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Abstract: Glycosylation is a critical enzymatic modification that involves the attachment of sugar 

moieties to target compounds, considerably influencing their physicochemical and biological 

characteristics. This review explored the role of two primary enzyme classes—glycosyltransferases 

(GTs) and glycoside hydrolases (GHs)—in catalyzing the glycosylation of natural products, with a 

specific focus on Ganoderma triterpenoids. While GTs typically use activated sugar donors, such as 

uridine diphosphate glucose, certain GHs can leverage more economical sugar sources, such as 

sucrose and starch, through transglycosylation. This paper also reviewed strategies for producing 

novel terpenoid glycosides, particularly recently isolated bacterial GTs and GHs capable of 

glycosylating terpenoids and flavonoids. It summarized the newly synthesized glycosides’ structures 

and biotransformation mechanisms, enhanced aqueous solubility, and potential applications. The 

regioselectivity and substrate specificity of GTs and GHs in catalyzing O-glycosylation at distinct 

hydroxyl and carboxyl groups were compared. Furthermore, a special case in which the novel 

glycosylation reactions were mediated by GHs, including the formation of unique glycoside anomers, 

was included. The advantages and specific capabilities of GT/GH enzymes were evaluated for their 

potential in biotechnological applications and future research directions. 

Keywords: biotransformation; enzymatic synthesis; glycosylation; glycosyltransferase; glycoside 

hydrolase; glucoside; triterpenoids; phenolics; GT1; GH 

 

1. Introduction 

Natural products, such as terpenoids and phenolics, often exhibit significant biological activities, 

making them valuable for pharmaceutical, cosmeceutical, and nutraceutical applications [1,2]. 

Terpenoids are particularly abundant in plants and fungi [3-5]. Although they do not have a direct 

relationship with plant growth and development, terpenoids serve as important secondary 

metabolites of plants, are critical for plant–environment interactions, and provide resistance to cold 

and water shortages and defense against diseases and pests (Figure 1). 
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Figure 1. Terpenoid glycosides can be isolated from the natural environment, including plants, soil, and 

decaying wood. Both terpenoids and terpenoid glycosides form part of the antimicrobial defense systems in 

plants and fungi. 

Based on the number of isoprene units, terpenoids are classified into monoterpenoids (C10), 

sesquiterpenoids (C15), diterpenoids (C20), sesterterpenoids (C25), triterpenoids (C30), and 

tetraterpenoids (C40). These diverse terpenoids are synthesized from two universal five-carbon 

precursors: isopentenyl pyrophosphate and its isomer dimethylallyl pyrophosphate (Figure 2) [6]. In 

nature, these precursors are synthesized via two upstream biosynthetic pathways: the mevalonate 

and methylphenidate pathways. Both compounds are ligated in downstream pathways to produce 

intermediate pyrophosphates, such as geranyl pyrophosphate, farnesyl pyrophosphate, 

glyceraldehyde-3-phosphate, and geranylgeranyl pyrophosphate. These pyrophosphates are then 

modified via numerous terpene synthases to produce various natural terpenoids [7]. After formation, 

some terpenoids are glycosylated by glycosyltransferases (GTs) to form terpenoid glycosides (Figure 

2). 

Glycosylation, the process of covalently attaching a carbohydrate to another molecule, is a 

common strategy in nature to enhance the solubility, stability, and bioactivity of secondary 

metabolites. Enzymatic glycosylation, using biocatalysts such as GTs and glycoside hydrolases 

(GHs), offers several advantages over chemical methods, including high regioselectivity, substrate 

specificity, and mild reaction conditions. Both GTs and GHs have been applied in the glycosylation 

of natural products, such as phenolics and plant terpenoids, in recent decades [8-21]. This review 

focuses on recent advances in the enzymatic glycosylation of fungal (Ganoderma) triterpenoids using 

bacterial GTs and GHs to produce novel glycosides with potentially improved properties. 

Terpenoid glycosides are abundantly found in plants [22] and many diterpenoid glycosides are 

also common in animals, such as gorgonian corals [23]. However, terpenoid glycosides are rarely 

found in fungi [5]. For example, the medical fungus genus Ganoderma contains more than 374 

triterpenoids [24], and Aspergillus contains more than 288 triterpenoids; however, they have only 
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three triterpenoid glycosides each [25]. This disparity indicates that fungi may lack specific GTs to 

form terpenoid glycosides [26]. 

  

Figure 2. Biosynthetic pathway of terpenoid glycosides. MEP: 2-C-methylerythritol 4-phosphate pathway, MVA: 

mevalonate pathway, IPP: isopentenyl pyrophosphate, DMAPP: dimethylallyl pyrophosphate, GPP: geranyl 

pyrophosphate, FPP: farnesyl pyrophosphate, glyceraldehyde-3-phosphate, GGPP: geranylgeranyl 

pyrophosphate, TPS: terpene synthase, GT: glycosyltransferase. 

To compete with limited carbon resources (sugars), microbes need to obtain sugars quickly 

and/or kill other microbes. Plants and fungi produce terpenoids as chemical defenses to kill other 

microbes or insects [27]. Homotropic plants have diverse terpenoids and terpenoid glycosides, 

whereas heterotrophic fungi have some terpenoids and few terpenoid glycosides, likely due to the 

lack of specific GTs. 

The GT1 family of enzymes plays a key role in terpenoid glycoside production. According to the 

Carbohydrate-Active Enzymes (CAZy) database, over 20,000 GT1 have been identified [26], with 

nearly 60% originating from bacteria. 
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Figure 3. Strategies for searching for novel terpenoid glycosides. Bacterial GTs may biotransform plant and 

fungal metabolites into glycosides, such as terpenoids and phenolics, which may alter the activity of the original 

metabolites in terms of solubility, bioavailability, and detoxification. On the basis of reality, one may 

recombinase and validate novel GTs or GHs from bacterial genomes or integrate functional gene clusters into 

suitable hosts. In addition, co-culturing microbes with natural compounds or precursors may also help isolate 

novel derivativities. 

The remaining 30% and approximately 7% originate from plants and animals, respectively [26]. 

In contrast, only a few GT1 genes originate from fungi, likely reflecting the paucity of terpenoid 

glycosides in fungi. On the other hand, GT1 family genes are quite commonly found in bacteria. This 

may be because the bacteria need the GT1 enzyme to detoxify the antibacterial terpenoids into 

terpenoid glycosides for survival. Notably, macrolide-producing Streptomyces lividans glycosylates 

antibiotics via GT1 enzymes for self-protection [28]. Recent studies have demonstrated that GT1 

enzymes confer resistance to toxic terpenoids by glycosylating them [29-31]. 

There may be two reasons why the heterotrophic fungi lost GT1 family genes and mainly 

produce terpenoids. First, fungi, competing with plants and microbes for limited sugar (carbon) 

sources, may have evolutionarily lost terpenoid glycosylation pathways or related metabolisms to 

conserve energy. This hypothesis is supported by the rarity of glycosylated secondary metabolites, 

including phenols, terpenes, alkaloids and terpenoids, in fungi [6,24,25,32-40]. Second, terpenoid 

glycosides might be toxic to fungi. Thus, fungi do not waste energy to synthesize these types of toxic 

compounds. Some terpenoid glycosides possess amphiphilic properties, and the membrane-

permeabilizing property induces cell toxicity in advance [22]. Some plant- and animal-derived 

terpenoid glycosides exhibit antifungal activity, providing protection from pathogenic fungi [41]. 

Notably, a few fungal terpenoid glycosides have been reported to exhibit weak antibacterial activity 

[42]. 

2. Strategies for Producing Novel Terpenoid Glycosides 
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One approach to increasing terpenoid glycoside production is to cultivate heterotrophic fungi 

enriched with sugars or to integrate bacterial GT genes into the genomes of terpenoid-producing 

fungi. The recombinant fungi could then glycosylate cellular terpenoids to produce terpenoid 

glycosides with functionally expressed GTs. However, if these terpenoid glycosides prove to be toxic 

to the fungal host, this strategy may not be viable. Alternatively, screening to identify a robust host 

and integrating related pathway genes are required to mitigate toxicity and produce terpenoid 

glycosides.  

Synthetic biology, encompassing techniques such as metabolic engineering and genome editing, 

offers solutions for the sustainable and efficient production of high-value plant terpenoids in 

industrial microbial cell factories, Escherichia coli and Saccharomyces cerevisiae [43-45]. These genetic 

tools have been applied to produce various pharmaceutical terpenoids (terpenoid glycosides) on a 

large scale. However, the biosynthetic pathway genes of fungal terpenoids remain insufficiently 

understood. 

Many studies have described the entire biosynthetic pathways of plant terpenoids or terpenoid 

glycosides, but knowledge of fungal biosynthetic pathways remains limited. Comparative genomics 

between closely related fungi with and without terpenoid glycosides may help identify putative 

biosynthetic pathway genes of fungal terpenoids (terpenoid glycosides), such as GTs responsible for 

terpenoid glycoside synthesis. For example, Basidiomycete Hericium erinaceus produces diverse 

erinacine diterpenoid glycosides [46]. Recently, a terpenoid biosynthetic gene cluster was identified 

in H. erinaceus, comprising 10 synthetic pathway genes (eriA to eriJ), including one GT (eriJ) [46]. By 

using a novel knock-in genetic tool to integrate these genes into Ascomycete Aspergillus oryzae, 

recombinant A. oryzae successfully produced erinacine Q diterpenoid glycosides in vivo [47]. 

Furthermore, only small portions of the secondary metabolites have been identified in pure-

cultured fungi, suggesting that co-culture systems may be better suited to produce more secondary 

metabolites, such as fungal terpenoid glycosides, because microbes may compete with limited 

resources to survive in natural environments. Such interspecific interactions may activate the 

biosynthesis of unique secondary metabolites. For example, Xylaria flabelliformis produced an extra 

secondary metabolite, wheldone, only when co-cultured with Aspergillus fischeri [48]. Similarly, 

Micromonospora species also produced an extra antibiotic, keyicin, only when co-cultured with a 

Rhodococcus species [49]. Therefore, a co-culturing system is another approach to isolating more 

terpenoid glycosides. 

3. Bacterial GT/GH Enzymes for New Ganoderma Terpenoid Glycosides 

Because nearly 60% of GT1 genes originate from bacteria, recombinant bacterial GT1 enzymes 

could be applied to biotransform valuable but low-soluble terpenoids. A notable example is 

Ganoderma lucidum (Reishi mushroom), which has long been used in traditional medicine due to its 

diverse pharmacological activities [24]. These activities are largely attributed to its triterpenoid 

constituents, particularly ganoderic acids (GAs), which exhibit various bioactivities, including anti-

inflammatory, antitumor, and antioxidant effects. However, the poor aqueous solubility, and thus 

bioavailability, of some GAs limits their clinical application.  

Glycosylation is a strategy to overcome these limitations [50]. There are two glycosylation 

methods: chemical synthesis and enzymatic biotransformation. The main difficulty with the chemical 

synthesis of terpenoid glycosides is the lack of regioselectivity of multiple hydroxyl groups in the 

sugar moiety. In contrast, biotransformation is a promising method because of the regioselective and 

enantioselective synthesis of bioactive compounds [13,18,20,51-54]. 

Although GT- or GH-mediated glycosylation of natural products (mainly in phenolics) has been 

reported [8-21], few terpenoid glycosides have been biotransformed from terpenoids. Therefore, this 

section highlights GTs or GHs that can generate new terpenoid glycosides from fungal terpenoids 

through enzymatic biotransformation (Table 1) and reviews their glycosylation mechanisms (Figures 

4–6). These enzymatic modifications can enhance solubility, stability, and bioavailability and even 

alter bioactivity [50,55-58]. 

3.1. New Terpenoid Glycosides from GT-Catalyzed Biotransformation 
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GTs (EC 2.4.x.y) catalyze the transfer of sugar moieties from activated donor molecules, typically 

uridine diphosphate (UDP)-sugars such as UDP glucose (UDP-G), to specific acceptor molecules. The 

CAZy database classifies GTs into numerous families [59]. Among these, the GT1 family includes 

many enzymes that use small molecules, such as flavonoids and terpenes, as sugar acceptors [26]. 

Enzymatic biotransformation is a synthetic method with good bioconversion efficiency. 

However, the difficulty is finding functional enzymes. One approach for identifying suitable enzymes 

is to feed the microbes with triterpenoids, check whether they can catalyze the precursors, and then 

screen for the putative enzymes involved in the biotransformation. For example, Bacillus subtilis 

ATCC 6633 was found to glycosylate ganoderic acid A (GAA), a lanostane triterpenoid from G. 

lucidum, and to produce two GAA derivatives: GAA-15-O-β-glucoside [60] and GAA-26-O-β-

glucoside [61]. Based on the CAZy database, the GTs, which usually belong to GT family 1 (GT1), are 

responsible for GAA glycosylation. Thus, nine suitable GT candidates were selected from the whole 

genome sequence of B. subtilis ATCC 6633. These candidates were further cloned and overexpressed 

in Escherichia coli to produce pure GT enzymes. After functional screening, three GTs—BsGT110, 

BsUGT398, and BsUGT489—were confirmed to have regioselective glycosylation activity toward 

GAA (Figure 4). In addition, BsGT110 was found to catalyze a novel acidic glycosylation of GAA at 

the C-26 carboxyl group, producing GAA-26-O-β-glucoside. BsGT110 exhibited optimal activity at 

pH 6.0 and lost most of its activity at pH 8.0. Kinetic analysis indicated that the catalytic activity of 

BsGT110 toward GAA was higher at acidic pH. BsGT110 was also shown to glycosylate ganoderic 

acid G (GAG) at the C-26 position. These findings establish BsGT110 as the first identified GT 

catalyzing triterpenoid glycosylation at the C-26 carboxyl group under acidic conditions. Moreover, 

BsGT110 and BsUGT489 were also found to glycosylate GAG into GAG-26-O-β-glucoside and GAG-

3-O-β-glucoside, respectively [62]. 

Table 1. Enzymatic synthesis of new Ganoderma terpenoid glycosides. 

Enzyme type Enzyme Precursor Product 

Property 

of the new 

glycosides 

Illustration 

Reference 

Glycosyltransferase 

(GT) 

BsUGT4891,2, 

BsUGT3981,2, 

BtBT_163451,3 

Ganoderic 

acid A 

(GAA) 

GAA-15-O-β-

glucoside 

Improved 

solubility 

Figure 4 [60,63,64] 

BsGT1101,2 GAA GAA-26-O-β-

glucoside 

Improved 

solubility 

Figure 4 [61] 

BsUGT489 Ganoderic 

acid G 

(GAG) 

GAG-3-O-β-glucoside Improved 

solubility 

Figure 4 [62] 

BsGT110 GAG GAG-26-O-β-

glucoside 

Improved 

solubility 

Figure 4 [62] 

Combination 

of 

BtBT_16345 

and BsGT110 

GAA GAA-15,26-O-β-

diglucoside 

Improved 

solubility 

Figure 6 [65] 

Glycoside 

hydrolase (GH) 

Combination 

of 

BtBT_16345 

and 

Toruzyme4 

GAA GAA-15-O-[α-

glucopyranosyl-

(1→4)-β-

glucopyranoside] 

Improved 

solubility 

Figure 6 [66] 

 DgAS1,5 GAA Glucosyl-(2→26)-

GAA anomers 

Unique 

anomers 

Figure 5 [67] 

 DgAS GAG Glucosyl-(2→26)-

GAG anomers 

Unique 

anomers 

Figure 5 [67] 
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 DgAS Ganoderic 

acid F 

(GAF) 

Glucosyl-(2→26)-

GAF anomers 

Unique 

anomers 

Figure 5 [67] 

1 Recombinant enzyme isolated from Escherichia coli. 2 Genetic source: Bacillus subtilis ATCC 6633. 3 Genetic 

source: Bacillus thuregenesis GA A07. 4 Source: Thermoanaerobacter species. 5 Genetic source: Deinococcus 

geothermalis. 

 

Figure 4. Glycosylation of ganoderic acid A (GAA) and ganoderic acid G (GAG) by Bacillus GTs. 

Similarly, an intestinal Bacillus thuringiensis strain, GA A07, from zebrafish exhibited 10-fold 

higher efficiency for producing GAA-15-O-β-glucoside than B. subtilis ATCC 6633 [63]. A genome-

centric approach and functional validation revealed a key glycosyltransferase, BtGT_16345, as the 

first GT family 28 (GT28) enzyme responsible for regioselective glycosylation on the C-15 hydroxyl 

group of GAA (Figure 5). The optimal conditions for BtGT_16345 activity were determined to be pH 

7.5 and 30 °C, with magnesium ions. Unlike BsUGT398 and BsUGT489, BtGT_16345 showed broader 

substrate specificity, exhibiting glycosylation activity toward several flavonoids and antcin K [63]. 

Kinetic studies revealed comparable catalytic efficiencies between BtGT_16345 and 

BsUGT398/BsUGT489 for GAA glycosylation. Moreover, the highly efficient and highly regioselective 

glycosylation of BtGT_16345 toward GAA can be integrated with other GTs to form in vitro cascade 

reactions and produce soluble terpenoid oligosaccharides (Figure 5) [65]. These terpenoid 

disaccharides possessed several thousand-fold higher solubilities than their parent terpenoid 

aglycone, implying promising medical applications. 
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Figure 5. One-pot bienzymatic cascade synthesis via the combination of BtGT_16345 and other enzymes to 

produce GAA-disaccharides. UDP-G: uridin diphosphate glucoside. 

3.2. New Terpenoid Glycosides from GH-Catalyzed Biotransformation 

In nature, terpenoid glycosides are mainly produced by GT catalytic reactions in the presence of 

a sugar donor, such as UDP-G [13,52]. However, the high cost of UDP-G limits large-scale industrial 

applications. Thus, researchers have tried to find alternative enzymes to glycosylate terpenoid 

aglycones. Several GH enzymes have been identified to glycosylate flavonoids by using cheaper 

sugar donors, such as starch, cyclodextrin, sucrose, and maltose [20,68]. Although such an affordable 

biotransformation would be highly useful and scalable, most identified GHs cannot directly 

glycosylate terpenoid aglycones into terpenoid glycosides [67]. To date, only one GH—Deinococcus 

geothermalis amylosucrase (DgAS)—has been reported to glycosylate fungal terpenoid aglycones. 

DgAS has been found to glycosylate three triterpenoids from G. lucidum, namely, GAA, GAG, and 

ganoderic acid F (GAF), forming glucosyl-(2→26)-GA anomers with sucrose as the sugar donor 

(Figure 6) [67]. This activity was optimal under acidic conditions (pH 5–6) and was significantly 

reduced at neutral or alkaline pH and produces α-glucosyl-(2→26)-GAF and β-glucosyl-(2→26)-GAF 

anomers in a 3:2 ratio, as confirmed with nuclear magnetic resonance analysis. Similar anomers were 

also produced with GAA and GAG. 

Natural glycosides are linked by glycosidic bonds, in which the linkages usually connect the C-

1 bounded anomeric carbon of the glucose donor with the sugar acceptor molecules; therefore, either 

α- or β-glycosides are formed. However, DgAS causes glycosylation at the C-2 position, with C-1 

remaining free and thus anomerizing in solutions, producing both α- and β-glycosides of triterpenoid 

aglycones. Although unknown, the proposed mechanism involves a carbon switch, leading to a novel 

glycosidic linkage. The bioactivity and biological implications of these GA glycoside anomers remain 

unknown. 

Another GH13 enzyme, cyclodextrin glucanotransferase (CGTase, Toruzyme 3.0 L), was used 

in a sequential biotransformation strategy (Figure 5) [66]. In a one-pot reaction, GAA was first 

glycosylated at the C-15 position by BtGT_16345 to produce GAA-15-O-β-glucopyranoside (GAA-15-

G). Subsequently, Toruzyme catalyzed the glycosylation of GAA-15-G using maltose, yielding 

several GAA glucosides: GAA-G2, GAA-G3, and GAA-G4. The major product, GAA-15-O-[α-

glucopyranosyl-(1→4)-β-glucopyranoside] (GAA-G2), exhibited a significantly higher aqueous 

solubility (>4500-fold) than GAA. Toruzyme showed specificity toward GAA-15-G, as it did not 

directly glycosylate GAA. The enzyme catalyzed the α-(1→4) glycosylation linkage, which is 

consistent with previous studies on flavonoid and steroidal saponin glycosylation [69-71]. This 

demonstrated the potential of combining GTs and GHs to synthesize triterpenoid saponins with 

improved properties. 
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Figure 6. Biotransformation of three ganoderic acids into glycosides by DgAS [67]. 

4. Bacterial GTs/GHs Applied to Other Natural Compound Derivatives 

Glycosylation improves solubility [55,56,58,65,72,73], bioavailability [50], and detoxification 

[74,75] of molecules, making it a valuable strategy for modifying natural products. Over the past few 

decades, GTs and GHs have been widely applied in glycosylating various natural products, including 

phenolic compounds [8-21]. As mentioned, bacterial GTs and GHs can glycosylate Ganoderma 

triterpenoids to produce new terpenoid glycosides with better solubility but lower bioactivity. These 

bacterial enzymes might also reduce the toxicity of terpenoids. To explore this potential, these 

recombinant enzymes were applied to celastrol (Figure 7), a pentacyclic triterpenoid isolated from 

the root of the plant Tripterygium wilfordii that not only has high toxicity, resulting in a narrow 

therapeutic window, but also possesses many useful bioactivities, including antioxidant, 

antibacterial, anticancer, antiobesity, antidiabetic, and anti-inflammatory effects [55]. Moreover, its 

low water solubility restricts its oral bioavailability, further hindering its clinical application. 

BsGT110 considerably mitigated these limitations by glycosylating celastrol to the highly soluble 

celastrol-29-O-β-glucoside at pH 8, which also displayed lower toxicity than celastrol (Figure 7). This 

example underscores the advantages, and thus increased pharmaceutical applicability, of bacterial 

enzymatic glycosylation (Tables 1 and 2) in improving water solubility and reducing the toxicity of 

compounds such as celastrol [76,77]. 
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Figure 7. Glycosylation of celastrol to celastrol-29-O-β-glucoside by BsGT110. 

In addition to triterpenoid glycosylation, BsGT110 also catalyzed the glycosylation of soybean 

isoflavone 8-hydroxydaidzein (8-OHDe) (Figure 8) [78] into two new isoflavone glucosides, 8-OHDe-

7-O-β-glucoside and 8-OHDe-8-O-β-glucoside, which have significantly higher aqueous solubility 

(9.0-fold and 4.9-fold, respectively) and improved stability than 8-OHDe. Notably, BsGT110 

demonstrated acidic glycosylation activity toward Ganoderma triterpenoid GAA at pH 6 [61] but 

showed optimal glycosylation toward celastrol at pH 8 and isoflavonoid 8-OHDe at pH 7. Thus, the 

same enzyme showed different optimal reaction conditions toward different substrates, suggesting 

the importance of identifying optimal reaction conditions for different substrates in future studies on 

enzymatic synthesis. 

DgAS, a GH, glycosylates 8-OHDe into α-glucosides, 8-OHDe-7-O-α-glucopyranoside (8-OHDe-

7-G), with a short reaction time [57]. However, prolonged reaction time led to the formation of two 

additional diglucoside derivatives, indicating DgAS's broad regioselectivity in forming glycosidic 

linkages (Figure 8) [79]. The resulting glucosides also exhibited enhanced solubility and stability. 

DgAS was also employed for the glycosylation of puerarin, an isoflavone with limited solubility 

and similar structure to 8-OHDe (Figure 8) [80]. Unlike other GTs and GHs, DgAS glycosylated the 

4′-hydroxyl group of puerarin, producing a novel glycoside with improved solubility. This 

regioselectivity distinguishes it from previously studied GHs, which typically glycosylate the C-

glucoside residue of puerarin. 

BsUGT489 was identified as a suitable GT for the biotransformation of 6-gingerol through 

glycosylation into several products, namely 6-gingerol-4′,5-O-β-diglucoside, 6-gingerol-4′-O-β-

glucoside, and 6-gingerol-5-O-β-glucoside (Figure 9) [81]. These glucosides greatly improved 

aqueous solubility compared with 6-gingerol. In addition, spontaneous deglucosylation of some 6-

gingerol glucosides led to the formation of 6-shogaol derivatives, thereby highlighting the complex 

interplay between glycosylation and stability. Compared with GTs, another GH, an α-glucosidase 

from Agrobacterium radiobacter DSM 30147 (ArG), was found to catalyze the α-glycosylation of 6-

gingerol to produce 6-gingerol-5-O-α-glucoside, which possessed 10-fold higher anti-inflammatory 

activity than 6-gingerol (Figure 9) [73]. 

The newly identified GT28 enzyme, BsGT_16345, catalyzed the glycosylation of vitexin, a C-

glucoside flavone with low solubility, to produce vitexin-4′-O-β-glucoside and vitexin-5-O-β-

glucoside, both of which displayed greater aqueous solubility than vitexin (Figure 10) [82]. 

 

Figure 8. Glycosylation of 8-hydroxydaidzein (8-OHDe) and puerarin by BsGT110 (8-OHDe) or DgAS (8-OHDe, 

puerarin). 

5. Conclusions 
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The enzymatic glycosylation of natural products using bacterial GTs and GHs has emerged as a 

powerful strategy for improving their physicochemical properties, particularly aqueous solubility 

and stability, and potentially enhancing their bioactivity. GTs offer high regioselectivity and typically 

produce β-glucosides using activated sugar donors, such as UDP-G. In contrast, some GHs, such as 

amylosucrase and maltogenic amylase, can use more cost-effective sugar donors, such as sucrose and 

starch, to catalyze transglycosylation reactions, facilitating the production of α-glucosides. 

Table 2. Enzymatic glycosylation of plant precursors by glycosyltransferases (GTs) and glycoside hydrolases 

(GHs). 

Enzyme 

type 

Enzyme 

name 
Precursor Product 

Property of the 

new glycosides 

Illustration 
Reference 

GT BsGT1101,2 Celastrol Celastrol-29-O-β-

glucoside 

Detoxification Figure 7 [55] 

BsGT110 8-

Hydroxydaidzein 

(8-OHDe) 

8-OHDe-7-O-β-

glucoside 

8-OHDe-8-O-β-

glucoside 

Improved 

solubility and 

stability 

Figure 8 [78] 

BsUGT4891,2 6-Gingerol 6-Gingerol-5-O-β-

glucoside 

6-Gingerol-5,4’-O-β-

diglucoside 

Improved 

solubility and 

anti-

inflammatory 

activity 

Figure 9 [81] 

BtBT_163451,3 Vitexin Vitexin-5-O-β-

glucoside 

Vitexin-4’-O-β-

glucoside 

Improved 

solubility 

Figure 10 [82] 

GH DgAS1,5 8-OHDe  8-OHDe-7-O-α-

glucoside 

8-OHDe-7,4’-O-α-

diglucoside 

Improved 

solubility and 

stability 

Figure 8 [57,79] 

 DgAS Puerarin Puerarin-4’-O-α-

glucoside 

Improved 

solubility 

Figure 8 [80] 

 ArG 6-Gingerol 6-Gingerol-5-O-α-

glucoside 

Improved 

stability and anti-

inflammatory 

activity 

Figure 9 [73] 

1 Recombinant enzyme isolated from Escherichia coli. 2 Genetic source: Bacillus subtilis ATCC 6633. 3 Genetic 

source: Bacillus thuregenesis GA A07. 4 Source: Thermoanaerobacter species. 5 Genetic source: Deinococcus 

geothermalis. 6 Genetic source: Cistanche tubulosa. 7 Genetic source: Talaromyces amestolkiae. 
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Figure 9. Glycosylation of 6-gingerol to either β-glycosides by GT (BsUGT489) or α-glycoside by GH (ArG). 

 

Figure 10. Glycosylation of vitexin to BtGT_16345. 

The enzymatic glycosylation of Ganoderma triterpenoids has proven to be promising for 

synthesizing novel bioactive compounds with improved characteristics. Bacterial GTs, particularly 

from Bacillus species, exhibit high regioselectivity, catalyzing the O-glycosylation of ganoderic acids 

at specific hydroxyl (C-15) and carboxyl (C-26) groups using UDP glucose as a sugar donor. The 

identification of enzymes such as BsUGT398, BsUGT489, BtGT_16345, and BsGT110 has significantly 

advanced the modification of these valuable natural products. Furthermore, the application of GHs, 

such as DgAS and Toruzyme, introduces novel possibilities. DgAS demonstrates a unique ability to 

form both α- and β-anomers with a nonanomeric carbon linkage to the C-26 carboxyl group, 

expanding the structural diversity of Ganoderma triterpenoid glycosides. The sequential use of GTs 

and GHs, as demonstrated by BtGT_16345 and Toruzyme, presents a powerful strategy for producing 

triterpenoid saponins with significantly enhanced aqueous solubility. 

Beyond Ganoderma triterpenoids, the glycosylation of phenolic compounds, including 8-OHDe, 

vitexin, puerarin, mangiferin, corylin, and gingerols, demonstrates the versatility of GTs and GHs in 

modifying numerous natural compounds. The resulting glycosides often exhibit significantly 

enhanced aqueous solubility, which is a critical factor in their bioavailability and industry 

application. 

Investigating the bioactivity of fungal terpenoid glycosides is a developing field. Exploration of 

microbial genomes could uncover new GTs or GHs and terpenoid biosynthetic pathway genes that 
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could be applied to produce non-natural terpenoid glycosides. Additionally, terpenoid biosynthetic 

pathway genes could be engineered into microorganisms, such as Ganoderma or new hosts, to 

produce additional terpenoid glycosides. Moreover, fungal co-culture systems might also stimulate 

the discovery of more natural terpenoid glycosides. 

Future studies should identify and engineer novel GTs and GHs with improved catalytic 

efficiency, substrate specificity, and tolerance to reaction conditions. Exploring the regioselectivity of 

these enzymes and developing methods for controlling the degree of glycosylation are also key areas 

of investigation. Furthermore, in-depth studies on the bioactivity and bioavailability of newly 

synthesized glucosides are crucial to fully realizing their potential applications in pharmaceuticals, 

cosmeceuticals, and other fields. The application of computational tools and predictive methods can 

aid in the selection of suitable enzyme–substrate pairs and the design of novel glycosylated natural 

products with desired properties. The continued exploration of enzymatic glycosylation promises to 

unlock the full potential of natural products for various biomedical and industrial applications. 
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