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A B S T R A C T

Natural products from medicinal plants serve as an invaluable resource for drug discovery and development. 
However, low-abundance natural products are often understudied due to the challenges of obtaining sufficient 
quantities for pharmacological testing in cells or animals. Additionally, their complex stereochemistry and 
functional groups make chemical synthesis and purification difficult. In this study, we showcased the power of 
biosynthetic approaches to explore these underexplored compounds, using the low-abundance polyphyllin trillin 
6′-O-glucoside from Paris polyphylla as an example. We identified two trillin 6′-O-glucosyltransferases required for 
its biosynthesis and successfully reconstructed the entire pathway in Nicotiana benthamiana. We demonstrated 
that trillin 6′-O-glucoside exhibits anti-bacterial activity comparable to major polyphyllins like polyphyllins I, II, 
and VII. Notably, it also showed much lower hemolytic activity, a common side effect of those major poly
phyllins. Together, our study underscores the advantages of employing biosynthetic approaches to explore 
natural products that exist in low or trace abundances yet possess equally important pharmacological activities.

1. Introduction

Paris polyphylla is a medicinal plant that has a significant history in 
traditional Chinese medicine [1]. The major ingredients responsible for 
the pharmacological effects of P. polyphylla are polyphyllins, a class of 
glycosylated steroidal saponins [2]. To date, over 200 steroidal saponins 
have been isolated from P. polyphylla [3–6]. Among them, the pharma
cological activities of polyphyllins with high abundance, such as poly
phyllins I, II, and VII, have been examined [7]. These polyphyllins 
demonstrate a broad spectrum of biological activities, including anti
microbial and antiviral properties [8,9], suppression of cancer cell 
migration and invasion [10–14], as well as neuroprotective [15] and 
anti-inflammatory effects [16].

However, the polyphyllins with low-abundance are more chal
lenging to study and are frequently overlooked. This is primarily due to 
the limited availability from native plants for experiments evaluating 
their pharmacological activities in cells or animals. Moreover, chemical 

synthesis of polyphyllins with specific sugar moieties in large quantities 
remains difficult [17]. Fortunately, the advent of synthetic biology of
fers a solution to this issue: first by elucidating the biosynthetic pathway 
of those rare polyphyllins, followed by reconstituting their production in 
a heterologous system [18].

Recent studies have significantly advanced our understanding of the 
biosynthetic pathways of polyphyllins in medicinal plants. Cholesterol 
serves as the common precursor upon which the cytochrome P450 en
zymes catalyze the formation of the 5,6-spiroketal moiety, resulting the 
synthesis of diosgenin [19–22]. Diosgenin can potentially be trans
formed into pennogenin through an enzymatic process likely involving 
another cytochrome P450 [23]. The uridine diphosphate (UDP)-de
pendent glycosyltransferases (UGTs) add diverse sugar moieties, such 
glucose, rhamnose, arabinose, and xylose to diosgenin and pennogenin, 
leading to the synthesis polyphyllins [24–27]. Many efforts have greatly 
enhanced our knowledge of the biosynthetic pathways of major poly
phyllins in P. polyphylla, such as polyphyllins I, II, and VII [23,25]. For 
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instance, the biosynthetic pathway of polyphyllin I has been partially 
resolved in P. polyphylla. While the UDP-glucosyltransferase and 
UDP-rhamnosyltransferase that participate in polyphyllin I have been 
reported, the final UDP-arabinosyltransferase is missing [25]. By 
contrast, the biosynthetic pathway of low-abundance polyphyllins re
mains largely unexplored. These polyphyllins are likely either direct 
intermediates of the major polyphyllins or off-pathway products origi
nating from the intermediates catalyzed by competing UGTs not 
belonging to the pathway.

It is important to note that those low-abundance polyphyllins could 
potentially exhibit comparable or even better pharmacological activities 
to the major polyphyllins, albeit often with relatively less sugar moi
eties. In this study, we demonstrated how biosynthetic approaches are 
adept at exploring these types of largely uncharted natural products, 
using a very low-abundance polyphyllin as an example. Trillin 6′-O- 
glucoside is a polyphyllin identified in the rhizomes of P. polyphylla. In a 
prior study, it was demonstrated that only 3.9 mg of trillin 6′-O-gluco
side could be obtained from 10 kg of dried rhizomes [6]. Chemically 
synthesized trillin 6′-O-glucoside exhibits antifungal activities [28]. 
Using the biosynthetic approaches, we identified the PpUGTs required 
for the biosynthesis of trillin 6′-O-glucoside and reconstituted the entire 
pathway in N. benthamiana. We demonstrated the anti-microbial activ
ities of trillin 6′-O-glucoside against pathogens, which was comparable 
to major polyphyllins like polyphyllins I, II, and VII. Importantly, trillin 
6′-O-glucoside displayed much lower hemolytic activity, a common side 
effect associated with those major polyphyllins. Taken together, our 
study highlights the advantages of using biosynthetic approaches to 
explore natural products that are present in low or trace abundances yet 
possess equally important pharmacological activities.

2. Materials and methods

2.1. Plant materials and chemicals

N. benthamiana plants were grown in a greenhouse following a pre
viously established protocol at the Institute of Chinese Materia Medica, 
China Academy of Chinese Medical Sciences [29]. The temperature was 
25 ◦C and the relative humidity was 60 %. P. polyphylla Smith var. 
yunnanensis samples were obtained from Yunnan, China. Diosgenin, 
trillin and UDP-glucose were purchased from Better Health For People 
Ltd. (Beijing, China). All other chemicals were sourced from 
Sigma-Aldrich (St. Louis, MO, USA).

2.2. RNA isolation and real-time PCR assay

Total RNA was extracted from P. polyphylla following the manufac
turer’s instructions (Eastep™ Super Total RNA Extraction Kit, Promega 
Biotech Co., Ltd., Beijing, China). PrimeScrip RT Master Mix (Perfect 
Real Time) (Takara Biomedical Technology Co., Ltd., Beijing, China) 
was used to synthesized first-strand cDNA. Real-time PCR was con
ducted on a QuantStudio 5 Real-time PCR Instrument (Thermo Fisher 
Scientific, Waltham, USA) (with TB Green Premix Ex TaqII (Tli RNaseH 
Plus, Takara Biomedical Technology Co., Ltd., Beijing, China). Primers 
for real-time PCR are detailed in the Supplementary Table S1. As a 
housekeeping gene that is routinely used, β-actin was selected as the 
reference gene [24,25,30], and relative transcript levels were calculated 
using the 2− ΔΔCt method. Each real-time PCR assay included three 
biological replicates and three independent technical replicates.

2.3. Transcriptomic analysis and PpUGTs characterization in 
P. polyphylla

The Hidden Markov Model (HMM) profile for UGTs (PF00201) was 
retrieved from Pfam (https://pfam.xfam.org/). Candidate PpUGTs were 
identified using the HMM file and TBtools-II software [31], based on the 
P. polyphylla transcriptome dataset (SRR9118497). Redundant 

sequences were removed, and only amino acid lengths between 400 and 
600 were further investigated. Candidate genes with an FPKM value 
(Fragments Per Kilobase of exon per Million mapped reads) of 0 were 
excluded. UGT sequences of Arabidopsis thaliana were obtained from 
TAIR (https://www.arabidopsis.org/index.jsp). Phylogenetic analysis 
was performed using ClustalW for sequence alignment, and a phyloge
netic tree was constructed using MEGA 7.0 software with the 
Neighbor-Joining algorithm and 2000 bootstrap replicates. And the 
candidate PpUGTs were classified into the known subfamilies. The UGTs 
(PpUGT91AH4 and PpUGT91AH5) were named in accordance with the 
UGT Nomenclature Committee (https://labs.wsu.edu/ugt).

2.4. Recombinant protein expression and purification

The coding sequences of candidate genes were synthesized by San
gon Biotech Co., Ltd. (Shanghai, China), and subcloned into the pGEX- 
4T-1 vector using the ClonExpress® Ultra One-Step Cloning Kit 
(Vazyme Biotech, Jiangsu, China). The constructs were subsequently 
transformed into the Escherichia coli (E. coli) strain BL21 (DE3). Gene- 
specific primers were listed in the Supplementary Table S1. The col
onies harboring the recombinant plasmid were cultured in liquid Luria 
Broth (LB) medium containing 100 μg/mL of ampicillin at 37 ◦C. When 
the optical density (OD600) reached 0.6–0.8, 0.25 mM isopropyl β-D-1- 
thiogalactopyranoside (IPTG) was added to induce protein expression, 
and the culture was incubated at 16 ◦C for 18 h. Cell pellets were har
vested by centrifugation at 5,000 g for 15 min at 4 ◦C, resuspended in 
lysis buffer (2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 140 mM 
NaCl, pH 7.4), and lysed by sonication. The lysate was centrifuged at 
12,000 rpm for 30 min at 4 ◦C, and the supernatant was filtered through 
a 0.22 μm membrane. Recombinant proteins were purified using a 
glutathione (GST) agarose affinity column (Smart-Lifesciences, 
Changzhou, China). Protein concentration was determined using a BCA 
Protein Assay Kit (Thermo Fisher Scientific, Waltham, USA) and purity 
was assessed by sodium dodecyl sulfate-polyacrylamide gel electro
phoresis (SDS-PAGE).

2.5. Enzyme activity and biochemical properties analysis

Enzyme activity assay and product analysis were conducted 
following the previously described method [32], using recombinant 
UGT proteins fused with GST tag. The in vitro reaction mixture (100 μL) 
contained 50 mM/L Tris-HCl (pH 8.0), 1 mM MgCl2, 50 μM sugar 
acceptor, 5 mM UDP-glucose (UDP-rhamnose or UDP-arabinose) and 1 
μg purified proteins. The mixture was incubated at 37 ◦C for 2 h, and the 
reaction products were extracted with ethyl acetate, dried under vac
uum, and resuspended in 100 μL methanol. Substrates and products 
were analyzed using an Agilent 6546 LC/Q-TOF mass spectrometer 
equipped with an ACQUITY UPLC BEH C18 column (100 mm × 2.1 mm, 
1.7 μm). The mobile phase consisted of 0.1 % formic acid in water (A) 
and acetonitrile (B), with a gradient elution program. The pH and 
temperature were optimized. Kinetic parameters (Km and kcat) were 
determined using varying concentrations of trillin, and data were 
analyzed using GraphPad Prism 8.0.

2.6. Transient expression of PpUGTs in N. benthamiana

The coding sequences of PpUGT91AH4 and PpUGT91AH5 were 
cloned into the pEAQ-HT-GFP vector. Primers used for recombinant 
plasmids construction were listed in Supplementary Table S1. Agro
bacterium tumefaciens containing recombinant plasmids were cultured in 
liquid LB medium (50 μg/mL kanamycin and 25 μg/mL rifampicin) at 
28 ◦C and shaken (180 rpm) for 24 h. Bacterial cultures were centrifuged 
at 5,000×g for 15 min and resuspended in MMA buffer (consisting of 10 
mM 2-(N-Morpholino)ethanesulfonic acid (MES) with KOH of pH 5.6, 
10 mM magnesium chloride, 100 μM acetosyringone and 0.01 % Triton 
X-100). 6-Week-old N. benthamiana plants were kept in the dark for 3 h 
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before infiltration. pEAQ-HT-GFP vector served as the empty vector 
control in this experiment. For the PpUGTs functional assay, 1 mg/mL 
trillin was infiltrated into the leaves 4 days post-infiltration. Leaf sam
ples (100 mg) were collected 5 days after infiltration. In synthesis ex
periments, equal volumes of all Agrobacterium cultures were combined 
and co-infiltrated, and leaf samples collected 5 days after infiltration. 
Metabolites were extracted and analyzed following the method 
described in earlier studies [32].

2.7. Product purification and structure determination

The reactions were performed in 250 mL of the reaction buffer (15 
mg trillin and 1.5 L of cell lysates) at 37 ◦C for 2 h. Reactions were 
extracted by ethyl acetate and concentrated with a rotary evaporator. It 
was dissolved in 6 mL methanol for subsequent analysis. For structural 
identification, glycosides were purified using a preparative Ultimate 
3000 HPLC (Thermo Fisher Scientific, Waltham, USA) equipped with 
Ultimate C18 column. Ultimate C18 column. Optima™ LC/MS solvents 
(Fisher Chemical) were used, with isocratic elution at a flow rate of 3 
mL/min, consisting of 30 % solvent B (acetonitrile) in solvent A (water) 
(v/v) for 20 min. The purified glycosylated products were dissolved in 
dimethyl Chloroform-d and analyzed using an AVANCE III 600 MHz 
NMR spectrometer (nuclear magnetic resonance spectroscopy). Struc
tural characterization was conducted with 1H, 13C NMR, correlation 
spectroscopy (COSY), heteronuclear multiple bond correlation (HMBC) 
and heteronuclear single quantum coherence (HSQC). All experiments 
were performed with using standard Bruker pulse sequences and 
analyzed using Bruker Topspin 4.0.6.

2.8. Trillin 6′-O-glucoside content analysis

The content of trillin 6′-O-glucoside was analyzed following previ
ously described methods [32] with Waters ACQUITY H-class plus UPLC 
System with an ACQUITY UPLC BEH C18 (2.1 mm × 100 mm, 1.7 μm). 
The mobile phases consisted of water (0.1 % formic acid) (A) and 
methanol (B). The elution gradient was as follows: 40 % B, for 0–2 min; 
40 %–99 % B, for 2–5 min; 99 % B, for 5–7 min; 99 %–40 % B, for 7–7.1 
min; 40 % B, for 7.1–10 min with the flow rate of 0.3 mL/min. The 
optimized parameters for trillin 6′-O-glucoside included a multiple re
action monitoring (MRM) transition of 761.0/365.0 and a collision en
ergy (CE) of 59 V in positive ion mode. The calibration curve for trillin 
6′-O-glucoside was obtained with the equation: y = 276.075χ ‒ 21.4836 
(R2 = 0.998920).

2.9. Anti-bacterial activity assay

Bacterial culture and anti-bacterial activity assays were conducted 
following the literature with minor modifications [33,34]. The study 
included three Gram-positive (Staphylococcus aureus, Peptostreptococcus 
anaerobius and Clostridium difficile) and two Gram-negative bacteria 
(Campylobacter jejuni and Veillonella parvula), all maintained in the 
laboratory. S. aureus and C. jejuni were cultured on hydrolyzed casein 
(MH) agar plates with 5 % sterile defatted sheep blood (Thermo Fisher 
Scientific, Waltham, USA), at 37 ◦C under microaerophilic conditions. 
C. difficile, V. parvula and P. anaerobius were grown on trypsin soy agar 
(TSA) agar plates containing 5 % sterile defatted sheep blood under 
anaerobic condition at the same temperature. Anaerobic conditions 
were established using Anaerogen (AN0035; Thermo Fisher Scientific, 
Waltham, MA). Anti-bacterial activity was assessed using the micro
broth dilution method, with final bacterial concentrations set at 
approximately 109 CFU/mL. Absorbance (600 nm) was determined 
using EnVision 2105 multimode plate reader (PerkinElmer, USA). 
DMSO served as negative control, and microbial suspension was blank 
controls. Heatmaps illustrated using GraphPad Prism 8.0. All experi
ments were performed in three independent replicates. For scanning 
electron microscopy (SEM), samples exposed to trillin 6′-O-glucoside (1 

μM) or DMSO (negative control) were collected and then fixed in 2.5 % 
glutaraldehyde at 4 ◦C overnight. SEM studies were performed using a 
scanning electron microscope (Hitachi SU-8010, Tokyo, Japan).

2.10. Hemolytic assay

The hemolytic activity of the compounds was evaluated on eryth
rocytes with minor modifications to previously described methods [35,
36]. Sheep erythrocytes (10 mL; Laboratoire Quelab, Montréal, QC, 
Canada) were collected and centrifuged at 3000 rpm for 20 min. The 
plasma was removed, and the cells were washed with physiological sa
line for 3–4 times. The washed erythrocytes were then diluted with 
physiological saline to 10 % red blood cell suspension. 1 % red blood cell 
suspension was further used for hemolysis assay. Compounds were 
evaluated at concentrations between 0 and 2 g/mL (physiological saline 
was negative control; Triton X-100 was positive controls). After gentle 
mixing, the samples were incubated at 37 ◦C for 3 h, and centrifugation 
at 3,500 rpm for 5 min. 100 μL supernatant was transferred to a 96-well 
plate, the absorbance (A) was measured using an EnVision 2105 
multimode plate reader (PerkinElmer, USA) at 570 nm. The hemolysis 
rate was calculated as following: Hemolysis rate = ((An − Anc) * 100 
%)/(Apc − Anc) ⋅ An, the absorbance of experimental group, Anc, the 
absorbance of negative control, and Apc, the absorbance of the positive 
control. Experiments were performed in triplicate, and the median 
effective concentration (EC50) values were determined based on the 
concentration causing 100 % hemolysis. Data were expressed as mean 
± standard deviation.

3. Results

3.1. Identification PpUGTs potentially involved in trillin 6′-O-glucoside 
biosynthesis

Based on the chemical structure of trillin 6′-O-glucoside, it should be 
synthesized by two glycosyltransferases from diosgenin, with trillin 
serving as the mono-glycosylated intermediate. Since the trillin syn
thases have been reported, the key step in elucidating the biosynthetic 
pathway of trillin 6′-O-glucoside lies in discovering the second glyco
syltransferase. We speculated that the low levels of trillin 6′-O-glucoside 
could be attributed to two potential reasons: either it was a byproduct 
generated another UGT due to its promiscuous glucosyltransferase ac
tivity, or there exists a dedicated glucosyltransferase that had limited 
access to trillin. To identify the PpUGTs required for trillin 6′-O-gluco
side biosynthesis, we employed an in vitro enzyme assay. This assay was 
designed to evaluate the glucosyltransferase activity of recombinantly 
expressed PpUGTs using trillin and UDP-glucose as substrates in the 
reaction mixture.

To select the candidate PpUGTs, we re-analyzed the previously 
published transcriptome data of P. polyphylla (SRR9118497) available at 
the National Center for Biotechnology Information (NCBI). Since trillin 
6′-O-glucoside was detected only in trace amounts, we hypothesized that 
the expression levels of candidate PpUGTs could not serve as reliable 
selection criteria. Consequently, we focused on PpUGTs belonging to the 
PpUGT73, PpUGT80, and PpUGT91 subfamilies, as these groups include 
members with documented glucosyltransferase activities (Fig. 1A). After 
excluding those PpUGTs with other reported functions [25,26,32], 13 
candidates were selected (Supplementary Fig. S1), cloned into the 
pGEX-4T-1 vector, and recombinantly expressed in E. coli 
(Supplementary Fig. S2). Furthermore, a GST tag was incorporated to 
facilitate purification. Among the tested PpUGTs, we identified two 
candidates capable of using utilize UDP-glucose to modify trillin, 
yielding a new, more hydrophilic product that eluted at 5 min in liquid 
chromatography (Fig. 1B). To determine whether these two PpUGTs 
exhibited similar activities in plants, we used the transient gene 
expression in N. benthamiana leaves. pEAQ-HT-GFP served as empty 
vector. The transformed A. tumefaciens strains were then infiltrated into 
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N. benthamiana leaves. Four days after the initial infiltration, trillin was 
supplied through a second infiltration to serve as the substrate. 
UDP-glucose was not added, as N. benthamiana leaves contain endoge
nous UDP-glucose. The leaves were harvested five days after the initial 
infiltration for metabolic profiling. As expected, these two PpUGTs 
produced the same new products in N. benthamiana leaves (Fig. 1C). 
Phylogenetic analysis showed that these two PpUGTs belonged to the 
UGT91 subfamily and were designated as PpUGT91AH4 and PpUG
T91AH5, respectively (Fig. 1A). Additionally, we verified the expression 
of PpUGT91AH4 and PpUGT91AH5 in the rhizomes and leaves, respec
tively (Supplementary Fig. S3).

Taken together, we identified two PpUGTs from P. polyphylla that are 

capable of glycosylating trillin, utilizing UDP-glucose as the sugar 
donor.

3.2. Structural determination of the new product catalyzed by 
PpUGT91AH4 and PpUGT91AH5

Because trillin 6′-O-glucoside is not commercially available, we 
aimed to elucidate the structure of the new product catalyzed by 
PpUGT91AH4 or PpUGT91AH5 and verify whether it is trillin 6′-O- 
glucoside. LC-MS analysis revealed that the m/z of the [M + H]+ ion of 
the new product was 739.4250, which corresponds exactly to the mo
lecular weight of a glycosylated trillin. Analysis of the fragmentation 

Fig. 1. Identification of PpUGTs potentially involved in the biosynthesis of trillin 6′-O-glucoside (A) Phylogenetic analysis of PpUGTs. The UGTs from Arabidopsis 
thaliana are used to annotate PpUGTs. Candidate PpUGTs with an FPKM value greater than 0 are selected and marked with circles. PpUGTs belonging to the 
PpUGT73, PpUGT80, and PpUGT91 subfamilies are highlighted with pink, green, orange circles, respectively. Other PpUGTs are labelled with gray circles. (B) In vitro 
enzyme activity assay of PpUGTs. Candidate PpUGTs were recombinantly expressed and purified. The enzyme activity is tested by incubating trillin and UDP-glucose 
in the reaction mixture. The products are analyzed by LC-MS and identified as [M + H]+ ions. Lysates prepared from E. coli with the empty vector are used as the 
negative control. (C) Testing the enzyme activity of PpUGTs in N. benthamiana. Extracts from N. benthamiana leaves were analyzed by LC-MS, and [M + H]+ ions were 
identified. Leaves infiltrated with the pEAQ-HT-GFP vector served as the negative control.

Fig. 2. Structural determination of the product produced by PpUGT91AH4 and PpUGT91AH5. (A) MS/MS fragmentation pattern of trillin and its glycosylated 
product. (B) Preparative LC analysis of the new product. (C) 2D NMR analysis of the new product.
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patterns between the new product and trillin identified shared daughter 
ions, including m/z 595.3123, 433.2564, and 271.2053, confirming that 
they possess similar backbone structures, with the new product differing 
only by the addition of a glucose moiety (Fig. 2A).

Since LC-MS analysis could not determine the specific position of the 
glucose moiety added to trillin (Fig. 2B), we proceeded to elucidate its 
structure using NMR. To this end, 30 mg of the new product was purified 
from enzymatic reactions and analyzed by 1H and 13C NMR spectroscopy 
(Supplementary Fig. S4 and Fig. S5). The HMBC correlations confirmed 
glycosylation at the 6′ position (Fig. 2C). Therefore, the new product 
generated by PpUGT91AH4 or PpUGT91AH5 was indeed trillin 6′-O- 
glucoside, confirming their roles as trillin 6′-O-glucosyltransferases. 
Having determined the structure of purified trillin 6′-O-glucoside, we 
were able to use it as a standard to evaluate the content of trillin 6′-O- 
glucoside in the rhizomes of P. polyphylla. In the five-year-old 
P. polyphylla rhizomes we collected, the trillin 6′-O-glucoside content 
was measured at 2.12 μg/g, respectively (Supplementary Table S2). This 
is consistent with the previous report that trillin 6′-O-glucoside exists in 
low abundance [6].

3.3. Biochemical characterization of PpUGT91AH4 and PpUGT91AH5

We next explored the biochemical properties of PpUGT91AH4 and 
PpUGT91AH5 in vitro. Using trillin (glucose acceptor) and UDP-glucose 
(glucose donor), the optimal temperature and pH of these two gluco
syltransferases were accessed. Both PpUGT91AH4 and PpUGT91AH5 
exhibited the highest catalytic efficiency at 37 ◦C and pH 8.0 (Fig. 3A). 
Under saturated UDP-glucose conditions, the Km values of PpUGT91AH4 
and PpUGT91AH5 for trillin were determined to be 5.67 ± 0.84 mM and 
7.81 ± 1.2 mM, respectively (Fig. 3B and C). Correspondingly, the Kcat/ 
Km values for PpUGT91AH4 and PpUGT91AH5 were calculated as 16.2 

± 6.3 μM− 1 s− 1 and 11.5 ± 2.1 μM− 1 s− 1, respectively (Fig. 3B and C). 
These results indicate that PpUGT91AH4 exhibits slightly higher cata
lytic efficiency and substrate affinity for trillin compared to PpUG
T91AH5. Additionally, we tested whether PpUGT91AH4 and 
PpUGT91AH5 could utilize other sugars like UDP-rhamnose and UDP- 
arabinose. Unlike when UDP-glucose was used as the donor, we did 
not detect any new trillin derived products (Supplementary Fig. S6).

3.4. Reconstitution of trillin 6′-O-glucoside synthesis in N. benthamiana

Since all the enzymes required for trillin 6′-O-glucoside were iden
tified, we next sought to reconstitute its biosynthesis in N. benthamiana. 
PpCYP450s, including PpCYP90B27, PpCYP90G4 and PpCYP94D108, 
were selected to synthesize diosgenin. PpUGT73CR1 was chosen as the 
trillin synthase from diosgenin. Because PpUGT91AH4 outperformed 
PpUGT91AH5 in vitro, PpUGT91AH4 was selected as the last enzyme. 
The encoding genes were cloned into the pEAQ-HT-GFP and trans
formed into A. tumefaciens. The transformed A. tumefaciens strains were 
then mixed (1:1) and infiltrated into N. benthamiana leaves (Fig. 4).

Five days after the infiltration, the leaves were harvested for meta
bolic profiling. As expected, the biosynthesis of diosgenin or trillin was 
detected when the corresponding enzymes were co-infiltrated (Fig. 4). 
Building on this, the addition of PpUGT91AH4 enabled the successful 
reconstitution of trillin 6′-O-glucoside in N. benthamiana leaves (Fig. 4). 
Thus, the heterologous production of trillin 6′-O-glucoside can be 
accomplished in N. benthamiana leaves within days, as opposed to the 
years required for its production in P. polyphylla rhizomes. Together, our 
results highlight the advantages of using biosynthetic methods to pro
duce natural products that are present in low or trace abundances.

Fig. 3. Biochemical characterization of PpUGT91AH4 and PpUGT91AH5. (A) Optimal temperature and pH of PpUGT91AH4 and PpUGT91AH5. (B) Kinetic analysis 
of PpUGT91AH4 and PpUGT91AH5 using trillin as the substrate and UDP-glucose as the donor. Error bars represent standard deviation from triplicate assays. (C) Km 
and Kcat/Km of PpUGT91AH4 and PpUGT91AH5.
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3.5. Pharmacological activities of trillin 6′-O-glucoside

As we have produced sufficient amount of trillin 6′-O-glucoside, it 
enabled us to evaluate its pharmacological activities. Previous studies 
have clearly established the anti-bacteria activities of major poly
phyllins, such as polyphyllins I, II, and VII. Could trillin 6′-O-glucoside 
also exhibit similar anti-bacteria activities?

To investigate this, we tested the potential inhibitory effects of trillin 
6′-O-glucoside on five different bacteria species that can be associated 
with human infections, including three Gram-positive bacteria 
(S. aureus, C. difficile, and P. anaerobius) and two Gram-negative bacteria 
(C. jejuni and V. parvula). Anaerobic bacteria like C. difficile, 
P. anaerobius, and V. parvula were cultured in inverted plates placed 
within anaerobic bags. Neither diosgenin or trillin showed any detect
able inhibitory effects against the five bacterial species at the concen
tration used (Fig. 5A). By contrast, trillin 6′-O-glucoside demonstrated 
inhibitory activities comparable to polyphyllins I, II, and VII, particu
larly against Gram-positive bacteria such as S. aureus and P. anaerobius 
(Fig. 5A). For Gram-negative bacteria like C. jejuni and V. parvula, the 
inhibitory effects of trillin 6′-O-glucoside were milder but still significant 
and comparable to polyphyllin VII (Fig. 5A). Using S. aureus as an 
example, we performed scanning electron microscopy analysis and 
found that the treatment of trillin 6′-O-glucoside disrupted bacterial cell 
structures (Supplementary Fig. S7). Thus, despite its relatively simple 
chemical structure, trillin 6′-O-glucoside displayed similar anti-bacterial 
activities on par with the more structurally complex major polyphyllins. 
It will be interesting to explore why trillin lacks anti-bacterial activities, 
while trillin 6′-O-glucoside acquires the properties in future studies.

Previous studies have shown that the major polyphyllins, such as 
polyphyllins I, II, and VII, have a shared side effect—hemolytic activity 
[37]. Given that trillin 6′-O-glucoside demonstrated anti-bacterial ac
tivities comparable to those major polyphyllins, could it also exhibit 
similar hemolytic activity? To test this, we incubated different concen
trations of polyphyllin I, polyphyllin II, polyphyllin VII, and trillin 
6′-O-glucoside with erythrocytes to measure the hemolytic activity. The 
activity was quantified by the EC50 value, which represented the com
pound concentration required to induce 50 % hemolysis of erythrocytes. 
Remarkably, the EC50 of trillin 6′-O-glucoside was much higher than 
those of polyphyllins I, II, and VII (Fig. 5B). For instance, the EC50 of 
trillin 6′-O-glucoside was over 500-fold higher than that of polyphyllin 
VII (Fig. 5C).

Taken together, these results suggest that trillin 6′-O-glucoside may 
hold the promise to be an equally potent yet significantly safer poly
phyllin for clinical applications.

4. Discussion

Natural products from medicinal plants have been an invaluable 
resource for drug discovery and development. The conventional process 
typically begins with the large-scale collection of wild medicinal plants, 
followed by the extraction of natural products using appropriate sol
vents [38,39]. The extracts are then fractionated and purified into 
relatively pure compounds using various chromatographic methods. 
Finally, the biological activity of these compounds, obtained in suffi
cient quantities, is evaluated through cell-based assays or animal studies 
to identify potential lead molecules. Over the years, a vast amount of 
information on the chemical diversity of medicinal plants has been 
documented [40,41]. It is important to note that a significant portion of 
this diversity comprise natural products that occur in low or trace 
amounts within their native plants [42]. Despite their prevalence, these 
compounds largely unexplored due to the challenge of obtaining suffi
cient quantities for functional studies. Even though chemical synthesis 
represents a theoretically feasible route, synthesizing and purifying 
natural products with complicated stereochemistry and/or functional 
groups can be lab-intensive and technically challenging. Fortunately, 
the advent of synthetic biology offers a solution to obtain these natural 
products with low or trace amounts [43].

In this study, we used trillin 6′-O-glucoside as an example to illustrate 
how biosynthetic approaches are adept at exploring low-abundance 
natural products with significant pharmacological potential. We chose 
to focus on trillin 6′-O-glucoside because it is a low-abundance poly
phyllin derived from P. polyphylla, a medicinally important plant. 
Interestingly, chemically synthesized trillin 6′-O-glucoside exhibits 
antifungal activities [28]. P. polyphylla has a long history of use in 
Chinese traditional medicine and has been extensively studied in the 
field of natural product chemistry [44]. Through this work, we aim to 
demonstrate that even well-studied medicinal plants like P. polyphylla 
can be revisited to explore their low-abundance compounds, unlocking 
the full potential of their chemical diversity using the biosynthetic ap
proaches. The chemical structure of trillin 6′-O-glucoside suggests that 
its biosynthesis likely involves two glycosyltransferases, starting from 
diosgenin and proceeding through trillin as the mono-glycosylated in
termediate. Building on previous studies of steroidal saponin biosyn
thesis, the key challenge in elucidating the biosynthetic pathway of 
trillin 6′-O-glucoside was identifying the second glycosyltransferase, 
which had yet to be discovered.

Using an in vitro enzyme assay, we identified two glucosyl
transferases that used UDP-glucose as the sugar donor to modify trillin 
and synthesize a new, more hydrophilic product. We purified the new 

Fig. 4. Biosynthesis of trillin 6′-O-glucoside in N. benthamiana. Extracts from N. benthamiana leaves co-expressing PpCYP450s, PpCYP450s + PpUGT73CR1, or 
PpCYP450s + PpUGT73CR1 + PpUGT91AH4 are analyzed by LC-MS. The products were identified as [M + H]+ ions.
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compound and confirmed its identity as trillin 6′-O-glucoside through 
NMR analysis. This finding established that the two glucosyltransferases 
function as trillin 6′-O-glucosyltransferases. Phylogenetic analysis clas
sified them within the UGT91 subfamily, which aligns with their 
biochemical functions, as other members of this subfamily are also 
characterized as steroid 6′-O-glucosyltransferases. Accordingly, we 
designated these enzymes as PpUGT91AH4 and PpUGT91AH5. 
Biochemical analysis revealed that PpUGT91AH4 and PpUGT91AH5 
exhibited catalytic efficiency comparable to other reported PpUGTs. 
Therefore, the low abundance of trillin 6′-O-glucoside in P. polyphylla is 
likely due to their limited access to substrates. The identification of the 
final enzyme in the biosynthesis of trillin 6′-O-glucoside, combined with 
the previously discovered enzymes, allowed us to reconstruct the entire 
pathway in N. benthamiana leaves. It is important to note that these 
transient expression experiments are intended as a proof-of-concept. 
Future studies should consider developing transgenic plants with sta
ble expression of the biosynthetic genes.

Since we could produce sufficient amount of trillin 6′-O-glucoside, 
we also evaluate its pharmacological activities. The trillin 6′-O-glucoside 
used in the pharmacological studies was generated through enzymatic 
reactions. It should be noted that both chassis-based synthesis of natural 
products and in vitro enzymatic reactions are equally important for 
production. The choice between these approaches should depend on 
which one is more feasible for the specific context. Due to the scope 
limitations of this study, we focused on two key aspects of polyphyllins: 
their well-established antibacterial activity and their hemolytic effects, 
which are a recognized side effect [35]. The tested bacterial species 
included both Gram-positive and Gram-negative bacteria, as well as 
anaerobic and aerobic strains. Interestingly, trillin 6′-O-glucoside dis
played inhibitory activities comparable to polyphyllins I, II, and VII, 
particularly against Gram-positive bacteria. Moreover, unlike poly
phyllins I, II, and VII, trillin 6′-O-glucoside had a much lower hemolytic 
activity. Thus, trillin 6′-O-glucoside has the potential to be an effective 
polyphyllin with similar potency but markedly reduced toxicity, 

Fig. 5. Pharmacological activities of trillin 6′-O-glucoside. (A) Heatmap illustrating the anti-bacterial activities polyphyllin I, II, VII, trillin 6′-O-glucoside, trillin, and 
diosgenin at various concentrations. Bacterial survival rates are assayed in quadruplicate and represented in color gradient. (B) Hemolytic rate curves for polyphyllin 
I, II, VII, and trillin 6′-O-glucoside. (C) Concentrations of polyphyllin I, II, VII and trillin 6′-O-glucoside required to induce 50 % hemolysis.
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positioning it as a promising option for clinical applications.

5. Conclusion and future perspectives

In summary, we utilized biosynthetic approaches to produce trillin 
6′-O-glucoside, a polyphyllin present only in trace amounts in 
P. polyphylla rhizomes. By obtaining sufficient quantities of trillin 6′-O- 
glucoside, we demonstrated that it exhibits antibacterial activity com
parable to major polyphyllins while displaying significantly reduced 
hemolytic activity. This study underscores the potential of biosynthetic 
strategies to explore natural products that, despite their low abundance, 
possess equally significant pharmacological properties. We are confident 
that similar approaches can be applied to investigate other low- 
abundance natural products, potentially paving the way for the dis
covery of novel therapeutic agents.
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