of the citations from 1956 to 2023 suggests that research

associated with neurological disorders (ageing, depression, and

anxiety) received significantly more citations per article (110, 55,

and 41 average citations, respectively). This can be seen by the red-

coloured bubbles (Figure 6 block D). The neurological topics of

ageing, anxiety, and depression had an average of 110, 75, and 40.7

citations each, respectively. Other topics that were relatively highly

cited were terms associated with the chemical synthesis of

mesembrine alkaloids. These terms, C-H-amination, Claisen

rearrangement, cobalt catalysis, and enantiospecific synthesis, had

average citation values of 45, 40, 31, and 58, respectively.
Drivers of research

The drivers of research in terms of authors came from 17 authors

who had contributed findings associated with Sceletium and

mesembrine (Figure 6B). These authors were selected on the basis of

contributing four or more publications from 1956 to 2023. Amongst

the authors, three networks can be observed. The network from South

Africa is the greatest contributor in terms of publications, with the

leading author contributing 15 papers on the topic. This may be due to

their location which allows ease of access to wild-growing plant

materials and established working laboratory methods, where plant

material is sourced through permits for collection that is not

destructive. The network from Egypt contributed 13 documents on

the topic. Presently, within South Africa, the Tshwane University of

Technology (averaging 11 citations per year) and Stellenbosch
FIGURE 5

Average citation of thematic research areas within Sceletium research from Web of Science (n = 296, citation values >30.00). SATM (Mental health),
South African Traditional Medicine (Mental Health); CR (palladium), Coupling reactions (palladium); Joubertiamine (SR), Joubertinamine
(sigmatropic rearrangements).
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University (averaging on 10 citations per year) are the major

contributors to research and have contributed the most publications

with 18 and 10 publications, respectively.

In terms of highly cited papers, with regard to chemistry from

1967 to 2000, the focus was largely on the isolation and

characterisation of alkaloids from Sceletium species. Post-2000,

the focus shifted to more chemical assays in an effort to develop

quality control tools for the medicinally important plant, S.

tortuosum, that was gaining pharmacological traction in literature

as a phytomedicine used for anxiety and depression and as a mental

stimulant. VOSviewer maps and an analysis of the literature

indicate that the field may be shifting toward a greater focus on

the toxicological and pharmacodynamics aspects of these plants

(Figure 6C). Gaps in the field of pharmacology in the field were

identified as clinical trials and bioavailability studies.

We observed 29 countries/territories with the highest

contributing countries being South Africa (50 documents), China

(29 documents), and the USA (23 documents) where scientific

investigations in Sceletium have been conducted. All three are

associated in a network and, as such, have exchanged techniques

and gained access to analytical tools for more advanced chemical

and pharmacological analysis. South Africa is suspected to be the

greatest contributor to current research efforts, and this may be due

to South African researchers having easier access to plant materials

that grow in remote locations in the country and their compliance

with Biodiversity laws that govern the issue of collection permits

and bioprospecting activities linked to indigenous and endemic

plant species in the country. Outside of this collaboration network,

India has contributed 14 documents without collaboration with

South Africa and these documents mainly cover topics related to the
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synthesis of mesembrine and joubertiamine alkaloids from

Sceletium and one paper on the quality control of medicinal

plants (Kumar and Sharma, 2018).
Analytical chemistry

The bibliometric analysis, performed in VOSviewer, identified

alkaloid chemistry and analytical techniques have been a major area

of interest for investigations linked to Sceletium. This is seen as the

most dominant cluster in terms of publications, indicated by a red

cluster. The most commonly used mesembrine alkaloid biomarkers

in quality control and analysis are mesembrine (Figure 2A),

mesembrenone (Figure 2B), mesembranol (Figure 6, compound

2), and mesembrenol (Figure 6, compound 3). Some alkaloid classes

which have been underrepresented in the literature that may hold

medicinal activity but have not been tested yet are joubertiamine

(Figure 6, compound 5), sceletium alkaloid A4 (Figure 6, compound

6), and the tortuosamine alkaloid classes of compounds (Figure 6,

compound 8), which are also found in Sceletium species. The purple

cluster represents experimentation related to the isolation and

identification of compounds by various analytical means

(Figure 6C). The body of work is quite substantial and has had a

wide range of analytical techniques applied to the phytochemical

characterisation of Sceletium species and related commercial

products (Table 2). The majority of analytical methods used on S.

tortuosum have targeted the detection of two alkaloids, mesembrine

and mesembrenone (Table 2).

Analytical chemistry in Sceletium has been of scientific interest

since the 1970s. Many of the studies in the 1970s were mainly
B

C D

A

FIGURE 6

Major bibliographic summaries of literature in Sceletium research. (A) Country network map of the most prolific research network in Sceletium
research, based on country affiliation. Image additionally illustrating Average publication year. (B) Author network map showing linkages and
collaboration between various researchers (and institutions) with an overlay of Average publication years weighted by citations. (Map illustrating
authors with at least four publications in the area of research), with overlay of associated countries and thematic areas. (C) Term map based on
co-occurrence of text in both the title and abstract fields using 212 publications based on Sceletium research. (D) Term map of research related to
Sceletium with an overlay of the trend in citations over time. Data extracted from Web of Science (n = 212) and visualised with VOSviewer.
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TABLE 2 The analytical techniques used on Sceletium species of medicinal importance, with their extraction method, sample preparation, and detectors (LE, liquid extraction).

icals d ed Analytical
techniques

Detectors Reference

m alkaloi ESI-MS, MS-MS,
HPLC-UV

MS, UV (Patnala and
Kanfer, 2015)

renol
ranol
renone
rine

UPLC-PDA PDA (Shikanga
et al., 2013)

hordeni
amine
joubertiam ydrojoubertiamine

1H-NMR,13C-
NMR, UV

UV (Arndt and
Kruger, 1970)

methylm none mesembrenone
ine

IR, 1H-NMR, MS MS, IR (Abou-Donia
et al., 1978)

one
m alkaloi -formyltortuosamine,
methylme one,
mbrenon

1H-NMR, 13C-
NMR, GLC-MS

MS (Jeffs
et al., 1974b)

methylm nol
methylm nol
renol
lmesemb

1H-NMR, 13C-
NMR, GLPC-MS

MS (Jeffs
et al., 1970)

ethoxy-O ljoubertiamine
)-O-Meth tiamine
amine, di ubertiamine
yldihydro amine

PTLC, MS, 1H-
NMR, IR, UV

IR, UV, MS (Nieuwenhuis
et al., 1981)

renol
renol
renone
rine

UHPLC-MS-qToF MS-qToF (Maphanga
et al., 2022)
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sembren
e

esembra
esembre

renol

-methy
yljouber
hydrojo
jouberti
Species Plant
parts

Biological
matrices and
plant specimens

Extraction
method

Extract Chem

Sceletium crassicaule
(Haw.) L. Bolus (Syn.
Mesembryanthemum
crassicaule L. Bolus)

Aerial Plant material LE1 Methanol, dichloromethane Sceletiu

Aerial Plant material Acid/
base extraction

Methanol, ammonia (25% w/w),
sulphuric acid (98% w/w),
and dichloromethane

Mesem
Mesem
Mesem
Mesem

Sceletium expansum (L.)
L. Bolus (Syn.
Mesembryanthemum
expansum L. Bolus)

Aerial Plant material LE Ethanol Alkaloi
Joubert
dihydro

Sceletium strictum L.
Bolus (Syn.
Mesembryanthemum
strictumL. Bolus)

Not
reported

Not reported Not reported Not reported 4′-O-D
Channa

Root,
stem,
and leaf

Plant material Soxhlet
extraction

Ethanol Sceleten
Sceletiu
4′-O-de
D7-mes

Root,
stem,
and leaf

Plant material Soxhlet
extraction

Ethanol 4′-O-D
4′-O-D
Mesem
O-Acet

Sceletium subvelutium L.
Bolus (Syn.
Mesembryanthemum
varians)

Root,
stem,
and leaf

Plant material LE Methanol (−)-3′-M
(4R)-(−
Joubert
O-Meth

Sceletium tortuosum
(L.) N.E. Br. (Syn.
Mesembryanthemum
tortuosum L.; Kanna)

Not
applicable

Isolated compounds Not applicable Methanol Mesem
Mesem
Mesem
Mesem

1 LE: liquid solvent extraction.
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TABLE 2 Continued

Analytical
techniques

Detectors Reference

DART-HRMS HRMS (Appley
et al., 2022)

e

UHPLC-MS-qToF QToF-MS (Makunga
et al., 2022)

UPLC-MS-PDA MS, PDA (Gericke
et al., 2022)

1H-NMR
13C-NMR, UV-vis,
IR, QSTAR ToF,
HPLC-UV

UV-diode (Yin
et al., 2019)

l
mbrenone,

1H-NMR,
UPLC-MS

MS (Zhao
et al., 2018)

mbrenone-M (O-

hyl-dihydro-)
hyl-dihydro-)

-)
-)

Leaf spray-MS MS (Freund
et al., 2018)

UPLC-MS MS (Sandasi
et al., 2018)
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Species Plant
parts

Biological
matrices and
plant specimens

Extraction
method

Extract Chemicals detected

Aerial
and
stems

Kanna powder, foliage,
stems, and
shredded material

LE Methanol Hordenine
Mesembrenone
Mesembrine
Mesembrenol
Mesembrinol

Aerial Plant material
(tissue cultured)

LE Methanol N-Demethylmesembrenol
4′-O-Demethylmesembreno
Joubertiamine
4′-O-Demethylmesembreno
D4-Mesembrenone
Mesembrenol
Mesembrine
Mesembrenol
D7-Mesembrenone

Aerial Zembrin LE Water and ethanol Mesembranol
Mesembrenol
Mesembrenone
Mesembrine

Aerial Plant material LE Methanol Sceletorine A
Sceletorine B

Aerial Plant material LE Methanol Mesembrenol
Mesembrenone Mesembran
N-Demethyl-N-formyl Mese
Mesembrine
Sceletium alkaloid A4
D7-Mesembrenone

Aerial Plant material LE Methanol Dihydrojoubertiamine, mese
demethyl-)
Mesembrenone-M (O-deme
Mesembrenone-M (N-deme
Mesembrenone Mesembrine
Mesembrine-M (dihydro-)
Mesembrine-M (N-demethy
Mesembrine-M (O-demethy

Aerial Plant material LE Acetonitrile Mesembranol
Mesembrenone
Mesembrine
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TABLE 2 Continued

ls dete Analytical
techniques

Detectors Reference

HPLC-MS-PDA
1H-NMR

MS, PDA (Veale
et al., 2018)

ne mesem UHPLC‐QToF‐MS QToF, MS (Manda
et al., 2017)

eylmesem
ylmesem -O-
sembreno
ertiamine
e

l
ne

ydrojoub
bertiamin
dehydroj ne

DART-HRToF-MS HRToF, MS (Lesiak
et al., 2016)

enone
anol
l
l
ne

aloid A4

ESI-MS, MS-MS,
HPLC-UV

MS, UV (Patnala and
Kanfer, 2015)

l-dihydro e
l
ne

dihydrom
esembre
dromese
dihydrom

1H-NMR, GC-MS,
LC-(HR)-MSn

MS,
(HR)-MSn

(Meyer
et al., 2015)

l
l
ne

UPLC-PDA PDA (Shikanga
et al., 2013)
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brine

branol
brenone, 4
l

ertiamine
e
oubertiami

mesembrin

esembrine
none, N-
mbrenone
esembrine
Species Plant
parts

Biological
matrices and
plant specimens

Extraction
method

Extract Chemica

Aerial Plant material Acid/
base extraction

Methanol Chanaine

Aerial Plant material LE Methanol Mesembreno

Aerial Kanna powder N/A2 N/A 4-O-Demeth
4-O-Desmet
desmethylm
Dihydrojoub
Joubertiamin
Mesembrane
Mesembrano
Mesembreno
Mesembrine
O-Methylde
O-Methyljou
Sceletenone,

Aerial Plant material LE Methanol, dichloromethane D7-Mesembr
Epimesembr
Mesembrano
Mesembreno
Mesembreno
Mesembrine
Sceletium al

Aerial Plant material Soxhlet
extraction

n-Pentane:n-hexane (1:1 v/v) Bis-Demeth
Mesembrano
Mesembreno
Mesembrine
N-Demethy
N-Demethy
demethyldih
O-Demethy

Aerial Plant material Acid/
base extraction

Methanol, ammonia (25% w/w),
sulphuric acid (98% w/w),
and dichloromethane

Mesembrano
Mesembreno
Mesembreno
Mesembrine

2 N/A: as study directly analysed samples in the inlet source.
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TABLE 2 Continued

Analytical
techniques

Detectors Reference

TLC, HPLC, GC–
MS and 1H-NMR
13C-NMR (1
and 2D)

MS (Shikanga
et al., 2013)

TLC, RP‐UHPLC-
PDA, GC-MS
1H-NMR 13C-
NMR (1 and 2D)

PDA, MS (Shikanga
et al., 2012e)

HPTLC, GC-MS MS (Shikanga
et al., 2012b)

l NACE-MS MS (Roscher
et al., 2012)

HSCCC, CC/
PTLC, 1H-NMR
GC-MS

MS (Shikanga
et al., 2011)

HPLC-UV,
HPLC-PDA

PDA, UV (Patnala and
Kanfer, 2010)

LC–UV-MS,
HPLC-PDA

MS, UV, PDA (Patnala and
Kanfer, 2009)

CZE-MS MS (Patnala and
Kanfer, 2008)

GC-NPD-MS, TLC NPD, MS (Smith
et al., 1998)
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Species Plant
parts

Biological
matrices and
plant specimens

Extraction
method

Extract Chemicals detected

Aerial Plant material,
Kanna powder

LLE Methanol, dichloromethane, ammonia
(25% w/w solution), and sulfuric acid
(H2SO4; 98.08% w/w)

Mesembranol
Mesembrenol
Mesembrenone
Mesembrine

Aerial Plant material,
Kanna powder

Acid/
base extraction

Methanol Mesembranol
Mesembrenol
Mesembrenone
Mesembrine

Aerial Plant material,
Kanna powder

Acid/
base extraction

Methanol Mesembranol
Mesembrenol
Mesembrenone
Mesembrine

Aerial Plant material,
Kanna powder

LE Methanol D7-4′-O-Demethylmesembran
4′-O-Demethylmesembrine
4′-O-Demethylmesmbranol
Mesembranol
Mesembrine

Aerial Plant material Acid/
base extraction

Dichloromethane Mesembranol
Mesembrenol
Mesembrenone
Mesembrine

Aerial Plant material LE Methanol Epimesembranol
Mesembranol
Mesembrenone
Mesembrine
D7-Mesembrenone

Aerial Plant material LE Methanol 4′-O-Demethylmesembrenol
Mesembrine
D7-Mesembrenone

Not
reported

Sceletium tablets LE Methanol Epimesembranol
Mesembranol
Mesembrenol
D7-Mesembrenone
Mesembrenone
Mesembrine

Root,
stem,
and leaf

Plant material Soxhlet
extraction

Ethanol 4′-O-Demethylmesembrenol
Mesembrenone
Mesembrine
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TABLE 2 Continued

Chemicals detected Analytical
techniques

Detectors Reference

(+)-N-Acetyltortuosamine
(+)-N-Formyltortuosamine
3′-Methoxy-4′-O-methyljoubertiaminol
Joubetiamine
Mesembrine
Sceletium alkaloid A4
Tortuosamine

GLC,1H-NMR,IR IR (Jeffs
et al., 1982)

Sceletium A4
Unnamed alkaloid

GC-MS, TLC, 1H-
NMR, IR

MS, IR (Gross
et al., 1979)

4′-O-Demethylmesembrenone, sceletium
alkaloid A4
Mesembrenone
Mesembrine
N-Formyltortuosamine
Sceletenone
Tortuosamine
D7-Mesembrenone

1H-NMR, 13C-
NMR, GLC-MS

MS (Jeffs
et al., 1974b)

Sceletium alkaloid A4 1H-NMR, 13C-
NMR, GLC-MS

MS (Jeffs and
Capps, 1979)

Dehydrojoubertiamine
Dihydrojoubertiamine
Hordenine
Joubertiamine

1H-NMR, 13C-
NMR, UV

UV (Arndt and
Kruger, 1970)
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Species Plant
parts

Biological
matrices and
plant specimens

Extraction
method

Extract

Aerial Plant material Acid/
base extraction

Chloroform

Root,
stem,
and leaf

Plant material LE Methanol

Root,
stem,
and leaf

Plant material Soxhlet
extraction

Ethanol

Root,
stem,
and leaf

Plant material Soxhlet
extraction

Ethanol

Aerial Plant material LE Ethanol
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focused on compound isolation and structural elucidation (Jeffs

et al., 1970, 1974b, 1974a; Arndt and Kruger, 1971; Abou-Donia

et al., 1978; Nieuwenhuis et al., 1981) with a diversity of alkaloids as

seen in Figures 7–10. In terms of Sceletium, however, the isolated

structures did not necessarily enter into a drug discovery pipeline

during the period of 1970 to 1998. The analysis of crude extracts

using a variety of techniques, from thin layer chromatography, gas

chromatography, and liquid chromatography, is more evident in

the literature, and various laboratories have published several

papers that focus on analysing mesembrine alkaloids. With

changes in research foci in the natural products industry, where

the study of complex plant mixtures using metabolomics in the

2000s till present has become an established field, smaller quantities

of plant materials are being utilised than large amounts that were

needed for isolation in the 1970s. Secondly, the focus has shifted to

quality assessment of wild-harvested Sceletium species, as a means

to compare wild populations to define chemotypes that occur

naturally. Also, such application of metabolomics is explored for

its potential contribution to the development of quality assurance

protocols to ensure that Sceletium-based products are scientifically

verified to contain the biomarker mesembrine alkaloids, which

define their biochemical makeup (Masondo and Makunga, 2019).
Frontiers in Plant Science 13159
In a chronological format, using examples we highlight, the

different analytical methods that have been used in Sceletium

phytochemical studies are discussed below.

Jeffs et al. (1970) performed an ethanol extraction on S. strictum

plant material. The crude alkaloid fraction was then analysed by

chromatography. The GLPC allowed for the collection of 7 mg of an

unidentified compound, 32 mg of mesembrenone, a 13-mg mixture

of mesembrine–mesembrenone, 285 mg mesembrenol, 871 mg

mesembrenol–mesembranol (at a ratio of 90:10 (w/w)), and 101

mg mesembrine. All of the structural identifications were possible

and were achieved after nuclear magnetic resonance (NMR).

Sceletium A4 is one of the compounds that is now regarded as one

of the biomarker compounds of S. tortuosum, and together with

mesembrine, mesembrenone mesembranol, and mesembrenol

(Figure 2), it can be used to differentiate wild-harvested chemotypes

(Masondo and Makunga, 2019). The paper of Jeffs et al. (1971b)

identified this particular compound, Sceletium A4 from S. namaquense

(syn. S. tortuosum), for the first time. However, they did not report on

any chromatographic techniques or quantitative data and information

on structural characteristics from NMR data was solely presented.

Jeffs et al. (1974b) identified the alkaloids Sceletium alkaloid A4,

tortuosamine, N-formyltortuosamine, and sceletenone isolated
FIGURE 7

Mesembrine alkaloids from Sceletium of notable medicinal activity.
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from S. namaquense (syn. S. tortuosum). Using X-ray

crystallography, Abou-Donia et al. (1978) identified the structure

channaine from S. strictum. However, the authors cautioned and

suspected that channaine may have been an artefact from the

condensation of two N-demethylmesembrenone molecules during

the isolation process. With the exception of the recent study by

Veale et al. (2018), discussed below in detail, no other reports have

shown this unusual alkaloid to occur in Sceletium plants since then.

There is a clear lack of analytical isolation methods being used in

studying the chemical constituents of S. tortuosum and its relatives

from the 1980s till 1998. Renewed interest in these species is evident

thereafter, with the work of Smith et al. (1998) that tested 21 species

from nine genera of the Mesembryanthemaceae, for the distribution

of mesembrine alkaloids. As compared with previous studies,

significantly less plant material was used per extraction with

methods staying relatively the same. The analytical techniques had

advanced quite notably with the last research on Sceletium and its

alkaloids that had been performed 16 years prior. Many

investigations after 1998 that use smaller amounts of the plant

sample as techniques that are in routine use for metabolite

profiling are much more robust. Only semiquantitative data could

be generated for this study due to no standards being readily available
Frontiers in Plant Science 14160
at that particular time. Out of the species tested, the only species with

comparable mesembrine alkaloid levels to that of the S. tortuosum

was Aptenia cordifolia. The relative levels of mesembrine were not

reported on nor were m/z data for the other species presented.

Methods that allow for high-throughput detection of

mesembrine alkaloids are thus sought after for industrial

applications. Such methods also need to be less labour intensive

and not necessarily require a high level of technical know-how for

them to be placed in routine use, more especially to use them as a

quality assurance measure and for the standardisation of

manufactured products derived from Sceletium. As an example,

Patnala and Kanfer (2008) investigated the analytical technique of

capillary electrophoresis (CE), and this is a technique where

electrophoretic mobilities under the influence of an applied

electric field enable the separation of charged components. This

analytical technique allows for the rapid and efficient separation of

compounds leading to rapid analysis (Li, 1992). The technique is

favourable due to its high efficacy and efficiency, as well as wide

application for both scientific laboratories and industrial

manufacturers, plus it requires low running costs during

experimentation. Before this study, there was a paucity of reports

on commercialised products of S. tortuosum despite an industry
FIGURE 8

Other alkaloids found in Sceletium species.
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that had become established in South Africa. The study found the

average content of mesembrine per tablet to be 164.30 mg per 12-mg

dose of a tablet. Sensitivity and reproducibility were also an

important consideration, and the authors confirmed that their

protocol was both sensitive and reproducible. However, the exact

species of Sceletium is not reported on in this study, which hinders

the reproducibility of this work as one can merely assume that the

focus was on the commercialised plant, S. tortuosum. It should be

noted that there were some encountered difficulties during

experimentation as the method could not conclusively distinguish

between compounds with similar m/z values (diastereomers at m/z
Frontiers in Plant Science 15161
292). Correct taxonomic identities for Sceletium species need to be

accurate as these plants are difficult to distinguish from their

anatomical structures and chemotaxonomic markers have not

always played a significant role in delineating sister species from

each other (Patnala and Kanfer, 2013).

The analytical tools chosen by Patnala and Kanfer (2009) were

HPLC-PDA and LC-MS with a UV detector for qualitative and

quantitative analyses of fermented and extracted materials.

Fermentation resulted in the transformation of mesembrine. This

subsequently led to lower levels being detected, which confounded

evidence presented by Smith et al. (1998). Although precision and
FIGURE 9

Other alkaloids found in Sceletium species (cont.).
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sensitivity were reported on, the authors did not provide detailed

information relating to instrument conditions, making this study

rather difficult to reproduce in other laboratory environments. In

another study, Patnala and Kanfer (2010) developed and validated

an HPLCmethod for the analysis of Sceletium plant material but the

exact species used for this investigation was not indicated and one

assumes that S. tortuosum was the target species. The method

showed repeatable, precise, and appropriate resolution of

alkaloids for quality control of mesembrine-type alkaloids. Prior

to this study, poor validation data had been presented on any

analytical techniques described for Sceletium. The analytical tools

used were an HPLC system connected to a UV and PDA detector.

Further structural data were supported by NMR spectra. The lack of

standards resulted in several alkaloids assayed via chromatography

whose identities were unknown to the researchers as no published

data on these metabolites was available. Unfortunately, this study

did not report on what species of Sceletium they had extracted the

phytochemicals from, which is an issue in the reproducibility of this

study. To iterate, this is highly problematic when some of the

Sceletium species are difficult to distinguish from each other as they

are similar in their appearance and their taxonomy is rather

ambiguous (Patnala and Kanfer, 2013). The provenance of the

plant samples can alter their phytochemical composition as many

different chemotype configurations may exist in wild-collected

populations, exhibiting both intra- and inter-specific variability

(Shikanga et al., 2012c).

Due to the complex mixture of structurally similar alkaloids, the

development of appropriate analytical techniques for chemotaxonomic

assessment has proven to be quite a challenge. Further compounding

this issue is that, in some species, for example, S. emarcidum, the

distribution of alkaloids falls below the limit of quantification by the
Frontiers in Plant Science 16162
analytical tool (Patnala and Kanfer, 2013). To reduce these challenges,

the introduction of reference compounds for all the alkaloids of interest

may allow for better specificity during the fingerprinting process,

assisting with the assay of plants with stronger precision and accuracy.

Shikanga et al. (2011) employed a high-speed countercurrent

chromatography (HSCCC) method to rapidly isolate alkaloids from

S. tortuosum in high yields. The quantity and purity obtained by

HSCCC were higher in all alkaloids as compared with CC/PTLC

also performed in this study. The method was efficient and cost

effective, requiring relatively smaller amounts of plant material in

isolating mesembrine (482.4 mg), mesembrenone (545.2 mg),

mesembrenol (300.0 mg), and mesembranol (47.8 mg).

Chemotypic variation observed in Sceletium (Roscher et al.,

2012; Shikanga et al., 2012c; Zhao et al., 2018) may be due to the

ability of plants to exhibit phenotypic plasticity to cope with their

environments and climates (Nicotra et al., 2010). Phenotypic

plasticity enables plants with a standard genome to adapt their

phenotype in response to environmental pressures assisting with

survival (Nicotra et al., 2010). This phenotypic plasticity is often

correlated with metabolomic differences in the plants in response to

their environments; an example of this was observed in Hippophae

rhamnoides (Kortesniemi et al., 2017). The study of chemical

variation linked to plant-environment effects can thus easily be

achieved using phytochemical analytical techniques.

The field of plant metabolomics is making major contributions

to our understanding of plant biochemistry and metabolism as a

metabolomics workflow can facilitate a comprehensive compilation

of metabolites within a particular cell, tissue, or organ, but large-

scale experiments are notoriously difficult to interpret. In such

instances, the complexity of these data sets is enormous and they

cannot easily be processed with classical statistics (Van der Kooy
FIGURE 10

Other alkaloids found in Sceletium species (cont.).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1268101
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Reddy et al. 10.3389/fpls.2024.1268101
et al., 2008), consequently principal component analysis (PCA), and

partial least squares (PLS) analysis have been employed. These types

of multivariate statistical applications reduce the dimensionality of

the data enabling better pattern recognition that can be correlated

with the analysed samples.

Shikanga et al. (2012c) further developed a method for the rapid

and simple identification of alkaloids in S. tortuosum raw and wild-

harvested materials. The intended purpose of this study was to develop

an analytical technique for the routine analysis of psychoactive

alkaloids in S. tortuosum these products. The analytical tool used

was a high-performance thin-layer chromatography (HPTLC)

densitometric method as this is a superior and more sophisticated

form of TLC that is fast and robust for quality testing of botanical

materials. One of the advantages of using this method is the

automation of the different steps that would mainly be performed by

hand with a normal TLC. This makes this method more powerful for

metabolite fingerprinting, increasing its resolution and enabling

quantitative measurement of phytochemicals.

The first study to use the analytical technique of non-aqueous

capillary electrophoresis coupled to mass spectrometry (NACE-

MS) was aimed at analysing wild and commercial plant materials

extracted from methanol as a solvent from S. joubertii (syn. S.

tortuosum) (Roscher et al., 2012). Another point of interest in this

study was to investigate the influence fermentation would have on

alkaloid profiles. Wild (calyx, stems, and leaves) and commercial

plant material was extracted using methanol as a solvent. Samples

were also fermented, and their alkaloid profiles were obtained. The

fermentation was performed by crushing the whole wild harvested

plant, and this included the calyx, stems, and leaves as plant parts.

After homogenisation of the material, it was then stored in an

airtight transparent plastic container, left in the sun for 8 days, and

vacuum dried later. All analyses were performed on capillary

electrophoresis coupled to an Ion Trap 6330. The high selectivity

of this method is evident by its ability to distinguish the

diastereomers of 4′-O-demethylmesembranol (retention time of

12.3 min); since then, no other analytical techniques have been

able to identify it (Smith et al., 1998; Patnala and Kanfer, 2008,

2010). No quantification data were presented in this paper.

Furthermore, no comparison is made with a reference technique

with the same samples. The technique proved effective in the

relative quantification of alkaloids from wild and commercial

samples of Sceletium. However, the authors do not present any

evidence validating the method in terms of linearity, limits of

detection, and repeatability. Nevertheless, this technique provided

novel opportunities to study samples that potentially have

diastereomers and isobaric structures.

Shikanga et al. (2013) performed a study using UPLC and

hyperspectral imaging to distinguish between S. tortuosum and S.

crassicaule as these species are difficult to distinguish from each

other as they look almost identical, often leading to their

misidentification. Hyperspectral imaging is proving a valuable

tool in the authentication of herbal products, but it is heavily

reliant on good statistical models to make predictions after test

materials have been scanned. Its main advantage is that it

circumvents an extraction step using organic solvents, making it

time efficient, non-destructive, and friendly to the environment and
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users. This was the first study to investigate the chemical

composition of S. crassicaule. The purpose of this study was to

offer an additional robust tool to reduce the adulteration of

Sceletium with species that may contain fewer alkaloids of interest

and ultimately assist in the authentication of Sceletium material.

The hyperspectral method combined with chemometrics was thus

substantially more efficient in the chemotaxonomic classification of

S. tortuosum and related species.

Patnala and Kanfer (2013) performed a chemotypic analysis of

six species that were selected based on venation patterns as

distinguishing morphological characteristics are often used in

taxonomy to assign species identities. The plants were grouped into

the ‘tortuosum’ (S. tortuosum, S. expansum, and S. strictum) or

‘emarcidum’ type (S. emarcidum, S. exaltum, and S. rigidum). The

species of S. varians and S. archeri were not considered in this study;

in fact, these species have largely been ignored in terms of their

phytochemical profiles. The ‘tortuosum’-type plants, S. tortuosum

and S. expansum were predominantly characterised by the presence

of mesembrine, mesembrenone, mesembranol, and epimesembranol.

S. strictumwas found to contain measurable amounts of mesembrine,

mesembrenone, and one of two epimers, 4′-O-demethyl-

mesembrenone or 4′-O-demethyl-mesembrenol, but mesembranol

and epimesembranol were in minute relative amounts. Interestingly,

the ‘émarcidum’ types illustrated a complete absence of the

mesembrine class of alkaloids traditionally associated with

Sceletium such as mesembrine, D7mesembrenone, mesembrenone,

and mesembranol. Instead, the émarcidum group had O-demethyl-

mesembrenone and O-methyl-joubertiamine as the more prominent

metabolites and out of the émarcidum’ types, S. exaltum showed an

accumulation of mesembrine. It was concluded that the distribution

of mesembrine-type alkaloids is not distributed across the genus and

is limited to only a few species, highlighting the importance of quality

control testing in the Sceletium genus.

It is hypothesised that the Sceletium genus may have recently

diversified, with minimal time between speciation events (Klak et al.,

2007). As a result, these species have had a very brief period of time to

accumulate differences in their DNA and subsequently are very

similar in morphology. Little information is currently available with

respect to the chemical fingerprints of both S. crassicaule and S.

emarcidum. Patnala and Kanfer (2015) analysed wild material of S.

crassicaule and S. emarcidum using electrospray ionisation mass

spectrometry (EI-MS) and LCMS to characterise the chemical

fingerprints of specific Sceletium alkaloids as a tool for the

qualitative identification of lesser investigated alkaloids with

complex matrices such as D7 mesembrenone, Sceletium A4, and

epimesembranol. Furthermore, the study assessed the potential of

the analytical method as a tool in quality control of Sceletium

commercial products as tablets derived from S. tortuosum were

included in the analysis. Their technique successfully identified

D7mesembrenone, mesembrenol, mesembrenone, Sceletium A4,

mesembranol epimesembranol and mesembrine from several

species of Sceletium.

The method identified Sceletium A4 from S. crassicaule material.

Of interest, S. emarcidum did not have any of the reference

compounds, which normally occur in Sceletium samples. The

investigation did not report on any dominant structures that could
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be used for the chemotaxonomic classification of this species, as none

of the peaks observed corresponded with the standard alkaloids found

in Sceletium species.

Apart from plant misidentification and the choice of inferior

chemotypes that express poor bioactivity, chemical and heavy metal

adulterations as well as herbal adulterations of phytomedicines can lead

to undesired cytotoxic effects upon human consumption. Metabolite

profiling can thus be a complimentary tool to other techniques for the

detection of adulterants in herbal medicines. To this end, Lesiak et al.

(2016) performed analysis on S. tortuosum commercial material using

direct analysis in real-time ionisation coupled with high-resolution

time-of-flight mass spectrometry (DART-HRTOF-MS). The method

was employed as an authentication tool to identify adulterated samples

and found that some commercially available samples were indeed

spiked with the banned herbal stimulant ephedrine. Commercial

powder mixtures were conveniently analysed directly by dipping the

closed end of a melting point capillary tube into the powder substance

and then between the DART ion source and mass spectrometer inlet.

The authors only quantified two of the detectable compounds,

mesembranol ranging from 0.3% to 7.0% and mesembrine at 5.1%,

but relative amounts are not available for any of the other compounds

in the authors’ report. The method provided a rapid forensic diagnostic

tool of commercial samples sold in the USA, highlighting illicit

practices in the manufacture of Sceletium-derived products that are

of regulatory concern.

Appley et al. (2022) was another analytical study concerned

with the authentication of Sceletium-based products for the forensic

analysis of products containing Sceletium, using robust protocol

that detected hordenine and mesembrine-type alkaloids from

Sceletium. Supporting the method used by Lesiak et al. (2016), the

use of direct analysis in real time–high-resolution mass

spectrometry (DART-HRMS) resulted in effective and rapid

detection and quantification of hordenine and mesembrine-type

alkaloids. Ephedrine is a concern in natural products as it is lethal

when combined with caffeine or other over-the-counter drugs and

could potentially be harmful when consumed with Sceletium

products (Haller and Benowitz, 2000). An advantage of DART-

HRTOF-MS is that sample preparation is not needed and thus not

prone to solvent bias. Techniques such as LC-MS and GC-MS may

not identify adulterants such as ephedrine due to preferential take-

up of hordenine due to its polarity over the adulterant ephedrine as

these are constitutional isomers of each other, which both occurred
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at a nominal m/z of 166. The authors emphasised that without the

use of DART-HRTOF-MS, the compounds would not have been

separated and the adulterant would have thus become more difficult

to notice and identify.

The study of plant metabolomes has seen an unprecedented rise

since the adoption of systems biology approaches in biological

sciences and NMR metabolomics can be the preferred choice for

this purpose (Verpoorte et al., 2007; Leiss et al., 2011). The advantage

of using NMR for generating an overview of the plant metabolome

lies in its vast applications, ranging from quality control of foods and

botanicals to studies related to investigating the pharmacological

activity of phytochemicals. A limitation of NMR spectroscopy is that,

without the use of two-dimensional NMR, absolute quantitation is

not possible (Verpoorte et al., 2007). The plants collected at different

localities studied by Zhao et al. (2018) using NMR were growing

under differing biogeographic environments of theWestern Cape and

Northern Cape. The study found that NMR chemometrics could be

an effective tool to distinguish between populations of Sceletium and

identify notable biomarkers in each population. N-Demethyl-N-

formylmesembrenone, a biomarker that had not been identified in

Sceletium before, characterised one of the population groups from the

Western Cape. Furthermore, the production of alkaloids may be due

to genetic composition rather than climatic conditions since plants in

close proximity to each other produced variable amounts of

alkaloids, suggesting that climate was not a contributing factor to

diversity in chemical profiles. Freund et al. (2018) employed an

analytical technique that had never been performed on these plants

coined leaf spray mass spectrometry (leaf spray MS) (Table 3).

Additionally, the setup included tandem mass spectra (MS/MS).

This technique circumvents the separation of plant metabolites

using chromatography and offers a direct MS injection without the

need for sample preparation or extraction, with minimal technical

adjustments to the ionisation source being required. An advantage of

this tool is the absence of lengthy extraction protocols and solvent

bias that may introduce artifacts or prove inefficient in the recovery of

phytochemicals as these may not always be extracted. Leaf spray MS

can directly analyse plant tissue providing rapid generation of

qualitative and quantitative data albeit accurate quantification is

more tricky with this approach. The method was successful in

analysing intact plant material reducing the amount of processing

needed. For leaf spray MS to have wider application for in planta

analysis of metabolites, optimisations in terms of plant preparation,
TABLE 3 Methods used for fermentation and results obtained from previous research (↑ =increase, ↓ =decrease).

Extraction
method

Fermentation procedure
Analytical
technique

Conclusion Reference

Classical acid–
base extraction

Plants crushed with soil, placed in a plastic bag, and
sealed in an airtight plastic bag.

GC-MS
↓ 4′-O-Demethylmesembrenol
↓mesembrine ↑mesembrenone

(Smith
et al., 1998)

Methanol
Aerial plant parts crushed and placed in plastic bag
exposed to sun for 10 days.

HPLC-MS
(validated)

↓Mesembrine
↑ D7-Mesembrenone

(Patnala and
Kanfer, 2009)

Methanol
Plant material stored in airtight plastic container for
8 days.

NACE-MS
Alkaloid profile remained unchanged, no
quantitative data reported.

(Roscher
et al., 2012)

Methanol
Aerial plant parts gently bruised and placed in an
incubator (40°C) for 7 days

UPLC-MS
(validated)

↑ Mesembrine ↓Mesembrenone
(Chen and
Viljoen, 2019)
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presence or absence of solvents, volume of solvents, voltage

amplitude, and distance from the ion inlet may be necessary. Some

other limitation of this analytical technique is its low dynamic range,

resulting in the most abundant metabolites solely being identifiable.

Some of the minor alkaloids or structurally similar alkaloids that

require stronger resolving power require greater and more

sophisticated technical expertise for their detection. Despite this,

the analytical method proved to be a powerful tool that eliminated

chromatography for the identification of the main phytochemicals

from S. tortuosum.

Sandasi et al. (2018) performed a study to assess the quality of

herbal tea blends using hyperspectral imaging and UPLC-MS in

various Sceletium tea blends. Five batches of herbal tea that were

claimed by the manufacturers to contain a S. tortuosum and

Cyclopia genistoides (commonly known as honeybush) mixture

were obtained pulverised and subjected to hyperspectral imaging

without any further processing. For UPLC-MS analysis, the tea

blends were prepared by adding boiling water (237 ml) to 1.5 g of

plant tissue. For the hyperspectral imaging, the same instrument

settings were used as in Shikanga et al. (2013) and applied as a rapid

and non-destructive method for the quality control of the tea

blends. Using a PLS-DA model, the procedure had a 95.8%

predictive ability providing high degrees of sensitivity with a

stronger metabolite feature selection. Quantitatively, C. genistoides

was found to be in higher amounts across the samples (>97%),

whereas S. tortuosum was found in lower quantities (<3%). For this

study, the UPLC-MS conditions were optimised for C. genistoides

but these conditions were not necessarily optimal for S. tortuosum.

A major limitation of this particular study was that the UPLC-MS

procedure alone could thus not conclusively efficiently distinguish

the plant components of the herbal mixtures that contained S.

tortuosum along with another species. Combining hyperspectral

imaging with chemometrics proved a more powerful and

reproducible tool for the quality control of herbal tea blends

containing Sceletium and honeybush.

It is not clear why there are so few reports on the isolation and

characterisation of channaine; however, it is likely that analytical

methods being used by researchers are not necessarily optimised for

the detection of this unusual alkaloid channaine. We speculate that

this compound may also be produced at minor levels during the

lifetime of the plant, making it even more difficult to isolate. Veale

et al. (2018) aimed to structurally elucidate the alkaloid, channaine

from S. tortuosum. This was the second time that channaine was

detected since its initial characterisation by Abou-Donia et al.

(1978). This was the first full NMR analysis of channaine in the

literature. Chemical structures were resolved using 1 H, 13C, COSY,

HSQC, and HMBC NMR spectroscopy.

The search for novel chemicals from Sceletium species has

found renewed interest. Recently, Yin et al. (2019) performed an

extraction of S. tortuosum and isolated sceletorines A and B for the

first time with these authors making suggestions on plausible

biosynthetic pathways associated with sceletorine production.

This kind of information is largely missing in terms of novel

alkaloids that become periodically identified in Sceletium samples

by different research groups. The isolated alkaloids were established

to be precursors of the alkaloid channaine identified in previous
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studies (Abou-Donia et al., 1978; Veale et al., 2018). It was ruled out

that these phytochemicals were artefacts as a result of processing

due to their presence in fresh material. Sensitivity, reproducibility,

and comparison with a reference method of these two new alkaloids

were not presented in the paper.

Reddy et al. (2022) investigate the chemotypic variation across

populations of Sceletium species. This is one of the few studies

looking at the chemical composition of other species in the genus

and the only one to report on the chemical composition of S. rigidum

and S. emarcidum. The analytical technique of HPLC-MS-MS was

employed, and data were processed using Feature-based Molecular

Networking to annotate and investigate the chemical space in greater

detail to identify minor and coeluting phytochemicals. The study put

forward in silico results supporting that minor phytochemicals

identified in Sceletium species may also be responsible for the

therapeutic activities observed in the literature (Harvey et al., 2011;

Krstenansky, 2017).

The main challenges associated with the purification and

identification of Sceletium alkaloids are linked to irreversible

adsorption to column packing materials, excessive tailing, and

poor recovery as well as catalytic changes encountered with solid

supports in various analytical systems (Yang and Ito, 2005). This

can be overcome to some extent by high-speed counter-current

chromatography (HSCCC) (Shikanga et al., 2011) and non-aqueous

capillary electrophoresis coupled to mass spectrometry (NACE-

MS) (Roscher et al., 2012).

Overall analytical techniques should be performed to assess

sensitivity, reproducibility, and comparison with a reference

method (i.e., GC-MS) (Shikanga et al., 2012c; Zhao et al., 2018).

From the current state of analytical techniques used in the quality

control of Sceletium, GC-MS, LC-MS, and HPLC-MS will continue

to remain popular going forward (Table 2). However, for the

effective identification of adulterants and contamination in

samples, more advanced tools in tandem with different detectors

need to be utilised. Two analytical techniques that stand out for the

rapid analysis of samples are direct analysis in real-time ionisation

coupled with high-resolution time-of-flight mass spectrometry

(DART-HR-TOF-MS) (Lesiak et al., 2016) and leaf spray MS

(Freund et al., 2018). These methods do not require the

processing of material, and as such there is no solvent bias, loss

of phytochemicals during extraction, or artifacts from extraction

procedures. Nevertheless, the limitations of these methods are that

the machines are not common, are expensive, and require

specialised components that may prove to be more laborious to

assemble. With these in mind, the application of NMR analysis

coupled with chemometrics (Zhao et al., 2018) will also gain more

popularity in quality control assurance practices. Non-destructive

methods such as hyperspectral imaging may provide additional

analytical power for use in commercial settings (Sandasi et al., 2016,

2018). Further advancements in analytical techniques will likely

result in novel methods that may be used in the future.

The major and minor alkaloid classes amongst Sceletium species

have been shown as a pie chart diagram (Figure 11). This diagram

represents what past chemical analysis studies have reported to be

detected in Sceletium. It should be noted that this is just

representative of what the respective authors searched for (refer
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to Table 2) and not of the true alkaloidal distribution in planta in

Sceletium. The distribution of major and minor alkaloid classes in

different plants of Sceletium has been shown to be highly variable,

and at times, plants from the same population may have differing

amounts of a particular alkaloid; this has been hypothesised to be

resultant from chemical plasticity that may be associated with

environmental and genetic responses (Reddy et al., 2022).
Fermentation of Sceletium

The fermentation of Sceletium and the effect on the medicinally

important alkaloids have been of interest due to the traditional

preparation and the anecdotal reports of the plant becoming more

euphorically potent when fermented (Smith et al., 1996). Although

the traditional method of using an animal skin bag is no longer used

nowadays, fermentation is thought to enhance the levels of these

alkaloids and reduce oxalates, which in turn increases the mood-

elevating activity of Sceletium (Smith et al., 1996). There seems to be

some incongruency in reports related to the effects of fermentation,

which further highlights work that needs to be done to better

understand the metabolic pathways of these alkaloids and at which

steps to manipulate levels.

Many analyses have investigated the effect of fermentation on

the alkaloid profile in S. tortuosum (Table 3). Smith et al. (1998)

used the plastic bag fermentation followed by GC-MS analysis.

Their findings indicated that the mesembrine alkaloid composition

was comparable with that of the oven-dried (80°C) samples.

However, in the fermented sample, there was a significant

increase in mesembrenone levels whereas levels of 4′-O-
demethylmesembrenol and mesembrine decreased. Patnala and

Kanfer (2009) further investigated the role of fermentation in

alkaloid composition in Sceletium using HPLC-MS, where levels
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of mesembrine decreased [from 1.33% to 0.05% (w/w)], with

suspected transformation into D7mesembrenone. Roscher et al.

(2012) also investigated the change in alkaloid composition as a

result of sample fermentation. No qualitative data were presented in

this study; instead, the authors report that no overall change in the

alkaloid concentrations as a result of fermentation were detected.

The studies conducted up until this point were suggestive that the

traditional processing of the plant material through fermentation

did not affect the overall potency of the material as there was a

decrease or no change in mesembrine levels (Smith et al., 1998;

Patnala and Kanfer, 2009; Roscher et al., 2012). However, the most

recent study by Chen and Viljoen (2019) reported that the total

alkaloid content increased as a result of fermentation. They reported

that while mesembrine levels increased (from below 1.6 mg/mL to

7.40 mg/mL–20.8 mg/mL), there was only a marginal increase in

mesembrenol and mesembranol content and a significant decrease

in mesembrenone content. This study supports the traditional

preparation of Sceletium plant material to increase the mood-

elevating effects of S. tortuosum. It may be worthwhile to

investigate if phytochemical formation or breakdown is

dependent on pH in these analyses and that future analyses

should control for this. Previous studies have not indicated the

pH of their extracts or used them in their analyses.

Comparing the fermentation studies available in the literature

thus far, it is clear that there is no conclusive evidence that

fermentation results in a consistent change in the alkaloid profile.

More investigation is needed to understand how fermentation

affects alkaloids in Sceletium and what the best method of

fermentation is that most accurately represents traditional

ethnobotanical preparation. A better understanding of the

biosynthetic pathway(s) could assist in understanding how

fermentation influences the metabolite profile. Currently, the

biosynthetic pathway of mesembrine-type alkaloids as suggested

by Jeffs et al. (1971a) proposed that the perhydroindole portion of

mesembrine comes from tyrosine and the aromatic group is derived

from phenylalanine. The cinnamic acid derivatives are produced

from phenylalanine, but the 3′-aryl oxygen substituent is proposed

to be introduced in later steps involving a biosynthetic reaction with

sceletenone, mesembrenone, and 4′O-demethylmesembrenone

(Jeffs et al., 1978). Since studies in 1971 and 1978, the

biosynthetic pathway has not been revised and we thus suggest

this become a future avenue of investigation to better understand

how fermentation affects the alkaloid profile, pinpointing not only

biochemical changes that occur but also the key enzymes and

genetic regulatory steps that may control this metabolism.
Present-day ethnobotanical use

Although there is limited current ethnobotanical information

on the prevalence of use of the Sceletium genus in modern times, the

work by Philander (2011) focusing on a group of Rastafarian

herbalists clearly points out to the importance of S. tortuosum as

the main species that is collected as a phytomedicine to reduce

depression and anxiety and in some cases, it is consumed together

with Cannabis sativa, for spiritual purposes (Schell, 2014). With the
FIGURE 11

Alkaloid diversity reported based on scientific literature across
analytical techniques used to study Sceletium.
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increased public interest in biogenic drugs such as Sceletium,

numerous companies have appeared online selling Sceletium in

raw powdered form, tablets, teas, and snuffs. This increased

popularity may well pose a significant conservation threat to the

species if populations are collected from the wild. It appears that

some of the present-day uses by indigenous communities of the

plant are consistent with the historical uses, i.e., for euphoria and as

a mood elevator (Smith et al., 1996; Gericke and Viljoen, 2008).
Biological activities of Sceletium extracts
and isolated alkaloids

There are limited reports that support the hunger and thirst

suppression effects that are claimed of Sceletium. There are, however,

several reports on the ‘mood elevation’ activity, particularly focussed

on the potential of Sceletium to aid with anxiety and depression

(Table 4). Recently, there have been more studies that are focused on

the pharmacology of Sceletium, notably in areas linked to in vivo

actions and clinical trials of tested extracts (Table 4). The body of

pharmacology research on Sceletium is quite extensive, with the

majority of the reported biological activity being interactions with

the central nervous system (CNS) and related neurological pathways

(antidepressant, anxiolytic, and psychoactive activity). The scope of

the observed CNS activity is broad with observed anxiolytic and

antidepressant activity demonstrated for extracts and isolated

compounds of Sceletium (Table 4). Additionally, there are more in

vivo behavioural inquiries on rats using a range of pharmaceutical

tests (Figure 6D) exhibiting CNS-related activities ranging from

suppressant (e.g., anxiolytic and sedative) to excitatory (e.g.,

antidepressant) activity. Although there is a shift to more in vivo

studies, there is still much to be tested in terms of different

chemotypes and to understand the pharmacokinetics of individual

phytochemicals and potential synergism between phytochemicals,

aside from mesembrine.

Bennett and Smith (2018) confirmed that a high-mesembrine

Sceletium extract, Trimesemine™, could hold potential therapeutic

activity in cytokine-induced depression, and they propose that the

extract modulates the basal inflammatory cytokine profile whilst

maintaining that there is no change in the acute response to

pathogenic challenge. Furthermore, these findings illustrate a direct

benefit to the attenuation of systemic low-grade inflammation in

immune cells. This particular study did not test individual alkaloids,

and such could not pinpoint the phytochemical constituent(s)

responsible for the observed activity. In the future, chemical isolates

may prove beneficial if the intention is to correlate bioactivity with

specific alkaloid constituents so that our overall understanding of

which phytochemicals hold bioactivity can be clarified.

Receptor screening of Zembrin® (a standardised extract of

Sceletium tortuosum) was conducted against 77 radioligand binding

assays (0.75 mg/mL and a panel of phosphodiesterases) to compile a

comprehensive list of potential CNS and other pharmacological

targets (Harvey et al., 2011). The extract showed binding at the

serotonin (5-HT) transporter, d2- and m-opioid receptors, the

cholecystokinin-1 receptor, >80% inhibition at GABA receptors

(non-selective), and PDEs 3 and 4 (Harvey et al., 2011). Some of
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the therapeutic applications of these targets are emesis, obesity,

anxiety, and migraine linked to the serotonin (5-HT) transporter

(Pithadia and Jain, 2009). The d2- and m-opioid receptors are

involved in maintaining epileptic seizure, emotional responses,

immune function, obesity, cell proliferation, respiratory and

cardiovascular control, and several neurodegenerative disorders

(Feng et al., 2012). The cholecystokinin-1 receptor is involved in

gastrointestinal and metabolic diseases (Berna and Jensen, 2007),

whereas GABA receptors are involved in pathologies ranging from

epilepsy, schizophrenia, anxiety disorders, and premenstrual

dysphoric disorder (Wong et al., 2003). The PDE3 receptor is

responsible for platelet activation/aggregation (Beca et al., 2011)

and vascular smooth muscle proliferation (Beca et al., 2011; Begum

et al., 2011), whereas the PDE4 receptor is linked to inflammatory

conditions including asthma, chronic obstructive pulmonary

disease (COPD), psoriasis, atopic dermatitis (AD), inflammatory

bowel diseases (IBD), rheumatic arthritis (RA), lupus, and

neuroinflammation (Li et al., 2018). This report only presented

findings on the affinity of Zembrin® to different receptors. Further

studies would need to be investigated for activity against these specific

pathologies. Plant extracts have numerous metabolites that work in

synergy to affect their biological influence, and it is thus possible that

multiple metabolites are potentiating the mood-elevated activity aside

from mesembrine alone, as suggested by Lubbe et al. (2010). The

Harvey et al. (2011) study supports ethnobotanical use as a mood

elevator by the observed serotonin transport activity in response to

Zembrin®. The serotonin receptor influences a myriad of biological

and neurological processes such as anxiety, appetite, aggression, and

depression (Mück-Šeler and Pivac, 2011; Zhang and Stackman,

2015). Evidence of anxiolytic effects of Sceletium in humans

(Gericke and Viljoen, 2008) has partially been supported in a study

using a rat model of restraint induced stress (Smith, 2011). The

binding of compounds to various sites on the 5-HT transporter

(SERT) is considered evidence of potential serotonin reuptake

inhibition, a common target of antidepressant drugs. A selection of

alkaloids, mesembrine, mesembrenone, and mesembrenol, from

Sceletium tortuosum, were tested for their affinity for SERT with

Ki’s of 1.4 nM, 27 nM, and 63 nM, respectively (Harvey et al., 2011).

These values were significantly higher than other alkaloids, such as

buphanidrine or distichamine, isolated from Amaryllidaceae, with

reported Ki’s of 312 mM and 868 mM, respectively (Neergaard et al.,

2009). These compounds have been found to already possess well-

established antidepressant activity, found in Boophone disticha (L.f.)

Herb (Amaryllidaceae) (Neergaard et al., 2009). There is some

evidence that argues against Sceletium purely acting as a selective

serotonin reuptake inhibitor (SSRI), as repeated administration of

SSRIs has been linked to hyposensitivity to SSRIs, as a result of

an upregulation in PDE4 (Ye et al., 2000). However, it has been

demonstrated that PDE4 activity decreased after Sceletium

administration (Harvey et al., 2011). The Harvey et al. (2011) study

was the only one testing a S. tortuosum extract on a number

of receptors. Although the authors’ study looked at the

pharmacokinetics of individual compounds against each receptor, it

may be valuable to examine the extracts with varying concentrations

of compounds as a means to assess samples in a context more aligned

with ethnobotanical use.
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TABLE 4 The CNS-related activity of Sceletium tortuosum extracts and compounds (*Note that TRI is an extract of a S. tortuosum and
S. expansum hybrid).

Effect Compound/
extract

Model/target Positive control Formulation/
dosage

Result/mechanism/
method

Reference

Alzheimer’s
dementia

Zembrin extract Neuropsychological
tests: CNS Vital
Signs and Hamilton
depression rating
scale (HAM-D)
(targeted at PDE-4)

Placebo capsule, no
herbal extract

In vivo—clinical
trial
25 mg

Zembrin significantly
improved cognitive flexibility
(p < 0.022) and executive
function (p < 0.032) as
compared with placebo

(Chiu
et al., 2014)

Analgesic Zembrin extract Rat pharmaco-EEG
(Tele-Stereo-EEG)

0.9% NaCl (1 ml/kg),
showed minor effects to
delta and alpha2 power
in frontal cortex

In vivo
1.0, 2.5, 5.0, and
10.0 mg/kg

Zembrin showed second
strongest effects were
reduction in both the delta
and the theta signals

(Dimpfel
et al., 2016)

Full alkaloid
extract, the
alkaloid enriched
fraction,
and mesembrine

Hotplate assessment
of analgesic activity

Morphine (5 mg/kg),
increased hotplate
latency response

In vivo
100, 20, and 20
mg/kg

Mesembrine showed an
increased hotplate
latency response.

(Loria
et al., 2014)

Antidepressant Zembrin extract Flinders Sensitive
Line (FSL) rat
model in Forced
swim assessment
and open field test
(OFT) of
antidepressant
activity

Escitalopram In vivo
5, 10, 25, 50, or
100 mg/kg

Zembrin at doses of 25 mg/kg
and 50 mg/kg significantly
reduced immobility compared
with saline controls—
supporting dose-dependent
antidepressant-like activity

(Gericke
et al., 2022)

Chloroform
extract of
S. tortuosum

Chick anxiety-
depression model

Imipramine (10 mg/kg),
exhibited no effects in
anxiety phase but
increased DVoc3 in early
and late phase
depression state.

In vivo
10, 20, 30, 50, 75,
100 mg/kg

At concentrations of 10 mg/
kg-30 mg/kg extract showed
no effect on depressive state.
Concentration of 75 mg/kg-
100 mg/kg exhibited no effect
on depressive state.

(Carpenter
et al., 2016)

Zembrin extract Rat pharmaco-EEG
(Tele-Stereo-EEG)

Citicoline (46 mg/kg),
rolipram (0.1 mg/kg

in vivo
1.0, 2.5, 5.0 and
10.0 mg/kg

Attenuation of alpha1 waves
emerged during the highest
dosage in all brain areas.

(Dimpfel
et al., 2016)

Trimesemine
extract (TRI*)

Cell culture (SERT
and VMAT-2:
human astrocytes
and murine
hypothalamic
neurons)

10 mM citalopram,
significant
downregulation of SERT
and no effect on
VMAT-2

In vitro
1.0, 0.1, 0.01,
0.001, and 0.0001
mg/m

1 mg/ml extract showed
comparable activity with
positive control (15 min,
SERT), 1 mg/ml and 0.1 mg/
ml extract showed comparable
activity with citalopram (30
min, SERT). Significantly
higher VMAT-2 expression
noted at extract concentration
of 1 ml/ml (15 min, VMAT-2)

(Coetzee
et al., 2016)

Full alkaloid
extract, the
alkaloid enriched
fraction,
and mesembrine

Forced swim
assessment of
antidepressant
activity

Imipramine (15 mg/kg),
decreased float time

In vivo
100, 20, and 20
mg/
kg, respectively

Mean float time for alkaloid
enriched fraction was
significantly lower
than vehicle.

(Loria
et al., 2014)

Zembrin extract,
mesembrine,
mesembrenone
and
mesembrenol

5-HT transporter
binding assay and
PDE4 inhibition (77
radioligand binding
assays in broad
receptor profiling)

Range of controls for
each receptor

In vitro
750 mg/ml for
Zembrin, 3 M for
isolated
compounds

Zembrin exhibited potent 5-
HT binding (IC50 4.3 g/ml)
and PDE4 inhibition (IC50 8.5
g/ml). The isolated alkaloid,
mesembrine was the most
active alkaloid against the 5-
HT transporter (Ki 1.4 nM),
whereas mesembrenone was
active against the 5-HT
transporter and PDE4 (IC50’s
< 1 M). More than 50%

(Harvey
et al., 2011)

(Continued)
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TABLE 4 Continued

Effect Compound/
extract

Model/target Positive control Formulation/
dosage

Result/mechanism/
method

Reference

inhibition was observed in the
5-HT transporter, GABA
receptors, 2-opioid receptors,
and cholecystokinin-1 targets.

Anti-epileptic Zembrin extract Glutamate receptor
assays (rat
hippocampus)
NMDA receptor,
AMPA receptor,
Metabotropic
Glutamate Group I/
II receptor,
Metabotropic
Glutamate Group
III receptor

0.05 µM trans ACBD
(NMDA agonist) - slight
but significant decrease in
signal, 0.10 µM (S)-(-)-5-
fluorowillardine (AMPA
agonist)- not able to exert
action, 0.025 µM (±)
trans ACPD
(metabotropic glutamate
receptor I/II agonist)—no
change in signal, 0.05 µM
O-Phospho-L-Serine
(Metabotropic Glutamate
Group III receptor
agonist)- no change
in signal

ex vivo
5 and 10 mg/kg
Zembrin per day

Repetitive Zembrin
administration resulted in
mediation of AMPA and
NMDA receptor associated
with epileptic episodes.

(Dimpfel
et al., 2018)

Mesembrine,
Mesembranol,
Mesembrenol
and
Mesembrenone

Glutamate receptor
assays - Artificial
cerebrospinal
fluid (ACSF)

0.10 µM (S)-
(-)-5-Fluorowillardine

In vitro
8.65 nM
Mesembrine, 17
nM for
mesembranol,
mesembrenol,
and
mesembrenone

Mesembrenol and
mesembranol were able to
prevent action of AMPA
agonist associated with
epileptic seizures.

(Dimpfel
et al., 2018)

Anxiolytic Ethanolic extract
of Zembrin
(isolated
compounds)

Zebrafish model
assay (Thigmotaxis
and
locomotor activity)

Diazepam (2.5, 5, 10 mM)
exhibited best anxiolytic
activity at 10 mM.

In vivo (extracts at
10, 15, 30, 50 mM)

Mesembrine, mesembranol,
mesembrenol, and
mesembrenone all
demonstrated anxiolytic-like
activity (50 mM illustrated
highest activity).

(Maphanga
et al., 2022)

Chloroform
extract of
S. tortuosum

Chick anxiety-
depression model

Imipramine (10 mg/kg),
exhibited no effects in
anxiety phase but
increased DVoc in early
and late phase
depression state.

In vivo
10, 20, 30, 50, 75,
100 mg/kg

At concentrations of 10-30
mg/kg extract showed no
effect on anxiety.
Concentration of 75 mg/kg-
100 mg/kg exhibited
anxiolytic activity.

(Carpenter
et al., 2016)

Full alkaloid
extract, the
alkaloid enriched
fraction,
and mesembrine

Elevated plus maze
assessment of
anxiolytic activity

Chlordiazepoxide (5 mg/
kg), spent more time on
the open arms than
vehicle control

In vivo
100, 20, and 20
mg/
kg, respectively

No observed reduction in
anxiety. None of the samples
altered the time spent on open
arms (none
statistically significant)

(Loria
et al., 2014)

Zembrin extract Pharmaco-fMRI
(Perceptual-Load
and Emotion-
Matching Task)
human trial (5-HT
and PDE4)

Placebo capsule, only
inert excipients

In vivo—clinical
trial
25 mg

Zembrin resulted in a
reduction in anxiety through
reduction of amygdala
reactivity in response to
unattended facial fear.

(Terburg
et al., 2013)

Methanol extract
of S. tortuosum

Elevated plus maze
for
psychological stress

0.85% sterile saline In vivo
5 or 20 mg/kg/day
of S. tortuosum
extract for 17 days
by daily
oral gavage

Low doses (5 mg/kg/day) of
extract showed marginal
positive anxiolytic effects
however both doses (5 and 20
mg/kg/day) illustrated
negative side effects
(inflammation and
immune suppression).

(Smith, 2011)
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In vivo testing of Sceletium alkaloids has been performed

using rat models designed for mental disorders such as

neurodegeneration, like Alzheimer’s disease (AD), epilepsy,

and depression (Loria et al., 2014) (Figure 6C). Loria et al.

(2014) found that mesembrine from S. tortuosum had

analgesic and antidepressant activity. Sceletium species have

exhibited potential therapeutic activity in vivo using rodent

models for AD, anxiety, and depression (Gericke and Viljoen,

2008; Krstenansky, 2017). A summary of the CNS-related

activity, together with the recent anti-inflammatory activity of

Sceletium, is presented in Table 4. With the PDE4 activity of

Sceletium extracts noted by Harvey et al. (2011) and new in vivo

on the receptor itself, there is evidence suggesting that inhibitors

from Sceletium can aid to reverse depression, improve cognitive

ability, and reduce anxious states. The anxiolytic activity of

Sceletium may be attributed to other mechanisms in addition

to serotonin-reuptake inhibition such as monoamine release

(Coetzee et al., 2016). In vivo testing of Sceletium alkaloids has

been performed using rat models designed for mental disorders

such as neurodegeneration, like Alzheimer’s disease (AD),
4 Increase in capacity for mental strain and reduction in fatigue.
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epilepsy, and depression (Loria et al., 2014) (Figure 6C). Loria

et al. (2014) found that mesembrine from S. tortuosum had

analgesic and antidepressant activity. Sceletium species have

exhibited potential therapeutic activity in vivo using rodent

models for AD, anxiety, and depression (Gericke and Viljoen,

2008; Krstenansky, 2017). A new structure–function relationship

for Sceletium alkaloids was suggested by Timoneda et al. (2019);

tests performed on rats using Zembrin® found new evidence of

electric excitability of the rat hippocampus supporting this

new relationship.

The summarised findings of the proposed molecular

mechanisms related to the mood elevation and neuroprotective

and anti-inflammatory activity of Sceletium is presented in

Figure 12. The exact mechanisms of action in the case of

Sceletium and its alkaloidal metabolites are largely unknown;

however, some receptor-based in vivo and clinical trials have

been performed.

Mesembrenone has shown anti-tumour activity against a

murine non-tumoral fibroblast cell line and a human tumoral

cell line (Molt4), and Weniger et al. (1995) tested 25 alkaloids

from Amaryllidaceae with only mesembrenone showing some

specificity for Molt4 cells. Extracts high in mesembrine and D7

mesembrenone were shown to exert anti-inflammatory and
TABLE 4 Continued

Effect Compound/
extract

Model/target Positive control Formulation/
dosage

Result/mechanism/
method

Reference

Ataxia Full alkaloid
extract, the
alkaloid enriched
fraction,
and mesembrine

Rotarod assessment
of ataxia

Muscimol (2 mg/kg), fell
off the drum significantly
faster than vehicle
treated group

In vivo
100, 20, and 20
mg/
kg, respectively

The alkaloid-enriched fraction
showed statistically lower
times in assay and higher
possibility of ataxia than
mesembrine and full
alkaloid extract.

(Loria
et al., 2014)

Cognitive-
enhancement

Zembrin extract Rat pharmaco-EEG
(Tele-Stereo-EEG)

0.9% NaCl (1 ml/kg),
showed minor effects to
delta and alpha-2 power
in frontal cortex

In vivo
1.0, 2.5, 5.0, and
10.0 mg/kg

Comparable activity observed
in Zembrin as seen in
controls, Rolipram and
Citicoline. Reduction in
activity observed in
dopaminergic and
glutamatergic
transmitter systems

(Dimpfel
et al., 2018)

Neurodegenerative
(Alzheimer’s
dementia
and Parkinson’s)

Trimesemine
extract (TRI*)

Enzyme assays
(MAO-A
and AChE)

Galanthamine (0.0025
mg/ml, AChE), clorgyline
(0.015 mg/ml, MAO-B)

In vitro
1.0, 0.1, 0.01,
0.001, and 0.0001
mg/m

TRI showed 30% inhibition
against AChE at concentration
of 2 mg/ml (IC50 AChE:
unattainable, IC50

Galanthamine: 12.4 mg/ml).
TRI showed 40% inhibition
against MAO-B at
concentration of 2 mg/ml
(IC50 MAO-B: 408 mg/ml,
IC50 clorgyline: 0.015 mg/ml)

(Coetzee
et al., 2016)

Ergogenic
4

Zembrin extract Mood questionnaire
a visual analog
scales (VASs) – to
assess fatigue and
focus. Additionally,
reactive
performance
assessments:
multiple
object tracking.

Not applicable Not applicable Significant improvement was
observed in reactive
performance in complex
reactive task to improve
cognitive load. No
improvement in mood for
sample group.

(Hoffman
et al., 2020)
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antioxidant activities in vitro, respectively (Bennett et al., 2018).

The mesembrine-rich extract, which was less refined as

compared with the D7 mesembrenone extract, exhibited broad

dose range efficacy and may serve as a promising therapeutic in

the setting for chronic diseases, being safe when administered at

low doses. Due to the aetiology of both diabetes and obesity

being linked to inflammation and excess glucocorticoid

production, these findings may hold value in chronic lifestyle

disease management such as diabetes types 1 and 2. For such

data to be translated into a pharmaceutical drug discovery chain,

endocrine-immune (IL-6 and MCP-1) interactions need to

be investigated.

The potential therapeutic activity of mesembrine alkaloids

toward inflammatory diseases ranging from asthma, chronic

obstructive pulmonary disease, psoriasis, and treating

depression has been investigated (Houslay et al., 2005). The

anti-inflammatory activity is suspected to be due to the activity

of mesembrine-HCl acting as an inhibitor of phosphodiesterase-

4 (PDE4), with observed activity at an IC50 of 29 µM

(Napoletano et al., 2001). The selective inhibition of the PDE4

family of enzymes is predicted to generate great functional

effects, as evidenced by PDE4 enzymes being a major

therapeutic target for inflammatory diseases (Gericke and

Viljoen, 2008). PDE4 has also been identified to play a role in

the inflammatory system (Banner and Trevethick, 2004; Dastidar

et al., 2007; Li et al., 2018). Harvey et al. (2011) found that the

alkaloids mesembrenol, mesembrine, and mesembrenone

inhibited PDE4B with IC50 values of 16, 7.8, and 0.47 mM,

respectively. The positive control, rolipram, had an IC50 for

PDE4B of 0.13 mM (MacKenzie and Houslay, 2000). Another
Frontiers in Plant Science 25171
enquiry illustrated the activity of Zembrin® in vivo to correlate

this mechanism of action observed in vitro in freely moving rats

interpreted as an electopharmacogram5 (Dimpfel et al., 2016).

More recent studies include the work of Reay et al. (2020),

where the anxiolytic properties of Zembrin® were assessed in a

double-blind, placebo-controlled behavioural study with healthy

human volunteers. A dose of 25 mg was administered, and stress

was assessed amongst young human adults using multitasking and

simulated public speaking frameworks. The study failed to replicate

previously reported enhancement of cognitive function, and this

was the first evidence of Zembrin® having no impact on non-

executive memory processing in healthy participants.

Maphanga et al. (2020) assessed the anxiolytic activity in a

zebrafish behavioural assay for a number of medicinal plants, one of

which was S. tortuosum. Additionally, no toxic effects were observed

on the zebrafish in the assay. The model proves to be an appropriate

and repeatable assay for assessing the anxiolytic activity of Sceletium

extracts. Supporting this work is the rising application of the

zebrafish animal model as it is claimed to be adequately

comparable with humans, sharing approximately 70%–80%

genetic homology with humans (Barbazuk et al., 2000; Goldsmith,

2004). The ergogenic effect of a S. tortuosum supplement was

studied using men and women for 8 days (Hoffman et al., 2020),

but no benefits in mood were observed. However, there were

significant improvements noted in complex reactive performance

tasks that include the stress of cognitive load. Other forms of
FIGURE 12

Summary of the mechanistic actions reported in literature for Sceletium mesembrine metabolites acting on targets regulating mood elevation (GABA
and 5-HT), neurodegenerative disease (AChE), and inflammation (PDE4).
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assessments linked to measuring cognitive and mood information

may yield different results. Furthermore, no pharmacokinetics and

absorption data were presented in the study.

Maphanga et al. (2022) assessed isolated alkaloids from the

extract described in Shikanga et al. (2011), at concentration ranges

of 10 mM, 15 mM, 30 mM, and 50 mM with the greatest activity

across alkaloids observed at 50 mM, using a zebrafish assay that

focused on toxicity, measured as MTCs (maximum tolerated

concentrations), where locomotor activity was above 50 mM. The

study of Gericke et al. (2022) reported that Zembrin at doses of 25

mg/kg and 50 mg/kg was effective as an antidepressant in the forced

swim test (FST) and performed better than the control

(escitalopram). This was the first study to date that compared

Zembrin with an SSRI in a rodent model of this kind, supporting

the therapeutic use of S. tortuosum for mood disorders.

Bioavailability studies on Sceletium and its alkaloids are greatly

lacking in research. Shikanga et al. (2012a) presented findings on the

permeability of mesembrine across the buccal, intestinal, and

sublingual mucosal membranes. In that study, mesembrine had a

higher permeability across intestinal tissue than the positive control

caffeine but the permeability was lower in the buccal and mucosal

sublingual membranes. Manda et al. (2017) showed that the oral

bioavailability of mesembrine and mesembrenone in mouse plasma

(using UHPLC‐QToF‐MS) was poor and below the detection limit.

Bioavailability information regarding other alkaloids and chemotypes

from Sceletium is still not documented in terms of data on the

permeability of these alkaloids across buccal, intestinal, and

sublingual mucosal tissues. It is thus imperative that more attention

should be placed on such to provide new evidence linked to

bioavailability in order to support or refute ethnobotanical claims.

It may also be of interest to monitor cultivated and commercially

available samples for pesticide residues and toxic alkaloids in other

plants that may have mistakenly been gathered during the harvesting

of wild populations of S. tortuosum, as this species is often found

under the canopy of other small shrubs in the wild and in close

association with a diverse range of other species. At this present time,

there is no information in this respect and the monitoring of plant or

chemical contaminants is thus urgently needed.
Biological associations

Recently, a new avenue of investigation was based on

investigating the association of endophytic fungal communities

on S. tortuosum (Manganyi et al., 2018) (Table 5). Fusarium,

Aspergillus, and Penicillium were amongst the fungal endophytes

found in the plant. In total, there were 60 endophytic fungal species

successfully isolated and identified, belonging to 16 genera. The

antibacterial activity of this endophytic fungi was also investigated,

where it was found that some fungal isolates could provide sources

of novel antimicrobial agents against antibiotic-resistant strains

(Manganyi et al., 2019). This is also the first investigation to

report on secondary metabolites from endophytic fungi,

F. oxysporum (GG 008, accession no. KJ774041.1), isolated from

S. tortuosum (Manganyi et al., 2019).
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Plant propagation techniques

Faber et al. (2020) reported on the influence of soilless growth

medium (pure silica sand, 50% silica sand with 50% coco peat, 50%

silica sand with 50% vermiculite, and 50% silica sand with 50%

perlite) and fertigation regimes (nutrient solution administered in

intervals from 1 to 5 weeks) on shoot and root growth as well as how

these factors influenced alkaloid levels (D7-mesembrenone and

mesembrine). Higher mesembrine levels were detected in the

shoots whereas roots had higher concentrations of mesembrenone

and D7-mesembrenone. The major observation is that the influx of

secondary metabolites in S. tortuosum seems to possibly respond to

biotic and abiotic factors (Bourgaud et al., 2001; Ashraf et al., 2018).

To date, there have only been three studies investigating the

micropropagation of the medicinally important, S. tortuosum

(Sreekissoon et al., 2021a, 2021b; Makunga et al., 2022). The illegal

harvesting and exploitation of S. tortuosum, due to the demand as a

recreational drug linked to its euphoric properties, is a driving factor

for the dire need for the development of micropropagation

techniques. This approach could offer a direct and standardised

source of mesembrine alkaloids. Sreekissoon et al. (2021b)

investigated whether in vitro regeneration of micropropagules with

auxins could be acclimated ex vitro. Sreekissoon et al. (2021a) confirm

how smoke water influences the germination, seedling vigour and

growth of S. tortuosum when it is applied at ratio of 1:1,000. A

limitation of these studies was that key biomarker compounds were

not monitored in the microplant regenerates. Makunga et al. (2022)

generated different in vitromorphotypes and showed for the first time

that D4-mesembrenone, mesembrenol, mesembrine, and

mesembranol accumulate in micropropagated plants and callus.

The utilisation of micropropagation using the dehydrating and

rehydration technique outlined in this report resulted in in vitro

mesembrine accumulation comparable with wild-type material

collected (Zhao et al., 2018).
Legislation, toxicology, and safety of
Sceletium alkaloids

Toxicological assessments on Sceletium are limited with the first

formal in vivo toxicological assay being performed byMurbach et al.

(2014) on the mesembrine-rich extract Zembrin® (Table 5). They

found that Zembrin®, in male and female Crl:(WI)BR Wistar rats,

showed no mortality or treatment-related adverse effects spanning

14 or 90 days with doses of 600 mg/kg bw/day and 5,000 mg/kg bw/

day, respectively (Murbach et al., 2014). A greater effort in

understanding cytotoxic effects of Sceletium-derived extracts and

their potential drug–herb interactions is also urgently needed.

However, Brendler et al. (2021) indicated that there are no drug–

herb interactions that are currently known, although these authors

indicate for wise use of serotonin uptake or release medications that

may be prescribed for psychiatric conditions.

Clinical administration of S. tortuosum has been carried out by

Gericke (2001). The clinical case study reported on three individuals

who have been prescribed S. tortuosum in tablet form. Patients were
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TABLE 5 Other notable biological activity of Sceletium tortuosum extracts and compounds (*Note that TRI is an extract of a S. tortuosum and S.
expansum hybrid).

Effect
compound/
extract

Model/Target
Positive
control

Formulation/
dosage

Result/
mechanism/method

Reference

Anti-bacterial

Secondary
metabolites from
endophytic fungi
on S. tortuosum
(tested against
Gram-positive
and Gram-
negative bacteria)

Disc diffusion assay
Enterococcus
gallinarum

in vitro
1 × 107 cells/mL of
bacteria suspensions for
each isolate

Fusarium oxysporum
displayed antibacterial
activity, linked to high levels
of 5-hydroxymethylfurfural
(HMF) and octadecanoic
acid. Narrow spectrum of
activity observed in 15% of
the fungal extracts.

(Manganyi
et al., 2019)

Anti-HIV
S.
tortuosum extract

Inhibition activity
against HIV-1
enzymes; HIV-1
protease assay, HIV-1
reverse transcriptase
colorimetric assay
and HIV-1 Integrase
colorimetric assay

10 mg/mL Acetyl
pepstatin (92.6%),
25 mg/mL
Doxorubicin
(90.1% inhibition),
Sodium azide

in vitro
25, 50, 100, 150, 200
and 250 mg/mL
(Protease assay). 25, 50,
100, 150, 200, 250 mg/
mL (reverse
transcriptase assay). 0.2,
0.4, 0.8, 1 and 2 mg/mL
(integrase assay)

Inhibition of protease (PR)
and HIV-1 reverse
transcriptase (RT) by ethyl
acetate and ethanol
extracts, respectively.

(Kapewangolo
et al., 2016)

Anti-inflammatory

S. tortuosum
extract (two
extraction
method samples)

Human astrocyte
viability assay

20 mg/ml
Escherichia coli
lipopolysaccharide
(LPS)

ex vivo
1 mg/ml extract A and
3.7 mg/ml extract B

Mesembrine-rich extract
showed cytoprotetive and
anti-inflammatory activity.
Extract B showed notable
activity in improving the
capacity of reductive capacity
in basal mitochondria.

(Bennett
et al., 2018)

Anti-oxidant

S. tortuosum
extract (two
extraction
method samples)

DPPH inhibition Ascorbic acid
in vitro
1 mg/ml extract A and
3.7 mg/ml extract B

Extract B showed good
activity in that the total
phenolic content was 20
times higher than A and
performed comparably with
the positive control
(ascorbic acid)

(Bennett
et al., 2018)

Bioavailability
(Mucosal transport)

Plant extract
(MeOH, water,
Acid extract,
pure alkaloids)

Intestinal, buccal and
sublingual
transport studies

40 µg/mL Caffeine

in vitro Mesembrenone:
90 µg/mL,
Mesembrenol: 80 µg/
mL, Mesembrine: 40 µg/
mL, and
mesembranol: 40 µg/mL
(Pure extracts). Plant
extract at 40 µg/mL)

The water extract illustrated
best permeability. Overall
alkaloids from S. tortuosum
showed relatively good
permeability across
sublingual mucosal tissue
and poor permeability across
buccal tissue.

(Shikanga
et al., 2012a)

Immunomodulatory
Trimesemine™
(TRI*)

Primary human
monocyte viability

1 mg/ml LPS
in vitro
0.01 mg/ml or 1 mg/ml
TRI extract

An up-regulation of
monocyte IL-10 secretion
illustrated anti-inflammatory
activity of TRI at a basal
level. No cytotoxic
effects noted.

(Smith, 2018)

Neuro-protection

S. tortuosum
extract (two
extraction
method samples)

Enzyme assays, AChE
and tyrosinase

Galantamine and
kojic acid

in vitro
1 mg/ml extract A and
3.7 mg/ml extract B

Extract A illustrated mild
inhibitory effects (IC50 –

1.621 ± 0.75) while extract B
acted as a potent inhibitor
(IC50 – 0.5908 ± 0.01).).

(Bennett
et al., 2018)

Stress
and hypertension

Zembrin extract

Randomised, double-
blind, parallel-group,
placebo-controlled
single centre study

D4-cortisol
(15 ng)

in vivo
Clinical trial. 8mg
extract Sceletium
tortuosum (Zembrin),
25 mg extract Sceletium
tortuosum (Zembrin),
and placebo treatment

The apparent difference in
vital signs over duration of
screening period (3 months).
Doses were well tolerated
with reported improvements
in anxiety in sleep.

(Swart and
Smith, 2016)

Safety and tolerance
Trimesemine™
(TRI)

Steroid levels in
human adrenocortical

10 mM Forskolin,
increased steroid

in vitro
1 mg/ml and 1 mg/ml

Inhibition in
androstenedione and

(Nell
et al., 2013)

(Continued)
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being treated for anxiety and depression with one patient having

been diagnosed with a personality disorder (dysthymia). In the

latter case, the patient described an overall decrease in anxiety and

was more able to cope with stress in her life. There were no apparent

withdrawal symptoms for all three individuals once they stopped

taking the treatment.

The plant is often marketed as a food supplement in the South

African natural products sector and not as a scheduled drug.

According to Brendler et al. (2021), regulation of herbal medicinal

products is highly complex and heterogenous because it is linked to

country-specific legislation that governs the use of natural products in

different parts of the world. These authors provided a comprehensive

and detailed discussion with regard to regulatory legislation that

governs the use of Sceletium for human consumption. Some of the

key points incorporated in that paper are summarised briefly below.

In Europe, at present, Sceletium-based products have not been

legally approved, but in Russia, specifically, such products fall under

the category of scheduled pharmaceutical drugs. Zembrin®, a

standardised extract, has had a ‘generally recognised as safe’

(GRAS) status in the United States of America since 2011,

allowing for its inclusion in dietary supplements. On the other

hand, in Canada, natural products with Sceletium have been

approved since 2014 and a wide range of different products are

thus available to consumers. Brendler et al. (2021) advocate for an

intensive push to research, not only Zembrin® but also other

standardised extracts in clinical settings to circumvent regulatory

and legislative barriers that may be restricting a wider acceptance

and entry of Sceletium products into global markets. The United

Nations Office on Drugs and Crime flagged Sceletium as a plant of

concern when reporting on substances of concern in 2013 as part of

a report on the obstacles in the identification and regulation of new

psychoactive substances (UNODC, 2013). The nature of Sceletium

being classified as herbal or dietary supplements often exempts it

from mandatory testing by the US Food and Drug Administration

(FDA). Thus, without adequate quality control and authentication

systems in place, herbal product producers can adulterate samples

with other stimulants such as ephedrine (which has been banned in

herbal products and supplements in Germany) (Lesiak et al., 2016).
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Dietary supplementation is popular for those that partake in

sports recreationally or as professional athletes, and sports

performance-enhancing natural products are thus highly sought

after. Legislation around the utilisation of S. tortuosum extracts for

elite athletes in competitive sports as a dietary supplement hangs in

the balance as some regulatory bodies have denoted its status

under the categories of ‘unauthorised novel food’, and it is included

also in the European Food Safety Authority Compendium of

Botanicals as concerning for human consumption (Jędrejko et al.,

2021). Due to its effects on brain function and cognition, it has not

necessarily been approved for routine use by the World Anti-Doping

Agency (WADA) which regulates permissible dietary supplements

for athletes.
Conclusions and future perspectives

The bibliometric analysis showed that South Africa has

established a strong network with researchers working on

Sceletium and its medicinal value, but there is an apparent lack of

synergy and coordination between research groups located in the

native land of this genus. The reason for this is not obvious but

could be linked to historical networks and collaborations being

preferred and strong competition for limited funding between

research groups. A higher degree of collaboration is thus foreseen

to encourage greater progress in transforming latent botanical assets

into consumer products.

A portion of the current review has highlighted the

development of quality control tools for commercial and wild-

harvested Sceletium species, with the focus being on S. tortuosum

due to its rising commercialisation status in global markets. With

the popularity of Sceletium growing as a recreational natural

product, a more diverse range of products emanating from a

growing number of manufacturers is an imminent probability.

However, the expansion of the industry may bring about an

increased frequency of herb–drug adulterations as seen with

many other natural products that are popular in commercial

settings (Campbell et al., 2013; Seethapathy et al., 2015; Booker
TABLE 5 Continued

Effect
compound/
extract

Model/Target
Positive
control

Formulation/
dosage

Result/
mechanism/method

Reference

carcinoma cells
(H295R
- steroidogenesis).

production
significantly (2.3-
fold) in
all pathways

testosterone production
across all doses was
observed. The highest dose
of TRI (1 mg/ml, 34.5 mM
mesembrine) decreased 16-
hydroxyprogesterone levels…

Toxicity and sub-
chronic toxicity

Zembrin extract
Repeated dose oral
toxicity in rats

Vehicle control

in vivo
0 (vehicle-control), 250,
750, 2500 and 5000 mg/
kg bw/day by gavage
(14-day study) and f 0
(vehicle-control), 100,
300, 450 and 600 mg/kg
bw/day by gavage (90-
day study)

Within populations of Crl:
(WI)BR Wistar rats,
irrespective of gender. No
adverse effects were noted at
a dose of 600 mg/kg bw/day
in a 14- and 90-day study.

(Murbach
et al., 2014)
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et al., 2016). There is thus a critical urgency that is required in the

research and development of analytical techniques and protocols

that are rapid, robust, and reproducible, which may be highly

efficacious in their detection capacity for adulterants that may

occur in products even at minute scales. Such techniques need to

be able to have high resolving power and identify adulterants that

would otherwise not be identified due to their similarity in polarity

with some of the biomarker compounds. From a practical

perspective, these instruments are not always common in

laboratories and they are expensive, requiring users to have

specialised training and highly sophisticated scientific expertise.

The choice of chemo-elite types that can become easily

domesticated may assist the production of quality-assured natural

products, generating an industry that will gain consumer trust. This

is viewed as being of high importance when considering that some

S. tortuosum wild types may produce mesembrine alkaloids at

exceedingly low concentrations and other Sceletium spp. show a

complete lack of the key biomarker compounds that are routinely

examined by the phytopharmaceutical and nutraceutical industries

(Patnala and Kanfer, 2013). Because the different species are

similar to each other, this makes them highly vulnerable to

misidentification and incorrect identification and unregulated

collection of these plants may set in motion their overharvesting

thereby creating serious conservation concerns of the genus. The

number of studies looking into genetic approaches for quality

control tools is remarkably absent in Sceletium research. DNA

fingerprinting and biomarker identification (Klak et al., 2007;

Shikanga et al., 2013; Zhao et al., 2018), single-nucleotide

polymorphisms (SNPs), and microsatellite loci (nuclear short

sequence repeats, SSR) have been commonly used for genetic-

based quality control (Laurie et al., 2010). The absence of quality

pure chemical standards has greatly hindered the absolute

quantification of the mesembrine alkaloids, and more effort is

thus required to fill this gap as the lack of reference compounds

makes the identification and profiling of both minor and major

alkaloids synthesised by S. tortuosum and its relatives

more challenging.

Historical ethnobotanical records allude to a practice of

fermentation of S. tortuosum when it is used by local indigenous

people, but scientific evidence of the fermentation on

phytochemicals of the plants remains in contention as current

fermentation studies do not correlate with each other. Studies

investigating the manipulation of biosynthetic pathways in

combination with fermentation studies may thus prove valuable

in deepening the general understanding of the effects of the

fermentation treatment(s) and its biological effects in animal

systems. Despite this, the pharmacological tests, whether they be

in in vitro and/or in vivo experiments, have increasingly supported

the traditional use of S. tortuosum as a mood-elevator and anxiolytic

agent. However, its anti-inflammatory and immunomodulatory

effects have been insufficiently investigated up until recently. At

this point, there has been some evidence that highlights the

beneficial physiological effects of S. tortuosum extracts as a plant

medicine, which extend beyond its psychoactive effects, with

potential therapeutic activity targeted at diabetes and obesity

(Bennett and Smith, 2018). Interest in developing Sceletium into
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an additive for foods, beverages, and supplements aiding in

depressive and anxiolytic disorders has been happening for over a

decade (Gericke and Viljoen, 2008), with some products finding the

market. If this is to be fully realised, a fundamental field of

investigation that will need to be looked into is the standardised

cultivation of the plants for their phytochemicals. This can be

achieved through the manipulation of secondary metabolites

using physiological stress such as light, pH, and nutrient stress in

Sceletium species, which is currently a void in the research scope.

To enable such studies, a reference genome is also urgently

needed for S. tortuosum as currently the genetic resources that

may assist with understanding the genetic and biochemical

controls that are involved in the biosynthetic pathways of

mesembrine alkaloids are unavailable. Such resources would

thus provide additional research efforts into the control of

metabolic flux linked to mesembrine biosynthetic pathways and

identify regulatory promoters that influence the synthesis of the

unique alkaloids of Sceletium. Systems biology studies using a

multiomics approach may further assist with the full

characterisation of pathway interactions that may lead to a

better understanding of the metabolic networks that control

alkaloid biosynthesis routes of Sceletium tortuosum and related

sister species.

Ultimately, Sceletium and its alkaloids hold great potential in

future endeavours and might provide novel insights into the

synthesis pathways of Sceletium-specific alkaloids and their

genetic regulatory controls whilst studies on inflammation activity

and its phytomedicinal applications rise in industry.
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