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ABSTRACT 

PALLAVI UPADHYAY 

EFFECT OF ESTRADIOL ON ENVIRONMENTAL STRESS RESPONSES IN 

ARABIDOPSIS THALIANA 

MAY 2016 

 

Animal hormones enter into the water and soil systems via natural and anthropogenic 

sources. The goal of the study is to understand the effects of estradiol (ES) on 

Arabidopsis thaliana growth, metabolism and stress responses. Plants were treated with 

increasing estradiol concentrations. Morphological studies, biochemical and molecular 

analyses were performed on the control and treated plants. Plants treated with 10 and 100 

nM ES showed enhanced root growth, shoot biomass and photosynthesis rate with a 

concomitantly higher carbohydrate and protein accumulation. However, a 

downregulation of phenylpropanoid (PP) pathway genes, PAL1, PAL4, CHI, ANS, and 

decrease in PP biosynthesis were observed. Phenylpropanoids have a wide range of 

functions in plant growth and development such as structural support and protection 

against environmental stresses. To study the effects of ES on stress responses, plants 

were exposed to drought conditions and pathogen stress. The effects of drought stress 

were studied by estimating proline, glutathione and hydrogen peroxide contents in the 

plants. Molecular analyses were also performed to study the effects of drought conditions 

on the stress-responsive genes GER5, HSP101, HSP70b. ES application enhanced the 

accumulation of above-mentioned antioxidants and induced a significantly higher gene 
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expression levels in Arabidopsis. To study biotic stress responses, Pseudomonas syringae 

pv. tomato DC3000 was used in basal resistance experiments. ES treatments rendered 

plants susceptible to bacterial pathogen. High ES concentration (10 M) had a negative 

impact on primary and secondary metabolism, suggesting toxic effects. To analyze ES 

mode of action in PP gene downregulation, promoter analysis was performed, which 

suggested a role for an AP2/EREBP family transcription factor, ERF73, in controlling 

transcription of PP pathway genes. Arabidospsis PAL overexpression lines were 

constructed to establish the role of ES in the downregulation of PP pathway genes. 

Results from this study demonstrate that ES enhanced primary metabolism but reduced 

secondary metabolism in a dose-dependent manner. Although ES application decreased 

plant resistance to pathogen infection, it enhanced plant tolerance to drought stress. 

Therefore, it is concluded that ES can act as biostimulant at low concentrations. This 

study has practical agricultural applications and can serve as a primer for studying the 

effects of environmental estrogens and xenoestrogens on crop plants. 
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CHAPTER I 

INTRODUCTION 

The sessile nature of plants renders them susceptible to a number of environmental 

stresses, both biotic and abiotic in nature. In recent years, the presence of mammalian sex 

hormones (MSH) via pharmaceutical and agricultural waste in the water supply has 

raised concerns about their activity as potential endocrine disruptors. The bulk of 

research has been focused on the effect of MSH on aquatic animals and little is known 

about their impact on plant life. Estrogen and progesterone, steroidal hormones derived 

from cholesterol, play important roles in sex determination, growth and development in 

vertebrates. The only steroidal hormones present in the plant kingdom are the 

brassinosteroids, which are involved in growth and development as well as plant stress 

responses. The presence of animal sex hormones, especially estrogen and its derivatives, 

in soil and irrigation water, have various effects on plants, ranging from sex 

determination to root and shoot developmental changes. Application of xenoestrogens to 

plants results in altered gene expression and downstream biochemical processes related to 

plant defense responses as well as to both primary and secondary metabolism. 

1. Steroid Hormones 

Steroid hormones belong to a class of biologically active compounds present in both 

plants and animals that are derived from cholesterol. Their basic structure of four fused 

rings, three cyclohexane (A, B, C) and one cyclopentane (D) rings, has variations in the 

side group at C17 (Fig. 1.1).  
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Figure 1.1 The steroid ring system with three cyclohexane (A, B and C) and one 

cyclopentane (D) rings. Numbering of carbons in the ring system is according to the 

IUPAC system. 

 

Steroid hormones secreted by animal tissues, namely the adrenal cortex, gonads 

(ovaries and testis) and placenta, are classified into five broad categories: glucocorticoids, 

mineralocorticoids, progestogens, androgens and estrogens. Glucocorticoids, secreted by 

the adrenal cortex, are present in nearly all vertebrate cells and are involved in controlling 

glucose metabolism. Mineralocorticoids, as the name suggests, are required for the 

retention of the mineral sodium within the cells and help maintain the organism’s salt and 

water balances. Progestogens are required for the maintenance of pregnancy and the 

menstrual cycle and are precursors for the biosynthesis of other steroid hormones. 

Estrogens are the predominant female sex hormones that are required for sex expression 

as well as growth and development. Androgens are the male hormones required for male 

sex expression and tissue regeneration (Ying et al., 2002). All animals easily excrete 

steroidal hormones in the environment, which are then introduced into the agricultural 

water supply and soil systems via the waste disposal and sewage treatment plants.  
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1.1. Steroid Hormones in Plants 

Brassinosteroids (BRs) are a class of plant steroidal hormones with wide distribution 

in the plant kingdom. They are known to regulate several physiological and 

developmental functions in plants, such as cell division and elongation, floral 

development, senescence, circadian rhythm, as well as biosynthesis of other 

phytohormones. Apart from their impact on growth and developmental regulation, they 

also have a wide impact on various plant stress responses (Krishna, 2003). Brassinolide, 

the most common BR, is a polyhydroxylated form of the steroid precursor molecule 5α-

cholestan, which is closely related to cholesterol. Among the known BRs in plants, the 

main variations exist in the A ring, particularly at C-2 and C-3. Besides these variations 

in the ring structure carbons, the side chains can display another level of variation by 

undergoing glycosylation, meristylation and laurylation (Bajguz, 2011). 

1.2. Estrogens in the Environment 

Excretion of the steroid hormones into the environment and the subsequent exposure 

of animals to these hormones can have far reaching effects on their physiology, 

reproduction, growth and development. Since these exogenous hormones alter the normal 

functioning of the cell, they are termed endocrine disruptors (Jobling et al., 1998). 

Among the steroid hormones, estrogens such as estrone, 17β-estradiol, estriol and 

estrogenic contraceptives such as ethinylestradiol and mestranol (Fig. 1.2) are well 

known endocrine disruptors. 
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Figure 1.2 Structures of estrogen hormones and estrogenic contraceptives released in the 

environment. 

 

Estrogens are excreted by both sexes but mostly by female vertebrates. A major 

source of estrogens is livestock animals such as cattle, pigs and poultry. The amount of 

17β-estradiol in the excretion waste generated by poultry ranges from 14 to 533 ng/g dry 

waste (Shore et al., 1988; Shore et al., 1995).  

In a comprehensive survey detailing the input of estrogens into activated sludge 

treatment plants, it was observed that male humans could excrete up to 1.6 µg/day of 

17β-estradiol and 3.9 µg/day of estrone. Depending on the section of the female 

population (menstruating or post-menopausal), it was found that women excreted 2.4-3.5 

µg/day of 17β-estradiol, 4-8 µg/day of estrone and 1-4.8 µg/day of estriol. Expectedly, 
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pregnant females excreted the highest amount of estrogens as 259 µg/day estradiol and 

600 µg/day estrone and estriol. Based on these observations, it was estimated that the 

concentration of estrogens in the aqueous environment could reach ng/l levels (Johnson et 

al., 2000). Thus, the presence of estrogen hormones in the environment as potential 

endocrine disruptors is a major concern. It has been demonstrated that presence of as 

little as 1 ng/l 17β-estradiol led to the production of vitellogenin, the main egg yolk 

protein precursor, and feminization in male fish (Purdom et al., 1994; Hansen et al., 

1998; Rodgers-Gray et al., 2000).  

Significant levels of estrone (0.3 ng/l) were detected in The Netherlands in estuarine 

and freshwater samples (Belfroid et al., 1999) and estrone (1.5 ng/l), 17β-estradiol (0.11 

ng/l) and estriol (0.33 ng/l) were detected in the waters of the Tiber River in Italy 

(Baronti et al., 2000). In a survey of surface waters, 17β-estradiol was found in 109 

Japanese rivers with an average concentration of 1.8 ng/l depending on the weather 

conditions (Tabata et al., 2001). Estrogenic steroids ranging in concentrations from 0.35 

ng/l to 0.7 ng/l have also been reported in drinking water samples in Germany (Kuch and 

Ballschmiter, 2001).  

Amendment of agricultural soil with manure (poultry litter and cattle waste) and the 

resulting runoff has an impact on the ground water supply as well. Groundwater 

contamination was reported to be dependent on the quantity of applied animal manure on 

farmlands (Peterson et al., 2000). Application of 5 Mg/ha poultry litter to pastural land 

resulted in an average concentration of 3.5 µg/l 17β-estradiol in the runoff (Nichols et al., 

1997). Water in Karst aquifers in northwest Arkansas was found to contain 6-66 ng/l 17β-
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estradiol. A basal level of estrogen at 55 ng/kg in arable soil has been reported and this 

concentration reached up to 675 ng/kg upon the application of poultry litter to the soil 

(Finlay-Moore et al., 2000). It was reported that ethinylestradiol, the synthetic estrogenic 

contraceptive, was much more stable in soil as compared to natural estrogens like 17β-

estradiol and estrone (Ying and Kookana, 2005; Czajka and Londry, 2006). Based on the 

above-mentioned findings, it can be concluded that estrogens are reaching the soil and 

water systems at a very high rate. 

1.3. Effect of Applied Estrogens on Plant Growth and Development 

In one of the earliest studies, it was demonstrated that estrone application had a 

positive impact on the root meristem cell division in a number or dioecious plants (Löve 

and Löve, 1945). Also estrone application stimulated growth of pea embryos (Helmkamp 

and Bonner, 1953) and seedlings (Kopcewicz, 1969). In a study involving the effect of 

mammalian steroidal hormones on sunflower (Helianthus annuus) plants, the application 

of 17β-estradiol promoted shoot growth but had an inhibitory effect on root growth of 

seedlings. In the same study, estradiol applied at 1 µg/plant resulted in the inhibition of 

axillary bud formation, whereas lower concentrations of the hormone promoted their 

development (Bhattacharya and Gupta, 1981). A comparative analysis of the effects of 

plant (24-epibrassinolide) and mammalian (estrone and estradiol) steroidal hormones on 

tomato showed that application of 0.01 µM 24-epibrassinolide inhibited the growth of 

cultured excised roots and at 0.1 µM concentration resulted in reduced root formation in 

shoot cuttings and decreased root biomass of intact seedlings. A similar negative effect 

on growth in excised roots, shoots and intact seedlings was observed after estradiol 
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application at a much higher concentration (1.0 µM) than that used for 24-epibrassinolide 

(Guan and Roddick, 1988). Irrigation of Medicago sativa plants with sewage water 

resulted in increased vegetative growth. The sewage water was found to contain 0.3 µg /l 

estrogen and it was speculated that the hormone might be responsible for the observed 

enhancement in growth. In the same study, application of 0.005-0.5 µg/l estradiol 

enhanced both root and shoot biomass of M. sativa plants but inhibited vegetative growth 

of the plants when applied at the higher concentration range of 50-500 µg/l 
 
(Shore et al., 

1992). Application of 1 µM estrogen was also found to have a positive impact on the leaf 

and root growth in winter wheat seedlings (Janeczko, 2000). 

Plants are able to metabolize some of the steroid hormones present in the 

environment although the actual biochemical processes are not well understood. It has 

been demonstrated that a nonspecific enzyme such as phenoloxidase from Mucuna 

pruriens cell cultures can hydroxylate 17β-estradiol to generate 4-hydroxyestradiol 

(Woerdenbag et al., 1990). The algal strain Chlorella emersoni C211-8H is able to 

convert progesterone to hydroprogesterone and dihydroxyprogesterone (Greca et al., 

1996). The conversion of androstenedione, an intermediate of testosterone biosynthesis, 

to testosterone has been reported in Pisum sativum (Lin et al., 1979) and Cucumis sativus 

(Lin et al., 1983). Application of radioactive mevalonic acid to Phaseolus vulgaris 

seedlings led to its conversion to 17β-estradiol (Young et al., 1977). In addition, the 

interconversion of estrone and 17β-estradiol by P. vulgaris leaves has also been reported 

(Young et al., 1979). More recently, it was reported that maize seedlings could convert 

17β-estradiol to estrone and vice-versa. In the same study, it was observed that maize 
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plants are able to oxidize the synthetic estrogen zeralanone to α-zeralanone (Card et al., 

2013). Intact plants and excised stems of hybrid poplar (Populous deltoids x nigra) were 

able to transform 17β-estradiol to estrone and estriol and zeralanone to zeranol (Bircher 

et al., 2015).  

In conclusion, estrogens affect the plant morphology, development and reproduction. 

However, no study thus far has published a molecular mechanism of estradiol action in 

plants. 

1.4. Effect of Steroidal Hormone Application on Plant Stress Responses 

Treatment of bean (Phaseolus vulgaris) seeds with various concentrations of MSH 

(progesterone, β-estradiol and androsterone) resulted in increased activity of antioxidant 

enzymes such as superoxide dismutase (SOD), peroxidase (POX) and catalase (CAT). At 

the same time, a decrease of lipid peroxidation and H2O2 levels was also observed in the 

MSH-treated bean plants and was attributed to an increase in the levels of antioxidant 

enzymes, thus resulting in increased plant resistance to stress (Erdal, 2009). Similar 

results were seen in chickpea seeds treated with MSH (progesterone and β-estradiol at 

10
6 

M), which also showed elevated levels of α-amylase activity during germination. 

Since the MSH-treated seeds had a 100% germination rate, it was speculated that an 

increase in α-amylase activity induced by MSH contributed to the high germination rate 

(Erdal and Dumlupinar, 2010). In addition, exogenous application of MSH (progesterone, 

β-estradiol and androsterone) as a foliar spray to chickpea seedlings resulted in 

significantly higher root and leaf growth as compared to untreated plants (Erdal and 

Dumlupinar, 2011). Presence of inorganic elements within the cell affects a number of 
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metabolic processes by controlling the electrochemical status and several catalytic 

processes. It was reported that exogenous application of MSH (progesterone, β-estradiol 

and androsterone) in barley plants resulted in a significant increase in the inorganic 

element concentration of leaves. Both β-estradiol and androsterone (at 10 µM each) 

applications resulted in a significant increase of Cu, Mg, P, S, K, Fe, Zn, Al, Cl and Mn. 

However, a decrease in leaf Na concentration in MSH-treated plants was observed 

(Dumlupinar et al., 2011).  

Another study showed that progesterone application in bean seedlings ameliorated the 

effects of salt stress by increasing the K
+
/Na

+
 ratio in the hormone-treated plants in 

comparison to untreated plants grown in artificial medium supplemented with 100mM 

NaCl (Erdal et al., 2012). The progesterone-treated bean plants under salt stress had 

higher activities of SOD, POX and CAT enzymes and displayed lower levels of lipid 

peroxidation as compared to the non MSH-treated plants (Erdal et al., 2012). 

Progesterone, β-estradiol and androsterone applications counteracted the effects of 

salinity stress by increasing germination rate and root and shoot length in maize (Erdal, 

2012a) and wheat seedlings (Erdal, 2012b). The protective effect of MSH on plants has 

also been reported in the case of chilling stress (Genisel et al., 2013). Foliar application 

of progesterone to chickpea plants exposed to chilling stress resulted in enhanced 

antioxidant enzyme activity, and increased in chlorophyll content and relative leaf water 

content (Genisel et al., 2013). 

In the presence of Cd or Cu, retardation of embryo germination and growth was 

observed in lentil (Chaoui and El Ferjani, 2013). However, the addition of 17β-estradiol 



 10 

to the seed germination medium protected the lentil seedlings from the negative effects of 

heavy metal stress post germination. The estradiol-treated seedlings displayed 

significantly lower solute leakage in the presence of heavy metals as compared to 

untreated seedlings. However, this mitigating effect of estradiol did not prevent the 

accumulation of heavy metal ions in the cotyledons as both estradiol-treated and 

nontreated seedlings displayed no significant difference in the levels of accumulated 

Cd/Cu (Chaoui and El Ferjani, 2013). 

A recent study from our laboratory demonstrated that application of 10 nM 17β-

estradiol to Arabidopsis seedlings grown in liquid media resulted in the upregulation of 

stress responsive genes such as HEAT SHOCK PROTEIN70 (HSP70) and 

GLUTATHIONE S-TRANSFERASE23 (GST23). The same study showed an exclusive 

downregulation of genes involved in the biosynthesis of phenylpropanoids and 

glucosinolate, which are important classes of plant secondary metabolites involved in 

environmental stress responses (Adetunji, 2012). 

1.5. Phenylpropanoid Secondary Metabolism in Plants 

Phenylpropanoids (PPs) are plant secondary metabolites that play important roles in 

plant reproduction, growth and development, defense responses and structural support 

(Fraser and Chapple, 2011; Cheynier et al., 2013). The PP pathway represents an 

important sink for the carbon fixed by primary metabolism in plants. The pathway 

utilizes skeletal molecules from primary metabolic pathways like glycolysis and the 

oxidative pentose phosphate pathway (Fig. 1.3). The first committed step of PP 

biosynthetic pathway is catalyzed by enzyme phenylalanine ammonia lyase (PAL) and 
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results in the deamination of phenylalanine generating cinnamic acid and ammonia. In 

higher plants, PAL activity is usually encoded by a gene family comprising of a number 

of genes as observed in the case of parsley (Appert et al., 1994), tomato (Lee et al., 1992) 

and Arabidopsis (Wanner et al., 1995; Fraser and Chapple, 2011). The PAL gene family 

in Arabidopsis is made up of 4 genes, PAL1-PAL4. Gene expression analysis and in silico 

promoter analysis of the PAL genes showed that PAL1 and PAL2 are the primary PAL 

enzymes in Arabidopsis (Raes et al., 2003). Physiological analysis of pal mutants in 

Arabidopsis bolsters the idea that PAL1 and PAL2 encode for the primary PAL activity 

in the plant. The pal1pal2 double mutant plants, in comparison to the wild type, 

accumulated higher levels of phenylalanine, the enzyme substrate, and lower levels of 

lignin, a major end product of the PP biosynthetic pathway (Rohde et al., 2004). Similar 

observations were made by Huang and co-workers (2010) with respect to the 

pal1pal2pal3pal4 quadruple mutant that was found to accumulate lower lignin levels. 

The cinnamate molecule derived via PAL activity is further hydroxylated, to generate 

p-coumaric acid, by the enzyme cinnamate 4-hydroxylase (C4H) that belongs to the 

cytochrome P450 monooxygenase family of enzymes (Fig. 1.3). Unlike PAL, C4H 

activity is encoded by a single gene in Arabidopsis (Mizutani et al., 1997). Analysis of 

c4h mutant plants showed a marked decrease in lignin content as opposed to wild type 

plants (Schilmiller et al., 2009). In addition, plants lacking C4H activity also display 

aberrations in growth, such as dwarfism, and reproduction phenotypes such as male 

sterility (Schilmiller et al., 2009). 
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Figure 1.3 The phenylpropanoid biosynthesis pathway. Phenylalanine derived from the 

shikimate pathway is converted to cinnamic acid by PAL activity which marks the first 

committed step of the PP pathway. PAL=Phenylalanine Ammonia Lyase, 

C4H=Cinnamate 4 Hydroxylase, 4CL=4-coumarate-CoA ligase, CHS=Chalcone 

Synthase, CHI=Chalcone Isomerase, F3H=Flavanone 3-hydroxylase, 

DFR=Dihydroflvonol Reductase, ANS=Anthocyanidin Synthase. 

In an ATP-dependent reaction, 4-coumarate:CoA ligase (4CL) catalyzes the 

formation of p-coumaroyl CoA from p-coumaric acid. In Arabidopsis, a family of 4 

genes (At4CL1-At4CL4) encodes for this activity (Hamberger and Hahlbrock, 2004; 
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Costa et al., 2005). Formation of this thioester molecule marks an important branch point 

in the PP biosynthetic pathway that leads to the formation of flavonoids, anthocyanins, 

tannins and lignins (Vogt, 2010). 

Synthesis of flavonoids in plants is initiated by building the flavonoid scaffold 

molecules that is subsequently worked upon by a number of enzymes to generate 

incredibly diverse classes of secondary metabolites. Flavonoid synthesis follows a series 

of condensation, isomerization, oxidation and reduction reactions. Chalcone synthase 

(CHS) represents the first committed step in the biosynthesis of flavonoids and catalyzes 

a Claisen condensation reaction between p-coumaroyl-CoA and 3 molecules of malonyl-

CoA resulting in the formation of naringenin chalcone. The enzyme belongs to the type 

III polyketide synthases family (Austin and Noel, 2003).  

Naringenin chalcone undergoes stereospecific cyclization to form the flavanone (2S)-

naringenin by the action of chalcone isomerase (CHI). CHI activity in Arabidopsis is 

encoded by a family of five genes that include both catalytic and non-catalytic isoforms 

(Winkel-Shirley, 2001; Lepiniec et al., 2006; Appelhagen et al., 2014). The flavanone 

(2S)-naringenin is oxygenated at the C3 position by the enzyme flavanone 3-hydroxylase 

(F3H) to generate the flavonol dihydrokaempferol (Pelletier and Shirley, 1996). The next 

enzyme in the pathway, flavonoid 3´-hydroxylase (F3´H), is a cytochrome P450 

monooxygenase member that hydroxylates the 3´ C of the B ring of dihydrokaempferol 

to generate dihydroquercitin. The enzyme can also accept kaempferol as a substrate to 

generate quercitin (Schoenbohm et al., 2000; Appelhagen et al., 2014). 
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Dihydroquercitin is reduced to leucocyanidin in a reaction catalyzed by the enzyme 

dihydroflavonol reductase (DFR). This step is deemed as the first committed step towards 

the production of anthocyanins and proanthocyanidins in plants (Shirley et al., 1992). 

Anthocyanins are natural pigment molecules that impart color to flowers and fruits. In 

fact, the name anthocyanin is composed of Greek terms that mean ‘blue flower’. The first 

colored compound of the anthocyanin biosynthetic pathway is an anthocyanidin and it is 

synthesized by the oxidation of the C ring to form conjugated double bonds in 

leucocyanidin, reaction catalyzed by the enzyme anthocyanidin synthase (ANS) 

(Abrahams et al., 2003; Bowerman et al., 2012). 

A number of phenylpropanoid derivatives, especially isoflavones, are very similar in 

structure and function to mammalian estrogens and are termed phytoestrogens (Patisaul 

and Jefferson, 2010). Phytoestrogens are able to induce estrogen-like activities in mice 

with surgically removed ovaries (Schmidt et al., 2006). It has been reported that 

consumption of isoflavone rich foods, like soy, by human females can result in the 

suppression of hormones such as estrogen, luteinizing hormone and follicle stimulating 

hormone, thus disrupting the ovulatory cycle (Wu et al., 2000). However, a number of 

effects beneficial to human health, such as relief from perimenopausal symptoms, 

prevention of osteoporosis and cardiovascular diseases, have also been attributed to 

phytoestrogens (Patisual and Jefferson, 2010). 
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1.6. Phenylpropanoids and Plant Stress Responses 

Due to their sessile nature, plants respond differently than animals to environmental 

stress factors. Variations in temperature (extreme heat or cold), water availability 

(drought or flooding), salinity stress, UV-B radiation, etc., constitute the major abiotic 

stressors and herbivores, bacterial and fungal pathogens are some of the biotic stressors 

that plants have to deal with on a regular basis. It has been reported in a number of 

studies that plant secondary metabolism, especially the PP pathway derivatives, play 

important roles in growth and development, as well as in protecting plants against biotic 

and abiotic stresses (Bahler et al., 1991; Christie et al., 1994; Izaguirre et al., 2003; 

Zabala et al., 2006; Hawrylak-Nowak, 2008; Daneshmand et al., 2010; Verdan et al., 

2011). Increased accumulation of PP compounds in response to biotic and abiotic stresses 

is a well-known plant adaptive feature (Dixon and Paiva, 1995). A common consequence 

of various plant stresses is the oxidative damage to cell membranes and biomolecules 

such as proteins and lipids by reactive oxygen species (ROS). Photooxidation and high 

energy electrons induced by UV radiation can be scavenged by phenylpropanoids such as 

anthocyanins (Grace and Logan, 2000). The loss of hydration resulting in oxidative stress 

has been observed as response to various abiotic stresses such as salinity, drought and 

temperature. Phenylpropanoids can ameliorate the effects of this oxidative stress by 

reducing ROS-like singlet oxygen (
1
O2), superoxide (O2

-
) and H2O2 (Korkina, 2007). 

Phenolic compounds derived from PP pathway act as feeding deterrents against 

phytophagous insects by either reducing the palatability of the plant tissue or by being 

toxic to insects (Lattanzio et al., 2006). 
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1.6.1. Salinity stress 

Increased salt in the soil results in general cellular dehydration that in turn generates 

ionic and osmotic stresses in plant tissues. It was reported that salt sensitive wild potato 

varieties accumulated higher levels of anthocyanins in response to higher NaCl 

concentrations in vitro (Daneshmand et al., 2010). Irrigation of red pepper plants with 

moderate levels of NaCl resulted in increased accumulation of total phenolics and 

anthocyanins in the mature fruit (Navarro et al., 2006). Salinity stress in young barley 

seedlings resulted in increased accumulation of total phenolics and flavonoids (Ali and 

Abbas, 2003).  

1.6.2. Cold stress 

Plants display cold tolerance by modulating their secondary metabolism in response 

to low temperatures. One of the mechanisms, demonstrated by a number of plant species, 

is an increase in the lignin and suberin, products of PP pathway, as constituents of the cell 

walls during winter months (Moura et al., 2010). Transferring 7 day old maize seedlings 

to 10°C resulted in increased transcript accumulation for all major PP pathway genes 

including PAL1, CHI and 4CL. This increased mRNA accumulation was accompanied by 

higher levels of anthocyanins in the cold stressed seedlings as compared to control plants 

(Christie et al., 1994). Effects of temperature variations on the production of PP pathway 

derivatives in callus cultures have been reported in a number of cases. Increased 

anthocyanin accumulation has been observed in callus cultures grown at low 

temperatures for strawberry (Zhang et al., 1997), Indian rhododendron (Chan et al., 

2010), Perilla frutescens (Zhong and Yoshida, 1993) and carrot (Narayan et al., 2005). 
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1.6.3. Drought stress 

Flavonoids are known to provide protection against drought stress in plants. Drought 

stress is defined as the low water availability in soil to such critical levels that, 

accompanied with atmospheric conditions, plant tissues continuously loose water. Plants 

that accumulate high levels of anthocyanins are more drought resistant (Chalker-Scott, 

1999). Two well-known flavan-3-ol from tea, (-)-epicatechin (EC) and (-)-

epigalloactechin gallate (EGCG) are known for their antioxidant properties. Both EC and 

EGCG levels were found to be enhanced by drought stress in tea plants (Hernández et al., 

2006). The drought stress protective property of flavonoids is further supported by the 

fact that the purple cultivar of chili (Capsicum frutescens), with higher anthocyanin 

content, is more drought resistant than the green cultivar (Bahler et al., 1991). 

1.6.4. Heavy metal stress 

Heavy metal stress leads to increased reaction oxygen species production in plants 

leading to oxidative damage to lipids, proteins, nucleic acids and denaturation of cell 

membranes (Emamverdian et al., 2015). In general, increased levels of PPs protect the 

plant cellular structures and molecules by scavenging the high energy electrons generated 

by the reactive oxygen species (Viehweger, 2014). Studies show that PP biosynthetic 

pathway enzymes and PAL gene expression levels are enhanced due to the exposure of 

Lupine seedlings (Lupinus luteus) to cadmium, showing a protective effect of PPs during 

heavy metal exposure (Pawlak-Sprada et al., 2011). The presence of heavy metals in soil 

is known to have a negative impact on the accumulation of PP pathway products, 

particularly anthocyanins. Presence of trace amounts of Ni in soil led to the inhibition of 
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PAL resulting in lower accumulation of anthocyanin in rye seedlings (Baranowska et al., 

1996). Similar results due to Ni stress were observed in lettuce as well (Hawrylak et al., 

2007). Recently, it was shown that presence of Se in growth media of hydroponically 

grown maize seedlings led to an increase in anthocyanin content (Hawrylak-Nowak, 

2008). 

1.6.5. UV radiation stress 

Flavonoids are known to protect plant cells by absorbing UV radiations. The metal 

chelating ability by the hydroxyl group at the C3 position in the flavonoid molecule is 

responsible for scavenging free radical ions and ROS during UV-stress (Verdan et al., 

2011). Recently, it was demonstrated that the expression of maize flavonol synthase gene 

ZmFLS expression is induced by UV-B radiation (Ferreyra et al., 2012). Increased 

flavonoid accumulation in response to UV-B radiation has been reported in a number of 

plant species such as Arabidopsis (Stracke et al., 2010; Kusano et al., 2011), petunia 

(Ryan et al., 2002), grapes (Berli et al., 2010), privet (Agati et al., 2011) and soybean 

(Mazza et al., 2000). 

1.6.6. Herbivory stress 

Plant defense against herbivores like grazing mammals and insects involve structural 

(lignin, trichomes and thorns) and chemical (phenylpropanoids and resin) adaptations to 

deter herbivory (Schardl and Chen, 2010). According to the co-evolution theory, the vast 

variety of flavonoid molecules has evolved to modulate plant-insect interactions and act 

as deterrent against insect herbivores (Kliebenstein, 2004). Expression of the PP 

biosynthesis pathway genes was found to be upregulated by both UV-B radiation and 
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Manduca sexta (tobacco hornworm) infestation in tobacco (Izaguirre et al., 2003). 

Presence of the C-glycosyl flavone maysin and its related compounds apimaysin and 

methoxymaysin within the corn silks provide resistance against Helicoverpa zea (corn 

earworm) (Snook et al., 1994). Overexpression of a Myb transcription factor responsible 

for maysin production in maize led to increased resistance against H. zea larvae (Johnson 

et al., 2007). The presence of tannins and phenolic compounds in the foliar tissue can 

shorten mammalian herbivores foraging by reducing the digestibility of the ingested plant 

tissue or by being toxic to the herbivores (Iason, 2005). 

1.6.7. Pathogen stress 

As opposed to the effect of M. sexta infestation in tobacco described above (Izaguirre 

et al., 2003), it was observed that infection by the oomycete Phytophthora sojae in 

parsley resulted in the inhibition of the PP pathway genes (Logemann and Hahlbrock, 

2002). Interestingly, infection by P. sojae in soybean led to the induction of PP pathway 

genes in the resistant variety but not in the susceptible variety. This suggests that 

phenylpropanoids have a role in providing defense against fungal infections in soybean 

(Moy et al., 2004). Infection by Fusarium solani also induced PP pathway gene 

expression in soybean (Iqbal et al., 2005). In another study, RNAi-mediated 

downregulation of isoflavone synthase in soybean resulted in increased susceptibility to 

P. sojae infection as compared to wild type plants (Subramanian et al., 2005). 

Upregulation of PP metabolism genes has also been observed in Medicago truncatula in 

response to Colletotrichum trifolli (Torregrosa et al., 2004) and Erysiphe pisi 

(Foster‐Hartnett et al., 2007) infections. 
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Different branches of the PP biosynthetic pathway are disparately affected by 

bacterial pathogens. Global gene expression analyses in soybean and M. truncatula 

demonstrated that, as a defense response, plants invest in the production of antioxidants 

as opposed to pigment production via the PP pathway (Samac and Graham, 2007). 

Microarray analysis of gene expression in soybean infected with P. syringae pv glycenia 

showed an upregulation in the expression of genes responsible for the synthesis of 

flavones and isoflavones. However, genes involved in the biosynthesis of anthocyanins 

were found to be exclusively downregulated (Zou et al., 2005). Another study confirmed 

the upregulation of flavones/isoflavone biosynthesis genes (with antioxidant and 

antimicrobial properties) in comparison to anthocyanin (pigment) biosynthesis genes in 

soybean plants infected with P. syringae (Zabala et al., 2006). 

2. Objectives of the Study 

The present study investigates the molecular mechanism underlying the effects of 

estrogen on plant physiological responses related to primary and secondary metabolism, 

biotic and abiotic stress responses and plant growth and development. Global analysis of 

gene expression in Arabidopsis seedlings treated with 17β-estradiol revealed a unique 

pattern of gene expression related to stress responsive and PP pathway genes. The stress 

responsive genes were upregulated and the key genes of the PP biosynthesis were 

exclusively downregulated (Adetunji, 2012). As shown by different studies (discussed 

above), both estradiol and flavonoids have ameliorative effects on plants under 

environmental stresses. Therefore, application of estradiol resulting in the 

downregulation of PP pathway genes appears counterintuitive as higher levels of PP 
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metabolites can potentially contribute towards better coping with stress. In this study, it 

was observed that estradiol application at the 10 and 100 nM concentration enhanced 

plant growth, photosynthesis rate and primary metabolite accumulation. The overall 

downregulation of PP pathway genes led to a reduction in the accumulation of PP 

metabolites in estradiol-treated plants. Exogenous application of 10 and 100 nM estradiol 

compromised Arabidopsis resistance against a bacterial pathogen. However, the same 

treatment rendered the plants more tolerant to drought stress.  It is noteworthy that 

estradiol-treated plants were found to be resistant to abiotic stress (drought) but 

susceptible to biotic stressor (bacterial pathogen). To understand the molecular basis of 

this response, PAL1 over-expressing plants were generated and were used as a paradigm 

to study the effects of estradiol application on PP pathway metabolism and plant stress 

responses. Constitutive expression of PAL1 resulted in higher accumulation of PP 

products in the transgenic plants, which also displayed higher resistance to the bacterial 

pathogen. 
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CHAPTER II 

EFFECTS OF 17Β-ESTRADIOL ON GROWTH, PHOTOSYNTHESIS RATE AND 

PRIMARY METABOLITES OF ARABIDOPSIS THALIANA 

A Chapter Submitted for Publication in the  

Journal Biologia Plantarum 

Pallavi Upadhyay 

 

Abstract 

Mammalian sex hormones are spread in the environment from natural and anthropogenic 

sources. In the present study, the effect of estradiol on Arabidopsis thaliana growth and 

physiological characteristics were investigated. Treatments of Arabidopsis plants with 10 

and 100 nM 17 β-estradiol resulted in enhanced root growth and shoot biomass. In 

addition, treated plants had an increased rate of photosynthesis with a concomitant 

increase in carbohydrate and protein accumulation. Plants exposed to higher 

concentrations of 17 β-estradiol (10 µM) had significantly lower root growth, biomass, 

photosynthesis rate and accumulated primary metabolites indicating a toxic effect of 

estradiol. These results indicate that at low concentrations, estradiol functions as a 

biostimulant on the growth, yield and primary metabolism of Arabidopsis. 

Additional key words: biostimulant, photosynthesis rate, root, total carbohydrate, total 

chlorophyll, total protein, silique 
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In vertebrates, estrogen and androgen steroidal hormones have important functions in 

development and reproduction. In plants, brassinosteroids are the only class of naturally 

occurring steroidal hormones and play an important role in the plant growth, 

development and stress responses (Schaller, 2003). A number of studies, some as early as 

1920s, demonstrated that application of mammalian sex hormones affect the growth and 

development of plants, from cell divisions to flowering, sex expression, embryo growth 

and modulation of stress responses, concluding that mammalian sex hormones act as 

potential plant growth regulators (Geuns 1978, Janeczko and Skoczowski 2005; Janeczko 

et al. 2012; Chaoui and El Ferjani 2013). 

In one of the earliest studies, it was shown that estrone application had a stimulatory 

effect on the root meristem cell division in a number or dioecious plants (Löve and Löve, 

1945). In a study involving the effect of mammalian steroidal hormones on sunflower 

(Helianthus annuus) seedlings, the application of 17β-estradiol (ES) promoted shoot 

growth but had an inhibitory effect on root growth (Bhattacharya and Gupta, 1981). 
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Application of 1 µM estrogen to winter wheat seedlings promoted leaf and root growth 

(Janeczko, 2000). It was observed that irrigation of Medicago sativa plants with sewage 

water, which contained 0.3 µg L
-1 

estrogen, resulted in increased vegetative growth 

(Shore et al., 1992). Estrogens originating from human and livestock wastes lead to the 

contamination of water and soil systems all over the world (Finlay-Moore et al. 2000; 

Ying and Kookana 2005; Jiang et al. 2012; Schultz et al. 2013).  Although significant 

progress has been made in establishing the biological and ecological consequences of 

animal exposure to environmental estrogens (EE) (Schultz et al. 2013; Sumpter and 

Jobling 2013), there is still a big gap of knowledge in regard to the effects of EE on 

plants, especially crop plants as sources of food for an exponentially growing human 

population. In the present study we describe the effects of ES application on the growth, 

yield, photosynthesis and primary metabolism of Arabidopsis in a study design that 

simulates plant exposure to EE. For that purpose, Arabidopsis seeds were germinated on 

agar medium containing ES to simulate soil exposure to EE and, during vegetative 

development, plants were sprayed with ES solutions to simulate irrigation conditions. 

Impact of ES on root growth was studied by germinating Arabidopsis wild type seeds 

on Moorashige and Skoog (MS) medium (Murashige and Skoog, 1962) plates containing 

increasing concentrations of ES (10 nM, 100 nM, 10 M). Arabidopsis seedlings 

germinated on MS plates without ES or supplemented with 0.01% ethanol were used as 

control plants. Root length and lateral root numbers were recorded using ImageJ software 

(rsweb.nih.gov/ij) at 14 d post germination after which plants were transferred from MS 

plates to sterilized soil and maintained in a Percival growth chamber at long-day 
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conditions, 22°C, 50% humidity, and 200 μmol/m
2
/s light intensity to complete their life 

cycle. Foliar spray treatments with above-mentioned ES concentrations were applied to 

plants two more times, on a weekly basis, until maturity. Fresh and dry shoot biomass 

(mg) and number of siliques was recorded at 35 days post germination. 

To determine the impact of ES treatments (MS medium with ES for germination and 

one foliar ES application) on the rate of photosynthesis, total leaf chlorophyll content was 

determined in 21 days old plants by the method of (Lichtenthaler and Buschmann, 2001) 

and expressed as g g
-1

 fresh weight (F. W.). Photosynthesis rate was estimated on 21-

day-old Arabidopsis plants by using the LI-6400 portable photosynthesis system (LI-

COR, Lincoln, NE, USA) and calculated based on leaf biomass according to the 

manufacturer’s instructions.  

Total proteins and total carbohydrates in leaf tissues from ES-treated and untreated 

21-day-old Arabidopsis plants were estimated. Total soluble protein content was 

estimated according to the Bradford method (Bradford, 1976) and protein concentration 

was expressed as mg g
-1

 F. W. For carbohydrate analysis, 0.1 g leaf tissue was ground 

with 80% acetone and extracted with 80% ethanol. The extracts were mixed with 5 ml 

anthrone reagent, heated at 100°C (10 min) and allowed to cool on ice. Absorbances were 

read at 630 nm and total carbohydrate content was expressed as mg g
-1

 F. W. based on a 

glucose standard curve (Hansen and Møller, 1975).  All the experiments were conducted 

three times in triplicates. Statistical analysis was performed using one way ANOVA (P < 

0.05 was considered as significant). 
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Significantly increased root length was observed in 14 days old seedlings exposed to 

low ES concentrations of 10 nM (7.43±0.41cm) and 100 nM (7.51±0.4 cm) as compared 

to control plants (4.14±0.29 cm) (Fig. 2.1 A, C). However, treatments with higher 

concentration of ES (10 µM) resulted in a significant decrease in root length (2.4±0.22 

cm) (Fig. 2.1 A, C). A similar trend was observed with respect to lateral root growth in 

that seedlings exposed to 10 and 100 nM ES displayed a significantly higher number of 

lateral roots (6.8±0.91-7.1±0.56) as compared to the control treatments (4.2±0.91) and 

plants treated with 10 µM ES which displayed the lowest lateral root number (3.2±0.63) 

(Fig. 2.1 B, C). These results are consistent with similar results obtained with chickpea 

seedlings in that exogenous application of 10
-4

-10
-12

 M ES as a foliar spray resulted in 

enhanced root and shoot length growth (Erdal and Dumlupinar, 2011).  

The 10 and 100 nM ES treatments significantly increased the fresh and dry weight 

biomass of Arabidopsis plants (Table 2.1). The 10 nM ES treatments increased the plant 

F.W. by 26% and dry weight by 42%. Plants treated with 100 nM ES increased their 

F.W. by 17% and dry weight by 33%. In addition, treatments with low concentrations of 

estradiol stimulated the reproductive development of Arabidopsis, reflected in increased 

silique yield (Table 2.1). The 10 and 100 nM ES-treated plants generated a significantly 

higher number of siliques, 87.68±13.53 and 81.79±13.52, respectively, than control 

plants with no ES treatment, which yielded 71.11±12.71 siliques. When compared to the 

controls and the other ES treatments, the application of 10 µM ES resulted in the lowest 

biomass accumulation and silique number (Table. 2.1). The effect of mammalian sex 

hormones on plant reproductive development was studied before. Application of selected 
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estrogens on Arabidopsis plants grown on artificial medium, winter wheat, sage (Salvia 

splendens) and chicory (Cichorium intybus) was found to stimulate flowering (Janeczko 

et al., 2003). More recently, it was reported that in vitro culture of unpollinated 

Arabidopsis pistils on media supplemented with estrone and progesterone resulted in the 

development of autonomous endosperm (Rojek et al., 2015). 

Chlorophyll content was not significantly affected by 10 and 100 nM ES applications 

(Fig. 2.2 B). However, a significantly higher photosynthesis rate was observed in these 

plants when compared to the controls or the 10 µM ES-treated plants (Fig. 2 A). An 

increased rate of photosynthesis for the 10 and 100 nM ES-treated plants could be due to 

enhanced shoot biomass (Table 2.1). The increased biomass was accompanied by an 

enhanced rate of photosynthesis, which resulted in the higher accumulation of both 

carbohydrates and protein levels in the 10 and 100 nM ES-treated plants when compared 

to the control and 10 µM ES-treated plants. The negative trend in growth and 

development of 10 µM ES-treated plants as compared to control and 10 and 100 nM ES-

treated plants was also reflected in the total chlorophyll content and photosynthesis rate. 

The 10 µM ES-treated plants had a 38% decrease in chlorophyll content and 40% 

decrease in photosynthetic rate (Fig. 2.2 A, B). 

 Total carbohydrate and protein increase in 10 and 100 nM ES-treated plants 

correlated with their biomass increase. Plants treated with 10 and 100 nM ES 

accumulated significantly higher levels of both total carbohydrates (6.87±0.5mg/g and 

6.86±0.29mg/g F. W., respectively, representing a 43% increase) and proteins 

(7.51±1.41mg/g, a 30% increase and 6.88±0.7mg/g F. W., a 17% increase, respectively) 
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when compared to control plants (Fig. 2.3 A, B). High concentration ES (10 µM ES) 

applications resulted in a significant decrease in total carbohydrates (3.03±0.4mg/g F. 

W.) and proteins (3.6±1.1mg/g F. W.) (Fig. 2.3 A, B). 

It is evident from these results that application of low ES concentrations (10 and 100 

nM) has a positive impact on the vegetative growth and fruit yield of Arabidopsis plants. 

The highest concentration of ES (10 µM) applied to plants was found to have a negative 

effect on the growth and physiology parameters studied, indicating a toxic effect. Similar 

results were obtained with M. sativa plants for which lower concentrations of ES had a 

positive impact on plant growth whereas higher concentrations of the hormone resulted in 

growth inhibition (Shore et al., 1992). Janeczko (2000) reported that 10
-6

 M ES 

stimulated while 10
-5

 M ES inhibited winter wheat seedling growth.  

Our study indicates that estradiol can stimulate photosynthesis, resulting in enhanced 

primary metabolism, growth and yield in Arabidopsis. Based on these results, we suggest 

that estradiol acts as a biostimulant for plant growth at lowers concentrations, similar to 

concentrations of EE in contaminated environments. Low concentrations of EE induce 

adverse effects in animals, especially aquatic animals (Sumpter and Jobling 2013), but it 

may be that same concentrations have positive effects on plant growth, yield and 

protections against abiotic stresses and therefore may be beneficial for increasing 

agricultural productivity. More studies should be performed on the effects of estrogens, 

individually and in mixtures, on other plant species for elucidating their mechanism of 

action and their beneficial involvement in attenuating the effects of environmental 

stresses. It is suggested that mammalian sex hormones mediate their effects in plants at 
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the level of gene transcription by means of specific receptors as in animal cells as well as 

through non-genomic pathways. Yang et al. (2005) characterized a putative Membrane 

Steroid Binding Protein (MSBP1) that binds progesterone with high affinity and 

functions in regulating growth in Arabidopsis. Estrogen binding proteins were reported in 

Solanaceae (Milanesi et al. 2004) and steroid binding proteins specific for progesterone 

and 17β-estradiol were reported in Triticum aestivum (Janeczko et al. 2008). Other 

research implies that the stimulating effects of human steroid hormone application on 

plants are due to increase in antioxidant activities in plant cells which enhance the plant 

resistance to environmental stresses (Erdal and Dumlupinar 2011, Erdal 2012).  

Our results demonstrate that estradiol can influence growth and yield of Arabidopsis 

plants in a dose-dependent manner. The biostimulant activity of estradiol could be used in 

practice, especially in small-scale cultures of crop and horticultural plants. 

 

Table 2.1: Effect of 17 β-estradiol application on biomass accumulation and silique 

generation in Arabidopsis plants. Different superscript symbols represent statistically 

significant differences (P<0.05, ANOVA). The results are means ± SD (n = 30).  

Treatment Fresh weight (g) Dry weight (g) Silique # 

Control 2.89±0.71* 0.33±0.12
a
 71.11±12.71

ψ
 

EtOH 2.76±0.81* 0.31±0.18
a
 68.20±15.04

ψ
 

10 nM 3.65±0.96** 0.47±0.16
b
 87.68±13.53

Δ
 

100 nM 3.40±0.89** 0.44±0.20
b
 81.79±13.52

Δ
 

10 µM 1.98±0.63*** 0.20±0.14
c
 38.77±12.97

δ
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Fig. 2.1. Effect of 17 β-estradiol applications on root growth in Arabidopsis. (A) Root 

length of control and estradiol-treated Arabidopsis seedlings. (B) Number of lateral roots 

in 14 days old, control and estradiol-treated Arabidopsis seedlings. (C) Representative 

image of the roots in 14-day-old, control and ES-treated Arabidopsis seedlings. Results 

are means ± SD (n = 9). Different alphabets represent statistically significant differences 

(P < 0.05, ANOVA). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 

10 µM = applied ES treatments. 
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Fig. 2.2. Effect of 17 β-estradiol applications on photosynthesis rate and chlorophyll 

content of Arabidopsis. (A) Photosynthesis rate and (B) Total chlorophyll content of 21 

days old, control and estradiol-treated Arabidopsis leaves. Results are means ± SD (n = 

9). Different alphabets represent statistically significant differences. 
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Fig. 2.3. Effect of 17 β-estradiol applications on carbohydrate and protein levels in 

Arabidopsis. (A) Total carbohydrate content and (B) Total protein content of 21 days old, 

control and ES-treated Arabidopsis plants. Results are means ± SD (n = 9). Different 

alphabets represent statistically significant differences. 
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CHAPTER III 

EFFECT OF 17Β-ESTRADIOL ON ARABIDOPSIS SECONDARY METABOLISM 

AND BIOTIC STRESS RESPONSE 

A Chapter to Be Submitted for Publication in the  

Acta Physiologiae Plantarum 

Pallavi Upadhyay 

Abstract 

Increased pharmaceutical and agricultural activities have led to the introduction of animal 

steroidal hormones, including estrogens, into the agricultural soil. The effects of estradiol 

on Arabidopsis metabolism and stress responses were studied on plants treated with 

increasing estradiol concentrations (10 nM, 100 nM and 10 µM), which resulted in the 

downregulation of phenylpropanoid pathway genes (PAL1, PAL4, CHI and ANS) and 

subsequent decreased accumulation of phenolics, anthocyanins and flavonoids. 

Phenypropanoids play an important role in plant development and environmental stress 

responses. Estradiol-treated plants were inoculated with Pseudomonas syringae pv. 

tomato DC3000 and basal resistance was determined. Estradiol treatments rendered 

plants susceptible to the pathogen. In addition, the expression of PR1, a marker for 

pathogen defense response, in estradiol-treated leaves was decreased. Results illustrate 

the effects of estradiol, a xenobiont, on plant secondary metabolism and biotic stress 
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response and could have practical agricultural applications regarding the effect of 

environmental estrogens and xenoestrogens on the crop plants. 

 

Keywords: Arabidopsis, Estradiol, PAL1, Phenylpropanoids, Pseudomonas syringae, 

Secondary metabolism 

 

Introduction 

Estrogens are a class of steroidal hormones synthesized in all vertebrates, known to 

regulate growth, metabolism, developmental processes and reproduction. Estrogens and 

estrogen-like compounds (xenoestrogens) from livestock manure, animal waste, and 

human waste (especially pharmaceutical waste), are being disposed of and excreted into 

the agricultural soil and ground water at a very high rate (Shore and Shemesh 2003, 

Stumpe and Marschner 2009). Estrogen concentrations in the soil can range from 0.5 

ng/L to 70 ng/L depending on the soil type and pollutant source (Hanselman et al., 2003). 

Estrogen-like compounds have been isolated from various plant species (Janeczko 

and Skoczowski 2005). Studies have also reported that application of animal steroids, 

such as estrogens, progesterones and androsterones, to plants influence plant growth and 

stress responses. Application of estradiol (ES) increased the growth rate of Medicago 

sativa (Shore et al. 1992), promoted shoot growth in sunflower (Bhattacharya and Gupta 

1981) and induced flowering in several plant species, such as Cichorium intybus 

(Kopcewicz 1970) and Arabidopsis thaliana (Janeczko et al. 2003). Ylstra and coworkers 

(1995) found that treatment of tobacco plants with animal hormones increased pollen 



 55 

germination. Androsterone (1 nM) treatment of maize seedlings alleviated chilling stress-

induced oxidative damage by elevating the level of antioxidants in the plant (Erdal 

2012a). Similarly, ES application (10 nM) enhanced the level of salt stress tolerance in 

wheat seedlings (Erdal 2012b).   

The only class of naturally occurring steroidal phytohormones are the 

brassinosteroids (BRs). Apart from their role in plant growth and developmental 

regulation, BRs are also involved in various environmental stress responses (Kagale et al. 

2007; Fridman and Savaldi-Goldstein 2013). Owing to structural and chemical 

similarities between BRs and estrogens, it can be speculated that estrogens, mammalian 

hormones, are able to induce similar effects in plants with respect to growth, 

development and stress responses. 

Other plant chemicals, such as secondary metabolites are known to affect both growth 

and development, as well as defense responses (Vogt 2010). Phenylpropanoids (PPs) 

such as flavonoids, lignins and tannins belong to the largest and most diverse group of 

secondary metabolites. It has been reported, that during plant-microbe interaction, the 

process of lignification is upregulated (Bhuiyan et al. 2009). Similarly, many PP 

compounds are shown to have antimicrobial properties and are known to accumulate 

during pathogen and herbivore attacks (Kliebenstein, 2004). Moreover, PP compounds 

are involved in ameliorating abiotic stresses such as heat and cold stress (Rivero et al. 

2001; Stefanowska et al. 2002). In recent years, due to their protective nature, there is a 

growing interest in researching the PP antioxidant properties in scavenging UV-generated 

free radicles during oxidative stress in plants (Jansen et al. 2001; Tattini et al. 2004).  
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One of the key steps in defense during a biotic stress is the induction of PP pathway 

genes which leads to an increase in PP production, hypersensitive reactions, localized 

tissue death (chlorosis and necrosis), and several signaling pathways to aid the plant 

defense mechanisms (e.g., production of lignins, phytoalexins, phenolics, etc.) (Galis et 

al. 2010). Since Phenylalanine Ammonia Lyase (PAL) is the first committed enzyme of 

the PP biosynthetic pathway and is needed for the activation of PP biosynthesis, it has 

been noticed that tobacco and Arabidopsis plants lacking PAL activity were more 

susceptible to pathogen attack than the corresponding wild type plants (Maher et al. 1994; 

Huang et al. 2010).  

Plant secondary metabolism, specifically accumulation of PPs, is negatively affected 

by xenobiotic compounds such as pesticides (Lydon and Duke 1989). Relatively less is 

known about the effects of exogenous estrogens on plant secondary metabolism and 

biotic stress responses.  

 In the present study, PP accumulation in ES-treated and untreated Arabidopsis plants 

was evaluated by employing biochemical studies and gene expression analyses. The 

effect of the xenoestrogen 17β-estradiol on the plant biotic stress responses against a 

bacterial pathogen was also observed. 

 

Material and Methods 

Plant material and growth conditions 

 Arabidopsis thaliana ecotype Columbia wild type (WT) seeds (Lehle Seeds, TX, USA) 

were surface sterilized according to Kagale et al. (2007) and grown in Murashige and 
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Skoog (1962) nutrient medium solidified with 1% agar and containing increasing ES 

concentrations (10 nM, 100 nM, 10 μM). Arabidopsis plants germinated on MS plates 

with 0.01% ethanol were used as control. At day 14 post germination, the seedlings were 

transferred from MS plates into pots in a Percival growth chamber under long-day 

conditions at 22°C, 50% humidity, and 200 μmol/m2/s. Foliar spray treatments with 

above-mentioned ES concentrations were applied to plants once a week until maturity. 

Tissues were collected at day 21 for biochemical assays and qPCR. All experiments were 

conducted in triplicates and repeated thrice. 

 

Phenolics estimation  

Total phenolics estimation was performed according to Velioglu et al. (1998) with some 

modifications. Leaf tissues (0.2 g) were extracted in 2 ml acidic methanol (80% methanol 

with 1% HCl) at room temperature for 2 h. Extracts were centrifuged at 1000 X g for 15 

min. Supernatants (100 l) were mixed with Folin-Ciocalteu reagent (0.75 ml) and 

incubated at 22°C for 5 min. Sodium bicarbonate (0.1 M, 0.75 ml) was added to the 

reaction mixture, which was allowed to stand at 22°C for another 90 min. The absorbance 

was measured at 725 nm and total phenolics content was estimated using a p-coumaric 

acid standard curve and expressed as g mg
-1

 fresh weight.  

 

Flavonoid estimation  

Flavonoid estimation was performed according to Chang et al. (2002). Flavonoid 

extraction from 0.5 g leaf tissues was carried out overnight in 95% ethanol. Flavone and 
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flavonol contents were estimated by the AlCl3 colorimetric method against a quercetin 

standard at 415 nm and flavanones were measured by the 2, 4-diphenylhydrazine 

colorimetric method against a naringenin standard at 495 nm. Flavonoid content was 

expressed as g mg
-1

 fresh weight. 

 

Anthocyanin estimation  

Total anthocyanin estimation was performed according to Laxmi et al. (2004). 

Anthocyanins were extracted from 0.2 g leaves with 3 ml 1% acidic methanol overnight. 

Phase separation was performed next day by adding 3 ml chloroform and 2 ml water. 

Absorbance of the aqueous phase was measured at 530 nm and 657 nm. Anthocyanin 

content was calculated using the formula λ530 – λ657 and expressed as per gram fresh 

weight. 

 

Pathogen inoculation 

Pathogen inoculations were performed by infiltration of leaves of six 21-day-old plants 

for each ES treatments and controls with a suspension (OD600 = 0.0002) of the virulent 

Pseudomonas syringae pv. tomato DC3000 (Pst) strain in 10 mM MgCl2. To determine 

bacterial growth, inoculated leaves were harvested at 3-days-post inoculation and 1cm 

leaf discs were homogenized in 10 mM MgCl2. Diluted leaf extracts were plated on 

King’s B medium supplemented with kanamycin (100 mg/ml) and incubated at 28°C for 

2 days before counting the colony-forming units (cfu) as previously described (Xu et al. 

2006). 
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RNA isolation and qPCR 

RNA was isolated from leaves of 21 days old ES-treated and untreated plants using the 

Plant RNA isolation reagent (Life Technologies, CA, USA) following the manufacturer’s 

protocol. RT-PCR was performed using the RETROscript reverse transcription kit 

(ThermoFisher, USA). Primers were designed using the Primer-3 software. The 

following primer sequences were used for the PCR analysis: PAL1F: 

5´CGGTGTCGCACTTCAGAAGGAA3´, PAL1R: 

5´GGATACCGGAAAATCCTTGGAGGAG3´, PAL4F: 

5´CCGAGGAACGGACAGTTATGGAG3´, PAL4R: 

5´GGGCCAAATATTCCGGCATTCAAG3´, CHIF: 

5´CGGCCTCCTCCAATCCATTATTCC3´, CHIR: 

5´GCTCCTCCGTAGTTTTTCCCTTCCA3´, ANSF: 

5´TGGGTCACTGCAAAATGTGT3´, ANSR: 5´TCACAAAACACAGCCCAAGA3´, 

PR1F: 5´GGTAGCGGTGACTTGTCTGG3´, PR1R: 

5´ACTTTGGCACATCCGAGTCT3´, EF1αF: 

5´TTCACCCTTGGTGTCAAGCAGATG3´, EF1αR: 

5´TCAGGGTTGTATCCGACCTTCTTCA3´. The real-time PCR experiments were 

carried out using the iQ SYBR
®
 Green supermix and the BioRAD CFX96 RT-PCR 

detection system (BioRad, USA) according to the manufacturers’ instructions. Reaction 

parameters were set as follows: initial denaturation at 95°C for 5 mins followed by 35 

cycles of 30s at 95°C, 30s at 55°C and 30s at 72°C. The relative RNA levels in each 
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sample were calibrated and normalized against EF1α expression that was used as an 

internal control. 

 

Statistical Analysis  

Data are the means ± SD of three independent replicates. Data were subjected to a one-

way analysis of variance (ANOVA) and the mean differences were compared using 

Tukey’s test. Comparisons with P 0.05 were considered significantly different.   

 

Results 

Estradiol application results in decreased accumulation of phenylpropanoids  

To determine the effect of ES on secondary metabolite production, total leaf 

phenolics, flavonoids and anthocyanins in Arabidopsis leaves were estimated (Fig. 3.1a, 

b, c). A decline in PP synthesis in response to increasing ES treatments was observed. 

Total PP contents were found to be the lowest in 10 µM ES-treated plants in comparison 

with the 10 and 100 nM ES-treated and control Arabidopsis plants (Fig. 3.1a). The low 

accumulation of total phenolics in response to ES treatment is reflected in the total 

flavonoid and anthocyanin contents of ES-treated and untreated Arabidopsis plants (Fig. 

3.1b, c).  

 

 

 



 61 

Decreased expression of the phenylpropanoid pathway genes by estradiol 

application is transcriptionally controlled 

The decrease in PP accumulation as a result of ES treatments suggests that ES may 

have a negative impact on the transcription of key genes in the PP biosynthesis pathway 

in Arabidopsis. This was found to be the case, as the expression of PAL4, CHI, ANS, and 

PAL1, was downregulated in ES-treated plants (Fig. 3.2). The expression of PAL1, PAL4 

and ANS was found to be nearly two-fold higher in the control plants than that observed 

in the ES-treated plants. The expression of CHI was found to be significantly lower in 

10µM ES-treated plants only. qPCR analysis of the RNA isolated from ES-treated and 

control plants demonstrated that the ES induced downregulation in PP pathway genes 

transcription is dose-dependent for PAL1, PAL4 and ANS (Fig. 3.2). 

 

Estradiol application results in compromised resistance against bacterial pathogen 

 The growth of a virulent bacterial pathogen, Pseudomonas syringae pv. tomato 

DC3000 (Pst), was studied to see the effects of ES-induced low PP levels on plant 

defense responses. At a low dose of inoculation (OD600 = 0.0002), the ES-treated plants 

were significantly more susceptible to the pathogen and displayed both enhanced disease 

symptoms and bacterial growth than control plants (Fig. 3.3 a, b). The compromised 

resistance to Pst correlated with the reduced expression level of PATHOGENESIS 

RELATED1 (PR1) in the ES-treated plants (Fig. 3.4). In addition, the ES-treated plants 

accumulated the PAL1 and PAL4 transcripts at a significantly lower level than that in the 

controls in response to Pst infection (Fig. 3.5a, b). 
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Discussion 

In this study, it was observed that ES treatment of Arabidopsis plants resulted in the 

downregulation of PP pathway genes, which was accompanied by a lowered 

accumulation of PPs. Estimations of PPs as total flavonoids, phenolics and anthocyanins 

revealed significantly lower concentrations of these compounds in the ES-treated plants 

compared to controls as a result of the downregulation of PP pathway genes. 

  

 Phenolic compounds are required for normal plant growth and development and also 

play an important role in protecting the plants against stress and pathogen attacks 

(Bhattacharya et al. 2010). Plant secondary metabolism is both enhanced and repressed in 

response to exposure to various chemicals. Inhibition of PP pathway enzymes by 

exogenous application of chemicals results in lowered accumulation of PP products in 

plants. Studies on the effect of xenobionts revealed that addition of 2-aminoindane-2-

phosphonic acid, a chemical that inhibits PAL activity, to tissue culture media lead to 

significant decrease in the accumulation of flavonoids and total phenolics in Ulmus 

americana (Jones et al. 2012), Artemisia annua and Acer saccharum (Jones and Saxena 

2013). Conversion of the PAL product trans-cinnamic acid to p-coumaric acid by C4H 

was inhibited by the addition of piperonylic acid (PIP) to Nicotiana tabaccum culture 

cells (Schoch et al. 2002) leading to decreased accumulation of PP pathway products. 

The inhibitory effects of PIP were reversed by the exogenous application of caffeic acid 

(hydroxycinnamic acid) in soybean. However, the addition of methylene dioxocinnamic 

acid, inhibitor of 4CL (enzyme responsible for the conversion of p-coumaric acid to 
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coumaryl-CoA) even in the presence of caffeic acid led to the downregulation of the PP 

pathway genes (Bubna et al. 2011). Similarly, inhibition of PP pathway biosynthetic 

enzymes by herbicides such as glyphosate and alachlor led to decreased accumulation of 

PP pathway derived flavonoids and phenolic compounds (Lydon and Duke 1989). Based 

on above-mentioned studies, it is evident that inhibition or reduction of early PP pathway 

biosynthetic enzyme activities has a drastic impact on the accumulation of the 

downstream PP pathway products.  

The effect of xenoestrogens on plant secondary metabolism has not been studied 

before. Brassinosteriods are the only plant steroid hormones and they are structurally 

similar to ES. It has been seen that ES application has a protective effect on plants under 

oxidative stress (Erdal 2012b), which is similar to the effect of BRs on plant stress 

responses (Kagale et al. 2007). It has been reported that exogenous application of BRs 

resulted in the stimulation of PP biosynthetic pathway, resulting in increased 

accumulation of PPs in plants (Ahammed et al. 2013; Koca and Karaman 2015). Whereas 

in the present study, which is the first report of the impact of exogenous ES on plant 

secondary metabolism, it was observed that ES application resulted in decreased of the 

total phenolics, anthocyanin and flavonoid accumulation in Arabidopsis. These 

observations suggest that lower concentrations of ES inhibit the accumulation of PPs and 

higher concentrations (10 µM ES) is even toxic to Arabidopsis. 

The observed reduced accumulation of PPs induced by ES application in Arabidopsis 

may be a xenobiotic effect and/or ES may act as a transcriptional regulator of the PP 

pathway genes in similar mechanistic way as in mammals. A downregulation in the 
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expression of PAL1, PAL4, CHI and ANS, whose products control the flux through the PP 

biosynthesis pathway, was observed in the ES-treated Arabidopsis seedlings. PAL1 is the 

first committed enzyme of the PP pathway and CHI and ANS represent important 

branch-points within the pathway with respect to the production of PPs (Dixon et al. 

2002). However, further experimentation would be needed to establish if ES could act as 

transcriptional regulator in plants. 

It has been reported that PAL1 expression is required for basal resistance against the 

virulent pathogen Pseudomonas syringae DC3000 (Huang et al. 2010). Overexpression 

of pepper PAL1 gene in Arabidopsis resulted in increased resistance against Pst DC3000 

and Hyalopernospora arabidopsidis infections. In addition, a positive correlation was 

found between PAL1 expression and PR1 (PATHOGENESIS RELATED1) expression and 

SA accumulation in the infected leaf tissue (Kim and Hwang 2014). Treatment of tobacco 

plants with the polyphenolic flavonol fisetin hydrate resulted in significantly lower 

disease severity induced by bacterial pathogen Pectobacterium carotovorum (Song et al. 

2013). Transgenic expression of tryptophan decarboxylase gene in potato led to a 

decrease in the accumulation of PPs and the transgenic plants were more susceptible to 

the fungal pathogen Phytophthora infestans (Yao et al. 1995).  In another study, mutant 

Arabidopsis plants accumulating low levels of PP were found to be susceptible to 

Botrytis cinerea (Kliebenstein et al. 2005). Plants are known to induce or suppress the 

levels of flavonoids in response to pathogens (Dixon 2001). Both PAL activity and PP 

accumulation were stimulated by Pseudomonas fluorescens infection in tomato plants 

(Kandan et al. 2002). In our study, ES application resulted in reduced PAL1 expression 
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levels and PP accumulation, rendering Arabidopsis plants susceptible to a virulent 

pathogen. ES-treated Arabidopsis plants showed a more severe phenotype in response to 

Pst inoculation and the bacterial growth 3 DPI was found to be significantly higher in 

ES-treated plants than the controls. The overall PP levels in the infected plants appear to 

be negatively correlated with Pst growth and it was observed that 10µM ES-treated plants 

showing lowest total phenolics, flavonoids and anthocyanins, are the most severely 

impacted by Pst inoculation. This observation in conjunction with literature reported 

results on plant-pathogen interactions (Huang et al. 2010, Song et al. 2013, Kim and 

Hwang 2014) suggests an important role for the PPs, whose flux is controlled by PAL1, 

in providing resistance against bacterial pathogens in plants. Another important 

observation from our study was the upregulation of PAL1 and PAL4 expressions in 

response to pathogen inoculation. However, there were no significant differences found 

in PAL1 and PAL4 transcript levels between the mock-treated and ES-treated pathogen 

inoculated plants. Lowered expression of PAL1 and PAL4 was associated with PR1 

downregulation in ES-treated pathogen inoculated plants. Increased PR1 expression in 

response to pathogen infection is an important indicator of mounting plant defense 

responses in addition to SA accumulation (Kim and Hwang 2014). As reported 

previously by (Kim and Hwang 2014), it was observed in the current study that there is a 

direct correlation between the levels of PAL1and PR1 expression. These results suggest 

that compromised resistance against Pst in ES-treated Arabidopsis plants may be due to 

compromised plant defense responses as well as lowered accumulation of PPs.                                                                                
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In conclusion, our results demonstrate a unique effect of ES on plant PP metabolism. 

ES application in Arabidopsis resulted in compromised resistance against a bacterial 

pathogen. This decreased resistance may be a direct result of lowered expression of PP 

biosynthesis pathway genes which in turn led to a reduction in production of PPs. Based 

on these findings, we suggest that ES is acting as a xenobiont that is regulating the PP 

pathway at a transcriptional level and impacting PP biosynthetic pathway in Arabidopsis. 

However, further studies are required to better understand the underlying molecular 

mechanism of ES effects on secondary metabolism and stress responses.  

The impact of mammalian sex hormones in the plant secondary metabolism and 

associated stress responses has not been studied in great detail. These are novel findings 

that contribute to our current knowledge of plant responses to xenoestrogens. Thus, these 

results will serve as a primer to study the effects of animal steroidal hormones and 

xenobionts on crop plants for the purpose of improving agricultural yield and 

productivity. 

 

Acknowledgments: This research was supported by Texas Woman’s University, 

Research Enhancement Program and College of Arts and Sciences, Research 

Development Funds. 

 

 

 

 



 67 

References  

Ahammed GJ, Zhou YH, Xia XJ, Mao WH, Shi K, Yu JQ (2013) Brassinosteroid 

regulates secondary metabolism in tomato towards enhanced tolerance to 

phenanthrene. Biol Plant 57: 154-158. 

Bhattacharya B, Gupta K (1981) Steroid hormone effects on growth and apical 

dominance of sunflower. Phytochemistry 20: 989-999. 

Bhattacharya A, Sood P, Citovsky V (2010) The roles of plant phenolics in defence and 

communication during Agrobacterium and Rhizobium infection. Mol Plant Pathol 

11: 705–719. 

Bhuiyan NH, Selvaraj G, Wei Y, King J (2009) Role of lignification in plant defense. 

Plant Signal Behav 4: 158-159. 

Bubna GA, Lima RB, Zanardo DY, Dos Santos WD, Ferrarese MD, Ferrarese-Filho O 

(2011) Exogenous caffeic acid inhibits the growth and enhances the lignification 

of the roots of soybean (Glycine max). J Plant Physiol 168: 1627-1633. 

Chang C, Yang M, Wen H, Chern J (2002) Estimation of total flavonoid content in 

propolis by two complementary colorimetric methods. J Food Drug Anal 10: 178–

182. 

Dixon RA (2001) Natural products and plant disease resistance. Nature 411: 843-847. 

Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MS, Wang L (2002) The phenylpropanoid 

pathway and plant defense: A genomics perspective. Mol Plant Pathol 3: 371–

390. 



 68 

Erdal S (2012a) Androsterone-induced molecular and physiological changes in maize 

seedlings in response to chilling stress. Plant Physiol Biochem 57: 1–7.  

Erdal S (2012b) Alleviation of salt stress in wheat seedlings by mammalian sex 

hormones. J Sci Food Agric 92: 1411–1416. 

Fridman Y, Savaldi-Goldstein S (2013) Brassinosteroids in growth control: how, when 

and where. Plant Sci 209: 24-31. 

Galis I, Onkokesung N, Baldwin IT (2010) New insights into mechanisms regulating 

differential accumulation of phenylpropanoid-polyamine conjugates (PPCs) in 

herbivore-attacked Nicotiana attenuata plants. Plant Signal Behav 5: 610–613. 

Hanselman TA, Graetz DA, Wilkie AC (2003) Manure-borne estrogens as potential 

environmental contaminants: a review. Environ Sci Technol 37: 5471-5478. 

Huang J, Gu M, Lai Z, Fan B, Shi K, Zhou Y-H, Yu J-Q, Chen Z (2010) Functional 

analysis of the Arabidopsis PAL gene family in plant growth, development, and 

response to environmental stress. Plant Physiol 153: 1526-1538. 

Janeczko A, Filek W, Biesaga-Koscielniak J, Marcinska I, Janeczko Z (2003) The 

influence of animal sex hormones on the induction of flowering in Arabidopsis 

thaliana: comparison with the effect of 24-epibrassinolide. Plant Cell Tissue 

Organ Cult 72: 147–151. 

Janeczko A, Skoczowski A (2005) Mammalian sex hormones in plants. Folia Histochem 

Cytobiol 43: 71–79. 



 69 

Jansen MAK, Van den Noort RE, Tan MYA, Prinsen E, Largimini LM, Thorneley RNF 

(2001) Phenol-oxidizing peroxidases contribute to the protection of plants from 

Inhibition ultraviolet radiation stress. Plant Physiol 126: 1012–1023. 

Jones AM, Chattopadhyay A, Shukla M, Zoń J, Saxena PK (2012) Inhibition of 

phenylpropanoid biosynthesis increases cell wall digestibility, protoplast 

isolation, and facilitates sustained cell division in American elm (Ulmus 

americana). BMC Plant Biol 12: 1. doi: 10.1186/1471-2229-12-75. 

Jones AM, Saxena PK (2013) to reduce oxidative browning in plant tissue culture. PLoS 

One 8(10):e76802. doi: 10.1371/journal.pone.0076802 

Kagale S, Divi UK, Krochko JE, Keller WA, Krishna P (2007) Brassinosteroid confers 

tolerance in Arabidopsis thaliana and Brassica napus to a range of abiotic 

stresses. Planta 225: 353–364. 

Kandan A, Commare RR, Nandakumar R, Ramaih M, Raguchander T, Samiyappan R 

(2002) Induction of phenylpropanoid metabolism by Pseudomonas fluorescens 

against tomato spotted wilt virus in tomato. Folia Microbiol 47: 121-129. 

Kim DS, Hwang BK (2014) An important role of the pepper phenylalanine ammonia-

lyase gene (PAL1) in salicylic acid-dependent signalling of the defence response 

to microbial pathogens. J Exp Bot 65: 2295-306. 

Kliebenstein D, Rowe HC, Denby KJ (2005) Secondary metabolites influence 

Arabidopsis/Botrytis interactions: variation in host production and pathogen 

sensitivity. Plant J 44: 25-36. 

 

http://dx.doi.org/10.1371%2Fjournal.pone.0076802


 70 

Koca N, Karaman S (2015) The effects of plant growth regulators and L-phenylalanine 

on phenolic compounds of sweet basil. Food Chem 166: 515-521. 

Kopcewicz J (1970) Influence of estrogen on the flower formation in Cichorium intybus. 

L Naturwissenschaften 57: 136–137. 

Laxmi A, Paul LK, Peters JL, Khurana JP (2004) Arabidopsis constitutive 

photomorphogenic mutant, bls1, displays altered brassinosteroid response and 

sugar sensitivity. Plant Mol Biol 56: 185–201.  

Lydon J, Duke SO (1989) Pesticide effects on secondary metabolism of higher plants. 

Pest Sci 25: 361-73. 

Maher EA, Bate NJ, Ni W, Elklnd Y, Dixon RA, Lamb CJ (1994) Increased disease 

susceptibility of transgenic tobacco plants with suppressed levels of preformed 

phenylpropanoid products. Proc Natl Acad Sci USA 91: 7802-7806. 

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassay with 

tobacco tissue cultures. Physiol Plant 15: 473–497. 

Rivero RM, Ruiz JM, Garcia PC, López-Lefebre LR, Sánchez E, Romero L (2001) 

Resistance to cold and heat stress: accumulation of phenolic compounds in tomato 

and watermelon plants. Plant Sci 160: 315–321. 

Schoch GA, Nikov GN, Alworth WL, Werck-Reichhart D (2002) Chemical inactivation 

of the cinnamate 4-hydroxylase allows for the accumulation of salicylic acid in 

elicited cells. Plant Physiol 130: 1022-1031. 



 71 

Shore LS, Kapulnik Y, Ben-Dor B, Fridman Y, Wininger Y, Shemesh M (1992) Effects 

of estrone and 17-β-estradiol on vegetative growth of Medicago sativa. Physiol 

Plant 84: 217–222. 

Shore LS, Shemesh M (2003) Naturally produced steroid hormones and their release into 

the environment. Pure Appl. Chem. 75: 1859–1871. 

Song GC, Ryu SY, Kim YS, Lee JY, Choi JS, Ryu CM (2013) Elicitation of induced 

resistance against Pectobacterium carotovorum and Pseudomonas syringae by 

specific individual compounds derived from native Korean plant species. 

Molecules 18: 12877-12895. 

Stefanowska M, Kuras M, Kacperska A (2002) Low temperature-induced modifications 

in cell ultrastructure and localization of phenolics in winter oil seed rape 

(Brassica napus L. var. oleifera L.) leaves. Ann Bot 90: 637–645. 

Stumpe B, Marschner B (2009) Factors controlling the biodegradation of 17beta-

estradiol, estrone and 17alpha-ethinylestradiol in different natural soils. 

Chemosphere 74: 556–562. 

Tattini M, Galardi C, Pinelli P, Massai R, Remorini D, Agati G (2004) Differential 

accumulation of flavonoids and hydroxycinnamates in leaves of Ligustrum 

vulgare under excess light and drought stress. New Phytol 163: 547–561. 

Velioglu YS, Mazza G, Gao L, Oomah BD (1998) Antioxidant activity and total 

phenolics in selected fruits, vegetables, and grain products. J Agric Food Chem 

46: 4113–4117. 

Vogt T (2010) Phenylpropanoid biosynthesis. Mol Plant 3: 2-20. 



 72 

Xu X, Chen C, Fan B, Chen Z (2006) Physical and functional interactions between 

pathogen-induced Arabidopsis WRKY18, WRKY40, and WRKY60 transcription 

factors. Plant Cell 18: 1310–1326. 

Yao K, De Luca V, Brisson N (1995) Creation of a metabolic sink for tryptophan alters 

the phenylpropanoid pathway and the susceptibility of potato to Phytophthora 

infestans. Plant Cell 7: 1787-1799. 

Ylstra B, Touraev A, Brinkmann AO, Heberle-Bors E, Tunen A (1995) Steroid hormones 

stimulate germination and tube growth of in vitro matured Tobacco pollen. Plant 

Physiol 107: 639-643. 

 

List of Figures 

Fig. 3.1 Estradiol negatively impacts production of phenolics in Arabidopsis. (a) Total 

phenolic content of 21 days old, control and estradiol-treated Arabidopsis leaves. (b) 

Estradiol application results in reduced flavonoid biosynthesis in 21 days old, non-treated 

and estradiol-treated Arabidopsis. Flavonoid content is presented as sum of naringenin 

and quercitin equivalents. (c) Estradiol application results in reduced anthocyanin 

production in 21 days old, control and estradiol-treated Arabidopsis leaves. Different 

alphabets represent statistically significant difference (means ± SD; P<0.05, ANOVA, n 

= 9). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied 

estradiol treatments. 

Fig. 3.2 Reduced expression level of the phenylpropanoid pathway genes (a) PAL1, (b) 

PAL4, (c) CHI, and (d) ANS due to estradiol application is transcriptionally regulated. 
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RNA was isolated from 21-day-old, control and estradiol-treated Arabidopsis leaves. 

Different alphabets represent statistically significant differences (means ± SD; P<0.05, 

ANOVA, n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 

µM = applied estradiol treatments. 

Fig. 3.3 Estradiol application results in increased susceptibility to P. syringae pv. 

DC3000 in Arabidopsis. (a) Bacterial growth in control and estradiol-treated Arabidopsis 

plants at 0 and 3 DPI. (b) Representative image of pathogen inoculated Arabidopsis 

leaves at 3 DPI showing pathogen induced chlorosis. Results are means ± SD (P<0.05, 

ANOVA, n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 

µM = applied estradiol treatments. 

Fig. 3.4 PR1 expression in estradiol-treated and control Arabidopsis plants inoculated 

with P. syringae pv. DC300 or MgCl2 as mock. Asterisk represents statistically 

significant difference (means ± SD; P<0.05, ANOVA, n = 9). C = no treatment, EtOH = 

0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol treatments. 

Fig. 3.5. PAL1 (a) and PAL4 (b) expression in estradiol-treated and control Arabidopsis 

plants inoculated with P. syringae pv. DC300 or MgCl2 mock. Results are cumulative of 

three independent experiments. Asterisk represents statistically significant difference 

(means ± SD; P<0.05, ANOVA, n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 

10 nM, 100 nM, 10 µM = applied estradiol treatments. 
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Fig. 3.1 Estradiol negatively impacts production of phenolics in Arabidopsis. (a) Total 

phenolic content of 21 days old, control and estradiol-treated Arabidopsis leaves. (b) 

Estradiol application results in reduced flavonoid biosynthesis in 21-day-old, non-treated 
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and ES-treated Arabidopsis. Flavonoid content is presented as sum of naringenin (NG) 

and quercitin (QR) equivalents. (c) Estradiol application results in reduced anthocyanin 

production in 21 days old, control and ES-treated Arabidopsis leaves. Different alphabets 

represent statistically significant difference (means ± SD; P<0.05, ANOVA, n = 9). C = 

no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied ES 

treatments 
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Fig. 3.2 Reduced expression level of the phenylpropanoid pathway genes (a) PAL1, (b) 

PAL4, (c) CHI, and (d) ANS due to estradiol application is transcriptionally regulated. 

RNA was isolated from 21-day-old, control and estradiol-treated Arabidopsis leaves. 

Different alphabets represent statistically significant differences (means ± SD; P<0.05, 

ANOVA, n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 

µM = applied estradiol treatments. 
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Fig. 3.3 Estradiol application results in increased susceptibility to P. syringae pv. 

DC3000 in Arabidopsis. (a) Bacterial growth in control and estradiol-treated Arabidopsis 

plants at 0 and 3 DPI. (b) Representative image of pathogen inoculated Arabidopsis 

leaves at 3 DPI showing pathogen induced chlorosis. Results are means ± SD (P<0.05, 

ANOVA, n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 

µM = applied estradiol treatments. 
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Fig. 3.4 PR1 expression in estradiol-treated and control Arabidopsis plants inoculated 

with P. syringae pv. DC300 or MgCl2 mock. Asterisk represents statistically significant 

difference (means ± SD; P<0.05, ANOVA, n = 9). C = no treatment, EtOH = 0.01% 

ethanol treated, 10 nM, 100 nM, 10µM = applied estradiol treatments. 
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Fig. 3.5. PAL1 (a) and PAL4 (b) expression in estradiol-treated and control Arabidopsis 

plants inoculated with P. syringae pv. DC300 or MgCl2 mock. Results are cumulative of 

three independent experiments. Asterisk represents statistically significant difference 

(means ± SD; P<0.05, ANOVA, n = 9). C = no treatment, EtOH = 0.01% ethanol treated, 

10 nM, 100 nM, 10 µM = applied estradiol treatments. 
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CHAPTER IV 

APPLICATION OF 17-ESTRADIOL CONFERS TOLERANCE AGAINST 

DROUGHT STRESS IN ARABIDOPSIS THALIANA 

A Paper to be Submitted for Publication in the 

International Journal of Plant Biology and Research 

Pallavi Upadhyay 

 

Abstract 

Animal steroidal hormones, including estrogens, are being introduced into the 

agricultural soil and water supply from increased pharmaceutical and farm waste. The 

goal of the study was to understand the effect of estradiol (ES) application on 

Arabidopsis drought stress responses. Plants treated with increasing estradiol 

concentrations (10 nM, 100 nM) and subjected to drought stress conditions by 

withholding water for 7 days resulted in the upregulation of stress reponsive genes and 

increased tolerance to drought stress. Higher concentrations of ES (10 µM) rendered the 

plants susceptible to drought stress. These plants had the lowest survival rate among all 

ES-treated plants. Results from the study will have practical agricultural applications 

regarding the effect of environmental estrogens and xenoestrogens on crop plants. 

 

Keywords: Xenoestrogens, Arabidopsis, Drought stress, Glutathione, H2O2, Proline   
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Introduction 

Environmental contamination with mammalian sex hormones (MSH) is an ecological 

concern. Increasing levels of MSH are being introduced into the agricultural soil and 

water supply through farm and pharmaceutical wastes. Despite the fact that MSH act as 

endocrine disruptors in aquatic animals, a number of studies have demonstrated the 

beneficial role of MSH in plants, which help coping with abiotic stress in plants (1-7). 

Drought is an important manifestation of abiotic stresses in plants, which tends to be 

a primary production-limiting factor in crop plants. Drought aggravates the effect of the 

other biotic and abiotic plant stress responses. In addition, common consequence of 

various abiotic stresses (e.g., drought stress, salt stress, heavy metal stress, etc.) is the 

oxidative damage to the cell and production of reactive oxygen species (ROS). Studies 

have a shown a dircect correlation between the stimulated levels of the antioxidant 

system and drought tolerance in the plant species (8, 9). 

Treatment of bean, Phaseolus vulgaris seeds with varying concentrations of MSH 

(progesterone, β-estradiol and androsterone) resulted in increased activity of antioxidant 

enzymes such as superoxide dismutase (SOD), peroxidase (POX) and catalase (CAT), 

which are known to be active in drought stress. At the same time, a decreased lipid 

peroxidation and H2O2 levels was observed in the MSH treated bean plants, attributed to 

an increase in antioxidant enzyme activity which correlated to increased resistance to 

stress in bean plants (1).  

MSH application can impact the inorganic element constitution in plant cells was 

also evident from the study that showed progesterone application in bean seedlings 
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ameliorated the effects of salt stress by increasing the K
+
/Na

+
 ratio in the hormone treated 

plants in comparison to untreated plants grown in artificial medium supplemented with 

100mM NaCl (3). In the same study, it was reported that progesterone treated bean plants 

under salt stress had higher activity of SOD, POX and CAT enzymes and displayed lower 

levels of lipid peroxidation as compared to the non MSH treated plants (3). MSH 

(progesterone, β-estradiol and androsterone) application mitigated the effects of salinity 

stress, such as lower germination rate, decreased root and shoot length, in maize (4) and 

wheat seedlings (5). The protective effect of MSH on plants has also been reported in the 

case of chilling stress (6). Foliar application of progesterone to chickpea plants exposed 

to chilling stress resulted in enhanced antioxidant enzyme activity, chlorophyll content 

and relative leaf water content in comparison to untreated plants exposed to chilling 

stress (6). 

In the presence of Cd or Cu, retardation in the embryo germination and growth 

was observed in lentil. However, the addition of 17β-estradiol (ES) to the seed 

germination medium protected the lentil seedlings from the negative effects of heavy 

metal stress post germination. The ES-treated seedlings displayed significantly lower 

solute leakage in the presence of heavy metals as compared to non-treated seedlings thus 

protecting the plants against nutrient loss (7). 

Plants employ a number of strategies to cope with drought stress. One of the most 

important antioxidant molecules used by plant cells is glutathione (GSH), a tripeptide 

composed of the amino acids glutamic acid, cystine and glycine (γ-L-Glutamyl-L-

cystineglycine). GSH is the reduced form of the molecule, which during abiotic stresses, 



 83 

upon reaction with oxidizing agents is converted to GSSG (10)(Zagorchev et al., 2013). 

Plant cells usually maintain a higher concentration of GSH as compared to GSSG and it 

has been reported in a number of cases that glutathione levels (GSH/GSSG ratio) rapidly 

changes in response to water deficit and help maintain the redox homeostasis of the cell 

(11).  

Generation of reactive oxygen species (ROS) by the plant cell is a response 

common to a number of stress conditions. Hydrogen peroxide (H2O2) is a unique ROS 

species that plays a dual role within the plant cells (10). High levels of H2O2 generated 

during abiotic stress (including drought stress) can damage cellular structures and 

biomolecules but a low concentration of H2O2 is maintained within the cells to act as a 

signaling molecule that controls plant growth and development (13, 14). 

Accumulation of proline in response to stress has been reported in both plants and 

animals. Under stress conditions that cause water deficit within the cell, high 

concentrations of proline can protect membrane structures, stabilize the quaternary 

structure of proteins and even scavenge the hydroxyl radical (15).  

In the present study, we demonstrate that exogenous application of ES to Arabidopsis 

plants results in enhanced tolerance to drought stress which correlates with increase in the 

levels of glutathione, H2O2 and proline. However, higher concentrations of ES (10 µM) 

proved to be phytotoxic as these plants were more susceptible to drought stress as 

compared to the controls. 
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Materials and Methods 

Plant material and growth conditions 

 Arabidopsis thaliana ecotype Columbia wild type (WT) seeds (Lehle Seeds, TX, 

USA) were surface sterilized according to the procedure described previously (16; 17) 

and grown in Murashige and Skoog (18) nutrient medium solidified with 1% agar and 

amended with either increasing concentrations of ES (10 nM, 100 nM, 10 μM). 

Arabidopsis seedlings germinated on MS plates without ES or with 0.01% ethanol 

(solvent for ES) were used as controls. At day 14, the seedlings were transferred from 

MS plates into pots in a Percival growth chamber under long-day conditions at 22°C, 

50% humidity, and 200 μmol/m
2
/s and were sprayed with ES once a week untill maturity. 

 

Drought stress 

Drought stress studies were performed according to the procedure employed by 

Kagale et al. (17) with slight modifications. ES-treated and untreated, non-stressed plants 

were watered every third day by subirrigation. Drought conditions in the 21-day-old 

plants were introduced by withholding water for 7 days. At the end of the treatment, leaf 

tissue was collected for biochemical and gene expression analysis. Following the drought 

stress, watering was resumed for a week. Plants that survived were counted, and the 

percentage survival rate for each treatment was calculated. These experiments were 

repeated thrice, each time with 30 plants. 
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Proline estimation 

Estimation of proline was conducted according to a previously published protocol by 

Bates et al. (19) in Arabidopsis leaves and expressed as µmoles/g fresh weight.  

 

Glutathione estimation 

Total glutathione in Arabidopsis leaves was estimated using the Glutathione Assay 

Kit (Sigma Aldrich, USA) following the manufacturers specifications and expressed as 

µmoles/g fresh weight. 

 

Hydrogen peroxide estimation 

Hydrogen peroxide in Arabidopsis leaves was estimated using the Amplex
®
 Red 

Hydrogen Peroxide/Peroxidase Kit (Thermofischer Sci, USA) and expressed as µmoles/g 

fresh weight. 

 

RNA isolation and qRT-PCR 

RNA was isolated from leaves of ES-treated and untreated drought stressed and 

unstressed 21-day-old plants using the Plant RNA isolation reagent (Life Technologies, 

USA) following the manufacturer’s protocol. RT-PCR from the total RNA extracted was 

performed using the RETROscript reverse transcription kit (Thermo Fisher Sci, USA). 

Primers were designed using the Primer-3 software. The following primer sequences 

were used for the PCR analysis: (GSTU, Glutathione S Transferase) GSTU3F: 

5´CAATGGCCGAGAAAGAAGAG3´, GSTU3R: 
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5´AAGTAGCAACGGGCTCTTGA3´, (GEr5, Gem-related 5) GER5F: 

5´CATCGGAATGTTCCATACCTGGAGT3´, GER5R: 

5´TTGGCTCTGTTCCGAAAATCTGTCT3´, (HSP70, Heat Shock Protein 70) 

HSP70bF: 5´AGGATAAAACCGCTGGTGTG3´, HSP70bR: 

5´ATTCTTGGCCTCCACCTTCT3´, (HSP101, Heat Shock Protein 101) HSP101F: 

5´GCCAAGTGTGCCTGACACCATTAGT3´, HSP101R:  

5´GCTTTATCCGGTAAATGCCGACCA3´, (EF1α, Eukaryotic Elongation Factor α ) 

EF1αF: 5´TTCACCCTTGGTGTCAAGCAGATG3´, EF1αR: 

5´TCAGGGTTGTATCCGACCTTCTTCA3´. The real-time PCR experiments were 

carried out using the iQ SYBR
®
 Green supermix and the BioRAD CFX96 RT-PCR 

detection system (BioRad, USA) according to the manufacturers’ protocol. Reaction 

parameters were set as follows: initial denaturation at 95°C for 5 mins followed by 35 

cycles of 30s at 95°C, 30s at 55°C and 30s at 72°C. The relative RNA levels in each 

sample were calibrated and normalized against EF1α expression that was used as an 

internal control. 

 

Statistical Analysis 

Data are the means ± SD of three independent replicates. Data were subjected to a 

one-way analysis of variance (ANOVA) and the mean differences were compared using 

Tukey’s test. Comparisons with P 0.05 were considered significantly different.  
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Results 

Estradiol application enhances drought stress tolerance in Arabidopsis 

When plants were 21 days old, drought stress conditions were generated by 

withholding irrigation for 7 days, after which ES-treated and control plants developed the 

drought characteristic stress symptoms of wilting, chlorosis and tissue senescence. 

However, 10 and 100 nM ES-treated plants coped better than controls and 10 µM ES-

treated plants in terms of tissue senescence and chlorosis development (Fig. 4.1a). 

Following the drought stress period, watering was resumed and the percentage of 

surviving plants was determined. Significantly higher tolerance to drought stress was 

observed in 10 and 100 nM ES-treated plants with 74% and 78% of the plants surviving 

drought stress, respectively, as compared to 40% regularly watered control plants and to 

36% EtOH control plants. The lowest tolerance to drought stress was recorded for 10µM 

ES-treated plants with an 18% survival rate (Fig. 4.1b). 

 

Estradiol application enhances glutathione levels in Arabidopsis during drought 

stress 

Under simulated drought conditions, an increase in glutathione levels was observed in 

all Arabidopsis plants irrespective of the treatment. However, significantly higher levels 

of glutathione were accumulated by Arabidopsis plants treated with 10 nM and 100 nM 

ES than the control plants. The lowest levels of glutathione were estimated in leaves of 

plants treated with 10µM ES under drought stress and even under non-stress conditions 

(Fig. 4.2). 
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Estradiol treatment enhances hydrogen peroxide levels in Arabidopsis leaves during 

drought stress 

H2O2 can scavenge high energy electrons generated during abiotic stresses and thus 

protect plant cells, however high levels of H2O2 can contribute towards oxidative stress. It 

was observed that, under non-stress conditions, the Arabidopsis plants treated with 10 

µM ES accumulated significantly higher levels of H2O2, as compared to the controls and 

other ES treatments, indicating increased levels of drought-induced oxidative stress in 

these plants. The levels of H2O2 in control and 10 and 100 nM ES-treated plants under 

non-stress were not significantly differents (Fig. 4.3). Plants treated with 10 and 100 nM 

ES accumulated the highest levels of H2O2 under drought conditions (Fig. 4.3). 

 

Estradiol application enhances proline accumulation in Arabidopsis during drought 

stress 

Proline, an essential amino acid, is a compatible osmolyte, which protects cellular 

structures and biomolecules during drought stress. Leaves of both 10 and 100 nM ES-

treated Arabidopsis plants accumulated significantly higher levels of proline under 

drought stressed than the unstressed plants. As observed with glutathione levels, the 

lowest proline levels were accumulated by plants treated with 10 µM ES (Fig. 4.4).  

 

Estradiol application upregulates stress-related gene expression 

Real time-PCR was performed to assess the expression levels of four stress 

responsive genes known to play an important role in providing the plant cell with 
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protection during drought conditions. Enhanced expression of all the studied genes, 

GLUTATHIONE S-TRANSFERASEU3 (GSTU3), GEm-RELATED5 (GER5), HEAT 

SHOCK PROTEIN101 (HSP101) and HSP70b was observed 7 days post drought stress  

(Fig. 4.5 a, b). Under drought stress, the expression of GSTU3 was 3.5 fold higher in the 

drought stressed 10 and 100 nM ES-treated plants than the non-stress control leaves. 

Expression levels of GER5, in drought stressed 10 and 100 nM ES-treated plants, was 

determined to be nearly four folds higher than in the control leaves. Expression of both 

HSP101 and HSP70b was induced by drought stress and the highest expression was 

observed in 10 and 100 nM ES-treated drought stressed leaves at 2.5 and 2-fold higher 

than the control leaves, respectively. The application of 10 and 100 nM ES, under non-

drought conditions, also resulted in enhanced expression of GSTU3 and GER5 (Fig. 4.5a, 

b). 

 

Discussion 

In this paper the effect of 17β-estradiol application on Arabidopsis response to 

drought stress is demonstrated. To the best of our knowledge this is the first study 

reporting on the changes in stress related gene expression in ES-treated plants. A 

previous study employing microarray analysis revealed that expression of stress 

responsive genes was upregulated by ES application in Arabidopsis seedlings (20). As a 

validation of those results, a quantitative PCR analysis of GSTU3, GER5, HSP70b and 

HSP101 expression in ES-treated and untreated plants in this study showed that the 

expression of these stress responsive genes is elevated in response to drought stress.  
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The glutathione S-transferase enzymes play an important role in plant stress 

resistance as they facilitate the binding of GSH to xenobiotic substrates (21, 22). 

Transgenic expression of a tomato GST, LeGSTU2, resulted in enhanced drought stress 

tolerance in Arabidopsis (23).  GSTU3 displays increased expression in response to 

abiotic stress conditions (24). Similarly, the expression of GER5 is induced by ABA and 

abiotic stress and is required for growth and development in Arabidopsis (25). 

Significantly higher expression of both GSTU3 and GER5 was observed in drought 

treated 10 and 100 nM ES-treated plants which may have contributed to their enhanced 

tolerance towards drought stress. The 10 and 100 nM ES treatments may have primed the 

plants for increased tolerance as the non-stressed plants displayed elevated expression of 

GSTU3 when compared to the other treatments.  

Heat Shock Proteins (HSPs) belong to a specialized class of chaperone proteins 

whose expression is induced in response to a number of abiotic stresses (26). In 

Arabidopsis, both HSP70b and HSP101 are required for developing thermotolerance 

against heat stress (27; 28). Even in the absence of heat stress, expression of both 

HSP70b and HSP101 was elevated in response to drought stress and was found to be 

significantly higher in 10 and 100 nM ES-treated plants. In a manner similar to the 

expression of GSTU3, the expression of HSP101 was elevated in non-stressed 10 and 100 

nM ES-treated plants. These results are similar to the effect of brassinosteroid application 

on Arabidopsis plants where treatment with the hormone resulted in increased tolerance 

to drought stress and elevated expression of HSP genes (17). Since HSPs are required for 

proper protein folding and function in response to abiotic stresses it can be suggested that 
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application of ES can potentially enhance the ability of plants to cope with other forms of 

abiotic stress. 

In response to drought stress, significantly higher accumulation of GSH, H2O2 and 

proline was observed in 10 and 100 nM ES-treated plants as compared to the control 

plants, which could explain the increased stress tolerance of these plants. Rice (Oryza 

sativa var. indica) seedlings grown under water deficit conditions showed a consistent 

decline in GSH concentrations for the drought sensitive lines as opposed to the drought 

resistant varieties (29). However, in case of wheat (Triticum sp.) plants grown under 

drought conditions, GSH concentration increased in the flag leaves of both drought 

resistant and sensitive varieties (30). Generation of drought stress by the application of 

PEG-6000 to the seedlings of Brassica campestris and Brassica juncea resulted in 

increased GSSG levels (21, 31 and the references within). B. juncea seedlings, in the 

presence of PEG-6000, displayed elevated levels of GSH as well (21). A similar increase 

in proline levels was observed in plants that were exposed to drought conditions (32). 

Studies involving Arabidopsis and rice demonstrate that accumulation of proline as a 

compatible osmolyte is an essential response of the plant cell to drought stress (33, 34). 

The beneficial effect of ES treatment in coping with drought stress is evident from the 

observation that 10 and 100 nM ES-treated plants accumulated the highest levels of both 

GSH and proline when subjected to drought stress. The abiotic stress resistance afforded 

by GSH, proline and H2O2 becomes apparent in the high survival rate of 10 and 100 nM 

ES-treated plants when recovering from drought stress. High levels of H2O2 can by itself 

result in oxidative damage to the cells (10) but it has been demonstrated in a number of 
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plants species, including maize (35), mustard (36), tall fescue and rye grass (37), that an 

increase in H2O2 levels primes the plants towards enhanced drought stress resistance. 

Significant increases in H2O2 levels from those in plants under non-drought conditons 

were observed in drought stressed Arabidopsis plants treated with 10 and 100 nM ES. 

This increase was in response to drought stress and not to the ES treatment and it can be 

speculated that H2O2 contributed to the enhanced drought stress tolerance of these plants. 

The most anomalistic responses to ES application were observed for plants treated 

with 10 µM ES. These plants displayed the lowest survival rate after the induced drought 

stress. The levels of GSH and proline accumulated by these plants in response to drought 

stress were the lowest among all the treatments, which can explain their poor 

performance in coping with the stress conditions. However, the 10 µM ES-treated plants 

accumulated significantly higher levels of H2O2 even under non-stress conditions, which 

remain unaltered in response to drought stress suggesting that 10 µM ES-treated 

Arabidopsis plants are producing high levels of ROS and are under constant oxidative 

stress like conditions.  

This study looks into the impact of ES treatment on Arabidopsis responses against 

drought stress both at the gene expression and biochemical level. The results presented 

here indicate that ES treatment at the 10 and 100 nM concentrations can be beneficial for 

plant survival under drought stress; however, at higher concentrations (10 µM), ES can 

be detrimental to plant growth and survival. These observations open new avenues for 

understanding the impact of environment ES in plant stress responses and its potential 

application in agriculture. However, further studies using different hormone 
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concentrations and stress responsive genes are required for a more comprehensive 

understanding of these effects. 
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List of Figures 

Figure 4.1: Estradiol application enhances drought stress tolerance in Arabidopsis. (a) 

Representative image of estradiol-treated and untreated plants following 7 days of 

drought stress. (b) Plant survival after drought stress. The results are means ± SD (n = 

30). Different alphabets represent statistically significant difference (P<0.05, ANOVA). 

C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied 

estradiol concentrations. 

  

Figure 4.2: Estradiol application results in increased glutathione accumulation in 

Arabidopsis leaves. Different alphabets represent statistically significant difference 

(P<0.05, ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 0.01% 

ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. 

 

Figure 4.3: H2O2 accumulation is enhanced by estradiol treatment in Arabidopsis leaves 

during drought stress. Different alphabets represent statistically significant difference 

(P<0.05, ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 0.01% 

ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. 

 

Figure 4.4: Estradiol application enhances proline accumulation in Arabidopsis during 

drought stress. Different alphabets represent statistically significant difference (P<0.05, 

ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 0.01% ethanol 

treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. 
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Figure 4.5: Quantitative PCR analysis of gene expression for stress related genes in 

Arabidopsis in response to drought stress in control and estradiol-treated plants. Estradiol 

application enhances stress related gene expression. Asterisks represent statistically 

significant differences (P<0.05, ANOVA). The results are means ± SD (n = 9). C = no 

treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol 

concentrations. White bars (control), Black bars (drought). 
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Figure 4.1: Estradiol application enhances drought stress tolerance in Arabidopsis. (a) 

Representative image of estradiol-treated and untreated plants following 7 days of 

drought stress. (b) Plant survival after drought stress. The results are means ± SD (n = 

30). Different alphabets represent statistically significant difference (P<0.05, ANOVA). 

C = no treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied 

estradiol concentrations.  
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Figure 4.2: Estradiol application results in increased glutathione accumulation in 

Arabidopsis leaves. Different alphabets represent statistically significant difference 

=(P<0.05, ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 

0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1.0

1.2
G

lu
ta

th
io

n
e 

(µ
m

o
le

s/
g 

F.
 W

.)

a a a a
a

b

c c

d

e

CONTROL DROUGHT STRESSNON-STRESS



 103 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: H2O2 accumulation is enhanced by estradiol treatment in Arabidopsis leaves 

during drought stress. Different alphabets represent statistically significant difference 

(P<0.05, ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 0.01% 

ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. 
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Figure 4.4: Estradiol application enhances proline accumulation in Arabidopsis during 

drought stress. Different alphabets represent statistically significant difference (P<0.05, 

ANOVA). The results are means ± SD (n = 9). C = no treatment, EtOH = 0.01% ethanol 

treated, 10 nM, 100 nM, 10 µM = applied estradiol concentrations. 

 

 

0

10

20

30

40

50

60

70

80

90

100
P

ro
lin

e
(µ

m
o

le
s/

g 
F.

 W
.)

a a a a a

b b

c
c

d

CONTROL DROUGHT STRESSNON-STRESS



 105 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Quantitative PCR analysis of gene expression for stress related genes in 

Arabidopsis in response to drought stress in control and ES-treated plants. Estradiol 

application enhances stress related gene expression. Asterisks represent statistically 

significant differences (P<0.05, ANOVA). The results are means ± SD (n = 9). C = no 

treatment, EtOH = 0.01% ethanol treated, 10 nM, 100 nM, 10 µM = applied estradiol 
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concentrations. White bars (no stress), Black bars (drought stress). DPT = Days Post 

Treatment. 
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CHAPTER V 

AN INQUIRY INTO THE MECHANISM OF ACTION OF 17β-ESTRADIOL 

APPLICATION ON ARABIDOPSIS THALIANA 

A Paper to be Submitted for Publication in the 

Journal Physiology and Molecular Biology of Plants 

Pallavi Upadhyay 

Abstract 

Increased pharmaceutical and agricultural activities have led to the introduction of animal 

steroidal hormones, including estrogens, into the agricultural soil. The goal of the study is 

to understand the molecular basis of the phenotypes displayed by estradiol-treated 

Arabidopsis plants. Plants treated with increasing estradiol concentrations (10nM, 100 

nM and 10 µM) were found to have low PAL1 expression level and subsequently reduced 

phenypropanoid biosynthesis. The estradiol-treated plants also displayed compromised 

resistance against Pseudomonas syringae pv. tomato DC3000. Overexpression of PAL1 

under the control of CaMV 35S alleviated the effects of estradiol application suggesting 

that the downregulation of the PP pathway by estradiol may be transcriptional in nature. 

The potential role of ERF73, an AP2/EREBP transcription factor, in modulating the 

estradiol-treated phenotype was also investigated. However, the phenotype of erf73 

mutants and wild type plants upon estradiol application suggested that ERF73 may not 

play a role in controlling PAL1 expression. 
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Introduction 

Estrogens are female sex hormones synthesized in all vertebrates known to regulate 

growth, metabolism, developmental processes and reproduction (Mauvais-Jarvis et al., 

2013). There is an ever increasing influx of estrogens and estrogen-like compounds 

(xenoestrogens), from livestock and human waste, being introduced into the agricultural 

soil and ground water (Stumpe and Marschner, 2010). A number of studies have 

demonstrated that exogenous application of 17β-estradiol (ES) provides a protective 

effect against environmental stress in plants by increasing the activity of stress responsive 

enzymes like superoxide dismutase and peroxidase that can scavenge high energy 

electron carrying reactive oxygen species (Erdal and Dumlupinar, 2011; Dumlupinar et 

al., 2011; Erdal, 2012). Phenylpropanoid (PP) pathway is an important secondary 

metabolic pathway whose products are known to provide defense against biotic stresses 

and relieved abiotic stresses (Dixon and Paiva, 1995). The products derived via this 

pathway show a high diversity (e.g., flavonoids, anthocyanins, lignins) and their levels 

increase in response to both biotic and abiotic stresses (Ferrer et al., 2008; Payyavula et 

al., 2012). 

The first committed step of PP pathway is catalyzed by the enzyme phenylalanine 

ammonia lyase (PAL) that results in the deamination of phenylalanine generating 

cinnamic acid and ammonia. The PAL gene family in Arabidopsis is made up of 4 genes 
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(PAL1-PAL4). Gene expression analysis and in silico promoter analysis of the PAL genes 

showed that PAL1 and PAL2 are the primary PAL enzymes in Arabidopsis (Raes et al., 

2003). The pal1pal2 double mutant plants, in comparison to the wild type, accumulated 

higher levels of phenylalanine, the enzyme substrate. In the same study it was shown that 

the double mutant plants accumulated lower levels of lignin, a major end product of the 

PP pathway (Rohde et al., 2004). Similar observations were made with respect to the 

pal1pal2pal3pal4 quadruple mutant that was found to accumulate lower lignin levels and 

had compromised resistance against the bacterial pathogen Pseudomonas syringae 

(Huang et al., 2010). 

Previous work in our laboratory has shown that ES application to Arabidopsis 

seedlings results in altered expression of PP pathway genes with most of the key genes of 

the pathway being downregulated by the hormone (Adetunji, 2012). In our study, 

exogenous application of ES to Arabidopsis plants resulted in decreased PAL1 mRNA 

accumulation, which in turn was responsible for lowered accumulation of PP pathway 

products such as phenolics, anthocyanins and flavonoids. PAL1 overexpressing plants 

were generated to explain the ES-treated phenotype of Arabidopsis plants, i.e. lowered 

accumulation of PPs and enhanced biomass. The observed phenotype is the result of the 

transcriptional control of PAL1 expression by ES. The role of an AP2 (Apetala2)/EREBP 

(Ethylene Response Element Binding Protein) transcription factor, ERF73 (ETHYLENE 

RESPONSE FACTOR73), as a potential mediator of ES action in Arabidopsis was also 

studied. 
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Material and Methods 

Plant material and growth conditions 

Arabidopsis thaliana ecotype Columbia wild type (WT) seeds  were purchased from 

Lehle Seeds, TX, USA and seeds for mutants pal1 (Salk_022804), erf73-1 (Salk_039484) 

and erf73-2 (Salk_023445) were obtained from the Arabidopsis Biological Resource 

Center at The Ohio State University, Ohio, USA. Wild type and mutant seeds were 

surface sterilized according to the procedure described previously (Kagale et al. 2007) 

and grown in Murashige and Skoog (1962) nutrient medium solidified with 1% agar and 

amended with either increasing concentrations of estradiol (10 nM, 100 nM, 10 μM). 

Arabidopsis seedlings germinated on MS plates without ES or with 0.01% ethanol were 

used as control plants. At day 14, the seedlings were transferred from MS plates into pots 

in a Percival growth chamber under long-day conditions at 22°C, 50% humidity, and 200 

μmol/m
2
/s until day 21, at which time tissues were collected for biochemical assays and 

RT-PCR. 

 

erf73 mutant validation 

The homozygous nature of T-DNA insertion in the erf73 mutant plants was determined 

using PCR. The following primers were used; ERF73-G-F: 

5´TCATTACAGACAGTGGCGAAA3´, ERF73-G-R: 

5´CCTGAAGCATGATGTTTGTGA3´ and LBa1: 

5´TGGTTCACGTAGTGGGCCATCG3´. Amplification of 0.5kb genomic ERF73 

portion was performed according to the following conditions: initial denaturation at 95°C 
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for 5 minutes followed by 35 cycles of denaturation at 95°C for 30 seconds each, 

annealing at 55°C for 30 seconds and extension at 72°C for 30 seconds. A final extension 

at 72°C for 7 minutes was performed. Amplification of 0.6 kb ERF73 genomic/T-DNA 

left border portion was performed according to the following conditions: initial 

denaturation at 95°C for 5 minutes followed by 35 cycles of denaturation at 95°C for 30 

seconds each, annealing at 55°C for 30 seconds and extension at 72°C for 35 seconds. A 

final extension at 72°C for 7 minutes was performed. The PCR products were resolved 

electrophoretically on 1.5% agarose gel and the absence of genomic amplicon with the 

presence of the T-DNA amplicon in the same sample indicated homozygosity of the 

mutants. 

 

PAL1-overexpression transgenic plants 

cDNA generated from Arabidopsis leaves (as described in the RNA isolation and RT-

PCR section) was used to amplify the PAL1 coding sequence using the following 

primers: PAL1-Start-F: 5´ATGGAGATTAACGGGGCACA3´ and PAL1-Stop-R: 

5´TTAACATATTGGAATGGGAGCTCCG3´. The 2.7 kb sequence was cloned into the 

pCR8
®
/GW/TOPO

®
 entry vector (ThermoFisher, USA). The pCR8-PAL1 clones were 

subcloned into the destination vector pMDC32 (Curtis and Grossniklaus, 2003) using the 

LR clonase reaction (ThermoFisher, USA). The pMDC32-PAL1 vector was transformed 

into the Agrobacterium tumefaciens strain GV3101, which was subsequently used to 

transform pal1 plants using the floral dip method (Zhang et al., 2006). 
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Total phenolics estimation  

Total phenolics estimation in Arabidopsis leaves was performed according to Velioglu et 

al. (1998) with some modifications. The leaf tissues (0.2 g) were extracted in 2 ml acidic 

methanol (80% methanol with 1% HCl) at room temperature for 2 h. Extracts were 

centrifuged at 1000 X g for 15 min. The supernatant (100 l) was mixed with the Folin-

Ciocalteu reagent (0.75 ml) and incubated at 22°C for 5 min.  Sodium bicarbonate (0.75 

ml) was further added to the reaction mixture which was allowed to stand at 22°C for an 

additional 90 min. The absorbance was measured at 725 nm and total phenolics content 

was estimated using a p-coumaric acid standard curve and expressed as g mg
-1

 fresh 

weight. 

  

Flavonoid estimation  

Flavonoid estimation was performed according to Chang et al. (2002). Flavonoid 

extraction from 0.5 g leaf tissues was carried out overnight in 95% ethanol. Flavones and 

flavonols were measured by AlCl3 colorimetric method against a quercetin standard at 

415 nm, whereas flavanones were measured by the 2,4-diphenylhydrazine colorimetric 

method against a naringenin standard at 495 nm. Flavonoid content was expressed as g 

mg
-1

 fresh weight. 

 

Total anthocyanin estimation  

Total anthocyanin estimation was performed according to Laxmi et al. (2004). Total 

anthocyanins were extracted from 0.2 g leaves with 3 ml 1% acidic methanol overnight. 
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Phase separation was performed by adding 3 ml chloroform and 2 ml water. Absorbance 

of the aqueous phase was measured at 530 nm and 657 nm. By subtracting the 

absorbance at 657 nm from 530 nm, the anthocyanin content was calculated and 

expressed as λ530λ657/g fresh weight. 

 

Pathogen inoculation 

Pathogen inoculations were performed by infiltrating leaves of six 21-day-old plants for 

each treatment with a suspension (OD600 = 0.0002) of the virulent Pseudomonas 

syringae pv. tomato DC3000 (Pst) strain in 10 mM MgCl2. To determine bacterial 

growth, inoculated leaves were harvested at 3-days-post inoculation (DPI) and 

homogenized in 10 mM MgCl2. Diluted leaf extracts were plated on King’s B medium 

supplemented with kanamycin (100 mg/ml) and incubated at 28°C for 2 d before 

counting the colony-forming units (cfu) as previously described (Xu et al. 2006). 

 

RNA isolation and RT-PCR 

RNA was isolated from leaves of 21-day old ES-treated or untreated plants using the 

Plant RNA isolation reagent (Life Technologies, USA) following the manufacturer’s 

protocols. RT-PCR from the total RNA extracted was performed using the RETROscript 

reverse transcription kit (ThermoFisher, USA). Primers were designed using the Primer-3 

software. The following primer sequences were used for the PCR analysis: PAL1F: 

5´CGGTGTCGCACTTCAGAAGGAA3´, PAL1R: 

5´GGATACCGGAAAATCCTTGGAGGAG3´, EF1αF: 
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5´TTCACCCTTGGTGTCAAGCAGATG3´, EF1αR: 

5´TCAGGGTTGTATCCGACCTTCTTCA3´. The real-time PCR experiments were 

carried out using the iQ SYBR
®
 Green supermix and the BioRAD CFX96 RT-PCR 

detection system (BioRad, USA) according to the manufacturers’ suggestions. Reaction 

parameters were set as follows: initial denaturation at 95°C for 5 mins followed by 35 

cycles of 30s at 95°C, 30s at 55°C and 30s at 72°C. The relative RNA levels in each 

sample were calibrated and normalized against EF1α expression, which was used as an 

internal control. The experiments were performed in triplicates and repeated thrice. 

 

In silico promoter analysis 

The 110 Arabidopsis genes downregulated by 10 nM ES application, determined in a 

previous microarray analysis (Adetunji, 2012) were used for promoter analysis using the 

Athamap (www.athamap.de) program. Starting from the ATG start site, 1kb portion of 

the promoter regions of the downregulated genes was analysed. To determine the 

transcription factor binding sites the default settings of Athamap program was used. 

 

Statistical Analysis 

Data are the means ± SD of three independent replicates. Data were subjected to a 

one-way analysis of variance (ANOVA) and the mean differences were compared using 

Tukey’s test. Comparisons with P 0.05 were considered significantly different.  
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Results 

ES downregulates PAL1 expression level 

Transgenic Arabidopsis plants constitutively expressing PAL1 under the control of the 

35S promoter were treated with increasing concentrations of ES. In case of the wild type 

(WT) plants, PAL1 expression was found to be downregulated by all the applied ES 

concentrations (10 nM, 100 nM and 10 µM). When compared to the WT plants, the PAL1 

overexpression (PAL1-OE) plants displayed nearly two-fold higher expression of PAL1 

that remained unaltered upon ES application (Fig. 5.1).  

 

ES induced downregulation of secondary metabolism is not observed in PAL1 

overexpression plants 

Since PAL1 encodes for the first committed enzyme of the phenylpropanoid (PP) 

pathway which also acts as the rate limiting step for the pathway, it was expected that its 

constitutive expression will result in enhanced accumulation of secondary metabolism 

products in Arabidopsis. In the ES-treated WT leaves, the lowered expression of PAL1 

resulted in the decreased levels of the PP pathway products such as anthocyanins, 

flavonoids and phenolics. However, PAL1-OE line accumulated significantly higher 

levels of anthocyanins, phenolics and flavonoids as compared to the control and ES-

treated WT plants (Fig. 5.2). In addition, it was observed that ES treatment had no effect 

on the secondary metabolism in PAL1-OE plants as the levels of the PP pathway 

derivatives showed no significant differences between the ES-treated and untreated 

transgenic plants (Fig. 5.2). 
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PAL1 overexpression enhances resistance against Pseudomonas  

Secondary metabolism, especially the PP pathway, has an important role in plant 

responses against pathogen atacks. It was hypothesized that the PAL1-OE plants, 

synthesizing higher levels of PP products, would display increased resistance against a 

pathogen attack. Therefore, the PAL1-OE plants were subjected to bacterial pathogen 

infection. As opposed to the ES-treated WT plants, which displayed enhanced 

susceptibility towards P. syringae pv. DC3000, the PAL1 overexpressing plants had 

significantly increased resistance towards the pathogen, resulting in reduced bacterial 

growth at 3 DPI. The increased resistance was found to be independent of ES application 

as no significant difference in bacterial growth was observed between control (untreated) 

and 10 nM ES-treated PAL1-OE plants (Fig. 5.3). 

 

In silico promoter analysis of Arabidopsis genes downregulated by ES application 

reveals potential AP2/EREBP transcription factor binding sites 

The objective of the promoter analysis was to identify a putative transcription factor that 

interacts with ES and thus controls the downregulation of important secondary 

metabolism genes (especially of PP pathway) in Arabidopsis. Athamap program was used 

to identify the transcription factor(s) that could bind to the promoter (1-kb region 

upstream of transcription start site) for all 110 downregulated genes identified in the 

previous microarray analysis of ES-treated Arabidopsis seedlings (Adetunji, 2012). The 

analysis revealed that members of the AP2 (APETALA2)/EREBP (Ethylene Responsive 

Element Binding Protein) transcription factor family can potentially bind to the promoter 
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regions of all analyzed genes (Table 5.1). An AP2/EREBP transcription factor gene 

ERF73 (At1g72360) was found to be downregulated by ES application (Adetunji, 2012). 

Thus, it was speculated that ERF73 regulate the transcriptional downregulation of the PP 

pathway by interacting with ES. Based on this analysis, it was decided to study the role of 

ERF73 by employing the erf73 mutant plants. 

 

PAL1 expression may be independent of ERF73 function 

ES application at 10 and 100 nM was found to enhance the fresh and dry biomass of 

Arabidopsis leaves and total silique numbers. Application of 10µM ES resulted in 

significantly lower leaf biomass and siliques (Table 5.2). The fresh and dry weights of 

erf73 plants in addition to the silique numbers were found to be similar to those of the 

WT (Table 5.2). It has been shown that ES application results in lowered expression of 

PAL1 in Arabidopsis WT plants (Fig. 5.1). Quantitative RT-PCR analysis of 10 nM ES-

treated erf73 mutant plants displayed lowered PAL1 expression that was not significantly 

different from that of 10 nM ES-treated WT plants (Fig. 5.4). Taken together these results 

suggest that PAL1 expression and the related phenotypes in response to ES treatment may 

be independent of ERF73 function. 

 

Discussion  

The present study is the first report that looks into the molecular mechanisms that are 

responsible for the observed decrease in the expression of PAL1 and other PP pathway 

biosynthesis genes (Adetunji, 2012) in response to ES application to Arabidopsis. 
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Regulation of PAL activity in plants is influenced by a number of factors (Zhang and Liu, 

2015). The transcriptional regulation of PAL and a number of other PP pathway genes 

has been demonstrated to be under the control of MYB transcription factors. Analysis of 

the proximal promoter of PAL1, CHS and 4CL reveals the presence of a number of AC-

rich motifs, which are known binding sites for MYB transcription factors (Yang et al., 

2001; Zhao and Dixon, 2011). Heterologous expression of AmMYB305 from snapdragon 

is able to transactivate the PAL promoter in tobacco protoplasts (Sablowski et al., 1994). 

The Lim-domain containing proteins that are zinc-finger type of transcription factors can 

also bind the AC-rich motifs of the AtPAL promoter and positively regulate its expression 

(Kawaoka and Ebinuma, 2001). However, the KNOX family of transcription factors 

negatively regulates the expression of PP pathway genes including the PAL family, 4CL 

and 4CH (Mele et al., 2003; Zhang et al., 2015).  

It is evident from our results that ES application results in the downregulation of 

PAL1 transcript accumulation. The consequence of decreased PAL1 expression is seen in 

the form of lowered accumulation of PPs in the ES-treated Arabidopsis leaves. The ES 

regulation of PAL1 expression is transcriptional in nature is bolstered by the observation 

that constitutive expression of PAL1 under the viral 35S promoter, in the pal1 mutant 

background, is unaffected by ES application. Our results suggest that the lowered 

expression of PAL1 in ES-treated WT plants may be due to a direct or indirect influence 

of ES on the transcription of PAL1 that is lost when PAL1 is transcribed from a viral 

promoter. As to how ES is able to downregulate PAL1 expression is not clear and further 

work is needed to decipher the molecular basis of this observation. ES application may be 
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able to lower the expression of PAL1 and other PP pathway genes by inhibiting positive 

regulators like MYB transcription factor (Zhao and Dixon, 2011) or by enhancing the 

binding of a negative regulator such as the KNOX transcription factor (Zhang et al., 

2015). Either possibility would result in the lowered expression of the PP pathway genes 

upon ES application. 

Transgenic Arabidopsis plants overexpressing PAL1 displayed increased resistance to 

Pst infection that remained unchanged upon ES application. In comparison, ES 

application to WT Arabidopsis plants resulted in compromised resistance against the 

bacterial pathogen. Induction of PAL activity in response to bacterial pathogens has been 

reported in pepper (Kim and Hwang, 2014) and tomato (Vanitha et al., 2009). Recently, it 

was demonstrated that overexpression of pepper (Capsicum annum) CaPAL1 in 

Arabidopsis plants resulted in increased resistance against Pst infection (Kim and Hwang, 

2014). The transgenic PAL1-OE plants generated in our study also show similar results 

when confronted with the same bacterial pathogen.  

An important aspect of plant defense against bacterial pathogen is the salicylic acid 

(SA) mediated defense signaling (Vlot et al., 2009). It has been demonstrated that plants 

with suppressed PAL activity have decreased SA content and display compromised 

resistance against pathogens (Pallas et al., 1996; Kim and Hwang, 2014). Since the ES-

treated plants show decreased expression of PAL1, it is possible that these plants may be 

compromised in the PAL mediated SA accumulation and signaling induced in response to 

Pst. It has been shown that increased accumulation of PP products in response to Pst 

infection in tomato provides antioxidative effect against the oxidative damage induced by 
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the bacterial pathogen (López-Gresa et al., 2011). Thus the lowered expression of PAL1 

and other PP pathway genes, in response to ES application, resulting in the decreased 

accumulation of PP compounds can also contribute towards the compromised resistance 

of ES-treated plants.  

The AP2/EREBP family of transcription factors in Arabidopsis is composed of 25 

genes that control the expression of genes involved in carbohydrate, hormone and stress 

signaling (Riechmann and Meyerowitz, 1998). Since the promoter analysis of genes 

downregulated by ES application (Adetunji, 2012) revealed the presence of an 

AP2/EREBP binding site present in the promoter region of each gene it was decided to 

look into the role of the AP2/EREBP family of transcription factors in mediating the 

effects of ES treatment. ERF73 was a prominent member of this family whose expression 

was also decreased in the ES-treated plants as opposed to the controls (Adetunji, 2012). 

The putative role of ERF73 in controlling the transcription of PAL1 can be demonstrated 

with three possible modes of actions: (a) ERF73 does not interact with PAL1: if ERF73 

has no role in controlling PAL1 expression then in that case the PAL1 expression levels 

of erf73 plants would be similar to those found in WT plants. (b) ERF73 is a negative 

regulator of PAL1: in case ERF73 negatively regulates PAL1 expression, erf73 plants will 

display increased PAL1 expression as compared to the WT plants. (c) ERF73 is a positive 

regulator of PAL1: if ERF73 is a positive regulator of PAL1 then erf73 plants should 

display lower PAL1 expression as compared to the WT plants (Fig. 5.5). 

However, the erf73 mutants were found to behave like the WT plants with respect to 

biomass accumulation and PAL1 expression when treated with ES. Based on the 
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observations related to the erf73 mutant plants it may be suggested that ERF73 does not 

mediate the effect of ES at the transcriptional level. Another possibility is that ERF73 

belongs to a subfamily of related transcription factors (within the AP2/EREBP family) 

with similar functions that may compensate for the transcriptional role of ERF 73 thus 

rendering its function redundant. 

 

The study presented in this paper looks into the mechanism by which ES controls the 

downregulation of the PP pathway in Arabidopsis. It is our assertion that ES, by an as of 

yet unknown mechanism, is able to transcriptionally downregulate the expression of 

PAL1. ERF73 expression was found to be downregulated, along with PAL1, upon ES 

application. The mutant analysis of erf73 plants revealed that ERF73 may not mediate the 

downregulation of PAL1 expression upon ES application. Further work is required to 

ascertain the role of a transcription factor or protein that may modulate this effect. 
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 Table 5.1: Results generated by Athamap (www.athamap.de) for the proximal promoter 

analysis of Arabidopsis genes whose expressions were downregulated by ES application 

(Adetunji, 2012). The table shows top five putative transcription factors that can 

potentially bind to the promoters of the analyzed genes. TFBS = Transcription Factor 

Binding Site. 

 

Transcription 

Factor 

Number 

of 

Genes 

Family Sum 

of 

TFBSs 

in 

Total 

Theoretical 

Number of 

TFBSs 

Occurrence/ 

Theoretical Ratio 

TEIL 110 AP2/EREBP 597 583.49 1.02 

MYB 109 MYB 463 367.56 1.26 

MYB 109 MYB 463 367.56 1.26 

ZmHOX2A 109 HD-HOX 505 731.73 0.69 

ALFIN1 104 HD-PHD 377 529.02 0.71 
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Table 5.2: Effect of estradiol application on biomass accumulation and silique generation 

in ES-treated and untreated Arabidopsis plants. Different superscript symbols represent 

statistically significant differences (P<0.05, ANOVA). The results are means ± SD (n = 

15). C = no treatment; EtOH = 0.01% ethanol treated; 10 nM = applied ES concentration; 

erf73 = ERF73 knockout mutant line. 

 

Treatment Fresh weight (g) Dry weight (g) Silique # 

Control 2.87±0.51* 0.36±0.18
a
 69.41±13.61

ψ
 

EtOH 2.74±0.32* 0.32±0.14
a
 70.18±17.29

ψ
 

10nM 3.41±0.56** 0.44±0.18
b
 86.48±16.38

Δ
 

100nM 3.59±0.68** 0.46±0.21
b
 83.39±14.29

Δ
 

10µM 1.84±0.72*** 0.21±0.12
c
 40.54±16.25

δ
 

erf73 2.82±0.45* 0.36±0.23
a
 68.14±14.35

 ψ
 

erf73(EtOH) 2.91±0.62* 0.32±0.14
a
 73.74±16.31

 ψ
 

erf73(10nM) 3.82±0.42** 0.46±0.16
b
 84.39±14.54

 Δ
 

erf73(100nM) 3.51±0.30** 0.42±0.25
b
 86.71±12.38

 Δ
 

erf73(10µM) 1.99±0.46*** 0.22±0.13
c
 41.35±13.58

 δ
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List of Figures  

Figure 5.1: Quantitative RT-PCR analysis of PAL1 expression in estradiol-treated and 

control WT and PAL1-overexpression line (PAL1-OE) Arabidopsis plants. Results are 

cumulative of three independent experiments [means ± SD (n = 9)]. Letters represent 

statistically significant difference (P<0.05, ANOVA). C = no treatment; EtOH = 0.01% 

ethanol treated; 10 nM, 100 nM, 10 µM = applied ES concentrations. Black bars = WT, 

White bars = PAL1-OE. 

 

Figure 5.2: PAL1 overexpression results in enhanced accumulation of secondary 

metabolites (a) anthocyanins, (b) phenolics and (c) flavonoids. Results are cumulative of 

three independent experiments [means ± SD (n = 9)]. Letters represent statistically 

significant difference (P<0.05, ANOVA). C = no treatment; EtOH = 0.01% ethanol 

treated; 10 nM, 100 nM, 10 µM = applied ES concentrations; NG = Naringenin; QR = 

Quercitin PAL1-OE = PAL1 overexpression line. 

 

Figure 5.3: Overexpression of PAL1 reduces Arabidopsis susceptibility to P. syringae 

pv. DC3000. Bacterial growth in control and ES-treated WT and PAL1-OE plants at 0 

and 3 DPI. Results are means ± SD (n = 15). C = no treatment; EtOH = 0.01% ethanol 

treated; 10 nM = applied ES concentration; PAL1-OE = PAL1 overexpression line. 

Figure 5.4: Quantitative RT-PCR analysis of PAL1 expression in ES-treated and 

untreated Arabidopsis WT and erf 73 mutant plants. Asterisk represents statistically 

significant differences (P<0.05, ANOVA). Results are means ± SD (n = 9). C = no 
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treatment; EtOH = 0.01% ethanol treated; 10 nM = applied ES concentration; erf73 = 

ERF73 knockout mutant line. 

 

Figure 5.5: Model of the role of putative transcription factor (TF) in downregulation of 

PAL1 expression upon ES application. (a) TF and PAL1 do not interact, (b) TF is a 

negative regulator of PAL1 transcription and (c) TF is a positive regulator of PAL1 

transcription. 
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Figure 5.1: Quantitative RT-PCR analysis of PAL1 expression in estradiol-treated and 

control WT and PAL1-overexpression line (PAL1-OE) Arabidopsis plants. Results are 

cumulative of three independent experiments (means ± SD, n = 9). Letters represent 

statistically significant differences (P<0.05, ANOVA). C = no treatment; EtOH = 0.01% 

ethanol treated; 10nM, 100nM, 10µM = applied ES concentrations. Black bars = WT, 

White bars = PAL1-OE. 
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Figure 5.2: PAL1 overexpression results in enhanced accumulation of the secondary 

metabolites (a) anthocyanins, (b) phenolics and (c) flavonoids. Results are cumulative of 
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three independent experiments (means ± SD, n = 9). Letters represent statistically 

significant differences (P<0.05, ANOVA). C = no treatment; EtOH = 0.01% ethanol 

treated; 10nM, 100nM, 10µM = applied ES concentrations, NG = Naringenin, QR = 

Quercitin, PAL1-OE = PAL1 overexpression line. 
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Figure 5.3: Overexpression of PAL1 reduces Arabidopsis susceptibility to P. syringae 

pv. DC3000. Bacterial growth in control and ES-treated WT and PAL1-OE plants at 0 

and 3 DPI. Results are means ± SD (n = 15). C = no treatment, EtOH = 0.01% ethanol 

treated, 10 nM = applied ES concentration, PAL1-OE = PAL1 overexpression line. 
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Figure 5.4: Quantitative RT-PCR analysis of PAL1 expression in ES-treated and 

untreated Arabidopsis WT and erf 73 mutant plants. Asterisk represents statistically 

significant differences (P<0.05, ANOVA). Results are means ± SD (n = 9). C = no 

treatment; EtOH = 0.01% ethanol treated; 10 nM = applied ES concentration; erf73 = 

ERF73 knockout mutant line. 
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Figure 5.5: Model of the role of putative transcription factor (TF) in downregulation of 

PAL1 expression upon ES application. (a) TF and PAL1 do not interact, (b) TF is a 

negative regulator of PAL1 transcription and (c) TF is a positive regulator of PAL1 

transcription. 
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CHAPTER VI 

DISCUSSION 

The research presented in this dissertation aims to understand the Arabidopsis 

biochemical and molecular responses to ES application. The increasing presence of MSH 

in the environment, especially in the agricultural water and soil, could have long standing 

effects on plants. The presence of estrogens in the open environment is of special concern 

as they can act as endocrine disruptors for animals. But their effect on plant fitness is not 

well understood. One of the main aspects of plant fitness is maintaining a balance 

between growth and defense responses. The simple fact that plants are sessile in nature 

makes this a unique choice for them in the face of environmental stress when limited 

resources have to be allocated to an expensive endeavor like mounting a defense response 

instead of providing for the maximum growth of young tissue, flowers and fruits (Herms 

and Mattson, 1992; Huot et al., 2014).  

Application of 10 and 100 nM ES to Arabidopsis seedlings resulted in enhanced root 

growth and higher leaf biomass as compared to the control plants. ES-treated plants 

displayed an increased photosynthesis rate as well as higher accumulation of 

carbohydrates and proteins, which could contribute to the increased biomass of these 

plants. The same hormone treatment resulted in an enhanced ability for the Arabidopsis 

plants to cope with drought stress and increased accumulation of antioxidant molecules 

like proline and GSH. In addition, higher levels of H2O2 were also observed in the ES -
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treated plants as compared to the controls. Elevated levels of proline, GSH and H2O2 

provide protection during the loss of hydration triggered by drought. ES appears to be 

acting similar to the plant steroidal hormone BR in terms of its effects on growth, 

development and response to abiotic stress. It has been observed that exogenous 

application of BRs not only enhances growth but has also an ameliorative effect against 

abiotic stress in plants (Vardhini and Rao, 2003; Kagale et al., 2007).  

An opposite effect was observed with respect to the synthesis of secondary 

metabolites upon ES application. ES application to Arabidopsis seedlings resulted in the 

downregulation of genes involved in the biosynthesis of PPs, which had a negative 

impact on the accumulation of phenolics, anthocyanins and flavonoids. Compounds 

derived from the PP pathway are secondary metabolites that play an important role in 

providing defense against environmental stresses (Huang et al., 2010; Kim and Hwang, 

2014). In this study, it was observed that lowered accumulation of PP pathway 

compounds in Arabidopsis leaves, due to ES application, compromised the plants’ 

defense against the bacterial pathogen Pst. Salicyic acid is the plant hormone partially 

derived from the PP pathway within the plant cell and is required for plant defense 

responses against bacterial pathogens (Divi et al., 2010; Kim and Hwang, 2014; Zhang et 

al., 2015). It is possible that the lowering of PAL1, CHS, CHI and other key PP pathway 

biosynthesis gene expression due to ES application results in the reduced SA levels in 

Arabidopsis, which undermines its defense against the bacterial pathogen. Further work 

on determining SA levels in response to ES treatments would help establish this point. 
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Exogenous application of ES at 10 and 100 nM resulted in increased levels of 

carbohydrates and proteins accompanied by enhanced root growth and leaf biomass. 

Concurrently decreased accumulation of PP pathway products is also observed. It appears 

that ES application results in the increase of primary metabolism and growth by 

compromising secondary metabolism and defense against a biotic stressor. Thus it may 

be construed that in the presence of a chemical (e.g., 17β-estradiol), Arabidopsis plants 

favor plant growth over defense against a pathogen (Herms and Mattson, 1992; Bolton, 

2009; Huot et al., 2014). Since it is still not clear as to why the ES-treated plants are able 

to cope better with an abiotic stress as compared to a biotic one, future work should 

include an inquiry into the molecular basis of this response by examining the expression 

of genes involved in plant defense and metabolism, in greater detail, in response to ES 

treatment. 

Increasing the concentration of applied ES did not have an additive effect on the 

observed phenotype of 10 and 100 nM ES-treated Arabidopsis plants. The application of 

10 µM ES was found to be phytotoxic as the plants displayed the lowest root growth and 

leaf biomass as compared to the controls and other ES treatments. These plants were also 

found to have the lowest accumulation of PP pathway products and the lowest survival 

rate in response to drought stress. The 10 µM ES-treated plants accumulate higher levels 

of H2O2, which remained unchanged in response to drought stress. The constantly 

elevated levels of a ROS such as H2O2 can contribute to stress-like conditions in ES-

treated plants, which resulted in their small size and compromised resistance to 

environmental stresses. The lower levels of flavonoids in these plants could also 
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contribute towards the constant stress like conditions as the flavonoid-peroxidase system 

is an important antioxidant system in plants that accepts high-energy electrons from H2O2 

(Yamasaki et al., 1997).  

Previous studies have demonstrated that estrogen application has an ameliorative 

effect on plant stress responses (Erdal, 2009; Dumlupinar et al., 2011; Erdal, 2012). This 

study is the first to investigate the underlying molecular mechanism of estrogen action on 

plants. It can be speculated that ES application results in the downregulation of PP 

pathway genes by either acting as a negative regulator of transcription or by preventing 

the binding of a positive transcriptional regulator to the promoters of these genes (Fig. 

6.1). The phenotypes of the ES-treated plants are a result of the transcriptional control of 

PP pathway genes and not a secondary effect of ES application as shown by studies 

performed with transgenic plants overexpressing PAL1. With PAL1 under the 

transcriptional control of a constitutive promoter, the PAL1-OE plants were found to be 

independent of ES effects. However, further studies are required to determine the 

possible identity of the transcription factor or the promoter elements that can contribute 

to the effects of ES on plant growth, development and stress responses. 
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Figure 6.1 Possible mode of estradiol action in Arabidopsis. (a) Estradiol downregulates 

the expression of PP pathway genes by preventing the binding of a positive 

transcriptional regulator. (b) Estradiol downregulates the expression of PP pathway genes 

by enhancing the binding of a negative regulator to the promoter. TF=Transcription 

Factor. 
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As a paradigm for such studies, ERF73, an AP2/EREBP transcription factor family 

member, was identified from the list of genes downregulated by ES and the possible 

phenotypic outcomes of the experiments were speculated (Fig. 6.2). However, the erf73 

mutant plants were found to have a phenotype similar to that of the wild type plants in the 

terms of growth and development and in the presence of ES. 

 

 

 

 

 

 

 

 

 

Figure 6.2 Model of the role of ERF73 in downregulation of PAL1 expression upon 

estradiol (ES) application. (a) ERF73 and PAL1 do not interact, (b) ERF73 is a negative 

regulator of PAL1 transcription and (c) ERF73 is a positive regulator of PAL1 

transcription. 

 

A possible explanation could be that ERF73 does not play a role in mediating the ES 

response in Arabidopsis. Another possible explanation is that other AP2/EREBP 

members could compensate for the ERF73 mutation. A detailed analysis of mutants for 
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the transcription factors that can control the PP pathway would help identify the 

molecular partner that mediates the transcriptional response to ES treatment in 

Arabidopsis. Based on the results presented in this dissertation, a model for ES action on 

plants is proposed (Fig. 6.3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Summary of estradiol (ES) application effects on Arabidopsis growth, 

metabolism, gene expression, and stress responses. 

 

Exogenous ES is able to alter the expression of several genes related to plant stress 

responses and secondary metabolism. The upregulation of abiotic stress responsive genes 

results in increased tolerance to drought stress whereas the downregulation of PP 

biosynthesis genes results in the lower accumulation of PP pathway products. A 
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concurrent effect of ES application is increased plant growth and photosynthesis. This is 

reflected in the increased availability of carbon as evidenced by the higher accumulation 

of primary metabolic products like carbohydrates and proteins. As compared to the WT, 

higher carbohydrates and proteins in ES-treated plants can contribute directly to plant 

growth. In the same instance, lowering of PP pathway products, which are a significant 

carbon sink, can potentially contribute to the available carbon pool. However low levels 

of PPs result in compromised resistance to a bacterial pathogen in ES-treated plants. 

Thus, ES may be acting as a metabolic switch that compromises secondary metabolism 

and biotic stress responses in favor of primary metabolism, growth and abiotic stress 

response. 

The results presented here are a significant step towards our understanding of the 

effects of xenoestrogens on plants. This study demonstrates that ES is able to stimulate 

photosynthesis, primary metabolism, growth and development in Arabidopsis thaliana 

and may be used as a model for other agriculturally important plant species to enhance 

their productivity. Further studies are needed to establish the impact of ES on plant stress 

responses in other plants for its possible commercial application. 
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