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1 Summary 

In today's health-conscious world, the pursuit of a sugar-free or low-calorie diet has 

led to the widespread use of artificial sweeteners in various food and beverage 

products. While these sugar substitutes promise guilt-free sweetness without calories, 

there is growing concern about their potential ill effects on human health. In contrast, 

natural sweeteners offer a safer and healthier alternative, providing a sweet taste 

without the risks associated with artificial counterparts. One such promising natural 

sweetener is phyllodulcin (PD), derived from Hydrangea macrophylla, a flowering plant 

native to Japan and Korea. PD is significantly sweeter than sucrose and it presents a 

calorie-free alternative to traditional sugars, making it appealing those seeking to 

reduce their sugar intake. Considering its utility, the present research was designed to 

investigate the physiology, biochemistry and genetics of PD enrichment in H. 

macrophylla. The research began by optimizing the extraction of PD from plant tissue 

through a drying process. After achieving this, 14 accessions with varying 

concentrations of PD and its precursor, hydrangenol (HD), were selected by a 

screening of a panel of 182 accessions. Out of these 14 accessions, 5 were cultivated 

in a greenhouse from the initial cutting stage to senescence to determine the optimal 

developmental stage in the plant's life cycle for maximizing PD extraction. Young 

leaves from 110 days-old plants were identified to contain highest concentrations of 

PD. To assess the degree of PD enrichment during tissue processing, the enzyme β-

glucosidase was supplied to fresh or dried tissues, resulting in improved phyllodulcin 

extraction efficiency that can be further optimized for industrial-scale production. 

Additionally, the present study unveiled a positive linear correlation between PD and 

other metabolites in the same biochemical pathway, in particular phenylalanine, p-

coumaric acid, umbelliferone, resveratrol, and naringenin. When comparing the 

metabolite profiles of accessions with high and low PD production, it was observed 

that high-PD accessions displayed higher concentrations of flavonoids, stilbenes, and 

polyketides, indicating the distinct metabolic diversity of these accessions. By 

conducting a comparative transcriptome analysis between high and low PD-producing 

plants, the study identified key genes most likely involved PD biosynthesis, including 

PAL1, C4H, 4CL1, F6’H1, PKS, PKC, CHS, DBR, KR, ROMT, CTAS, F3’5’H, and CHI, 

which were upregulated in plants with higher phyllodulcin production. Conversely, 

C3’H, HCT, CCoAOMT, COMT, CSE, SGT, and F3H were downregulated in plants 
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with higher phyllodulcin production. Finally, the research explored the impact of 

environmental factors, specifically drought stress and high-light intensity, on the 

biochemical composition of Hydrangea plants and their influence on PD enrichment. 

It was observed that under these two stress conditions, both PD and HD, accumulated 

in stress-affected plants. Overall, this study provides an in-depth investigation into the 

various physiological, biochemical, and genetic aspects enhancing biosynthesis of 

natural sweetener PD in H. macrophylla, positioning it as a potential alternative to 

artificial sweeteners. In conclusion, by integrating metabolic and transcriptomic data 

and investigating the effects of external stress factors on PD production in H. 

macrophylla, this study provides new insights into the biochemistry and molecular 

regulation of PD and HD biosynthesis. 
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2 Introduction 

2.1 Phenylpropanoid biosynthesis in plants 

The sessile nature of plants has led to the evolution of diverse metabolic pathways 

that enabled them to respond to environmental stimuli and establish sophisticated 

relationships with co-evolving species through the production of specialized 

biomolecules that are generally not involved in the primary metabolism (Dixon, 2001; 

Hartmann, 2007; Weng et al., 2021). These secondary metabolites (SMs) contain an 

array of over 200,000 diverse chemical compounds originating from multiple 

biosynthetic pathways (Dixon, 2001; Schwab, 2003; Viladomat and Bastida, 2015). 

However, the origins of most of these biomolecules are credited to phenylpropanoid 

biosynthesis. Phenylpropanoids are a group of organic compounds that originate from 

the amino acid L-phenylalanine through a deamination process facilitated by L-

phenylalanine ammonia lyase (PAL). This nonoxidative deamination of phenylalanine 

transforms it into trans-cinnamate and directs carbon flow into various branches of the 

general phenylpropanoid metabolism (Dixon et al., 2002; Vogt, 2010). Therefore, the 

phenylpropanoid pathway (PPP) serves as the central route, starting from 

phenylalanine and leading to the production of an activated hydroxycinnamic acid 

derivative through the actions of PAL, cinnamate 4-hydroxylase (C4H), and 4-

coumarate: coenzyme A ligase (4CL). The formation of 4-coumaroyl CoA is a pivotal 

branching point within the central phenylpropanoid biosynthesis in plants (Schneider 

et al., 2003). The direction in which this biomolecule is channeled determines the 

accumulation of specific metabolites in plants (Fraser and Chapple, 2011). Certain 

pathways, such as those responsible for proanthocyanidins, tannins, and flavonoids, 

diverge from phenylpropanoid metabolism shortly after the production of 4-coumaroyl 

CoA (Winkel-Shirley, 2001; Dixon et al., 2005). Conversely, other pathways, including 

those leading to phenylpropenes, coumarins, lignins, and lignans, share some 

intermediate compounds within the phenylpropanoid metabolism (Lewis and Davin, 

1999; Boerjan et al., 2003; Dudareva et al., 2004; Vogt, 2010). A wide range of 

bioactive molecules with therapeutic properties can be observed as downstream 

products of these polyhydroxylated rings. These include flavonoids, stilbenes, 

isoflavonoids, and other polyketides such as 3,4-dihydroisocoumarins and melleins 

(Dixon & Piva, 1995; Austin & Noel, 2002; Noel et al., 2005; Dewick, 2009; Noor et 

al.,2020; Reveglia et al., 2020). Some of the essential biomolecules that help plants 
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respond to external stimuli branch out from these enzyme-mediated reactions. A visual 

representation of the PPP is given in Figure 1. 

 

Figure 1. Scheme of phenylpropanoid metabolism in plants leading to the formation of 

coumarins, flavonoids and polyketides. Red bold font indicates enzymes. 4CL, 4‐coumarate‐CoA 

ligase; C3H, p‐coumaroyl shikimate 3′ hydroxylase; C4H, cinnamic acid 4‐hydroxylase; CHS, chalcone 

synthase; CHI; chalcone isomerase; COMT, caffeate/5‐hydroxyferulate 3‐O‐methyltransferase; CSE, 

caffeoyl shikimate esterase; F3H, flavanone 3‐hydroxylase; HCT, hydroxycinnamoyl transferase; PAL, 

phenylalanine ammonia lyase; RS, resveratrol synthase; C2H, cinnamate 2 hydroxylase; F6’H1, 

feruloyl-CoA 6’-hydroxylase; SGT, scopoletin glucosyl transferase; S8H, scopoletin 8-hydroxylase; 

CTAS, p-coumaroyltriacetic acid synthase; COSY, coumarin synthase. 

2.1.1 Effect of drought stress on phenylpropanoid biosynthesis 

Drought, a widespread and complex abiotic stressor in the plant world, is common in 

arid and semiarid regions worldwide. It typically triggers various changes in plants at 

morphological, physiological, biochemical, and molecular levels, often negatively 

impacting both the quality and quantity of plant biomass (Mashilo et al., 2017). 

Throughout their evolutionary history, plants have developed adaptations to cope with 

drought conditions, often involving the accumulation of secondary metabolites (SMs) 
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like terpenes, alkaloids, and phenolic compounds induced by ionic or osmotic stress. 

However, this increased SM production usually comes at the cost of reduced biomass 

(Isah, 2019). For example, when exposed to drought stress, species like Hypericum 

brasilience and Pisum sativum experience an increase in phenolic compound 

concentrations (Dawid and Hille, 2018). This is typically associated with alterations in 

the phenylpropanoid pathway, where many key genes are activated in response to 

drought stress. For instance, drought stress leads to the activation of the PAL gene in 

lettuce plants and the expression of several genes involved in flavonoid biosynthesis 

in Scutellaria baicalensis (Yuan et al.,2012). Drought stress has been found to 

influence the biosynthesis of phenolic acids and flavonoids, resulting in increased 

levels of these compounds (Rezayian., 2018; Gharibi et al., 2019). These phenolic 

compounds serve as antioxidants and help protect plants by detoxifying the harmful 

H2O2 molecules generated during drought stress (Nichols et al., 2015). Conversely, 

drought can therefore be exploited to generate these phenylpropanoids from plants. 

Drought stress induction has been performed on bell peppers to extract SMs that are 

industrially relevant (Junker et al., 2018). The research findings offer evidence 

indicating that drought stress induces the accumulation of secondary metabolites 

(SMs) in plants. This phenomenon can be leveraged for the extraction of substantial 

quantities of these metabolites from plants. 

2.1.2 Effect of light stress on phenylpropanoid biosynthesis 

Plants possess the ability to respond to changes in light radiation by both accumulating 

and releasing a range of secondary metabolites (SMs), including phenolic compounds, 

triterpenoids, and flavonoids, many of which are valued for their antioxidant properties 

(Jaakola and Hohtola, 2010). Research has demonstrated that the intensity of light 

radiation plays a role in regulating the levels of various phenolic phenylpropanoid 

derivatives in Xanthium species. Specifically, compared to prolonged exposure to high 

light, shorter periods of light exposure result in a significant reduction of caffeoylquinic 

acids by approximately 40% and a nearly two-fold increase in the reduction of 

flavonoid aglycone content (Taylor, 1965). In Ipomoea batatas, a significant increase 

in phenolic acids (e.g., hydroxybenzoic acids and hydroxycinnamic) and flavonoids 

(e.g., flavonols, anthocyanins, and catechins) content was observed after a long period 

of high-intensity light exposure (Carvalho et al., 2010). In general, a light intensity 

between 200 and 300 μmol m-2 s-1 is suitable for plants grown in controlled 
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environments. Exposing a plant to higher light intensities results in higher 

accumulation of anthocyanins by activation of cryptochromes (Folta and Carvalho, 

2015; Bian et al., 2015). Light Emitting Diodes (LEDs), emitting high-intensity lights 

have been used to enhance the biosynthesis of therapeutic metabolites, specifically 

phenolics in orchids (Yeow et al., 2020). A similar study has shown that high light 

intensities were used to produce terpenoids by enhancing the mevalonic acid pathway 

in Solanum lycopersicum (Saadat et al., 2022). These investigations offer compelling 

evidence that exposure to light stress leads to the accumulation of secondary 

metabolites (SMs) in plants. Furthermore, this phenomenon can be harnessed to 

extract significant quantities of these metabolites from plant sources. 

2.2 Coumarins: Structure and Functions 

Coumarins belong to the polyphenol class of secondary metabolites (SMs) and are 

derived from the phenylpropanoid pathway (PPP) (Bourgaud et al., 2006). They 

constitute a substantial group of phenolic compounds characterized by a benzene ring 

fused to an 𝛼-pyrone ring, which can be classified into different types based on their 

chemical structure (Rettie et al., 1992). Since the initial discovery of coumarin in the 

plant Coumarouna odorata, more than 1300 of these 1,2-benzopyrone derivatives 

have been identified in various organisms, including insects, liverworts, marine 

sponges, lichens, bacteria, fungi, and plants (Egan et al., 1990; Iranshahi et al., 2009; 

Reveglia et al., 2020). In the plant kingdom, coumarins have been reported in 

approximately 150 different species spanning nearly 30 different families, including 

Apiaceae, Caprifoliaceae, Clusiaceae, Guttiferae, Nyctaginaceae, Oleaceae, 

Rutaceae, and Umbelliferae. The distribution of these bioactive molecules within plant 

tissues, whether it's in leaves, seeds, fruits, roots, latex, etc., depends on the specific 

type of coumarin, the plant species, and its developmental stage (Venugopala et 

al.,2013). Environmental factors significantly influence the accumulation of coumarin 

in plant tissues. Extensive research has been conducted to gain insights into these 

low molecular weight natural compounds, revealing their broad impacts not only on 

plant systems but also on the surrounding environment. This includes coumarins' 

ability to facilitate iron acquisition from soils in Nicotiana (Kai et al., 2006; Rajniak et 

al., 2018; Lefèvre et al., 2018), modify the rhizosphere to create a favorable 

environment for specific microbes in Arabidopsis (Voges et al., 2019), confer 

resistance to fungal infections in Brassica sp. (Tortosa et al., 2018), and scavenge 
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reactive oxygen species (ROS) under abiotic stress conditions (Fourcroy et al., 2014; 

Döll et al., 2018). While the plant kingdom remains an important source of chemical 

compounds, recent studies have highlighted the utility of natural coumarins and their 

synthetic analogs in various fields, including pharmacology, the food industry, 

perfumery, and scientific research (Floc’h et al., 2002; Lončar et al., 2020; Sugiyama 

et al., 2023; Onder et al., 2023). The coumarin biosynthesis pathway branching from 

the PPP in Arabidopsis is depicted in Figure 2. 

 

Figure 2. Biosynthesis of coumarins. Biosynthesis of hydroxy coumarins in Arabidopsis branching 

out from general phenylpropanoid pathway. Figure was adopted from Paffrath, (2022). 

Isocoumarins represent a class of compounds that are isomeric to coumarins and are 

characterized by a reversed lactone moiety. They can exhibit a 6,8-dioxygenated 

pattern, a 3-un substituted phenyl ring, or a 3-alkyl chain (C1-C17) (Saeed et al., 2014; 

Pal and Pal, 2018) (Figure 3A). While coumarins typically originate from the 

phenylpropanoid pathway, as seen in compounds like umbelliferone (7-hydroxy 

coumarin), isocoumarins have their roots in the polyketide biosynthetic pathway (Wu 

et al., 2016; Song et al., 2017). As a result, these biologically active molecules are 

commonly categorized under polyketides (Reveglia et al., 2020). Within the realm of 

isocoumarins, 3,4-dihydroisocoumarins (DHCs) form a subgroup distinguished by the 
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presence of saturated analogs at the C-3/C-4 positions (Figure 3B). DHCs constitute 

a relatively limited yet fascinating category of secondary compounds produced by 

specific plants, fungi, insects, and other organisms. Natural DHC structures exhibit 

various modifications within their fundamental framework, including O-glucosylation 

and methylation. These modifications significantly influence their chemical and 

biological properties (Saddiqa et al., 2017). Consequently, gaining a deeper 

understanding of how plants synthesize these isocoumarins holds promise for 

expanding their industrial applications, particularly in the agricultural and 

pharmaceutical sectors (Robe et al., 2021; Kim et al., 2023). Researchers have 

directed their attention towards the Cornales genus to identify DHCs with unique 

medicinal and nutritional properties. 

 

Figure 3. Structure of isocoumarins. (A, B) General chemical structures of (A) isocoumarin, (B) 3,4 

dihydroisocoumarin skeletons. Figure was adopted from Noor et al., 2020. 

2.3 Physiology and biochemical profile of H. macrophylla 

2.3.1 Physiology and growth habits of H. macrophylla 

H. macrophylla are ornamental plants native to hilly areas of Japan, which was 

introduced into Europe in the late 17th century by Sir Joseph Banks and they are now 

considered the most commercially significant Hydrangea species among the other 22 

recognized species (Wilson, 1923; Griffith, 1994; Wu et al., 2021). In Hydrangea 

breeding, the primary traits of significance include distinctive inflorescence structures 

and a wide range of flower colors that cater to various markets. These traits 

encompass the ability to induce flowering (enabling reblooming in landscape varieties 

and year-round flower production for florist Hydrangeas), resilience to drought and 

sunlight for landscape breeding, and resistance to powdery mildew for plants grown in 
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greenhouses and outdoor landscapes (Rinehart et al., 2016). Hydrangea species can 

be propagated through seeds, although the seeds are sometimes very small, and this 

method of sexual propagation results in variability among genotypes. The most 

prevalent techniques for commercially propagating Hydrangeas are stem cuttings and 

tissue culture through micropropagation (Ruffoni et al., 2013).  

Hydrangeas thrive in soil or substrate conditions where the pH level falls within the 

range of 5.5 to 6.5. Some species can even adapt to or prefer alkaline soils or 

substrates with pH levels around 7.0 or higher. Mineral nutrient deficiencies in 

Hydrangea depend on the taxonomic lineage of the plant. Inadequate levels of 

nitrogen (N) result in the yellowing of older leaves turning chlorotic, and possibly 

showing signs of tip dieback. Younger leaves, on the other hand, exhibit reddish 

margins and tend to stay smaller. Sulfur (S) deficiency shares some similarities with 

nitrogen deficiency, including reduced shoot elongation resulting in shorter internodes. 

Calcium (Ca) deficiency is characterized by younger leaves appearing light green to 

yellow, and they may become necrotic or distorted. Phosphorus (P) deficiencies 

manifest as reduced growth of the shoot and a purplish tint in older leaves. 

Hydrangeas, particularly H. macrophylla are considered to have high water demand 

with an approximate consumption of 0.2 liters per day and plant, emphasizing its 

dependency on ample water supply (Owen et al., 2016). These physiological 

parameters are exploited and manipulated while growing Hydrangeas at large scale.  

2.3.2 Biochemical profile of Hydrangea species 

Hydrangeas exhibit a rich biochemical profile featuring a wide array of biomolecules 

with therapeutic and non-therapeutic properties. Traditional medicine has long utilized 

H. macrophylla to address various ailments, including insect stings, allergies, sore 

throats, malarial fever, and diabetes. Additionally, scientific studies have illuminated 

the anti-inflammatory and immune-modulating properties inherent in Hydrangeas (Lee 

et al., 2022; Agustini et al., 2023). Upon subjecting H. macrophylla to biochemical 

analysis, researchers have uncovered a treasure trove of compounds. These include 

dihydro-isocoumarin derivatives, stilbenic acids, stilbenoids, flavonols, and more 

(Wellmann et al., 2022). Notably, a particular isocoumarin called Thunberginol C 

(ThmC) and its glycoside forms have demonstrated antimicrobial, antioxidative, 

photoaging prevention, stress reduction, and brain cell protection properties (Shin et 

al., 2019; Duy et al., 2020; Lee et al., 2022). The exploration of Hydrangea’s 
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biochemical makeup goes back to 1916 when the first 3,4-dihydroisocoumarin 

hydrangenol (HD) was extracted from these plants. HD exhibited multifaceted 

therapeutic potential, including antifungal, anti-allergic, antidiabetic, anti-inflammatory, 

and anti-angiogenic properties. This early investigation led to the discovery of another 

noteworthy biomolecule, phyllodulcin (PD), by Asahina and Ueno in the same year 

(Asahina and Ueno, 1916; Reveglia et al., 2020). Furthermore, Hydrangea flowers are 

known for containing delphinidin 3-glucoside, an anthocyanin capable of chelating 

aluminum in the presence of co-pigments like 3-caffeoylquinic acid. This interaction 

produces the distinctive blue coloration observed under acidic pH conditions (Takeda 

et al., 1985; Schreiber et al., 2011). Hydrangeas also house a diverse array of 

coumarins and their derivatives, including umbelliferone, skimmin (umbelliferone-7-3-

o-glucoside), daphnetin-8-monomethylether, hydrangeic acid, lunurarin and its 

glucosides, scopoletin, scopolin, quercetin and kaempferol derivatives, cyanogenic 

glycosides, and resveratrol derivatives (Suzuki et al., 1978; Yoshikawa et al., 1999a; 

Yoshikawa et al., 1999b; Wellmann et al., 2022). These collective findings underscore 

the remarkable diversity of metabolites present in Hydrangeas, making them a 

valuable resource for academic research and industrial applications. 

2.4 Phyllodulcin 

Phyllodulcin (PD) is a unique dihydroisocoumarin (DHC) compound exclusively found 

within H. macrophylla (Figure 4). In Japan, a traditional sweet herbal tea called 

Amacha is brewed which contains PD from dried leaves of H. macrophylla. This tea is 

is renowned for its distinctively sweet flavor, along with associated health benefits 

(Bassoli et al., 2008). Notably, R-(+)-PD is known to be exceptionally sweet, 

approximately 400–800 times sweeter than sucrose. The molecule's sweet taste is 

attributed to the presence of the ortho-hydroxy methoxyphenyl (isovanillyl) unit 

(Bassoli et al., 2008; Kim et al., 2018; Ciçek, 2020). In the leaves of Hydrangea, PD is 

naturally present in the form of phyllodulcin-β-D-glucosides (Figure 4). When the plant 

experiences various stressors such as drying, wounding, or senescence, native 

glucosidases within the plant hydrolyze these glucosides, converting PD to its 

aglycone form, which possesses a pleasantly sweet, minty taste. This enzymatic 

hydrolysis process has been harnessed in Japan for many years, involving methods 

like crushing, hand rolling, high-temperature drying, and fermentation of Hydrangea 

leaves to create sweet-tasting beverages (Ujihara et al., 1995; Jung et al., 2016; Kim 
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et al., 2017). Furthermore, PD has exhibited a range of beneficial properties, including 

anti-bacterial, anti-malarial, antifungal, anti-ulcer, and anti-inflammatory effects, both 

in traditional and modern medicine.  

 

Figure 4. Structure of phyllodulcin and its conjugates. Chemical structures of phyllodulcin, and its 

glycoside forms, phyllodulcin 8-O-β-glucoside and as phyllodulcin 3’-O-β-glucoside found in H. 

macrophylla. Figure was adopted from Jung et al. (2016). 

2.4.1 Health benefits of phyllodulcin 

Recent studies on animal models have shown a wide range of potential health benefits 

from the consumption of PD. PD has the ability to penetrate the blood-brain barrier 

(BBB) and be distributed throughout the brain. Hence, it can be a candidate for 

understanding the effects of Alzheimer's disease (Cho et al., 2023). The administration 

of phyllodulcin to mice led to enhancements in their blood lipid levels and glucose 

levels (Zhang et al., 2007). In animal trials, PD was able to decrease the weight of 

subcutaneous fat and the expression of adipogenesis and lipogenesis-related genes 

in mice (Kim et al., 2017). A work on bovine adrenocortical cells reported that low 

concentrations of PD inhibited phosphodiesterase activity through enhanced cyclic 

AMP-induced steroidogenesis, thus postulating its ability to avert attack of bronchial 

asthma and/or minor exacerbation of heart failure (Kawamura et al., 2002). These 

findings indicate that phyllodulcin has the potential to serve as a beneficial treatment 

option for metabolic disorders associated with obesity and may be utilized as a 

substitute sweetener with therapeutic properties, which is highly beneficial for the 

population suffering from type 2 diabetes, overweight and obesity (Zhang et al., 2007; 

Kim et al., 2017). Regarding such immense therapeutic potential, approaches to study 

this natural molecule in detail are limited by the lack of cost-efficient extraction 

methods and time-consuming synthetic approaches. 
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2.4.2 Biosynthesis of phyllodulcin in H. macrophylla 

Phyllodulcin, a type of 3,4 dihydroisocoumarin, is believed to originate from the 

phenylpropanoid pathway. Early investigations, aided by the use of labeled 14C 

compounds, indicated that the initiation of PD biosynthesis occurs through L-

phenylalanine and cinnamic acid (Basyouni et al., 1964; Kindle and Billek, 1964; Yagi 

et al., 1977). These studies also suggested that branching from p-coumaric acid was 

a possible route for PD biosynthesis, and hydrangenol (HD) could serve as a precursor 

in this pathway. This conclusion was drawn based on the incorporation ratio of labeled 

carbon, which indicated that the introduction of the C-3' hydroxy group in phyllodulcin 

occurs after the formation of hydrangenol. Additionally, it was reported that three 

molecules of malonyl CoA condense to form a tetraketide intermediate, likely involved 

in hydrangenol biosynthesis (Ibrahim and Towers, 1960). 

In 1999, researchers identified an enzyme called p-coumaroyltriacetic acid synthase 

(CTAS) in H. macrophylla. This enzyme catalyzes three consecutive decarboxylation 

reactions of p-coumaroyl-CoA and malonyl-CoAs, ultimately leading to the production 

of p-coumaroyltriacetic acid (CTA) tetraketide, which is further converted into p-

coumaroyltriacetic acid lactone (CTAL) (Akiyama et al., 1999). Although an enzyme 

responsible for stilbene carboxylic acid biosynthesis in Hydrangea wasn't detected, it 

was suggested that CTAS, in association with a hypothetical polyketide cyclase and 

ketoreductase, might be involved in hydrangic acid formation (Akiyama et al., 1999; 

Austin and Noel, 2003). Another research group that reported the enzyme 

stilbenecarboxylate synthase (STCS), which prefers dihydro p-coumaric acid to 

produce stilbene carboxylates like 5-hydroxy-lunularic acid, also suggested this 

reduction step (Eckermann et al., 2003). Hydrangic acid could potentially lead to the 

formation of HD, and subsequently PD, as PD may be derived from HD through C-3’ 

hydroxylation and C-4’O-methylation (Yagi et al., 1977). In parallel, Thunberginols, 

synthesized from resveratrol, have also been proposed to be linked to PD biosynthesis 

(Çiçek et al., 2018; Preusche et al., 2022). While these studies lay the foundation for 

deciphering the PD biosynthetic pathway in Hydrangea, a comprehensive 

understanding would require further research into the genes, enzymes, and potential 

intermediates involved in this pathway. Figure 5 illustrates the biosynthetic pathway 

responsible for the production of documented stilbene carboxylates, which are 
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anticipated to serve as intermediate compounds in the biosynthesis of PD, as outlined 

in the existing literature. 

 

Figure 5. Scheme of stilbene carboxylate biosynthesis reported in Hydrangea sp. Red bold font 
indicates enzymes. 4CL, 4‐coumarate‐CoA ligase; C4H, cinnamic acid 4‐hydroxylase; PAL, 
phenylalanine ammonia lyase; CTAS, p-coumaroyltriacetic acid synthase; STCS, stilbene carboxylate 
synthase; DBR, double bond reductase 
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2.5 Use of phyllodulcin as a natural sweetener 

In the late 18th century, following the discovery of saccharin, the first artificial 

sweetener, the global food industry began searching for chemical compounds that not 

only provided sweetness but were also cost-effective (O’Brien-Nabors, 2011). 

However, concerns regarding the safety of consuming and producing these chemicals 

have arisen. For instance, well-known FDA-approved sweeteners like saccharin, 

aspartame, cyclamate, or their metabolic products have all been linked to increased 

health risks in various ways. It's important to note that the approval and use of these 

sweeteners vary from one country to another (Prince et al., 1970; Weihrauch and 

Diehl, 2004; Debras et al., 2022; Riboli et al., 2023). In recent times, there's a growing 

consumer preference for natural ingredients, leading to a higher demand for natural, 

calorie-free, or zero-calorie sweeteners. This shift in consumer demand is also 

reflected in scientific literature, with an increase in research on sugar substitutes and 

a substantial rise in publications concerning natural sweeteners (Dubois and Prakash, 

2012; Philippe et al., 2014; Ҫiçek et al., 2020). One commonly proposed structural 

element believed to be present in sweet-tasting compounds, referred to as the 

"glucophore," plays a crucial role in imparting sweetness to these substances. This 

feature is a key factor in determining the relative sweetness of a molecule, and 

chemists have used this concept when developing new artificial sweeteners, often 

drawing inspiration from natural sweeteners (Shallenberger and Acree, 1967; Brich, 

1987; Ҫiçek et al., 2020). Research on PD and its analogs aimed to uncover the 

structure-activity relationships underlying their sweetening properties. Within these 

compounds, the ortho-hydroxymethoxyphenyl (isovanillyl) component plays a pivotal 

role in eliciting the sweet taste, and it can be modified to some extent while retaining 

its effectiveness. These compounds interact with taste receptors on the tongue and 

activate the brain regions responsible for perceiving sweetness (Shallenberger and 

Acree, 1967; Bassoli et al., 2002). Studies have indicated that PD is between 400 and 

800 times sweeter than sucrose and has a refreshing taste (Yamato et al., 1977; 

Bassoli et al., 2008). Furthermore, purified phyllodulcin has shown no mutagenicity, 

and its acute oral toxicity in mice is greater than 2 grams per kilogram of body weight, 

indicating that PD can be safely ingested without posing a risk of toxicity (Izawa et al., 

2010). Despite these favorable characteristics, the potential use of PD as a natural 

sweetener has been limited primarily due to the lack of large-scale industrial 
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production. The use of PD as a natural sweetener is not a new concept. PD is well-

known in Japan as both an oral refrigerant and a sweetener. It is a key component in 

the preparation of a sweet tea called Amacha (甘茶), which is a traditional Japanese 

beverage made from the leaves of H. macrophylla and is typically served during the 

Hanamatsuri celebration, marking the birth of Buddha (Yasuda et al., 2004; Moll et al., 

2021). Fresh Hydrangea leaves are not considered sweet; however, during the tea-

making process, which includes hand-rolling and high-temperature drying, the distinct 

minty sweet taste of PD is developed as a result of the bioconversion of phyllodulcin 

within the leaves (Ujihara et al., 1995). Previous studies have revealed that non-sweet 

phyllodulcin-β-D-glucosides present in fresh Hydrangea leaves are converted into 

their aglycone, phyllodulcin, during the heating process (Suzuki et al., 1977a; Zehnter 

and Gerlach, 1995). This conversion process is primarily mediated by the action of β-

glucosidase (Zehnter and Gerlach, 1995; Ujihara et al., 1995). Additionally, the 

concentration of PD in harvested Hydrangea leaves was found to increase directly 

proportional to the length of storage, particularly up to five days when stored at 25°C 

under humid conditions. However, there is a suggestion that the β-glucosidase 

enzyme in Hydrangea might have a broader optimal temperature range, potentially 

contributing to its heightened enzymatic activity (Jung et al., 2016). Therefore, the 

main challenge in producing PD from plant leaves lies in the bioconversion of its 

glycoside form to its active non-glycoside form. This conversion can be achieved by 

drying the plant tissue in large batches at a high temperature. The yield of PD can be 

further increased by treating the plant tissue with the enzyme β-glucosidase. In 

principle, both of these methods break the β-glucoside bond and release free PD from 

its glucoside form. 

Metabolic engineering using microbial systems can be a valuable approach for 

upscaling the production of natural products. Similar work to express important genes 

involved in the steviol glycoside biosynthetic pathway has been done in E. coli (Wang 

et al., 2016; Moon et al., 2020). Successful microbial engineering relies on a detailed 

biochemical and genetic understanding of the target compound's biosynthesis in the 

native organism. This includes knowledge of the genes, enzymes, and intermediate 

biomolecules involved. Once the enzymes responsible for producing a specific 

compound are identified and comprehensively studied, the next challenge involves 

two main steps. First, the development of a genetically engineered microbial strain 
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capable of producing the target compound. Second, the optimization of this 

engineered strain for maximum efficiency in sweetener production, regardless of the 

carbon source used. Engineering complex pathways for secondary metabolites in 

microbes, particularly for large-scale production, is a highly intricate undertaking 

(Philippe et al., 2014). Nonetheless, recent advancements in the metabolic 

engineering of compounds like artemisinic acid and hydroxylated taxanes offer 

encouraging prospects (Ajithkumar et al., 2010; Paddon et al., 2013). Transcriptome 

profiling enables the simultaneous analysis of gene expression dynamics, providing a 

comprehensive view of cell physiology and regulatory processes. This technology has 

significantly advanced the field of metabolic engineering by allowing the systematic 

examination of cell metabolism at a holistic level (Shi et al., 2013). Therefore, by 

identifying potential genes involved in PD biosynthesis through transcriptome profiling 

and expressing these genes in a microbial system like E. coli, it becomes possible to 

scale up PD production to an industrial level. 

2.6 Aim of the present work 

To date, several studies have explored the biosynthesis of phenylpropanoids in H. 

macrophylla, but these investigations were conducted independently. They did not 

consider the closely associated metabolites linked to pathways relevant to phyllodulcin 

biosynthesis. Understanding the dynamics of these metabolites in response to 

changing environmental conditions is crucial for comprehending how phyllodulcin (PD) 

and hydrangenol (HD) are metabolized within the plant. Moreover, from an industrial 

as well as scientific viewpoint, it is important to understand how environmental factors 

can be manipulated to enhance PD biosynthesis in H. macrophylla. Additionally, 

determining the growth stage, at which PD and HD are most abundant is essential for 

optimizing the harvesting time to efficiently collect leaves rich in these compounds. 

Furthermore, investigation is needed to understand how leaf processing might impact 

PD and HD concentrations. Lastly, a thorough understanding of the PD biosynthetic 

pathway, including the genes, enzymes and metabolites involved is included in this 

study. 

To close these gaps, a large variety of H. macrophylla accessions were screened for 

their enrichment of PD and HD. These lines were preselected from a pool of 

accessions provided by Koetterheinrich Hortensienkulturen (Ms. Frauke Engel) on the 

basis of their ornamental trait and aesthetic appeal. To identify the growth stage with 
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the highest PD content, selected plants were cultivated under controlled greenhouse 

conditions throughout their life cycle. A pre-treatment method involving leaf drying and 

enzyme treatment to enhance PD concentrations before extraction was implemented. 

A comprehensive analysis of the transcriptome and metabolome of H. macrophylla 

accessions with differing PD and HD contents was conducted. This analysis aimed to 

unravel the differences in metabolites and gene expression in plants with contrasting 

PD enrichment. Metabolomic analysis involved quantifying biomolecules using liquid 

chromatography tandem mass spectrometry (LC-MS/MS), while transcriptome 

analysis encompassed RNA sequencing followed by weighted gene co-expression 

network analysis (WGCNA), Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway analysis, and Gene Ontology (GO) term analysis of the RNA sequences. 

Additionally, H. macrophylla accessions were exposed to abiotic stress conditions, 

specifically drought stress and high-light stress, to investigate alterations in the 

metabolite profile, including PD and HD concentrations. Collectively, these 

experiments offered insights into the natural and induced variation of PD 

concentrations from various perspectives.
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3 Materials and methods 

3.1 Plant material and sample processing 

Fresh, fully expanded young upper leaves from 182 Hydrangea macrophylla 

accessions were obtained from Koetterheinrich Hortensienkulturen (Lengerich, 

Germany) and subsequently screened for phyllodulcin (PD) and hydrangenol (HD) 

concentration after drying the leaf tissue. Thirteen accessions were selected and were 

chosen for further experiments. The accessions used for the screening are listed in 

appendix 11. 

From the selected 13 accessions, five accessions of H. macrophylla namely, VAR-

552, VAR-746, VAR-553, VAR-212 and VAR-163, were grown from the cutting stage 

in the greenhouse at IPK-Gatersleben under controlled conditions, including an 18-

hour photoperiod with a light intensity of 200 μmol m-2 s-1, temperature maintained at 

21/19°C (day/night), and relative humidity set at 60%. Daily randomization and 

grouping of the plants were carried out. 

The plants were allowed to grow for a total of 145 days, and five developmental stages 

were selected for the analysis: 20, 50, 75, 110 days from the initial cutting taken from 

the mother plants and planted in the soil to the stage of senescence after flowering. At 

each of these stages, fully expanded leaves, stems, roots, and later flowers from six 

replicates were harvested. The harvested materials were divided into two portions for 

separate analysis: 

1. One portion of fresh tissues underwent a drying process at a temperature of 

40°C for 48 hours, after which they were finely ground into a powder. The 

resulting powder was then placed into plastic containers and stored in a low-

moisture environment. 

2. The other portion was frozen immediately after harvesting, ground to a fine 

powder and stored in plastic vials at -80°C until they were needed for analysis. 

3.2 Chemicals 

LC-MS grade acetonitrile, methanol, and n-hexane used in this experiment were 

procured from Carl Roth (Karlsruhe, Germany). Formic acid was obtained from 

Thermo Fisher Scientific (Massachusetts, United States), and ultrapure water with a 

resistivity exceeding 18.2 MΩ·cm was produced using the Milli-Q® IQ 7000 

Purification System. Analytical standards essential for the quantitative measurements 
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of phyllodulcin (PD) and hydrangenol (HD) were provided by Symrise AG, 

(Holzminden, Germany). Additionally, the analytical standards required for 

phenylpropanoid analysis were purchased from Sigma Aldrich (St. Louis, Missouri, 

United States). 

3.3 Extraction and concentration of PD and HD 

Both PD and HD were extracted with slight modifications to an existing method that 

included drying and fermentation steps, specifically using Accelerated Solvent 

Extraction (ASE) as described by Lee et al. (2008) and Jung et al. (2016). In this 

procedure, powdered tissue, both fresh and dried, was separately subjected to 

extraction to quantify the PD and HD concentrations under each condition. In both 

cases, 5-10 mg of ground tissue was fermented with 0.2 mL of ultrapure water for 2 

hours at 40°C. Following this, 1.8 mL of methanol was added to the mixture, and it 

was further incubated in an ultrasonic bath for an additional 2 hours at 40°C. The 

supernatant was separated by centrifugation at 13,000× g for 10 minutes, and 1 mL of 

methanol was added to the sediment, which was then vortexed for 1 hour. The 

supernatant from this fraction was combined with the previous fraction after 

centrifugation at 13,000× g for 10 minutes. The final mixture was collected and passed 

through Strata C-18-E columns (55 µm, 70 Å, 100 mg/ml, Phenomenex, Germany) 

that had been preconditioned using 1 mL of methanol, and subsequently eluted with 

1 mL of methanol. The final volume was collected and subjected to LC-MS analysis. 

3.4 Extraction of phenolic compounds 

For the extraction of phenolics, including p-coumaric acid, trans-cinnamic acid, caffeic 

acid, ferulic acid, naringenin, and trans-resveratrol, a liquid extraction using methanol 

was carried out with slight modifications based on the method described by Irakli et al. 

(2021). Approximately 5-10 mg of finely ground plant tissue was combined with 1 mL 

of 80% methanol and agitated in an ultrasonic bath for 1 hour at 30°C. The resulting 

extract was then subjected to centrifugation at 13,000× g for 10 minutes at 4°C, and 

the extraction process was repeated once more. The supernatant was subsequently 

filtered through a membrane filter with a porosity of 0.45 µm and collected in new 

Eppendorf tubes for further analysis. 
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3.5 Extraction of coumarins 

The extraction of scopolin, scopoletin, esculin, esculetin, fraxetin, and umbelliferone 

was performed with slight modifications based on a previously published method 

(Perkowska et al., 2021). Initially, 1 mL of methanol was added to the finely ground 

and powdered samples. These samples were then subjected to sonication for 1 hour, 

followed by incubation in darkness at 4°C for an additional 2 hours. After this 

incubation period, all the samples underwent centrifugation at 13,000 × g for 10 

minutes, and the resulting supernatants were carefully transferred to new Eppendorf 

tubes. To further process the extracts, they were first dried for 2 hours in an incubator 

at 45°C and then for an additional 2 hours in a vacuum centrifuge. Subsequently, 100 

μL of 80% methanol was added to the dried extracts to dissolve the samples, and they 

were left to incubate overnight at 4°C. The following day, the extracts were vortexed 

for 10 minutes and separated into 50 μL aliquots. These samples were stored at -20°C 

until they were ready for analysis via LC-MS. 

3.6 Extraction and quantification of carbohydrates 

The method employed for assessing soluble sugars and starch levels in the leaves 

was adapted from the procedure outlined by Ahkami et al. (2013) with some 

modifications. Initially, 50 mg of fully expanded leaves were subjected to 

homogenization in liquid nitrogen. Extracts were prepared by using 0.7 mL of 80% 

(v/v) ethanol, followed by an incubation period at 80°C for 60 minutes at 600 rpm. 

Subsequently, the crude extracts underwent centrifugation at 14,000 rpm at 4ºC for 5 

minutes, and the resulting supernatant was carefully collected in new Eppendorf tubes. 

The residual pellet was washed twice with 1 mL of 100% ethanol. To convert starch 

into glucose, 0.2 mL of 0.2 N KOH was added, followed by an overnight incubation at 

4°C. This was followed by neutralization with 0.07 mL of acetic acid 1N, maintaining a 

pH range of 6.5-7.5. Sample digestion was facilitated using 0.1 mL of a buffer 

containing 2 mg·mL-1 amyloglucosidase in 50 mM sodium acetate at pH 5.2, followed 

by an overnight incubation at 37°C. Starch concentration was subsequently calculated 

based on the glucose concentration in the samples after starch breakdown. The 

determination of glucose, fructose, and sucrose levels was carried out through a 

photometric assay that involved the use of hexokinase, phosphoglucoisomerase, and 

invertase enzymes, with the oxidation of NAD to NADH (Nicotinamide adenine 

dinucleotide) being monitored at a maximum wavelength of 340 nm. 
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3.7 Extraction and quantification of amino acids 

The ethanol extracts obtained from the sugar measurements were utilized for amino 

acid analysis following the methodology described by Mayta et al. (2018). In this 

process, NMR-purified fluorescing reagent AQC (6-aminoQuinolyl-N 

hydroxysuccinimidyl carbamate) sourced from BIOSYNTH AG in Switzerland was 

employed as the derivatization agent. The AQC reagent was prepared by dissolving 3 

mg of AQC in 1 mL of acetonitrile, followed by incubation for 10 minutes at 55°C. The 

derivatization of amino acids involved the use of 0.01 mL of the extract or standard 

mixture, 0.01 mL of AQC, and 0.08 mL of 0.2M boric acid at pH 8.8. This mixture was 

subjected to a 10-minute incubation at 55°C. The separation of 20 different soluble 

amino acids was achieved through ultra-pressure reversed-phase chromatography 

(UPLC) using the Acquity H-Class machine by Waters GmbH in Germany, equipped 

with a fluorescent (FLR) detector. A reversed-phase C18 column (Luna Omega, 1.6 

μm, 2.1x100 mm, from Phenomenex, Germany) was employed for chromatographic 

separation, with a flow rate of 0.6 mL/min for a total runtime of 6 minutes and a column 

temperature of 40°C. The chromatographic gradient was created using eluent A 

concentrate, eluent B, and eluent C, with the addition of high-purity water as per the 

manufacturer’s instructions (Bioanalytics Gatersleben, http://www.bioanalytics-

gatersleben.de). Amino acids were detected at excitation and emission wavelengths 

of 266 and 473 nm, respectively. For quantification, a calibration curve was generated 

using a standard mix containing 20 amino acids at concentrations ranging from 0.5 to 

20 nmol/mL. Data acquisition and final qualitative and quantitative analysis were 

performed using Empower 3 software from Waters GmbH in Germany. 

3.8 UPLC-MS analysis 

UPLC–MS analyses were performed on Agilent 1290 UPLC system coupled to Agilent 

6490 Triple Quadrupole Mass spectrometer (Agilent Technologies, Waldbronn 

Germany). The chromatographic separation was performed using ZORBAX RRHD 

Eclipse Plus C18, 95Å, 2.1 x 50 mm, 1.8 µm column (Agilent Technologies, Santa 

Clara, USA) at a flow rate of 0.45 mL/min and a column temperature of 40◦C. 1µL of 

the injected samples were eluted using a gradient of solvent A (water) and B 

(acetonitrile), both with 0.1 % formic acid (v/v). The initial percentage of B was 10 %, 

which was linearly increased to 80 % in 5 min, then re-equilibrated with original 

conditions in 6th min. ESI-MS/MS analysis was conducted in positive and negative 
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ionization modes by using nitrogen as drying and nebulizing gas. The gas flow was 

set at 12.0 l/min at 250◦C and the nebulizer pressure was 30 psi. The capillary voltage 

was 2 kV and a dwell time of 20. The collision energy ranged from 9 to 69 eV 

depending on the masses estimated using MassHunter optimizer software using MS2 

Selected Ion Monitoring (SIM). To improve sensitivity, accuracy and specifically select 

parent ion and daughter ions corresponding to the mass of the molecules of interest, 

Multiple reactions monitoring (MRM) was performed. 14 essential metabolites in the 

pathway were selected for quantification and calibration curve was set up from a range 

between 0.01- 50 µg per ml. Agilent MassHunter software (B.07.01, Agilent 

Technologies, United States) was used for data acquisition and final qualitative and 

quantitative analysis. A detailed description of the analysis is added to the results 

chapter. 

3.9 RNA isolation, sequencing and analysis 

To isolate total RNA from the plant tissues, the Spectrum™ Plant Total RNA Kit, 

obtained from Sigma Aldrich, was employed following the manufacturer's guidelines, 

and it was found to be highly effective for isolating RNA from Hydrangea tissues. Total 

RNA was isolated and analyzed from three replicates of 14 selected accessions, each 

with varying levels of PD and HD concentration. The quality of RNA was assessed 

using NanoDrop™ 2000c spectrophotometry from Thermo Scientific™, with a 10µL 

volume collected and used for sequencing. RNA integrity was further evaluated using 

the RNA Nano 6000 Assay Kit on the Bioanalyzer 2100 system by Agilent 

Technologies in California, USA. For cDNA library preparation and transcriptome 

sequencing, Novogene Co conducted the procedures using the NEBNext® UltraTM 

RNA Library Prep Kit for Illumina® (NEB, USA). Initially, mRNA was purified from total 

RNA using poly-T oligo-attached magnetic beads, followed by fragmentation. 

Subsequently, the first and second strands of cDNA were synthesized using a random 

hexamer primer and M-MuLV Reverse Transcriptase (RNase H-) along with DNA 

Polymerase I and RNase H, respectively. cDNA fragments of lengths between 370 to 

420 bp were selected after purifying library fragments using the AMPure XP system 

from Beckman Coulter in Beverly, USA. PCR was then carried out with Phusion High-

Fidelity DNA polymerase, Universal PCR primers, and Index (X) Primer. The quality 

of the libraries was assessed using the Agilent Bioanalyzer 2100 system. Upon library 

preparation, 150 bp pair end reads were generated after clustering. The reference 
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genome and gene model annotation files were downloaded directly from 

https://plantgarden.jp. Indexing of the reference genome and read alignment to the 

reference genome were performed using Hisat2 v2.0.5. The mapped reads from each 

sample were assembled using StringTie (v1.3.3b) (Pertea et al., 2015) in a reference-

based approach. FeatureCounts v1.5.0-p3 was utilized to count the number of reads 

mapped to each gene. Differential expression analysis was conducted using the 

DESeq2 R package (v1.20.0). The resulting p-values were adjusted using the 

Benjamini and Hochberg’s approach to control the False Discovery Rate (FDR), 

represented as padj value. Significantly differentially expressed genes were identified 

with a corrected p-value of 0.05 and an absolute fold change of 2 as the threshold. 

To gain insights into the functional significance of differentially expressed genes, Gene 

Ontology (GO) enrichment analysis was performed using the clusterProfiler R 

package, with GO terms exhibiting corrected p-values below 0.05 considered 

significantly enriched by the differentially expressed genes. Additionally, KEGG (Kyoto 

Encyclopedia of Genes and Genomes) pathway enrichment analysis was conducted 

to assign each gene to its respective pathways. 

3.10 Validation of gene expression using qRT-PCR 

The RevertAid First Strand cDNA Synthesis Kit from Thermo Scientific was utilized to 

perform cDNA synthesis, and 0.3 µg of total RNA was employed as the starting 

material. This synthesis process was initiated using oligo(dT) primers. The primers for 

the quantitative real-time polymerase chain reaction (qRT-PCR) were created through 

primer design software Primer3, and they were subsequently synthesized by the 

company Metabion in Germany. The list of primers designed for validation with qRT-

PCR are represented in table 1.  Specific criteria during the primer design process 

included achieving a melting temperature (Tm) within the range of 60 ± 1°C, designing 

primers with a length between 18 and 25 base pairs, preferably located close to the 

3'-end of the target sequence, and ensuring a GC content between 40% and 60%. 

This strategy aimed to generate PCR products that are unique and relatively short, 

ranging from 60 to 150 base pairs in length. To analyze gene expression levels, the 

cDNA samples were employed in qPCR, which was conducted using the CFX384 

TouchTM system from Bio-Rad. For the qPCR reactions, the iQ SYBR Green 

Supermix from Bio-Rad (Hercules, CA, USA) was used. The samples underwent 

examination in triplicates, following this procedure: an initial activation cycle was 
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carried out for 3 minutes at 95°C; this was followed by 40 amplification cycles, with 

each cycle comprising 15 seconds at 95°C and then 30 seconds at either 58°C or 

60°C, depending on the specific primer used. Subsequently, a single melting curve 

cycle was executed, spanning from 65°C to 95°C, with increments of 0.5°C every 5 

seconds. The Ct (Cycle threshold) values obtained were exported from the Bio-Rad 

CFX Manager Software (Version 3.1, Bio-Rad Laboratories) and were employed to 

calculate the efficiency of PCR amplification. Normalization factors were calculated 

using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as reference gene. PCR 

amplification efficiency was determined following the guidelines outlined in prior 

instructions (Bustin et al., 2009). Only experiments exhibiting an efficiency falling 

within the range of 90% to 110% were considered. Normalization factors were 

calculated using geNORM (Vandesompele et al., 2002). The expression levels of 

genes between different study groups of accessions having varying metabolite 

contents were represented as foldchange using the formula: 

Fold change =

(
2−𝐶𝑡𝐺𝑂𝐼

𝑁𝐹 )
𝑡𝑎𝑟𝑔𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

(
2−𝐶𝑡𝐺𝑂𝐼

𝑁𝐹 )
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

 

where NF is the calculated normalization factor, Ct is the cycle threshold, and GOI is 

the investigated gene of interest.  
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Table 1. List of qRT-PCR primers used for validation. 

Gene 
Forward primer 

5’→3’ 

Reverse primer 

5’→3’ 

Glyceraldehyde-3-

phosphate dehydrogenase - 

GADPH 

GGCTGAGACTGGAGCGGAAT CAAACATGGGGGCGTCTTTGC 

Double Bond Reductase - 

DBR 
ACCGTTGTGCCTTACATCAG ACGGCCACTAAAGAGTCCAA 

Dihydroflavonol 4-reductase 

- DFR 
ATGTTGGACGCCTCTCCATC CACAAGTCCACACCCAAGAG 

p-Coumaroyl tri acetic acid 

synthase - CTAS 
CAGGCAAAAGTGGGTCTGAA GAAAAACACACATGCGCTGG 

Polyketide Cyclase - PKC TGCAGCCCATTCCAAATCAG TGATGAAGGACCTTTCGGGA 

Phenylalanine ammonia-

lyase 1 – PAL1 
ATCAGAGAGTGCCGGTCTTT ACCGGACTTTCTCTCCTGTC 

4-coumarate CoA ligase – 

4CL  
TGGTTCCAAGATCTCCGAGG GAGCTTTTGGGATTGCGTCT 

Keto reductase - KR GGTAGCCCTGAATATGTGCG GTCGACACGATGTGGGTAGT 

Hydroxycinnamoyl 

transferase - HCT 
AGATGGACTTTCAGCCCTCC GAGGATGGTCCGATCGATGA 

Caffeoyl-CoA 3-O-

methyltransferase - 

CCoAOMT 

GGCATGGAGCACAAGATCAA GGGCTTGTCAGCGTCAATAA 

Caffeic acid O-

methyltransferase - COMT 
GTGTCGATCGGAAGGCCATA ATGCGACAGCACAAGGTAAC 

 

3.11 Gene co-expression analysis 

WGCNA is a data-driven method that discovers co-clustered gene sets (modules) 

based on weighted correlations between gene transcripts. For the construction of gene 

co expression networks, weighted gene co-expression network analysis (WGCNA) 

was performed on 22,980 genes having high variance among the accessions which 

were obtained from RNA sequencing of Hydrangea accessions. The WGCNA (version 

1.72-1) R software package is a comprehensive collection of R functions for 

performing various aspects of weighted correlation network analysis. This R package 

included functions for network construction, module detection, gene selection, 
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calculations of topological properties, data simulation, visualization, and interfacing 

with external software (Langfelder and Horvath, 2012).  

3.12 Drought stress experiment 

Five selected accessions of H. macrophylla namely VAR-552, VAR-746, VAR-553, 

VAR-212 and VAR-163 were grown under drought stress. Initially, all the plants were 

grown in the green house of IPK-Gatersleben under the following conditions: 18-h 

photoperiod with 200 μmol m-2 s-1 light intensity, 21/19 °C (day/night) temperature and 

60% relative humidity for 10 days from cutting stage. After the 10th day the plants were 

separated into two batches. 12 plants of each accessions were grown under ambient 

growth conditions and watered regularly. These plants were used as control plants. 

Similarly, 12 plants of the same accessions were watered to the brim of the pot and 

allowed to completely drain. After complete drain, each day the moisture content of 

soil was monitored using moisture meter (Delta T devices ltd. England). A reference 

water of 450ml was added to maintain equal water conditions until all the plants 

reached desired soil moisture. After 24 days all these plants attained 5% soil moisture. 

These plants were randomized daily and soil moisture content was monitored. The 

plants were maintained for 20 more days under this moisture until harvest. The top 

fully expanded leaves were harvested. One portion of the harvested leaves were dried 

in oven at 40°C for 48 hours and second portion was frozen in liquid nitrogen and 

stored at -80°C until analysis.  

3.13 Light stress experiment 

Five selected accessions of H. macrophylla namely VAR-552, VAR-746, VAR-553, 

VAR-212 and VAR-163 were grown under high light intensity to induce light stress. 6 

biological replicates of each accessions were grown under normal growth conditions 

within the greenhouse for 10 days (18hrs photoperiod with 150 μmol m-2 s-1 (150 μE 

m-2 s-1) light intensity, 21/19 °C (day/night) temperature and 60% relative humidity). 

On the 11th day treatment 6 plants each were shifted to two different growth chamber 

both having same growth conditions but differed in light intensity. The six control plants 

were grown under 150 μE m-2 s-1 of light intensity and six treatment plants were grown 

under 600 μE m-2 s-1. The plants were regularly watered normally until harvest. After 

22 days the treatment plants started to show pigmentation and plants in both the 

chambers were harvested. One portion of the harvested leaves were dried in oven at 
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40°C for 48 hours and second portion was frozen in liquid nitrogen and stored at -80°C 

until analysis. 

3.14 β-glucosidase digestion  

To convert the glucoside forms of PD and HD into their active forms, a digestion step 

was carried out using almond β-Glucosidase procured from Sigma Aldrich (G-0395), 

with slight modifications adapted from Cowan et al. (2021). Approximately 5-7 mg of 

homogenized leaf powder (fresh and dried) was placed in 2ml Eppendorf tubes. Next, 

150 μL of 0.2% w/v β-glucosidase (Almond) in 0.1M citrate buffer (pH 5.6) (containing 

trisodium citrate) was added to the tubes. These tubes were then placed in an 

incubation block and shaken for 1 hour at 35°C. 

Following the 1-hour incubation, 1 mL of methanol was introduced to the samples, and 

they were shaken for an additional 1 hour. Subsequently, the tubes were centrifuged 

for 15 minutes at 13,000× g, and the resulting supernatant was carefully separated. 

This supernatant was used for the extraction of PD and HD as described in section 

3.3. 

3.15 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 9.5.1 (GraphPad Software 

Inc.) and R (version 4.0.3). For multiple comparison analysis, a one-way ANOVA with 

post hoc Tukey’s test (p ≤ 0.05) was conducted. To assess the significance of 

differences between the control and treatment groups, paired sample t-tests were 

performed.
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4 Results 

4.1 Analysis of metabolites in H. macrophylla via UPLC-MS/MS 

To study the concentrations of different metabolites in different accessions, leaf 

extracts were subjected to UPLC-MS/MS analysis. To separate these metabolites 

from the matrix, chromatographic separation was performed using a reverse-phase 

column and all samples were analyzed in positive and negative mode electrospray 

ionization (+/-ESI). A scan range of 10-500 was used to acquire the m/z ratio of 

metabolites. In an MS/MS experiment, mass-selected precursor ions are induced to 

dissociate into product ions, which are then mass analyzed by a second analyzer. 

Once multiple reaction monitoring (MRM) transitions were decided, the calibration 

curves were derived for injections of known amounts of each metabolite. Five different 

concentrations of these molecules were used to prepare a calibration curve and the 

absolute quantification was performed using a single MRM transition for each analyte 

(Appendix 1-3). A good linearity was achieved for all metabolites with a correlation 

coefficient of above 0.9145 with the concentration ranges 0.01-50 μg/mL. The limit of 

quantification (LOQ) for the coumarins were measured by triplicate injections of the 

standard solutions based on signal to noise ratio of 10.  

MassHunter optimizer software was used to select precursor ions using MS2
 Selected 

Ion Monitoring (SIM), product ions using product ion scan for each precursor ion and 

optimum collision energy for each transition using MRM acquisition mode (Table 2). 

Product ions were selected as the most abundant ions in a composite product ion scan 

spectrum obtained for a given precursor ion at multiple collision energies. With the 

collision energy of 13 eV, [PD+H]+ fragmented into a product having m/z of 269.1 [M-

OH]+, indicating the loss of hydroxyl group (-OH, molar mass = 17g/mol) (Figure 6A). 

This fragment showed highest abundance among all other fragments. Similarly, at a 

collision energy of 13 eV, [HD+H]+ fragmented into a characteristic m/z of 239.1 [M-

OH]+ with highest abundance (Figure 6B). [Naringenin+H]+, dissociated into a 

fragment containing characteristic m/z of 152.9 at a collision energy of 25 eV. This 

most abundant fragment was a result of the formation of [M+H – C8H8O]+ ions (Figure 

6C). [Resveratrol+H]+ at a collision energy of 17 eV, gave a characteristic fragment of 

m/z 135 indicating the formation of an ion species - [M+H –C6H6O]+ (Figure 6D). 

Similar fragmentation pattern was observed also in previous studies (Claeys et al., 

1996; Flamini and Vedova, 2004). 
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Table 2. Transitions of ions used for quantification of metabolites. The transition of ions used for 

quantification and mode of ionizations, QIT, collision energies (CE) of corresponding transition in eV 

and retention time (tR) in minutes of the 14 metabolites analyzed in leaf extracts of Hydrangea 

accessions. 

Sl.no Molecule QIT CE (eV) tR (min) Ionization 

1 Phyllodulcin 287.1→269.1 13 4.036 Positive 

2 Hydrangenol 257.1→239.0 13 3.933 Positive 

3 Naringenin 273.1→152.9 25 2.460 Positive 

4 Resveratrol 229.1→135.0 17 2.777 Positive 

5 Umbelliferone 163.0→118.9 17 2.093 Positive 

6 Caffeic acid 179.0→135.0 14 1.296 Negative 

7 Ferulic acid 193.1→134.1 18 2.194 Negative 

8 trans-Cinnamic acid 147.0→103.1 10 3.134 Negative 

9 p-Coumaric acid 163.0→119.0 14 1.952 Negative 

10 Scopolin 355.1→193.0 9 0.926 Positive 

11 Scopoletin 193.1→133.0 21 2.160 Positive 

12 Esculin 341.1→179.0 13 0.611 Positive 

13 Esculetin 179.1→122.9 25 1.238 Positive 

14 Fraxetin 209.5→149.0 21 1.738 Positive 
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Figure 6. Mass spectra (MS/MS) of product ions obtained from MRM. (A-D) Fragmentation patterns 

of (A) PD, (B) HD, (C) naringenin and (D) resveratrol in positive ionization mode. The protonated [M + 

H]+ is represented by the blue dot. The collision energy of each transition was determined by MS2 

Selected Ion Monitoring (SIM). Each bar represents the intensity of the fragmented ion with specific m/z 

and the ion with the highest abundance was selected as quantifier and the lowest intensities were used 

as qualifiers. 

The negative mode ionization of [trans-cinnamic acid-H]- with a collision energy of 10 

eV gave rise to characteristic fragment of m/z 103.1 with highest abundance (Figure 

7A). This fragment was formed by the loss of CO2 (Meisser Redeuil et al., 2009). 

Similarly, it was possible to identify the [p-coumaric acid-H]- based on the peak 

corresponding to the characteristic fragment of m/z 119 using a collision energy of 

14eV (A. Santos et al., 2021) (Figure 7B). In the negative mode at low collision 

energies of 14eV and 18eV, [caffeic acid-H]- and [ferulic acid]- formed decarboxylation 

products with high abundance (Figure 7C, D). [M-H–CO2]- at m/z 135 for caffeic acid, 

and [M-H–CO2–CH3]- at m/z 134.1 for ferulic acid (Alonso-Salces et al., 2009). 
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Figure 7. Mass spectra (MS/MS) of product ions obtained from MRM. (A-D) Fragmentation patterns 

of (A) trans-cinnamic acid, (B) para-coumaric acid, (C) caffeic acid and (D) ferulic acid in negative 

ionization mode. The deprotonated [M – H]- is represented by the blue dot. The collision energy of each 

transition was determined by MS2 Selected Ion Monitoring (SIM). Each bar represents the intensity of 

fragmented ion with specific m/z and the ion with the highest abundance was selected as quantifier and 

the lowest intensities were used as qualifiers. 

At a collision energy of 9 eV, the precursor ion of [Scopolin+H]+ fragmented to produce 

a characteristic fragment with m/z of 193 (Figure 8A). This fragment was formed by 

the removal of -C6H10O5 group from the parent molecule (Xiao et al., 2019). Using the 

product ion scan mode, the most abundant fragment was recorded at m/z 133 for 

[scopoletin+H]+ (Figure 8B). This characteristic fragment m/z 133 was formed from the 

removal of -COCH3OH from the parent molecule (Zeng et al., 2015). Similarly, 

[Umbelliferone+H]+ due to collision induced dissociation at 17 eV, fragmented to a 

characteristic m/z of 118.9 showing high abundance (Figure 8C). The loss of neutral 

CO2 should attribute to the formation of this highly abundant species (Wang et al., 

2014). The collision energy of 13eV and 25 eV was used to fragment the precursor 
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ions of [Esculin+H]+ and [Esculetin+H]+ respectively (Figure 8D, E). The fragmentation 

resulted in characteristic product ions with m/z 179 and 122.9 respectively. Similar 

fragmentation pattern was also observed in earlier studies (Yang et al., 2017). Under 

a collision energy of 21 eV, [Fraxetin+H]+ fragmented to produce a characteristic 

fragment with m/z 149 (Figure 8F). In the fragmentation pattern of [Fraxetin+H]+, m/z 

149 was found to be the highest abundant product (Zhao et al., 2014). This quantitative 

ion transition (QIT) derived from MRM was used to quantitate the metabolites and the 

retention times (tR) during chromatographic separation were used to demarcate each 

metabolite in the samples.
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Figure 8. Mass spectra (MS/MS) of product ions obtained from MRM. (A-F) Fragmentation pattern 

of (A) scopolin, (B) scopoletin, (C) umbelliferone, (D) esculin, (E) esculetin and (F) fraxetin in positive 

ionization mode. The protonated [M + H]+ is represented by the blue dot. The collision energy of each 

transition was determined by MS2 Selected Ion Monitoring (SIM). Each bar represents the intensity of 

fragmented ion with specific m/z and the ion with the highest abundance was selected as quantifier and 

the lowest intensities were used as qualifiers. 
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This mass spectrometric analysis provided an overall detail about the fragmentation 

pattern of selected metabolites in leaf extracts of Hydrangea accessions and provide 

a reliable analysis condition for the rapid detection of these metabolites. 

4.2 Screening and selection of H. macrophylla accessions based on 

phyllodulcin (PD) and hydrangenol (HD) content 

To investigate the distribution of specific dihydroisocoumarins and select plants with 

varying phyllodulcin (PD) content, a total of 182 accessions of H. macrophylla were 

utilized in this study, all of which were provided by Koetterheinrich Hortensienkulturen 

(Appendix 11). The primary objective was to quantify the concentrations of PD and 

hydrangenol (HD) in these accessions to identify those plant accessions that contain 

high PD and/or high HD and to use them for further studies and crosses in the next 

generation to increase the PD content for biochemical pathway analysis and industrial 

use (Figure 9). Leaf tissues from all accessions were harvested and subsequently 

dried at 40°C for 48 hours as an initial screening step. LC-MS analysis was then 

conducted to quantify both PD and HD concentrations across all desired accessions. 

The measured PD concentrations among the different accessions in this study ranged 

from 1.366 to 38.343 mg g-1 DW, while HD concentrations spanned from 1.285 to 

28.807 mg g-1 DW (Figure 9). Based on these measurements, the accessions were 

categorized into four distinct classes (study groups) according to their PD and HD 

concentrations, and these accessions were recommended for further breeding efforts 

aimed at enhancing isocoumarin concentrations in future progenies.
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Figure 9. Screening and selection of Hydrangea accessions based on phyllodulcin (PD) and 

hydrangenol (HD) levels. The red dotted line in the violin plot represents median observations while 

black dotted line represents the 3rd and 1st quartile. Of the 182 accessions studied, 14 accessions with 

high PD, high PD/HD, high HD, low PD/HD and H. paniculata as negative control were selected for 

further experiments. 

Specifically, 13 accessions were selected based on their PD content (Table 3). 

Additionally, Hydrangea paniculata, a species known to contain no detectable PD or 

HD, was included as a reference variety (negative control). The PD and HD 

concentrations of all the selected accessions were evaluated in both freshly harvested 

leaves and leaves that had been dried at 40°C for 48 hours (Figure 10A-D). A 

comparison of freshly harvested leaves with dried leaves revealed that the dried 

leaves of the selected accessions contained significantly higher levels of PD and HD 

compared to their fresh counterparts. Notably, PD and HD were not detected in H. 

paniculata. 
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Figure 10. Phyllodulcin (PD) and hydrangenol (HD) concentrations in selected Hydrangea 
accessions. (A) PD and (B) HD concentrations in dried leaves of selected accessions. (C) PD and (C) 
HD concentrations in freshly harvested leaves of selected accessions. Analysis was performed on fully 
expanded, young upper leaves. Bars represent means + SE (n=6). Not detected (N.D), indicates the 
absence of the corresponding metabolite. Different letters denote significant differences among 
accessions according to one-way ANOVA and post-hoc Tukey’s test (p<0.05).        

The leaves used for this selection were obtained from plants approximately 75 days 

after taking cuttings from the mother plant and planting them in the soil. Five out of the 

13 selected accessions were cultivated from the cutting stage in the IPK greenhouse 

to ensure a consistent supply of plant material for the study. These five accessions 

included two with high PD content (VAR-552 and VAR-746), two with low PD/HD 

content (VAR-212 and VAR-163), and one with high PD and HD (VAR-553). The 

screening and selection process of Hydrangea accessions served to optimize the 

research workflow and acted as a valuable resource for developing next-generation 

crosses with increased PD and HD content. Furthermore, it provided insights into the 

enhancement of PD and HD concentrations through leaf drying. 
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Table 3. Categorization of H. macrophylla accessions into study groups based on PD and HD 
concentrations. According to MS-based analysis, the selected accessions were categorized into 4 
different study groups based on phyllodulcin (PD) and hydrangenol (HD) concentrations. The stars (*) 
represent the accessions grown in the green house of IPK. 

 

4.3 Distribution of PD and HD in different plant organs of H. macrophylla 

To investigate the distribution of PD and HD within the anatomy of H. macrophylla, it 

was imperative to quantify these specific dihydroisocoumarins in various plant organs, 

including leaves, stems, flowers, and roots. To achieve this, tissues from these organs 

were harvested from five selected accessions of H. macrophylla cultivated in the 

greenhouse (Table 2). The plants were approximately 85 days after the cuttings were 

taken from the mother plant and planted in the soil. As the bioavailability of PD and 

HD is higher in dried tissues compared to freshly harvested tissues, the collected 

tissues were dried at 40°C for 48 hours before conducting the extraction. Metabolite 

analysis of different tissue extracts revealed that the concentration of PD in different 

accessions ranged from 11.37 to 0.73 mg g-1 DW in leaves, 5.88 to 0.35 mg g-1 DW in 

flowers, 0.81 to 0.10 mg g-1 DW in stems, and 0.62 to 0.11 mg g-1 DW in roots, 

respectively (Figure 11A-E). A similar trend was observed in the concentrations of HD 

in different plant tissues, ranging from 5.73 to 0.59 mg g-1 DW in leaves, 4.15 to 0.42 

mg g-1 DW in flowers, 0.85 to 0.08 mg g-1 DW in stems, and 1.75 to 0.11 mg g-1 DW 

in roots, respectively, in different accessions (Figure 12A-E). 

In this experiment, the highest concentration of PD was observed in the leaves of VAR-

746 (11.37 mg g-1 DW). There were significant differences in the concentrations of PD 

between leaves and flowers in all accessions. However, the concentrations of PD did 

not show significant differences between stems and roots in all accessions. Similarly, 

HD concentrations also showed significant difference between leaves and flowers but 

not between stem and roots. The highest concentration of HD was found in the leaves 

Sl no: 
High PD 

accessions 

High HD 

accessions 

High PD/HD 

accessions 

Low PD/HD 

accessions 

1 VAR-552* VAR-751 VAR-553* VAR-212* 

2 VAR-746* VAR-827 VAR-547 VAR-163* 

3 VAR-753 VAR-760 VAR-897 VAR-910 

4   VAR-908  



Results 

Page | 38  

 

of VAR-553 (6.24 mg g-1 DW). VAR-552 and VAR-746 had higher concentrations of 

PD compared to HD, whereas VAR-553 had similar concentrations of both PD and 

HD. In contrast, VAR-212 and VAR-163 contained the lowest concentrations of both 

PD and HD. These findings suggest that the highest concentrations of PD and HD are 

primarily located in the leaves, followed by flowers, with stems and roots containing 

comparatively lower concentrations. 
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Figure 11. Concentrations of PD in different plant organs of selected H. macrophylla accessions. 

(A-E) PD concentrations in four major organs leaf, flower, stem and roots of H. macrophylla accessions 

(A) VAR-552, (B) VAR-746, (C) VAR-553, (D) VAR-212 and (E) VAR-163. Tissues under study were 

fully expanded young upper leaves, fully opened flower as whole, stem cuttings of equal length and 

root tissues. Analysis was performed on tissues dried at 40°C for 48 h. Bars represent means + SE, n= 

6 independent biological replicates and standard error. Different letters denote significant differences 

among accessions according to one-way ANOVA and post-hoc Tukey’s test (p<0.05). 
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Figure 12. Concentrations of HD in different plant organs of selected H. macrophylla accessions. 

(A-E) HD concentrations in four major organs leaf, flower, stem and roots of H. macrophylla accessions 

(A) VAR-552, (B) VAR-746, (C) VAR-553, (D) VAR-212 and (E) VAR-163. Tissues under study were 

fully expanded young upper leaves, fully opened flower as whole, stem cuttings of equal length and root 

tissues. Analysis was performed on tissues dried at 40°C for 48 h. Bars represent means + SE, n= 6 

independent biological replicates and standard error. Different letters denote significant differences 

among accessions according to one-way ANOVA and post-hoc Tukey’s test (p<0.05). 
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4.4 Variation of PD and HD levels at different developmental stages of H. 

macrophylla 

To investigate the variations in PD and HD concentrations during different 

developmental stages of H. macrophylla, samples were collected at distinct time points 

representing various growth stages (20, 50, 75, 110, and 145 days), encompassing 

vegetative growth, reproductive phases, and post-anthesis stages. The vegetative 

growth phase of the plant spans approximately from 20 to 75 days after the cuttings 

were taken from the mother plant and planted in the soil (Figure 13A-C). Given the 

extended duration of the vegetative growth stage, an additional time point at 50 days 

was included in the study (Figure 13B). Following 75 days, all accessions began to 

bud, signifying the onset of the reproductive phase. The period from 75 to 110 days 

marked the reproductive stage, followed by senescence (Figure 13C, D). From 110 to 

145 days, the plant began to wilt, shed leaves, and eventually reached the end of its 

lifecycle (Figure 13E). To determine at which stage of plant development the 

concentration of PD and HD is highest, leaf tissue from the fully expanded upper 

leaves was collected at five specific time points in the plant's lifecycle and subjected 

to drying at 40°C for 48 hours before conducting biochemical extraction. 

During the vegetative phase of the plant (20-75 days), the concentration of PD 

gradually increased in all accessions (Figure 14A-E). As the plant transitioned into 

budding and flowering (75-110 days), the concentration of PD continued to rise for all 

accessions, except VAR-212 and VAR-163, peaking at 110 days (Figure 14). At this 

stage, accessions VAR-552 (16.89 mg g-1 DW), VAR-746 (18.05 mg g-1 DW), and 

VAR-553 (15.40 mg g-1 DW) exhibited the highest concentrations of PD. The 

concentrations of PD in accessions VAR-212 and VAR-163 remained relatively 

constant during budding and flowering, with a non-significant increasing trend from the 

75 days to the 110 days. In the initial 20 days through 75 days, HD concentrations 

also increased for all accessions (Figure 15A-E). This increase was particularly 

pronounced in VAR-553, an accession with high PD/HD content. From 75 to 110 days, 

HD concentrations in accessions VAR-552, VAR-746, and VAR-553 increased and 

reached a peak at 110 days, while for accessions VAR-212 and VAR-163, HD 

concentrations remained stable with a non-significant increasing trend from the 75 

days to the 110 days. Subsequently, for all accessions, both PD and HD 

concentrations began to decrease after 110 days (Figure 14, 15). These findings 
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indicate that there is an increasing trend in PD and HD accumulation as H. macrophylla 

accessions mature, a trend sustained until the end of the reproductive phase. 

However, with the onset of senescence, the levels of PD and HD declined in all 

accessions (Figure 14, 15), likely due to the downregulation of primary and secondary 

metabolism during plant senescence. Overall, these results indicate that the 

concentration of PD and HD is at maximum during 110 days after the cuttings were 

taken from the mother plant and planted in the soil which corresponds to reproductive 

phase of the plant. This stage can used as an optimal harvest time to obtain maximum 

concentrations of PD and HD from leaves. 

 

 

  

 

Figure 13. General leaf morphology of H macrophylla at different developmental stages. (A-C) 

Variation in leaf size and shape of H. macrophylla during vegetative plant growth at (A) 20 days, (B) 50 

days and (C) 75 days.  Changes in leaf structure and fully expanded flowers of H. macrophylla during 

reproductive stage at (D) 110 days. Leaf and flower structure of H. macrophylla during plant 

senescence at (E) 145 days. The point at which the cuttings were taken from mother plant and planted 

in soil was counted as day 1 and taken as the initial reference point. Bar = 1 cm 
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Figure 14. Phyllodulcin (PD) accumulation across specific developmental stages in selected H. 

macrophylla accessions. (A-E) PD concentrations of H. macrophylla accessions (A) VAR-552, (B) 

VAR-746, (C) VAR-553, (D) VAR-212 and (E) VAR-163 at five different time points of the plant’s 

lifecycle. 20-75 days correspond to vegetative growth stage, 75-110 days correspond to the 

reproductive stage and 110-145 correspond to post anthesis stage respectively. Analysis was 

performed on upper leaf tissues dried at 40°C for 48 h. The solid line represents the trend line 

connecting the means of 6 independent biological replicates and standard error for each time point. 

One-way ANOVA was used to estimate the significant differences between each interval at 95% 

confidence interval (CI). Different letters denote significant differences between stages according to 

post-hoc Tukey’s test (p<0.05).  
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Figure 15. Hydrangenol (HD) accumulation across specific developmental stages in selected H. 

macrophylla accessions. (A-E) HD concentrations of H. macrophylla accessions (A) VAR-552, (B) 

VAR-746, (C) VAR-553, (D) VAR-212 and (E) VAR-163 at five different time points of the plant’s 

lifecycle. 20-75 days correspond to vegetative growth stage, 75-110 days correspond to the 

reproductive stage and 110-145 correspond to post anthesis stage respectively. Analysis was 

performed on upper leaf tissues dried at 40°C for 48 h. The solid line represents the trend line 

connecting the means of 6 independent biological replicates and standard error for each time point. 

One-way ANOVA was used to estimate the significant differences between each interval at 95% CI. 

Different letters denote significant differences between stages according to post-hoc Tukey’s test 

(p<0.05). 
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4.5 Variations in phenylpropanoid metabolism among Hydrangea accessions 

4.5.1 Distribution of phenylpropanoid metabolites in Hydrangea accessions 

To investigate the variation in phenylpropanoid metabolism among selected 

accessions of H. macrophylla, the concentrations of 14 closely related 

phenylpropanoids were analyzed in freshly harvested leaves using LC-MS. Notably, 

the high PD, high HD, and high PD/HD accessions exhibited significantly elevated 

concentrations of phenylalanine, which serves as the starting compound in 

phenylpropanoid metabolism, (Figure 16A). This suggests that these accessions may 

possess higher levels of the initial precursor required to initiate the phenylpropanoid 

pathway (PPP). Moving further along the PPP, it was observed that all low PD/HD 

accessions and H. paniculata accumulated notably higher concentrations of trans-

cinnamic acid, a derivative of phenylalanine, compared to the other groups (Figure 

16B). In plants, the activated p-coumaric acid is branched into various metabolites, 

including umbelliferone, caffeic acid, naringenin chalcones, and resveratrol. The levels 

of caffeic acid and ferulic acid were significantly higher in low PD/HD accessions in 

comparison to all other accessions (Figure 16E, F). Furthermore, moving downstream 

of the PPP, it became evident that plants with high PD and/or HD concentrations 

contain significantly higher levels of p-coumaric acid and naringenin compared to low 

PD/HD accessions and H. paniculata (Figure 16C, D). The levels of stilbenoid, 

particularly resveratrol, were lower in low PD/HD accessions compared to all other 

plants, and it was not detected in H. paniculata (Figure 16G). Among the five different 

thunberginols, thunberginol C (Thn C) exhibited distinct differences among various 

Hydrangea accessions. The relative abundance of Thn C was lower in low PD/HD 

accessions compared to all other plants, and it was not detected in H. paniculata 

(Figure 16H). 

High PD and/or HD accessions exhibited significantly higher levels of umbelliferone 

(Figure 17A), whereas the concentrations of scopolin and scopoletin were higher in 

low PD/HD accessions and H. paniculata when compared to high PD accessions 

(Figure 17B, C). Accessions with PD and HD showed lower levels of esculetin 

compared to other study groups (Figure 17E), while fraxetin concentrations were lower 

in high PD accessions than in the other study groups (Figure 17F). These hydroxylated 

coumarins such as scopolin, scopoletin, esculin, esculetin, and fraxetin are 

downstream products derived from caffeic acid and ferulic acids (Rajniak et al., 2018; 
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Schoch et al., 2001; Kai et al., 2006; Vanholme et al., 2019; Yin et al., 2023; Wang et 

al., 2023). 

 

Figure 16. Concentration of selected phenylpropanoids in different Hydrangea accessions. (A-

H) Concentrations of (A) phenylalanine, (B) trans-cinnamic acid, (C) p-coumaric acid, (D) naringenin, 

(E) caffeic acid, (F) ferulic acid, (G) resveratrol and (H) thunberginol C in 14 selected accessions of 

Hydrangea. Analysis was conducted on freshly harvested, fully expanded, young upper leaves. Bars 

represent means + SE, n = 6 biological replicates. Not detected (N.D) indicates the absence of the 

corresponding metabolite. Different letters denote significant differences among varieties according to 

one-way ANOVA and post-hoc Tukey’s test (p<0.05). 
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Figure 17. Distribution of coumarins in different Hydrangea accessions. (A-F) Biochemical 
concentrations of (A) umbelliferone, (B) scopolin, (C) scopoletin, (D) esculin, (E) esculetin and (F) 
fraxetin in 14 selected accessions of Hydrangea. Analysis was conducted on freshly harvested, fully 
expanded, young upper leaves. Bars represent means + SE, n = 6 biological replicates. Not detected 
(N.D) indicates the absence of the corresponding metabolite. Different letters denote significant 
differences among varieties according to one-way ANOVA and post-hoc Tukey’s test (p<0.05). 

These changes observed in the metabolite profiles of different H. macrophylla 

accessions helped predicting the metabolic conversions within the major PPP, 

ultimately leading to the biosynthesis of PD and HD. 
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4.5.2 Relationship between PD and other metabolites in Hydrangea accessions 

To assess the interdependence of various phenylpropanoid intermediates and identify 

potential contributors to the biosynthesis of PD, a correlation analysis was conducted 

using the metabolite concentrations of different Hydrangea accessions. Each group of 

accessions revealed a distinct pattern of the metabolite contents (Figure 18A, B). 

Pearson's correlation was employed to evaluate this metabolite associations based on 

correlation coefficient (r) values. The correlation matrix was constructed using the 

metabolite concentrations of all the accessions (Figure 19). In particular, low PD/HD 

accessions exhibited higher concentrations of cinnamic acid, caffeic acid, ferulic acid, 

scopoletin, scopolin, fraxetin, and esculetin compared to all other accessions, while 

high PD accessions had higher concentrations of umbelliferone, naringenin, and 

resveratrol (Figure 18B). 

 

Figure 18. Variation in phenylpropanoid derivatives among Hydrangea accessions. (A) Heat map 

of absolute concentrations of PD and HD in different Hydrangea accessions. (B) Heatmap of relative 

concentrations of 13 metabolites in different Hydrangea accessions. Metabolite analysis was performed 

on freshly harvested fully expanded upper leaves (n=6). Yellow colour represents the highest relative 

concentration and dark violet represents lowest relative concentration of metabolites. 
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The correlation analysis indicated strong and positive correlations between PD 

concentrations and the concentrations of naringenin, resveratrol, umbelliferone, p-

coumaric acid, esculin, and phenylalanine (Figure 19). Conversely, there were strong 

negative correlations between caffeic acid, ferulic acid, trans-cinnamic acid, scopolin, 

scopoletin, fraxetin, and esculetin with PD concentrations (Figure 19). For HD, there 

were weak positive correlations with phenylalanine, p-coumaric acid, umbelliferone, 

resveratrol, and esculin (Figure 19). Conversely, HD concentrations exhibited negative 

correlations with caffeic acid, ferulic acid, trans-cinnamic acid, esculetin, scopolin, and 

scopoletin (Figure 19). 

 

Figure 19. Correlation between phenylpropanoids in Hydrangea accessions. Pearson’s 

correlation analysis conducted among 15 metabolite concentrations of different Hydrangea accessions. 

The blue colour represents high positive correlation (r=1) and red colour represents high negative 

correlation (r=-1). Metabolite analysis was performed in freshly harvested fully expanded young upper 

leaves (n=6). 

Principal component analysis (PCA) was conducted using the concentrations of all 

selected metabolites in each accession to group accessions based on their 

biochemical diversity. The principle component 2 (PC2) captured 15.48 % variance in 

different Hydrangea accessions and principal component 1 (PC1) captured 70.25 % 

variance in metabolite concentrations among accessions. The PCA plot demonstrated 

that high PD, high PD/HD, low PD/HD, and high HD accessions formed distinct 
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clusters, indicating that metabolite concentrations were a major factor contributing to 

the differences among these groups (Figure 20). In the loading plot, the vector angles 

for PD and HD were nearly orthogonal to each other, suggesting a lack of correlation 

between their concentrations among the accessions. Accessions VAR-552, VAR-746, 

and VAR-753 clustered along the PD vector projection, suggesting that PD could be 

a key factor for this grouping (Figure 20). Similarly, VAR-751, VAR-760, and VAR-827 

clustered closer to the HD vector projection, indicating that HD might be responsible 

for this clustering. Similarly, accessions VAR-212, VAR-163, VAR-910, and H. 

paniculata clustered in proximity to the vectors of trans-cinnamic acid, scopolin, and 

caffeic acid. On the other hand, VAR-553, VAR-908, VAR-897, and VAR-547 clustered 

closer to the vectors of esculin, umbelliferone, resveratrol, and phenylalanine (Figure 

20). 

 

Figure 20. Principle component analysis biplot of Hydrangea accessions.  PCA biplot representing 
different Hydrangea accessions as PCA plot and metabolite concentrations as loading plot. Each dot 
represents different Hydrangea accessions and arrows represent eigenvectors of 15 metabolites. The 
abbreviations Nar, p-CA, Phe, Res, Umb and t-CA represents naringenin, p-coumaric acid, 
phenylalanine, resveratrol, umbelliferone and trans cinnamic acid respectively. Metabolite analysis was 
performed in freshly harvested fully expanded young upper leaves (n=6). 

Taking these analyses together provides an overall understanding of the distribution 

of different metabolites among various groups of Hydrangea accessions and their 

relationships with each other. As PD positively correlates strongly with naringenin, 

resveratrol, p-coumaric acid, phenylalanine and umbelliferone it can be expected that 

the pathway related these metabolites have strong influence on PD biosynthesis. 

Conversely, as cinnamic acid, caffeic acid, ferulic acid, scopolin, scopoletin, fraxetin 
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and esculetin are showing strong negative correlation with PD, these metabolites are 

expected to belong to a competitive pathway which is unrelated to PD biosynthesis. 

4.5.3 Differences in expression patterns of genes involved in PPP and 

associated pathways 

To investigate the genetic regulation of the phenylpropanoid pathway (PPP) and 

associated pathways in various Hydrangea accessions sorted by their biochemical 

content, a transcriptome analysis was conducted. This analysis focused on selected 

accessions with high PD, high HD, high PD/HD ratios, low PD/HD and H. paniculata 

as a negative control. 

The clustering of genes using heat maps revealed distinct gene expression patterns 

among the different accessions. Notably, H. paniculata, which lacked PD and HD, 

displayed markedly different gene expression compared to other varieties containing 

trace amounts of PD and HD (Figure 21A). Thus, comparing the transcriptomes of 

accessions with high PD, high HD, or high PD/HD to those with low PD allowed for 

clear differentiation in gene expression patterns. 

Gene Ontology function classification categorized the genes obtained from RNA 

sequencing into three major classes: biological process, cellular component, and 

molecular function. The majority of genes were associated with biological processes 

and molecular functions (Figure 21B). Among biological processes, metabolic and 

cellular processes were highly represented. In the molecular functions category, genes 

related to binding and catalytic activity were predominant. 

To streamline the analysis, transcriptomes of accessions with high PD, high PD/HD, 

and high HD were compared to those of low PD accessions, specifically VAR-163, 

VAR-910, and H. paniculata. Differentially expressed genes were identified, revealing 

a significant number of both upregulated and downregulated genes (>3000) when 

comparing accessions with high and low isocoumarin concentrations (Figure 22A-C). 

In the comparison with H. paniculata, there were more upregulated genes than 

downregulated ones, potentially indicating species-specific differences in gene 

regulation due to evolutionary drift (Figure 23) (Breschi et al., 2016). 
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Figure 21. Differences in expression pattern of genes in Hydrangea accessions. (A) Heatmap 

indicating the relative gene expression patterns in H. paniculata and 11 different accessions of H. 

macrophylla. Homogenized expression data using fpkm values of the genes were used to conduct 

hierarchical clustering. The green colour represents downregulated genes and red colour represents 

upregulated genes (B) Gene Ontology (GO) annotation classification statistics graph classified 

according to biological process, cellular component and molecular functions. The 38 most significant 

terms were selected for display. The data was obtained from full length transcriptome of leaf tissues of 

all Hydrangea accessions under study subjected to RNA sequencing. Only GO terms with padj < 0.05 

are represented. 
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Figure 22. Differentially expressed genes in different H. macrophylla study group comparison. 

(A-C) The differentially expressed upregulated and downregulated transcript counts in (A) High PD vs 

Low PD/HD accessions, (B) High PD/HD vs Low PD/HD accessions, (C) High HD vs Low PD/HD 

accessions. 
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Figure 23. Differentially expressed genes in H. macrophylla and H. paniculata comparison. (A) 

The differentially expressed, upregulated and downregulated transcript counts in High PD, High PD/HD, 

High HD accessions vs H. paniculata. 

Additionally, KEGG enrichment analysis was performed to assign differentially 

expressed genes in each study group to various biochemical pathways. In most 

comparisons, except for VAR-751 vs. VAR-163 and VAR-751 vs. VAR-910 (Appendix 

5), pathways related to phenylpropanoid biosynthesis, flavonoid biosynthesis, flavone 

and flavonol biosynthesis, and stilbenoid, diarylheptanoid, and gingerol biosynthesis 

ranked among the top 20 most highly expressed metabolic pathways with a corrected 

p-value (padj) < 0.05. Contrarily, these pathways were not significantly enriched while 

comparing the transcriptome profiles of accessions containing  PD and/or HD with H. 

paniculata (Appendix 6-10). 

Specifically, when comparing VAR-552 to VAR-163 and VAR-910, phenylpropanoid 

biosynthesis and flavonoid biosynthesis were the most enriched pathways (Figure 

24A, B). In the comparison with VAR-746, stilbene biosynthesis and flavonoid 

biosynthesis were highly enriched (Appendix 11), while VAR-753 displayed 

enrichment in stilbene and phenylpropanoid biosynthesis pathways (Appendix 12). 

This suggests that accessions with high PD, high HD, and high PD/HD have more 

active phenylpropanoid, stilbene, and flavonoid metabolism compared to low PD/HD 
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accessions. Comparisons of VAR-547 and VAR-897 to VAR-163 and VAR-910 also 

revealed enrichment in flavonoid and phenylpropanoid biosynthesis pathways (Figure 

25A, B; Appendix 13). Similarly, VAR-908, VAR-827, and VAR-760 comparisons to 

VAR-163 and VAR-910 showed significant enrichment in flavonoid and 

phenylpropanoid biosynthesis pathways (Figures 26A, B; Appendix 14,15). These 

results indicate that differentially expressed genes associated with flavonoid 

biosynthesis, phenylpropanoid biosynthesis, and stilbene biosynthesis are highly 

enriched while comparing the transcriptome of an accession containing high PD and/or 

HD with that of a low PD and/or HD. This shows the influence of genes assosciated 

with these pathways in biosynthesis of PD. By studying these genes related to these 

three pathways, a comprehensive understanding of the biosynthesis of PD and 

metabolites which are closely assosciated with it in Hydrangeas can be developed. 
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Figure 24. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene ratio 

(the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) VAR-

552 and VAR-163 and (B) VAR-552 and VAR-910. The dot sizes represent the gene counts and color 

of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance of 

pathway enrichment. KEGG annotates genes at the pathway level. 

A 

B 
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Figure 25. The assignment of genes to different metabolic pathways in high PD/HD and low 

PD/HD accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene 

ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) 

VAR-547 and VAR-163 and (B) VAR-547 and VAR-910. The dot sizes represent the gene counts and 

color of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance 

of pathway enrichment. KEGG annotates genes at the pathway level. 

A 

B 



Results 

Page | 58  

 

 

Figure 26. The assignment of genes to different metabolic pathways in high HD and low PD/HD 

accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene ratio 

(the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) VAR-

827 and VAR-163 and (B) VAR-827 and VAR-910. The dot sizes represent the gene counts and color 

of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance of 

pathway enrichment. KEGG annotates genes at the pathway level. 

A 

B 
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4.5.4 Relationship between genes and metabolites involved in phenylpropanoid 

pathway and related pathways 

To investigate the relationship between genes in the phenylpropanoid pathway and 

associated pathways with metabolite concentrations, a Weighted Gene Correlation 

Network Analysis (WGCNA) was performed, followed by correlating the eigengenes 

with metabolite levels. WGCNA is an unsupervised analysis method that clusters 

genes based on their expression patterns, commonly used for studying biological 

networks through pairwise correlations between variables. 

To enhance the network's stability, genes expressed as 0 in all samples were 

removed, and high-quality genes with a variance cut-off above 0.55 were selected, 

resulting in 22,980 genes with high variance among the accessions. The WGCNA 

package was used to calculate the soft threshold power and average mean 

connectivity, with a power value of 9 found to be most suitable for the analysis. A gene 

cluster dendrogram tree was constructed, with each branch representing a gene 

cluster with highly correlated expression levels (Figure 27). The closeness of branches 

indicates the similarity between gene sets, and genes with similar expression patterns 

were grouped together in the same module. In total, 85 modules of different colors 

were obtained, each containing co-expressing genes. Based on module eigengene 

similarity, 16 final expression modules were selected (Table 4), with the 

darkolivegreen module containing most genes (5065), and the grey module the least 

(68). Module eigengene values represent the overall expression level of all genes in 

each sample and can be correlated with external traits. In this study, external traits 

were defined by phenylpropanoid metabolite concentrations in each H. macrophylla 

accession. 

  



Results 

Page | 60  

 

 

Figure 27. Identification of co expressing genes using weighted gene co-expression network 

analysis (WGCNA). Gene clustering tree built by hierarchical clustering of adjacency-based 

dissimilarity to detect 85 co-expression clusters with corresponding color assignments represented as 

dynamic tree cut. Modules with strongly correlated eigengenes were amalgamated based on threshold 

to assign highly co-expressed genes into 16 separate modules indicated as merged dynamic. Color 

bars reflect module assignments before and after the merging of closed modules. Each color represents 

a module and the gray module indicates no co-expression among the genes. The branches of the tree 

correspond to a cluster of gene sets with highly correlated expression levels. Analysis was done on 

22,980 genes obtained from RNA sequencing of 11 H. macrophylla accessions.  
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Table 4. Number of genes grouping in individual co-expression modules. Based on a soft 

thresholding power of 9, the strongly co-expressing genes were clustered into final 16 modules. In total 

22,980 genes obtained from the RNA sequencing of different accessions of Hydrangea containing 

varying amounts of PD and HD were used to construct a co-expression network analysis by WGCNA. 

Sl no: Module colour Gene count 

1 darkolivegreen 5065 

2 coral2 4153 

3 darkmagenta 3294 

4 darkviolet 2508 

5 green 1907 

6 bisque4 1656 

7 indianred4 923 

8 floralwhite 906 

9 magenta 768 

10 brown2 553 

11 darkturquoise 432 

12 navajowhite1 379 

13 lightsteelblue 172 

14 antiquewhite 123 

15 thistle 73 

16 grey 68 

 TOTAL 22,980 

 

Pearson’s correlation was performed to estimate module-metabolite relationships. 

Modules magenta, navajowhite1, brown2, darkolivegreen, floralwhite, darkmagenta, 

indianred4, lightsteelblue, antiquewhite4, bisque4, darkturquoise, and green, showed 

significant positive correlations (p < 0.05) with certain metabolite concentrations 

(Figure 28), indicating a positive linear relationship between metabolite concentrations 

and genes in these modules. 

Module-metabolite relationships revealed that genes in the floralwhite, bisque4, 

lightsteelblue, and darkolivegreen modules exhibited high positive correlations with 

PD concentration (Figure 28). Additionally, modules floralwhite, darkturquoise, green, 
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and magenta correlated with HD concentrations. Phenylalanine concentrations 

positively correlated with modules lightsteelblue and floralwhite, while p-coumaric acid 

concentrations positively correlated with darkolivegreen, floralwhite, lightsteelblue, 

antiquewhite, and bisque4 (Figure 28). Modules navajowhite1 and brown2 displayed 

high positive correlations with trans-cinnamic acid, caffeic acid, ferulic acid, and 

esculetin concentrations, while umbelliferone and naringenin concentrations positively 

correlated with the floralwhite module. Resveratrol concentrations positively correlated 

with bisque4 and darkturquoise, while scopoletin concentrations correlated positively 

with navajowhite1, brown2, and indianred4. Fraxetin concentrations showed a positive 

correlation with the darkmagenta module. Notably, the floralwhite module correlated 

positively with PD, HD, phenylalanine, p-coumaric acid, umbelliferone, and naringenin, 

suggesting a common regulatory network for these metabolites (Figure 28). By 

examining genes within modules highly correlated with each metabolite, it is possible 

to identify genes involved in the biosynthesis of these metabolites. 

 

Figure 28. Identifying module-external trait relationship using correlation analysis. The 

correlation of co-expressing gene modules with 13 metabolite concentrations in different accessions of 

H. macrophylla. Modules significantly associated with the traits were identified at a p-value < 0.05. 

Numbers inside the blocks represents Pearson’s correlation coefficients and numbers inside brackets 

represent p-value. Red and blue colors denote positive and negative correlations between metabolite 

concentration and gene expression, respectively. 
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When comparing the transcriptomes of high PD, high PD/HD, and high HD groups 

with low PD/HD accessions, the most common and enriched pathways were related 

to flavonoid biosynthesis, phenylpropanoid biosynthesis, and stilbene biosynthesis. By 

searching for genes in modules highly correlated with metabolite concentrations and 

related to these three metabolic pathways, 22 genes were identified. To understand 

the regulation of the phenylpropanoid pathway, the expression levels of these genes 

were analyzed in different study groups individually (Figure 29). 

It was found that the gene encoding the enzyme phenylalanine ammonia-lyase 

(PAL1), responsible for converting phenylalanine to trans-cinnamic acid, was highly 

upregulated in accessions containing PD and/or HD. This enzyme was found in the 

darkolivegreen module, which positively correlated with PD and para-coumaric acid 

concentrations. The darkolivegreen module also showed a positive correlation with 

trans-cinnamic acid. The gene encoding the enzyme cinnamate 4-hydroxylase (C4H), 

which acts on the next step of the pathway, converting trans-cinnamic acid to para-

coumaric acid, showed high expression levels in accessions containing PD and/or HD. 

This enzyme was found in the lightsteelblue module, which correlated positively with 

PD and para-coumaric acid (Figure 28, 29). 

Genes for the enzyme 4-coumarate-CoA ligase 1 (4CL1), responsible for converting 

para-coumaric acid into para-coumaroyl CoA, had high expression levels in PD and/or 

HD accessions. This enzyme had several analogues, with two showing significant 

expression differences among study groups. These analogues were present in two 

different modules, darkolivegreen and floralwhite, both of which correlated with PD. 

The floralwhite module also correlated positively with HD, phenylalanine, para-

coumaric acid, umbelliferone, and naringenin (Figure 28, 29). 

The gene of the enzyme hydroxycinnamoyl transferase (HCT), which converts para-

coumaroyl-CoA into para-coumaroyl shikimate, showed downregulation in high PD 

and/or HD accessions. The genes coding for HCT were found in the brown2 module. 

The gene for the next enzyme 4-coumarate 3-hydroxylase, C3H, which converts para-

coumaroyl shikimate to caffeoyl shikimate, was also downregulated in high PD and/or 

HD accessions. C3H was found in the brown2 module, which correlated with caffeic 

acid and ferulic acid concentrations (Figure 28, 29). 

The gene CSE, coding for the enzyme caffeoyl shikimate esterase which converts 

caffeoyl shikimate to caffeic acid, showed downregulation in high PD and/or HD 
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accessions and correlated with the navajowhite1 module. The gene for the enzyme 

caffeate 3-O-methyltransferase (COMT), responsible for converting caffeic acid into 

ferulic acid, was also downregulated in high PD and/or HD accessions and correlated 

with the darkviolet module (Figure 28, 29). 

The genes for the enzymes hydroxycinnamoyl transferase and caffeoyl-CoA O-

methyltransferase (HCT and CCoAOMT respectively) involved in converting caffeoyl 

shikimate into caffeoyl-CoA and then into feruloyl-CoA, respectively, both showed 

downregulation in high PD and/or HD accessions. CCoAOMT correlated with the 

brown2 module (Figure 28, 29). 

The genes for the enzyme feruloyl-CoA 6’-hydroxylase (F6’H2), which converts 

feruloyl CoA into 6’-hydroxyferuloyl CoA, showed upregulation in high PD and/or HD 

accessions and correlated with the navajowhite1, darkolivegreen, and floralwhite 

modules (Figure 28, 29). 

The genes of enzyme responsible for converting scopoletin into scopolin, scopoletin 

glucosyltransferase (SGT) showed downregulation in high PD and/or HD accessions 

and correlated with the brown2 module (Figure 28, 29). 

The genes coding for enzymes in the flavonoid biosynthesis and downstream 

metabolites, namely chalcone synthase (CHS), chalcone isomerase (CHI), flavonoid 

3',5'-hydroxylase (F3’5’H), dihydroflavonol 4-reductase (DFR), and flavonoid 3',5'-

methyltransferase (FOMT), showed upregulation in PD and/or HD accessions, except 

for flavonoid 3'-hydroxylase (F3’H), which was downregulated. The genes involved in 

stilbene biosynthesis and associated pathway, such as p-coumaroyltriacetic acid 

synthase (CTAS), resveratrol di-O-methyltransferase (ROMT), keto reductase (KR), 

type III polyketide synthase (PKS) and polyketide cyclase (PKC), were upregulated in 

high PD and/or HD accessions. These enzymes were distributed across the modules 

floralwhite, bisque4 and darkolivegreen (Figure 28, 29). 

When comparing the same set of genes in H. paniculata and H. macrophylla 

accessions, it was observed that genes involved in flavonoid metabolism and stilbene 

metabolism were highly expressed in H. macrophylla accessions with high PD and/or 

HD. However, enzymes responsible for the initial steps of phenylpropanoid 

metabolism were less expressed in all H. macrophylla accessions (Figure 30). The 

genes for the enzyme CTAS showed particularly high expression levels in high PD 

and/or HD accessions of H. macrophylla but was absent in H. paniculata. These 
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results provide insights into the regulation of the phenylpropanoid pathway and its 

associated pathways in different Hydrangea accessions. 

 

Figure 29. Expression patterns of module-specific genes involved in the PPP and associated 

pathways in H. macrophylla accessions. Heatmap of selected genes involved in PPP, flavonoid 

biosynthetic pathway and stilbene biosynthetic pathway. Differentially expressed genes were selected 

based on module-trait relationships derived from WGCNA, where each gene was present in a module, 

which correlated to individual metabolite concentrations (padj<0.05). Each square black represents the 

normalized log-fold2 change values of specific gene in each study group. The comparison was between 

a high PD and/or HD accession with low PD/HD accessions (VAR-163 and VAR-910). Yellow 

represents the highest relative expression level of the gene and dark violet represents the lowest 

relative expression level of the gene. 
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Figure 30. Expression patterns of module-specific genes involved in the PPP and associated 

pathways in H. macrophylla and H. paniculata accessions. Heatmap of selected genes involved in 

PPP, flavonoid biosynthetic pathway and stilbene biosynthetic pathway while comparing H. macrophylla 

and H. paniculata. Differentially expressed genes were selected based on module-trait relationships 

derived from WGCNA, where each gene was present in a module, which correlated to individual 

metabolite concentrations (padj<0.05). Each square black represents the normalized log-fold2 change 

values of specific gene in each study group. The comparison was between a high PD and/or HD 

accession with low PD/HD accessions (VAR-163 and VAR-910). Yellow represents the highest relative 

expression level of the gene and dark violet represents the lowest relative expression level of the gene. 
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4.6 Validation of candidate gene expression using quantitative real-time-PCR 

(qRT-PCR) 

For the validation of the RNA sequencing data, the sequences of 10 candidate genes, 

involved in phenylpropanoid biosynthesis, flavonoid biosynthesis and stilbenoid 

biosynthesis, which showed varying expression levels in all experimental groups, were 

subjected to quantitative real-time PCR using specifically designed primers (Table 1). 

The selected genes were DFR, DBR, CTAS, PKC, 4CL, PAL1, KR, HCT, CCoAOMT 

and COMT. For the present study the best suitable internal reference gene 

(housekeeping gene) was identified as glyceraldehyde 3-phosphate dehydrogenase 

(GADPH) which was also reported in earlier studies (Zhang et al., 2022). The gene 

expression levels were expressed as foldchange and log2 transformed by comparing 

the same study groups as that of RNA sequencing experiment.  

By studying the expression levels of genes using qPCR it was observed that genes 

DBR, CTAS, PKC, 4CL, PAL1 and KR were upregulated when comparing the 

transcriptome of high PD and/or HD accessions with that of a low PD and HD 

accessions (Figure 31-33). Similarly, in the genes HCT, CCoAOMT and COMT 

involved in caffeic acid synthesis and related downstream metabolites was found 

downregulated while comparing the same set of accessions (Figure 31-33). The gene 

DFR was found downregulated while comparing accession VAR-746 with VAR-163 

and VAR-910 (Figure 31C, D).   

While comparing these results with fold-change values of genes obtained from 

transcriptome profiling, it was observed that the expression levels of transcriptome and 

RT-qPCR analyses were quite similar to each other, indicating that the genes studied 

are involved in the metabolic pathways associated with PD biosynthesis. 
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Figure 31. Validation of RNAseq data with qRT-PCR. (A-F) The expression of genes involved in the 
metabolic pathways associated with PD biosynthesis while comparing accessions (A) VAR-552 and 
VAR-163, (B) VAR-552 and VAR-910, (C) VAR-746 and VAR-163 and (D) VAR-746 and VAR-910, (E) 
VAR-753 and VAR-163 and (F) VAR-753 and VAR-910. Ten representative genes namely DFR, DBR, 
CTAS, PKC, 4CL, PAL1, KR, HCT, CCoAOMT and COMT were chosen to validate the expression of 
genes obtained from RNAseq using RT-qPCR. Bars indicate means ± SE (n=3) of log2 fold-change 
obtained from respective experiments. Positive values represent upregulation and negative values 
represent downregulation. The gene GADPH was used as internal reference gene.
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Figure 32. Validation of RNAseq data with qRT-PCR. (A-F) The expression of genes involved in the 
metabolic pathways associated with PD biosynthesis while comparing accessions (A) VAR-547 and 
VAR-163, (B) VAR-547 and VAR-910, (C) VAR-897 and VAR-163 and (D) VAR-897 and VAR-910, (E) 
VAR-908 and VAR-163 and (F) VAR-908 and VAR-910. Ten representative genes namely DFR, DBR, 
CTAS, PKC, 4CL, PAL1, KR, HCT, CCoAOMT and COMT were chosen to validate the expression of 
genes obtained from RNAseq using RT-qPCR. Bars indicate mean ± SE (n=3) of log2 fold-change 
obtained from respective experiments. Positive values represent upregulation and negative values 
represent downregulation. The gene GADPH was used as internal reference gene.
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Figure 33. Validation of RNAseq data with qRT-PCR. (A-F) The expression of genes involved in the 
metabolic pathways associated with PD biosynthesis while comparing accessions (A) VAR-751 and 
VAR-163, (B) VAR-751 and VAR-910, (C) VAR-827 and VAR-163 and (D) VAR-827 and VAR-910, (E) 
VAR-760 and VAR-163 and (F) VAR-760 and VAR-910. Ten representative genes namely DFR, DBR, 
CTAS, PKC, 4CL, PAL1, KR, HCT, CCoAOMT and COMT were chosen to validate the expression of 
genes obtained from RNAseq using RT-qPCR. Bars indicate mean ± SE (n=3) of log2 fold-change 
obtained from respective experiments. Positive values represent upregulation and negative values 
represent downregulation. The gene GADPH was used as internal reference gene. 
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4.7 The efficacy of β-Glucosidase digestion in augmenting PD and HD levels 

To investigate the underlying mechanism of how bioactive PD and HD accumulate in 

dried leaves, freshly harvested and dried leaf tissues from selected accessions were 

externally supplied β-glucosidase enzyme and subsequently performed biochemical 

extraction followed by LC-MS analysis. Quantification of PD and HD after the enzyme 

treatment revealed that when fresh leaf material was treated with β-glucosidase, there 

was an increase in the levels of active PD and HD (Figure 34A-J). This increase was 

consistent across all accessions, demonstrating a significant difference between PD 

and HD levels in fresh leaf material and fresh leaf material treated with β-glucosidase. 

Similarly, when dry leaf material was treated with β-glucosidase, there was also a 

notable increase in active PD and HD levels (Figure 34A-J). This increase was found 

to be significant for all varieties treated with the enzyme. When comparing the 

differences between enzyme-treated fresh and dried tissues, it was observed that 

there were no significant differences between them. This suggests that through 

enzyme treatment, all the detectable glucoside forms present in the tissue may have 

been converted into their active forms. This work provides a solid basis on how 

enzymatic digestion with β-glucosidase can effectively enrich the PD and HD 

concentrations in tissues aiding in better during extraction.  
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Figure 34. Effect of enzymatic digestion of leaf tissue with β-glucosidase on PD and HD yield. 

(A-E) Changes in PD concentrations of freshly harvested and oven dried leaves when (A) VAR-552, (B) 

VAR-746, (C) VAR-553, (D) VAR-212 and (E) VAR-163 was treated with the enzyme β-glucosidase. 

(F-G) Changes in HD concentrations of freshly harvested and dried leaves when (F) VAR-552, (G) 

VAR-746, (H) VAR-553, (I) VAR-212 and (J) VAR-163 was treated with the enzyme β-glucosidase. 

Analysis was done on fully expanded upper leaves. Black bars represent the level of PD and grey bars 

show the level of HD. Bars represent means of 6 independent biological replicates and standard error. 

Different letters denote significant differences among varieties according to one-way ANOVA and post-

hoc Tukey’s test (p<0.05). FW and DW indicate fresh and dried weights of tissues used for respective 

enzymatic digestions.  
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4.8 Impact of drought stress on coumarin concentrations in H. macrophylla 

accessions 

To investigate the impact of drought stress on the coumarin profile of various 

Hydrangea accession groups, a study was conducted using five selected H. 

macrophylla accessions. These accessions were categorized into high PD (VAR-552 

and VAR-746), high PD/HD (VAR-553), and low PD/HD (VAR-212 and VAR-163) 

groups. The plants were initially grown in well-watered soil conditions for ten days in 

greenhouse. On the 11th day, the control plants were separated from the treatment 

group and received regular watering as before. The treatment group continued to grow 

for an additional 24 days under controlled conditions until all plants reached a soil 

moisture level of 5% soil moisture, determined through moisture meter. The plants 

were then maintained under these conditions for an additional 20 days until harvest. 

Visually, the drought affected plants grown at 5% soil moisture exhibited narrow leaf 

lamina, less expanded top leaves, and weaker stems compared to the plants grown 

at normal watering conditions (Figure 35A-E). These differences in morphology 

between the control and treatment plants were likely due to variations in soil moisture 

levels (Tan et al., 2023; Schrieber et al., 2023). 

To comprehensively assess the treatment's effects, leaf extracts from both control and 

treatment plants were subjected to mass spectrometric analysis to quantify seven 

different coumarins, along with naringenin and resveratrol. Additionally, fluorescence 

detection was used to study the dynamics of free amino acids in the samples. 

The analysis revealed that the amino acids phenylalanine (Figure 36A) and proline 

(Figure 36B) as well as phenylpropanoids such as PD (Figure 37A), HD (Figure 37B), 

resveratrol (Figure 37C), naringenin (Figure 37D), scopoletin (Figure 37E), scopolin 

(Figure 37F), and fraxetin (Figure 37I) were present at higher concentrations in 

drought-affected plants compared to unaffected plants in all studied H. macrophylla 

accessions. However, the concentrations of esculin (Figure 37G) and esculetin (Figure 

37H) were higher in plants grown under well-watered conditions. Notably, there was 

no significant difference in esculin concentrations between control and treatment 

plants in VAR-163. 

The highest PD concentration (15.68 mg g-1 dry weight) was observed in VAR-746, 

while the highest HD concentration (12.35 mg g-1 dry weight) was found in VAR-553, 

both of which were grown under 5% soil moisture-induced drought conditions (Figure 
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37A, B). In the study, the highest scopolin concentrations were detected in drought-

induced VAR-212 (Figure 37F), while the highest scopoletin concentrations were 

found in drought-affected VAR-163 (Figure 37E). The highest esculin concentration 

was observed in VAR-552 grown under well-watered conditions (Figure 37G), and the 

highest esculetin levels were found in well-watered VAR-212 and VAR-163 (Figure 

37H). Fraxetin concentration was highest in VAR-552 exposed to drought conditions 

(Figure 37I). Naringenin concentration was highest in VAR-746 and VAR-553 

subjected to drought stress (Figure 37D), while resveratrol concentration peaked in 

VAR-746 grown under drought conditions (Figure 37C). 

These findings suggest that under conditions of abiotic stress with limited water 

availability, plants tend to synthesize more coumarins like scopolin, scopoletin, 

fraxetin, and dihydroisocoumarins like PD and HD. This phenomenon aligns with 

previous research in other plant species, such as Melilotus, which reported an 

increase in coumarin concentration under drought stress due to the upregulation of 

coumarin biosynthetic genes, including regulatory elements of the BGLU gene family 

(Zhang et al., 2023; Wu et al., 2022). These coumarins may assist plants in coping 

with stress through various mechanisms, including the scavenging of reactive oxygen 

species (ROS) produced during stressful conditions. The higher accumulation of 

coumarins in this experiment may also be attributed to this protective mechanism. 
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Figure 35. Effect of drought on the visual appearance of different H. macrophylla accessions. 

(A-E) Visual appearance of shoots in (A, B) high-PD accessions, (C) high-PD/HD accessions and (D, 

E) low-PD/HD accessions grown under well-watered conditions (control) or drought conditions. Plants 

were subjected to drought stress for 20 days.  
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Figure 36. Concentrations of selected amino acids in Hydrangea plants grown under sufficient 

water supply and drought stress. (A, B) Concentrations of (A) phenylalanine and (B) proline, in leaf 

tissues of well-watered plants and drought-stressed plants. Analysis was done on fully expanded top 

leaves. Bars represent means + SE, n= 8 independent biological replicates and standard error. 

Asterisks indicate significant differences at p<0.05 according to Student t-test. 
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Figure 37. Concentrations of PD, HD, and associated metabolites in Hydrangea plants grown 

under sufficient water supply or drought stress. (A-I) Concentrations of (A) PD, (B) naringenin, (C) 

esculin, (D) HD, (E) scopoletin, (F) esculetin, (G) resveratrol, (H) scopolin and (I) fraxetin in leaf tissue 

of well-watered plants compared to drought affected plants. Analysis was done on fully expanded top 

leaves. Bars represent means + SE, n= 8 independent biological replicates and standard error. Single 

and double asterisks indicate significant differences at p<0.05 and p<0.01 respectively according to 

Student t-test. ns: not significant. 

4.9 Impact of high-light intensity on coumarin concentrations in H. macrophylla 

accessions 

To investigate the impact of high light intensities on the coumarin profile of Hydrangea, 

we conducted an experiment using five selected H. macrophylla accessions. These 

accessions included those with high PD concentration (VAR-552 and VAR-746), high 

PD/HD (VAR-553), and low PD/HD (VAR-212 and VAR-163). The plants were initially 

grown under normal light conditions, with a light intensity of 150 μmol m-2 s-1 (150 μE 
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m-2 s-1), an 18-hour photoperiod and at a temperature of 21/19 °C (day/night), and 

60% relative humidity for ten days. On the 11th day, both control and treatment plants 

were shifted to growth chambers with the same temperature and humidity conditions 

but with different light intensities: 150 μE m-2 s-1 for control and 600 μE m-2 s-1 for 

treatment. To prevent confounding effects, the plants were randomized daily. After 22 

days under these conditions, the leaves of the plants grown at 600 μE m-2 s-1 exhibited 

yellow and purple pigmentation, which varied depending on the accession (Figure 

38A-E). At this stage, both control and treatment plants were removed from the 

chambers, and the leaves were harvested. The leaves were dried at 40°C for 48 hours, 

after which biochemical extraction of PD and HD was performed. The extraction of 

other metabolites was carried out on fresh leaf tissue. 

Subsequent LC-MS analysis of leaf extracts revealed that PD (Figure 39A), HD (Figure 

39B), resveratrol (Figure 39C), and naringenin (Figure 39D) had higher concentrations 

in treatment plants compared to control plants. However, there were no significant 

differences in esculin (Figure 39G) and fraxetin (Figure 39I) concentrations between 

control and treatment conditions. The extend of changes in concentrations of 

esculetin, scopoletin (Figure 39E), and scopolin (Figure 39F) were dependent on the 

accession. Specifically, accessions VAR-552, VAR-212, and VAR-163 showed 

significant differences in scopoletin and esculetin concentrations between control and 

treatment accessions (Figure 39E, H). Scopolin concentrations were higher in control 

compared to light stressed accessions VAR-212 and VAR-163 (Figure 39F). 

In summary, this experiment suggests that in H. macrophylla accessions, high light 

intensities enhance dihydroisocoumarin, stilbene, and flavonoid accumulation. 
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Figure 38. Effect of light intensity on the visual appearance of leaves of different H. macrophylla 

accessions. (A-E) Visual changes in leaf colour in (A, B) high PD accessions, (C) high PD/HD 

accessions and (D, E) low PD/HD accessions grown under 150 μE m-2 s-1 (low light) and 600 μE m-2 s-

1 (high light) conditions. Plants were subjected to light stress for 22 days. 
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Figure 39. Concentrations of PD, HD and associated metabolites in Hydrangea plants grown 
under different light intensities. (A-I) Concentrations of (A) PD, (B) HD, (C) resveratrol, (D) 
naringenin, (E) scopoletin, (F) scopolin, (G) esculin, (H) esculetin and (I) fraxetin in leaf tissue of plants 
grown in 150μE m-2 s-1 compared to plants grown in 600μE m-2 s-1 to induce light stress. Analysis was 
done on fully expanded top leaves. Bars represent means + SE, n= 8 independent biological replicates 
and standard error. Single and double asterisks indicate significant differences at p<0.05 and p<0.01 
respectively according to Student t-test. ns: not significant.
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5 Discussion 

In the modern era, where food safety is of highest concern, use of artificial sweeteners 

in food industry is still controversial. The recent classification of aspartame, an FDA-

approved and widely used synthetic sweetener, into the International Agency for 

Research on Cancer (IARC) group 2B as “possibly carcinogenic to humans” poses an 

important question of whether these molecules may continue to be used to enhance 

the taste of foods (Riboli et al.,2023). This scientific curiosity has led researchers to 

explore a safer and healthier option of mining the plant kingdom for natural sweeteners 

(Mora and Dando, 2021; Castro-Muñoz et al., 2022). An alternative to sweeteners and 

sugar substitutes is stevioglycoside, a natural sweetener derived from the Stevia plant. 

Stevioglycosides are exceptionally sweet (up to 300 times sweeter than sucrose), low 

in calories (0.21 kcal/g), and non-cariogenic. However, concerns about the safety of 

stevioglycosides have led to the establishment of a uniform daily intake limit (ADI) of 

4 mg/kg by EFSA (European Food Safety Authority) and JECFA (Joint Expert 

Committee on Food Additives) due to potential health effects from the degradation 

product steviol (Pezzuto et al., 1985; Philippe et al., 2014). Currently produced in 

China, the extraction process for stevioglycosides requires a substantial amount of 

water, includes the use of formaldehyde for preservation (not permitted in Germany), 

and involves controversial practices like the use of aluminum salts during precipitation. 

This process chemically alters the plant material and deviates from the natural 

composition of Stevia rebaudiana. This departure from naturalness could be deemed 

deceptive, potentially violating food regulations (DGE/Dokumentations-

band_2014.pdf). As an alternative, phyllodulcin offers a promising option, as it involves 

using molasses directly from the leaves rather than isolating the active ingredient 

phyllodulcin. 

Phyllodulcin (PD), the sweet component of H. macrophylla is 600 to 800 times sweeter 

than sucrose and has the potential to be used as a natural sweetener in a wider scale 

(Yamato et al.,1975; Yasuda et al., 2004; Kim et al., 2017; Preusche et al., 2022; 

Tsukioka and Nakamura, 2023; Cho et al., 2023). The antidiabetic, antiulcer and 

antifungal effects along with potential to reduce SARS-CoV-2 infection of PD in H. 

macrophylla extracts and its role in Japanese traditional medicine further justifies the 

importance of studying the biochemical profile and the genetic regulation of PD 

biosynthesis in the plant (Nozawa et al., 1981; Zhang et al., 2007; Yano et al., 2023).  
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So far, the relationship between metabolites and genes in Hydrangea varieties has not 

been addressed together in a single frame, especially by giving preference to PD. 

Therefore, the work described in this thesis was directed to increase the natural 

production of PD and identify the associated biosynthetic pathway. 

5.1 Concentrations of PD in H. macrophylla depend on the developmental stage 

Knowing the optimum stage at which the plant produces the highest concentrations of 

bioactive molecules and the tissue in which these biomolecules can be extracted 

economically are crucial factors need to be addressed in phytochemistry. To find out 

at which developmental stage and in which tissue the plant produces the highest 

concentrations of phyllodulcin, different plant organs and developmental stages were 

studied by quantifying it using LC-MS (Figure 6A). These analyses were important to 

ensure that the correct tissue and developmental stage were harvested for optimum 

PD and HD extraction. After initial screening, 5 out of 14 accessions were grown in 

green house of IPK from initial cutting to senescence for 145 days (Figure 9, 10; Table 

3). By analyzing different plant organs, it was concluded that the highest concentration 

of PD and HD was found in leaves, hence leaves were used as study material (Figure 

11, 12). The performed developmental study showed that the highest concentration of 

PD and HD in high PD accessions (VAR-552 and VAR-746) and a high PD/HD 

accession (VAR-553) were obtained when the plants were close to maturity of 110 

days at the end of flowering (Figure 14A-C, 15A-C). In contrast, there was a low 

concentration of PD in accessions VAR-212 and VAR-163. For low PD accessions, 

VAR-212 and VAR-163, the PD and HD concentrations did not significantly change 

from 75 to 110 days but rather showed a non-significant increasing trend (Figure 14D, 

E; 15D, E). Overall, these results indicate that in the upper leaves of H. macrophylla, 

PD concentrations do not remain constant throughout the plant's life but rather exhibits 

a steady increase from the vegetative stage to the reproductive stage and then 

decrease after flowering (Figure 14A-E).  

Leaves serve as the primary structures in plants responsible for photosynthesis and 

hold significant importance in the plant's lifecycle. Additionally, leaves can function as 

synthetic and storage organs for secondary metabolites. The concentration of these 

metabolites in medicinal plant leaves can be influenced by factors such as the age of 

the leaves, the season in which they are harvested and the growth stage of the plant 

(Li et al., 2016c; Vazquez-Leon et al., 2017; Gomes et al., 2019). Previous studies 
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have shown that within Hydrangea sp. the younger leaves from the top had higher PD 

concentrations compared to the lower older leaves (Ujihara et al., 1995; Moll et al., 

2021b). It has also been recorded that in a span of 3 months, phyllodulcin-8-0-D-

glucose is enzymatically hydrolyzed to PD resulting in higher abundance in the plant 

(Suzuki et al.,1981). However, the precise growth stage of the plants in the experiment 

was not mentioned to allow a comparison with the current study.      

Since the phenylpropanoid metabolism exhibits extreme plasticity in response to 

different developmental stages, the biochemical composition of medicinal plants 

varies substantially due to the same factor. In Hypericum origanifolium, the level of 

flavonoid derivatives hypericin, quercitrin and quercetin reached a peak at budding 

and flowering stage and then declined during later stages (Kazlauskas and 

Bagdonaite, 2004; Çirak et al., 2007). In Gentiana pneumonanthe, the concentrations 

of bioactive secoiridoid glycosides swertiamarin, gentiopicrin and mangiferin 

increased from vegetative growth to flowering and dropped post anthesis (Popović et 

al., 2021). A similar trend for stilbenes was observed in grapes Chinese wild grapes 

during berry development (Li et al., 2020). Scutellaria baicalensis, Polygala tenuifolia, 

Astragalus compactus and some Cannabis sp. also showed the same dynamics in 

phenylpropanoid derivatives (Gatto et al., 2008; Teng et al., 2009; Naghiloo et al., 

2012b; Xu et al., 2018; Richins et al., 2018).  

The production and accumulation of secondary metabolites in plants, primarily serving 

protective and defensive roles, represent a dynamic process shaped by various factors 

related to plant adaptation and acclimation (Fineblum et al., 1995). This phenomenon 

can be attributed to two primary factors: firstly, "ontogenetic drift," which involves 

changes in the plant's size and developmental stage as it matures (Evans, 1972; Peng 

et al., 2010). Secondly, "ontogenetic trajectories" influenced by the pressures of 

natural selection also play a significant role (Barton and Boege, 2017). The synthesis 

of specific secondary metabolites in plants is often closely tied to particular stages of 

their development, exhibiting distinct temporal patterns. These patterns can be 

influenced by various factors, including growth, reproduction, and environmental 

conditions (Sampaio et al., 2016). It's important to note, however, that the relationship 

between metabolite production and plant development is not always straightforward. 

There are instances where the highest levels of a particular metabolite can be 

observed at different developmental stages than initially expected (Baraldi et al., 
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2008). This complexity underscores that plant secondary metabolite production is a 

multifaceted and adaptable process, influenced by genetic variability, environmental 

signals, and evolutionary pressures. In summary, concentration of both PD and HD in 

H. macrophylla accessions peaking at 110 days could be mainly because of the 

channeling of a pool of precursor metabolites towards secondary metabolism during 

later stages of the plant’s lifecycle. The gradual increase and peak accumulation of 

flavonoid precursor naringenin and stilbene resveratrol (secondary metabolites) at 110 

days also supports this hypothesis (Appendix 4).  These secondary metabolites help 

the plant to overcome biotic and abiotic stresses which is imperative for the plant’s 

survival. For VAR-212 and VAR-163, which are categorized as low PD/HD accessions, 

it is conceivable that these accessions reached a saturation point in terms of their 

maximum PD and HD production by 75 days (Figure 14D, E; 15D, E). Beyond this 

point, it may not have been possible for these accessions to further increase their PD 

or HD concentrations. This could provide an explanation for why the PD and HD 

concentrations remained relatively stable from the 75 days to the 110 days in these 

accessions (Figure 14,15). Consequently, for industrial-scale extraction of these 

biomolecules, it is advisable to harvest the young upper leaves at this particular 

developmental stage for the optimum extraction of both PD and HD. 

5.2 β-Glucosidase-mediated digestion increases the bioavailability of PD and 

HD in leaves  

Plants have a mechanism for storing highly reactive biochemical compounds in a less 

active form by conjugating them with glucose or other sugar molecules. This 

conjugation reduces the internal toxicity and reactivity of these compounds, allowing 

for their safe storage in vacuolar cell compartments. This process serves as a form of 

internal detoxification in plants (Wari et al., 2022; Aboshi et al., 2023). However, when 

plants undergo drying, experience physical damage (wounding), or go through 

senescence, these glycosides are converted into their active forms by the removal of 

the sugar moiety. This conversion process is catalyzed by an enzyme called β-

glucosidase (Vassao et al., 2018; Wari et al., 2021). The efficiency of β-glucosidase is 

influenced by temperature, with its maximum activity typically occurring within the 

range of 30-45 °C, although this can vary depending on the plant species. 

In the leaves of H. macrophylla PD and HD exist in glucoside forms (Glc), which 

encompass compounds like phyllodulcin-8-O-Glc, phyllodulcin-3′-O-Glc, hydrangenol-
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8-O-Glc, and hydrangenol-4‘-O-Glc, as reported in various studies (Suzuki et al., 1977; 

Yoshikawa et al., 1994; Ujihara et al., 1995; Zehnter and Gerlach, 1995; Akiyama et 

al., 1999; Liu et al., 2013; Wellmann et al., 2022) (Figure 4). To extract the total content 

of PD and HD within the tissue, it is essential to convert these glucoside forms into 

their active, non-bound forms. Traditionally, this conversion is achieved by drying and 

rolling the leaf tissue to activate the intrinsic β-glucosidase enzyme, which breaks 

down these compounds. However, in this study, external supplementation of β-

glucosidase was employed to convert all the bound PD and HD glucosides into their 

active forms. 

When freshly harvested leaves from VAR-552, VAR-746 and VAR-553 were dried at 

40°C for 48 hours, there was a noticeable increase in the concentrations of PD and 

HD in the dried tissue compared to the fresh tissue (Figure 10; 34A-C, F-H). Some 

reports suggest that PD and HD glucosides initially exist in this conjugated form, and 

the sugar component within them can undergo enzymatic hydrolysis, particularly by β-

glucosidase, either during storage or as part of post-harvest processing (Suzuki et al., 

1977; Zehnter and Gerlach, 1995; Ujihara et al., 1995; Jung et al., 2016). Similar 

processes have been observed for other metabolites such as plant cytokinins and 

steviol glycosides, which also increase in concentration through such enzymatic 

conversion (Chranioti et al., 2016; Pokorná et al., 2020). Therefore, this could explain 

the higher concentration of PD and HD observed in the dried leaf tissues in the present 

study. For low PD accessions like VAR-212 and VAR-163, there was no significant 

difference in the concentrations of PD and HD between fresh and dried tissues (Figure 

34D, E; 34I, J). This lack of variation could be attributed to the fact that the low levels 

of PD and HD glucosides were not effectively converted into their active forms by the 

native enzymes, likely due to their low initial concentrations. Consequently, similar 

concentrations were observed in both fresh and dried tissues.  

When freshly harvested tissues underwent external enzyme digestion, there was a 

notable increase in the levels of PD and HD across all accessions (Figure 34). This 

augmentation suggested that the concentration of externally supplied enzyme was 

sufficient to convert all the glucoside forms of PD and HD into their active states. This 

increase was more pronounced than what occurred during the drying process 

because, while drying, residual glucoside forms may remain inaccessible to the 

enzyme due to spatial separation or their presence in concentrations below the 
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enzyme's minimal substrate concentration level required for effective action. In the 

case of dried tissue subjected to external enzyme digestion, any residual glucoside 

forms of PD and HD that remained unaffected by native enzymes were transformed 

into their active states. Consequently, higher concentrations of PD and HD were 

observed in enzyme-treated dried tissue compared to oven-dried tissue for all 

accessions (Figure 34). Notably, the concentrations of PD and HD in enzyme-treated 

fresh tissues and enzyme-treated dried tissues did not exhibit significant differences 

(Figure 34). This suggests that through enzyme treatment of tissues, the glucoside-

conjugated forms were effectively converted into their physiologically active forms, 

leaving minimal to no conjugated PD and HD in the tissue. Consequently, enzyme 

treatment emerges as a viable option for the comprehensive extraction of PD and HD 

in both their glucoside-conjugated and free forms. However, it is essential to consider 

the cost-effectiveness of this approach in smaller-scale studies. At an industrial scale, 

where large batches can be digested simultaneously, coupled with methods for 

enzyme recovery, this technique can become more practical and productive (Singh et 

al., 2016). 

5.3 Regulation of PD and HD biosynthesis in Hydrangea depends on accession-

specific expression of genes involved in phenylpropanoid, flavonoid and 

stilbenoid biosynthesis 

Understanding the biosynthesis of PD and HD in Hydrangeas holds promise for 

unlocking a broad spectrum of bioactive compounds with diverse applications, ranging 

from the food industry to medical science. Earlier studies have shed light on the 

branching of the phenylpropanoid pathway (PPP), which leads to PD production 

(Figure 1, 5). Investigations involving 14C-labelled compounds have indicated that 

downstream gallic acid accumulates more labeled carbon, suggesting that the 

initiation of the pathway commences with L-phenylalanine and cinnamic acid 

(Basyouni et al., 1964; Kindle and Billek, 1964; Yagi et al., 1977). These studies also 

pointed towards p-coumaric acid, rather than caffeic acid (which is synthesized from 

activated p-coumaric acid in plants), as the likely precursor for PD biosynthesis (Figure 

5). This insight is valuable as it suggests that during PD biosynthesis, the branch 

leading to caffeic acid is less favoured.  

In the present study, a comparative transcriptome analysis between accessions 

characterized by high PD and/or HD concentrations and those with low PD/HD levels 
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revealed the significant enrichment of three metabolic pathways: phenylpropanoid 

biosynthesis, flavonoid biosynthesis, and stilbene biosynthesis, as indicated by KEGG 

enrichment analysis (Figure 24-26; Appendix 11-15). The differences in gene 

expression of H. macrophylla accessions and H. paniculata was clearly observable 

through hierarchical clustering (Figure 21A). The enrichment of GO terms specifically 

to the metabolic process indicate the transcripts related to these biological processes 

are expressed among accessions (21B). Furthermore, the genes of enzymes 

associated with these pathways exhibited correlations with the concentrations of the 

investigated metabolites, as determined through Weighted Gene Co-expression 

Network Analysis (WGCNA) (Figure 28). Notably, in accessions with high PD and/or 

HD levels, there was an observed elevation in phenylalanine concentrations (Figure 

16A). Additionally, a positive correlation was evident between the concentrations of 

PD, HD, and phenylalanine, confirming the essential role of phenylalanine in PD 

biosynthesis, with accessions possessing higher phenylalanine are producing more 

PD (Figure 19). Accessions with high PD and/or HD concentrations also displayed 

increased levels of p-coumaric acid (Figure 16C) when quantified using LC-MS (Figure 

7B), and these concentrations positively correlated with PD and HD levels (Figure 19). 

The higher expression levels of 4CL in high PD and/or HD accessions, compared to 

low PD/HD accessions, can be attributed to the activation of p-coumaric acid to p-

coumaroyl CoA, which is a crucial molecule in the pathway (Figure 29; 31-33). These 

findings underscore the significant influence of p-coumaroyl CoA in PD and HD 

biosynthesis. Conversely, a negative correlation was observed between PD and HD 

concentrations and metabolites such as caffeic acid, ferulic acid, scopolin, scopoletin, 

and esculetin, while no correlation was found in the case of fraxetin (Figure 19). This 

suggests that these metabolites may have limited to no impact on PD and HD 

biosynthesis. It is also noteworthy that the concentrations of these biomolecules 

(except for fraxetin) were generally low in accessions characterized by high PD and/or 

HD levels during quantification (Figure 8; 16E, F; 17B-F). 

At the transcriptome level, the expression levels of HCT (p-coumaroyl CoA → p-

coumaroyl shikimate, caffeoyl shikimate → caffeoyl CoA), C3H (p-coumaroyl 

shikimate → caffeoyl shikimate), CCoAOMT (caffeoyl CoA → feruloyl CoA), CSE 

(caffeoyl shikimate → caffeate), COMT (caffeate → ferulate) and SGT (scopoletin → 

scopolin) were found to be downregulated in accessions with high PD and/or HD levels 

compared to those with low PD/HD levels (Figure 29). This suggests that in low PD/HD 
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accessions, there is a higher abundance of metabolites associated with caffeic and 

ferulic acid, which are part of a pathway biochemically distant from PD and HD 

biosynthesis (Yagi et al., 1977).  

The metabolites umbelliferone, naringenin, and resveratrol displayed a positive 

correlation with PD and HD concentrations (Figure 19). This suggests that these 

metabolites might indeed be associated with PD and HD biosynthesis. Moreover, 

accessions characterized by high PD and/or HD levels exhibited elevated 

concentrations of these aforementioned metabolites, along with thunberginol C 

(Figure 17A; 16D, G, H). At the transcriptome level, genes of the enzymes CHS (p-

coumaroyl CoA → naringenin chalcone), CHI (naringenin chalcone → naringenin), 

F3’5’H (dihydrokaempferol → dihydromyricetin), DFR (dihydromyricetin → 

leucodelphinidin), ROMT (resveratrol → pinostilbene → pterostilbene) and FOMT 

showed upregulation in high PD and/or HD accessions and downregulation in low 

PD/HD accessions (Figure 29). By integrating the metabolite and transcriptome data, 

it can be inferred that accessions with high PD and/or HD levels exhibit enhanced 

flavonoid biosynthesis (involving metabolites derived from naringenin chalcone) and 

stilbene biosynthesis (involving metabolites derived from resveratrol) compared to low 

PD/HD accessions. Notably, previous studies have reported a diverse range of 

metabolites in Hydrangeas (Brown et al., 1964; Wellmann et al., 2022; Yoon et al., 

2023; Yano et al., 2023). However, the present research successfully incorporates the 

underlying genetic changes, specifically in terms of enzymatic regulation, that underlie 

these metabolic diversities. 

p-Coumaroyltriacetic acid synthase (CTAS) is an enzyme that plays a pivotal role in 

the conversion of p-coumaroyl CoA into p-coumaroyltriacetic acid lactone (CTAL). 

Prior studies have hypothesized that CTAS, in conjunction with a cyclase and a 

ketoreductase, can facilitate the synthesis of hydrangeic acid. Subsequently, 

hydrangeic acid may undergo further modifications within the plant, ultimately leading 

to the formation of hydrangenol (Akiyama et al., 1999; Austin and Noel, 2003; 

Eckermann et al., 2003). In the current research, notably higher transcript levels of 

CTAS were observed in accessions characterized by high PD and/or HD 

concentration, with the highest expression detected in accessions containing both PD 

and HD (Figure 29; 31-33). With the help of transcriptome analysis and RT-qPCR, the 

present study revealed upregulation of type III-polyketide synthases (PKS), 
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ketoreductase (KR), polyketide cyclase (PKC), and double-bond reductase (DBR) in 

high PD and/or HD accessions (Figure 29; 31-33). Intriguingly, it was noted that CTAS 

was absent in H. paniculata and PKC along with KR exhibited elevated expression 

levels when comparing all H. macrophylla accessions with H. paniculata, where PD 

and HD are not detected (Figure 30). This observation suggests that these enzymes 

likely play a central role in the biosynthesis of PD and HD. The abundance of these 

enzymes, particularly KR and PKC, may potentially form a multi-enzyme complex 

responsible for the synthesis of stilbene carboxylic acid (hydrangeic acid), in line with 

a hypothesis raised in previous research (Akiyama et al., 1999; Austin and Noel, 

2003). A similar enzyme series involving type-III PKS, KR, and tetraketide cyclase was 

proposed to be responsible for the production of lunularic acid, another stilbene 

carboxylic acid, in Cannabis sativa L (Gülck and Møller, 2020). 

The literature offers several alternative pathways for the biosynthesis of PD and HD, 

and one intriguing hypothesis revolves around the role of thunberginols in this 

biosynthetic pathway. Thunberginols and hydrangenol have been identified as 

catabolic products in the feces of rats fed with PD (as reported by Yasuda et al., 2004 

and Preusche et al., 2022). Moreover, a proposed biosynthetic pathway starting from 

resveratrol → dihydro resveratrol → 5-hydroxy-lunularic acid → thunberginol C has 

been suggested (as described by Çiçek et al., 2018). A type-IIIpolyketide synthase 

(PKS) responsible for conversion of dihydro-paracoumaroyl-CoA to dihydroresveratrol 

was reported in Cannabis sativa L. (Boddington et al., 2022). In the current study, 

higher concentrations of resveratrol were observed in accessions with high PD and/or 

HD levels when compared to those with low PD/HD levels (Figure 16G). The enzyme 

responsible for downstream processing of resveratrol, ROMT, also displayed 

increased expression levels in accessions with high PD and/or HD compared to low 

PD/HD accessions (Figure 29). Simultaneously, a greater relative abundance of 

thunberginol C was found in accessions with high PD and/or HD levels compared to 

those with low PD/HD levels (Figure 16H). It's noteworthy, however, that resveratrol 

and thunberginol C were not detected in the H. paniculata accession. It is essential to 

mention that 5-hydroxy-lunularic acid, a metabolite involved in the same pathway, 

could not be evaluated due to the unavailability of a reference standard at the time of 

the study and the challenges associated with proper chromatographic separation.  

Nevertheless, previous reports have indeed mentioned the presence of 5-hydroxy-

lunularic acid and its closely associated metabolites in Hydrangeas (Gorham, 1977 
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and Bojack et al., 2022). By incorporating the findings from metabolomic and 

transcriptomic data in the present research, coupled with an extensive review of 

relevant literature pertaining to the subject, a speculative pathway outlining the 

biosynthesis of PD was devised and is represented in figure 40. 

 

Figure 40. A proposed biosynthesis pathway of phyllodulcin. Enzymes in each step are 
represented in red fonts and metabolites are represented in black fonts. The solid lines or dashed lines 
represent known/reported or proposed steps in the pathway respectively. The enzymes are abbreviated 
as follows, PAL, phenylalanine ammonia-lyase; C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate-
CoA ligase; DBR, double-bond reductase; STS, stilbene synthases; RS, resveratrol synthase; PKS, 
type-III polyketide synthase; BBS, bibenzyl synthase; KR, ketoreductase; PKC, polyketide cyclase; 
CTAS, p-coumaroyltriacetic acid synthase; STCS, stilbenecarboxylate synthase. 
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These findings collectively indicate that in low PD/HD H. macrophylla accessions, 

there is a substantial diversion of metabolic flux away from dihydroisocoumarin 

biosynthesis. Conversely, in accessions containing PD, HD, or both PD and HD, the 

metabolic flux is directed towards dihydroisocoumarin biosynthesis. This clear 

differentiation among accessions based on their biochemical concentrations is evident 

in the PCA biplot (Figure 20) and metabolite heatmap (Figure 18). Specifically, 

naringenin, phenylalanine, resveratrol, umbelliferone, and, to some extent, esculin are 

responsible for the distinctions observed in high PD accessions. Similarly, esculetin, 

scopolin, trans-cinnamic acid, scopoletin, caffeic acid, and ferulic acid contribute to the 

characteristics of accessions with low PD/HD (Figure 20). These shifts in metabolic 

pathways, coupled with variations in the expression of key genes within the pathway, 

culminate in the accumulation of PD and HD in different H. macrophylla accessions. 

To further validate and gain a real-time understanding of these findings, a transgenic 

approach involving the overexpression of these key genes in low PD/HD accessions 

could be employed, allowing for an in-depth exploration of the metabolite profile 

changes, which can additionally be exploited for the industrial scale production of PD. 

5.4 Hydrangeas affected by drought stress produce more PD, HD and coumarins 

Plants constantly face changing environmental conditions and frequent exposure to 

various stresses and stimuli. These factors necessitate plants to allocate their energy 

and carbon resources to adapt to these challenging conditions and trigger specific 

signaling pathways to mitigate the resulting damage (Dixon and Paiva, 1995; Verma 

and Shukla, 2015; Zhu, 2016). Under drought stress, when roots are impaired in water 

uptake, plants tend to accumulate certain amino acids to interact with enzymes to 

preserve protein structure and enzyme activities, ion transport, and serve as an energy 

source (Rai and Sharma, 1991; Yoshiba et al., 1997; Kavi Kishor et al., 2005; 

Hildebrandt et al., 2015). In the case of Hydrangea accessions grown at 5% soil 

moisture, a higher accumulation of the amino acids phenylalanine and proline were 

observed in drought-affected plants compared to those receiving regular watering 

(Figure 36A, B). A similar trend with phenylalanine has been reported in citrus, poplar, 

melon, and artichoke (Zandalinas et al., 2017; Jia et al., 2020; Zhao et al., 2021; 

Chevilly et al., 2021). Furthermore, proline tends to accumulate in plants under stress 

conditions and functions as an osmoprotectant (Figure 36B) (Sánchez et al., 1998; 

Alexieva et al., 2001; Zulfiqar et al., 2020). Amino acids are a vital nitrogen source for 
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plants, and specific amino acids may help delay protein degradation under drought 

conditions (Bowne et al., 2012; Rabara et al., 2017). Phenylalanine, for instance, 

influences osmotic adjustment and serves as a precursor for numerous essential 

secondary metabolites (e.g., phenylpropanoids, flavonoids, catechin, and 

kaempferol), contributing to enhanced plant drought tolerance (Yamada et al., 2008, 

Barchet et al. 2013; Frelin et al., 2017). This phenomenon could also elucidate the 

presence of elevated concentrations of naringenin and resveratrol in drought-affected 

plants, both of which are phenylpropanoid derivatives originating from phenylalanine 

(Figure 37C, D). An increase in resveratrol and its glycosides has been independently 

reported in grapes under drought stress (Griesser et al., 2015). Additionally, genes 

encoding enzymes such as PAL, C4H, 4CL, and CHS, involved in the biosynthesis of 

these metabolites, were also observed to be upregulated under drought stress 

(Baldassarini et al., 2018; Cheng et al., 2018). Similar to these observations, an 

increase in scopolin and scopoletin was noted in citrus plants exposed to drought, 

contributing to the plant's ability to overcome drought stress (Zandalinas et al., 2017). 

Scopoletin and scopolin are derived from ferulic acid, and reports suggest that 

enzymes like HCT, COMT, and CCoAOMT are upregulated under drought stress 

(Chen et al., 2019b; Hu et al., 2019c). Drought stress has also been known to elevate 

esculetin content in plants, such as Fraxinus ornus. It was observed that esculetin 

concentrations in leaves correlate with its capacity to scavenge H2O2 (Lee et al., 2007; 

Fini et al., 2012). Interestingly, in our study, the concentrations of esculin and esculetin 

were higher in well-watered plants compared to those exposed to drought. This 

observation aligns with existing literature, as esculin does not possess significant ROS 

scavenging activity, and during drought, the plant may redirect energy towards other 

pathways. However, the high concentration of esculetin in normally watered plants 

could be attributed to the plant's regular phenylpropanoid metabolism. Changes in 

fraxetin content may also be due to its reducing potential (Döll et al., 2018; Tsai et al., 

2018). 

This study revealed a strong positive correlation between PD and HD concentrations 

and phenylalanine levels (Figure 19). Interestingly, in this experiment, phenylalanine, 

PD and HD exhibited significant increases under drought stress conditions (Figure 

36A; 37A, B). Furthermore, existing reports indicate that drought stress leads to the 

upregulation of phenylpropanoid metabolism, flavonoid metabolism, and stilbene 

metabolism (Yamada et al. 2008; Barchet et al. 2013; Griesser et al., 2015; Frelin et 
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al. 2017), all of which are pathways linked to PD and HD biosynthesis (Figure 24-26; 

Appendix 11-15). Consequently, it can be inferred that the increase in PD and HD 

levels under drought stress may be attributed to the heightened concentration of 

phenylalanine and the upregulation of genes associated with the phenylpropanoid, 

flavonoid biosynthetic, and stilbene biosynthetic pathways observed indirectly by 

enhanced biosynthesis of naringenin and resveratrol (Figure 36A; 37C, D). With this 

outcome, the present study contributes to a better understanding of the impact of 

abiotic stress factor drought on the accumulation of so far little studied in Hydrangea 

species. 

5.5 PD and HD concentrations are enhanced in Hydrangeas in plants grown in 

at high light intensities. 

Light availability, encompassing various wavelengths and intensities, is a fundamental 

abiotic factor profoundly influencing plant life. It not only sustains photosynthesis but 

also regulates the synthesis of secondary metabolites, collectively shaping plant 

growth, health, and adaptability within their ecosystems (Zhang et al., 2015; Li et al., 

2018). Previous studies on plants like Ocimum basilicum, Valerianella locusta, and 

Lactuca sativa have reported that higher light intensities lead to increased 

accumulation of flavanols (Rodriguez et al., 2014; Vaštakaitë et al., 2015; Brazaitytë 

et al., 2015; Długosz-Grochowska et al., 2017). Similarly, lettuce exposed to high light 

intensities displayed maximum anthocyanin levels (Nicole et al., 2016). 

In this study, H. macrophylla plants cultivated under high light intensity (600μE m-2 s-

1) displayed a significant increase in naringenin accumulation (Figure 39D). 

Naringenin, a major intermediate compound, undergoes various hydroxylation 

reactions to produce diverse anthocyanidins. Subsequent glycosylation and other 

modifications result in the formation of anthocyanins (Li et al., 2016; Zha and Koffas, 

2017). Downstream products of naringenin, including kaempferol, naringenin, and 

myricetin, were also detected in the leaves of Labisia pumila grown under high light 

intensity (Karimi et al., 2013). The increase in naringenin is often attributed to its 

antioxidant properties, as it helps counteracting harmful reactive oxygen species 

(ROS) generated during high light conditions. Moreover, naringenin aids in preventing 

DNA damage by inhibiting thymine dimerization and protects essential enzymes such 

as NAD/NADP from photodamage. It also forms a protective shield beneath the 

epidermal layer, safeguarding cellular components (Daayf and Lattanzio, 2009; 
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Naikoo et al., 2019). This may explain the development of yellow/purple pigmentation 

observed on the leaves of treated plants, which could result from anthocyanin and 

other flavonoid derivatives, which protect the tissue against UV (Figure 38).  

Recent studies on peanut sprouts have demonstrated that high light intensities lead to 

increased production of phenolic compounds and resveratrol (Chung et al., 2021). The 

current study yielded a similar observation regarding the concentration of resveratrol, 

with plants exposed to high-light stress showing a higher accumulation of resveratrol 

(Figure 39C). This rise in resveratrol levels can be attributed to its effectiveness as a 

scavenger of ROS and reactive nitrogen species (RNS) generated during metabolic 

processes. Resveratrol plays a crucial role in maintaining the oxidation-reduction 

balance in cells by supporting antioxidant enzymes such as catalase, superoxide 

dismutase, and glutathione peroxidase (Robb et al., 2008; Kavas et al., 2013; 

Cordova-Gomez et al., 2013). While the concentrations of esculetin, scopoletin, and 

scopolin did not exhibit consistent changes under high light intensity across all 

accessions, low PD/HD accessions tended to accumulate less of these biomolecules 

under high light intensities (Figure 39E, F, H). This could be attributed to the increased 

demand for flavonoids to scavenge the elevated ROS production. Consequently, the 

metabolic flux may have shifted away from the biosynthesis of methoxy coumarins 

and toward the production of flavonoids and stilbenes. This redirection of metabolic 

pathways may also explain why esculin and fraxetin did not display significant 

differences between control and treatment groups (Figure 39G, I). 

Recent genetic and biochemical studies have shed light on the intricate interplay 

between the jasmonic acid (JA) pathway and light responses in plants. Components 

of the JA pathway, such as the JA co-receptors COI1 and JAZ proteins, along with 

MYC2 and JAR1, have been found to influence various aspects of light responses. 

Conversely, elements of light signaling, including photoreceptor phytochromes, have 

been shown to impact JA-regulated gene expression and responses. This reciprocal 

interaction between the two signaling pathways has been extensively documented 

(Hsieh et al., 2000; Robson et al., 2010; Cheng et al., 2011; Kazan and Manners, 

2011). Moreover, it has been reported that anthocyanin biosynthesis is often controlled 

synergistically by both light and JA under light stress conditions (Vázquez-Flota and 

De Luca, 1998; Curtin et al., 2003; Devoto et al., 2005). A recent study on Hydrangeas 

demonstrated that the biosynthesis of PD and HD increased when plants were 
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externally supplied with methyl jasmonates (MeJA). The researchers observed that 

HD levels doubled after three applications of MeJA, with an immediate increase after 

just one application (Preusche et al., 2022). Considering this information, it can be 

inferred that JA biosynthesis is influenced by incident light levels, and in turn, JA 

enhances PD and HD biosynthesis. The present study revealed a significant increase 

in PD and HD concentrations when plants were grown under high light intensity 

compared to normal light intensity (Figure 39A, B). This phenomenon may be 

attributed to two key factors. First, the upregulation of phenylpropanoid biosynthesis, 

flavonoid biosynthesis, and stilbene biosynthesis, especially under high light intensity, 

could contribute to increased PD and HD production (Długosz-Grochowska et al., 

2017; Chung et al., 2021). Enzymes involved in these three pathways were found to 

be relevant to PD and HD biosynthesis (Figure 24-26; Appendix 11-15). Second, the 

biosynthesis of jasmonates in plants under high light intensity may also play a role in 

enhancing PD and HD biosynthesis (Preusche et al., 2022). It's plausible that these 

two processes occur simultaneously and jointly contribute to the observed increase in 

PD and HD levels. A deeper understanding of the concentrations of JA or MeJA within 

the plant would help elucidate the crosstalk between dihydroisocoumarin biosynthesis, 

JA signaling, and high light intensities, further advancing research in this area. This 

study also provides valuable insights into the optimal light intensity for cultivating large 

batches of Hydrangeas to achieve elevated concentrations of PD, suitable for 

industrial-scale extraction. 
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6 Conclusion 

While previous research has laid a solid foundation, this thesis recognized the need 

for a more comprehensive understanding of dihydroisocoumarin biosynthesis at the 

genetic level and a detailed exploration of metabolite dynamics in Hydrangea under 

abiotic stress conditions. Within the scope of this study, it became evident that H. 

macrophylla accessions with elevated levels of PD, HD, or both exhibited distinct 

metabolite profiles compared to accessions with low PD and HD concentration. 

Metabolic pathways involving caffeic acid, ferulic acid, and their derivatives, including 

scopolin, scopoletin, esculetin, and fraxetin, appeared to be predominant in 

accessions with low PD and HD concentrations. Conversely, the metabolism of 

phenylalanine, umbelliferone, p-coumaric acid, naringenin, resveratrol, and 

thunberginol C appeared to be particularly active in accessions containing PD, HD, or 

both. A correlation analysis between PD, HD, and these metabolites provided valuable 

insights into their interrelationships. Transcriptome analysis identified specific genes 

involved in the phenylpropanoid biosynthesis, flavonoid biosynthesis, and stilbene 

biosynthesis pathways that play a pivotal role in PD and HD biosynthesis. 

Furthermore, the discovery of cyclase and ketoreductase genes that were upregulated 

in accessions with high PD, HD, or both could potentially help unravel the biosynthetic 

pathway leading to PD and HD production. Additionally, based on metabolite levels 

and gene expressions, a hypothetical pathway from resveratrol to thunberginol was 

proposed, suggesting its potential association with PD and HD biosynthesis. The study 

also highlighted the significance of processing freshly harvested Hydrangea leaves, 

either through drying or with the use of β-glucosidase enzymes, to remove the 

glucoside moiety and liberate bioactive PD and HD. This knowledge could facilitate 

the scaling up of PD and HD production. Finally, the understanding of how PD and HD 

biosynthesis is enhanced under drought stress and high light intensities holds promise 

for cultivating Hydrangeas under these conditions to extract these valuable 

biomolecules on a larger scale. 
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8 Appendix 

 

Appendix 1. Total Ion Current (TIC) MRM of phenylpropanoids. TIC MRM of product ions of (A) PD, 

(B) HD, (C) naringenin and (D) resveratrol, (E) umbelliferone, (F) caffeic acid in respective ionization 

modes. The collision energy of each transition was determined by MS2 Selected Ion Monitoring (SIM). 

Each peak represents the intensity of fragmented ion at m/z detected at specific retention times. 
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Appendix 2. Total Ion Current (TIC) MRM of phenylpropanoids. TIC MRM of product ions of (A) 

ferulic acid, (B) cinnamic acid, (C) coumaric acid, (D) scopolin, (E) scopoletin and (F) esculin in 

respective ionization modes. The collision energy of each transition was determined by MS2 Selected 

Ion Monitoring (SIM). Each peak represents the intensity of fragmented ion at m/z detected at specific 

retention times. 
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Appendix 3. Total Ion Current (TIC) MRM of phenylpropanoids. TIC MRM of product ions of (A) 

esculetin and (B) fraxetin in respective ionization modes. The collision energy of each transition was 

determined by MS2 Selected Ion Monitoring (SIM). Each peak represents the intensity of fragmented 

ion at m/z detected at specific retention times. 
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Appendix 4. Naringenin and resveratrol accumulation across specific developmental stages in 

selected H. macrophylla accessions. Concentrations (A) naringenin and (B) resveratrol in selected 

H. macrophylla accessions namely, VAR-552, VAR-746, VAR-553, VAR-212 and VAR-163 at five 

different time points of the plant’s lifecycle. 20-75 days represent vegetative growth stage (1), 75-110 

days indicate reproductive stages (2) and 110-145 indicate post anthesis stage respectively (3). 

Analysis was performed on young upper leaf tissues dried at 40°C for 48 h. The solid line represents 

the trend line connecting the means of 6 independent biological replicates and standard error for each 

time point. One-way ANOVA was used to estimate the significant differences between each interval at 

95% CI.
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Appendix 5. The assignment of genes to different metabolic pathways in high HD and low PD/HD 

accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene ratio 

(the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) VAR-

751 and VAR-163 and (B) VAR-751 and VAR-910. The dot sizes represent the gene counts and color 

of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance of 

pathway enrichment. KEGG annotates genes at the pathway level. 

  



Appendix 

Page | 132  

 

 

Appendix 6. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla and H. paniculata. (A, B) Dot plot of KEGG enrichment analysis 

showing the gene ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in 

the study group (A) VAR-552 and H. paniculata and (B) VAR-746 and H. paniculata. The dot sizes 

represent the gene counts and color of the dot is based on p-value adjusted to sample distribution (padj 

value) and indicates significance of pathway enrichment. KEGG annotates genes at the pathway level. 
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Appendix 7. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla and H. paniculata. (A, B) Dot plot of KEGG enrichment analysis 

showing the gene ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in 

the study group (A) VAR-753 and H. paniculata and (B) VAR-547 and H. paniculata. The dot sizes 

represent the gene counts and color of the dot is based on p-value adjusted to sample distribution (padj 

value) and indicates significance of pathway enrichment. KEGG annotates genes at the pathway level. 
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Appendix 8. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla and H. paniculata. (A, B) Dot plot of KEGG enrichment analysis 

showing the gene ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in 

the study group (A) VAR-897 and H. paniculata and (B) VAR-760 and H. paniculata. The dot sizes 

represent the gene counts and color of the dot is based on p-value adjusted to sample distribution (padj 

value) and indicates significance of pathway enrichment. KEGG annotates genes at the pathway level. 
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Appendix 9. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla and H. paniculata. (A, B) Dot plot of KEGG enrichment analysis 

showing the gene ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in 

the study group (A) VAR-751 and H. paniculata and (B) VAR-827 and H. paniculata. The dot sizes 

represent the gene counts and color of the dot is based on p-value adjusted to sample distribution (padj 

value) and indicates significance of pathway enrichment. KEGG annotates genes at the pathway level. 
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Appendix 10. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla and H. paniculata. Dot plot of KEGG enrichment analysis showing the 

gene ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group 

VAR-908 and H. paniculata. The dot sizes represent the gene counts and color of the dot is based on 

p-value adjusted to sample distribution (padj value) and indicates significance of pathway enrichment. 

KEGG annotates genes at the pathway level.
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Appendix 11. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene ratio 

(the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) VAR-

746 and VAR-163 and (B) VAR-746 and VAR-910. The dot sizes represent the gene counts and color 

of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance of 

pathway enrichment. KEGG annotates genes at the pathway level. 

 

A 

B 
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Appendix 12. The assignment of genes to different metabolic pathways in high and low PD/HD 

accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene ratio 

(the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) VAR-

753 and VAR-163 and (B) VAR-753 and VAR-910. The dot sizes represent the gene counts and color 

of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance of 

pathway enrichment. KEGG annotates genes at the pathway level.

A 

B 
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Appendix 13. The assignment of genes to different metabolic pathways in high PD/HD and low 

PD/HD accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene 

ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) 

VAR-897 and VAR-163 and (B) VAR-897 and VAR-910. The dot sizes represent the gene counts and 

color of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance 

of pathway enrichment. KEGG annotates genes at the pathway level. 

A 

B 
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Appendix 14. The assignment of genes to different metabolic pathways in high PD/HD and low 

PD/HD accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene 

ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) 

VAR-908 and VAR-163 and (B) VAR-908 and VAR-910. The dot sizes represent the gene counts and 

color of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance 

of pathway enrichment. KEGG annotates genes at the pathway level. 

A 

B 
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Appendix 15. The assignment of genes to different metabolic pathways in high HD and low 

PD/HD accessions of H. macrophylla. (A, B) Dot plot of KEGG enrichment analysis showing the gene 

ratio (the percentage of total DEGs) assigned to the top 20 metabolic pathways in the study group (A) 

VAR-760 and VAR-163 and (B) VAR-760 and VAR-910. The dot sizes represent the gene counts and 

color of the dot is based on p-value adjusted to sample distribution (padj value) and indicates significance 

of pathway enrichment. KEGG annotates genes at the pathway level. 

A 

B 
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Appendix 16. Concentrations of sugars in Hydrangea plants grown under sufficient water supply 

and 5 % soil moisture to induce drought. (A-D) The difference between (A) glucose, (B) fructose, 

(C) starch and (D) sucrose in leaf tissue of well-watered plants compared to drought affected plants. 

Analysis was done on fully expanded young upper leaves. Bars represent means +SE, n= 6 

independent biological replicates and standard error. Single and double asterisks indicate significant 

differences at p<0.05, p<0.01 according to Student t-test; ns: not significant.
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Appendix 11. List of H. macrophylla accessions used for primary screening. Green filled cells 
represent the 14 accessions selected for experiments. 

VAR-0908_000 (VAR 908) VAR-0553_001 (VAR 553) VAR-0897_000 (VAR 897) 

VAR-0553_002 VAR-0552_000 (VAR 552) VAR-0552_001 

VAR-0828_000 VAR-0766_001 VAR-0158_000 

VAR-0547_000 (VAR-547) VAR-0542_000 VAR-0536_000 

VAR-0749_000 VAR-0556_000 VAR-0912_000 

VAR-0765_000 VAR-0906_000 VAR-0583_000 

VAR-0556_001 VAR-0836_000 VAR-0571_000 

VAR-0844_000 VAR-0535_000 VAR-0576_000 

VAR-0879_001 VAR-0768_000 VAR-0827_001 

VAR-0827_000 (VAR 827) VAR-0556_002 VAR-0539_000 

VAR-0582_000 VAR-0562_000 VAR-0561_000 

VAR-0751_000 (VAR 751) VAR-0580_000 VAR-0560_000 

VAR-0574_000 VAR-0260_002 VAR-0763_000 

VAR-0550_000 VAR-0575_000 VAR-0561_001 

VAR-0750_000 VAR-0747_000 VAR-0573_000 

VAR-0566_000 VAR-0921_000 VAR-0446_000 

VAR-0846_000 VAR-0547_002 VAR-0567_000 

VAR-0555_000 VAR-0564_000 VAR-0706_000 

VAR-0915_000 VAR-0132_002 VAR-0438_000 

VAR-0746_000 (VAR 746) VAR-0768_001 VAR-0569_000 

VAR-0750_001 VAR-0212_001 VAR-0843_000 

VAR-0009_000 VAR-0922_001 VAR-0856_000 

VAR-0097_000 VAR-0837_000 VAR-0452_000 

VAR-0146_000 VAR-0440_000 VAR-0163_000 (VAR 163) 

VAR-0579_000 VAR-0543_000 VAR-0823_000 

VAR-0771_000 VAR-0260_000 VAR-0538_000 

VAR-0758_000 VAR-0554_000 VAR-0913_000 

VAR-0551_000 VAR-0754_000 VAR-0290_000 

VAR-0755_000 VAR-0745_000 VAR-0565_000 
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VAR-0436_000 VAR-0919_000 VAR-0762_000 

VAR-0347_000 VAR-0893_000 VAR-0118_000 

VAR-0756_000 VAR-0707_000 VAR-0904_000 

VAR-0922_002 VAR-0578_000 VAR-0255_000 

VAR-0548_000 VAR-0581_000 VAR-0808_000 

VAR-0616_000 VAR-0708_000 VAR-0808_001 

VAR-0491_000 VAR-0905_000 VAR-0069_000 

VAR-0348_000 VAR-0258_000 VAR-0753_001 (VAR 753) 

VAR-0142_000 VAR-0766_000 VAR-0856_001 

VAR-0540_000 VAR-0890_000 VAR-0145_000 

VAR-0256_000 VAR-0010_000 VAR-0704_000 

VAR-0741_000 VAR-0544_000 VAR-0549_000 

VAR-0559_000 VAR-0068_000 VAR-0577_000 

VAR-0572_000 VAR-0584_000 VAR-0364_000 

VAR-0477_000 VAR-0132_000 VAR-0769_000 

VAR-0879_002 VAR-0757_000 VAR-0568_000 

VAR-0439_000 VAR-0537_000 VAR-0615_000 

VAR-0823_001 VAR-0259_000 VAR-0811_000 

VAR-0492_000 VAR-0918_000 VAR-0748_000 

VAR-0761_000 VAR-0907_000 VAR-0770_000 

VAR-0131_000 VAR-0770_001 VAR-0570_000 

VAR-0493_000 VAR-0758_002 VAR-0447_000 

VAR-0039_000 VAR-0418_000 VAR-0920_000 

VAR-0856_002 VAR-0772_000 VAR-0451_000 

VAR-0744_000 VAR-0835_000 VAR-0760_000 (VAR 760) 

VAR-0212_000 (VAR 212) VAR-0917_000 VAR-0879_003 

VAR-0163_001 VAR-0437_000 VAR-0901_000 

VAR-0891_000 VAR-0910_000 (VAR 910) VAR-0894_000 

VAR-0898_000 VAR-0896_000 VAR-0857_000 

VAR-0758_001 VAR-0900_000 VAR-0119_000 

VAR-0824_001 VAR-0911_000 VAR-0899_000 

VAR-0895_000 VAR-0563_000 
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9 Abbreviations 

% Percentage 

°C Degree Celsius 

µg Microgram 

4CL 4-coumarate: coenzyme A ligase 

Å Angstrom (equal to a length of 10−10 m) 

ANOVA Analysis of variance 

ANS Anthocyanin synthase 

AQC 6-aminoquinolyl-N hydroxysuccinimidyl 

carbamate 

ASE Accelerated solvent extraction 

BBB Blood-brain barrier 

C2H Cinnamate 2 hydroxylase 

C3′H P‐coumaroyl shikimate 3′ hydroxylase 

C3H Coumarate 3‐hydroxylase 

C4H Cinnamate 4-hydroxylase 

CCoAOMT Caffeoyl coA 3‐O‐methyltransferase 

CE Collision energies 

CHI Chalcone isomerase 

CHS Chalcone synthase 

COMT Caffeate/5‐hydroxyferulate 3‐O‐

methyltransferase 

COSY Coumarin synthase 

CSE Caffeoyl shikimate esterase 

CTA P-coumaroyltriacetic acid 

CTAL P-coumaroyltriacetic acid lactone 

CTAS P-Coumaroyltriacetic acid synthase 

DFR Dihydroflavonol 4‐reductase 

DHC 3,4-dihydroisocoumarins 

DNA Deoxy ribonucleic acid 

DW Dry weight 

EFSA European food safety authority 

ESI Electrospray ionization 

F3′5′H Flavonoid 3′5′‐hydroxylase 

F3H Flavanone 3‐hydroxylase 

F5H Ferulate 5‐hydroxylase 

FDR False discovery rate 

FW Fresh weight 
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g Gram 

GAPDH Glyceraldehyde-3-phosphate 

dehydrogenase 

GO Gene ontology 

HCT Hydroxycinnamoyl transferase 

HD Hydrangenol 

hrs Hours 

IPK Leibniz Institute of Plant Genetics and 

Crop Plant Research, Gatersleben 

JA Jasmonic acid 

JECFA Joint Expert Committee on Food 

Additives 

KEGG Kyoto Encyclopedia of Genes and 

Genomes 

KR Ketoreductase 

LAR Leucoanthocyanidin reductase 

LC Liquid chromatography 

LOQ Limit of Quantification 

MRM Multiple reactions monitoring 

MS Tandem mass spectrometry 

MS/MS Mass spectrometry 

mΩ Milliohm 

NADH Nicotinamide adenine dinucleotide + H 

Nar Naringenin 

PAL Phenylalanine ammonia lyase 

PCA Principal component analysis 

p-CA P-coumaric acid 

PD Phyllodulcin 

Phe Phenylalanine 

PKC Polyketide cyclase 

PPP Phenylpropanoid pathway 

QIT Quantitative ion transition 

qPCR Quantitative PCR 

Res Resveratrol 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RS Resveratrol synthase 

S8H Scopoletin 8-hydroxylase 

SE Standard error 
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SGT Scopoletin glucosyl transferase 

SIM Selected ion monitoring 

SM Secondary metabolites 

SPE Solid phase extraction 

STCS Stilbenecarboxylate synthase 

t-CA Trans cinnamic acid 

tR Retention time 

Umb Umbelliferone 

UPLC Ultra-pressure reversed-phase 

chromatography 

WGCNA Weighted gene co-expression network 

analysis 
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