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ABSTRACT 
 

 

From time immemorial, many medicinally essential plants have been successfully used 

to treat different types of diseases. The usage of plants as a source of medicine begins 

with the isolation of active bio-compounds which are responsible for their therapeutic 

action. Research in flavonoids has flourished in the last decades, fueled by the recognized 

importance of natural antioxidants on health benefits. 

The current study intended to focus on enhancing the production of three flavonols 

such as rutin, quercetin, and kaempferol in tropical medicinal plants such as Emilia 

sonchifolia, Clinacanthus nutans and in model plant Arabidopsis thaliana. The current 

research focused on a novel elicitation approach to improve the therapeutic value of 

medicinal plants. It attempted to investigate if heat (one-day for 6 hrs, 45 °C) and 

drought stress (one week) could be used to enhance the production of flavonols through 

studies on expression profiling of flavonoid biosynthetic genes in model plant A. 

thaliana relative to untreated controls. This study also established a correlation between 

flavonol metabolites produced under stress and genes that are responsible for 

synthesizing these molecules by comparing the transcriptomic and metabolomic data 

using LC-MS. A significant upregulation of following structural genes F3H, FLS1, 

UGT78D1 and the transcription factors PFG1/MYB11, PFG2/MYB12 was observed in 

heat-induced A. thaliana samples by 55-fold, 125-fold, 4.5-fold, 40-fold, and 12-fold, 

respectively compared to control ones. The compound rutin and quercetin increased in 

heat-stressed A. thaliana plants by 2.5-fold and 1.5-fold relative to controls. From the 

results, it is justified that the pattern of gene expression in flavonol biosynthesis 

corresponds to the increased accumulation of rutin and quercetin in heat-stressed             
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A. thaliana plants. The further evaluation of relative flavonol content in E. sonchifolia, 

C. nutans and A. thaliana plants suggested that flavonol metabolites were species-

specific. Among the three flavonols, the stable glycosylated rutin played a major role in 

stress protection by increasing its accumulation in all the three plants. Furthermore, the 

total flavonoid content was increased in three plants that established a positive link 

between these species in defence mechanism against stress. The comparative study of 

antioxidant activity in medicinal plants proved that the antioxidant activity was higher 

in E. sonchifolia plants and the increment in the antioxidant levels of E. sonchifolia plant 

was attributed to the increased accumulation of three flavonols and total flavonoid 

content with strong scavenging ability against free radicals. The study also highlighted 

the role of flavonols as developmental regulators by showing the role of flavonols in 

auxin transport during stress conditions as a regulative mechanism in plant development. 

The short-term heat stress proved an effective strategy to increase the rutin, quercetin 

and kaempferol contents in tropical medicinal plants E. sonchifolia and C. nutans. 
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CHAPTER 1 INTRODUCTION 
 

 

 Background 

Natural products are the strongest foundation of any discovery in pharmaceutics 

(Harvey et al., 2015). Plants produce a vast assortment of natural products with diverse 

structures. They are generally known as secondary metabolites (the end products of gene 

expression), which are crucial for plant survival. In this modern civilized world, natural 

products are extremely important components of the drug industry which originates from 

earth natural resources. A recent survey regarding the usage of natural products as 

potential sources of medicines has led to an indication that the majority of the modern 

drugs introduced over the past two decades are natural based ones (Cragg & Newman, 

2013). Natural products so far obtained have a remarkable role in enhancing human health 

and have been facing strong competition from compounds obtained from combinatorial 

chemistry, due to their safety and efficacy. Considered their unique chemical diversity 

and novel mechanisms of action, natural products have a vital role in drug development 

and research studies. 

Tropical countries are the treasure house of different medicinally important plants. 

Many plant species have been reported as medicinally important plants because of the 

presence of bioactive compounds which are secondary plant metabolites. These medicinal 

plants contain a higher concentration of various biologically active compounds as 

compared to other plants which are utilized by humans and animals (Bernhoft, 2010). The 

newest interest in secondary metabolites derived from plants was for obtaining new 

sources of compounds promising in therapeutic systems (Sathuluri & Gokare, 2000; 
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Davies & Deroles, 2014). Medicinal plants are usually judged based on their therapeutic 

value. The therapeutic effects of these metabolites have been associated with their 

antioxidant activity, which could be the scientific basis of traditional herbal-based healing 

of diseases (Wink, 2015). Indeed, the exploitation of more medicinal plants is demanding 

due to the health hazards associated with the use of synthetic drugs. Even though the 

potential of medicinal plants are boundless, there are many challenges for the large-scale 

utilization in pharmaceutics (Oksman-Caldentey et al., 2004). Among them are the lack 

of reproducibility due to the variation in secondary metabolites and the limited production 

of metabolites (less than 1% dry weight). In medicinal plants, environmental conditions 

regulate the production of these complex active constituents and their type and quantity 

of metabolites were often determined by the changing environmental conditions (Yang, 

et al., 2018). When wild plants are procured and they are cultivated under optimal 

growing conditions where plants are not exposed to the natural stressors, the content and 

therapeutic activity of secondary metabolites are reduced (Gorelick & Nirit, 2014). The 

production of secondary metabolites should be increased to acquire maximum medicinal 

and nutritive values. Heat and drought are abiotic elicitors that stimulate stress responses 

in plants and increase the amount of secondary metabolites produced (Ramakrishna & 

Ravishankar, 2011). This strategy helps to induce the desired chemical response by 

establishing a relationship between phytochemistry and plant stress. This technique is 

known as elicitation and it not only increases the therapeutic activity of medicinal plants 

but enhances the health benefits of edible plants which are consumed as food. 

The plant-based traditional medicines are widely practised in South East Asian 

countries with the Indian system of Ayurveda and Traditional Chinese medicine (TCM) 

being prevalent. Two such medicinally essential plants that are commonly used in 

traditional medicines include Emilia sonchifolia (E. sonchifolia) (also known as lilac 
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tasselflower) and Clinacanthus nutans (C. nutans) (also known as Sabah snake grass). 

Comparatively, little information has been gained in these years regarding the methods to 

improve the therapeutic activity in whole medicinal plants and also the physiological 

basis in terms of antioxidant metabolism under heat and drought stress in medicinal 

plants. It seems necessary to do research connecting medicinal plants and abiotic stresses. 

Therefore, it is worth to test the medicinal plants such as E. sonchifolia and C. nutans for 

their antioxidant activity and study their abiotic stress response on flavonol metabolite 

production through the elicitation process. These medicinal plants are considered good 

sources of flavonols  (Shen et al., 2012; A. Ghasemzadeh et al., 2014; Sulaiman et al., 

2015). The choice of investigated medicinal plants depend on four reasons: firstly, based 

on availability. They are locally available and easily grown weed plants. Secondly, they 

are widely used in traditional medicines. Thirdly, they are tolerant to abiotic stresses like 

heat and drought. Fourthly, limited flavonoid and elicitation studies have been reported 

in these plant species. 

The genomic resources of the medicinal plants E. sonchifolia and C. nutans are not 

available as the genomes of these species have yet to be sequenced. Moreover, there was 

no report regarding the expression of flavonol biosynthetic genes as well as the 

accumulation of flavonols during heat and drought stress in these species. The model 

plant like Arabidopsis thaliana (A. thaliana) and the medicinal plants share the 

characteristic features of dicot species. A. thaliana plays an essential role in providing 

genetic and molecular resources. (TAIR; www.arabidopsis.org). The photoprotective role 

of flavonols against ROS has been witnessed in several experiments utilizing A. thaliana 

mutants (Brunetti et al., 2013). The expressions of genes, as well as the formation of 

secondary metabolites, are strongly associated with the ecological and environmental 

factors. Therefore, understanding the expression pattern of genes involved in flavonol 
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biosynthesis pathway and their association with the production of flavonol compounds 

under different environmental conditions could facilitate new insight on the research 

arena focussing on enhancing the therapeutic quality and stress tolerance in plants. In the 

current study, A. thaliana was the reference plant for studying the effect of abiotic stresses 

on flavonol metabolite production. The critical biosynthesis pathway for flavonol 

production is conserved in all plants. However, according to the type of plant species, the 

flavonoid scaffolds are modified by various enzymes with methyl groups (methylation), 

and sugars (glycosylation) altering the physiological and biochemical activity resulting 

in different subclasses of flavonoids (T. Wang et al., 2018). Based on this assumption that 

majority of the flavonoids are common in all plants and they are accumulated in plants 

based on their specific function, the present work was based on the hypothesis that a 

similar flavonoid biosynthesis pathway characterized as in A. thaliana exists in tropical 

medicinal plants E. sonchifolia and C.nutans.  

 History of Ethnomedicine 

Since time immemorial, many of the natural products from plants, animals, marine 

creatures, and microorganisms have been used for medicine by the human for treating 

various diseases (Shi et al., 2010). As per records, human use of plants as medicines may 

be traced back at least 60,000 years (Shi et al., 2010). Indeed, there are more than one 

thousand plant-based drugs that have been used for many diseases at that time. In 

traditional medicines, natural products are indispensable, and they have been practiced 

every nook and corner of the world that dates back thousands of years, in Ayurvedic, 

Unani, Traditional Chinese, Korean medicine and Kampo system of medicine (Alves & 

M L Rosa, 2007). The Ayurvedic literature from India describes the uses of over one 

thousand different herbs since 1000 BC (Spainhour, 2005). Morphine was the foremost 
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drug (pharmacologically active compound) isolated from opium in the early 19th century 

by a young German pharmacist, Friedrich Serturner. Aspirin was the prime semi-

synthetic drug based on salicin extracted from Salix alba by Bayer in 1899 followed by 

the successful isolation of so many different drugs such as digitoxin, cocaine, codeine, 

pilocarpine, and quinine. Quinine (an alkaloid extracted from the bark of Cinchona 

officinalis) was the first drug used for the successful treatment for the disease malaria, as 

a pre-eminent drug to treat until well into the 1940s and is still used in many developing 

countries (Reyburn et al., 2009). Ethnobotanical studies provide better information on 

different plant species used by people in their day-to-day activities and their country-to-

country variations. However, this information was lost across the globe because of the 

migration of communities into urban life by attracting western lifestyle.  

Around the globe, plants with medicinal properties have been used for the benefit of 

primary health care and are also serving as the possible source of various chemicals in 

new drugs (Srivastav et al., 2011). Today 25% of all prescribed drugs are derived from 

different plant species. The interest concerning the implementation of practical use of 

herbal substances for restorative purposes is ever increasing. As reported by WHO, a 

large number of people around the world still depends on traditional medicines for their 

health care (Parasuraman et al., 2014). The WHO characterizes herbal medicines as 

remedies containing crude "herbs, natural materials, herbal preparations and ready-made 

herbal items that incorporate active ingredient parts of plants, or other plant materials, or 

its blends"(WHO, 2013). Many researchers are focusing their attention on herbal 

medicines owing to their availability and minimal side effects. The knowledge associated 

with traditional medicine has led to the promotion of more studies of therapeutic plants 

as potent for making new drugs (Jonathan & Douglas, 2016). According to WHO (2010) 

(World Health Organization), a medicinal plant can be categorized as any type of plant 
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having at least one of its organs contain substances that are either utilized for remedial 

purposes or as antecedents for the synthesis of effective medications. As per their records, 

nearly 20,000 medicinal plants exist in 91 countries including 12 mega biodiversity 

countries. According to Adesokan et al. (2008), the medicinal properties of plants are 

believed to be their antioxidant, anti-inflammatory, antipyretic effects of different 

phytochemicals. The plants with ethnopharmacological uses have been the principal 

sources of medicine for early drug discovery.  

Natural products are very important and constantly been utilized for the improvement 

of new medications for treating various human diseases, especially for critical ones. 

Cancer is a global disease accounts for approximately 7.6 million deaths around the world 

(WHO, 2010). According to the report of the American Association for Cancer Research 

(AACR), 13 million people may die by 2030 with this fatal disease. The history of natural 

products as an anticancer agent has been started with the discovery of podophyllotoxin 

from Podophyllum peltatum in 1947 (Hartwell, and Shear, 1947). Taxol, another plant-

based medicine for cancer treatment set an example for natural product-based drugs 

(Mishra & Tiwari, 2011). The medicines for hypertension and migraine are benefited 

immensely from plant-derived natural products (Newman et al., 2003; Galm & Shen, 

2007). 

 Significance of secondary metabolites  

Primary metabolites (carbohydrates, proteins, and fats) have direct roles in plant 

growth, development, and reproduction. However, secondary metabolites have no direct 

involvement in the above processes (Verma & Shukla, 2015). Earlier, secondary 

metabolites were considered futile because of their inactive nature of without doing any 

physiological function for the plant. Soon after the development of chemical ecological 
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research, it becomes evident that these waste products fulfill essential roles in the 

interplay between the environmental stressors and plants. Biotic and abiotic are two kinds 

of stresses that affect plants throughout various stages of their life cycle. Biotic stress is 

caused by living agents such as herbivory and pathogen attacks (fungi, bacteria, insects, 

nematodes and grazing animals), whereas abiotic stress arises from non-living factors, of 

which most are environmental stressors such as water deficit, extremities in temperature, 

and UV radiation or even from heavy metals (Pavarini et al., 2012). Secondary 

metabolites are an important component for plants to adapt with the environment in both 

biotic and abiotic stress conditions (Bennett & Wallsgrove, 1994; Yang et al., 2018). 

According to Fraser and Chapple (2011), secondary metabolites and their derivatives are 

important groups of compounds essential for plant acclimation and survival to varying 

environmental conditions that include coumarins, lignin building blocks, flavonoids, 

anthocyanins, and tannins. In plants, stress can significantly affect their growth and 

development and therefore affect the synthesis of secondary metabolites and eventually, 

the overall phytochemical profiles which play a strategic role in the production of 

bioactive substances (Yang et al., 2018). Apart from the defensive role, these secondary 

metabolites have medicinal and nutritive values. The isolation and characterization of 

drugs are based on the pharmacologically active plant secondary metabolites (Lee & Foo, 

2013). Majority of the leads from natural products that are now being developed have 

originated from either plant or microbial sources (Sunil Mathur & Hoskins, 2017). Root, 

bark, stem, leaves are the primary source of different and unique secondary metabolites 

in plants, of which the most bioactive groups are phenolic compounds (flavonoids), 

alkaloids, and tannins (Frederick Hill, 2019). In the plant kingdom, secondary metabolites 

have a limited distribution because of their selective occurrence in different plant species 

and their related species group, whereas the primary metabolites are seen profoundly in 
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the plant kingdom. Secondary metabolites are important compounds for human beings as 

they are sources for food additives, flavours, pharmaceuticals and industrially important 

pharmaceuticals, cosmetics, and nutraceuticals. These secondary metabolites might either 

occur spontaneously or produced in response to certain specific environmental stressors. 

The variation in the concentration of metabolites is species-specific which in turn depends 

on different factors such as developmental stage, age, circadian rhythm, climatic 

conditions, soil nutrients and water availability (Barton & Koricheva, 2010). The absence 

of secondary metabolites does not create any sudden impact on any organism, but to a 

certain extent, they can have a negative influence on the organism’s survivability or 

aesthetics, or perhaps in no significant change at all. Owing to their exceptional structural 

diversity, natural products have created a profound impact on modern drug development.  

Table 1. Estimate of secondary metabolites reported from medicinally important plants 

 Type of secondary 

metabolite 
  Approximate numbers  

 Nitrogen-containing Secondary metabolites 

Alkaloids 21000 
Non-protein amino acids (NPAAS) 700 

Amines 100 
Cyanogenic glycoside 60 

Glucosinolates 100 
Alkamides 150 

Lectins,peptides,polypeptide 2000 

Secondary metabolites without nitrogen 

Monoterpenes including iridoids 2500 

Sesquiterpenes 5000 

Diterpenes 2500 

Triterpenes, steroids, saponins 5000 

Tetraterpenes 500 
Flavonoids, tannins 5000 

Phenylpropanoids, lignin, coumarins, lignans 2000 

Polyacetylenes, fatty acid, waxes 1500 

Anthraquinones and other polyketides 750 

Carbohydrates, organic acids 200 

Source: (Irchhaiya et al., 2014) 
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 Role of ROS in plant stress response  

 

Plant stress is “any unfavorable condition/substance that affects plant metabolism, 

growth or development” (Lichtenthaler, 1996). Levitt (1980) defined stress as “any 

environmental conditions eventually unsuitable to living organisms”. Due to the 

evolutionary process plants have developed highly sophisticated and well-organized 

mechanisms to adopt the extensive range of environmental changes/stress. They achieve 

this by adjusting membrane system, cell cycle and cell division rate, cell wall architecture 

and even by metabolic tuning (Atkinson & Urwin, 2012). Plants have different metabolic 

pathways for secondary products or metabolites that can potentially respond to stress 

situations enforced by various biotic and abiotic stressors. Larcher et al. (2003) point out 

the fact that stress contains both destructive and constructive elements and that stress is a 

crucial factor as well as driving force for enhanced resistance and adaptive evolution. 

Plants respond to stress by sensing signals through signal transduction pathways, which 

influence the gene expression, which favoured the production of metabolites that 

ultimately induce stress tolerance (Yadav, 2010). Moreover, the biosynthesis, 

accumulation, and content of these metabolites depend on the level of expression of 

different genes involved in their biosynthetic pathways.  

Previous work and review imply that plants being sessile organisms usually face the 

challenge of harsh environmental conditions like UV radiation, temperature fluctuations, 

and water-deficit conditions which induce stress in plants that alter the plant metabolism 

and even cause death (Demidchik, 2015). However, pre-exposure to these stressors alter 

the plant architecture and equip the plants tolerable to multiple stresses which are known 

as cross-tolerance (Perez & Brown, 2014). Over the years, plants have developed 

complicated regulative mechanisms to adapt to various factors of environmental stress, 
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every result of abundant stress cause a rise within the cell concentration of reactive 

oxygen species (ROS). The ROS are oxygen-derived free radicals such as singlet oxygen, 

superoxide, peroxyl, radicals, and hydroxyl radicals (Aruoma and Cuppett, 1997). The 

high-impact metabolic procedures, for example, respiration and photosynthesis 

unavoidably prompted the generation of ROS in mitochondria, chloroplast, and 

peroxisome (Apel & Hirt, 2004). The higher antioxidants and enzymes in plants act as 

ROS scavengers to keep their level low at a non-toxic state under favorable conditions 

and for growth. In any case, the harmony among creation and scavenging of ROS could 

be irritated by various antagonistic ecological variables that include biotic, forced by 

different creatures, or abiotic (S. S. Gill & Tuteja, 2010). Because of these unsettling 

influences, intracellular levels of ROS may quickly rise. The quick increment in ROS 

focus is designated "oxidative burst.” The localization of a particular ROS is specific to 

the plant stress conditions (Miller et al., 2010; Perez & Brown, 2014). ROS plays a key 

role in "oxidation signaling molecules”(Foyer & Noctor, 2009). The signals of ROS 

emerging from different organelles induce large transcriptional changes and cellular 

reprogramming that can either protect plants or cause cell death (Foyer & Noctor, 2005). 

It is safe to mention that ROS is "two-faced," being "harmful" once made in excess and 

“beneficial” at lower concentrations (Figure 1). Previous studies have instructed that 

H2O2, being the most stable ROS function as a communication molecule, activate the 

defense response in plants (Petrov & Van Breusegem, 2012). Additionally, it functions 

as an intracellular signal to control a range of processes like senescence (Peng et al., 

2005), stomatal movement (Bright et al., 2006), and development of plants (Foreman et 

al., 2003) by influencing gene expression and several cell signal transduction pathways. 

Moreover, it is speculated that the cytotoxic properties of ROS modulate the defense 

mechanism in plants via multiple stress-responsive pathways (Kapoor et al., 2015).  
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Figure 1.  H2O2：Part of the communication network. 

ROS is “two-faced”, being “harmful” once made in excess and “beneficial” at lower 

concentrations. ROS, particularly H2O2, at these “beneficial” levels plays an area in 

sensing the environment and even cross- talk with various abiotic signals such as heat and 

drought in modulating gene expression thus regulating plant growth and provide tolerance 

against surroundings stressors.  

 

 Flavonoids - An important secondary metabolite  

 

Flavonoids are produced from secondary metabolism and they are widely observed in 

fruits, vegetables, and certain beverages. They give color, taste, and odor to the plants 

that are essential for attracting insects for pollination (Koes et al., 1994). In higher order 

plants, apart from the role of chemical messengers, the flavonoids are required for 

nitrogen fixation, UV filtration, and cell cycle inhibition (Mierziak et al., 2014). Due to 

the differences in the structure, flavonoids are classified into flavanols, flavanones, 

flavonols, isoflavones, flavones, and anthocyanins. Previous studies imply that flavonoids 

have pharmacological relevance and demonstrated biological as well as diverse properties 

other than their apparent antioxidative role that includes anti-inflammatory, antibacterial, 

neuroprotective, cytotoxic, cardioprotective, anticancer, hepatoprotective, antiviral, 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



12 

 

antiallergic, antitrypanosomal, antimalarial, antileishmanial, and antiamebic properties 

(Tapas et al., 2008; Falcone Ferreyra et al., 2012). Flavonoids are notable and broadly 

utilized cancer prevention agents from plants and they shield cells from oxidative impact 

brought about by ROS (Huk et al., 1998; Panche et al., 2016). Flavonoids are known to 

scavenge ROS within or near the sites of their generation. Chloroplasts represent the 

primary site of flavonoid accumulation, and chloroplast flavonoids have been reported to 

be effective in scavenging light-induced singlet oxygen, preventing photooxidation 

(Agati et al., 2007). Furthermore, flavonoids were also found to be located in the vacuoles 

of mesophyll cells that could act as a substrate for class III peroxidases, thus scavenging 

the H2O2 diffusing from the cellular organelles towards vacuole (Yamasaki et al., 1997). 

Flavonols are one of the six subclasses of the flavonoid family and also the richest 

among flavonoids in the plant kingdom. Apart from fruits and vegetables, tea and red 

wine are also sources of flavonols. It has an apparent role in plant stress protection 

(Nguyen et al., 2016). The flavonols such as rutin, quercetin and kaempferol are unique 

ROS scavengers with antiplatelet, anti-neural, cancer preventive, antioxidant and anti-

inflammatory properties (Venturelli et al., 2016). Consequently, they possess beneficial 

pharmaceutical, nutritional and therapeutic effects in humans. Quercetin and rutin were 

reported to have potent antioxidant abilities than traditional vitamins (Venturelli et al., 

2016). 

 Objectives 

In this study, the concept of elicitation is applied in tropical medicinal plants such as 

E. sonchifolia, C. nutans and model plant A. thaliana via heat and drought stressors for 

increasing the amount or concentration of flavonol metabolites in order to acquire 

maximum therapeutic potential. The present work also aimed to understand the 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



13 

 

adaptability of flavonols in response to environmental stresses and find out effective 

methods for their natural production. Based on the meagre information reported on the 

effect of stress treatment on the production of flavonol metabolites, the primary goal of 

the present study is to determine whether the levels of flavonols in the leaves of 

E.sonchifolia, C.nutans, and A. thaliana can be elevated by the use of elicitation process. 

Furthermore, the bioactive flavonol contents are evaluated in these plants under stressed 

and optimal conditions using high performance liquid chromatography coupled with mass 

spectrometry detector (HPLC-MS). 

Following are the objectives of the study: 

 

 

1. To stimulate the production of flavonol metabolites in E. sonchifolia, 

C. nutans and A. thaliana plants utilizing abiotic elicitors such as heat 

and drought. 

2. To study if heat and drought stress could upregulate the gene 

expression of flavonol biosynthesis genes in heat and drought stressed 

A. thaliana. 

3. To investigate the correlation between the expression of auxin 

transport gene and flavonol biosynthesis in heat and drought stressed 

A. thaliana to discuss the role of flavonols as developmental 

regulators. 
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           The content of entire thesis is described below: 

• Chapter 1 provides the background for elicitation study and introduction to topics 

covered in the thesis work. The study mainly focussed on two parts, the first part 

was the investigation of the elicitation approach using heat and drought to elicit 

the production of flavonols through gene expression studies of flavonol 

biosynthesis genes in model plant A. thaliana. The second part focussed on the 

analysis of flavonol metabolites in A. thaliana, E. sonchifolia and C. nutans plants 

using analytical chemistry techniques such as spectrophotometry and LC-MS. 

• Chapter 2 provides the relevant literature review on different types of 

phytochemicals, three flavonols (rutin, quercetin, kaempferol), tropical medicinal 

plants (E. sonchifolia and C. nutans) and model plant A. thaliana. Moreover, the 

chapter focuses on flavonol biosynthesis in A. thaliana, and the various roles 

played by flavonols including the inhibition of auxin transport as well as their 

scavenging mechanism against ROS. Besides, the previous studies of elicitation 

approaches using heat and drought stressors on the production of bioactive 

flavonols are also highlighted. A summary of phytochemical techniques for 

extraction, identification, and quantification of flavonols are also described.  

• Chapter 3 introduces the materials and methods employed in the gene expression 

studies (molecular biology techniques) and the analysis of flavonol metabolites 

(analytical chemistry). Besides, detailed work of RWC, DAB staining and 

antioxidant assay using DPPH method and toxicity assay using BSTA are 

described. 

• Chapter 4 describes the results of experimental work mentioned in chapter 3. The 

first part shows the gene expression studies of flavonol biosynthesis genes and 
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auxin transport gene in model plant A. thaliana and the second part comprises of 

the detailed analysis results of relative flavonol contents in E. sonchifolia, C. 

nutans and A. thaliana plants using LC-MS and spectrophotometer. Besides, the 

results of RWC, DAB staining technique, antioxidant assay using DPPH method, 

and toxicity assay using BSTA are also provided. 

• Chapter 5 describes the conclusion and general discussions of findings. 

Additionally, the future implication in the research work is addressed. 
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CHAPTER 2 LITERATURE REVIEW 
 

 

 Phytochemical constituents  

Natural products are well known for pharmacological activity not only for traditional 

medicines but also for several advanced drugs. They are being used as starting compounds 

to develop synthetic analogues for enhanced effectiveness and safety of the drug. The 

concept of the secondary metabolite was given by Kossel in 1891 as a disagreeing to 

primary ones, and it represents a small part of the compounds contained in plant material. 

Plants release many phytochemicals to protect it from environmental stresses, and 

through this process, bioactive chemicals with potential anti-oxidative functions are 

generated. Plants secondary metabolites are chemically classified into three different 

groups namely phenolic compounds, terpenoids and nitrogen containing compounds (Xin 

et al., 2011). Based on the pharmaceutical relevance and role in stress tolerance four major 

phytochemicals such as alkaloids, terpenoids, phenolic acids and flavonoids are discussed 

in this chapter. 

2.1.1 Alkaloids 

 Alkaloids refer to products that are natural and that are composed of heterocyclic 

atoms of nitrogen. These products are usually basic in their character owing to their bases 

that contain nitrogen components. Alkaloids possess various pharmacological activities 

that include effects of anti-arrhythmic (ajmaline), anti-malarial (quinine), anti-cancer 

(vinblastine, vincristine, and vindesine) activities as well as acts as an analgesic 

(morphine), anaesthetic (cocaine) and antitussive agents (codeine). Nevertheless, some 

alkaloid types are addictive (nicotine, morphine, and cocaine), as well as toxic ones. The 
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toxicity nature of alkaloids (tubocurarine) makes them be used in arrow poisoning for 

hunting activities of wild animals (Njeru et al., 2013). C. roseus known as Madagascar 

periwinkle is having therapeutic significance due to the presence of bioactive alkaloids 

such as vinblastine and vincristine. These are used in leukemia as well as Hodgkin’s 

lymphoma chemotherapy treatments (Rijhwani & Shanks, 1998). The relatively 

decreased amount of alkaloid found in this plant has caused attempts of increasing 

production. Treatment using metals including Ni, Mn as well as Pb led to a significant 

increment of the content of alkaloid in roots and shoots of C. roseus without any effect 

on the total biomass (Srivastava & Srivastava, 2010). C. roseus that was grown in a salt 

stress environment portrayed increased content of alkaloid vincristine (Misra & Gupta, 

2006). Research shows that high temperatures are preferred in inducing alkaloids 

biosynthesis in C. roseus. In a short-term thermal shock, there was an increment of the 

content of catharanthine by 40 %, vindoline as well as vinblastine after incubation at a 

temperature of 40 degrees Celsius for two hours (Guo et al., 2007). Previous report 

revealed that morphine content in Papaver somniferum was found increased under water 

deficit condition as compared to normal (Wang et al., 2011). 

2.1.2 Terpenoids 

Terpenoids are the most structurally varied class of phytochemicals derived from five-

carbon units of isoprene. Hydrocarbon isoprene is the building block of terpenoid. They 

are constituents of essential oils and utilized in the fragrance industry and as flavours in 

food. Many plants do produce terpenes that are volatile to attract insects that are specific 

to act in pollination (Brahmkshatriya & Brahmkshatriya, 2013). Furthermore, terpenes 

like pyrethroids are insecticidal components found in Chrysanthemum cinerariaefolium 

and play an essential role in plant defence. Besides, they have medicinal properties such 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



18 

 

as anticancer (Paclitaxel, a diterpene isolated from Taxus brevifolia), anti-malarial 

(Artemisinin, a sesquiterpene from Artemisia annua won the Nobel prize in medicine 

2015), antimigraine (Parthenolide, a sesquiterpene from Feverfew) (Dudareva et al., 

2004). Terpenes also have an essential role in abiotic stress response. Moderate water 

deficit stress led to an increment in the production of oleanolic acid and ursolic acid in 

Prunella.vulgaris (Chen et al., 2011). Moreover, the increased production of artemisinin 

by 29 % was reported in Artemisia annua under drought stress for 36 hrs (Marchese et 

al., 2010). A temperature increase of 5 degrees Celsius from the optimum increased 

significantly the content of ginsenoside in the roots of Panax quinquefolius (Jochum et 

al., 2007).  

2.1.3 Phenolic acids 

Phenolic acids make a group that is diverse and includes hydroxyl-cinnamic and 

hydroxy-benzoic acids that are widely distributed. Phenolic acids usually designate 

phenols possessing one functional group of carboxylic acid. Phenolic acids that occur 

naturally are composed of 2 distinctive frameworks of carbon; hydroxybenzoic and 

hydroxycinnamic structures (Ghasemzadeh & Ghasemzadeh, 2011). Compounds of 

hydroxycinnamic acid are made in terms of simple esters having hydroxy-carboxylic 

acids or glucose. Moderate stress of water deficit increased the content of salvianolic acid in 

roots of Salvia miltiorrhiza (Yan et al., 2006). The total level of phenolic acids in soybean 

roots increased after the treatment at low temperature for 24 hrs, in comparison to the 

control (Dudareva et al., 2004). An increase in gallic acid was reported in Labisia pumila 

under 15 days of drought stress (Jaafar et al., 2012). 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



19 

 

2.1.4 Flavonoids 

Flavonoids, the products of secondary metabolism belong to the large group of 

polyphenolic compounds (Tsanova-Savova et al., 2018), which occur in different plant 

parts both in free state (wood, leaves, flowers, bark, fruits, seeds & roots) and as 

glycosides. They are abundantly present in plant kingdom a derivative of 2-phenyl-

benzyl-γ-pyrone. Nine thousand compounds of flavonoids are well known (Buer et al., 

2010), and they tend to accumulate in the plant vacuole as glycosides or exudate on the 

surface of leaves.  

The structure of flavonoids as shown in Figure 2 consist of the flavonoid sub-atomic 

system (C6-C3-C6) which is a fifteen-carbon skeleton comprising of two benzene rings 

(A ring and B ring) interconnected by a three-carbon heterocyclic pyran ring (C ring). 

The chroman ring (C ring) is connected to the second aromatic ring (ring B, benzenoid 

substituent) at the C-2 (flavone), C-3 (e.g., iso-flavone) or C-4 (neoflavone) positions. 

(Figure 2). At times, instead of six-membered heterocyclic pyran (ring C) a non-cyclic 

moiety (chalcone) or a five membered heterocyclic furan ring (aurone) is found. Six-

membered ring condensed with the benzene ring is either a 𝛾-pyrone (flavones, flavonols 

and isoflavones) or its dihydroderivatives (flavanones and flavanols. These low molecular 

weight compounds are structurally divided into 6 subclasses including flavones (luteolin, 

apigenin), flavonols (quercetin, rutin, kaempferol), flavan-3-ol (catechin, epicatechin), 

isoflavones (genistein, daidzein), flavonones (naringenin, hesperetin) and anthocyanidins 

which are classified based on the modification of flavonoid scaffolds (Nguyen et al., 

2016). 
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Figure 2. The structure of a flavonoid skeleton. 

 Flavonols 

Flavonols belong to the most abundant group of flavonoids, with most prominent 

antioxidant activity having the 3-hydroxyflavone skeleton (Nguyen et al., 2016).They 

occur as dihydroxylated (position 3 and 4 in B ring) or monohydroxylated (position 4 in 

B ring) (Figure 2). Flavonols along with anthocyanins contribute to plant coloring 

(Yoshitama et al., 1992). These metabolites have apparent roles in stress protection. They 

respond to abiotic stresses by increasing their production and detoxifies the free radicals 

through donation of hydrogen atom from the hydroxyl moiety thereby rendering tolerance 

(Saito et al., 2013). Besides, a wide range of functions were reported for flavonols which 

includes resistance to aluminium toxicity via chelating metals, signalling during 

nodulation and plays a major role in auxin transport during stress conditions as a 

regulative mechanism in plant development (Schulz et al., 2016). The majority of 

flavonols are present in their glycoside form with sugar moiety linked through OH group 

(O-glycosides) or carbon-carbon bonding (c-glycosides) and some existing as aglycones. 

Flavonoid glycosides are more commonly detected in healthy leaf cells. The flavonol 

scaffolds modification via glycosylation mediated by enzyme glycosyl transferase and 

hydroxylation leads to structural diversity. Glycosylation (addition of sugar group) of 

flavonoids make them stable, less toxic and polar, thereby helps to protect the functional 
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groups that are most reactive such as the OH-group of the catechol moiety of flavonols, 

from oxidation (Hernandez et al., 2009). It indeed has a strong impact on the biological 

activity and thus modify the biochemical properties that favour the synthesis, storage and 

transport of flavonols (Yin et al., 2012; Le Roy et al., 2016). The flavonol glycosides are 

formed in A. thaliana depending on the fusion of aglycons (quercetin, kaempferol), the 

number of sugar groups (mono-, di-, tri-) and the type of sugar attached (glucose, 

rhamnose, rutinose) (Saito et al., 2013). They are formed via glycosidic linkage on either 

position 3 or 7 in the case of flavonols. 

The UV-induced increase in flavonols such as quercetin and kaempferol was reported 

in A. thaliana (Emiliani et al., 2013). The recognition of flavonoids as most effective UV-

B screeners (Kotilainen et al., 2008) was just one among the multiple roles played by 

them in photoprotection. However, the biosynthesis of flavonols such as quercetin and 

luteolin is also upregulated in response to excess light without UV radiation in Ligustrum 

vulgare (Agati et al., 2009). In the same plant species, an upregulation of quercetin-3-O-

rutinoside and luteolin-7-O-glucoside was reported under the combination of drought and 

excess light (Tattini et al., 2004), as well as high light and salinity stresses (Agati et al., 

2011). A steep increase in the ratio of quercetin to kaempferol was reported in Ginkgo 

biloba using O3-fumigation treatment (He et al., 2009) and in different cultivars of 

Brassica oleracea using cold treatment (Schmidt et al., 2010). Furthermore, a 

combination of nitrogen deprivation and cold treatments induced greater quercetin 

accumulation in A. thaliana (Olsen et al., 2009).  

In plants, flavonol metabolism dates back during the evolution of terrestrial plants 

mostly in mosses and liverworts, and it has been reported to have relevant function in the 

responsive mechanism of plants under stressful conditions (Winkel-Shirley, 2002).  
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The inclusion of natural products in the form of fruits (quercetin in blueberries, 

strawberries) and beverages (catechins in tea and wines) is inversely associated with the 

incidence of breast cancer, diabetes, heart disease and neurodegenerative ones including 

Alzheimer's. Moreover, the epidemiological studies proved that flavonol-rich diet could 

prevent the risk of developing illness associated with today’s sedentary lifestyle 

(Venturelli et al., 2016). The potential of flavonols to promote health led to the 

accumulation of the most significant number of publications on flavonols and shown the 

highest growth rate since 2000 (Figure 3) (Perez-Vizcaino & Fraga, 2018). 

 

 

 Figure 3. Growth trend of flavonol research (Perez-Vizcaino & Fraga, 2018) 

Three major flavonols such as rutin, quercetin, and kaempferol (Figure 4) are discussed 

in this chapter. 
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2.2.1 Rutin and its therapeutic uses  

The chemical name of rutin is 3´,4´,5,7-tetrahydroxy-flavone-3-rutinoside (Figure 

4A). The name ‘rutin’ originated from the plant Ruta graveolens, a potential source of 

rutin. It is a potent antioxidant of natural origin, and it is also known as quercetin-3-

rutinoside. It is an integral nutritional component of foodstuff such as buckwheat, tea, 

apple, and passionflower (Harborne, 1986). Rutin is a glycoside that is composed of 

aglycone quercetin and disaccharide rutinose. Quercetin is O-glycosylated by rhamnose 

units at C3 position to form quercetin-3-O-rutinoside or 3-quercetin-O- α-L-rhamnosyl-

(1→6)-β-D-glucoside. The glycosylation process is driven by flavonol-3-O-rhamnosyl 

transferase (Jones et al., 2003). Due to its antioxidant properties, it inhibits oxidative 

stress induced by radiation. (Ganeshpurkar & Saluja, 2017). Rutin acts as anti-

inflammatory agents by downregulating the expression of apoptosis-associated speck-

like protein (ASC) complex that mediates the inflammation process (Aruna et al., 2014). 

Rutin possesses several pharmacological properties such as anticarcinogenic, 

cardioprotective, neuroprotective, cytoprotective, antioxidant and vasoprotective 

properties besides its antifungal and antimicrobial features (Javed et al., 2012). It is 

usually recommended for treating haemorrhoids or internal bleeding, varicose veins and 

reduce the risk of arteriosclerosis. The antidiabetic study of rutin in rats suggests that it 

can be used as an adjuvant (modulator) along with antidiabetic drugs as it enhanced the 

activity of antioxidant enzymes such as SOD, CAT and GSH; significantly inhibits the 

inflammatory cytokines and restored various cellular events affected in type2 diabetes 

(Niture et al., 2014). The anticancer role of rutin has been extensively studied. As an 

anticancer agent, it affects different cell lines and prevents the proliferation of human 

lung carcinoma cells (Ganeshpurkar & Saluja, 2017) and colorectal cell lines (Araujo et 
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al., 2011). The antileukemic potential of rutin studied by Lin et al. (2012) reported a 

significant reduction in tumor size. Besides, it is shown to improve the cognitive function 

due to its β-amyloid oligomer-reducing activities apart from its antioxidant and anti-

inflammatory roles and thus a promising therapeutic for treating conditions like 

Alzheimer's disease and dementia associated with oxidative stress (Park et al., 2014) (Xu 

et al., 2014). The potency of rutin as an osteoblast stimulant was demonstrated by Park et 

al. (2014). 

 

(A)                                                                                                 (B)                     
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Figure 4. Chemical structures of (A) rutin, (B) quercetin, and (C) kaempferol. 
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2.2.2 Quercetin and its therapeutic uses  

The chemical name of quercetin is 2-(3,4-dihydroxyphenyl)-3,5,7-

trihydroxychromen-4-one (Figure 4B). The most apparent characteristic of quercetin is 

its strong antioxidant activity imparted from the two antioxidant pharmacophores 

(catecholic group and OH group). Chemically, quercetin is an aglycone of rutin and other 

glycosides. It is considered to be the most powerful scavenger of ROS including 

peroxynitrite and the hydroxyl radicals (D'Andrea, 2015). Quercetin has importance in 

terms of ethnopharmacology such as its use as antioxidant, anticancer and 

neuroprotective. 

Quercetin, the plant pigment is reported to contain in medicinally important plants and 

foodstuffs such as Sambucus canadensis, Ginkgo biloba, Hypericum perforatum, St. 

John's wort, onions, berries, apples, red wine and buckwheat. Quercetin has several 

pharmacological properties including anticancer, anti-inflammatory, antimicrobial 

antioxidant, antiviral, neurological, hepatoprotective, anti-obesity agent and 

hepatoprotective (Li et al., 2016). Due to its strong antioxidative properties, the 

compound is a lipid peroxidation inhibitor and reduces oxidative stress produced because 

of chronic diseases. It increases glutathione levels that prevent formation of free radicals 

(Ansari et al., 2009). Several studies documented the biological effects of quercetin 

including protection against liver, kidney and neural systems (Miltonprabu et al., 2017). 

The wide array of evidence points to quercetin as potentially a powerful weapon in the 

fight against the inflammatory disease. It could also potentially prove useful to cells 

involved in allergic inflammation (Chirumbolo, 2010).  
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2.2.3 Kaempferol and its therapeutic uses 

Kaempferol is a polyphenol antioxidant profusely found in broccoli, tea, apples, beans 

strawberries, and in medicinally important plants including Moringa oleifera, Ginkgo 

biloba (Somerset & Johannot, 2008). It is reported to contain in Sophora japonica 

(Rajendran et al., 2014). The natural products including kaempferol glycosides such as 

kaempferitrin and astragalin have been isolated from these plants. The chemical name of 

kaempferol is 3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one (Figure 

4C). The hydrophobic nature of this flavonol is ascribed to the diphenyl propane structure 

(Devi et al., 2015). Kaempferol is having several pharmacological properties including 

anti-inflammatory, antioxidant, antidiabetic, antimicrobial, and anti-cancer activities 

(Devi et al., 2015). Soucek et al. (2011) reported kaempferol as a powerful scavenger of 

superoxide and free radicals preventing oxidative stress. It is responsible for decreasing 

thrombin that prevents clot formation and inhibits blood clotting (Choi et al., 2015). Due 

to its anti-thrombotic property, it has the potential to serve as a therapeutic agent for 

cardiovascular patients. Kaempferol also possesses anticancer properties and works 

through apoptosis induction, anti-proliferation, and cell-cycle arrest. Its anti-tumor effects 

were investigated in mice having a tumor. It inhibits the inflammatory functions of cells 

along with the inhibition of pro-inflammatory cytokines and chemokines (Devi et al., 

2015). Kaempferol consumption has been suggested to reduce the risk of heart diseases 

and cancer including lung and pancreatic cancer (Calderon-Montano et al., 2011).  
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 Morphology, traditional uses, and pharmacological properties of  

     E. sonchifolia  

E. sonchifolia as shown in Figure 8G, is one of ten sacred flowers (Dashapushpam) 

that belong to Kerala state in India. Dashapushpam literally means ‘ten flowers’ 

(“Dasham” refers to ten and “Pushpam” refers to flowers) which were culturally and 

medically significant to the people of Kerala. They are viewed as auspicious and each 

herb is related with a god in Hindu folklore. These ten sacred plants have been utilized in 

folklore practice for wide range of conditions such as gonorrhoea, lithiasis, vomiting, 

indigestion, intermittent fever, flatulence, skin diseases, and urogenital diseases. E. 

sonchifolia is one among them belongs to family Asteraceae and known by the names 

Cupid’s shaving brush and Lilac tassel flower. E. sonchifolia possesses coarsely serrated 

leaves; therefore, it is also known as “rabbit ear.” In traditional Chinese medicine (TCM), 

E. sonchifolia is known as ye xia hong. The E. sonchifolia plant is also listed in the Indian 

system of Ayurveda (Dash et al., 2015). 

The name E. sonchifolia is widely accepted. It is an erect to ascending, smooth or 

sparingly hairy soft stemmed, slenderly branched annual herb, growing 20 to 70 cm tall 

with a branched tap root. The leaves are alternate. Those on the lower stem are deeply 

and irregularly toothed, being nearly round, kidney shaped, ovate, triangular-ovate or 

obovate, 4 to 16 cm long, 1 to 8 cm wide, with narrowly winged petioles. The upper, 

lanceolate leaves are sessile, with bases which encircle the stem. They are smaller than 

the lower leaves, usually entire but sometimes coarsely toothed. The inflorescence is 

terminal, usually dichotomously branched, flat-topped and composed of 3 to 6 stalked 

flower heads, each with a whorl of bracts beneath. Each urn-shaped flower head, a 

composite of numerous tubular florets which protrude by 1 mm above a single ring of 
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outer green involucral bracts, is 12 to 14 mm long by 4 to 5 mm wide. There are 30-60 

florets per head, the outer ones female and the inner ones with both stamens and stigmas. 

The flowers may be purple, scarlet, red, pink, orange, white or lilac. The fruit is an oblong 

dry indehiscent ribbed achene, 2.4 to 3 mm long, reddish brown or off-white with a papus 

of white hairs which are up to 8 mm long. The plant is a native of Central and South 

America, occurs in the tropics and sub-tropics of at least 54 countries. It is widely present 

in tropical regions of India, China and Southeast Asia as weeds in grassy fields, crop 

fields and along roadsides (Dash et al., 2015). 

According to ethnomedicine, the entire plant is utilized therapeutically and has 

distinctive restorative qualities. The Nigerian folk medicine has documented E. 

sonchifolia for treating infant epilepsy (L. S. Gill & Akinwumi, 1986). In Malaysia, the 

plant is commonly known as ‘Setumbak merah’ and the flowers are fried with batter and 

the leaves eaten raw (Anantha et al., 2010). In Bangladesh the leaves are used as a 

traditional salad (Soundararajan et al., 2006). Shylesh and Padikkala (2000) reported the 

anti-cancer activity of E. sonchifolia. Various studies also have documented the 

pharmacological activities of extracts of E. sonchifolia including antimicrobial, anti-

inflammatory (Muko & Ohiri, 2000), anticataract (Lija et al., 2006), antioxidant (Sophia 

et al., 2011), antidiabetic (Mamta, 2012), and anti-viral (Maikaeo & Chotigeat, 2015). 

The leaves of E. sonchifolia proficiently treat night blindness, eye inflammations, cough, 

sore ears, fever and bronchitis while the roots of E. sonchifolia are used for treating 

diarrhoea and they are predominantly used in India (Arun Raj et al., 2013). In china, the 

leaf extracts of E. sonchifolia are used for treating wounds and abscesses, roundworm 

infestations, snake bites, burns and dysentery (Dash et al., 2015). The whole parts of E. 

sonchifolia are used for treating rashes, measles, inflammatory diseases, tumour, malaria, 

asthma, liver diseases, and chest pain (Puri, 2006).    
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 Morphology, traditional uses, and pharmacological properties of  

     C. nutans 

C. nutans as shown in Figure 8D belongs to Acanthaceae family. In Malaysia, C. 

nutans is commonly known as Sabah snake grass. This plant mostly seen in Indonesia, 

Malaysia and Thailand (Lee Chelyn et al., 2014). The C. nutans plant is a perennial shrub 

which grows up to height of 1 m and it is propagated by stem cuttings (Alam et al., 2016a). 

C. nutans is an enduring herb which can grow up to 1 m tall with pubescent branches 

and tube shaped, striate, and glabrescent stems. The leaves are straightforward, inverse, 

barely elliptic-oval or lanceolate (2.5– 13.0 cm long × 0.5– 1.5 cm wide). This bush is 

around 1 m tall, and stems round and hollow, striate and glabrescent. The petiole is 0.3– 

2.0 cm, sulcate, bifariously pubescent and leaf cutting edge lanceolate-praise, lanceolate 

or direct lanceolate. The leaves are pinnacle intense or sharpen and exsculptate; dentate 

or subentine edges. The two surfaces of leaves are pubescent when youthful then 

glabrescent. The leaf base is cuncate, insensitive adjusted or truncate; frequently 

sideways. Petiole is 3– 15 mm long. The blossoms are ignobly yellow or greenish yellow 

and thick cymes at the highest point of branches and branchlets; constantly secured with 

5-alpha cymules. The calyx of blossom around 1 cm long with grandular-pubescent. 

Corolla is dull red with green base, about 3.0– 4.2 cm. The stamen is applied from the 

throat of corolla. The ovary is packed into two cells and every cell has two ovules. The 

styles are filiform with in the blink of an eye bidentate. Capsule is oblong basally wrapped 

into 4-seeded short stalk. 

The leaves extracts of C. nutans have anti-inflammatory properties (Wanikiat et al., 

2008) and hence the extract is used for treating insect or snake bites and skin rashes in 

Thailand (Sakdarat et al., 2009). The leaves of C. nutans are consumed as herbal tea and 
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used as anticancer medicine in Malaysia (Siang Yian & Ismail, 2013). Indonesian people 

are using the decoction of its leaves for treating dysuria, dysentery, and diabetes 

(Arullappan et al., 2014). In-vitro tests of cytotoxic, antioxidant and antimicrobial 

activities showed that petroleum ether extract from C. nutans leaves generate the greatest 

cytotoxicity against HeLA and K-562 cell lines (Alam et al., 2016b). Additionally, C. 

nutans leaf extracts also exhibited the highest percentage of radical scavenger activity in 

these biological tests. Moreover, studies reported the pharmacological activities of 

extracts of C. nutans including antioxidative, antitumorigenic, antiproliferative, anti-

inflammatory and antibacterial properties (Zulkipli et al., 2017). This shrub also possesses 

antiviral properties and could be used against herpes zoster and herpes simplex viruses 

(Haetrakul et al., 2018). This is being supported by pharmacological and clinical studies 

proving the efficacy as an antiviral drug. 

 Arabidopsis thaliana  

 

A. thaliana as shown in Figure 8A is a small plant in the mustard family Brassicaceae. It 

is prevalently known as thale cress or mouse-ear cress. In contrast to numerous different 

individuals from the family Brassicaceae (a similar family contains canola, broccoli, 

cabbage, mustard and oilseed crop species), A. thaliana isn't developed for nourishment 

or oil creation, and isn't agronomically significant in itself. It has turned out to be a perfect 

plant utilized in plant science research. A. thaliana was found by Johannes Thal (thus, 

thaliana) in the Harz mountains in the sixteenth century. It has one of the tiniest genomes 

in the plant kingdom: 135 x 106 base sets of DNAs dispersed in 5 chromosomes (2n = 

10) and practically all of which encodes its 27,407 qualities. The plant is little, a flat 

rosette of leaves from which grows a bloom stalk 6– 12 inches high. It just takes a month 
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and a half from seed germination to the generation of another yield of seeds. It is a 

productive maker of seeds (up to 10,000 for every plant) making hereditary studies easier. 

2.5.1 Flavonol biosynthesis in A. thaliana  

 

A. thaliana is considered to be the dominant model plant in the post-genomic era. It is 

favored among researchers because of the vast genomic resources and its responses to 

stress in the way similar to other plants. Apart from its small genome size (125 Mb), it 

has a complement of 35 flavonols reported among 54 flavonoid molecules piled up in 

different plant tissues (Saito et al., 2013). Many studies in A. thaliana shown evidence 

that abiotic stresses including drought and temperature stresses trigger the expression of 

genes in flavonol biosynthesis leading to the increased biosynthesis of flavonols as a 

complementary defense mechanism, aimed at detoxifying ROS (Demidchik, 2015). The 

flavonoid biosynthetic pathway (Figure 5) is well established and characterized in A. 

thaliana, and it contributes to use as an efficient model for studying the metabolic 

regulation of flavonol biosynthesis.  

The early biosynthetic genes (EBGs) committed in the flavonol biosynthesis include 

CHS, CHI, F3H, and FLS1 (S. Li, 2014). Majority of MYB genes in plants found to 

encode proteins of R2R3 MYB class, which represent the largest transcription factor gene 

family (Dubos et al., 2010). MYB transcriptional factors regulate the flavonoid metabolic 

pathway genes, which in turn are governed by internal (hormones) or external signals 

(biotic or abiotic factors) that control redox reaction. The transcriptional control of 

flavonol biosynthetic genes dictates the final level of secondary metabolite flavonols. The 

flavonol biosynthesis is controlled by transcription factors such as MYB12/PFG1, 

MYB11/PFG2, and MYB111/ PFG3 which belongs to the R2R3–MYB class.  
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Figure 5. The flavonol biosynthetic pathway in A. thaliana. 

Modified from (S. Li, 2014). PAL: Phenylalanine ammonia-lyase; C4H: cinnamate 4-

hydroxylase; 4CL: 4-coumaroyl CoA ligase; CHS: chalcone synthase; CHI: chalcone 

isomerase; F3H: flavonol 3-hydroxylase; FLS1: Flavonol synthase1; UGT: UDP-

glucosyl transferase; MYB proteins MYB11, MYB12 and MYB111 regulate flavonol 

biosynthesis by activating early biosynthetic genes (EBGs). 
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The PFG’s control the production of flavonol glycosides. Even though these three MYB 

factors control flavonol biosynthesis, MYB12 is regarded as the flavonol specific activator 

(Wenjia et al., 2015). Besides, these proteins activate the EBGs and hence regulate the 

expression of flavonol biosynthetic gene FLS1 and flavonoid glucosyl transferase gene 

UGT. (S. Li, 2014)  

Flavonols are synthesized through the flavonoid biosynthetic pathway in which it is 

produced from dihydroflavonol catalysed by flavonol synthase (FLS) (Figure 5) (S. Li, 

2014). The biosynthetic pathway for flavonols starts with phenylpropanoid metabolism 

that involves phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 

4-coumarate: CoA ligase (4CL) leading to the biosynthesis of 4-coumaroyl-CoA that 

triggers the flavonoid metabolism. The 4-coumaroyl-CoA undergo condensation with 

three malonyl-CoA producing naringenin chalcone. This step is catalysed by chalcone 

synthase, which is the first enzyme in flavonoid biosynthesis. The chalcone scaffolds thus 

formed containing two phenyl rings which are precursors to many flavonoids. The 

naringenin-chalcone is converted to the flavanone called naringenin under the catalytic 

action of chalcone isomerase. From this intermediate, several subclasses of flavonoids 

are formed through structural modification of scaffolds by enzymes including 

hydroxylation, methylation, oxidation, reduction. Subsequently, a hydroxyl group is 

added to naringenin to produce dihydroflavonols, under the activity of flavanone-3-

hydroxylase. In addition, dihydroflavonols are converted to flavonols such as quercetin 

and kaempferol through flavonol synthase (FLS). The enzyme transferase modifies the 

structures with sugars such as rutinose, glucose, rhamnose, and galactose to form their 

glycosidic forms (Huang et al., 2016). The gene UGT78D1 (UDP- rhamnose; flavonol-

3-O-rhamnosyl transferase) encodes flavonol-3-O-rhamnosyl transferase that are 

responsible for the synthesis of rutin. UGTs (UDP-carbohydrate dependent 
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glycosyltransferases) including UGT78D1 in A. thaliana conjugate with flavonols to 

perform 0-glycosylation. The process is carried out by transferring the sugar moieties 

(rhamnosyl residue) to a specific C3 position on flavonol aglycones by means of 

regioselectivity through the formation of glycosidic bond (Jones et al., 2003; Le Roy et 

al., 2016).  

 Plants defense mechanism towards ROS via flavonoids  

Due to excitation, the ground state oxygen may be converted to the significantly more 

reactive form, singlet oxygen (1O2) whereas, O2
-sequentially reduced to O2

2-, H2O2 and 

OH. due to electron transfer (Figure 6B). Two main classes of plant defenses can be 

classified as non-enzymatic and enzymatic systems. The stress-induced ROS 

accumulation is suppressed by enzymatic antioxidant systems that incorporate diverse 

range of scavengers, such as superoxide dismutase (SOD) (EC 1.15.1.1), ascorbate 

peroxidase (APX) (EC 1.11.1.11), catalyze (CAT) (EC 1.11.1.6), guaiacol peroxidase 

(GPX) ( EC 1.11.1.7), monodehydroascorbate reductase (MDHAR) (EC 1.6.5.4), 

dehydroascorbate reductase (DHAR) ( EC 1.8.5.1), glutathione reductase (GR) (EC 

1.1.4.2) and non-enzymatic low molecular metabolites include important antioxidants 

like ascorbic acid (AA), glutathione (GSH), proline, α-tocopherols, carotenoids and 

flavonoids (Mittler et al., 2004). The non-enzymatic antioxidants refer to the biological 

activity of numerous vitamins, secondary metabolites and other phytochemicals aimed to 

protect plants against ROS activity. These scavengers are situated in various locales of 

plant cells and cooperate to detoxify ROS. Antioxidant enzymes are reported to be active 

during the initial defense mechanism against ROS; however, their activity was 

supplemented by low molecular weight compounds called flavonoids under severe stress 
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conditions. The flavonoids, therefore considered as a secondary /complementary ROS 

scavenging system in plants suffering from severe stress (Agati et al., 2012). 

 

Flavonols are effective antioxidant with a catechol group in the B-ring of the flavonoid 

skeleton (e.g., quercetin derivatives). The Ortho dihydroxy B-ring (catechol) substitution 

(Figure 6A denoted in dotted lines) has a crucial role in conferring strong antioxidant 

properties (quercetin-3-O-glycosides) than the monohydroxy B-ring flavonoid structures 

(kaempferol-3-O-glycosides). The hydroxyl group (mostly 4′-OH ) of the catechol moiety 

binds to the free radical, leaving a flavonoid radical which is then stabilized by means of 

resonance structures through delocalization of π-electrons, resulting in the formation of 

stable nonradical product, thus inhibiting the initiation of aggressive free radicals causing 

lipid peroxidation (Procházková et al., 2011) (Figure 6A). In addition to the ability to 

quench ROS, these quercetin derivatives are capable of chelating metals employing 

Fenton reaction (complex with Cu and Fe ions) (Figure 6B). The ions of transition metals 

of copper (Cu+ /Cu2+ ) and iron  ( Fe2+ / Fe3+) form complexes with flavonoids by binding 

at the 3′-OH, 4′-OH site of catechol group in B ring or 3-OH and 4-oxo (=O) in the C 

ring, preventing the occurrence of free radical forming processes (Tsanova-Savova et al., 

2018). Moreover, they inhibit generation of singlet oxygen, a reactive form of ROS 

(Figure 6B) and reduce the activity of enzyme xanthine oxidase, that are superoxide anion 

generators (Brown et al., 1998; Agati et al., 2012).  
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(A) 

 

(B) 

Figure. 6 Mechanisms showing the scavenging activity of flavonoids against the different 

reactive forms of ROS. (A) a flavonoid (quercetin) scavenges a free radical (R·) by 

donating hydrogen atom from its catechol structure shown in dotted lines resulting in a 

stable quinone structure (ortho quinone). Reaction R·       RH indicates that the free radical 

(R·) is neutralized by hydrogen atom from the antioxidant flavonoid compound 

(quercetin) (B) Flavonoids are acting as chelating agents in the elimination of hydroxyl 

radical. They form complex with many metal ions and prevent the radical generation 

which otherwise damage biomolecules. Flavonoids also known to suppress the generation 

of singlet oxygen through its scavenging effect (same reaction as shown in 6A).  

Me n+ 
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Several methods have been developed for the analysis of antioxidant activity. Four types 

of antioxidant assays commonly employed includes DPPH (2,2- diphenyl picrylhydrazyl) 

assay, TEAC (Trolox equivalent antioxidant capacity) assay, ORAC (Oxygen radical 

absorbance capacity) assay and FRAP (Ferric reducing antioxidant power method). The 

TEAC assay is based on the ability of the antioxidant in reducing ABTS cation radical 

ABTS + to ABTS that is indicated by a colour change. ORAC assay is based on the 

reaction between a fluorescent molecule and peroxyl free radicals which are produced 

from an azo initiator compound, the fluorescent molecule gets harmed indicated by loss 

of fluorescence. FRAP is based on the ability of the antioxidant to reduce ferric ion, 

indicated by the change in absorbance. The DPPH method was preferred in this study as 

it is considered to be simple and accurate method as suggested by Kedare and Singh 

(2011). 

2.6.1 Antioxidant activity using DPPH method 

In order to check the antioxidant potential of methanolic extract of all treated and 

control E. sonchifolia, C. nutans plants, DPPH assay was employed. The antioxidant 

potential was analysed based on the radical scavenging effect (hydrogen-donating ability) 

on DPPH free radical. DPPH is a free radical which has a purple color in methanol solution. 

The endpoint of this assay is determined based on the decoloration of the purple solution, 

and the absorbance is maximum at 515 nm. This method is widely used as a standard 

method to assess the antioxidant activity of various samples based on the DPPH substrate 

(Lee et al., 2003). 
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2.6.2 DAB staining for the detection of ROS 

ROS are produced in plants during stress conditions. Hydrogen peroxide, H2O2 is 

relatively stable among the ROS. Staining techniques such as DAB detect these ROS. The 

3,3′-Diaminobenzidine known as DAB is a benzene derivative and it is used as a staining 

agent for hydrogen peroxide. During the process of staining, DAB is oxidised by H2O2 

which is catalysed by haem-containing proteins peroxidases and appears as brown color. 

This brown precipitate acts as an indicator to qualitatively localize Hydrogen peroxide at 

a tissue or cellular level in plant cells (Daudi & O'Brien, 2012).  

 Flavonol biosynthesis and auxin transport  

The phytohormone auxin (indole-3-acetic acid (IAA)) is transported from its sites of 

synthesis (apical) to other parts (distal) of the plant regulating plant growth, 

differentiation, and metabolite formation (Peer & Murphy, 2007). Plasma membrane-

based influx and efflux carriers mediate the highly regulated directional polar auxin 

transport. Auxin transporter protein1 (AUX1), an auxin influx carrier protein contributes 

to the movement of auxin into the cytoplasm. PIN-FORMED (PIN) proteins functioning 

as auxin efflux carriers contribute to the movement of auxin out of the cell (Lewis et al., 

2011). The effects of flavonoids on AUX1 have not been demonstrated yet. It is well 

documented that the natural antioxidants, flavonoids inhibited transport of phytohormone 

auxin as a regulatory mechanism controlling whole plant development under different 

stress conditions (Buer & Muday, 2004). Furthermore, the very chemical features of 

flavonoids especially the catechol group, that bestow the antioxidant potential are 

responsible for the effective interaction with auxin transport proteins as well as their 

affinity with other proteins including mitogen-activated protein kinases (MAPK) for 

regulating cellular events. In specific, the influence of flavonoids on plant development 
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with an auxin transport network direct towards the regulatory functions, indeed a lower 

concentration than necessary for radical quenching (Saslowsky et al., 2005; Naoumkina 

& Dixon, 2008). Thus, flavonoids called as "developmental regulators” acting in various 

functional roles beyond their ability as radical scavengers. These unique characteristic 

features of flavonoids suggest their involvement in the tolerance mechanisms to 

environmental stresses. 

 Elicitation approaches for enhancing secondary metabolites in  

 

     Plants 

Elicitation, mimicking the natural stressors is a technique practised to stimulate the 

stress response in plants (Figure 7). Different elicitors in particular biotic and abiotic 

elicitors are utilized to enhance secondary metabolites in plants.  

Figure 7. Hypothetical model of the elicitation mechanism.  

Elicitation process using abiotic elicitors (mimicking the natural stressors) in plants 

induce the generation of ROS, thereby trigger the antioxidant defensive system in plants 

including flavonoids and they reduce the impact of stress by scavenging the excess ROS 

that eventually results in induced tolerance against multiple stresses.  
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Biotic elicitors use pathogens whereas abiotic elicitors employ physical elicitors (UV-B 

radiation, osmotic, and thermal stress) (Gorelick & Nirit, 2014). It is speculated that these 

elicitors disrupt the ROS homeostasis, favoring ROS initiated signaling network and 

consequently, establishing antioxidant defensive machinery to revive the system. 

Meanwhile, this technique increases stress tolerance capacity via metabolite production 

and concomitantly enhances the therapeutic activity of medicinal plants (Agati et al., 

2012). The so-called cross-adaptation, making plants more resistance to multiple stresses 

has been studied in many plants for different kinds of stress combinations (Pastor et al., 

2013; Borges et al., 2014; Nahar et al., 2015). For increased production of secondary 

metabolites in medicinal plants, drought stress has been noticed commonly (Verma & 

Shukla, 2015). An increment in the output of following secondary metabolites has been 

reported in many medicinal plants such as the concentration of hyperforin in Hypericum 

perforatum, betulinic acid in Hypericum brasiliense, ajmalicine in C. roseus and 

Calendula officinalis when exposed to drought conditions (Zobayed, 2005; Verma & 

Shukla, 2015). Extreme thermal stress reduces overall plant growth; however, studies 

shown that exposure of plants to heat shock for short term resulted in the enhancement of 

thermotolerance. One of the experiments with maize seedlings shown that a pre-treatment 

with heat for short duration (42 ˚C for 4 h) simultaneously induced drought, heat, chilling 

and salt tolerance (Gong et al., 2001). However, the stress response in plants varies 

according to the type of elicitors (biotic and abiotic), duration of their exposure, the 

intensity of the stressor, and obviously the tolerant capacity of species (Gorelick & Nirit, 

2014). Studies from elicitor treatments in different plant species observed increased 

activity of antioxidant flavonoids concomitant with the generation of ROS that 

corresponds to the increased tolerant capacity (S. S. Gill & Tuteja, 2010). According to 

Bahler et al. (1991), greater anthocyanin content imparts tolerance to drought as evident 
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from a comparative study of cultivars of purple and green chillies with purple being 

drought tolerant. In another study, the accumulation of flavonoids such as flavones and 

anthocyanins were attributed to the increased salt tolerance level in sugarcane (Wahid & 

Ghazanfar, 2006) 

 Influence of heat and drought stress on flavonols  

Plants have the potential to adopt some strategies to neutralize the effect of abiotic 

stressors, for example, high and low temperature, saltiness, alkalinity, UV, substantial 

metals, and so on. Under stressed conditions, the normal metabolism of plants aggravates 

and diminished in development and efficiency and set off a progression of biochemical, 

physiological and morphological changes. At the point when plant endure with oxidative 

pressure, they incorporate various secondary compounds and endogenous enzymes 

(section 2.6). 

2.9.1 Heat stress  

The cellular homeostasis is controlled by several pathways that reside in different 

organelles. During the temperature stress, the coordination between the pathways could 

be disturbed causing oxidative burst (over-production of ROS) and triggers the signal 

transduction process (Suzuki & Mittler, 2006; Hasanuzzaman et al., 2013). The 

pathways concerning temperature stress and ROS are interlinked and helps the plant to 

overcome the temperature stress. Once the ROS/temperature sensors perceived the 

stimulus, it activates the pathways for defence mechanisms concerning ROS scavenging 

and concerted action of cellular protectants like enzymatic and non-enzymatic 

antioxidants (Suzuki & Mittler, 2006).  
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At extreme temperature, various enzymes undergo inactivation which reduces the 

photochemical efficiency of the plant creating more stress. The vital phytohormones 

including auxin, cytokinin and gibberellic acid found to be reduced under heat stress that 

ultimately induces leaf senescence (S. Mathur et al., 2014). Plants produce its metabolites 

as an adaptive strategy and the strong influence of high temperature on the metabolic 

activity cause change in amino acid sequence of enzymes, resulting in the synthesis of 

specific secondary metabolites restricted to one species.  

Few studies have examined the effects of temperature on flavonol metabolite 

production of plants and found that they appeared to be varied based on experimental 

parameters (Gouot et al., 2019). Nacif de Abreu and Mazzafera (2005) published the 

increased level of rutin and quercetin in Hypericum brasiliense grown in a growth 

chamber (16 hrs daylight of photosynthetic photon flux density (PPFD) 60µmol photons 

cm-2s-1) at a temperature of 36°C for 15 days. However, both flavonols were decreased 

under conditions of 25°C during the day (greenhouse) and 30°C at night (growth 

chamber). The results of this study indicated that apart from the variation in temperature, 

the low light intensity played a major role in the synthesis of the flavonol compounds. In 

another study by Mori et al. (2005), Vitis vinifera grew under a day temperature of 30° C 

continuously for 30 days after veraison had higher flavonol content. Furthermore, when 

heat treatment was conducted only at night with a temperature of 45° C, flavonols were 

decreased. Poudel et al. (2009) and Pastore et al. (2017) reported that flavonols were 

negatively correlated with high day temperature (greenhouse). Furthermore, the 

flavonoids such as anthocyanins that contribute to colours in plants through interaction 

with flavonols were negatively correlated with elevated day temperature above 30° C. 

Mølmann et al. (2015) detailed that the concentrations of quercetin and kaempferol in 
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broccoli were higher at the warmer temperature of 20° C compared to the lower 

temperature (12° C).  

Flavonols are very sensitive to high temperature or heat stress. In a study by Sharma 

et al. (2015) on varieties of onion at four different temperatures of 80° C, 100° C, 120° 

C, and 150° C, the glycosides of quercetin showed variation at different temperatures with 

increment at 120° C. The fluctuation was reported to be due to the heating time and the 

specific temperature at which the cellular breakdown has taken place to release the 

flavonols. The results from the study pointed out that the overall flavonoid content was 

retained even though fluctuation in individual flavonols reported.  In another study by 

Ioku et al. (2001) that a certain temperature and magnitude of time increased the total 

flavonoids. In conclusion, under thermal stress flavonols could be either increase, 

unaffected or decrease depending upon the degree/intensity, duration of the temperature, 

flavonoid structure and finally the plant species. To date, there is insufficient data to 

conclude on a direct or indirect temperature effect on flavonols. 

2.9.2 Drought stress 

 

Drought is the most crucial abiotic stress which is characterized by lacking sufficient 

water to plant causing cellular dehydration and eventually osmotic stress (Xu et al., 2010). 

The combination of high temperature and irradiance along with drought exacerbate the 

plant survivability and eventually results in economic losses (Yordanov et al., 2000; Xu 

et al., 2010). The drought stress-related events such as stomatal closure, lower turgor 

potential, and membrane disruption affect photosynthesis and growth of plants (Aimar et 

al., 2011). The water deficit conditions cause decrease in water potential that limit the 

intake of water and trigger internal stress in plant tissues due to the imbalance between 

water uptake and corresponding loss (Mittler, 2002). The stress induces changes in whole 
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plant architecture either to avoid the dehydrated state or allow them to tolerate the water 

loss. Several stress avoidance mechanisms that are critical for plant survival during 

drought stress include morphological (increase in root growth deeply to uphold maximum 

water, reduced plant growth) and physiological adaptations (closure of stomata, 

accumulation of solutes such as proline, cell wall hardening) that help to retain water 

content (Verslues et al., 2006). when severe stress conditions persist, plants attempt to 

tolerate water loss in order to prevent cellular damage that include stress responsive 

genes, antioxidant enzymes and phytochemicals (Xu et al., 2010). 

The water deficient stress has a relevant impact on the physiologic activities of a plant 

that can vary the concentration and biosynthesis of secondary metabolites. Water 

availability is considered as a crucial factor that affects plant growth, medicinal and 

aromatic yield. However, various reports highlighted the positive effect of water stress 

on several secondary metabolites in plants (Al-Gabbiesh et al., 2015). The water deficit 

stimulated the synthesis of secondary metabolites including flavonols in many 

medicinally important plants (Zobayed, 2005; Verma & Shukla, 2015). Nacif de Abreu 

and Mazzafera (2005) studied the impact of water deficit stress on the production of 

bioactive compounds present in Hypericum brasiliense. A 4-fold increment in flavonols 

(rutin /quercetin) was reported under water stress for 15 days. In another drought study 

in St. John's wort (Hypericum perforatum) for 6 days, an increase range of 5% to 36% 

was reported in flavonols (rutin and hyperoside) (Gray et al., 2003). Quercetin and 

kaempferol glycosides increased 2-3 fold under drought in white clover interspecific 

hybrids (Nichols et al., 2015). However, studies reported the variation of flavonol content 

even in related cultivars due to the inherent genetic variability of plant species and the 

growth conditions (Kirakosyan et al., 2004; Hodaei et al., 2018). Previous studies 

highlighted flavonoid biosynthetic enzymes (CHS, CHI, F3H, FLS) as critical response 
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markers of water deficit stress that might be upregulated in various environmental stresses 

and concluded that the extent of variation in flavonol accumulation depends on the 

expression of specific genes ( Li et al., 2015; Hodaei et al., 2018; Gharibi et al., 2019). 

Moreover, the flavonol variation was also correlated to the production of ROS owing to 

the role of flavonols in stress protection. In general, accumulation of flavonols under 

water deficit conditions could be attributed to the severity of drought, growth stage of the 

plant or the stress tolerant level inherent in each species. 

2.9.2.1 Relative leaf water content (RWC) 

Relative leaf water content (RWC) is an indicator of plant water status, which is used 

to evaluate the tolerance to water stress (Gindaba et al., 2004). It is used as a drought 

stress parameter in investigating the water retaining ability of leaf cells. It is a reliable 

method for determining the plant response to drought stress as the water deficit prevent 

the transpiration from leaf surface by closing the stomata which further resulting in 

decreased CO2 assimilation (Jin et al., 2017). It reflects the metabolic activity in tissues 

and hence utilize this as an appropriate indicator for dehydration tolerance. A decrease in 

RWC often induce change in cell wall elasticity, allowing for turgor maintenance at lower 

water volumes (Pérez-Pérez et al., 2009). The main factors that affect RWC includes 

duration of drought stress, severity of the drought event and finally the plant species 

(Zhang et al., 2017). Several studies reported the decrease of RWC with increasing 

drought stress (Masoumi et al., 2010; Hodaei et al., 2018). Moreover, a drought study by 

Zhang et al. (2017) in drought-tolerant Stellaria dichotoma for one-month, reported 

significant negative correlations between RWC and total flavonoid content. 
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 Techniques for the analysis of flavonols  

2.10.1 Postharvest processes (Drying and extraction)  

 

The postharvest stages of medicinal plants including drying, storage, and extraction 

processes should be optimized to preserve the bioactive compounds. The drying process 

is imperative to extend the shelf life of medicinal plants as reduction in moisture content 

prevents microbial degradation as well as ease in handling and storage (Sun et al., 2018). 

The drying temperature can have a negative impact on the phenolic compounds as they 

vary in their thermal stability especially those glycosylated ones with a large number of 

hydroxyl groups (Buchner et al., 2006). The methods of drying involve natural drying as 

well as mechanical drying which includes freeze drying (Tanko et al., 2007). Natural 

drying is a conventional method of drying; nevertheless, it is time-consuming. Among 

these methods freeze drying (lyophilization), is an ideal drying method for plant material 

containing heat sensitive antioxidant components including flavonoid compounds 

(Shofian et al., 2011; Siow et al., 2016). 

The choice of an appropriate solvent and the extraction method determines the 

efficiency of extraction. Based on the literature review (Ghasemzadeh et al., 2014), 80% 

(v/v) methanol-water that are polar, proved to be the best extraction solvent to extract out 

the maximum flavonoids. The synergistic effect of water (increased solvation) and 

organic solvent enhances the solubility of compounds (Boeing et al., 2014). This results 

in better recovery of phenolic compound flavonoids. Therefore, 80% (v/v) methanol-

water was selected as a solvent for extraction based on the polar nature of the compounds 

of interest. 
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Conventionally, flavonoid compounds are extracted by Soxhlet techniques via heating 

and refluxing. However, these methods have disadvantages such as longer extraction time 

and thermal degradation of compounds (Bashi et al., 2016). One of the green extraction 

techniques, ultrasonic extraction enhances the extraction yield in a short time. The 

acoustic cavitation developed in sonication method caused the plant cellular matrix to 

rupture, allowing the solvent to diffuse into the cells, thus enhancing the extraction 

efficiency. Many studies employed the method ultrasonication for the extraction of high 

valued compounds like rutin, as this method minimizes the chance of thermal degradation 

of compounds compared to other extraction techniques (Perwez et al., 2017; Tao et al., 

2017). The technique has added advantage of lower energy consumption, less solvent 

volume and minimum processing time (Gullón et al., 2017). Accordingly, the proposed 

extraction method is cheap, fast and effective. 

SPE or solid phase extraction is a purification process and it is considered as a 

preparative step before the chromatographic analysis. The method utilizes C18 Sep-pak 

cartridge which consist of a non-polar silica-based sorbent material mounted in a syringe. 

The analytes of interest are retained on the sorbent and finally it is eluted by washing with 

appropriate solvent and are retained for analysis (Xia et al., 2011). SPE with C18 Sep-Pak 

is used to purify the analyte from crude matrix like lipids which would otherwise cause 

peak interference and column clogging. The process involves steps consisting of 

conditioning or equilibrating, loading, washing and finally eluting. The conditioning step 

activate the ligand on the sorbent and enables the sorbent to interact efficiently with target 

analyte. The sample is then loaded onto the silica-based sorbent. It is followed by washing 

which removes unwanted impurities and the adsorbed target molecules are eluted with an 

elution solvent and the released target molecule is retained for analysis. The method has 
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advantages of less usage of solvent, reduced cost and improved accuracy (Suárez et al., 

1996; Proestos & Komaitis, 2013). 

The mobile phases such as acetonitrile, methanol and their mixture with water are more 

suitable for the separation and quantification of flavonols. The gradient (changing mobile 

phase composition) and the isocratic elution (constant mobile phase) methods are used 

for analyzing flavonoids., however, the gradient elution method is preferred as it results 

in faster separation and high peak resolution (Stalikas, 2007). 

2.10.2 Analytical techniques 

With the advancement of technology, several analytical methods have been used for 

determining flavonoids from plant materials, such as spectrophotometry, high-

performance liquid chromatography (HPLC) and gas chromatography (GC). The big 

challenge is to make a better choice that will give better analytical results. 

Spectrophotometry is the conventional technique used for quantifying flavonoids 

because of its simplicity, high speed, and low cost. The method is based on aluminium 

chloride and flavonoid complexation reaction that develop colour at specific wavelength. 

However, the disadvantage is that the technique estimates the flavonoid content without 

a separation process, and it is not used to quantify individual flavonoid compounds 

(Mammen & Daniel, 2012). 

The high-performance liquid chromatography (HPLC) has been recognized as the 

preferred choice in separation and quantification of nonvolatile compounds like 

flavonoids. HPLC is coupled with various detectors forming HPLC-UV detector (HPLC- 

UVD), HPLC-diode array detector (HPLC-DAD), HPLC-fluorescence detector (HPLC-

FLD) and HPLC-mass spectrometry detector (HPLC-MS). HPLC -DAD is preferred over 
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HPLC-UVD; the UVDs are used to measure single absorption wavelength whereas DADs 

help to select the optimum wavelength from a range of multiple wavelengths for each 

peak (Zhang et al., 2015). Among the techniques mentioned, the most prominent method 

of analysis for flavonoid has been found to be the combination of liquid chromatography 

and mass spectrometry, (LC-MS) with high sensitivity and selectivity. With the use of 

LC-MS, physical separation and mass analysis of flavonoid are possible. Separation of 

flavonoids into multiple chemical components is done by LC part. And the structural 

identity of the separated components by mass is done by the MS part. This is not possible 

with the use of other conventional spectrometry methods like HPLC-UV. The MS part as 

a detector is more sensitive to UV part hence preferred for better results. Also, the LC has 

interfaces that transfer flavonoids into MS which is a better detector (Ganzera & Sturm, 

2018). The LC-MS is also preferred because of most of the natural components of 

flavonoid thermally labile and polar. The MS part in LC does not depend on the Beer-

Lambert law, which is a major factor for the UV detector in HPLC-UV. The fact is that 

the law only holds for concentrations of flavonoid less than 0.01M. Also, the flavonoid 

components may exhibit photochemical reaction beyond the range of interest in term of 

wavelength or have other components that look like colloids’ in this case UV as detector 

does not work (de Villiers et al., 2016). Since the mass spectrum from the MS part in LC 

can show the level of concentration of ions having a specific ratio in mass to charge 

values, it is extremely preferred for quantitative analysis of flavonoids. The LC-MS 

combines the outstanding resolution of separation with the resolution of quantity. Hence, 

despite the expensive cost of LC-MS, it can provide simultaneous analysis of many 

components that are there in flavonoids to give data that are relatively excellent 

(Sankhalkar & Vernekar, 2016). Hence LC-MS can be used to carry out quantitative 

analysis and structural information of unknown compounds in several matrices of 
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flavonoids which include the biological ones. There is no other combination of techniques 

that can provide this efficiency in separation, versatility, and handling user-friendliness. 

The procedure for sample preparation for analysis of flavonoid in HPLC-UV is very 

tedious as compared to that of LC-MS. Even after accomplishing such procedure, the 

effects of interference by other components of that could have been co-extract with 

flavonoid will still be present in HPLC-UV results. However, the results obtained from 

LC-MS with interference suppressed exhibit no effects of the interfering substance and 

are more accurate. This is because the MS has high specificity since only the precursor 

ions of the targeted components of flavonoids extracts are monitored, and therefore other 

compounds with different precursor ions do not interfere with the analysis (X. Zhang et 

al., 2016). In MS, the chemical compounds are ionized to generate molecular fragments 

or charged molecules. They differentiate the ionized atoms or molecules based on the 

mass to charge (m/z) ratio which is identical to a particular type of molecule. Different 

types of MS Ionization methods include EI (electron impact), CI (chemical ionization), 

MALDI-TOF (matrix-assisted laser desorption ionization time-of-flight), APCI 

(atmospheric pressure chemical ionization), API (atmospheric pressure ionization) and 

ESI (electrospray ionization)(Schaeffer-Reiss, 2008). In the analysis of flavonoids using 

LC-MS, the ionization methods such as ESI and APCI are favoured. Both analyses allow 

the use of positive and negative ionization modes. ESI is preferred over APCI as it is used 

for the qualitative and quantitative analysis of wide range of flavonoids. It can analyse a 

wide mass range. It has high sensitivity and selectivity with their detection limit in the 

range of femtomole to picomole. The negative mode provides the best sensitivity and 

detects deprotonated molecular ions, [M-H] - and fragmented ions. APCI is used mostly 

for the analysis of flavonol aglycones. It has high sensitivity in the range of femtomole. 

The disadvantage is the chance of thermal decomposition. MALDI-TOF is mostly used 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



51 

 

for the analysis of flavonoid glycosides with high mass limit and throughput analysis. The 

disadvantage of this method is its low resolution and high matrix background signals 

(Kaufmann et al., 2010; Z. H. Li et al., 2016). The single stage MS together with UV 

detection confirm the identification of flavonoid compounds with the help of standards. 

Tandem (MS/MS) is used for the structural analysis of unidentified flavonoid compounds. 
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CHAPTER 3  MATERIALS AND METHODS 
 

 

 Plant Materials 

The tropical medicinal plants such as E. sonchifolia, C. nutans, and the model plant A. 

thaliana were used for the study. The stem cuttings of C. nutans were harvested from the 

NTU Community Herb Garden, while the seeds of E. sonchifolia were purchased from 

online (Amazon.com). The seeds of wild type A. thaliana, ecotype Columbia (Col-O) 

were obtained from Molecular Genetics Lab at NIE. 

 Cultivation of tropical medicinal plants, E. sonchifolia and C. nutans 

The seeds of E. sonchifolia were allowed to germinate at room temperature for one 

week. The seedlings of uniform size were then transplanted to black polythene bags (21 

cm x 12 cm) containing a mixture of peat moss and vermiculite (3:1). The plants were 

grown under natural light conditions of PPFD 300 µmol m-2s-1 in NIE greenhouse, 

watered once daily from the period September 2017 to December 2017. 

C. nutans was propagated by stem cuttings. The thicker stem cuttings of the section 

around 20 cm each were planted in black polythene bags (21 cm x 12 cm) containing a 

mixture of peat moss and vermiculite (3:1). C. nutans were grown under natural light 

conditions of PPFD 300 µmol m-2s-1 in NIE greenhouse, watered once daily from the 

period August 2017 to November 2017.  
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 Cultivation of A. thaliana 

The seeds of wild type A. thaliana, ecotype Columbia (Col-O) were sown in seed trays 

containing a mixture of peat moss and vermiculite (3:1). One-week-old seedlings of 

uniform size were then transplanted into individual pots (8 cm x 7 cm), allowed to grow 

till they reached 3 weeks in a growth chamber (Conviron) having white fluorescent light 

of PPFD 120 µmol m-2s-1 at 22°C with a photoperiod of 16 hrs daylight and 8 hrs of 

darkness. The plants were regularly watered. 

  Experiment setting for drought and heat stress treatments  

Physical stressors like heat and drought were applied to elicit a stress response. The 

plants for experimental settings such as E. sonchifolia, C. nutans and A. thaliana were 

divided into three groups namely control, high-temperature or heat-stressed, and 

drought-stressed (Figure 8). A comparative study among three groups helped to identify 

the morphological, molecular and biochemical changes in plants under optimal and 

treated conditions. The experiment was designed with five replicates for each group. As 

mentioned in section (3.2-3.3), plants were grown in optimal temperature and watered 

regularly. These were used as reference or control for each treatment. 

For the heat treatment, five replicates of each plant such as A. thaliana (3-week-old), 

E. sonchifolia (3-month-old), and C. nutans (3-month-old plants established from 

explants) were transferred to an incubator with white fluorescent light of PPFD 50 µ mol 

m-2s-1 and given heat stress for 6 hrs continuously in a single day under temperature 

stress set at 45 °C. The leaf samples for analysis were harvested at time zero (control) 

and at the end of heat treatment (heat- stressed). 
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For the drought treatment, another batch of five replicates of each plant such as A. 

thaliana (3-week-old), E. sonchifolia (3-month-old), and C. nutans (3-month-old plants 

established from explants) were subjected to continuous water deficit for 7 days. The 

drought stress experiment was conducted in the NIE greenhouse. The leaf samples for 

analysis were harvested at time zero (control) and at the end of drought treatment 

(drought-stressed). 

 Determination of soil moisture and RWC in drought-stressed plants 

Five replicates of A. thaliana, E. sonchifolia, and C. nutans were subjected to 

continuous water deficit for 7 days. The effect of drought stress on relative water content 

(RWC) of leaves was studied on these plants. The leaves of A. thaliana, E. sonchifolia, 

and C. nutans were harvested and immediately transferred to a sealed plastic bag to avoid 

the moisture loss from leaves. The sample leaves were cut into small pieces and 

immediately weighed with an analytical balance (Sartorius Germany) to record the fresh 

weight (FW) of leaves. The weighed leaves were then submerged in water for 24 hours 

in the dark to record their saturated weight (SW). Subsequently, the samples were 

wrapped in aluminum foil and dried in an oven (Thermo Fischer Scientific USA) at 80°C 

for 4 days. The dry weight (DW) of the leaves was recorded. The relative water content 

of samples was calculated using the formula: RWC = (FW-DW) / (SW-DW) X 100% 

(Nasrollahi et al., 2014). 

In the water deficit treatment, moisture levels of the soil were monitored through soil 

moisture sensor (HH2 soil moisture meter from Delta-T-Devices UK) at the beginning 

and end of the drought treatment. The control plants of A. thaliana, E. sonchifolia, and C. 

nutans were watered daily whereas the water deficit plants received no water over the 7-

day treatment period. The soil moisture content was measured at day zero and again at 
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day seven at the same time for all the three plants. The soil moisture was measured by 

inserting the probe of the instrument in each of the five pots of the plant used per 

treatment. 

 DAB staining for the qualitative detection of ROS (H 2O2) under the  

      influence of heat and drought stress treatments  

The DAB staining solution was obtained from Sigma-Aldrich (USA) and the solution 

of concentration 1 mgml-1 was prepared freshly in a 50 ml falcon tube. The tube was 

covered with aluminium foil as DAB is light sensitive. DAB staining solution was 

prepared according to the standard protocol (Daudi & O'Brien, 2012). Harvested leaves 

of A. thaliana, E. sonchifolia, and C. nutans were placed inside the petri plates covered 

with aluminium foil and 1 mgml-1 DAB staining solution was added in such a way to keep 

the leaves fully immersed. They were then vaccum infiltrated for 15 min. The treated 

leaves were incubated inside a standard laboratory shaker (Shin Saeng Korea) for 5-8 hrs 

until the leaves thoroughly infiltrated with the staining solution, (A. thaliana, for 5 hrs 

and medicinal plants for 8 hrs) at 100 rpm. Following the incubation, the DAB solution 

was replaced with 80% (v/v) ethanol. The plates were carefully placed in a boiling water 

bath (Memmerth Germany) (80°c setting in the water bath for 15 min) to remove 

chlorophyll. DAB-stained leaves were visualized as brown colour. It was then stored in a 

solution of ethanol: acetic acid: glycerol in ratios 3:1:1 until photographed.  
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     Flavonoid Gene Expression Studies in A. thaliana  

3.7.1  RNA extraction  

Three replicates of control, heat and drought stress of A. thaliana samples were 

analysed for total RNA content utilizing MN Nuclespin® RNA plant mini kit (Macherey-

Nagel).  

About 60 mg of fresh leaves of each sample were transferred into the homogenizing 

tube containing 20 pieces of 1 mm dia bead and 6 pieces of 2.3 mm dia bead, along with 

500 µl lysis buffer and 6 µl β mercaptoethanol. The samples were homogenized using 

Precellys 24 homogenizer (Bertin technologies USA) at 5500 rpm for 60 sec. 

Subsequently, the homogenized samples were centrifuged using the centrifuge (Model 

5424, Eppendorf Germany) at 12,000 rpm for 60 sec. Around 550 µl of supernatant was 

transferred into pre-filter placed inside the collection tube. It was then centrifuged 

following the same parameters, and the pre-filter was discarded. The filtrate that contains 

RNA was collected in the receiving tube. Approximately 275 µl of absolute ethanol was 

added to the filtrate and vortexed using vortex mixer (Maxi Mix II from Thermo Fisher 

Scientific USA) for 60 sec. Around 750 µl of lysate was transferred to a spin filter placed 

in the collection tube. Incubate at room temperature for 60 sec. The column was 

centrifuged at 12,000 rpm for 60 sec and the flow-through was discarded. The wash buffer 

1 (500 µl) was added onto the spin filter and the column filter was centrifuged at 12,000 

rpm for 60 sec and discard the flow-through. Around 700 µl of wash buffer 2 was added 

onto the spin filter placed with the RNase free collection tube. Centrifuged again for 60 

sec at 12,000 rpm and the flow through was discarded. Repeat the process by washing 

with buffer 2. The filter column was centrifuged again at 12,000 rpm for 240 sec to 

eliminate the traces of ethanol, and the receiver tube was discarded. The dried column 
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was placed in a new RNase free elution (Eppendorf) tube. The 40 µl elution buffer was 

added to the spin filter membrane and incubated at room temperature for 120 sec. The 

filter assembly was centrifuged at 12,000 rpm for 60 sec and the spin filter column 

discarded. The eppendorf tube containing RNA was kept on ice immediately. The 

concentration of RNA, as well as its quality, was checked using Nanodrop 

spectrophotometer (ND-1000 from NanoDrop Technologies USA).  

The concentration and indicators of RNA quality (260/280 ratio, 260/230 ratio) of each 

sample were recorded. The extracted RNA from the control and treated samples were 

stored at -80°C.  

3.7.2 cDNA (complementary DNA) synthesis  

The cDNA was synthesized from 1 µg of total RNA and reverse transcribed by using 

Maxima first strand cDNA synthesis kit (Thermo Scientific USA). The cDNA thus 

obtained utilized as the template for qRT-PCR (quantitative real-time PCR) analysis 

(GeneAmp®PCR System 9700 from Applied Biosystems USA). The required volume 

of template RNA based on 1 µg are calculated from the concentration of RNA expressed 

in ng μL-1. For the experiment set up, 5x reaction mix (4 µl), maxima enzyme mix (2 

µl) and the calculated volume of RNA template were added to the sterile PCR tubes. 

Subsequently, the tubes are replenished with Millipore Ultra-pure water for a final 

reaction volume of 20 µl. The PCR tubes were mixed thoroughly and loaded into the 

PCR machine. The program was run at 25 °C for 10 min, followed by 50 °C for 15 min 

and ended up by heating at 85 °C for 5 min. Once the reaction completed, cDNA was 

diluted 5 times with nuclease-free water and stored at -20°C.  
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3.7.3 qRT-PCR analysis 

The analysis was performed for analysing the transcript level of flavonoid biosynthetic 

genes using Step One plus TM Real-Time PCR System. In this method green fluorescent 

dye, SYBR Green act as a reporter that binds to double strand DNA PCR products and 

the fluorescent intensity is proportional to the increasing amount of DNA during the PCR 

process. The gene-specific primer sets were designed using BLAST tool in NCBI. The 

primer mix was pre-prepared according to manual and diluted 10 times to get 10 µM. 

Each 100 µl of primer mix contain 10µl of 10µM forward primer, 10µl of 10µM reverse 

primer and 80 µl of water (nuclease free). The reaction process was carried out in 96-

wells reaction plate, each well containing 10 µl reaction volume consisting of 5 µl SYBR 

FAST qPCR Master Mix (2X) (KAPA Biosystems), 4 µl of each gene-specific primer 

mix, 1 µl template cDNA. The PP2AA3 gene was used as the endogenous reference. 

The qRT-PCR reactions were carried out following the recommended thermal profile: 

95°C for 10 min followed by 95°C for 30 s, 58°C for 30 s, and 65°C for 60 s. After 40 

cycles, the specificity of the amplification was tested by heating from 60oC to 95oC with 

a ramp speed of 1.9oC/min, resulting in melting curves. Data analysis was performed 

using Step One software v2.3 (Life Technologies). The cycle threshold value (Ct), 

calculated from the instrument are imported to Microsoft Excel and further analysed with 

the comparative Ct method (ΔΔ Ct) (Schmittgen & Livak, 2008). The reference control 

genes and genes of interests were measured with three replicates in each PCR run; the 

average CT was used for relative expression analyses. The expression levels for the 

respective genes were normalized using the PP2AA3 gene. The origin pro software was 

used to plot the graph illustrating the relative expression levels.  
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Table 2. Primers for qRT-PCR analysis 

 

No. Name of primer Oligonucleotide sequence 

1 CHS-qF CCAAGCTTCTTGGTCTCCGT 

 CHS-qR ACGTGCTCCACGATTGTTCT 

2 CHI-qF TAGTCACCGGTGCGTTTGAG 

 CHI-qR AGAGGATCGATGAACCGGGA 

3 FLS1-qF CACCTGAATACAGGGAGGTGA 

 FLS1-qR TGAGCCGGTACACCTAAAGC 

4 F3H-qF TCGCTCGTGACTTCTTTGCT 

 F3H-qR CCTCTCCCTGGAGGTGACTA 

5 UGT78D1 -qF CGGCGGCAGAGATAGAAGTT 

 UGT78D1 -qR ACTCACATCTTTGAGACCGATGG 

6 MYB12-qF TTTGGGAAACAGGTGGTCACT 

 MYB12-qR CGTCATGATTACGGCGGAGA 

7 MYB11-qF TTGGGAACCAGGTGGTCAAC 

 MYB11-qR TTCTCGACGGTATTGGCGAC 

8 MR-AUX1-qF TCGGTCCAATCAATTCCGCT 

 MR-AUX1-qR TTCTCCGCCGCATTCTGAC 
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 Identification of flavonols using HPLC-MS 

3.8.1 Sampling of plant materials  

The leaves from medicinal plants and A. thaliana were harvested and washed 

adequately in tap water. The air-dried leaves were subjected to freeze-drying or 

lyophilization (ModulyoD, Thermo Fischer Scientific) to remove the moisture content. 

The thoroughly dried leaves were then ground to a fine powder using a pestle and mortar. 

The dried powder extract was stored in airtight bags at -20°C for further analysis. The 

three bioactive compounds of interest were separated from the leaf extract of medicinal 

plants and A. thaliana plant by using a selective solvent of 80% (v/v) methanol-water, 

ultrasonic extraction and finally solid phase extraction method. 

3.8.2 Extraction of flavonols 

 Approximately 200 mg of leaf powder along with 5 ml of extracting solvent 80% (v/v) 

methanol-water were extracted using an ultrasonic cleaner (37 kHz, 150W, S70 

Elmasonic Germany) for 30 min at room temperature. Following the extraction, the 

mixture was centrifuged at 3500 rpm, 25°C for 5 min (centrifuge model 5810R from 

Eppendorf Germany). The supernatant was recovered, and filtered using 0.45 µm syringe 

filters, followed by solid phase extraction (SPE) using Sep-Pak C18 cartridge (Waters). 

This step purifies the unwanted components including the non-polar waxes from the crude 

plant extract, which would otherwise interfere in chromatography analysis. To start the 

process, the cartridge was saturated with methanol. Around 400µl of the plant sample was 

then added into the cartridge with the help of vacuum pump, followed by eluting with 50 

ml of methanol solvent and then rotary evaporated (Hei-VAP, Heidolph Instruments 

Germany). The residue was then re-dissolved in 1000 µl LC/MS grade methanol, before 

injecting to the column. The sample was placed in 2ml amber glass HPLC vials and each 
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sample was analyzed three times in LC/MS. Modified method from Kaliyaperumal et al. 

(2013). 

3.8.3 LC-MS set up 

The solvent methanol of LC-MS grade was purchased from Tedia Singapore. The 

flavonoid standards, rutin, quercetin, kaempferol, were obtained from Sigma-Aldrich 

(USA). All chemicals were analytical grade purity. Deionized water from Milli-Q Water 

Purification system (Millipore, MA, USA) was used throughout the analysis. All 

flavonoid standards were accurately weighed (10 mg each) and dissolved in 25 ml 

methanol for preparing 400 mg/L (ppm) stock solution. The stock solutions were further 

diluted to make 10 ppm standard solution. 

The detection of three flavonol compounds was performed using an Agilent 1100 

series (Agilent Technologies, CA, USA) liquid chromatography coupled to ion trap mass 

spectrometer (LC/MSD Trap XCT) with ESI interface. The mobile phase was degassed 

ultrasonically following a gradient program using solvent A: 0.1% formic acid (FA) in 

water and solvent B: 0.1% formic acid (FA) in methanol. The flow rate used was 0.7 ml 

min-1 while 15µl of sample was injected into the chromatographic column, Phenomenex 

Kinetex C18 reverse phase column (ø 100 mm x 4.6 mm x 2.6 µm). The column 

temperature maintained at 30°C. The samples were passed through a 0.45µm syringe 

filter before injecting into a column. The system was run with the following elution 

program: 18% to 95% B for 31 min, then hold at 95% B for 3 min before re-conditioning 

back to the initial composition in 1 min. Mass spectra of analyses were performed with 

the scan range of m/z 200 - 650 in a negative ion mode. The mass spectrometric 

parameters including nebulizing gas pressure, capillary voltage, dry gas temperature, and 

its flow rate were set to 40 psi, 4.5 kV, 350 °C and 10 L min-1, kept constant throughout 
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the analysis. LC/MS Chemstation software was used for data analysis. The detection of 

the eluted peaks of rutin, quercetin, and kaempferol was performed at 360 nm. The 

retention time obtained based on triplicates for rutin, quercetin and kaempferol were 27.2, 

29.2 and 30.2 min, respectively.   

  Quantification of total flavonoids using spectrophotometry  

The total flavonoid content (TFC) was determined spectrophotometrically, following 

the aluminium chloride (AlCl3) method (Pękal & Pyrzynska, 2014). The chemicals such 

as Aluminium trichloride hydrate and potassium acetate were purchased from Yen 

International Singapore. The flavonol standard rutin (1 mgml-1) prepared in 80% 

methanol (MeOH) was used to generate a standard curve with four concentrations of 

0.0125, 0.025, 0.05, and 0.1 mgml-1, respectively. 0.5 mL of dried plant extract (section 

3.8.2) was mixed with 1.5 mL of 80% MeOH, 0.1 mL of 10% aqueous dilution of AlCl3, 

0.1 mL of 1 M potassium acetate and finally with 2.8 mL of distilled water. The mixed 

contents in each tube were allowed to incubate at 22°C for 30 min. The blank was 

prepared for each sample which consisted of all reagents except AlCl3. The absorbance 

was measured at 415 nm using the UV 1800 Spectrophotometer (Shimadzu Japan).  

The total content of flavonoids in plant extracts in rutin equivalent was calculated by the 

following equation 

 C = (c x v) / m 

 C = Total content of flavonoid compounds, mgg-1 DW, in rutin equivalent    

        (RE). 

 

  c = Concentration of rutin established from the calibration curve, mgg-1 DW 

 

  v = Volume of extract, ml. 

 

  m = Mass of extract, gm. 
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 Measurement of antioxidant activity using DPPH method  

The antioxidant potential of methanolic extract of all treated and control plants was 

analysed using UV 1800 Spectrophotometer (Shimadzu Japan). Different concentrations 

of leaf extracts (1 mgml-1) of E. sonchifolia and C.nutans were prepared in methanol 

equivalent to 50, 100, 200 and 400 ppm. 80% methanol was used as a solvent. Ascorbic 

acid was used as positive control. A stock solution of 0.06 mM methanolic solution of 

DPPH was prepared by weighing 5.91 mg of DPPH powder (Sigma-Aldrich USA) in an 

eppendorff tube containing 1 ml of methanol. The tube was centrifuged at 3000 rpm and 

finally, transferred to 250 ml volumetric flask and volume of methanol was adjusted 

accordingly. 5 ml of 0.06 mM solution of DPPH was mixed with 0.5 ml of plant samples 

and standard solutions, separately. These solution mixtures were kept in a darker place 

for 30 min, and the optical density was measured at 517 nm. The blank (control) was 

prepared for each sample which consisted of all reagent except the tested extracts. Each 

analysis was done in triplicate. 

The radical scavenging of the methanolic extract of E. sonchifolia and C. nutans leaves 

was calculated from the formula. 

Percentage radical-scavenging activity = (OD control - OD sample / OD control) × 100. 

OD control = Absorbance of the control 

OD sample = Absorbance of the tested plant extract  

The IC50 was calculated from the percentage scavenging curve plotted against the 

concentration. 
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 Preliminary assessment of toxicity in medicinal plants using Brine   

       shrimp toxicity assay (BSTA) 

Brine shrimps were hatched using the dried cysts in a vessel filled with artificial 

seawater (prepared using sea salt 38 gL-1) under constant aeration for 24 hrs. For the 

BSTA to be carried out in glass vials, pipette out the required volume viz. 500, 50 and 5 

µl from the stock solution (10 mgml-1) of each leaf extract of E.sonchifolia, and C. nutans 

(80% methanolic extract) to respective vials marked 1000 ppm, 100 ppm and, 10 ppm. 

The solvents were then removed by rotary evaporator (Hei-VAP, Heidolph Instruments 

Germany). After evaporation, a constant volume of 4.5 ml seawater was added to the 

corresponding vials labelled 1000 ppm, 100 ppm and 10 ppm. The vials were subjected 

to sonication (Ultrasonic cleaner (37 kHz, 150W) S70 Elmasonic Germany) for the dried 

extract to get diffused adequately in sea water. Triplicates were carried out for each 

treatment (heat-stressed, drought-stressed, optimal samples) along with control 

containing just sea water. Ten to fifteen hatched brine shrimps were transferred to each 

vial of various concentrations of extract. Toxicity was determined after 24 hr. The number 

of survivors was counted, and the percent of mortality or death and LC50 were calculated 

(Alluri et al., 2005).  

 Statistical analysis 

ANOVA (one-way analysis of variance) was performed to test for the significant 

difference between optimal and the treated conditions. The Dunnett's test was also used 

for multiple comparisons and to determine differences among treatments means at 

significance levels of P ˂ 0.05. Also, a student t-test was used for statistical analysis when 

there were only two sets of data for each group. The column with single asterisk adhered 

indicate P < 0.05 and double asterisks indicate P < 0.01. The Pearsons correlation 
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coefficient (r) was calculated (between +1 and -1) using SPSS software (version 16; SPSS 

inc, Chicago, USA) that measures the strength of linear correlation between two variables. 

The origin pro software was used to plot the graph illustrating the relative expression 

levels. The Graph pad prism 8 was used to plot the graph for antioxidant studies. 
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CHAPTER 4 RESULTS 
 

 

 Morphological changes in leaves of A. thaliana, E. sonchifolia, and         

     C. nutans after elicitation 

The high-temperature stress caused rolling and drying of leaves in E. sonchifolia 

(Figure 8I), whereas, in A. thaliana (Figure 8C) and C. nutans (Figure 8F) plants, there 

was no visible sign of stress noticed. The same trend was observed after the drought 

treatment, where leaves started to wilt in E. sonchifolia (Figure 8H) and at the same time, 

no visible signs of stress were spotted in other plants A. thaliana (Figure 8B) and C. 

nutans (Figure 8E).  

 Determination of soil moisture and RWC in drought-stressed plant  

  leaves    

At the beginning of the experiment, soil moisture was measured at 38.2% for A. 

thaliana, 37.6% for E. sonchifolia, and 37.2% for C. nutans which declined to about 9%, 

10.3%, 12.5%, respectively at the end of the water deficit treatment (Figure 9). For the 

water deficit treatment plants, they showed a moisture drop as follows with A. thaliana 

as 76.7%, E. sonchifolia as 72.6%, and C. nutans as 66.4%. Among the plants, the highest 

percentage decrease in soil moisture was noticed in A. thaliana, followed by E. 

sonchifolia and finally C. nutans.  

The plants A. thaliana, E. sonchifolia, and C. nutans at optimal conditions recorded 

leaf RWC values of about 95.66%, 97.5%, and 97%, respectively. At the end of water 

deficit stress, RWC values of A. thaliana, E. sonchifolia, and C. nutans reduced to 85.9%, 

80%, 94%, respectively (Figure 10). The RWC of A. thaliana, E. sonchifolia, and C. 
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nutans tend to decrease slightly with increased water stress level. However, they 

demonstrated a slow rate of water loss with a percentage drop in leaf RWC as follows 

with C. nutans at 3.4%, A. thaliana 10.2% and E. sonchifolia 18%. The results showed 

that RWC is an indicator of water deficit stress and previous studies as in Stellaria 

dichotoma support the results indicating that RWC decreased with increased water stress 

(Zhang et al., 2017). 

 DAB staining for the qualitative detection of ROS (H 2O2) under the   

        influence of heat and drought stress treatments  

The DAB staining procedure, for the qualitative analysis of H2O2, was performed on 

the leaves of three plants under three conditions (heat-stressed, drought-stressed and 

optimal). Figure 11 shows the visual detection of DAB-stained leaves of A. thaliana, E. 

sonchifolia, and C. nutans. The brown colour developed on the leaves directly correlate 

with H2O2 accumulation, and it was evident from Figure 11, that leaves of stressed plants 

appeared more brownish and hence accumulated more H2O2 than leaves of un-stressed 

plants. The appearance of dark spots was more visible in heat-stressed (Figure 11C) and 

drought-stressed (Figure 11B) plants and none accumulated in control ones. Among the 

stressed plants, E. sonchifolia was the most affected (Figure 11), accumulated more H2O2 

than other two plant species and hence appeared more brownish. C.nutans, being the most 

tolerant among three plants developed less brown colour. The pattern observed in DAB 

staining suggests that the stressed plants accumulated more ROS. The data indicates that 

stress has developed in all the treated plants at the time of biochemical evaluations and 

the visibility of ROS depends on the stress tolerance of the species. 
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Figure 8. Experimental setting for A. thaliana (3-week old) ( A-C), C. nutans (3-month 

old) (D-F) and E. sonchifolia plants (3-month old) (G-I) indicated as (A, D, G) : control 

plants, (B, E, H) : drought-stressed plants (1 week), and (C, F, I) : heat-stressed plants  

(45 °C for 6 hrs in a day).  

(A) 

 

(B) 

 

(C) 

 

(D) 

 

(E) 

 

(F) 

 

(G) 

 

(H) 

 

(I) 
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Figure 9. Soil moisture content in the pots of A. thaliana, E. sonchifolia, and C. nutans. 

The height of each bar and the error bar show the mean and standard deviation from 5 

replicates. The column with single asterisk adhered indicate P < 0.05, statistically 

significant as determined by t-test. 

 

 

Figure 10. RWC of A. thaliana, E. sonchifolia, and C. nutans leaves during drought 

stress. The height of each bar and the error bar show the mean and standard deviation 

from 5 replicates. The column with single asterisk adhered indicate significant differences 

(P < 0.05) as compared with day 0, determined by Dunnett’s test.  
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Figure 11. DAB-stained leaves of A. thaliana (3-week old), E. sonchifolia  (3-month old), 

and C. nutans plants (3-month old): (A) control plants, (B) drought-stressed plants (1 

week), and (C) heat-stressed plants (45 °C for 6 hrs in a day).  

(B) Drought-stressed 

(C) Heat-stressed 

(A) control 

(B) Drought-stressed 

(C) Heat-stressed 

A. thaliana E. sonchifolia C. nutans 
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   Gene expression studies of flavonol biosynthesis genes in A. thaliana  

4.4.1 Relative expression of flavonol biosynthesis genes in heat and  

        drought-induced A. thaliana  

To understand the role of abiotic stresses, heat and drought in regulating flavonol 

biosynthesis, the expression pattern/transcript level of structural genes that encode 

enzymes for flavonol biosynthesis was assessed in the leaf samples of A. thaliana and the 

expression levels under stressed conditions were compared with the control plants by 

using specific primers for respective genes via qRT-PCR. The relative expression of 

following flavonol biosynthesis genes such as CHS (chalcone synthase), CHI (chalcone 

isomerase), F3H (flavanone 3-hydroxylase), FLS1 (flavonol synthase 1), UGT 

(UGT78D1) (UDP-glucosyl transferase 78D1) and MYB transcription factors MYB11, 

MYB12 (indicated in section 2.5.1) are shown in Figure 12 for heat and drought treatment, 

respectively. 

 A significant upregulation of following structural genes CHS, CHI, F3H, FLS1, and 

UGT78D1 was observed in heat-induced A. thaliana samples by 4-fold, 7-fold, 55-fold, 

125-fold, and 4.5-fold, respectively compared to control ones. The most abundant 

transcript level of the gene-specific for the flavonol biosynthesis, FLS1, was observed in 

the heat-stressed A. thaliana seedlings. Another notably enhanced expression was 

observed in F3H, the precursor gene for flavonol biosynthesis. Apart from these, 

transcriptional factors such as MYB11, MYB12 have a significant role in flavonol 

biosynthesis by regulating FLS1 expression. Both MYB11 and MYB12 were expressed in 

heat-induced A. thaliana with transcript levels of 40-fold and 12-fold, respectively. 
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Figure 12. Relative expression level of flavonol biosynthesis genes in A. thaliana: CHS, 

CHI, F3H, FLS1, UGT and transcriptional factors controlling flavonol biosynthesis: 

MYB11, MYB12 for heat and drought treatment relative to controls. The height of each 

bar and the error bar show the mean and standard deviation from 5 replicates. The column 

with single asterisk adhered indicate P < 0.05, statistically significant as determined by 

Dunnett’s test. 

 

The expression of genes such as CHS, CHI, F3H, FLS1, and UGT78D1 was 

significantly enhanced in drought-stressed A. thaliana samples by 6-fold, 2.6-fold, 3-fold, 

and 3.4-fold, respectively compared to control ones. Besides, there was a significant 

increase with transcript levels of MYB11 in 2.6-fold and MYB12 in 3.3-fold, respectively.  

MYB11, MYB12 control flavonol biosynthesis via activating upstream flavonoid 

biosynthetic genes such as CHS, CHI, F3H, FLS1 which were crucial for the biosynthesis 

of flavonols (Wenjia et al., 2015). Moreover, MYB12 was identified as a flavonol-specific 

regulator of flavonoid biosynthesis that activates the above first four genes for the 

formation of basic flavonol aglycon (S. Li, 2014) and UGT78D1 for flavonol glycoside 
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(Stracke et al., 2010). The upregulation of UGT78D1 drives the glycosylation of flavonol 

aglycones and result in the formation of flavonol glycosides. 

4.4.2 Auxin transport and flavonol biosynthesis  

To understand the role of flavonols in auxin transport, the relative expression of auxin 

transport gene was investigated in the leaf samples of A. thaliana under stressed and 

optimal conditions. The auxin transporter gene AUX1 was significantly downregulated in 

heat and drought treatments compared to controls as shown in Figure 13. Contrasting 

results were obtained compared to the expression of flavonol biosynthetic genes 

witnessed in Figure 12.  

 

Figure 13. Relative expression of auxin transport gene in A. thaliana: AUX1 upon heat 

and drought treatment. The height of each bar and the error bar show the mean and 

standard deviation from 5 replicates. The column with double asterisk adhered indicate P 

< 0.01, statistically significant as determined by Dunnett’s test.  
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Furthermore, to bring a correlation between flavonol biosynthesis and auxin transport, a 

statistical analysis was performed based on Pearsons correlation coefficient (r). The data 

analysis using SPSS measured the relationship between the gene expression data of major 

flavonol biosynthetic genes (CHS, F3H, FLS1, MYB12) and auxin transporter gene AUX1 

under heat-stressed conditions. The results of correlation analysis under heat-stressed 

conditions in A. thaliana revealed negative correlation (Table 3). i.e., the higher 

expression of flavonol biosynthesis genes corresponds to lower expression of AUX1.  The 

data suggests that heat had a significant impact on the flavonol biosynthesis and auxin 

transport than drought stress and the observed results corroborate the statement that 

“flavonols are natural auxin transport inhibitors” as mentioned in section 2.7. 

Table 3. Bivariate correlations between relative gene expression of major flavonol 

biosynthetic genes and auxin transport gene after heat stress in A. thaliana. 

 

 Correlation coefficient (r) 

 

 

       AUX1 

         CHS                     F3H                        FLS1                       MYB12 

 

- 0.996 ** 

 

- 0.998 ** 

 

- 0.998 ** 

 

- 0.999 ** 

 

Correlation coefficient (r) as shown above indicates the correlation between gene 

expression data of auxin transport gene AUX1 and flavonol biosynthetic genes (CHS, 

F3H, FLS1, MYB12). Double asterisks indicate statistically significant (P < 0.01) as 

determined by Anova and (-ve) shows negative correlation. 
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  Detection of flavonols rutin, quercetin and kaempferol using LC-MS  

4.5.1  LC- MS Method Optimization  

 

Initially, HPLC analysis using DAD was utilized for the simultaneous detection of 

rutin, quercetin, and kaempferol. The study identified the compound rutin in three plants 

A. thaliana, E. sonchifolia, and C. nutans under control as well as treated conditions. 

However, it failed to detect compounds such as quercetin and kaempferol. Subsequently, 

LC-MS was chosen for the detection of three compounds in three plants due to its high 

sensitivity and selectivity with their detection limit in the range of fg to ng. More details 

of the LC-MS method for flavonol analysis were discussed in the literature review 

(section 2.10.2). Using LC-MS method, the three flavonol compounds in three plants 

were confirmed by comparing their respective characteristic fragmentation pattern with 

the corresponding flavonol standards at a specific retention time (Figures 14-17). The 

distinctive fragmentation pattern of each flavonol standard was studied using both 

alternating positive [M+H] + and negative [M-H]- ion ESI-MS. The negative ion mode 

was selected for the detection of three flavonols as these compounds were more stable as 

deprotonated adducts. Furthermore, the deprotonated ions (precursor ions) of rutin, 

quercetin and kaempferol were detected from the methanolic extracts of leaves of each 

plant species that are subjected to optimal and stressed conditions (via heat and drought) 

at retention time 27.2, 29.2, and, 30.2, respectively. The deprotonated ions detected for 

rutin, quercetin and kaempferol were m/z 609.2 [M-H]-, m/z 301 [M-H]-, m/z 285 [M-H]-

respectively (Gai et al., 2015). The m/z of each compound was compared with previous 

data analysis; rutin (Matteini et al., 2011; Cen et al., 2015), quercetin (Cen et al., 2015; 

Z. Li et al., 2016), and kaempferol (G. Chen et al., 2016; Z. Li et al., 2016). The mass 

spectrophotometer employed is low-resolution mass spectrometry. Therefore, the degree 
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of mass accuracy could not be determined with confidence. The MS analysis of rutin, 

quercetin and kaempferol in A. thaliana, E. sonchifolia, and C. nutans plants are 

represented in Figures 18-26. The data of ESI-MS analysis (Figures 18-26) are 

summarized in Table 4. 

 

              Figure 14. HPLC-UV chromatogram of flavonol standards rutin, quercetin,   

              and kaempferol (10 ppm) with the respective retention times detected at 360 nm.  

 

 

                 

 

 

 

 

 

                      Figure 15. ESI-MS analysis of standard rutin. 
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                      Figure 16. ESI-MS analysis of standard quercetin. 

 

         

 

 

                  

  

                  Figure 17. ESI-MS analysis of standard kaempferol. 

Figures 15 - 17 Indicates the ESI-MS analysis of the mass spectra fragmentation patterns 

of the flavonol standards rutin, quercetin, and kaempferol with x-axis of mass to charge 

ratio (m/z) (amu) and y-axis indicated as intensity or the ion abundance (cps). The 

deprotonated ions detected for rutin, quercetin and kaempferol were m/z 609.2 [M-H]-, 

m/z 301 [M-H]-, m/z 285 [M-H]-, respectively at respective retention times.  
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 (A)  

 

 (B) 

 

(C)  

 

 

Figure 18. ESI-MS analysis of rutin in E. sonchifolia. 1. rutin, with m/z 609.2 [M-H]-, 

indicated above at retention time 27.2. (A) control plants, (B) heat-stressed plants, and 

(C) drought-stressed plants.  
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(A) 

 

 

(B) 

 

 

(C) 

 

 

 

Figure 19. ESI-MS analysis of rutin in C. nutans. 1. rutin, with m/z 609.2 [M-H]-, 

indicated above at retention time 27.2. (A) control plants, (B) heat-stressed plants, and 

(C) drought-stressed plants.  
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(A) 

 

(B) 

 

 

(C) 

 

 

 

Figure 20. ESI-MS analysis of rutin in A. thaliana. 1. rutin, with m/z 609.2 [M-H]-, 

indicated above at retention time 27.2. (A) control plants, (B) heat-stressed plants, and 

(C) drought-stressed plants.  
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(A) 

 

  (B)  

 

(C) 

 

 

Figure 21. ESI-MS analysis of quercetin in E. sonchifolia. 2. quercetin, with m/z 301 [M-

H]-, indicated above at retention time 29.2. (A) control plants, (B) heat-stressed plants, 

and (C) drought-stressed plants.  
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(A) 

 

 

(B) 

 

 

(C) 

 

 

Figure 22. ESI-MS analysis of quercetin in C. nutans. 2. quercetin, with m/z 301 [M-H]-

, indicated above at retention time 29.2. (A) control plants, (B) heat-stressed plants, and 

(C) drought-stressed plants.   
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(A) 

 

 

(B) 

 

 

(C) 

 

 

Figure 23. ESI-MS analysis of quercetin in A. thaliana. 2. quercetin, with m/z 301 [M-

H]-, indicated above at retention time 29.2. (A) control plants, (B) heat-stressed plants, 

and (C) drought-stressed plants.  
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(A) 

 

(B) 

 

 

(C) 

 

 

Figure 24. ESI-MS analysis of kaempferol in E. sonchifolia. 3. kaempferol, with m/z 285 

[M-H]-, indicated above at retention time 30.2. (A) control plants, (B) heat-stressed 

plants, and (C) drought-stressed plants.  
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 (A) 

 

 

(B)  

 

 

(C) 

 

 

 

Figure 25.  ESI-MS analysis of kaempferol in C. nutans. 3. kaempferol, with m/z 285 

[M-H]-, indicated above at retention time 30.2. (A) control plants, (B) heat-stressed 

plants, and (C) drought-stressed plants.  
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(A)  

 

 

(B)  

 

 

(C) 

 

 

 

Figure 26. ESI-MS analysis of kaempferol in A. thaliana. 3. kaempferol, with m/z 285 

[M-H]-, indicated above at retention time 30.2. (A) control plants, (B) heat-stressed 

plants, and (C) drought-stressed plants.  
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Table 4. LC-MS analysis of rutin, quercetin, and kaempferol in E. sonchifolia, 

 A. thaliana, and C. nutans for (A) heat-stressed (B) drought-stressed conditions. 

 

(A) 
 

Species Condition Compounds Intensity 

(cps) 

RT Molecular 

formula 

Calculated 

[M-H]- 

Observed 

[M-H]- 

 

 

 

E. sonchifolia 

Control  

Rutin 

7.5 x 103  

27.2 

 

C27H30O16 

 

609.5 

 

609.2 Heat 4 x 104 

Control  

Quercetin 

4.5 x 102  

29.2 

 

C15H10O7 

 

301.2 

 

301 Heat 2 x 103 

Control  

Kaempferol 

1.2 x 103  

30.2 

 

C15H10O6 

 

285.2 

 

285 Heat 4.1 x 103 

 

 

 

A. thaliana  

Control  

Rutin 

2.1 x 103  

27.2 

 

C27H30O16 

 

609.5 

 

609.2 Heat 5.4 x 103 

Control  

Quercetin 

1.2 x 103  

29.2 

 

C15H10O7 

 

301.2 

 

301 Heat 1.8 x 103 

Control  

Kaempferol 

1.7 x 103  

30.2 

 

C15H10O6 

 

285.2 

 

285 Heat 6 x 102 

 

C. nutans 

Control  

Rutin 

2.1 x 103  

27.2 

 

C27H30O16 

 

609.5 

 

609.2 Heat 9 x 103 

Control  

Quercetin 

1.8 x 103  

29.2 

 

C15H10O7 

 

301.2 

 

301 Heat 2.5 x 103 

Control  

Kaempferol 

1 x 103  

30.2 

 

C15H10O6 

 

285.2 

 

285 Heat 3.5 x 103 
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(B) 

 

Species Condition Compounds Intensity 

(cps) 

RT Molecular 

formula 

Calculated 

[M-H]- 

Observed 

[M-H]- 

 

 

E. sonchifolia  

Control  

Rutin 

7.5 x 103  

27.2 

 

C27H30O16 

 

609.5 

 

609.2 Drought 3 x 104 

Control  

Quercetin 

4.5 x 102  

29.2 

 

C15H10O7 

 

301.2 

 

301 Drought 1.5 x 103 

Control  

Kaempferol 

1.2 x 103  

30.2 

 

C15H10O6 

 

285.2 

 

285 Drought 2.3 x 103 

 

 

A. thaliana  

Control  

Rutin 

2.1 x 103  

27.2 

 

C27H30O16 

 

609.5 

 

609.2 Drought 4.2 x 103 

Control  

Quercetin 

1.2 x 103  

29.2 

 

C15H10O7 

 

301.2 

 

301 Drought 5 x 102 

Control  

Kaempferol 

1.7 x 103  

30.2 

 

C15H10O6 

 

285.2 

 

285 Drought 8 x 102 

 

 

C. nutans 

Control  

Rutin 

2.1 x 103  

27.2 

 

C27H30O16 

 

609.5 

 

609.2 Drought 6.6 x 103 

Control  

Quercetin 

1.8 x 103  

29.2 

 

C15H10O7 

 

301.2 

 

301 Drought 1.2 x 103 

Control  

Kaempferol 

1 x 103  

30.2 

 

C15H10O6 

 

285.2 

 

285 Drought 3.2 x 103 

 

 

 

 
 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



89 

 

4.5.2 LC-MS analysis of flavonol contents in heat and drought induced  

           A. thaliana with reference to gene expression study of flavonol  

            biosynthetic genes 

In A. thaliana, heat (45 °C for 6 hrs in a day) and drought stress (1 week) induced the 

up regulation of genes encoding critical enzymes for flavonol biosynthesis including 

CHS, CHI, F3H, FLS1, and UGT78D1. LC-MS analysis (Figures 27-29) showed the 

relative intensities of rutin, quercetin and kaempferol in A. thaliana for heat and drought 

treatment, respectively. 

During heat stress, rutin (flavonol glycoside) was accumulated in higher intensities 

compared to aglycones such as quercetin and kaempferol in heat treated than the control 

A. thaliana plants. i.e., rutin˃ quercetin˃ kaempferol (Table 4). The compound rutin 

increased in heat-stressed plants by 2.5-fold relative to controls (Figure 27). Furthermore, 

quercetin was found to be higher by 1.5-fold compared to controls (Figure 28). However, 

the relative intensity of kaempferol was lower than control by 0.4-fold (Figure 29). The 

enhanced accumulation of rutin and quercetin in heat- stressed plants corresponds to the 

massive increase in transcriptome expression of flavonol biosynthetic gene FLS1, 

flavonol precursor gene F3H as well as the glycosylated flavonol biosynthetic gene 

UGT78D1 (Figure 12). Furthermore, the significant expression of the PFG1/MYB11, 

PFG2/MYB12 suggests that these transcription factors might be involved in the regulation 

of flavonols and glycosylated flavonol biosynthesis by translating the stress signals into 

changes in gene expression. Therefore, the pattern of gene expression is consistent with 

the increase in flavonol concentration of rutin and quercetin under the influence of heat. 

LC-MS analysis of drought-stressed A. thaliana plants showed that rutin was produced 

in higher intensities compared to low intensities of quercetin and kaempferol in stressed 
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plants than non-treated plants. i.e., rutin˃ quercetin˃ kaempferol (Table 4). The relative 

intensity of rutin was 2-fold higher than control (Figure 27). By contrast, quercetin and 

kaempferol was decreased by 0.4-fold (Figure 28) and 0.5-fold (Figure 29), respectively. 

The increased accumulation of rutin could be due to the significant upregulation of CHS 

encoding chalcone synthase, which was the precursor to many flavonoids including 

flavonols. Besides, significant upregulation of FLS1, UGT78D1, MYB12 and MYB11 also 

favored the increased levels of glycosylated rutin.  

4.5.3 LC-MS analysis of flavonol contents in heat and drought induced  

         E. sonchifolia and C. nutans plants   

In non-treated E. sonchifolia plants, the rutin content was observed in higher intensity 

than quercetin and kaempferol (Table 4). In heat-stressed and water deficit E. sonchifolia 

plants, the relative intensity of rutin was higher by 5.3-fold and 4-fold, respectively than 

control (Figure 27). Furthermore, the relative intensity of quercetin in heat-stressed ones 

was higher by 4-fold (Figure 28). Similarly, an increasing trend of quercetin was followed 

in drought-stressed plants with 3.3-fold than control (Figure 28). The relative intensity of 

kaempferol in heat, drought treated plants was higher by 3.4-fold and 2-fold, respectively 

than control (Figure 29). In conclusion, three flavonols quercetin, rutin and kaempferol 

were found to increase in stressed E. sonchifolia plants compared to the control ones, and 

the abiotic stresses such as drought and heat had a significant impact on the three flavonol 

metabolites as evident from their increasing trend. 

In C. nutans plants, the relative intensity of rutin was higher by 4.3-fold, and 3.1-fold 

in heat and drought-stressed plants, respectively than the control (Figure 27). However, 

the relative intensity of quercetin in heat treated plants was increased by 1.4-fold and 

decreased in drought-stressed plants by 0.66-fold than control (Figure 28). The relative 
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intensity of kaempferol in heat, drought treated plants was higher by 3.5-fold and 3.2-

fold, respectively than control (Figure 29). In conclusion, three flavonols rutin, quercetin, 

and kaempferol were detected in C. nutans plants and both heat and drought elicitors 

enhanced the accumulation of rutin and kaempferol. However, quercetin was observed to 

be increased with heat and decreased with drought. 

 

Figure 27. Relative intensity of rutin content in A. thaliana, E. sonchifolia and C. nutans 

plants (Derived from Figures 18-20). The height of each bar and the error bar show the 

mean and standard deviation from 5 replicates. The column with single asterisk adhered 

indicate P < 0.05, statistically significant as compared with control, determined by 

Dunnett’s test. 
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Figure 28. Relative intensity of quercetin content in A. thaliana, E. sonchifolia and            

C. nutans plants (Derived from Figures 21-23). The height of each bar and the error bar 

shows the mean and standard deviation from 5 replicates. The column with single asterisk 

adhered indicate P < 0.05, statistically significant as compared with control, determined 

by Dunnett’s test. 

 

 

Figure 29. Relative intensity of kaempferol content in A. thaliana, E. sonchifolia and      

C. nutans plants (Derived from Figures 24-26). The height of each bar and the error bar 

shows the mean and standard deviation from 5 replicates. The column with single asterisk 

adhered indicate P < 0.05, statistically significant as compared with control, determined 

by Dunnett’s test.  
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 Total flavonoid content (TFC) 

The total flavonoid content of A. thaliana, E. sonchifolia, and C. nutans plants under 

heat, drought and optimal conditions are shown in Table 5. Among the stressed and 

optimal A. thaliana plants, the heat-stressed leaves had the highest TFC (2.15 ± 0.76 

mgREg-1DW) followed by the drought-stressed (2.02 ± 0.80 mgREg-1DW) and finally 

the control (1.05 ± 0.65 mgREg-1DW). Also, among E. sonchifolia plants, highest TFC 

was detected in heat-stressed samples (8.66 ±0.73 mgREg-1DW) followed by drought-

stressed (6.01 ±0.85 mgREg-1DW) and then control (3.52 ±0.84 mgREg-1DW).                 

C. nutans followed a similar pattern with highest TFC in heat-stressed samples (5.93 

±0.54 mgREg-1DW) followed by drought-stressed (5.42 ± 0.74 mgREg-1DW) and the 

control ones (3.2 ± 0.57 mgREg-1DW). The data indicate that heat and drought stress 

enhanced the TFC in all the treated plants (per gm dry weight of leaf material) compared 

to control plants. All the plants followed a similar pattern of flavonoid accumulation with 

highest TFC detected in their heat-stressed leaves. A notable fold change of TFC was 

observed in heat stressed E. sonchifolia (1.5-fold increase) followed by heat stressed A. 

thaliana plants (1.04-fold increase) and finally heat stressed C. nutans (0.9-fold increase). 

Furthermore, significant differences in TFC were obtained between control and stressed 

A. thaliana plants, control and stressed E. sonchifolia plants, and finally between control 

and stressed C. nutans. The concentrations (mg g-1 DW) of total flavonoids present in 

leaves extracts of A. thaliana, E. sonchifolia, and C. nutans obtained from the TFC tests 

are expressed in rutin equivalent (RE). 
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Table 5. Total flavonoid concentration in A. thaliana, E. sonchifolia and C. nutans     

 

               plants 

 

 

Data was represented as mean ± standard deviation of triplicate experiments. The treated 

samples with single asterisk adhered indicate P < 0.05 and were statistically significant 

from control as determined by Dunnett’s test. 

 Comparative study of antioxidant activity in E. sonchifolia and   

     C. nutans leaf extracts 

The antioxidant activity of E. sonchifolia and C. nutans plants was examined using the 

DPPH method (section 2.6.1 and 3.10). Figures 30 and 31 shows the radical scavenging 

activity of E. sonchifolia and C. nutans extracts at increasing concentration, respectively. 

In both plants, the maximum percentage inhibition was noticed in heat-stressed plants, 

followed by drought-stressed and finally the optimal ones, i.e., the stressed plant extracts 

exhibited higher antioxidant activity. Among the various concentrations of E. sonchifolia 

extracts tested, the concentration of 400 µg/ml showed the highest scavenging activity of 

95.5%, and it was noticed in extracts of heat-stressed E. sonchifolia samples meanwhile 

ascorbic acid at the same concentration showed 98.57% which showed close similarity to 

each other. In C. nutans, the concentration of 400 µg/ml showed the highest scavenging 

activity of 85.52%, and it was noticed in extracts of heat-stressed C. nutans samples. The 

IC50 values of E. sonchifolia and C. nutans plants were calculated from the percentage 

scavenging curve plotted against the concentration (Table 6). The IC50 value corresponds 

to the plant extract concentration required to scavenge 50% of the free radical. The IC50 

value is inversely related to the antioxidant activity. The lesser IC50 value and higher 

Treatment Total flavonoid Concentration (mgREg-1DW) 

A. thaliana E. sonchifolia C. nutans 

Control 1.05 ±0.65 3.52 ±0.84 3.2 ±0.57 

Heat 2.15 ±0.76* 8.66 ±0.73* 5.93 ±0.54* 

Drought 2.02 ±0.80* 6.01 ±0.85* 5.42 ±0.74* 
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radical scavenging activity indicate a higher antioxidant activity. Among the two plants, 

E. sonchifolia plant extract exhibited higher antioxidant activity than C. nutans as 

depicted from the IC50 values (Table 6). The plant extract that exhibited the highest 

reducing capacity was of heat-stressed E. sonchifolia extracts as determined by the 

neutralization of DPPH with the IC50 value of 40.65 µg/ml. Also, the highest total 

flavonoid contents were found in heat-stressed E. sonchifolia extracts.  

 

Figure 30. DPPH scavenging activity of methanolic extracts of E. sonchifolia with 

ascorbic acid. Data was represented as mean ± SD of triplicate experiments. 

 

Figure 31. DPPH scavenging activity of C. nutans extracts with ascorbic acid. Data was 

represented as mean ± SD of triplicate experiments.  
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Table 6: IC50 values of E. sonchifolia and C. nutans extracts 

Treatment IC50 values (µgml-1) 

E. sonchifolia C. nutans  

Control 46.9  54.79 

Heat 40.6 * 45.05 * 

Drought 42.6 * 49.18 * 

 

The IC50 values of each plant extract as shown above were calculated from Figures 30-

31. The control and treated samples of each plant species were statistically significant (P 

< 0.05) as determined by Dunnett’s test, indicated by an asterisk. 

 

Utilizing the statistic tool, Pearsons correlation coefficient (r) helps to portray the 

linear relationship between two quantitative variables. Correlation coefficient (r) analysis 

between the TFC and the DPPH free radical scavenging activity (IC50 values) of E. 

sonchifolia and C. nutans extracts were determined using their data from triplicate 

experiments. According to data analysis using SPSS, it was found that there was a 

negative significant correlation between TFC and antioxidant activity of E. sonchifolia 

extracts (IC50) (r = -0.998*). Also, the negative correlation between TFC of C. nutans 

extracts and their antioxidant activity (IC50) were r = -0.971*. Single asterisk indicates 

statistically significant (P < 0.01) as determined by Anova and (-ve) shows negative 

correlation. The negative correlation coefficient indicates that the lower the value of 

DPPH (IC50), the higher is the total flavonoid content. The data suggest that flavonoids 

have a stronger influence on the antioxidant activity of E. sonchifolia extracts than C. 

nutans. 

In conclusion, heat and water stress had a higher impact on the radical scavenging 

activity of C. nutans and E. sonchifolia which eventually led to the increased antioxidant 

activity. As the stress level rose, the oxidative stress in plant tissues was elevated causing 

peroxidation of lipids. The increment of the antioxidant levels is attributed to their higher 
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radical scavenging ability that can prevent oxidative stress due to the presence of 

bioactive flavonol metabolites. The detailed mechanism of scavenging activity of 

flavonols (Figure 6) was discussed in section 2.6. 

 Preliminary assessment of toxicity studies on E. sonchifolia  and  

     C. nutans leaf extracts 

To evaluate the toxicity level of medicinal plant extracts, BSTA was performed on a 

preliminary basis. It was determined based on the toxic effect of E. sonchifolia and C. 

nutans leaf extracts on a simple zoological organism-brine shrimp (Artemia salina). The 

tested three concentrations (1000 ppm, 100 ppm and, 10 ppm) of methanolic leaf extracts 

of E. sonchifolia and C. nutans exhibited no lethality on brine shrimp after 24 hrs (Table 

7). There was no difference observed among heat-stressed, drought-stressed and optimal 

samples of both plant species. The lethal concentration (LC50) of the extracts required for 

the 50 % mortality of brine shrimp was calculated from the percentage mortality plotted 

against the log of concentration. The plant extracts with LC50 values less than 1000 ppm 

were considered toxic. Since the LC50 values of leaf extracts of E. sonchifolia and C. 

nutans were higher than 1000 pm, those were considered non-toxic or inactive (Table 7). 

Similar results were reported for the brine shrimp toxicity assay of C. nutans (Kosai & 

Sirisidthi, 2016). The brine shrimps were actively moving and further monitoring until 

one week revealed that both extracts of C. nutans and E. sonchifolia have acted as a 

nutritious feed that kept the organism growing. Furthermore, Maikaeo et al. (2015) 

reported that E. sonchifolia leaf extracts when fed to shrimp acted as immunostimulants 

that protect them against virus (white spot syndrome virus and yellow head virus) induced 

diseases. 
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Table 7. Effects of leaf extracts of E. sonchifolia and C. nutans on brine shrimp after  

               24 hrs exposure  

 

 

 

 

 

Since the study also aimed to promote the conservation of medicinal plants, E. 

sonchifolia and C. nutans which contain bioactive compounds of potential therapeutic 

significance, the preliminary toxicity study results support the safe consumption of E. 

sonchifolia and C. nutans leaves for home remedies (indicated in section 2.3 and 2.4). 

However, the non-toxic results could not preclude the possibility of anticancer activity in 

these plants as reports showed that plants that were not toxic on brine shrimp showed 

cytotoxicity against cancer cell lines like Macrosolen cochinchinensis (Wintola, 

2016).Therefore, cytotoxicity tests targeting cancer cell lines such as MTT assay 

has to be performed to substantiate these claims further.  

  

Extract Concentration 

of the extract 

(ppm) 

Brine shrimp 

mortality (%) 
 

LC50 (ppm) 

 

E. sonchifolia 

10 0  

>1000 100 0 

1000 0 

 

C.nutans 

10 0  

>1000 100 0 

1000 0 
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CHAPTER 5 DISCUSSION AND FUTURE STUDY 
 

 

The current research focused on a novel elicitation approach to improve the therapeutic 

value of medicinal plants. Our working hypothesis was that heat and drought stress 

treatments would enhance the level of flavonol metabolites. If this hypothesis is true, 

these strategies can be implemented as part of a photobioreactor system or by modifying 

the irrigation regimes to produce the increased content of pharmacologically desirable 

compounds consistently. The investigation carried out in two medicinal plants such as E. 

sonchifolia and C. nutans with reference to model plant A. thaliana under various stress 

conditions such as heat (6 hrs for one-day, 45 °C) and drought stress (a week). The 

flavonol contents were compared in three plants under stressed and optimal conditions. 

 Effects of elicitor treatment on flavonol biosynthetic genes in   

      A. thaliana  

When plants are exposed to stressors/elicitors, defence mechanisms are triggered in 

which several complex metabolic networks interact each other, and several genes are 

regulated at transcription level that alters the content of secondary metabolites to provide 

stress tolerance (Martínez-Lüscher et al., 2014; Zhao et al., 2014). 

In this study on the model plant A. thaliana, the transcription of genes in the flavonol 

biosynthesis pathway was significantly increased under heat and drought stresses (Figure 

12). The upregulation of flavonol biosynthetic genes such as CHI, F3H, FLS1, and 

UGT78D1 was predominantly observed in heat-stressed A. thaliana plants and hence 

could be correlated to the increased accumulation of rutin and quercetin in these plants. 

i.e., the pattern of gene expression was consistent with the observed increase in flavonol 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Library and Information Services Centre, National Institute of Education.



100 

 

concentration in heat-stressed A. thaliana plants as determined by qRT-PCR, 

spectrometry, and LC-MS analysis, respectively.  

MYB transcription factors such as MYB11 and MYB12 was found to be upregulated 

(Figure 12) and hence involved in the regulatory mechanism of flavonol biosynthesis in 

stressed plants. In A. thaliana, Mehrtens et al. (2005) reported convincing pieces of 

evidence showcasing the role of MYB12 as flavonol specific activator by studying the 

MYB12 mutant and overexpressing plants. Furthermore, according to Nakabayashi et al. 

(2014), MYB12 overexpressed A. thaliana plants accumulated a higher level of flavonoids 

as well as showed high tolerance to drought stress. As reported by Martinez-Luscher et 

al. (2014), the expression level of FLS1 gene was the most influential regulator of 

flavonol synthesis and the study provided evidence that the gene expression of FLS1 was 

upregulated in grapevine berries corresponding to the flavonol accumulation by UV-B 

irradiation induction. In this study, the most abundant transcript level of the gene-specific 

for the flavonol biosynthesis, FLS1, was observed in the heat-stressed A. thaliana 

seedlings (Figure 12). In agreement with these findings, it is apparent that FLS1 and 

MYB12 have specific roles in stimulating the biosynthesis of flavonols. Besides, they also 

cooperate with UGT78D1 during the biosynthesis of flavonol glycoside rutin.  

The CHS encoding chalcone synthase acts at the early stage in the flavonoid pathway 

and synthesizes chalcones that serve as precursors for the biosynthesis of flavonoids. In 

this study, the upregulation of CHS gene was observed predominantly in drought-stressed 

A. thaliana leaves than the heat-treated ones (Figure 12). A report by Vasquez-Robinet et 

al. (2008) highlighted the increased upregulation in CHS gene during water deficit 

conditions in Solanum tuberosum. The results were also in agreement with the study of 

Yuan et al. (2012) that the expression of CHS gene was superior in Scutellaria baicalensis 
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during the intense period of drought stress. In this study, the significant upregulation of 

CHI gene during water stress was reflected in the increased accumulation of rutin and 

total flavonoid content  as reported by Hodaei et al. (2018). CHS and CHI genes appeared 

to be co-regulated during heat stress and drought stress as they have shown a similar 

tendency. Similar interactions were reported in A. thaliana (Burbulis & Winkel-Shirley, 

1999). According to Andre et al. (2009), CHS and CHI were upregulated and co-regulated 

during drought stress in potato. Another gene F3H encoding flavanone-3-hydroxylase 

catalyses the formation of dihydroflavonols. The increased transcript levels for F3H in A. 

thaliana suggests that flavanone-3-hydroxylase trigger the hydroxylation in 3′ position of 

flavonoid precursors under heat and water deficit, leading to the synthesis of 

dihydroxylated flavonol aglycones such as quercetin and these aglycones are converted 

to glycosylated flavonols including rutin through the action of UGT78D1 gene. 

Moreover, this could be the reason for the reduction of monohydroxylated kaempferol 

during both heat and drought stress in A. thaliana (Figure 29). The increase in transcript 

level of F3H during water deficit was reported in Reaumuria soongorica by Liu et al. 

(2013).  

According to Castellarin et al. (2007), drought stress accelerated the expression of 

CHS, CHI, F3H, FLS and total flavonoid content in wheat. In another study, F3H and 

FLS genes were upregulated under drought stress in Vitis vinifera (Martínez-Lüscher et 

al., 2014). Moreover, there were situations reported regarding the responsive nature of 

flavonoid pathway against abiotic stress in many dicots species (Ligustrum vulgare, S. 

baicalensis Georgi) and even in monocot species such as maize and rice (Ithal & Reddy, 

2004; Guidi et al., 2008; Yuan et al., 2012). Therefore, these pieces of evidence suggest 

that the flavonoid pathway is responsive to stress and the flavonoids are accumulated in 

plants based on their specific function. In the current study, by using A. thaliana as a 
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reference plant, it was apparent that three flavonols rutin, quercetin, and kaempferol co-

exist in the medicinal plants’ E. sonchifolia and C. nutans as in A. thaliana.  

 Effects of elicitor treatment on flavonol metabolites  in A. thaliana    

      and Medicinal plants 

The analysis of three flavonols was challenging owing to the presence of endogenous 

compounds and non-polar waxes. The choice of LC-MS and the use of solid phase 

extraction using Sep-Pak C18 cartridge helped out to detect the three flavonol compounds 

rutin, quercetin and kaempferol in the leaves of A. thaliana, E. sonchifolia and C. nutans. 

The LC-MS analysis was carried out in all the three plants to evaluate the flavonol 

contents under normal and stressed conditions (heat and drought) and validate the 

influence of stress level on the bioactive metabolites. 

As per the LC-MS results, the relative content of three flavonols in each species 

exhibited different trends (Figures 27-29). Rutin increased with heat and drought stress 

in all three species (Figure 27). Quercetin increased in all plants with heat stress, on the 

other hand, decreased with drought stress in C. nutans and A. thaliana (Figure 28). 

Kaempferol increased with heat and drought stress in E. sonchifolia and C. nutans plants, 

however, decreased with heat and drought stresses in A. thaliana (Figure 29). In 

conclusion among the two stresses, heat stress had a marked influence on the content of 

flavonol metabolites in E. sonchifolia, C. nutans, and A. thaliana. However, there was 

variation among the analysed three flavonols due to the difference in their biochemical 

properties owing to their molecular structure. The variation in metabolite contents might 

also be due to the growth conditions, the difference in genotypes and stress tolerance 

among these plants (Barton & Koricheva, 2010). In plants grown under optimal growing 

conditions, the intensity of natural stressors on the plant are lower compared to the wild 
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plants, and therefore the content of secondary metabolites is reduced and hence the 

therapeutic activity (Gorelick & Nirit, 2014). In the study, optimal A. thaliana, E. 

sonchifolia and C. nutans plants grown under greenhouse condition had lesser total 

flavonoid content than stressed plants (Table 5). Also, A. thaliana plants grown under 

growth chamber of light intensity of PPFD 120 µmol m-2s-1 had lesser TFC than E. 

sonchifolia and C. nutans plants grown under greenhouse condition of light intensity of 

PPFD 300 µmol m-2s-1. The results are in agreement with the study of Nacif de Abreu and 

Mazzafera (2005), the plants grown under greenhouse condition had a higher content of 

metabolites than those grown under growth chamber. As stated by Agati et al. (2012), A. 

thaliana grown under low light irradiance (less than 200 µmol m-2s-1) was unable to 

stimulate the biosynthesis of quercetin, unless triggered by temperature and high light. 

This might be the reason for decreased quercetin content in A. thaliana under drought 

stress, on the other hand, increased when induced via heat stress. For the study of plant 

tolerant efficiency, water content is a critical factor (Chutipaijit et al., 2008). Three plants 

in this study presented varying trends in their RWC during water deficit treatment for 7 

days, indicating significant reductions with reducing moisture content compared with 

their control conditions. The observation confirms with the reports of Masoumi et al. 

(2010) and Hodaei et al. (2018). However, RWC although declined significantly in three 

plants with increased water stress, the percentage drop suggested that the stressed leaves 

of the three plants experienced a slow rate of water loss that developed acclimation to 

drought stress (Figure 10). Furthermore, C. nutans exhibited maximum ability in 

preventing water loss compared to other plants which might be due to the difference in 

their stress tolerance level. The stress tolerance level in each plant A. thaliana, E. 

sonchifolia and C. nutans were monitored by conducting DAB staining (Figure 11). 

Based on the result C. nutans was found to be most tolerant and E. sonchifolia, the least. 
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Indeed, this observation was supported by the evidence from RWC data (Figure 10). 

Moreover, In the study RWC and TFC were negatively correlated as reported by (Zhang 

et al., 2017). From the observations, it was clear that three plants showed stress avoidance 

mechanisms that include various adaptation strategies such as rolling of leaves (Figure 

8I), upregulation of enzymes (Figure 12) and accumulation of metabolites (Figures 27-

29) that helped them to survive under stressed conditions. 

In E. sonchifolia plants, rutin and quercetin increased under water deficit conditions 

(Figure 27 and Figure 28). The result was in agreement with the report of Nacif de Abreu 

and Mazzafera (2005) cited in literature review. Another study by Hodaei et al. (2018) 

demonstrated that drought stress for 3 days stimulated the synthesis of rutin and quercetin 

in “Taraneh” cultivar of chrysanthemum morifoilum plant. However, prolonged drought 

stress for 7 days was accompanied by a decrease in quercetin content while an increase 

in rutin. Similar results were observed in this study for A. thaliana and C. nutans under 

drought stress where rutin increased and quercetin decreased (Figure 27 and Figure 28). 

In another study of drought stress in two related species of hawthorn, Kirakosyan et al. 

(2004) revealed that quercetin increased in crataegus monogyna and decreased in 

crataegus laevigata whereas rutin increased in both species. Rutin is a glycoside that is 

composed of aglycone quercetin and disaccharide rutinose (Figure 4A). Although rutin is 

derived from quercetin with the inclusion of rhamnoside residue in the third position, 

there exist variations among the compounds even in related species. Quercetin is 0-

glycosylated by rhamnose units at C3 position to form quercetin-3-O-rutinoside (Figure 

4A and Figure 4B). It is clear from the studies that flavonols are mostly glycosylated in 

the majority of tissues to favour the storage and transport of flavonols and even protect 

the OH group from oxidation (Le Roy et al., 2016). Therefore, the reduction of flavonol 

aglycones such as quercetin and kaempferol during drought stress in A. thaliana (Figure 
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28 and Figure 29) could be due to their increased flavonol glycosylation in order to attain 

stability and tolerance against stress conditions. In the study, it is evident that during heat 

and drought stress rutin is dominated in all species, and it is due to the induced 

rhamnosylation process that results in the conjugation of rhamnose to aglycone quercetin 

forming rutin. According to Le Roy et al. (2016) the pile-up of flavonol glycosides act as 

a reserve of flavonols which could be utilized at any time under stress conditions like UV. 

Hectors et al. (2014) emphasized on the role of rhamnosylated quercetin and kaempferol 

glycosides against UV stress in A. thaliana.  

Most stresses usually result in an overall reduction in growth and development 

affecting the yield. However, various reports highlighted the positive response of 

flavonols against water deficit stress in medicinal plants as discussed in literature review 

(section 2.9.2). Moreover, many authors considered this trend as a means of improving 

the product quality in medicinal plants (Selmar & Kleinwächter, 2013). The results in this 

study (Figures 27-29) indicated that the effect of water deficit stress on flavonol 

metabolites depends on the plant species. The drought stress caused an increase in 

flavonols such as rutin in A. thaliana, E. sonchifolia, and C. nutans plants whereas 

quercetin in E. sonchifolia, and finally kaempferol in E. sonchifolia and C. nutans. An 

investigation revealed that apart from the increase in flavonols, drought stress also 

stimulated the production of other flavonoids and hence influenced the total flavonoid 

content. Kirakosyan et al. (2004) published the increased level of flavonoids catechin and 

epicatechin in medicinally important plants such as crataegus monogyna and crataegus 

laevigata grown under continuous water deficit for 10 days. Water stress is known to 

augment the total flavonoid content in Chrysanthemum morifolium as compared to 

normal (Hodaei et al., 2018). Xiaolu et al. (2016) showed an increase in total flavonoid 

content in stems of dendrobium moniliforme after 5 days of drought stress. A similar trend 
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was observed in this study that the total flavonoid concentration increased in drought-

stressed A. thaliana, E. sonchifolia, and C. nutans plants (Table 5), despite the fluctuation 

in the content of individual flavonols. Majority of studies reported that under severe 

drought situations, the increase in the overall amount of metabolites overcompensated the 

reduction in biomass and detriment in growth related to stress (Al-Gabbiesh et al., 2015). 

As indicated by Jaafar et al. (2012), not only the concentration, but also the overall content 

of total flavonoids in Labisia pumila was enhanced under drought stress in comparison 

to control plants. Similarly, in Pisum sativum even though the total biomass under drought 

stress condition was one third of those plants grown under optimal conditions, the overall 

amount of anthocyanin rose by 25 % under drought stress (Noguees, et al., 1998). In this 

study, taking into account of RWC data (Figure 10) and the leaf morphological changes  

after stress treatments (Figure 8), the increase in overall flavonoid concentration in all the 

three plants during heat and drought stress was considered as a positive response although 

no parameter indicative of biomass was measured in the experiments. 

According to the study of Nacif de Abreu and Mazzafera (2005) cited in literature 

review, though temperature stresses negatively affected the plant growth including 

reduced photosynthetic rate, lower biomass, and premature leaf senescence, these thermal 

stresses have significantly increased the concentration of rutin by 3-fold at 17 °C and        

7-fold at 36 °C and also 4-fold during drought stress. Consequently, the effect of heat 

stress on flavonol metabolites was more prominent compared to water stress. These 

observations correlates with the current study in terms of gene expression of flavonol 

biosynthesis genes (Figure 12) as well as the increase in flavonol contents such as rutin 

and quercetin in A. thaliana, E.sonchifolia, and C. nutans plants, finally kaempferol in 

medicinal plants E. sonchifolia and C.nutans (Figures 27-29).  
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One of the controversial topics is the real cause for the increment in the flavonols. The 

carbon-nutrient balance hypothesis (Bryant et al., 1987), suggests that during the stressed 

conditions, the carbon which is meant for biomass or development of plants are allocated 

for the synthesis of carbon-based metabolites for secondary defense. According to Selmar 

and Kleinwächter (2013), the increase in the concentration of metabolites is due to the 

decline in biomass production and also reflect the enhanced reduction status. The stress-

induced response such as the closure of stomata reduces the uptake of carbon dioxide 

which decreases the utilization of reduction equivalents through the Calvin cycle. This 

ultimately led to their over reduced state and toxic oxygen-radicals are generated via 

transfer of electrons to molecular oxygen and thus promote the synthesis of highly 

reduced compounds such as phenolic compounds including flavonols to mitigate the 

stressed condition. These theoretical explanations might be the reason behind the rate of 

biosynthesis of flavonol compounds. In the current study, the percentage drop in RWC 

(Figure 10) and the accumulation of H2O2 (Figure 11) in three plants indicate that the 

plants were stressed. The active upregulation of flavonol biosynthetic enzymes in stressed 

A. thaliana plants suggests that the increase in the biosynthesis of flavonols is stress 

related response towards ROS generation. Furthermore, it is understood from the flavonol 

biosynthetic pathway of A. thaliana that the flavonol biosynthetic genes (early 

biosynthetic genes) (Figure 5) are induced early and the biosynthesis of flavonols is 

considered as a primary response against stress conditions. 

Apparently, it shall be taken into consideration the severity of stress, the time duration 

of exposure and the type of species. In a study by T. Guo et al. (2017) on Scaevola aemula, 

it was shown that with short time high-temperature stress of 46°C for 6 hrs in a day 

increased the biosynthesis of photosynthetic pigments chlorophyll and carotenoid in S. 

aemula leaves. However, the prolonged high-temperature intensity in the subsequent two 
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days resulted in the denaturation of the biosynthetic process of pigments and caused a 

further decrease in soluble protein content. In addition, serious injuries were observed at 

days two and three post-treatment under severe high-temperature stress of 46 °C. In 

contrast, moderate and short-term deliberate stresses proved to be effective without much 

reduction in the biomass and thereby increasing product quality (Nowak et al., 2010). The 

results from this study showed that following the severe short-term temperature stress and 

extended moderate drought stress (as the severity of stress was moderate in plants), 

serious leaf injuries were not visible in plants under study. Also, from the study, it is 

understood that the removal of elicitation treatment before the onset of the appearance of 

wilt would be advantageous for the increased production of flavonol metabolites without 

much injury to the plant.  

 Flavonols as antioxidants and stress protectants  

The pharmacological activities of three flavonols were highlighted in the literature 

review section (2.2.1-2.2.3). The potential of flavonols to act as antioxidants depends on 

their special chemical structural features with double carbon bonds, the number of 

hydroxyl group, modifications like glycosylation and methylation (Santos et al., 2017).  

 

The antioxidant capacity of E. sonchifolia and C. nutans plants were compared and the 

correlation with total flavonoids was determined (Figures 30-31 and section 4.7). The 

results indicated that the 80% methanolic extracts of E. sonchifolia and C. nutans showed 

strong radical scavenging activity compared with vitamin C. Both medicinal plants E. 

sonchifolia and C. nutans found to be promising ones in terms of antioxidant activity that 

can be considered as sources of natural antioxidants for medicinal uses. However, the 

total flavonoids were more strongly correlated with the antioxidant activity of E. 
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sonchifolia extracts than C. nutans. Therefore, the superiority demonstrated by E. 

sonchifolia extracts in scavenging free radicals could be attributed to the presence of 

flavonoid metabolites. According to Nakabayashi et al. (2014), the quercetin and its 

glycosides containing more hydroxyl group exhibited more antioxidant activity than 

kaempferol. Therefore, the higher rutin and quercetin contents in E. sonchifolia plants 

should have contributed to the enhanced antioxidant activity of E. sonchifolia plants 

which helps to counterbalance the negative factors and protect plants against oxidative 

damage. Among the three plants, the visible signs of stress (Figure 8 and Figure 11) were 

more prominent in E. sonchifolia and therefore, these plants were more exposed to severe 

oxidative stress as their defense mechanism was not so strong during their initial 

encounter with ROS (Figure 11). Since ROS generation is an indication of stress, it has 

been postulated that biosynthesis of flavonoids was triggered as a supplementary defense 

mechanism, aimed at detoxifying ROS (Fini et al., 2012). Under severe stress conditions, 

secondary flavonoid metabolites function as a secondary or auxiliary scavenging system 

in plants, complementing the inefficient enzymatic defense mechanism in cells (Agati et 

al., 2012). Therefore, the stress conditions should have triggered to produce more 

flavonoids, supporting the results obtained in this study. The results indicated that the 

three flavonols (Figures 27-29), and the total flavonoid content (Table 5) were higher in 

stressed E. sonchifolia plants than other plants. The results correlated with results in Table 

6 and confirmed that the highest antioxidant activity was exhibited by the stressed E. 

sonchifolia plants than other plants. 

Flavonoids are excellent ROS scavengers including quercetin and its glycosides. The 

stable glycosylated flavonol rutin responded positively to both heat and drought stresses 

regardless of the species whereas the metabolites quercetin and kaempferol responded 

differently to two types of stresses, indicating the role of flavonols in three plants as stress 
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protectors. According to Nakabayashi et al. (2014), the increased production of 

flavonoids reduced the accumulation of H2O2 and exhibited enhanced oxidative and 

drought tolerance. A study by Zhu et al. (2013) proved that anthocyanins, the flavonoid 

class acts as a secondary ROS scavenger in sugarcane leaves under chilling stress, that 

compensate the ineffective activity of antioxidant enzymes and contributed to chilling 

tolerance. As reported by Schulz et al. (2016), freezing tolerance in Arabidopsis thaliana 

correlated with flavonoid accumulation. These shreds of evidence suggest that flavonoids 

have a protective role during stress and different species have specific molecular 

mechanisms to synthesize a variety of secondary metabolites that cope with the impact of 

stress.  

 Flavonols as developmental regulators  

 

Molecular studies using CHS mutants in petunia and maize resulted in defective pollen 

tube and root hair growth and development. Also, kaempferol appears to stimulate the 

pollen germination in mutant stigma, which revealed that flavonols are directly involved 

in cell growth (Taylor & Grotewold, 2005). Moreover, flavonoids called as 

"developmental regulators” acting in various functional roles. They control the whole 

plant development during stress conditions by inhibiting the auxin transport (section 2.7 

and section 4.4.2). Flavonols control auxin transport as a regulatory mechanism in 

response to diverse environmental cues. Flavonols like quercetin and kaempferol have 

shown to negatively regulate the polar auxin transport and enhance localized auxin 

accumulation (Kuhn et al., 2011; Lewis et al., 2011). Quercetin is considered to be the 

powerful inhibitor of auxin polar transport which resembles the structure of synthetic 

auxin transport inhibitor 1-naphthylphthalamic acid (NPA). Flavonoid glycosides such as 

Kaempferol 3-O-rhamnoside-7-O-rhamnoside also implicated as an inhibitor of  polar 
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auxin transport in Arabidopsis shoots (Yin et al., 2014). Flavonoids act as an integrator 

coordinating between the growth regulator phytohormone auxin and various signalling 

pathways. According to Bano and Yasmeen (2010), water stress decreased the auxin 

concentration in the leaves of wheat . In another study by (Zhang et al., 2017) the water 

deficit stress caused an increase in auxin concentration which then dropped when the 

stress intensity became severe. Abiotic factors that regulate flavonol biosynthesis also 

affect auxin transport as evident from our results (Figure 13) which in turn depends on 

the level of stress and the plant species. 

 Conclusions 

Elicitation (short-term heat stress) proved to be an effective strategy to enhance the 

production of flavonols rutin, quercetin, and kaempferol in medicinal plants, well known 

for their potential benefits in therapeutic and nutraceutical industries. Furthermore, the 

strategy also caused an increase in total flavonoid contents in medicinal plants. The water 

deficit results suggest that non-severe or moderate stress applied before the harvest of 

medicinal plants can induce a significant increase in secondary metabolites without 

detriment to biomass accumulation. However, each plant species responds to stress 

differently. Consequently, further research is needed to optimise metabolic production in 

each species before applying these simple methods. 

 Future Implication 

In the present study, the methanolic extract of A. thaliana leaves was the positive 

reference for gene expression studies as well for LC-MS analysis. To have a detailed 

understanding of the metabolic regulation of flavonol biosynthesis in A. thaliana, the 

expression patterns of flavonol biosynthetic genes in the whole plant, including stem, 

root, and flowers should be further analysed. This should be considered for the flavonol 
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analysis in medicinal plants as well, as it is reported that there is variation in the 

metabolites from different parts of the plant. Furthermore, the glycosylated flavonol 

production was prominent in analysed medicinal plants E. sonchifolia and C. nutans. This 

necessitates looking for more glycosylated compounds in these medicinal plants for 

future analysis. The LC-MS/MS could be a better option for identification and structural 

characterization of glycosylated compounds as it can ionize polar compounds readily. 

The significant expression of FLS1 gene and UGT78D1 together with the transcription 

factors PFG1/MYB11, PFG2/MYB12 in A. thaliana were attributed to the increased 

production of the glycosylated flavonol rutin. Further research is needed to confirm that 

the upregulation of these genes was solely responsible for flavonol production. An 

overexpression or a knock-down of these genes in A. thaliana helps to study their exact 

function and relationship with the corresponding flavonol accumulation. 

Antioxidants and bioactive metabolites in plants and herbs significantly had high 

biological activities and are actively used in preclinical, clinical, and therapeutic trials 

investigating new treatments of diseases. It is possible that new plant-based drugs may be 

developed. In future, plants like E. sonchifolia and C. nutans containing high antioxidant 

potential should be explored further. 
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