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ABSTRACT 

Sidhu, Gagandip Kaur. M.Sc. The University of Manitoba, Jan, 2017. Polyamines-

mediated regulation of enzymatic antioxidative response to excess soil moisture in soybean 

(Glycine max L.). M.Sc. Supervisor: Dr. Belay T. Ayele. 

 

Excess soil moisture creates an oxygen deficient growth environment that adversely affects plant 

growth and has led to greater agricultural losses than any other abiotic stress factor affecting the 

Canadian prairies, especially Manitoba. The hypoxic environment limits cellular respiration in 

root tissues and disrupts the antioxidative systems of plants, resulting in accumulation of reactive 

oxygen species which react with and damage essential cellular components. The antioxidative 

capacity of plants and therefore their tolerance to stress conditions such as excess moisture can 

be improved by treatments with growth regulators such as polyamines, which play important 

roles in mediating plant response to their environment. This thesis investigated the role of 

treatments with polyamines in improving seedling growth and enzymatic antioxidant capacity in 

the tissues of seedlings and young vegetative soybean plants under excess soil moisture 

conditions. The results indicate that treatment with polyamines can improve the growth of excess 

moisture-stressed seedlings and this is associated with an enhanced antioxidative response with 

improved expression of antioxidative genes and activity of the corresponding enzymes. 

Furthermore, the results of this study indicate that polyamine treatments also increase the 

enzymatic antioxidant capacity in the leaf tissues of young soybean plants exposed to excess 

moisture. 
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FOREWORD 

This thesis is written in manuscript style. A general introduction about the research project and a 

literature review precedes the manuscript. An abstract, introduction, materials and methods, 

results and discussion form a complete manuscript. The manuscript is followed by a general 

discussion and conclusions, a list of references and appendices.  
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1.0 GENERAL INTRODUCTION 

Soybean is a crop of great economic importance cultivated for food, oil, and industrial purposes 

in over 85 countries around the world (Mishra and Verma, 2010). Historically in Canada, 

soybean production was largely limited to the eastern provinces of Ontario and Quebec for much 

of the 21st century, however in recent years soybean production has shown substantial increases 

in acreages and yields in the prairie provinces, particularly in Manitoba (StatsCan, 2015). The 

successful introduction of large scale soybean production into the prairie agriculture system is 

due in a large part to the production of soybean varieties suited to the short-growing season of 

the prairies (Shurtleff and Aoyagi, 2004). In addition to the challenge of a short-growing season, 

crop production in the prairies, especially in Manitoba and Southern Saskatchewan, is susceptible 

to a variety of abiotic stress factors including excess soil moisture (Bedard-Haughn, 2009; 

MASC, 2015). Although soybean varieties adapted to the stress-prone environment of the 

prairies continue to be developed, the crop remains susceptible to excess soil moisture stress 

which can affect its overall productivity (Wuebker et al., 2001).  

Excess soil moisture is a major abiotic stress factor in various regions around the world 

and the greatest contributor to agricultural losses in Manitoba (MASC, 2015). When soil is 

saturated with water it alters soil composition, especially in clay soils such as those found in 

Manitoba, creating a heavy soil barrier that can inhibit seedling emergence and potentially 

damage young seedlings as they emerge by causing breakage of cotyledon tissues (Guérif et al., 

2001; Strilchuk, 2006). Excess soil moisture can cause physical damage to germinating seeds 

during imbibition as well as induce osmotic imbalances in seedling tissues and tissues of 

growing plants due to the high moisture content inducing alterations in the pH and redox status 

of the soil environment (Bailey-Serres and Colmer, 2014; Blokhina et al., 2003; Wuebker et al., 
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2001). Additionally, excess moisture in the soil environment can affect root and, subsequently, 

shoot growth by impeding gas exchange in the root growth zone, promoting growth of anaerobic 

microbes and accumulation of phytotoxins such as H2S, and inhibiting nutrient uptake by root 

membrane transporters (Bailey-Serres and Colmer, 2014; Patel et al., 2014). Moisture saturation 

of the soil environment limits the oxygen availability in the soil environment by clogging soil 

pores with water and thus creating hypoxic growth conditions (Bedard-Haughn, 2009). The 

hypoxic conditions can adversely affect the energy producing respiratory organelles of cells in 

germinating seeds and in the tissues of growing seedlings and young plants, which require 

oxygen as a terminal electron acceptor, thus inducing anaerobic respiratory pathways and 

altering the redox state of plant cells (Bailly, 2004; Bailey-Serres and Colmer, 2014). The excess 

moisture induced respiratory distress combined with changes in the redox status of the cell can 

lead to the production of reactive oxygen species (ROS) which can accumulate to toxic levels 

and severely stunt plant growth and development (Bailly, 2004; Blokhina et al., 2003).  

Reactive oxygen species are highly reactive molecules produced in metabolically active 

cells of germinating seeds and growing plants. The transfer of energy or an electron to oxygen 

leads to the production and propagation of ROS beginning with the highly reactive superoxide 

radicals which can be converted into the more stable hydrogen peroxide or highly unstable 

hydroxyl radical (Apel and Hirt, 2004). Under optimal growth conditions, the level of ROS is 

controlled by ROS scavenging and neutralizing antioxidative systems consisting of both enzymes 

and metabolites. As a result, these molecules can serve as cellular signals in biochemical 

pathways and as growth and response–inducing stimuli (Gill and Tuteja, 2010a). Under abiotic 

stress conditions such as excess soil moisture, the balance between the capacity of antioxidative 

system and the generation of ROS is affected, resulting in accumulation of ROS to a level that 
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can cause oxidative damage to essential cellular components including lipid membranes, proteins 

and nucleic acids (Yiu et al., 2009). Excess soil moisture–induced oxidative stress can affect 

every stage of plant growth from germination to reproductive stage. However, seedlings are 

especially vulnerable to oxidative stress due to ROS–induced damage to the lipid storage 

reserves of cotyledon tissues and other cellular macromolecules including membrane lipids and 

proteins involved in transportation, potentially impacting both seedling establishment and growth 

at later stages (Bailly, 2004). At later stages of growth, ROS reactivity with photosynthetic 

machinery can impact energy production while lipid membranes, proteins and nucleic acids can 

be structurally altered by ROS, potentially leading to stunted overall growth and reduced yields 

(Blokhina et al., 2003). 

Antioxidative enzymes are key to fine-tuning ROS levels, so that they can act as cellular 

signaling molecules under optimal conditions, and for scavenging excess ROS and thereby 

prevent their accumulation under sub-optimal conditions (Bailly et al., 2008). The enzymatic 

antioxidant system involves several enzymes. Superoxide dismutase (SOD) represents the first 

line of defense against ROS due to its role in detoxifying the highly reactive superoxide radicals 

into the less reactive hydrogen peroxide, thus limiting the level of damage induced by the 

radicals (Scandalios, 1993). Subsequently, hydrogen peroxide is detoxified by other enzymes; 

catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR). The latter two 

enzymes are also involved in the regeneration of antioxidative metabolites, ascorbic acid and 

glutathione, contributing further to ROS detoxification (Gill and Tuteja, 2010a). The 

antioxidative defense response of plants facing abiotic stress factors is essential for stress 

tolerance, and many studies have reported declining levels of antioxidative enzyme activity to be 
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associated with susceptibility to oxidative stress induced by abiotic stress factors such as excess 

soil moisture (Ahmad et al., 2010). 

Polyamines (PAs) are positively charged, nitrogenous growth regulating substances that 

play essential roles in cellular signalling, biochemical pathways and overall plant growth 

(Kusano et al., 2008). Spermidine (Spd) and spermine (Spm) are two forms of PAs that have 

been shown to be involved in inducing antioxidative defense response in different crop species 

under a wide range of abiotic stress factors including drought, salinity, heavy metal and excess 

moisture (Alcázar et al., 2006). Specifically, enhanced expression of antioxidative genes and 

increased activity of the corresponding enzymes, and thereby reduced ROS levels and oxidative 

damage have been reported in response to Spd and Spm treatment of plants exposed to abiotic 

stress factors (Tiburcio et al., 2014). For example, treatment of welsh onion (Allium fistulosum 

L.) and maize (Zea mays L.) plants with Spd or Spm leads to improved activity of antioxidative 

enzymes when grown under excess moisture conditions (Liu et al., 2014; Yiu et al., 2009). 

Previous investigations have shown that the response of plants to PAs varies with species, 

tissues, stages of development and type of stress factors. However, the role of PAs in mediating 

the response of soybean seedling and plants at early vegetative stage to excess moisture stress is 

unknown. To this end, the present study was designed 1) to investigate the effect of polyamines 

on seed germination and growth of soybean seedlings under excess moisture condition; 2) to 

examine polyamine induced changes in the expression of antioxidative genes in soybean 

seedlings and plants at early vegetative stage exposed to excess soil moisture stress; and 3) to 

determine changes in the activity of antioxidative enzymes in response to the excess moisture 

and polyamine treatments.    
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2.0 LITERATURE REVIEW 

 

2.1. A history of the origin and distribution of soybean 

Soybean (Glycine max (L.) Merrill) is one of the most important crops grown around the world 

(Schmutz et al., 2010). The major factors contributing to the economical and nutritional value of 

this crop are its high oil and protein contents (Singh, 2010). With over 320 million tonnes 

produced in 2015, soybeans constituted 61% of global oilseed production (United States 

Department of Agriculture, 2016). Worldwide production of soybean is a fairly recent 

development in the history of its cultivation (Singh and Hymowitz, 1999).  

  Soybean belongs to the family Fabaceae (leguminosae), subfamily Papilionoideae, tribe 

Phaseoleae, genus Glycine, and subgenus Soja (Hymowitz and Newell, 1981). The subgenus 

Soja consists of cultivated soybean Glycine max (the name proposed by Merrill in 1917) and its 

wild annual progenitor Glycine soja (Hymowitz and Newell, 1981; Qiu and Chang, 2010). Wild 

annual soybean is extensively distributed throughout Eastern Asia and far-east Russia. 

Geographically, the greatest diversity and largest numbers of wild soybean are found in China, 

where 5300 wild soybean accessions have been collected and conserved by the Chinese 

Academy of Agricultural Sciences in Beijing to date (Mishra and Verma, 2010). The 

geographical distribution of the wild annual soybean G. soja and its semi-natural derivatives 

exhibiting high similarity to modern cultivars of G. max, along with extensive historical and 

cultural evidences indicate that soybean was originally cultivated in China (Hymowitz, 1970; 

Qiu and Chang, 2010l; Singh and Hymowitz, 1999). By the first century, soybean had been 

disseminated into Korea and Japan and gradually into other parts of Asia (Kim et al., 2012; 

Kumudini, 2010; Mishra and Verma, 2010; Qiu and Chang, 2010) . In the 18th century, soybean 
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seeds were brought into regions of Europe, specifically France, and the United States (Hymowitz 

and Shurtleff, 2005; Qiu and Chang, 2010; Shurtleff and Aoyagi, 2004). At the beginning of the 

20th century, soybean was being grown at agricultural research stations and small farms 

throughout USA, Canada, Brazil and Argentina (Shurtleff and Aoyagi, 2004). 

 

2.1.1.  Soybean production and trade in the late 19th and early 20th centuries  

 

China was the largest soybean producer and exporter prior to the 20th century (Singh, 2010). 

Soybean exports to the western world increased as foreigners gained better access to the Chinese 

soybean market (Morse, 1950; Shurtleff and Aoyagi, 2004). Throughout the first half of the 20th 

century, extensive efforts to breed soybean varieties adapted to North American climates and the 

expansion of the soybean processing industry provided producers with incentive to dedicate more 

acreage to soybean production (Singh and Hymowitz, 1999; Shurtleff and Aoyagi, 2010). 

Worldwide production of soybean in the 21st century is flourishing with >85 countries reported 

to be producing soybean (Mishra and Verma, 2010). The Americas constitutes over 85% of the 

global soybean production (Food and Agriculture Organization of the United Nations [FAO], 

2014). The top importers of soybean are China and the European Union, with China importing 

over 60 million tons of soybean annually since 2012 while the major exporters are the USA, 

Brazil, Argentina, Paraguay and Canada (FAO, 2014).  

  

2.1.2.  Past and present uses of soybean 

 

Among the crops species domesticated to date, soybean seeds have the highest protein and oil 

content at 40% and 20%, respectively (Kumar et al., 2010). Soybean protein is a high quality 

protein and has been rated by the FAO as being the equivalent of protein from meat and milk 
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(Soyconnection, 2015). The fat profile of soybean encompasses 63% polyunsaturated (primarily 

linoleic acid), 23% monounsaturated (primarily oleic acid), and 14% saturated (primarily 

palmitic acid) fatty acids (Kumar et al., 2010). The presence of linoleic acid establishes soybean 

as one of the few plant sources of omega-3 fatty acids and thus contributes to its popularity 

(Kumar et al., 2010; Soyconnection, 2015). Soybean foods are a good source of essential amino 

acids, macro and micro nutrients as well as antioxidants such as lecithin and vitamin E, and these 

components contribute to the health benefits of soybean (Kumar et al., 2010). 

Traditionally, in its regions of origin, soybean has been used primarily as a food source to 

produce vegetable soybeans and bean sprouts, bean curd, fermented foods including sauce, miso 

(bean paste), and natto and non-fermented foods such as oil, milk, tofu and flour (Raghuvanshi 

and Bisht, 2010). In addition to its use as a high protein food source, soybean cake left after the 

oil extraction process is utilized in Japan as a fertilizer (Raghuvanshi and Bisht, 2010; Shurtleff 

and Aoyagi, 2004). In ancient China, soybean based foods were also given medicinal status and 

even listed as a cure for a variety of illnesses (Qiu and Chang, 2010). In modern times, the 

primary use of soybean is in the production of oil, and it is therefore considered to be the most 

important oilseed (Hartman et al., 2011; Raghuvanshi and Bisht, 2010; Singh, 2010). Soybean 

continues to be grown as a nutritious food source for humans and as a forage crop due to its high 

protein and high fibre content (Hartman et al., 2011; Raghuvanshi and Bisht, 2010; Strilchuk, 

2006). Equally important is the use of soybean in non-food products (Raghuvanshi and Bisht, 

2010). Due to their low environmental impact and low toxicity, the soybean oil, by-products of 

refined soybean oil and other soy-based products are commonly used in concrete and 

construction industries over petroleum-based additives (Raghuvanshi and Bisht, 2010). 

Additional uses for soybean products have been discovered in the textile and cosmetics 
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industries; in paints, inks and cleaning supplies; and in candle production (Raghuvanshi and 

Bisht, 2010; Shurtleff and Aoyagi, 2010). 

 Over the past 100 years, insights into the agricultural benefits of soybean cultivation have 

also added to its production appeal (Qiu and Chang, 2010; Singh and Shivkumar, 2010). Similar 

to other crops in the leguminosae family, soybean is capable of forming a symbiotic relationship 

with rhizobacteria, specifically Bradyrhizobium, and thereby carrying out biological nitrogen 

fixation (Hartman et al., 2011; Qiu and Chang, 2010; Strilchuk, 2006). This characteristic has 

been exploited in many agricultural regions through the use of soybean mixed-cropping and 

inter-cropping systems and has been found to influence soil nitrogen levels (Singh and 

Shivkumar, 2010). Soil chemical properties are also influenced by the taproot system of soybean, 

which grows and proliferates to great depths and leaves a large amount of root biomass behind in 

the soil after harvest (Singh and Shivkumar, 2010). This root system influences the level of 

organic carbon in the soil as well as the physical properties of the soil such as soil strength 

(Kumudini, 2010; Singh and Shivkumar, 2010). In general, soybean has several residual effects 

on crops that succeed it due in large part to improved soil conditions, increased soil fertility, 

higher moisture conservation and a reduced incidence of disease and insect pests (Kumudini, 

2010; Singh and Shivkumar, 2010).  

 

2.2.  Agriculture in Western Canada 

 

Agriculture in Western Canada started with the arrival of the Selkirk Settlers in Manitoba, who 

started farming along the red river (Dick and Taylor, 2007). Over time, the agriculture potential 

of the Canadian prairies was realized and agriculture became one of the largest industries in 

Western Canada (Dick and Taylor, 2007; Honey, 2011). Traditionally, much of the agricultural 
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cropping systems of Manitoba, Saskatchewan and Alberta have focused on cereal crops, such as 

wheat (Triticum aestivum L.), barley (Hordeum vulgare L.) , and oats (Avena sativa L.) (Honey, 

2011). At the beginning of the 20th century, dry peas and potatoes were introduced; in the 1940s 

buckwheat, sugar beets, dry beans and corn crops increased in acreage, followed by the oilseed 

crops canola, sunflower and soybeans in the 1960s to 1970s (Honey, 2011). 

 Soybean was grown at agricultural research stations in Manitoba, Saskatchewan, and 

British Colombia starting in 1898 and Alberta in 1922, with the objective of gaining a better 

understanding of the usefulness of the crop as a fodder crop in different climates (Shurtleff and 

Aoyagi, 2010). The experimental trials with soybean in the Western provinces continued into the 

early 1900s and paved the way for further soybean research and the development of breeding 

programs (Shurtleff and Aoyagi, 2010; Strilchuk, 2006). By 1922, a soybean variety designated 

as “Manitoba Brown” that was suited to the short growing season of the prairies had been 

developed at the Manitoba Agricultural College. This variety was the second soybean variety 

recommended by the government to be used for soybean production in Canada, alongside “OAC 

211”, a variety developed at the Ontario Agricultural College (Shurtleff and Aoyagi, 2010).  

 Although there was progress being made in breeding efforts and research, the usefulness 

of the crop, beyond forage and animal feed purposes, was not realized until after World War II, 

when Canada required imports of soybean oil and meal (soybean seed residue left over from the 

soybean oil extraction process) from Asia (North Carolina Soybean Producers Association, 2014; 

Shurtleff and Aoyagi, 2010; Strilchuk, 2006). Soybean acreage and production increased all 

across Canada and production statistics were recorded for the first time in 1942 for Manitoba and 

British Colombia at 53,710 bushels harvested on 2510 acres and 4500 bushels on 900 acres, 

respectively (Shurtleff and Aoyagi, 2010).  In the second half of the 20th century, soybean 
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production increased steadily across Western Canada although the Eastern provinces of Ontario 

and Quebec continued to produce the majority of Canadian soybean (Strilchuk, 2006). In 2015, 

Manitoba and Saskatchewan reported new records of soybean acres at ~1.4 million and 270,000 

acres, respectively (StatsCan, 2015). 

 

2.2.1.  Limitations to soybean production in Western Canada 

The major limitations to soybean production in Western Canada in the early 20th century were 

the short growing season and the lack of knowledge regarding the crop, which was mostly 

restricted to research farms at the time (Shurtleff and Aoyagi, 2010; Strilchuk, 2006). Modern 

day soybean varieties planted in Western Canada have been developed for optimal growth in the 

short growing season, however, they still face biotic and abiotic limitations to growth 

(Government of Saskatchewan, 2015; Manitoba Agricultural Services Corporation [MASC], 

2013; Strilchuk, 2006). Biotic limitations to soybean production in Western Canada include 

various microbial pathogens and insect pests such as seed corn maggots, which can affect seed 

germination, and cut worms and aphids, which can damage growing plants by reducing plant 

stands (Government of Saskatchewan, 2015). The climate and associated abiotic factors in 

Western Canada also affect soybean production (MASC, 2013). Major abiotic stress factors 

limiting soybean production include heavy precipitation and flooding, drought, high 

temperatures, hail and frost (MASC, 2013).  Additionally, the range of heavy clay and sandy soil 

types found in some parts of Western Canada are not optimal for soybean, which is best suited to 

loamy soils, and can cause seedling emergence problems and drought susceptibility, respectively 

(MASC, 2013; Strilchuk, 2006). 
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2.2.2.  The soybean genome: key to the future of soybean 

  

Traditional breeding methods have used wild soybean G. soja and domesticated soybean G. max 

to develop varieties suitable to different regions of the world, including the short-season regions 

of Western Canada (Mishra and Verma, 2010; Shurtleff and Aoyagi, 2010). However, modern-

day breeding techniques benefit extensively from understanding plant mechanisms, traits, and 

responses to the environment at the molecular and genetic level (Garg et al., 2015; Perez-de-

Castro, 2012). Whole-genome sequences of plants play a very important role in understanding 

the complex physiological mechanisms underlying growth and development, and response to 

stress factors, and thereby generating molecular tools for improving crop productivity (Perez-de-

Castro, 2012). Soybean has 20 chromosomes and the sequence of its entire genome was 

published in 2010 (Schmutz et al., 2010). The detailed knowledge of the soybean genetic code 

that is now available will be an important resource to researchers investigating the location of 

specific genes; genes controlling and encoding for specific growth and development traits and 

applying this knowledge to make better use of soybean as a food source, oilseed, and potential 

source of clean energy (Grant et al., 2010; Perez-de-Castro, 2012; Schmutz et al., 2010). The 

sequence information can also serve as an important reference for over 20,000 other legume 

species and nitrogen-fixing plants (Schmutz et al., 2010).  

 

2.3. Abiotic Stress and crop production 

2.3.1. Types of abiotic stress factors 

Abiotic stress is a broad term that refers to suboptimal environmental conditions for plant growth 

and development (Dita et al., 2006). Abiotic stress factors adversely affect crop development and 

cause substantial agricultural losses worldwide (Gill and Tuteja, 2010a; Mittler, 2006). The 
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developmental, physiological, biochemical and molecular processes of growing plants are 

disrupted by of abiotic stress (Ahmad, 2010; Mittler, 2006). The types of abiotic stresses that 

plants experience in various regions around the world include, but are not limited to, temperature 

extremes, drought (moisture deficit), waterlogging (excess moisture), soil salinity, excessive 

light, ozone exposure, metal toxicity and UV-B irradiation (Dita, 2006; Gill and Tuteja, 2010a; 

Mittler, 2006). Interestingly, approximately 90% of the world’s arable land is affected by 

multiple abiotic stress factors (Dita et al., 2006). Furthermore, the worlds changing climate and 

increasing temperature is proposed to increase the frequency and intensity of events leading to 

abiotic stress induced damage to agriculture (Gill and Tuteja, 2010a).  

  

2.3.2. Plant responses to abiotic stress factors 

Abiotic stress factors such as temperature extremes, drought, soil salinity and waterlogging are 

primary stress factors that cause osmotic changes and ion imbalances, thus leading to secondary 

forms of stress such as osmotic and oxidative stress (Lindberg and Kader, 2012). These changes 

trigger extensive stress-responsive molecular networks in order to re-establish homeostasis, 

produce protective enzymes and metabolites, repair damaged cell structures and re-route energy 

towards alternative functions (Oh and Komatsu, 2015). For example, wheat seedlings grown 

under waterlogged conditions have been shown to alter distribution of essential amino acids, 

restrict cell growth and synthesize proteins involved in alternative respiratory pathways (Haque 

et al., 2011). Changes in the soybean proteome specifically, in the regulation of different 

biological processes such as signal transduction, transcription and alcohol fermentation have also 

been reported in response to excess moisture stress (Komatsu et al., 2009). 
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 Although plants respond differently to various abiotic stress factors, the cellular 

components involved in this process are often the same (Lindberg and Kader, 2012). Calcium 

(Ca2+) for example, is a key secondary messenger involved in the regulation of many cellular 

processes including plant response to abiotic stress (Tuteja and Sopory, 2008). In plants exposed 

to abiotic stress factors, Ca2+ signatures are altered very specifically based on the type of stress, 

duration of exposure and the specific tissues affected by stress exposure (Kiegle et al., 2000). 

Calcium dependent protein kinases respond to changes in Ca2+ signatures by directly activating 

transporter proteins, enzymes and transcription factors involved in inducing physiological 

responses to stress conditions including drought and cold stress (Lindberg and Kader, 2012). 

Other calcium binding proteins, such as calmodulin, act as sensors that perceive stress-induced 

changes in Ca2+ signatures as signals for regulating internal Ca2+ levels and indirectly regulating 

gene expression to activate a physiological stress response to osmotic stress inducing factors 

such as salt stress (Lindberg and Kader, 2012). Some stress factors may induce a common set of 

genes or signalling components, however the overall plant response will differ from one stress 

factor to another (Kosová et al., 2011). For example, examination of genome-wide changes in the 

transcriptome of chickpea in response to multiple stressors identified 611, 984, and 465 genes 

being regulated in the roots and shoots by drought, salinity and cold stress, respectively. 

However, only 3% and 13% of the 2060 genes were responsive to all three and any two stress 

factors, respectively, while all remaining genes being responsive only to one specific stress (Garg 

et al., 2015). Similarly, protein profiles of soybean roots derived from plants exposed to 2 days 

of flooding or drought treatments exhibited changes in the abundance of 90 and 7 proteins, 

respectively, however, the abundance of only one protein, an aminopeptidase was commonly 

altered in response to both stress conditions (Oh and Komatsu, 2015). The lack of overlap in the 
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stress-induced gene expression and protein responses between the different abiotic stress factors 

is indicative of the fact that plant response mechanisms are specifically tailored to individual 

stress factors (Mittler, 2006). 

 The effect of abiotic stress factors on plant growth and productivity differs from region to 

region, and from one species to another. Regional differences are often dependent on 

microclimates, for example while crops in Southern USA are vulnerable to drought and heat 

stress, crops in Northern countries such as Canada or Sweden, are more vulnerable to frost and 

flooding (Mittler, 2006; Rapacz, 2014). An understanding of the complex mechanisms involved 

in plant response to abiotic stress factors is essential in order to address the associated adverse 

effects in crops of agronomic, nutritional and economical importance cultivated in different parts 

of the world. 

 

2.3.3. Excess soil moisture – a major abiotic stress factor on the prairies 

 

There is great variation in the microclimates observed across the Canadian prairies and while 

crops in some parts of the prairies such as parts of Alberta and Saskatchewan are prone to 

drought and high temperature stress, in other parts of the prairies such as Southern Saskatchewan 

and Manitoba, excess soil moisture is a major stress factor impeding crop production (Bedard-

Haughn, 2009). In fact, excess moisture, alternatively known as waterlogging and/or flooding, 

has been responsible for 39% of the agricultural losses incurred in Manitoba alone in the past 

half century (MASC, 2013). Excess soil moisture can be the result of a period of heavy rainfall 

or a consequence of heavy snow-melt in the spring time (Honey, 2011; MASC, 2013). The 

adverse effects of excess moisture can occur at various stages of the plant growth cycle 

beginning with a delay in seeding and potentially contributing to delayed maturity and harvest, 
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seed damage and risks of damage by cooler temperatures and frost before harvest, especially in 

regions with short growing season such as the Canadian prairies (Bailey-Serres and Colmer, 

2014; MASC, 2013; Wuebker et al., 2001).  

Excess soil moisture can cause physical damage to the seed coat during the early stages of 

germination, and in heavy clay soils it can alter soil composition creating a physical barrier that 

can prevent optimal seedling emergence, potentially breaking the cotyledon tissues of the 

emerging seedling, thus adversely altering post-germination seedling growth (Ghosh and Xu, 

2014; MASC, 2013; Wuebker et al., 2001). Most importantly, however, high levels of soil 

moisture lead to hypoxic growth conditions and deprive germinating seeds of the oxygen 

required as a terminal electron acceptor for aerobic respiration, thus inducing anaerobic 

respiration and subsequent changes in energy availability, cellular redox state, gene transcription, 

protein synthesis, and production of reactive oxygen species (ROS) (Liu et al, 2014; Oh and 

Komatsu, 2015; Yiu et al, 2009). In hypoxic soil environments, gas exchange is limited further 

affecting accessibility to any available oxygen and creating an ideal environment for anaerobic 

soil microbe growth which can lead to increasingly acidic soil conditions and phytotoxin 

production (Patel et al., 2014). Additionally, high moisture content in the soil can damage root 

cells by inducing osmotic changes, leading to altered root cell permeability and turgor pressure 

(Bailey-Serres and Colmer, 2014; Birner and Steudle, 1993; Patel et al., 2014). In such a soil 

environment, root cell membranes can be adversely affected thereby impeding nutrient uptake by 

membrane transporters of oxygen-deprived root tissues, and this potentially leads to root death 

that consequently affects overall plant development (Patel et al., 2014). 
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2.4. From seed to seedling: pre- and post-germinative growth phases 

2.4.1. Seed Germination 

Germination occurs under favorable conditions during which mature, dehydrated seeds transition 

from a quiescent state to a metabolically and physiologically activated state (Koorneef et al., 

2002; Rajjou et al., 2012; Weitbrecht et al., 2011). This process involves a series of events that 

are initiated with the rapid uptake of water by the dry seed and is concluded with the penetration 

of the radicle through the seed envelope surrounding the embryo (Bewley, 1997; Han et al, 

2013).  

 The events associated with germination are organized into three phases that reflect 

changes in water uptake by the seed (Bewley, 1997; Han et al, 2013). Phase I of germination 

involves the rapid uptake of water (imbibition), driven by low water potential of the dry seed, 

leading to an increase in seed size and oxygen consumption, which is indicative of the initiation 

of respiratory activity (Bewley, 1997; Finch-Savage and Leubner-Metzger, 2006). Metabolic 

activities resumed after imbibition include DNA repair, mitochondrial and membrane repair, 

protein synthesis using mRNAs formed during the seed maturation process and the resumption of 

the glycolytic and oxidative pentose phosphate pathways (Bewley, 1997). Following the initial 

rapid water uptake is phase II, which is characterized by minimal water uptake, often it is called 

a “plateau” phase. The plateau phase is characterized by synthesis of new mitochondria, 

transcription of new mRNA as well as de novo protein synthesis (Bewley, 1997; Rajjou et al., 

2012). During phase II of germination, cell elongation takes place via the loosening of cell walls 

and movement of water that builds up turgor pressure, leading to radicle protrusion and the 

completion of germination (Bewley, 1997; Weitbrecht et al., 2011). Phase III is the post-

germinative phase during which oxygen and water uptake increases and cell division and DNA 
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synthesis takes place in the embryo axis as storage reserves are mobilized to support seedling 

growth (Bewley, 1997; Bentsink and Koornneef, 2008). Post-germination seedling growth 

involves mobilization of protein, carbohydrate and oil reserves which are broken down into low-

molecular weight metabolites to be transported into growing tissues such as the root and 

hypocotyl for use in energy production and developmental processes (Bewley, 2001). Early 

seedling growth is dependent upon stored reserves until the start of above ground vegetative 

growth and, subsequently, photosynthesis (Bewley, 2001; Rajjou et al., 2012).  

 

2.4.2.  Seed germination and seedling growth under stress conditions 

Seed germination is vulnerable to various biotic and abiotic stress factors (Khan and Singh, 

2008). For example, seed imbibition under chilling stress leads to a decrease in water uptake 

during phase I and thereby delayed germination in soybean seeds, and this effect is suggested to 

be accompanied by downregulation of protein synthesis and transcription (Cheng et al., 2010). 

Germination delays have also been reported in Pisum sativum and Phaseolus vulgaris when 

exposed to toxic levels of lead during imbibition, indicating that lead ions have toxic effect on 

cells (Wierzbicka and Obidzińska, 1998). Similar delays in germination have been reported in 

soybean seeds exposed to high levels of cadmium or acid rain, with a combined cadmium-acid 

rain treatment severely inhibiting seed germination (Liu et al., 2011). Salt and drought stresses 

have also been shown to lead to lower rates and delay/inhibition of germination for example in 

alfalfa and white clover seeds, although the effect of salt stress is more severe than that of 

drought (Li et al., 2014; Wang et al., 2009). Post-germination seedling growth is equally as 

susceptible to abiotic stress factors as seed germination. For example, salt-stressed cucumber 

seedlings exhibit decreases in root and shoot growth (Duan et al., 2008). Root growth is also 
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reported to be reduced in barley seedlings exposed to high amount of cadmium (Halušková et al., 

2009). Exposure of soybean seedlings to high temperature leads to significant reduction in 

hypocotyl and root growths (Amooaghaie and Moghym, 2011). Soybean seedlings exposed to 4 

days of drought stress and flooding stress exhibited reduced hypocotyl fresh weights and lengths, 

and decreased root fresh weights, with flooding stress causing a greater decline in both hypocotyl 

and root tissue growth (Oh and Komatsu, 2015). Similarly, exposure to waterlogging conditions 

led to inhibited root elongation and decreased root dry weight in maize seedlings (Liu et al., 

2014). 

 Abiotic stress factor induced oxidative stress, via ROS generation and accumulation, is 

one of the main factors affecting seed germination and post-germinative seedling growth (Bailly, 

2004). Imbibition induced production of reactive oxygen species (ROS), a phenomenon known 

as the respiratory burst, is exasperated in seeds germinating under stress conditions and can lead 

to increased accumulation of ROS and oxidative damage to cellular components  (Ahmad et al., 

2010; Gill and Tuteja, 2010a). For example, soybean seeds germinating under high temperature 

stress and high relative humidity conditions exhibit higher rates of respiration and ROS 

production than those germinating under optimal conditions (Tian et al., 2008). Furthermore, the 

oxidation of lipids and other storage molecules can lead to depletion of reserves available for 

seedling development, and further propagation of ROS in cells of actively growing seedlings 

wherein higher rate of respiration likely occurs (Bailly et al., 2008; Gill and Tuteja, 2010a).  

 

2.5. Reactive oxygen species: forms and nature 

Reactive oxygen species (ROS) are highly reactive molecules that are generated as by-products 

of various metabolic pathways throughout the life cycle of plants (Baxter et al., 2014; Suzuki et 
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al., 2012). It is estimated that 1% to 2% of the total oxygen consumed by plants ends up being 

converted into ROS (Gill and Tuteja, 2010a). Generation of ROS begins with the transfer of an 

electron to molecular oxygen (O2) producing the superoxide radical (O2∙
-), which is subsequently 

converted to other types of ROS via a series of enzymatic and non-enzymatic reactions (Baxter et 

al., 2014). Under favourable growth conditions, ROS accumulation is well regulated by plant 

antioxidant systems that involve the use of  a variety of enzymes and metabolites (Ahmad et al., 

2010). Generation of ROS is often enhanced under biotic or abiotic stress conditions, which 

disturb the delicate balance between ROS production and scavenging, leading to accumulation of 

ROS to a level it can be toxic (Apel and Hirt, 2004; Bailly et al., 2008).  

The main forms of ROS that are generated in plants are singlet oxygen (1O2), superoxide 

radicals (O2∙
-), hydrogen peroxide (H2O2) and hydroxyl radicals (OH∙) (Bailey-Serres and Mittler, 

2006; Suzuki et al., 2012). Singlet oxygen is produced in the photosystems of plant cells, when 

there is a transfer of energy to O2. The half-life of this molecule is 2 to 4 microseconds, and in 

this time 1O2 can severely damage the photosystems, as well as the associated proteins, pigments, 

nucleic acids and membrane lipids (Apel and Hirt, 2004; Gill and Tuteja, 2010a). However, 

unlike O2∙
-, 1O2  is not involved in the formation of other ROS (Apel and Hirt, 2004; Bailly, 

2004; Gill and Tuteja, 2010a). The O2∙
-, on the other hand, are produced through the transfer of a 

single electron to O2, and are dangerous due to their highly reactive unpaired electron (Apel and 

Hirt, 2004; Sharma et al., 2012). These molecules are formed in all major ROS generating 

organelles and can react with and therefore damage various cellular structures including lipids, 

proteins, and nucleic acids (Møller et al., 2007). Superoxide radicals also have a half-life of 2 to 

4 microseconds and are the first ROS to be generated (Apel and Hirt, 2004; Mori and Schroeder, 

2004; Sharma et al., 2012). The generation of O2∙
-, is usually followed by its spontaneous or 
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enzymatic dismutation into H2O2 or conversion into the more reactive OH∙ (Apel and Hirt, 2004; 

Bailey-Serres and Mittler, 2006). Additionally, O2∙
- can also give up a proton to form 

hydroperoxyl (HO2∙), which is a strong oxidizing agent that directly attacks membrane lipids 

(Bailly, 2004; Halliwell, 2006). Superoxide radicals can donate an electron to Fe3+ to reduce it to 

Fe2+ which can convert H2O2 into OH∙ (Bailly, 2004; Gill and Tuteja, 2010a; Halliwell, 2006). 

Collectively, the reduction of iron and the dismutation of the superoxide to H2O2 form the Haber-

Weiss reactions and the final reaction forming the hydroxyl ion is the Fenton reaction, and these 

reactions together contribute to ROS induced damage by converting O2∙
- and H2O2 into OH∙ 

(Apel and Hirt, 2004; Gill and Tuteja, 2010a; Halliwell, 2006). 

The OH∙ is considered to be the most dangerous form of ROS due to the fact that there is 

no antioxidation mechanism, enzymatic or non-enzymatic, for its detoxification (Apel and Hirt, 

2004; Bailly, 2004; Halliwell, 2006). Hydroxyl radicals are deleterious in nature and affect all 

cellular components including lipids, proteins and nucleic acids (Møller et al., 2007; Sharma et 

al., 2012). The high reactivity of OH∙ results in a short life-span, estimated to be a few 

nanoseconds, however, in the presence of metal ions the O2∙
-  and H2O2 can quickly be converted 

into OH∙ and therefore replenish the level of the most reactive form of ROS (Halliwell, 2006). 

Hydroxyl radicals are a threat to molecules within their vicinity but they are also able to cause 

damage throughout the cell by initiating cascades of oxidative reactions, such as those caused by 

lipid peroxidation ( Gill and Tuteja, 2010a; Møller et al., 2007).  

Hydrogen peroxide is a moderately reactive molecule produced via the Fenton reaction or 

by enzymatic means (Bailey-Serres and Mittler, 2006; Sharma et al., 2012). It has a longer half-

life, 1 millisecond, than either 1O2, O2∙
- or OH∙ (Halliwell, 2006; Hossain et al., 2015; Sharma et 

al., 2012). The longer life of H2O2 and its diffusibility through membranes is suggested to 
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contribute to its ability to function as a toxin, via its adverse reaction with cellular components, 

and as signalling molecule via its reaction with H2O2 receptors (Møller et al., 2007; Møller and 

Sweetlove, 2010).  

 

2.5.1.  Production of reactive oxygen species 

 

Reactive oxygen species are produced in the mitochondria regularly as a product of respiration 

but under conditions of abiotic stress this production is enhanced (Foyer and Noctor, 2003; 

Navrot et al., 2007). The main sites of O2∙
- production in the mitochondria are complex 1 and 3 of 

the electron transport chain (Navrot et al., 2007; Gill and Tuteja, 2010a). Normally, electrons are 

transferred through the mitochondrial electron transport chain via the action of multiple proteins, 

with the reduced complexes 1 and 2 contributing electrons to the ubiquinone pool, from which 

they are transferred to complex 3, followed by the protein cytochrome c, and finally complex 4, 

after which electrons are transferred to O2 producing H2O (Navrot et al., 2007). However, 

overreduction of the ubiquinone pool and complex 3 can lead to a direct transfer of electrons to 

O2, the terminal electron acceptor, and an increase in the production of O2∙
- (Navrot, 2007). An 

estimated 1% to 5% of mitochondrial O2 consumption leads to the formation of O2∙
-, which can 

be spontaneously dismutated or enzymatically converted to H2O2, or converted into OH∙ in the 

presence of metal ions (Apel and Hirt, 2004; Bailey-Serres and Mittler, 2006; Halliwell, 2006). 

The presence of the antioxidant generating ascorbate-glutathione cycle in the mitochondrial 

membrane, however, regulates the level of ROS , as they are produced on site and therefore 

confers some defense against the associated cellular damages (Navrot et al., 2007). It has been 

proposed that mitochondrial ROS production may be a means of dissipating excess energy and 
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adapting cells to abiotic stress factors that alter the bioenergetics of the cell (Navrot et al., 2007; 

Grabelnych et al., 2014).  

In photosynthesizing plants, a majority of the ROS production occurs in the chloroplasts 

(Foyer and Noctor, 2003). More specifically, the availability of the electron acceptor NADP+ and 

the breakdown of water into O2 , contribute to ROS generation (Apel and Hirt, 2004; Foyer and 

Noctor, 2003). The O2 that is generated in the chloroplasts during photosynthesis is able to 

accept the electrons that pass through photosystem I (PSI) and photosystem II (PSII) via the 

reaction centre chlorophylls and is thus converted into O2∙
- and 1O2, respectively 

 (Asada, 2006; 

Foyer and Noctor, 2003). This production is altered and often increased under stress conditions 

such as drought and high temperature due to the fact that if the photosynthetic electron transport 

chain is overloaded, part of the electron flow normally directed to NADP+ is diverted to O2, 

which is reduced to the O2∙
- (Apel and Hirt, 2004; Asada, 2006; Halliwell, 2006). On the stromal 

side of the thylakoid membrane, accumulation of radicals is prevented by the presence of 

localized antioxidative enzymes (Asada, 2006; Foyer and Noctor, 2003) .  

Production of ROS also occurs in peroxisomes of photosynthesizing plants (del Río et al., 

2006; Foyer and Noctor, 2003). This production is primarily due to oxidases in the organelle 

membrane, capable of producing O2∙
- and subsequent ROS derivatives (del Río et al., 2006). The 

first site of peroxisomal ROS production is the organelle matrix where the O2∙
- producing enzyme 

xanthine oxidase catalyzes the oxidation of xanthine and hypoxanthine to uric acid (del Río et al., 

2006). The second site of O2∙
- synthesis is in the peroxisomal membranes that contain a small, 

NAD(P)H dependent electron transport chain consisting of a flavoprotein, NADPH and 

cytochrome b (del Río et al., 2006; Gill and Tuteja, 2010a). Additionally, H2O2 generation can 

occur due to the peroxisomal form of the antioxidiative enzyme superoxide dismutase, as a by-
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product of peroxisomal oxidases, and via fatty acid beta-oxidation of peroxisomal membrane 

lipids. As with chloroplasts and mitochondria, under abiotic stress conditions, peroxisomes also 

exhibit increased ROS generation (Gill and Tuteja, 2010a). 

 

2.5.2.  ROS induced oxidation of lipids, proteins and nucleic acids 

2.5.2.1. Lipid peroxidation 

Cellular and organelle membranes are dynamic structures that are sensitive and responsive to 

changing and stressful environmental conditions due primarily to their lipid components (Anjum 

et al., 2014; Gill and Tuteja, 2010a). Lipid peroxidation adversely impacts membrane function by 

compromising permeability leading to electrolyte leakage and forming lipid radicals capable of 

inducing further damage to neighbouring lipids (Anjum et al., 2014; Gill and Tuteja, 2010a; 

Møller et al., 2007).  Polyunsaturated fatty acids are especially prone to ROS attack by 1O2 and 

OH∙ both of which can initiate lipid peroxidation by the extraction of a hydrogen atom from a 

lipid fatty acid chain (Gill and Tuteja, 2010a; Møller et al., 2007). The extraction of the hydrogen 

atom leaves behind a lipid radical that reacts with O2 to form a lipid peroxy radical which in turn 

damages the fatty acid chains of adjacent lipids, forming highly unstable lipid hydroperoxide 

radicals such as malondialdehyde (MDA) that can damage proteins and nucleic acids (Anjum et 

al., 2014; Møller et al., 2007). Increases in MDA are often correlated to electrolyte leakage and 

both serve as markers of oxidative stress-induced membrane injury (Anjum et al., 2014; Møller 

et al., 2007).  

Previous studies have shown association of increases in lipid peroxidation, MDA content 

and loss of membrane integrity with different stress factors. For example, increases in lipid 

peroxidation products and electrolyte leakage occur in grapevine (Vitis vinifera L.) exposed to 
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H2O2 induced oxidative stress (Ozden et al., 2009). Furthermore, oxidation-induced loss of 

membrane integrity and the degree of lipid peroxidation are increased in the roots of alfalfa 

(Medicago sativa L.) exposed to mercury toxicity (Zhou et al., 2009). In both studies, the degree 

of oxidative membrane damage and lipid peroxidation decreased in tissues treated with the 

antioxidative substances (Ozden et al., 2009; Zhou et al., 2009). Significant increases of the 

MDA content was found to occur in maize lines exposed to waterlogging stress, however, maize 

lines with increased antioxidant enzyme activity are reported to produce lower MDA levels (Liu 

et al., 2010).  

Comparison between soybean lines that are susceptible and tolerant to salt stress revealed 

that the leaf tissues of susceptible lines accumulate more MDA than the corresponding tissues in 

tolerant lines when exposed to salt stress (Hakeem et al., 2012). Furthermore, accumulation of 

MDA and membrane permeability were found to increase in soybean seeds exposed to a 

combination of acid rain and cadmium toxicity, and these effects were associated with delayed 

germination (Liu et al., 2011). Heat-shock and high temperatures have also led to increases in 

membrane permeability and MDA levels of soybean roots and embryonic axes, indicative of 

overall membrane injury and instability (Amooaghaie and Moghym, 2011). Increased membrane 

injury reflected by high membrane permeability and accumulation of lipid peroxidation products 

like MDA are effects not specific to a particular abiotic stress factor but rather they are 

symptoms of oxidative damage caused by a wide range of abiotic stress factors  (Anjum et al., 

2014; Møller et al., 2007; Yousuf et al., 2012) 
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2.5.2.2. Protein oxidation 

 

Proteins are highly essential and abundant cellular components that are susceptible to attack by 

both ROS and ROS propagated lipid products, and up to 68% of all oxidized cellular molecules 

can be proteins (Davies, 2005). Protein oxidation and decreased protein synthesis are often the 

earliest detectable markers of oxidative stress and changes in plant cellular response (Anjum et 

al., 2014; Davies, 2005). Proteins can be oxidized by various mechanisms and due to this the 

oxidative modification can be reversible or irreversible (Møller et al., 2011). Reversible protein 

modifications are suggested to have a role in redox regulation and involve the electron-rich 

sulphur containing side chains of the amino acids cysteine and methionine, which are readily 

attacked by O2∙
-, 1O2 and OH∙ (Davies, 2005; Møller et al., 2007; Rinalducci et al., 2008). The 

oxidation of these sulphur containing amino acids decreases protein thiol levels leading to the 

propagation of disulphide bonded compounds, also known as thiolation, and methionine 

sulphoxide derivatives that serve as markers of oxidative stress, for example, in rice seedlings 

exposed to drought and salt stress (Pyngrope et al., 2013).  

On the other hand, irreversible protein oxidation leads to protein denaturation causing 

loss of function and eventually leading to either proteolysis or cell death (Anjum et al., 2014; 

Møller et al., 2007). Protein carbonylation is the most common form of irreversible protein 

oxidation and involves the introduction of reactive carbonyl groups, such as aldehydes and 

ketones, into amino acid side chains either by direct oxidation or oxidative cleavage of peptide 

backbones (Møller et al., 2007; Møller et al., 2011; Shulaev et al., 2006). The amino acid 

residues of arginine, lysine, threonine, histidine, tryptophan and proline are particularly sensitive 

to direct oxidation by a variety of ROS and indirect oxidation via conjugation with keto-aldehyde 

products produced via lipid peroxidation (Anjum et al., 2014; Gill and Tuteja, 2010a; Møller et 
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al., 2011). Protein carbonylation is a widely used marker of oxidative stress in a variety of abiotic 

stress studies, and due to the irreversible nature of the modification it is suggested to be a more 

reliable marker than protein thiolation (Davies, 2005; Mishra et al., 2013; Pyngrope et al., 2013). 

Increased levels of protein carbonylation have been reported in drought-sensitive rice cultivars 

exposed to drought condition (Pyngrope et al., 2013), in Arabidopsis and soybean plants exposed 

to elevated carbon dioxide and ozone levels (Qiu et al., 2008), in barley seedlings exposed to 

acidic soil and aluminum toxicity stresses (Song et al., 2011), and in citrus plants grown under 

high salt stress (Tanou et al., 2009).  

 

2.5.2.3. Oxidation of nucleic acids 

 

Nucleic acids are vulnerable to ROS attack due to their electron-rich bases and sugar backbone 

(Roldán-Arjona and Ariza, 2009; Tuteja et al., 2009). Hydroxyl radicals can damage purine and 

pyrimidine bases as well as the sugar backbone of DNA, while 1O2 is capable of damaging 

guanine bases (Roldán-Arjona and Ariza, 2009; Tuteja et al., 2009). The deoxyribose sugar 

backbone of DNA molecules is oxidized similarly to lipids and proteins, with the extraction of a 

hydrogen atom, while oxidation of bases involves oxygen addition, similar to that seen in the 

oxidation of protein methionine residues (Roldán-Arjona and Ariza, 2009). Attack of the DNA 

sugar backbone by ROS has also been reported to cause single-strand breaks leading to 

fragmentation of the molecule (Roldán-Arjona and Ariza, 2009). The presence of lipid 

peroxidation derivatives causes further damage to DNA molecules by reacting with different 

DNA bases (Gill and Tuteja, 2010a; Roldán-Arjona and Ariza, 2009; Tuteja et al., 2009). 

Fragmentation of DNA molecules together with damage to the bases constitute oxidative lesions 

which can hinder DNA repair and replication enzymes such as DNA polymerases and the 
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transcriptional machinery (Roldán-Arjona and Ariza, 2009). The accumulation of oxidative 

lesions can lead to genotoxic stress and destabilize the normally stable genome of plants that 

potentially affect gene transcription, protein synthesis and overall plant growth and development 

(Møller et al., 2007). However, exposure to stress factors leading to DNA damage can quickly 

activate signal transduction pathways and repair processes that are especially important in 

ensuring the stability of the genomes of sessile organisms like plants (Roldán-Arjona and Ariza, 

2009; Tuteja et al., 2009). 

 

2.5.3.  ROS as signalling molecules 

In recent years, several studies on the signalling role of ROS have provided insights into the 

range of cellular networks that ROS signals are directly or indirectly involved in (Apel and Hirt, 

2004; Baxter et al., 2014; Suzuki et al., 2012). Reactive oxygen species are involved in 

regulation of plant response to biotic and abiotic stress factors, cellular differentiation, 

programmed cell death and hormone signalling (Bailly et al., 2008; Kwak et al., 2006; Mori and 

Schroeder, 2004). While the signalling role of H2O2 has been attributed in part to its long half-

life, some studies have found that both O2∙
- and OH∙ are involved in signaling roles as well (Mori 

and Schroeder, 2004). It has been reported that OH∙ are involved in mediating cell wall loosening 

in vivo and thus play a crucial role in mediating cell elongation (Müller et al., 2009) Furthermore, 

O2∙
- and H2O2 accumulating in the embryo axis of seedlings are reported to act as signals in the 

cotyledon to initiate and proceed with storage reserve mobilization for continued growth (Verma 

et al., 2015). 

The role of ROS as key signalling molecules was first described as part of the 

hypersensitive plant response to biotic stressors during which the ROS produced early in the 
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respiratory oxidative burst were found to be involved in coordination of the cellular response to 

pathogen attack (Hérouart et al., 2002). The discovery of ROS producing enzymes known as the 

respiratory burst NADPH oxidases (RBOH) has played a further role in understanding the 

positive roles of ROS in plant growth and development (Bailey-Serres and Mittler, 2006; Mittler 

et al., 2011). Inhibition of NADPH oxidases was found to decrease levels of H2O2 and O2∙
- and 

affect plant developmental processes such as repression of germination, demonstrating the 

importance of endogenous ROS production for normal plant growth and development (Liu et al., 

2007a). Alternatively, downstream ROS production by NADPH oxidases has been suggested to 

be involved in the initiation of long distance signalling (Baxter et al., 2014). The NADPH 

oxidases can be stimulated by various endogenous and environmental cues to produce ROS, 

which oxidize cellular components and produce ROS derivatives that lead to rapid movement of 

the signal from cell to cell, essentially generating a so-called “ROS wave” (Baxter et al., 2014; 

Mittler et al., 2011). For example, the NADPH oxidase genes AtrbohD and AtrbohF of 

Arabidopsis are induced by abscisic acid (ABA) however, this ABA-induced ROS production is 

inhibited in knockout mutants of these genes but this impaired response in the mutants is 

partially restored by treatment with H2O2, which suggests the importance of ABA, as one of the 

endogenous factors, promoting RBOH and therefore ROS production (Torres et al., 2002). 

 

2.5.3.1. Perception of ROS as signaling molecules 

While, the signalling role of ROS under a wide range of stress conditions has been investigated, 

the sensors involved in detecting ROS and initiating the associated response are yet to be 

identified, although mitogen-activated protein kinases (MAPK), involved in various signal 

cascades, are potential candidates for this role (Mittler et al., 2011). In fact, many MAPK 
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proteins are activated following production of ROS, and subsequent disruption of redox 

regulation, that is caused by abiotic stress factors such as high salinity and low temperatures 

(Pitzschke and Hirt, 2006). Consistent with this, treatment of Arabidopsis plants with ozone, 

which acts as an ROS and is a precursor to other ROS, led to activation of MPK3 and MPK6, 

and RNAi silencing of genes encoding these kinases produced ozone-sensitive plants (Miles et 

al., 2005).  

 

2.5.3.2. ROS signaling: relationship with plant hormones and involvement in physiological 

processes  

The interactions of ROS with plant hormonal networks have been investigated for many years 

and studies have shown that ROS and hormone interactions influence various processes (Bailly 

et al., 2008; Kwak et al., 2006). For example, stomatal closure mediated via calcium channel 

activation and Ca2+ accumulation in the guard cells has been shown to be caused by ABA and 

methyl jasmonate-induced increases in guard cell ROS content (Kwak et al., 2006; Mori and 

Schroeder, 2004; Pei et al., 2000). Furthermore, in mutants lacking a functional ethylene receptor 

etr1-7, the H2O2 mediated stomata closure was impaired, providing evidence for the potential 

role of ROS in ethylene signalling pathways (Desikan et al., 2005). Salicylic acid, an important 

hormone in plant defense responses, has also been shown to be linked to ROS, with increased 

ROS levels being mirrored by increases in salicylic acid levels (Chaouch and Noctor, 2010). 

Previous studies have also provided insights into the interaction between ROS and gibberellin 

(GA). For example, the DELLA proteins that act as repressors of responses to GA have been 

reported to be involved in regulating the transcription of antioxidative enzymes and enhancing 

tolerance to oxidative damage induced by salt-stress conditions (Achard et al., 2008). The 
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degradation of DELLA proteins by GA, however, is suggested to alter the balance between ROS 

and antioxidative enzymes, leading to increased production of ROS, including H2O2 which can 

influence a wide range of growth and developmental processes (Achard et al., 2008; Barba-Espin 

et al., 2010; Ishibashi et al., 2013). Auxin and brassinosteroid pathways are also known to 

interact with ROS under abiotic stress conditions with the former being involved in inducing 

morphological changes in plants (Potters et al., 2009) and the latter implicated in enhancing 

oxidative stress tolerance by inducing the expression of RBOH and MAPK genes (Xia et al., 

2009). 

Reactive oxygen species signalling is also involved in regulating the processes of stress 

acclimation, spatio-temporal signalling and symbiotic relationships (Choudhury et al., 2013; 

Hérouart et al., 2002; Møller and Sweetlove, 2010; Møller et al., 2011). ROS-induced redox 

changes in chloroplasts and mitochondria under stress conditions have been proposed to act as 

retrograde signals and play a potential role in stress acclimation (Choudhury et al., 2013). The 

by-products of oxidation, such as oxidized peptides of degraded proteins, are suggested to be 

involved in signalling mechanisms localized to areas where ROS production occurs (Møller and 

Sweetlove, 2010). Establishment of symbiotic relationships between legume plants and 

rhizobium also appears to require ROS production in order for the appropriate root nodulation 

factors to be induced and colonization to take place (Hérouart et al., 2002). 

The involvement of ROS in essential cellular processes and their toxicity when produced 

in excess highlights the significance of regulation of ROS levels by antioxidative mechanisms 

(Apel and Hirt, 2004; Bailly et al., 2008). Plants have developed both enzymatic and non-

enzymatic mechanisms for ROS regulation and detoxification that act to defend plants against 
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oxidative stress induced by stressful environmental conditions and maintain cellular homeostasis 

such that ROS do not accumulate to toxic levels (Gill and Tuteja, 2010a). 

 

2.5.4. Plant antioxidant systems and reactive oxygen species  

 

Antioxidation in plants can be divided into two different systems: the enzymatic and non-

enzymatic antioxidation system (Blokhina et al., 2003). While both systems are involved in the 

redox reactions making up the ROS regulatory network, they are categorized separately due to 

their different modes of action (Apel and Hirt, 2004; Blokhina et al., 2003; Miller et al., 2008). 

The non-enzymatic antioxidant system involves low molecular weight metabolites that act as 

redox buffers and bind to ROS to stabilize the otherwise reactive molecules (Apel and Hirt, 

2004; Blokhina et al., 2003). Whereas, the enzymatic antioxidant system involves several 

enzymes: some are involved in regenerating reduced antioxidant metabolites while others that 

convert the highly reactive oxygen radicals into more stable derivatives (Apel and Hirt, 2004; 

Blokhina et al., 2003; Gill and Tuteja, 2010a). Under conditions of environmental stress, 

disruption in the production and activity of these antioxidative enzymes and metabolites results 

in less regulation and rapid accumulation of ROS, ultimately leading to oxidative damage (Miller 

et al., 2008).  

 

2.5.4.1. Enzymatic antioxidant system 

 

In the enzymatic antioxidant system, the first line of defense against O2∙
- involves superoxide 

dismutase (SOD), which converts the radical into H2O2 (Scandalios, 1993). The enzymes 

involved in the detoxification of H2O2 include catalase (CAT), ascorbate peroxidase (APX), and 

glutathione reductase (GR) (Ahmad et al., 2010). The latter two enzymes are required in the 
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ascorbate-glutathione cycle that involves three further enzymes including monodehydroascorbate 

reductase (MDHAR), dehydroascorbate reductase (DHAR) and glutathione peroxidase (GPX) 

for reducing glutathione and ascorbic acid antioxidants as well as continued enzymatic 

detoxification of H2O2 (Bailly, 2004; Bailly, 2008). Various abiotic stress factors such as salinity, 

drought, temperature extremes and excess soil moisture levels disrupt the expression of genes 

encoding these enzymes and the subsequent enzymatic activity, leading to the accumulation of 

ROS in the plant tissues (Gill and Tuteja, 2010a).  

 

Superoxide dismutase 

Superoxide dismutase (EC 1.15.1.1) is a ROS scavenging enzyme responsible for catalyzing the 

dismutation of O2∙
- at a rate that is 10,000-fold faster than spontaneous dismutation of the radical 

(Blokhina et al., 2003). Superoxide dismutase was first discovered in the 1960s, since then it has 

been identified in all aerobic organisms with its presence in plants first reported in maize (Foyer 

and Noctor, 2005; Scandalios, 1993). Superoxide dismutases are metalloenzymes containing a 

metal cofactor in their active sites and are classified accordingly as: copper and zinc SOD 

(Cu/ZnSOD), iron SOD (FeSOD) or manganese SOD (MnSOD) (Ahmad et al., 2010; 

Scandalios, 1993). Although the three classes of SOD carry out the same function of superoxide 

dismutation, only FeSOD and MnSOD have been found to share some structural similarities 

while Cu/ZnSOD differ from the two in structure (Blokhina et al., 2003). The nuclear encoded 

enzymes have various forms and are found in most subcellular locations including the 

mitochondria (MnSOD), the chloroplasts (FeSOD and Cu/ZnSOD) and the cytosol (Cu/ZnSOD) 

(Becana et al., 2010; Blokhina et al., 2003; Sharma et al., 2012). In plants, these enzymes may be 

present at higher concentrations in some tissues over others and have also been found in root 
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nodules housing nitrogen-fixing bacteria (Alscher et al., 2002; Becana et al., 2010; Scandalios, 

1993). Superoxide dismutases are sensitive to conditions of environmental stress, with increased 

activity of SOD often being correlated to enhanced plant tolerance to abiotic and oxidative stress 

(Ahmad et al., 2010; Alscher et al., 2002; Becana et al., 2010). For example, under salt and 

drought stress conditions, stress-tolerant varieties of alfalfa were shown to have higher SOD 

enzymatic activity and lower H2O2 and MDA contents than stress-sensitive varieties (Wang et al., 

2009). Likewise, seed aging can also affect SOD activity as observed in soybean seeds in which 

accelerated aging of seeds leads to increased MDA levels and decreased activity of SOD (Tian et 

al., 2008).  

 

Catalase 

Catalase (EC 1.11.1.6) is an enzyme involved in the scavenging of the H2O2 produced by SOD or 

the spontaneous dismutation of O2∙
- (Scandalios et al., 1997; Sharma et al., 2012). It is a 

ubiquitous heme-containing, tetrameric enzyme found in many forms in plants and known for 

having one of the highest turnover rates of all antioxidative enzymes with one molecule being 

able to convert up to 6 million H2O2 molecules to water and O2 (Gill and Tuteja, 2010a; 

Scandalios et al., 1997; Sharma et al., 2012). Catalase was one of the first antioxidative enzymes 

to be characterized and has been extensively investigated in higher plants with multiple isoforms 

present in different species: six in Arabidopsis, two in barley, twelve in brassica and six in maize 

(Ahmad et al., 2010; Gill and Tuteja, 2010a). Based on their tissue specificity expression, plant 

CATs are categorized into three different classes -  class I, class II and class III CATs being 

expressed in photosynthetic, vascular, and young seedlings tissues, respectively (Ahmad et al., 

2010; Sharma et al., 2012; Willekens et al., 1995). Hydrogen peroxide degradation is initiated 
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when the heme iron of catalase forms an oxygen-rich peroxide with H2O2 leading to the 

formation of a catalase-H2O2 known as compound I (Blokhina et al., 2003; Scandalios et al., 

1997). The compound I intermediate can then proceed to react with another H2O2 molecule and 

produce water and O2, or alternatively, it can be reduced by hydrogen donating substances, such 

as ethanol, to inactive form known as compound II (Blokhina et al., 2003; Scandalios et al., 

1997).  

An important characteristic of CAT is that it degrades H2O2 in an energy efficient 

manner, unlike other enzymes such as APX which require a reducing equivalent (ascorbic acid) 

in order to detoxify H2O2 (Blokhina et al., 2003; Scandalios et al., 1997; Sharma et al., 2012). 

Catalase activity has been found to be an important indicator of plant tolerance or sensitivity to 

abiotic stress factors (del Río et al., 2006; Scandalios et al., 1997; Sharma et al., 2012) For 

example, CAT activity decreased by nearly 40% in stress-sensitive variety of Citrus spp. exposed 

to 20 days of waterlogging while it remained unaffected in stress tolerant varieties (Arbona et al., 

2008). Interestingly, in alfalfa plants exposed to drought stress, the CAT gene exhibits different 

expression patterns in leaf and root tissues; its expression increased in both tissues after 3 days of 

exposure to drought, however, the expression was suppressed up to 75-fold in roots after 

exposure to drought for 11 days, indicating the presence of localized/tissue specific stress-

sensitivity in plants (Filippou et al., 2011).  

 

Ascorbate peroxidase 

Ascorbate peroxidase (EC 1.11.1.11) is a H2O2 scavenging enzyme, and its dependence on AsA 

molecules also makes the enzyme an essential component of the mostly non-enzymatic 

ascorbate-glutathione antioxidant pathway (Sharma et al., 2012; Shigeoka et al., 2002). 
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Interestingly, unlike catalase, the presence of APX in plant cells is energy inefficient due to its 

requirement of AsA reducing equivalents, thus the occurrence of APX reflects the importance of 

the non-enzymatic antioxidant AsA in ROS scavenging and regulation (Shigeoka et al., 2002). 

However, APX enzymes are reported to have a higher affinity for H2O2 than CAT, despite the 

differences in energy efficiency (Ahmad et al., 2010). At least five distinct isoforms of APX have 

been reported in the cytosol, stroma, thylakoid membranes, mitochondria and peroxisomes of 

higher plants and the specificity of these isoforms to different subcellular locations makes APX 

one of the most widely distributed antioxidative enzymes in plants (Ahmad et al., 2010; Gill and 

Tuteja, 2010a; Shigeoka et al., 2002). A previous study that involved the use of the Arabidopsis 

single or double mutants of two isoforms of APX, thylakoid APX (tyAPX) and cytosolic APX 

(APX1) indicated that the two isoforms have differential roles in plant response to stress. 

Specifically, the seedlings of apx1 mutant exhibit more sensitivity to oxidative and heat stress 

than that of tylapx mutant, while tylapx mutant are found to be more sensitive to cold stress than 

apx1 mutant (Miller et al., 2007). Furthermore, unlike the single mutant lines, apx1/tylapx double 

mutants exhibit increased sensitivity to osmotic and cold stress while showing increased 

tolerance to oxidative and heat stress, indicating the distinct roles of the two APX isoforms in 

ROS regulation and scavenging (Miller et al., 2007). Under stress conditions, APX activity is 

reported to be higher in stress-tolerant varieties, such as salt-tolerant cultivars of rice (Mishra et 

al., 2013) and application of exogenous AsA has also been shown to increase  APX activity, and 

subsequently, plant stress tolerance (Wang et al., 2014). 
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Glutathione reductase  

Glutathione reductase (GR; EC 1.8.1.7) is antioxidative enzyme that catalyzes the rate-limiting 

step in the ascorbate-glutathione pathway, and is highly conserved in eukaryotes and 

prokaryotes. It is essential for maintaining the reduced (GSH) pools of the antioxidant for non-

enzymatic and enzymatic ROS scavenging (Ahmad et al., 2010; Gill et al., 2013). The 

homodimer structure of GR contains a disulphide group and a bound flavin adenine dinucleotide 

(FAD), and both components are essential for the NADPH-dependent reduction of GSSG (Gill et 

al., 2013; Sharma et al., 2012; Yousuf et al., 2012). In addition to the maintenance of GSH pools, 

the reaction catalyzed by GR oxidizes NADPH thus making NADP+ available as an electron 

acceptor and potentially preventing the transfer of electrons to O2 and thereby the formation of 

radicals (Ahmad et al., 2010). Up to 80% of GR activity in photosynthetic tissues is the result of 

chloroplastic isoforms of the enzyme, despite the fact that GR is well distributed throughout the 

cell with isoforms located in the mitochondria, peroxisomes and cytosol (Gill et al., 2013; 

Yousuf et al., 2012). Glutathione reductase activity decreased under salt-stress conditions in salt-

sensitive and tolerant cultivars of rice, with overall GR activity in the tolerant cultivar remaining 

higher than the salt-sensitive cultivar despite the stress, however GR activity was found to 

increase following treatment with exogenous AsA and GSH, indicating the regulation of GR 

activity by both metabolites (Wang et al., 2014). Additionally, higher GR activity and 

subsequently the higher ratio of GSH/GSSG has been reported in response to chilling stress, 

suggesting the role of GR in cold tolerance and acclimation (Kocsy et al., 2001).  
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2.5.4.2. Non-enzymatic antioxidant system 

Ascorbic acid (AsA) and glutathione (GSH) are among the most potent antioxidative compounds 

and redox buffers that stabilize ROS via electron donation, and are regenerated via the ascorbate-

glutathione cycle involving the enzymes APX and GR (Apel and Hirt, 2004; Blokhina et al., 

2003; Gill et al., 2013). Other non-enzymative antioxidants include tocopherols, carotenoids and 

phenolic compounds, which are essential in ROS regulation for protection of lipid membranes 

and photosynthetic machinery, and their level is reported to increase under conditions of stress 

(Blokhina et al., 2003; Pourcel et al., 2007; Sharma et al., 2012). Details for the non-enzymatic 

antioxidant system are not discussed in detail here as this topic is not the focus of this thesis. 

 

2.5.5. Genes encoding the antioxidative enzymes 

Antioxidative enzymes are encoded by various genes at the nuclear level and operate in specific 

subcellular compartments following translation (Scandalios, 1993; Scandalios et al., 1997). 

Mutational analyses of antioxidative genes have been very instrumental in determining their role 

in plant growth and development and mediating plant stress response (Gill et al., 2013; Miller et 

al., 2007; Scandalios et al., 1997). Additionally, transcriptomic datasets are providing very useful 

information in elucidating the effects of various stress factors on antioxidative enzymes at the 

transcriptional level (Cuevas et al., 2008; Foyer and Noctor, 2005; Li et al., 2014). The first 

genes encoding antioxidative enzymes APX (Mittler and Zilinskas, 1992) and GR (Creissen and 

Mullineaux, 1995) were cloned and functionally characterized from pea (Pisum sativum) while 

the first CAT (Guan and Scandalios, 1993) and SOD (Cannon et al., 1987) encoding genes were 

isolated and characterized from tobacco and maize plants, respectively. In plants, genes encoding 

antioxidative enzymes form multigene families (Du et al., 2008; Navrot et al., 2006). For 



38 
 

example, in the model plant Arabidopsis, three APX (Najami et al., 2008), three CAT (Du et al., 

2008), seven SOD (Zhang et al., 2008) and two GR (Marty et al., 2009) encoding gene family 

members have been reported to date. Family members of the APX, CAT, SOD and GR genes 

have also been identified in other plant species including tobacco, pea, maize, rice and soybean 

(Ahmad et al., 2010; Gill and Tuteja, 2010a). The antioxidative genes that have been identified 

and characterized from soybean include GmAPX1 (Kausar et al., 2012), GmAPX2 (Shi et al., 

2008), GmCAT1 (Isin and Allen, 1991), GmSOD1 and GmSODB (Arahira et al., 1998), 

GmSODB2 (Moran et al., 2003) and GmGRchl (Tang and Webb, 1994). In addition to these 

genes, sequences representing other members of the antioxidative gene families of soybean exist 

in publicly available gene databases such as the National Centre for Biotechnology Information 

(NCBI) and Phytozome, although not yet characterized.   

 

2.6. The Polyamines 

 

2.6.1.  What are polyamines? 

 

Polyamines (PAs) are nitrogenous, low molecular weight, positively charged growth regulating 

molecules found ubiquitously in all living organisms (Alcazar et al, 2006; Zapata et al, 2004). 

They are among the oldest biochemicals known with the first PA spermine discovered in the 17th 

century and many other PAs identified and structurally characterized over the past century 

(Gupta et al., 2013; Kusano et al., 2008). The major PAs found in plants are putrescine (Put) 

[butane-1,4-diamine], spermidine (Spd) [N-(3-aminopropyl)butane-1,4-diamine] and spermine 

(Spm) [N,N’-bis(3-aminopropyl)butane-1,4-diamine] (Kaur-sawhney et al., 2003; Kusano et al., 

2008). In plant cells, PAs can exist in free form or in conjugated form as hydroxycinnamic 

amides (Gupta et al., 2013; Kaur-sawhney et al., 2003; Tiburcio et al., 2014). Due to their 
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cationic nature, PAs can interact with various cellular macromolecules via binding and stabilize 

molecules such as DNA, RNA, chromatin and proteins (Alcázar et al., 2010; Kusano et al., 2008; 

Tiburcio et al., 2014). Therefore, it is not surprising that PAs are involved in regulating important 

cellular processes including transcription, translation, cell differentiation, signaling, membrane 

stabilization and programmed cell death, as well as plant response to abiotic and biotic stress, 

although the specific mechanisms remain to be clarified (Jiménez-Bremont et al., 2014; Kusano 

et al., 2008). Therefore, these molecules are essential in plant growth and developmental 

processes as exhibited for example by plants that fail to develop normally if the biosynthesis of 

Put, Spd, or Spm is disrupted (Alcázar et al., 2010).  

 

2.6.2.  Polyamine biosynthesis 

 

Polyamine synthesis is initiated from the amino acid L-arginine with the production of ornithine 

by the enzyme arginase (EC 3.5.3.1), following which ornithine acts as a substrate for the 

enzyme ornithine decarboxylase (ODC, EC 4.1.1.17) to produce the diamine Put (Gupta et al., 

2013; Kusano et al., 2008; Tiburcio et al., 2014). Alternatively, L-arginine can be converted into 

agmatine by arginine decarboxylase (ADC, EC 4.1.1.17) (Kaur-sawhney et al., 2003; Kusano et 

al., 2008). Agmatine iminohydrolase (AIH, EC 3.5.3.12) then converts agmatine into N-

carbamoyl-putrescine, a precursor to the Put molecule formed by the enzyme N-carbamoyl-

putrescine-amidohydrolase (CPA, EC3.5.1.53) (Gupta et al., 2013; Tiburcio et al., 2014). The PA 

biosynthesis pathways are designated as the ODC and ADC pathways, after the respective 

enzymes responsible for the two alternative routes to Put formation (Alcázar et al., 2010; 

Tiburcio et al., 2014).  
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Once Put is synthesized, the formation of downstream Spd and Spm does not differ 

between the ODC and ADC pathways (Kusano et al., 2008). At this point in the pathway, 

decarboxylated S-adenosylmethionine (dcSAM) molecules provide the necessary aminopropyl 

groups to be added to Put (Tiburcio et al., 2014). The formation of dcSAM involves the 

conversion of amino acid L-methionine to S-adenosyl-methionine (SAM) by the enzyme 

methionine adenosyltransferase (EC 2.5.1.6) and the SAM is then decarboxylated by S-

adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50) (Jiménez-Bremont et al., 2014; Kaur-

sawhney et al., 2003; Kusano et al., 2008). Two aminopropyltransferase enzymes are involved in 

the production of Spd and Spm (Tiburcio et al., 2014). Spermidine is synthesized by the transfer 

of an aminopropyl group from dcSAM to Put by the enzyme Spd synthase (SPDS, EC 2.5.1.16), 

while Spm synthesis involves addition of a second aminopropyl group to Spd by the action of 

Spm synthase (SPMS, EC 2.5.1.22) (Gupta et al., 2013; Kusano et al., 2008; Tiburcio et al., 

2014). Genes encoding enzymes involved in the two alternative PA biosynthetic pathways have 

been cloned and characterized from numerous species (Bagni and Tassoni, 2001; Kaur-sawhney 

et al., 2003; Kusano et al., 2008). Previous studies have shown the importance of these genes in 

regulating plant growth and stress response. For example, mutation in the ADC gene leads to 

increased sensitivity to salt stress although phenotypic changes in plant growth were not 

observed (Kusano et al., 2008). In Arabidopsis mutants unable to synthesize Spm, a 

hypersensitive response to salt and drought stress has been reported (Yamaguchi et al., 2006; 

Yamaguchi et al., 2007). Furthermore, deletion of SPDS in Arabidopsis plants led to adverse 

effect on embryo development and morphological alteration of the resulting seeds (Imai et al., 

2004).  
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2.6.3.  Polyamine catabolism 

 

Polyamine catabolism is essential for maintaining PA homeostasis in cells under optimal and 

suboptimal conditions (Tisi et al., 2011). Polyamine oxidases (PAO) are involved in the 

breakdown of Spd and Spm, while Put is catabolized by diamine oxidases (DAO) and activity of 

both types of catabolic enzymes has been reported to increase in response to stress conditions 

(Wimalasekera et al., 2011). The H2O2 produced as a by-product of oxidase–induced Spd 

degradation is reported to be involved in opening calcium channels required for pollen tube 

growth in Arabidopsis and programmed cell death and cell wall differentiation in tobacco plants 

(Moschou et al., 2008; Tisi et al., 2011). The biosynthesis of nitric oxide, an essential cellular 

signal involved in seed germination and programmed cell death, is reported to increase following 

PA treatment, and it is suggested to be a downstream product of PA catabolism (Cona et al., 

2003; Tun et al., 2006). 

 

2.6.4.  The role of polyamines in plant response to abiotic stress factors 

The importance of PAs in plant growth, development and stress response has been established 

(Alcázar et al., 2010). Polyamine content in plant cells is known to increase in response to abiotic 

stress factors such as extreme temperatures, salinity, waterlogging-induced hypoxia, and heavy 

metal toxins (Tiburcio et al., 2014). In Arabidopsis, loss-of-function mutants unable to express 

the Spm synthase gene were unable to synthesize Spm and exhibited hypersensitivity to both salt 

and drought stress factors but showed improved tolerance when pre-treated with exogenous Spm 

(Yamaguchi et al., 2006; Yamaguchi et al., 2007). Some studies have indicated that the 

expression of several PA biosynthesis genes is in fact induced by abiotic stress factors and that 

plant stress responses may be linked to the ability to produce PAs (Liu et al., 2007b; Gupta et al., 
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2013). Consistently, a recent study in Arabidopsis showed the occurrence of increased expression 

of ADC, SAMDC and SPMS in response to heat-shock treatment, an event presumably linked to 

the subsequent increase in endogenous levels of Spm (Sagor et al., 2013).  

The mechanisms by which PAs enhance the plant stress response to various abiotic stress 

factors are still unclear (Gupta et al., 2013; Tiburcio et al., 2014). One potential mechanism of 

PA-mediated enhanced stress response may involve cross talk between polyamines and the 

antioxidative systems regulating ROS level (Gill and Tuteja, 2010b). Additionally, the H2O2 and 

nitric oxide produced via PA catabolism have been implicated in enhancing stress tolerance in 

plants treated with polyamines possibly by acting as intermediate cellular signals (Tanou et al., 

2014; Wimalasekera et al., 2011). In fact, a correlation between high endogenous PA 

levels/exogenous polyamine treatment, and increased antioxidant activity has been reported in 

response to oxidative stress caused by salt stress, heavy metal toxicity, extreme temperatures and 

drought (Gill and Tuteja, 2010b; Gupta et al., 2013; Minocha et al., 2014). 

 

2.6.4.1. Evidence of polyamine induced response to oxidative stress caused by abiotic stress 

factors 

The involvement of PAs in the plant defense response to oxidative stress has been shown in 

several plant species using the exogenous PA treatment approach. Treatment of bean (Phaseolus 

vulgaris) plants exposed to acid rain with Spd and Spm exhibited 82% and 69% reduction in 

H2O2 accumulation, respectively, as well as reductions of 88% and 79% in MDA content, 

respectively, when compared to the control (Velikova et al., 2000). Similarly, treatment with 

Spd, Spm and Put decreased the levels of H2O2 and MDA in chickpea plants exposed to drought 

and cold-induced oxidative stress (Nayyar and Chander, 2004). The drought and cold stressed 
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chickpea plants have also shown to exhibit  increased activity of SOD, APX and CAT following 

treatment with Put and Spd, respectively, while treatment with Spm did not have any effect 

(Nayyar and Chander, 2004). In maize, treatment of leaves with Spm and Put before treating with 

the oxidizing herbicide paraquat led to inhibition of the loss of photosynthetic pigments and 

increased AsA content (Durmu and Kadioglu, 2005). Furthermore, Spm treatment led to 

increased SOD activity in the paraquat treated leaves. Treatments with exogenous Spd and Spm 

of Malus hupehensis (crabapple) plants lead to slightly decreased MDA content and slightly 

increased SOD activity under unstressed conditions (Zhao and Yang, 2008). However, under 

cadmium toxicity induced oxidative stress, the exogenous Spd and Spm resulted in significantly 

decreased O2∙
- generation, decreased MDA content, and increased SOD activity. Application of 

Spd exogenously has also been reported to have an ameliorative effect in leaves of Alternanthera 

philoxeroides, an aquatic weed species, exposed to copper toxicity by suppressing the 

accumulation of copper and MDA content to toxic levels (Xu et al., 2011). Exogenous Spd and 

Spm have been reported to increase SOD and CAT activity and also reverse the growth-retarding 

effect of high salt stress on the roots of pistachio plants (Kamiab et al., 2014). Salt-sensitive rice 

variety exposed to salinity-induced oxidative stress showed recovery in root and shoot growth in 

response to treatments with Spd and Spm (Roychoudhury et al., 2011). Furthermore, Spd and 

Spm treatments appeared to repress protein carbonylation (Tanou et al, 2014). Polyamine 

application also leads to oxidative damage alleviation in soybean seedlings exposed to high 

temperature and drought stress via suppressing MDA accumulation and electrolyte leakage in 

root and hypocotyl tissues, potentially due to their ability to bind to and stabilize the cell 

membranes (Amooaghaie and Moghym, 2011).  
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Under excess moisture stress, it has been indicated that exogenous Spd and Spm 

treatment of Welsh onion can increase the activities of SOD, CAT and GR, and reduce the rate of 

O2∙
- and H2O2 content (Yiu et al., 2009). A similar stress defense enhancing effect of PA was 

observed in maize seedlings grown under waterlogging conditions in which treatment with Spd 

led to lower ROS accumulation, enhanced antioxidant enzyme activity and less membrane 

damage than the controls (Liu et al., 2014).  Despite these reports very little is known about the 

function of these compounds in the alleviation of waterlogging stress, as compared to other 

abiotic stress factors, especially in soybean.  
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3.0 POLYAMINES-MEDIATED REGULATION OF ENZYMATIC ANTIOXIDATIVE 

RESPONSE TO EXCESS SOIL MOISTURE IN SOYBEAN (Glycine max L.) 

 

Abstract 

 

Excess soil moisture creates a low oxygen growth environment that can induce oxidative stress 

by disrupting the balance between the production of reactive oxygen species and their 

scavenging by the antioxidative systems. This thesis examined the effect of excess soil moisture 

on the enzymatic antioxidant system in soybean seedlings and young plants at the gene and 

enzyme levels, and investigated the possibility of mitigating the negative effects of excess 

moisture by using polyamine treatments. The findings of this study showed that excess moisture 

stress adversely affects the growth of embryo axis, and root and shoot tissues of soybean 

seedlings, and these effects appeared to be associated with a decrease in the expressions of 

specific members of the GmAPX, GmSOD, GmCAT and GmGR gene families. However, 

improved embryo axis, and root and shoot growth was observed in excess moisture stressed 

seedlings derived from polyamine (spermidine and spermine) treated seeds. These effects of PA 

treatment were accompanied by inductions in the expression of several members of GmAPX, 

GmCAT, GmSOD gene families and GmGRchl as well as increased activities of corresponding 

enzymes. Treatments with the two PAs also induced the expressions of GmAPX1, GmCAT1, 

GmCAT5, GmSOD1, GmSOD3, GmSODB2 and GmGRchl genes and the activities of APX, GR 

and SOD in the leaf tissues of young plants exposed to excess moisture stress. Overall, the 

results of this study indicate that both polyamines improve the antioxidative response of soybean 

tissues at different stages, however, spermine appeared to be more effective. 
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3.1 Introduction 

Alteration of growth environment can lead to suboptimal growth conditions that can negatively 

affect overall plant growth and development (Khan and Singh, 2008). Such environmental 

alterations are known as abiotic stress factors and greatly influence agriculture across the world, 

and the agricultural areas being affected by one or more abiotic stress factors is projected to 

increase in the future (Vinocur and Altman, 2005). Excess soil moisture is an abiotic stress factor 

that creates a hypoxic growth environment and can severely impair plant growth and 

development (Bailey-Serres and Colmer, 2014). Low oxygen environment disrupts cellular 

respiration for which oxygen is required as a terminal electron acceptor, and consequently, 

disrupts all downstream cellular processes for which energy is required (Bailey-Serres and 

Colmer, 2014).  

  While plants at all stages of growth are affected by excess soil moisture conditions, 

germinating seeds and seedlings in particular are very susceptible to excess moisture induced 

damages (Bailly, 2004). In soybean, germinability and viability of seeds exposed to excess 

moisture decreases as early as one hour after exposure, further decline in viability occurs as the 

duration of stress is extended (Wuebker et al., 2001). Excess soil moisture has also been reported 

to inhibit root elongation, alter gene expression and disrupt protein production in germinated 

seedlings in a number of species including soybean (Hashiguchi et al., 2009; Liu et al., 2014; 

Parvin et al., 2014). The process of germination begins with imbibition, which involves a rapid 

uptake of water by the dry seed that leads to activation of cellular respiration and other essential 

physiological pathways (Bewley, 1997). Germination is completed when the radicle penetrates 

through the seed coat after which seed reserve mobilization and post-germination seedling 

growth continues until seedling establishment (Han et al., 2013). Low oxygen conditions due to 
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excess soil moisture have negative impact on the earliest phases of seed germination, during 

which cellular respiration is resumed, consequently affecting seedling establishment and further 

growth (Bailey-Serres and Colmer, 2014; Bailly, 2004).  

Under normal conditions, ROS accumulation is regulated by antioxidative enzymes and 

metabolites to levels that allow these molecules to function as cellular signals for plant growth 

and development (Bailey-Serres and Mittler, 2006; Baxter et al., 2014). A common consequence 

of plant exposure to abiotic stress factors is the induction of oxidative stress (Khan and Singh, 

2008) via disruption of the balance between reactive oxygen species (ROS), which includes 

superoxide radicals (O2∙
-), hydrogen peroxide (H2O2) and hydroxyl radicals (OH∙-), and the 

antioxidative enzymes and metabolites involved in ROS scavenging and regulation (Apel and 

Hirt, 2004; Gill and Tuteja, 2010a). Excess soil moisture conditions are reported to lead to 

increased ROS levels and decreased expression and activity of antioxidative genes and enzymes, 

respectively, at both seedling and vegetative stages (Arbona et al., 2008; Liu et al., 2014; Yiu et 

al., 2009). Such alterations in ROS regulation lead to their accumulation to toxic levels and 

extensive cellular damage due to ROS reacting with key cellular macromolecules including 

nucleic acids, proteins and membrane lipids (Apel and Hirt, 2004; Bailly et al., 2008).  

The enzymatic antioxidative system is an essential mechanism for fine-tuned regulation 

of ROS levels to limit excess accumulation, and thereby influences the functioning of an 

important non-enzymatic antioxidative cycle, the ascorbate-glutathione cycle (Apel and Hirt, 

2004; Bailly et al., 2008). The first type of ROS produced is generally O2∙
-, a highly reactive 

molecule immediately converted to the less reactive form, H2O2,  by superoxide dismutase 

(SOD), an enzyme that functions as the first line of defense against oxidative damage (Alscher et 

al., 2002), and H2O2 is detoxified by ascorbate peroxidase (APX) (Ahmad et al., 2010; Slooten et 



48 
 

al., 1995). Catalase (CAT) is another enzyme involved in the detoxification of H2O2, however, its 

affinity for H2O2 and the underlying scavenging mechanism differs from that of APX (Ahmad et 

al., 2010; Scandalios et al., 1997; Shigeoka et al., 2002). APX and glutathione reductase (GR) 

play roles in replenishing the levels of ascorbic acid and glutathione, which are essential to the 

ascorbate-glutathione cycle involved in neutralization of ROS (Apel and Hirt, 2004; Hérouart et 

al., 2002; Nayyar and Chander, 2004). Genes encoding these enzymes have been isolated from 

several species and their expression patterns in response to abiotic stresses characterized (Parvin 

et al., 2014). However, the response in expression of these genes and activity of the 

corresponding enzymes to excess moisture in soybean is not well studied.   

 Polyamines (PAs) are positively charged substances consisting of many amine groups, 

and they are involved in the regulation of various plant growth and developmental processes 

(Jiménez-Bremont et al., 2014). The nitrogenous nature of PAs allows them to interact with 

various cellular components and contribute to the acid neutralizing and stabilizing properties 

(Alcázar et al., 2010; Velikova et al., 2000). The biosynthesis of PAs has wide-ranging effects on 

hormone pathways, tissue differentiation and stress tolerance while their catabolism is linked to 

the production of essential cellular signalling molecules such as H2O2 and nitric oxide (Bagni and 

Tassoni, 2001; Tanou et al., 2014; Tiburcio et al., 2014). Several reports indicated the role of 

PAs in promoting growth and developmental processes. For example, addition of PAs to tissue 

regeneration and in vitro growth media has been reported to lead to enhanced growth and 

development in various plants including soybean (Arun et al., 2014). Furthermore, treatment 

with PAs enhances germination in white clover seedlings, and growth of shoot and root tissues of 

pea seedlings (Li et al., 2014; Zheleva et al., 1994). The role of PAs in ameliorating abiotic 
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stress-induced oxidative damage and thereby enhancing plant survival under stress conditions 

have also been reported by several studies (Alcázar et al., 2010). 

 The triamine spermidine (Spd) and tetramine spermine (Spm) are two of the three major 

PAs found in plants, the third one being diamine putrescine, which is a precursor to Spd (Kusano 

et al., 2008). The higher number of amine groups present in Spm are suggested to contribute to 

the stabilizing and protective properties of Spm, making it a more effective type of PA (Minocha 

et al., 2014; Velikova et al., 2000). However, previous studies have demonstrated the importance 

and efficacy of both Spd and Spm in enhancing antioxidative enzyme activity and thereby 

reducing ROS levels and ROS-induced oxidative damages (Gill and Tuteja, 2010b). For 

example, application of exogenous Spd and Spm to bean plants prior to exposure to acid rain 

stress resulted in reduced H2O2 levels and higher antioxidative enzyme activities (Velikova et al., 

2000), and drought-induced decreases in the expression of APX and CAT genes in ginseng 

seedlings are reported to be ameliorated by Spd-treatment (Parvin et al., 2014). Similarly, Spm 

and Spd treatments lead to improved antioxidative enzyme activity and seedling growth in 

pistachio seedlings under salt-stress (Kamiab et al., 2014). Under excess moisture conditions, 

Spd and Spm-treated welsh onion plants reportedly exhibit substantial reduction in stress-

induced ROS levels and increased activities of antioxidative enzymes (Yiu et al., 2009). 

Furthermore, Spd-treated maize seedlings exhibit improved root elongation and increased SOD 

and GR activities under excess moisture (Liu et al., 2014). Although these studies have provided 

some insights into the protective role of PAs to a variety of abiotic stress factors in plants, the 

molecular basis for the role of PAs in regulating the enzymatic antioxidative mechanisms and 

thereby growth in soybean in response to excess moisture stress, especially at the early seedling 

and young vegetative stage is unknown. The objectives of this study were, therefore, to 
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investigate the effects of treatments with PAs, specifically Spd or Spm, on growth and tissue 

specific expression and activity of antioxidative genes and enzymes, respectively, in soybean 

seedlings and young plants grown under excess moisture stress.  

 

3.2. Materials and Methods   

3.2.1. Plant materials and seed pre-treatments 

The soybean (Glycine max L.) variety 25-10RY (Dekalb, Monsanto Canada) was used for this 

study. Seeds were surface sterilized prior to use in all experiments; first with 70% ethanol for 1 

min followed by shaking in 1.2% sodium hypochlorite for 20 minutes, and finally the seeds were 

rinsed with sterile water (five times). Sterilized seeds (20 per plate) were placed on a layer of 

Whatman #1 filter paper in 9 cm Petri plates and then moistened with 10 ml of sterile water 

(control), solutions of polyamines (PAs) at pre-determined concentrations of 4 mM spermidine 

(Spd) or 2 mM spermine (Spm) (Sigma-Aldrich, St. Louis, MO, USA), and then incubated at 

room temperature under darkness. To study the effect of PAs on the germination of soybean 

seeds, radicle protrusion (marker of germination) was recorded every 6 h and seed germination 

rate was calculated as described before (Ranal et al., 2009). In order to study the effects of seed 

treatment with PAs on the performance of young seedlings under excess moisture conditions, 

seeds were imbibed with Spd (4 mM) and Spm (2 mM) solution for 24 hours before transferred 

to pots. To study the effect of PA treatment on the performance of young plants under excess 

moisture, seeds were imbibed with sterile water prior to completion of germination and 

transplanting to pots.  

 

 

 



51 
 

3.2.2. Excess moisture stress treatment and tissue collection 

Seeds imbibed with the PA solutions or sterile water for 24 hours and germinated seeds were 

then transplanted into 1-gallon pots containing a 2:1 mixture of clay and sand soils. The pots 

were then placed in a growth chamber with 22/20°C (day/night) temperature and 16/8 h 

photoperiod cycles. The pots containing seedlings derived from seeds imbibed with sterile water 

(control), 4 mM Spd and 2 mM Spm were each divided into two sections, and subjected to 

regular watering/moisture and excess moisture treatments. The pots used for the excess moisture 

treatment were flooded for a period of 24 hours followed by drainage for a period of 24 hours 

prior to planting the seeds in order to ensure the seeds were planted in a saturated soil. The 

excess moisture treatment pots were then placed in larger pots filled with 800 ml of water, and 

the water level in the pots was monitored regularly and topped up when necessary, in order to 

maintain moisture saturated soil conditions until tissue collection, which was performed at 4 and 

7 days after planting (DAP). The regular watering treatment pots were watered with a pre-

determined volume of 200 ml on the day the seeds were planted and then 150 ml every day until 

tissue collection. Seedlings collected at 4 DAP were rinsed and dissected into cotyledon and 

embryo axis tissues, while those collected at 7 DAP were dissected into cotyledon, shoot and 

root tissues. Growth parameters including fresh weights (all tissues) and lengths (embryo axis, 

shoot and root) were measured immediately after harvest while tissues (cotyledon, embryo axis, 

shoot and root) used for other analyses were immediately frozen in liquid nitrogen and then 

stored at -80°C until further use. Seedlings derived from PA-treated seeds hereafter are referred 

to as PA-treated seedlings. 

For studying the effects of PA treatment on the performance of young plants under excess 

moisture, seeds imbibed in sterile water were transplanted upon germination to pots containing 
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the same soil mixture described above and allowed to grow until the third trifoliate stage (V3) 

with regular watering. At the V3 stage, each plant was sprayed with 50 ml of sterile water 

(control), 4 mM Spd, or 2mM Spm containing Tween 20 (0.5%, v/v). Excess moisture treatment 

of the control and PA-treated plants was started 24 h after foliar application of the PAs by 

placing the designated pots into larger pots and filling with water until the soil was submerged 

under ~2.5 cm of water. The seedlings designated for regular watering treatment were watered 

daily as mentioned above (150 ml) and for those designated for excess moisture treatment, the 

excess water level was maintained above soil until collection of the leaf tissues, which was 

performed at 1, 3 and 5 days after the start of treatment with excess moisture. The leaf tissues of 

treated V3 plants were harvested in liquid nitrogen and then stored at -80°C until further use. In 

both seedling and adult stage experiments, there were a total of six treatments including regular 

watering control, excess moisture control, regular watering + Spd, excess moisture + Spd, regular 

watering + Spm, and excess moisture + Spm, and three biological replicates for each treatment, 

with the seedling and leaf tissues of each biological replicate being collected from three pots.  

 

3.2.3. RNA extraction 

Total RNA samples were extracted from the seedling and leaf tissues according to Li and Trick 

(2005) with minor modifications as described previously (Mukherjee et al., 2015). To eliminate 

genomic DNA contamination, the RNA samples were digested with DNase (DNA-free kit; 

Ambion, Austin, TX). The quality of the isolated RNA was verified by gel electrophoresis, and 

concentration and purity of the RNA samples was determined spectrophotometrically using the 

Epoch multi-sample spectrophotometer (Biotek Instruments, Winooski, VT, USA). 
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3.2.4. cDNA synthesis 

The DNase digested total RNA samples were used to synthesize complementary DNA (cDNA) 

using a reverse transcription supermix (Biorad, Hercules, CA). Briefly, a reaction mixture with a 

total volume of 20 μl contained 1 μg of the RNA sample and 4 μl of the iScript supermix with 

the remaining volume made up with nuclease-free water. The reaction mixtures were then 

incubated in a thermal cycler set to the following protocol: priming at 25°C for 5 minutes, 

reverse transcription at 42°C for 30 minutes, and reverse transcriptase inactivation at 85°C for 5 

minutes. The resulting cDNA was diluted 20x for use in real time qPCR assays. 

 

3.2.5.  Real time qPCR assays 

Primers specific to the target and reference genes (Table 1) were designed using Primer3 

software and their specificity was confirmed using Primer-BLAST (Ye et al, 2012). Specificity 

of the primers was further confirmed by RT-PCR, and subsequently their PCR efficiency was 

determined. Primers of the target genes were designed were based on nucleotide sequences of the 

following previously reported soybean genes: GmAPX1 (Genbank ID: 351723274; Kausar et al, 

2012), GmAPX2 (Genbank ID: 351726324; Shi et al, 2008), GmCAT1 (Genbank ID: 351724052; 

Isin and Allen; 1991), GmCAT3 (Genbank ID: AF035254.1; unpublished), GmCAT4 (Genbank 

ID: AF035255.1; unpublished), GmCAT5 (Genbank ID: AB333792.1; unpublished), GmSOD1 

(Genbank ID: 351725358; Arahira et al, 1998), GmSOD3 (Genbank ID: 363814339; 

unpublished), GmSODB (Genbank ID: 351721351; Arahira et al, 1998), GmSODB2 (Genbank 

ID: 351726635; Moran et al, 2003), GmGRchl (Genbank ID: 169964/351722274; Tang and 

Webb, 1994), and actin-11 GmAc1 (Genbank: J01298.1; Shah et al, 1983). All qPCR assays were 

performed on a CFX96 Real-Time PCR detection system (Biorad, Hercules, CA) using SsoFast 
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EvaGreen Supermix (Biorad). The total volume of each reaction used for the qPCR assay was 20 

μl: containing 10 μl of SsoFast Evagreen Supermix, 5 μl of 20x diluted cDNA; 1.2 μl forward 

primer (5 mM stock; 300 nM final); 1.2 μl reverse primer (5 mM stock; 300 nM final) and 2.6 μl 

of nuclease-free water. The following thermocycling conditions were used: enzyme activation at 

95°C for 30 seconds followed by 40 cycles of denaturation at 95°C for 5 seconds, annealing and 

extension at 60°C for 5 seconds. Two technical replicates of each sample were plated in a 96-

well plate (Biorad). The relative transcript level of each gene was determined after normalization 

with actin-11 gene using the 2-ΔΔCt method described by Livak and Schmittgen (2001). 
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Table 3.1: Sequences of primers used for gene expression analysis 

Gene  Type Sequence (5’ to 3’) Amplicon 

(bp) 

PCR efficiency 

(%) 

r2 

GmAc11 Fa CGGTGGTTCTATCTTGGCATC 142 97.0 0.98 

Rb GTCTTTCGCTTCAATAACCCTA 

GmAPX1 F ACCTTTGACAAGGGCACGAA 96 102.6 0.99 

R AGCGATGTCAAGACCGTTGT 

GmAPX2 F ACCAGAAGGCCGTTGAGAAG 117 96.6 0.98 

R AGCTCACGTCGTAAGTTCCA 

GmCAT1 F AGGCATATGGATGGCTTCGG 100 99.7 0.99 

R TTTCGCCAGAGGTGGTCTTC 

GmCAT3 F TTACAGGCATATGGATGGTTTTG 117 101.2 0.99 

R TCCAAGAGACACTTTTCGCC 

GmCAT4 F TTCTCATCTCAGCACGAGGC 85 98.1 0.99 

R CGTACTCTTTGCACGTCTGC 

GmCAT5 F ACGGGTCACCCATGAAATCC 98 100.2 0.98 

R GCCTCATGCTCAGACGAGAT 

GmGRchl F GCGAGCTTCCTTTCTCCACT 89 98.5 0.99 

R CAGCAACTTCTTCGGCACAC 

GmSOD1 F TGAAGGCTGTGGCAGTTCTT 83 96.7 0.99 

R GGTGGTTGGACCATTTCCCT 

GmSOD3 F AATGGGACCACCCATGTGAC 106 98.7 0.99 

R CAGTGGAGTTGCAGCCATTG 

GmSODB F ACCAGTGCATGATGCTGAATTA 128 96.0 0.99 

R ACAAAAGATGTGCCTGCTTACA 

GmSODB2 F CCAAAATCCTCACTCCAGCC 116 100.1 0.99 

R TCGCATTGACTTTTGGACCC 
                aF = forward primer; bR = reverse primer 

 

3.2.6. Protein extraction  

The tissues derived from seedlings collected at 4 and 7 DAP, and from V3 stage plants were 

ground into a fine powder using liquid nitrogen in a mortar and pestle, after which protein was 

extracted according to the method described in Agarwal et al (2005). For protein extraction, 100 

mg of tissue powder was mixed well with 1 ml of a 100 mM potassium-phosphate extraction 
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buffer (pH 7.0) containing 1% polyvinylpyrrolidone (PVP), 1 mM EDTA-Na2, and 5 mM 

ascorbic acid (AsA) in a mortar and pestle pre-chilled at 4°C. The tissue powder-buffer solution 

was centrifuged at 19,000x g at 4°C for 20 minutes, and the resulting supernatant was aliquoted 

and stored at -20°C until further use.  

Concentration of the protein extract for each sample was determined according to 

Bradford (1976) using a bovine serum albumin (BSA) standard and the dye reagent from the 

Bio-Rad Protein Assay kit (Biorad). Briefly, 5 ml of the dye reagent (diluted 1:5 in deionized 

water) was added to 100 μl of each protein sample and to serial dilutions of the BSA standard. 

The dye-protein extract mixture was incubated at room temperature for 10 minutes, after which 

absorbance at 595 nm was measured with the Ultrospec 3100 spectrophotometer (Biochrom; 

Cambridge, UK). A standard curve was generated based on the absorbance values of the BSA 

dilutions within the linear range (0.2 - 0.9 mg/ml). The equation generated from the standard 

curve was used to calculate the total protein concentration of each sample. 

 

3.2.7. Enzyme activity assays 

Enzyme assays were prepared to measure the activities of superoxide dismutase (SOD), 

ascorbate peroxidase (APX), catalase (CAT), and glutathione reductase (GR). Superoxide 

dismutase (EC 1.15.1.1) activity was determined based on spectrophotometric absorption at 560 

nm according to the method described by Dionisio-Sese and Tobita (1998) with minor 

modifications. The 2 ml reaction solution was prepared in small beakers containing SOD buffer 

1, consisting of 50 mM potassium-phosphate buffer (pH 7.8), 13 mM L-methionine, 75 μM 

nitroblue tetrazolium (NBT), 0.1 mM EDTA, to which 5-20 μl of the protein extracts were 

added. The reaction was initiated with the addition of 4 μl of 1 mM riboflavin for a final 
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concentration of 2 μM in the reaction solution. The basic reaction involves light-induced 

reduction of riboflavin, by L-methionine to eventually form a superoxide radical that reacts with 

NBT producing a dark colour change. The reaction was initiated by incubating the 2 ml reaction 

mixtures under a direct light source for 10 minutes, after which a gradient of colour was seen in 

each reaction mixture, with the darkest colour being observed in the blank without protein 

extract. The reaction mixtures were transferred into 1 cm plastic cuvettes for measuring 

absorbance. For calculation of enzyme activity, one unit of SOD activity was defined as the 

amount of enzyme that cause a 50% inhibition in the reduction of NBT.  

Ascorbate peroxidase (EC 1.11.1.11) activity was assayed using the method described by 

Nakano and Asada (1981) with slight modifications. The 2 ml reaction mixture contained 1.3 ml 

potassium-phosphate buffer (50 Mm; pH = 7.0), 200 μl EDTA (1 mM), 200 μl ascorbic acid 

(AsA) (5 mM), and 100 μl crude protein extract, to which 200 μl of H2O2 was added at last to 

initiate the reaction. The decrease in AsA concentration was used as indicator of enzyme activity 

and was measured at 260 nm every 10 seconds for 2 minutes. One unit of APX was defined as 

the amount of enzyme required for the oxidation of 1 μmol of AsA per minute, and the extinction 

coefficient of AsA (2.8 mM-1 cm-1) was used to calculate APX enzyme activity. 

 Catalase (EC 1.11.1.6) activity was assayed by monitoring the decrease in H2O2 at 240 

nm, as described before (Aebi,1984). The assay was performed with a 3 ml reaction mixture 

containing 1.9 ml 50 mM potassium-phosphate buffer and 100 μl protein extract, to which 1 ml 

H2O2 (13 mM) was added last to initiate the reaction. The decrease in H2O2 was monitored until 

no further decrease in absorbance values was observed. The degradation of 1 μmol of H2O2 per 

minute was defined as one unit of CAT, and the extinction coefficient of H2O2 (39.4 mM-1cm-1) 

was used to calculate CAT enzyme activity. 
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Glutathione reductase (EC 1.6.4.2) activity was assayed according to the method 

described by Fryer et al (1998) with minor modifications. The total reaction volume of 1.45 ml 

contained 50 μl of the protein extract with the remaining volume made up by a GR buffer 

consisting of 100 mM potassium-phosphate buffer (pH 7.0), 1 mM EDTA, and 0.2 mM NADPH, 

with 100 μl of oxidized glutathione (GSSG – 5mM) added at last to initiate the reaction. The 

decrease in the absorbance due to the oxidation of NADPH was monitored at 340 nm every 10 

seconds for 2 minutes. One unit of GR was defined as the amount of enzyme required to oxidize 

1 μmol of NADPH per minute, and the extinction coefficient of NADPH (6.22 mM-1cm-1) was 

used to calculate GR activity. 

 

3.2.8. Statistical analysis 

Statistical analysis of gene expression and enzyme activity data was performed using the 

students’ t-test. Significant difference between samples was tested at P ≤ 0.05. Additionally, 2-

way and 3-way ANOVA analyses were carried out using JMP software (SAS Institute Inc.) for 

testing significant interaction between the polyamine treatment and excess moisture treatment, 

and/or polyamine treatment, excess moisture and tissue type/duration of stress, respectively. 

 

3.3. Results  

3.3.1. Germination 

The germination of polyamine (PA)-treated and untreated seeds was monitored every 6 hours 

after imbibition over a period of 3 days. At 1 day after imbibition (DAI), slightly more 

spermidine (Spd) and spermine (Spm)-treated seeds germinated as compared to the untreated 

control seeds (Figure 3.1). After 1.5 DAI, the percentage of control seeds germinated was 

slightly greater than the PA-treated seeds, with all treated and untreated seeds reaching 100 
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percent germination by 3 DAI. No difference in the rate of germination was observed between 

PA-treated and control seeds (Table 3.2).  
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Figure 3.1:  Germination percentage of polyamine-treated and untreated control soybean seeds.  

 

 

Table 3.2:  Germination rates of polyamine treated and control soybean seeds 

Treatment Germination Rate (days-1) 

Control  0.70 ± 0.021 

Spermidine  0.70 ± 0.03 

Spermine  0.73 ± 0.01 

   1Data are means ± SE, n =20 

 

 



60 
 

3.3.2. Growth response of polyamine-treated seedlings to excess moisture  

In order to better understand the effect of excess moisture stress and PA treatments on seedling 

growth, fresh weight and length were recorded from PA-treated and untreated seedlings grown 

under regular watering and excess moisture conditions for 4 and 7 days. Measurements were 

taken from cotyledon and embryo axis tissues of 4 day after planting (DAP) seedlings while the 

cotyledon, shoot and root were considered for 7 DAP seedlings.  

 

3.3.2.1. Excess moisture exposure for 4 days 

The fresh weights of cotyledon and embryo axis tissues from 4 DAP PA-untreated control 

seedlings exposed to excess moisture were 9% and 4.3% lower, respectively, than the 

corresponding tissues collected from the respective seedlings grown under regular watering 

conditions (Table 3.3). The length of embryo axis tissues collected from control seedlings grown 

under excess moisture conditions was similar to the corresponding tissue grown under regular 

watering conditions.  

 There was no substantial difference in fresh weight of cotyledon and length of embryo 

axis tissues between the Spd-treated and untreated control 4 DAP seedlings (Table 3.3), although 

the fresh weight of the embryo axis tissue harvested from Spd-treated seedlings was slightly 

lower (by 7.4%). In contrast, Spm-treatment led to increases in cotyledon fresh weight, embryo 

axis fresh weight, and embryo axis lengths by 4.9%, 13%, and 11%, respectively, as compared to 

the corresponding tissues derived from untreated control seedlings.  
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Table 3.3:  Fresh weights and lengths of seedling tissues collected at 4 days after planting  

Treatment 
Weight (mg) Length (mm) 

Cotyledon Embryonic Axis Embryonic Axis 

RM-Control 353.1 ± 13.61 30.4 ± 2.4 17.1 ± 1.0 

EM-Control 322.8 ± 10.1 29.1 ± 1.4 16.9 ±0.6 

RM + Spd 340.7 ± 15.9 30.4 ± 2.5 18.0 ± 0.8 

EM + Spd 320.3 ± 15.3 27.0 ± 2.2 16.8 ± 0.8 

RM + Spm 358.6 ± 14.2 35.7 ± 2.8 19.0 ± 0.8 

EM + Spm 339.4 ± 13.6 33.5 ± 2.3 19.0 ± 0.8 
1Data are mean ± SE, n=15, RM = regular watering, EM = excess moisture, Spd = Spermidine, Spm = 

Spermine 

    

 

3.3.2.2. Excess moisture exposure for 7 days 

Exposure to excess moisture for 7 days resulted in a decrease in fresh weights of root and shoot 

tissues by 15%, and 22.2%, respectively (Table 3.4). It also induced 15.9% decrease in shoot 

length with no marked effect on root length. The fresh weight of cotyledon tissues did not appear 

to be affected. The fresh weights of cotyledon tissues from Spd-treated seedlings grown under 

excess moisture condition decreased by ~4% while that of Spm-treated seedlings increased 

slightly (3%) as compared to the respective tissues collected from the PA-untreated control 

seedlings (Table 3.4). Slightly higher fresh weights were observed in root (10.6%) and shoot 

(7%) tissues from Spd-treated seedlings, when compared to untreated control seedlings grown 

under excess moisture conditions. No differences in root and shoot lengths were observed 

between Spd-treated and PA-untreated control seedlings. Spm-treatment resulted in increases in 

root fresh weight (27.7%) and root length (~11%) under excess moisture compared to the roots 

derived from PA-untreated control seedlings. However, no substantial differences in shoot fresh 

weight or shoot length were observed between the Spm-treated seedling tissues and the PA-

untreated control.  
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Table 3.4: Fresh weights and lengths of seedling tissues collected at 7 days after planting  

Treatment 
Weight (mg) Length (mm) 

Cotyledon Root Shoot Root Shoot 

RM1-Control 388.2 ± 8.62 24.5 ± 0.7 28.3 ± 1.5 17.1 ±1.0 18.1 ± 1.4 

EM3-Control 382.4 ± 8.0 20.9 ± 1.1 22.0 ± 1.0 16.3 ± 1.0 15.2 ± 0.8 

RM + Spd4 397.6 ± 10.0 26.8 ± 1.2 32.7 ± 2.1 15.7 ± 0.9 21.9 ± 1.1 

EM + Spd 367.9 ± 9.3 23.3 ± 1.3 23.7 ± 0.9 16.1 ± 0.6 15.3 ± 0.8 

RM + Spm5 369.2 ± 8.5 33.6 ± 2.0 27.9 ± 2.6 23.5 ± 1.2 17.5 ± 0.9 

EM + Spm 394.4 ± 10.8 28.9 ± 2.0 21.9 ± 1.4 18.3 ± 1.2 15.1 ± 0.8 
1RM = regular watering, 2Data are mean ± SE, n=15, 3EM = excess moisture, 4Spd = Spermidine, 5Spm = 

Spermine 
 

3.3.3. Growth response of polyamine-treated seedlings under regular watering condition  

To examine the effects of PA treatment on seedling growth under regular watering conditions, 

fresh weights and/or lengths of cotyledon and embryo axis (4 DAP) and cotyledon, root, and 

shoot (7 DAP) tissues were recorded from PA-treated seedlings grown under regular watering 

conditions.  

 

3.3.3.1.  Seedling growth response at 4 days after planting 

Spd-treatment resulted in no substantial difference in cotyledon and embryo axis fresh weight in 

seedlings grown under regular watering condition, however, a slight increase in embryo axis 

length (~5%) was observed (Table 3.3). In contrast, Spm-treatment led to increases in embryo 

axis fresh weight (~15%) and length (10%) as compared to the corresponding tissues of untreated 

control seedlings. No marked effect of Spm-treatment was observed on cotyledon fresh weight. 
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3.3.3.2.  Seedling growth response at 7 days after planting 

By 7 DAP, root and shoot fresh weights from Spd-treated seedlings grown under regular 

watering condition increased by 8% and 13.6%, respectively, compared to the untreated control 

seedlings (Table 3.4). Spd-treated seedlings also produced shoot tissues of greater length 

(17.4%) than the untreated control. Cotyledon fresh weight did not appear to change due to Spd-

treatment. In Spm-treated seedlings, a 27% increase was observed for both root fresh weight and 

length. A slight decrease of cotyledon fresh weight was observed in Spm-treated seedlings. 

Spm-treatment did not appear to affect shoot fresh weight or shoot length. 

 

3.3.4. Expression patterns of antioxidative genes in seedling tissues under excess moisture 

conditions and in response to polyamine treatment 

The expression patterns of 11 antioxidative genes belonging to the ascorbate peroxidase 

encoding GmAPX family (GmAPX1 and GmAPX2), catalase encoding GmCAT family 

(GmCAT1, GmCAT3, GmCAT4 and GmCAT5), superoxide dismutase encoding GmSOD family 

(GmSOD1, GmSOD3, GmSODB and GmSODB2), and glutathione reductase encoding GmGR 

family (GmGRchl), were analyzed in the tissues of PA treated or control untreated seedlings 

grown under excess moisture or regular watering conditions for 4 and 7 DAP. To this end, the 

specificity of the primers designed for the target genes was verified first by blast searching 

publicly available gene databases and then by RT-PCR (Appendix 1). 
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3.3.5. Effect of excess moisture on the expression of antioxidative genes in 4-day after 

planting seedlings 

Between the two GmAPX genes, GmAPX1 was expressed more abundantly than GmAPX2, in all 

tissues of seedlings grown under regular watering for 4 DAP (Appendix 2). Under excess 

moisture conditions, cotyledonary GmAPX1 exhibited a 2-fold increase while slightly decreased 

expression occurred in embryo axis tissues, as compared to corresponding tissues in seedlings 

grown under regular watering conditions. In contrast, the expression of GmAPX2 in both the 

cotyledon and embryo axis tissues of 4 DAP seedlings grown under excess moisture exhibited 

over 2-fold decrease (Figure 3.2).  

Out of the four GmCAT genes analyzed, GmCAT5 was the most abundantly expressed 

gene in both cotyledon and embryo axis tissues (Appendix 2). The expression levels of 

cotyledonary GmCAT1, GmCAT4, and GmCAT5 showed ≥2-fold induction under excess 

moisture conditions, compared to the corresponding tissues under regular watering (Figure 3.2). 

However, these genes were downregulated in the embryo axis in response to excess moisture 

treatment. Slight upregulation of GmCAT3 was evident in both tissues. 

With respect to the GmSOD family members, GmSOD1 was the most abundantly 

expressed gene, followed by GmSOD3 in both cotyledon and embryo axis tissues (Appendix 2).  

In the cotyledon, the expression of GmSOD1 decreased 1.5-fold in response to excess moisture 

(Figure 3.2). Although not significant statistically, decreased expression of GmSODB and 

GmSODB2 was also observed in cotyledon of seedlings exposed to excess moisture, while 

GmSOD3 expression increased. In the embryo axis, exposure to excess moisture conditions for 4 

days led to ~16-fold increase in the expression of GmSODB along with a slight induction of 

GmSODB2 expression. 
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GmGRchl was among the least abundant genes in tissues from seedlings collected at 4 

DAP (Appendix 2). Under excess moisture conditions, cotyledon tissues exhibited a 2-fold 

induction in the expression of GmGRchl. While its expression decreased in the embryo axis 

tissues (Figure 3.2).  
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Figure 3.2. Fold changes in the expression of antioxidative genes in the tissues of 4 DAP 

seedlings grown under excess moisture conditions as compared to regular watering. Asterisks 

indicates statistically significant fold change. 

 

3.3.5.1. Expression of GmAPX gene families in the tissues of 4-day after planting seedlings 

in response to polyamine treatment 

Relative to that observed in control PA-untreated seedlings, treatment with Spm resulted in ~3-

fold greater transcript levels of GmAPX1 in the cotyledons of seedlings grown under excess 
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moisture (Figure 3.3A). In contrast, the expression of GmAPX2 in the cotyledons of Spm-treated 

seedlings grown under excess moisture was ~3-fold lower than that found in the PA-untreated 

control seedlings (Figure 3.3C). Spd-treatment did not appear to effect in the expression of 

GmAPX1 or GmAPX2 in cotyledons of seedlings exposed to excess moisture (Figures 3.3A, C). 

However, the expression of GmAPX2 in the cotyledon tissues of seedlings grown under regular 

watering conditions was reduced (2-fold) in response to Spd treatment. Cotyledon tissues of 

Spm-treated seedlings exposed to regular watering exhibited higher expression of GmAPX1 (6-

fold) but lower expression of GmAPX2 (8-fold) than that found in the corresponding tissues of 

untreated control seedlings (Figures 3.3A, C). A two-way ANOVA analysis revealed that the 

expression levels of GmAPX1 and GmAPX2 in cotyledon tissues of seedlings collected at 4 DAP 

are significantly affected by moisture and PA treatment interactions (Appendix 3). 

 The embryo axis tissues derived from Spm-treated seedlings under excess moisture 

conditions exhibited a ~4-fold decrease in GmAPX2 expression (Figure 3.3D). No other 

significant changes were observed. Under regular watering conditions, Spm-treatment led to 

greater expression of GmAPX1 (4-fold) in the embryo axis (Figure 3.3B). Similar to that 

observed in cotyledon tissues, the embryo axis of Spm-treated seedlings exhibited lower 

expression of GmAPX2 (~12-fold) than those derived from control PA-untreated seedlings grown 

under regular watering (Figure 3.3D). The expression levels of GmAPX2 in embryo axis tissues 

appeared to be influenced by interaction between moisture and PA-treatments (Appendix 3). 
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Figure 3.3. Relative transcript levels of GmAPX1 and GmAPX2 in cotyledon (A and C) and 

embryonic axis tissues (B and D), respectively, of 4 DAP seedlings. The transcript level of each 

gene was determined relative to the transcript level in cotyledon tissues under regular watering, 

which was set to 1. Data are means of 2-3 biological replicates ± SE. Asterisks indicate 

statistically significant transcript levels. RM = regular watering/moisture, EM = excess moisture, 

Spd = spermidine, Spm = spermine. 
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3.3.5.2. Expression of GmCAT gene families in the tissues of 4-day after planting seedlings 

in response to polyamine treatment  

Under excess moisture conditions, Spm-treatment slightly increased the relative transcript levels 

of GmCAT1 (1.4-fold) in cotyledons as compared to the corresponding tissues from PA-untreated 

control seedlings (Figure 3.4A). Similarly, expression levels of GmCAT3, GmCAT4, and 

GmCAT5 increased ~4-fold in the cotyledon tissues of Spm-treated seedlings grown under excess 

moisture conditions (Figure 3.4C, E, G). Spd-treatment also increased the expression of 

cotyledonary GmCAT4 and GmCAT5 by 1.5-fold and 1.9-fold, respectively, relative to that 

observed in the same tissue from untreated control seedlings (Figure 3.4E, G). Under regular 

watering conditions, Spm-treatment also increased the expressions of GmCAT3, GmCAT4 and 

GmCAT5 by over 4-fold relative to the cotyledons collected from untreated control seedlings 

(Figure 3.4C, E, G). The expression of GmCAT4 also increased (1.4-fold) in the cotyledon 

tissues of Spd-treated seedlings grown under regular watering (Figure 3.4E). The expression 

levels of GmCAT3, GmCAT4 and GmCAT5 were significantly affected in cotyledon tissues by 

the interactive effect of moisture and PA-treatments (Appendix 4).  

In the embryo axis tissues, Spd-treatment resulted in over 3-fold increases in the 

expression levels of GmCAT3, GmCAT4 and GmCAT5 under excess moisture conditions relative 

to the PA-untreated control seedlings (Figures 3.4D, F, H).  Treatment with Spm also led to over 

8-fold increases in the expression of GmCAT4 and GmCAT5 under excess moisture conditions 

(Figure 3.4F, H).  

Embryo axis tissues derived from Spm-treated seedlings grown under regular watering 

showed higher relative transcript levels of GmCAT3 (~7-fold), GmCAT4 (~5-fold) and GmCAT5 

(~12-fold) as compared to those derived from untreated control seedlings (Figure 3.4D, F, H). 
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Interaction between the tissue type, moisture treatment, and PA-treatment significantly 

influenced the expression levels of GmCAT4 and GmCAT5 in 4 DAP seedling tissues (Appendix 

4). 
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Figure 3.4. Relative transcript levels of GmCAT1, GmCAT3, GmCAT4 and GmCAT5 in cotyledon (A, C, 

E, G) and embryonic axis tissues (B, D, F, H), respectively, of 4 DAP seedlings. The transcript level of 

each gene was determined relative to the transcript level in control cotyledon tissues under regular 

watering, which was set to 1. Data are means of 2-3 biological replicates ± SE. Asterisks indicate 

statistically significant transcript levels. RM = regular watering/moisture, EM = excess moisture, 

Spd=spermidine, Spm=spermine.  
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3.3.5.3. Expression of GmSOD gene families in the tissues of 4-day after planting seedlings 

in response to polyamine treatment 

Treating the seeds with Spm resulted in a slight decrease (1.5-fold) in the expression of 

GmSOD1 in the cotyledons of seedlings grown under excess moisture as compared to those 

collected from the PA-untreated control seedlings (Figure 3.5A). In contrast, the expression 

levels of GmSODB and GmSODB2 increased over 4-fold in the cotyledons of Spm-treated 

seedlings exposed to excess moisture (Figures 3.5E, G). There was a slight increase (~2-fold) in 

GmSODB expression in the cotyledons of Spd-treated seedlings grown under excess moisture 

conditions, relative to the corresponding control tissues (Figure 3.5E). Interestingly, cotyledons 

of Spm-treated seedlings also exhibited upregulation of GmSODB (~4-fold) and GmSODB2 (~3-

fold) under regular watering conditions, when compared to the PA-untreated control (Figures 

3.5E, G). Moisture conditions and PA-treatments appeared to have an interactive effect on the 

expression levels of GmSOD3 and GmSODB in the cotyledon tissues (Appendix 5). In the 

embryo axis, decreases in the expression of GmSOD1 (~2-fold) and GmSODB (~3-fold) were 

observed in Spd-treated and excess moisture stressed seedlings compared to PA-untreated 

control, while that of GmSODB2 increased (2-fold) (Figures 3.5B, F, H). However, the 

expression levels of both GmSODB and GmSODB2 increased by 2-fold and ~7-fold, 

respectively, in the embryo axis of Spm-treated seedlings (Figures 3.5F, H).  

Under regular watering conditions, the expression of GmSOD3 in embryo axis exhibited 

over 2-fold increase in response to Spm-treatment as compared to the PA-untreated control, 

while the expression of GmSODB increased by 15-fold (Figure 3.5D, F). The expression levels 

of GmSOD3 and GmSODB in the embryo axis were significantly affected by interactions 
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between moisture treatments, PA-treatments and tissue type, particularly in the embryo axis 

tissues (Appendix 5). 
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Figure 3.5. Relative transcript levels of GmSOD1, GmSOD3, GmSODB and GmSODB2 in cotyledon (A, 

C, E, G) and embryonic axis tissues (B, D, F, H), respectively, of 4 DAP seedlings. The transcript level of 

each gene was determined relative to the transcript level in control cotyledon tissues under regular 

watering, which was set to 1. Data are means of 2-3 biological replicates ± SE. Asterisks indicate 

statistically significant transcript levels. RM = regular watering/moisture, EM = excess moisture 

Spd=spermidine, Spm=spermine. 
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3.3.5.4. Expression of GmGRchl in the tissues of 4-day after planting seedlings in response 

to polyamine treatment 

Transcripts for GmGRchl were detected in all tissues of seedlings collected at 4 DAP. Its 

expression in both cotyledon and embryo axis tissue of seedlings grown under excess moisture 

remained similar irrespective of PA treatment (Figure 3.6A, B). Under regular watering, Spm-

treatment increased GmGRchl expression in the cotyledon while its expression in the embryo 

axis was slightly decreased by Spd-treatment. A significant interaction between moisture 

treatment and the polyamine treatment influenced GmGRchl expression in the cotyledon tissue 

(Appendix 6).  
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Figure 3.6. Relative transcript levels of GmGRchl in cotyledon (A) and embryonic axis tissues 

(B), respectively, of 4 DAP seedlings. The transcript level was determined relative to the 

transcript level in control cotyledon tissues under regular watering, which was set to 1. Data are 

means of 2-3 biological replicates ± SE. Asterisks indicate statistically significant transcript 

levels. RM = regular watering/moisture, EM = excess moisture Spd=spermidine, Spm=spermine. 

 

3.3.6. Effect of excess moisture on the expression of antioxidative genes in 7-day after 

planting seedlings 

Of the two GmAPX genes analyzed, the transcripts of GmAPX2 were more abundant in the 

cotyledon and root tissues of seedlings collected at 7 DAP (Appendix 7). In shoot tissues, both 

GmAPX1 and GmAPX2 exhibited similar transcript abundance. Exposure to excess moisture, as 
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compared to regular watering, caused increases in the expression of GmAPX1 and GmAPX2 in 

all tissues although the increases in the cotyledon were not statistically significant (Figure 3.7). 

In shoot and root tissues derived from excess moisture stressed seedlings, expression of 

GmAPX1 increased slightly (~1.2-fold) while that of GmAPX2 increased over 2-fold. 

The GmCAT4 and GmCAT5 genes are the most abundantly expressed GmCAT genes in 

tissues of 7 DAP seedlings (Appendix 7). All the GmCAT genes exhibited downregulation under 

excess moisture conditions in all tissues with some exceptions; cotyledonary GmCAT1, GmCAT4 

and GmCAT5 and root-derived GmCAT1 that exhibited upregulation (Figure 3.7). However, only 

the downregulation of GmCAT4 (over 2-fold) and GmCAT5 (over 5-fold) in the root tissues and 

upregulation of GmCAT5 (over 3-fold) in the cotyledon tissues was statistically significant.   

Of the four GmSOD gene family members, GmSOD1 was the most abundantly expressed 

gene in all three tissues (Appendix 7). Under excess moisture conditions, the expression levels of 

all GmSOD genes increased in all tissues with the exception of GmSOD1 whose expression 

decreased in the shoot (1.4-fold). No transcript of GmSODB2 was detected in the root tissues 

(Figure 3.7).  

The transcript abundance of GmGRchl was highest in cotyledon and root tissues, and 

lowest in shoot tissues (Appendix 7). Excess moisture caused significant induction in the 

expression of GmGRchl in cotyledon (1.5-fold) and a slight induction in shoot tissues while its 

expression in the root was repressed (Figure 3.7).    
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Figure 3.7. Fold change in the expression of antioxidative genes in the tissues of 7 DAP 

seedlings grown under excess moisture as compared to regular watering. Asterisks indicates 

statistically significant fold change. 

 

3.3.6.1.  Expression of GmAPX genes in the tissues of 7-day after planting seedlings in 

response to polyamine treatment 

Under excess moisture conditions, treatment with Spd caused a 1.5-fold increase in GmAPX1 

expression in the shoot while treatment with Spm led to a slight reduction (1.3-fold) in the 

expression of GmAPX2 in the root (Table 3.5).  No other significant changes in the expression of 

GmAPX genes were observed in seedlings derived from PA-treated seeds and grown under 

excess moisture conditions.  

Fold change in expression 
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 Under regular watering conditions, GmAPX1 expression was ~2-fold lower in cotyledons 

of Spd-treated seedlings than in the PA-untreated control (Table 3.5). In root tissues, Spd-

treatment led to slightly higher GmAPX1 expression (1.4-fold). Moisture and PA treatments had 

a significant interactive effect on the expression levels of GmAPX1 and GmAPX2 in shoot and 

root tissues, respectively (Appendix 8). 

 

Table 3.5: Relative transcript levels of GmAPX and GmCAT family genes in the tissues of 7 day after 

planting seedlingsa 

Tissue Treatment GmAPX1 GmAPX2 GmCAT1 GmCAT3 GmCAT4 GmCAT5 

Cotyledon        

Regular Moisture       

 Control 1.00±0.01a1 1.00±0.22a 1.00±0.14a 1.00±0.11a 1.00±0.05a 1.00±0.03a 

 RM+Spd 0.58±0.05b 0.74±0.07a 0.58±0.04a 0.63±0.08a 0.47±0.07b 1.19±0.07a 

 RM+Spm 1.19±0.05a 1.48±0.23a 2.21±0.12b 1.35±0.17a 0.41±0.07b 0.78±0.02b 

Excess Moisture       

 Control 1.52±0.29a 2.24±0.24a 1.26±0.03a 0.70±0.03a 1.45±0.23a 3.31±0.51a 

 EM+Spd 1.72±0.24a 2.94±0.10a 1.14±0.01a 0.76±0.07a 0.88±0.04a 1.13±0.18a 

 EM+Spm 2.66±0.37a 2.78±0.92a 1.47±0.03b 1.13±0.17a 1.21±0.12a 2.94±0.28a 

Shoot        

Regular Moisture       

 Control 0.88±0.01a 0.61±0.01a 1.00±0.04a 1.24±0.19a 0.27±0.02a 0.32±0.08a 

 RM+Spd 0.92±0.22a 0.85±0.15a 1.18±0.23a 0.59±0.15a 0.12±0.01b 0.11±0.00a 

 RM+Spm 0.78±0.09a 0.74±0.10a 0.82±0.07a 0.98±0.01a 0.08±0.01b 0.10±0.02a 

Excess Moisture       

 Control 1.26±0.07a 1.45±0.09a 1.00±0.13a 0.82±0.07a 0.21±0.03a 0.20±0.05a 

 EM+Spd 1.91±0.01b 1.67±0.09a 1.01±0.04a 1.75±0.31b 0.16±0.03a 0.11±0.02a 

 EM+Spm 1.02±0.20a 1.17±0.11a 1.06±0.06a 0.93±0.05a 0.09±0.01b 0.13±0.04a 

Root        

Regular Moisture       

 Control 1.14±0.00a 0.82±0.01a 1.15±0.05a 1.45±0.17a 0.45±0.04a 0.39±0.06a 

 RM+Spd 1.58±0.03b 2.89±0.52a 4.29±0.97a 1.80±0.29a 0.38±0.08a 0.24±0.01a 

 RM+Spm 1.30±0.02b 2.13±0.26a 3.34±0.93a 2.34±0.27a 0.16±0.03b 0.15±0.04a 

Excess Moisture       

 Control 1.85±0.15a 2.60±0.05a 1.38±0.18a 1.22±0.06a 0.20±0.05a 0.07±0.01a 

 EM+Spd 1.80±0.24a 2.59±0.26a 2.04±0.21a 1.59±0.17a 0.82±0.01b 0.68±0.12b 

 EM+Spm 1.52±0.06a 2.08±0.01b 2.00±0.18a 1.90±0.11b 0.20±0.03a 0.10±0.02a 
aThe transcript levels of each gene were determined relative to the control cotyledon tissues under regular watering, 

which was set to 1.1Data are means ± SE, n= 2 to 3. Means followed by a different letter indicate significant 

differences between that chemical treatment and the control, within the same moisture treatment, p ≤ 0.05. RM = 

regular watering, EM = excess moisture, Spd = spermidine, Spm = Spermine 
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3.3.6.2. Expression of GmCAT genes in the tissues of 7-day after planting seedlings in 

response to polyamine treatment 

The relative transcript levels of GmCAT1 increased slightly (1.2-fold) in cotyledon tissues 

derived from Spm-treated and excess moisture stressed seedlings, when compared to the 

corresponding tissues from PA-untreated control seedlings (Table 3.5). Spd- and Spm-treatments 

led to increases in the expression of GmCAT3 in the shoot tissues (2.1-fold) and root tissues (1.6-

fold), respectively, of seedlings grown under excess moisture as compared to corresponding 

tissues from PA-untreated control seedlings. Under excess moisture conditions, GmCAT4 

expression was 2.3-fold lower in shoot tissues derived from Spm-treated seedlings. Spd-

treatment increased the relative transcript levels of GmCAT4 (4.1-fold) and GmCAT5 (10-fold) in 

the roots of seedlings grown under excess soil moisture. 

Increased expression of GmCAT1 (2.2-fold) was also observed in the cotyledon tissues of 

Spm-treated seedlings grown under of regular watering, compared to tissues from PA-untreated 

control seedlings (Table 3.5). Both Spd and Spm treatments led to a decrease in the transcript 

levels of GmCAT4 in the cotyledon (over 2-fold). While Spm-treatment decreased the expression 

of GmCAT5 in cotyledon tissues of seedlings grown under regular watering. Shoot tissues 

derived from Spd- and Spm-treated seedlings grown under regular watering exhibited over 2-fold 

downregulation of GmCAT4 relative to that observed in the PA-untreated control seedlings. 

Under regular watering, root tissues derived from Spm-treated seedlings also showed over 2-fold 

downregulation of GmCAT4 as compared to the same tissue in the PA-untreated control 

seedlings. A significant interactive effect between tissue type, moisture treatment and PA-

treatment was evident on the expressions of GmCAT3, GmCAT4, and GmCAT5 (Appendix 9).  
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3.3.6.3. Expression of GmSOD genes in the tissues of 7-day after planting seedlings in 

response to polyamine treatment 

Under excess moisture condition, the transcript abundance of cotyledonary GmSODB2 decreased 

5.5-fold, and ~2-fold in the tissues of seedlings derived from Spd-treated and Spm-treated seeds 

respectively, when compared to those collected from PA-untreated control seedlings (Table 3.6). 

No significant changes in the expression of cotyledonary GmSOD1, GmSOD3, or GmSODB 

were observed. Decreased expression of GmSOD1(~2-fold) was observed in the shoots of Spm-

treated and excess moisture stressed seedlings. The expression of GmSODB was decreased over 

2-fold in the roots and shoots of seedlings grown under excess moisture in response to Spd-

treatment (2 and ~4-fold, respectively) and Spm-treatment (4.4-fold and 8.3-fold, respectively).  

 In seedlings grown under regular watering, cotyledonary GmSOD1 expression decreased 

significantly (over 2-fold) by Spd-treatment while that of GmSOD3 increased (~2-fold) by Spm-

treatment (Table 3.6). The expression of GmSOD3 and GmSODB2 in the cotyledon tissue were 

influenced by the interaction of moisture and PA-treatments (Appendix 10). Expression of 

GmSOD1 and GmSODB decreased over 2-fold in the shoots of Spd-treated seedlings grown 

under regular watering as compared to the control PA-untreated seedlings. Spm-treatment 

decreased the expression of GmSODB2 in the shoot over 2-fold, while it increased that of 

GmSOD1 in the root, under regular watering conditions. In root tissues, the abundance of 

GmSOD1 and GmSODB were influenced by the moisture and PA-treatment interaction 

(Appendix 10). This effect was also observed for GmSOD1 expression in shoot tissues. 

Interaction between the moisture treatment, PA-treatment and tissue type also influenced the 

expression of GmSOD1, GmSOD3, and GmSODB genes (Appendix 10). 
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Table 3.6:  Relative transcript levels of GmGRchl and GmSOD family genes in tissues of 7 day after 

planting seedlingsa 

Tissue Treatment GmGRchl GmSOD1 GmSOD3 GmSODB GmSODB2 

Cotyledon       

Regular Moisture      

 Control 1.00±0.07a1 1.00±0.13a 1.00±0.07a 1.00±0.23a 1.00±0.16a 

 RM+Spd 0.74±0.13a 0.47±0.02b 0.87±0.09a 0.42±0.07a 0.41±0.09b 

 RM+Spm 1.99±0.25a 0.69±0.02a 1.67±0.02b 0.57±0.02a 0.46±0.04a 

Excess Moisture      

 Control 1.51±0.05a 1.03±0.19a 1.74±0.19a 3.41±0.33a 4.01±0.49a 

 EM+Spd 1.48±0.05a 0.79±0.07a 1.17±0.06a 1.92±0.52a 0.73±0.03b 

 EM+Spm 1.70±0.15a 0.78±0.14a 1.34±0.17a 2.22±0.31a 2.36±0.26b 

       

Shoot       

Regular Moisture      

 Control 0.64±0.04a 0.88±0.04a 0.41±0.05a 0.86±0.05a 0.91±0.07a 

 RM+Spd 0.71±0.18a 0.36±0.11b 0.32±0.04a 0.44±0.08b 0.44±0.11a 

 RM+Spm 0.83±0.09a 0.93±0.06a 0.40±0.07a 0.75±0.17a 0.38±0.01b 

Excess Moisture      

 Control 0.72±0.06a 0.65±0.01a 0.54±0.07a 16.30±0.49a 1.89±0.85a 

 EM+Spd 1.21±0.02b 0.70±0.07a 0.42±0.10a 4.31±1.09b 1.99±0.21a 

 EM+Spm 0.65±0.02a 0.39±0.04b 0.48±0.03a 1.97±0.10b 1.32±0.30a 

       

Root       

Regular Moisture      

 Control 1.43±0.16a 0.45±0.00a 0.28±0.06a 1.43±0.17a 0.57±0.13 

 RM+Spd 1.77±0.20a 0.73±0.07a 0.44±0.04a 5.26±1.59a nd 

 RM+Spm 2.37±0.25a 1.06±0.01b 0.46±0.07a 1.69±0.42a nd 

Excess Moisture      

 Control 1.16±0.31a 0.55±0.00a 0.37±0.09a 6.44±0.04a nd 

 EM+Spd 2.20±0.33a 0.62±0.03a 0.38±0.04a 3.29±0.66b nd 

 EM+Spm 1.19±0.08a 0.52±0.03a 0.31±0.04a 1.48±0.28b 1.18±0.65 
aThe transcript levels of each gene were determined relative to the control cotyledon tissues under regular 

watering, which was set to 1.1Data are means ± SE, n= 2 to 3. Means followed by a different letter indicate 

significant differences between that chemical treatment and the control, within the same moisture treatment, p 

≤ 0.05. RM = regular watering, EM = excess moisture, Spd = spermidine, Spm = Spermine, nd = not detected 

 

 

3.3.6.4. Expression of GmGRchl in the tissues of 7-day after planting seedlings in response 

to polyamine treatment 

The transcripts of GmGRchl were detected in all tissues derived from seedlings collected at 7 

DAP (Table 3.6). Under excess moisture conditions, the expression of GmGRchl was 1.7-fold 

higher in shoot tissues of Spd-treated seedlings than those collected from PA-untreated control 
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             Cotyledon     Embryo Axis        Cotyledon          Shoot            Root 

seedlings. Expression of GmGRchl in shoot tissues was significantly affected by moisture and 

PA-treatment interaction (Appendix 11). 

 

3.3.7. Activities of antioxidative enzymes in seedling tissues 

The activities of the antioxidative enzymes, namely APX, CAT, GR, and SOD, were analyzed in 

the tissues of PA-treated and control PA-untreated seedlings exposed to excess moisture or 

regular watering conditions for 4 and 7 days. Comparisons were made between activities of the 

enzymes in tissues derived from seedlings grown under regular watering and excess moisture. 

Furthermore, comparisons were made between tissues collected from PA-treated seedlings and 

untreated seedlings exposed to excess moisture conditions or regular watering.  

 

P
er

ce
nt

 c
ha

ng
e

-80

-60

-40

-20

0

20

40
APX 

CAT 

GR 

SOD 

*

*

*
 

 

Figure 3.8. Percent changes of enzyme activity in tissues of seedlings grown under excess 

moisture as compared to regular watering. Asterisks indicates statistically significant percent 

change. 
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3.3.8.   Antioxidative enzyme activity in seedlings exposed to excess moisture stress 

Excess moisture treatment of seedlings for 4 days significantly reduced the activity of SOD (by 

14%) in the cotyledon, while the activities of APX, CAT and GR increased 9 to 32 %, although 

these increases were not statistically significant (Figure 3.8). In the embryo axis tissues, APX 

and SOD activities increased 10 to 18% while GR activity decreased ~25% as compared to the 

corresponding tissues grown under regular watering.  

In the case of 7 DAP seedlings, excess moisture caused a significant reduction in the 

activities of GR (31%) in shoot tissues and SOD (~70%) in root tissues. Activity of APX, CAT 

and SOD decreased 7 to 52% in the shoot, while APX and GR activities decreased (21-28%) and 

CAT activity increased (13%) in the root, although these changes were not statistically 

significant. In the cotyledon, however, increases in the activities of APX, CAT and SOD (7 to 

10%) were observed while that of GR was decreased by 13%. 
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Table 3.7: Antioxidative enzyme activity in tissues of 4 days after planting seedlings 

  μmol min-1 g*FW -1 

Enzyme Treatment Cotyledon Embryonic Axis 

APX RM 1.51±0.05a1 7.69±0.63a 

 RM+Spd 1.86±0.05b 8.54±0.01a 

 RM+Spm 0.96±0.15b 11.53±0.39b 

 EM 1.74±0.08a 8.58±0.08a 

 EM+Spd 1.83±0.21a 7.94±0.75a 

 EM+Spm 1.37±0.18a 8.15±0.25a 

    

CAT RM 0.15±0.02a 0.11±0.02a 

 RM+Spd 0.24±0.01b 0.10±0.01a 

 RM+Spm 0.18±0.01a 0.09±0.003a 

 EM 0.22±0.03a 0.11±0.01a 

 EM+Spd 0.22±0.02a 0.08±0.004b 

 EM+Spm 0.17±0.01a 0.08±0.004b 

    

    

GR RM 0.87±0.03a 1.10±0.09a 

 RM+Spd 0.72±0.09a 1.42±0.10a 

 RM+Spm 1.27±0.22a 1.61±0.07b 

 EM 0.96±0.05a 0.82±0.06a 

 EM+Spd 0.90±0.06a 1.59±0.05b 

 EM+Spm 1.38±0.00b 1.34±0.04b 

    

  units g*FW-1 

SOD RM 0.34±0.02a 0.13±0.014a 

 RM+Spd 0.33±0.01a 0.06±0.02a 

 RM+Spm 0.30±0.00a 0.16±0.03a 

 EM 0.29±0.01a 0.16±0.01a 

 EM+Spd 0.30±0.00a 0.07±0.02b 

 EM+Spm 0.30±0.01a 0.15±0.02a 
1Data are means ± SE, n= 2 to 3. Means followed by a different letter indicate significant differences 

between that chemical treatment and the control, within the same moisture treatment, p ≤ 0.05. RM = 

regular watering; EM = excess moisture, Spd = spermidine, Spm = Spermine 

 

3.3.8.1. Activities of antioxidative enzymes in the tissues of 4-day after planting seedlings 

Under excess moisture conditions, GR activity in cotyledons of Spm-treated seedlings was 

induced by 30% relative to that observed in the corresponding tissue collected from untreated 

seedlings (Table 3.7). Activities of other antioxidative enzymes were not significantly altered in 

PA-treated seedlings as compared to that found in PA-untreated seedlings. Spd-treatment 
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increased the activities of CAT (38%) and APX (18%) in the cotyledons of seedlings exposed to 

regular watering (Table 7). In contrast, cotyledonary APX activity was decreased by 36% in 

Spm-treated seedlings under regular watering conditions.  

The embryo axis tissues from Spd-treated and excess moisture stressed seedlings 

exhibited lower CAT (27%) and SOD (56%) activity, and higher GR (38%) activity than the 

corresponding tissues from PA-untreated control seedlings (Table 3.7). An increase in GR 

activity (48%) was also observed in embryo axis tissues derived from Spm-treated and excess 

moisture stressed seedlings. Under regular watering conditions, GR and APX activity in embryo 

axis tissues of Spm-treated seedlings were 31% and 33% higher, respectively, than their 

counterparts from PA-untreated control seedlings. 

 

3.3.8.2. Activities of antioxidative enzymes in the tissues of 7-day after planting seedlings 

Under excess moisture conditions, the cotyledon tissues of Spd-treated seedlings exhibited a 17% 

increase in CAT activity, while those from Spm-treated seedlings exhibited a 32% increase in 

GR activity (Table 3.8). No other significant changes in enzyme activity were observed due to 

PA treatment in cotyledon tissues of seedlings grown under excess moisture. 

 In shoot tissues of seedlings exposed to excess moisture condition, Spd-treatment 

resulted in higher APX (26%), CAT (41%) and GR (33%) activity than the same tissue from 

untreated control seedlings (Table 3.8). A 46% increase in CAT activity was also evident in the 

shoot tissue of Spd-treated seedlings grown under regular watering conditions.  

In the roots tissue of seedlings grown under excess moisture, Spd-treatment resulted in 

higher APX (23%) activity and lower CAT (38%) activity than corresponding from untreated 

control seedlings (Table 3.8). Relative to that found in PA-untreated control seedlings, a 29% 
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decrease in GR activity was observed in the root tissue of Spm-treated seedlings exposed to 

excess moisture condition. Under regular watering conditions, Spd-treatment reduced GR 

activity (43%) in root tissues as compared to those derived from the untreated control (Table 8). 

 

 Table 3.8: Antioxidative enzyme activity in tissues of 7 days after planting seedlings  

  μmol min-1 g*FW -1 

Enzyme Treatment Cotyledon Shoot Root 

APX RM 1.64±0.12a1 12.68±0.85a 9.30±1.08a 

 RM+Spd 1.19±0.11a 13.21±0.27a 8.33±0.28a 

 RM+Spm 1.03±0.13a 15.11±0.80a 9.83±0.12a 

 EM 1.77±0.10a 10.00±0.12a 7.33±0.07a 

 EM+Spd 1.10±0.06a 13.49±0.23b 9.51±0.34b 

 EM+Spm 1.49±0.08a 7.94±0.61a 8.52±0.72a 

    

    

CAT RM 0.21±0.01a 0.07±0.01a 0.07±0.01a 

 RM+Spd 0.19±0.01a 0.13±0.01b 0.06±0.00a 

 RM+Spm 0.14±0.03a 0.08±0.01a 0.05±0.002a 

 EM 0.23±0.01a 0.07±0.002a 0.08±0.005a 

 EM+Spd 0.28±0.02a 0.12±0.01b 0.05±0.01b 

 EM+Spm 0.16±0.03a 0.10±0.01a 0.06±0.005a 

     

GR RM 1.04±0.10a 1.36±0.06a 1.34±0.14a 

 RM+Spd 1.21±0.10a 1.25±0.10a 0.76±0.03b 

 RM+Spm 0.85±0.10a 1.29±0.04a 0.76±0.02a 

 EM 0.91±0.15a 0.94±0.06a 0.96±0.06a 

 EM+Spd 1.15±0.04a 1.41±0.13b 1.17±0.18a 

 EM+Spm 1.35±0.00a 0.92±0.14a 0.68±0.05b 

     

  units g*FW-1 

SOD RM 0.28±0.04a 0.29±0.02a 0.08±0.001a 

 RM+Spd 0.30±0.01a 0.23±0.03a 0.05±0.01a 

 RM+Spm 0.30±0.01a 0.20±0.02a 0.05±0.007a 

 EM 0.31±0.01a 0.14±0.03a 0.03±0.004a 

 EM+Spd 0.30±0.02a 0.14±0.02a 0.03±0.005a 

 EM+Spm 0.30±0.01a 0.06±0.01a 0.04±0.005a 

     
1Data are means ± SE, n= 2 to 3. Means followed by a different letter indicate significant differences 

between that chemical treatment and the control, within the same moisture treatment, p ≤ 0.05. RM = 

regular watering; EM = excess moisture, Spd = spermidine, Spm = Spermine 
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3.3.9. Expression of antioxidative genes in the leaf tissues of plants at V3 stage in response 

to excess moisture and polyamine treatment 

Vegetative growth of a soybean plant starts with seedling emergence followed by the formation 

of the first pair of true leaves and loss of the cotyledons, and vegetative growth continues with 

the formation of ≥ 12 trifoliate leaves (V12) after which the reproductive stage begins (Figure 9) 

(McWilliams et al, 2004). In this study, the effects of excess moisture and PA treatment on the 

expressions of antioxidative genes and activities of the corresponding enzymes were investigated 

using soybean plants at three trifoliate leaves (V3) stage. 

 

Figure 3.9. Soybean growth staging. The stage studied here was early vegetative stage with three 

trifoliate leaves (V3).  Source: Manitoba Pulse and Soybean Growers 

(http://www.manitobapulse.ca/soybean-staging-guide/; accessed 5 October 2016) 

 

3.3.10. Effect of excess moisture on the expression of antioxidative genes in leaf tissues of 

V3 plants 

Of the two GmAPX genes, GmAPX2 was the most abundantly expressed gene in the leaf tissues 

of soybean plants at the V3 stage, exhibiting 6- to 11-fold greater expression than that of 

http://www.manitobapulse.ca/soybean-staging-guide/
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GmAPX1 (Appendix 12). Exposure to excess moisture for a day led to downregulation of 

GmAPX2 (2.3-fold) (Figure 3.10).  

 Comparison across the four GmCAT gene family members revealed GmCAT5 as the most 

abundantly expressed gene in the leaf tissues at V3 stage followed by GmCAT4 (Appendix 12). 

Relative transcript levels of GmCAT4 and GmCAT5 decreased by over 6-fold at 5 days after 

treatment (DAT) with excess moisture as compared to the leaf tissues from plants exposed to 

regular watering conditions (Figure 3.10).  

 Across-gene comparison showed that GmSODB is the most abundantly expressed gene in 

the leaf tissues of V3 stage plants, with up to 50-fold higher expression than the other GmSOD 

family members (Appendix 12). Excess moisture treatment for 3 days increased the expression of 

GmSODB (3.2-fold) (Figure 3.10). A drastic decrease in GmSOD1 expression (35-fold) was 

observed in the leaf tissues collected at 5 days after excess moisture treatment while GmSOD3 

expression was repressed by ~6-fold. 
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Figure 3.10. Fold changes in the expression of antioxidative genes in the leaf tissues of plants 

exposed to excess moisture for 1, 3 and 5 days as compared to the corresponding tissues from 

regular watering. Asterisks indicates statistically significant fold change.  

 

The GmGRchl gene was among the least abundantly expressed genes in the leaf tissues of 

soybean plants at the V3 stage (Appendix 12). Plants exposed to excess moisture for 3 days 

showed lower (1.6-fold) expression of GmGRchl than the corresponding tissues exposed to 

regular watering (Figure 3.10).  

 

3.3.10.1. Expression of GmAPX family members in leaf tissues of V3 plants in response to 

polyamine treatment 

Spermidine (Spd) treatment increased the expression levels of GmAPX1 and GmAPX2 by over 

1.5-fold in the leaf tissue of plants exposed to excess moisture for 1 day (Figure 3.11A, D). 

Exposure of spermine-treated (Spm-treated) plants to excess moisture conditions for 1 day also 

Fold change in expression 
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led to increased expression of GmAPX1 and GmAPX2 (~2-fold). The expression of GmAPX1 was 

over 4-fold greater in tissues of Spm-treated plants exposed to excess moisture for 5 days than 

untreated control plants (Figure 3.11C).  

Relative to that observed in the control PA-untreated counterparts, the expression of 

GmAPX2 in Spd-treated leaf tissues grown under regular watering conditions showed a decrease 

at the 1 DAT time point (2.3-fold) (Figure 3.11D). The interaction between duration of moisture 

treatment, level of soil moisture and PA-treatment interactively affected the expression levels of 

both GmAPX1 and GmAPX2 (Appendix 13). 
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Figure 3.11. Relative transcript levels of GmAPX1 and GmAPX2 at 1 DAT (A and D), 3 DAT (B and E) 

and 5 DAT time points (C and F), respectively, in V3 plants. The transcript level of each gene was 

determined relative to the transcript level in 1 DAT control untreated leaf tissues under regular watering, 

which was set to 1. Data are means of 2-3 biological replicates ± SE. Asterisks indicate statistically 

significant transcript levels. RM = regular watering/moisture, EM = excess moisture, Spd=spermidine, 

Spm=spermine.  
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3.3.10.2. Expression of GmCAT family members in leaf tissues at V3 stage in response to 

polyamine treatment 

In Spd- and Spm-treated plants exposed to 3 days of excess moisture, GmCAT1 expression was 

repressed over 2-fold as compared to PA-untreated control plants. However, the expression of 

GmCAT1 in leaf tissues increased substantially in response to 5 days of excess moisture 

treatment by Spd (~4-fold) and Spm (7.3-fold) treatments (Table 3.9). Similarly, the expression 

of GmCAT3 in the leaves of Spm-treated plants showed an increase in response to excess 

moisture treatment for 1 day (1.4-fold) and 5 days (~6-fold), while a reduction in the expression 

of GmCAT3 was observed at 3 DAT (2-fold) under excess moisture. Spd-treatment also 

increased the expression of GmCAT3 (3-fold) in response to 5 days of treatment with excess 

moisture when compared to plants treated with regular watering. Exposure of Spd- and Spm- 

treated plants to excess moisture conditions for 5 days led to over 2-fold increase in the 

expression of GmCAT4. The transcript levels of GmCAT5 were found to be slightly higher (1.5-

fold) in the leaves of Spd-treated plants following 1 day exposure to excess moisture than that 

observed in the corresponding tissue collected from PA-untreated control plants.  
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Table 3.9:  Relative transcript levels of GmCAT family genes in the leaf tissues of V3 plants 

in response to polyamine and moisture treatmentsa 

Tissue Treatment GmCAT1 GmCAT3 GmCAT4 GmCAT5 

1 DAT      

Regular Moisture     

 Control 1.00±0.15a1 1.00±0.12a 1.00±0.12a 1.00±0.12a 

 RM+Spd 0.99±0.30a 0.47±0.15a 0.53±0.18a 0.66±0.06a 

 RM+Spm 0.98±0.13a 0.76±0.02a 0.71±0.01a 0.54±0.04a 

Excess Moisture     

 Control 0.82±0.08a 0.79±0.10a 1.03±0.16a 0.71±0.05a 

 EM+Spd 1.03±0.07a 0.74±0.03a 1.13±0.07a 1.07±0.07b 

 EM+Spm 1.08±0.08a 1.14±0.06b 1.03±0.15a 0.81±0.00a 

3 DAT      

Regular Moisture     

 Control 1.32±0.11a 1.33±0.07a 1.91±0.13a 1.39±0.12a 

 RM+Spd 0.74±0.11a 0.71±0.08b 1.24±0.07b 1.29±0.03a 

 RM+Spm 0.67±0.13a 0.63±0.06b 1.84±0.21a 1.56±0.12a 

Excess Moisture     

 Control 1.38±0.11a 1.05±0.09a 2.01±0.42a 1.48±0.31a 

 EM+Spd 0.68±0.19b 1.02±0.18a 1.65±0.01a 1.38±0.04a 

 EM+Spm 0.59±0.03b 0.52±0.07b 2.00±0.65a 1.40±0.17a 

5 DAT      

Regular Moisture     

 Control 0.34±0.15a 0.35±0.11a 1.75±0.25a 1.56±0.08a 

 RM+Spd 0.90±0.14a 0.77±0.12a 1.76±0.39a 1.94±0.38a 

 RM+Spm 0.64±0.09a 0.53±0.08a 1.22±0.17a 1.05±0.12a 

Excess Moisture     

 Control 0.12±0.08a 0.13±0.07a 0.27±0.05a 0.19±0.05a 

 EM+Spd 0.45±0.01b 0.37±0.01b 0.74±0.10b 0.73±0.11b 

 EM+Spm 0.90±0.05b 0.76±0.02b 1.24±0.18b 1.06±0.17b 
aThe transcript levels of each gene was determined relative to the transcript level in 1 DAT control 

untreated leaf tissues under regular watering, which was set to 1. 1Data are means ± SE, n= 2 to 3. 

Means followed by a different letter indicate significant differences between that chemical treatment 

and the control, within the same moisture treatment, p ≤ 0.05. RM = regular watering; EM = excess 

moisture, Spd = spermidine, Spm = Spermine, DAT = days after treatment 

 

Under regular watering condition, GmCAT3 expression in 3 DAT leaves of Spd-treated 

and Spm-treated plants was over 1.5-fold lower than that observed in the control plants (Table 

3.9). Similarly, GmCAT4 expression was repressed (1.5-fold) in Spd-treated plants exposed to 

regular watering for 3 days. The expression levels of GmCAT1 and GmCAT4 were influenced by 

interaction between the moisture and PA treatments at a single time point (5 DAT).  However, 
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the expression of GmCAT3 and GmCAT5 were affected by interaction between the two 

treatments in tissues collected at both 1 DAT and 5 DAT time points (Appendix 14). 

Furthermore, the expression of GmCAT3 and GmCAT5 was significantly affected by interaction 

between the duration of moisture treatment, level of soil moisture and PA-treatment. 

 

3.3.10.3. Expression of GmSOD family members in leaf tissues at V3 stage in response to 

polyamine treatment 

Expression of GmSOD1 was induced over 14-fold in response to treatments with Spd and Spm in 

plants exposed to 5 days of excess moisture when compared to untreated control plants (Table 

3.10). Under excess moisture conditions, GmSOD3 exhibited significant induction at 1 DAT 

(1.4-fold) and 5 DAT (over 6-fold) due to Spd and Spm treatments, respectively. Following 3 

days of exposure to excess moisture conditions, tissues collected from both Spd-treated and 

Spm-treated plants had reduced expression of GmSOD3 (over 1.5-fold), while reduced 

expression (over 2-fold) of GmSODB was observed only in Spm-treated tissues. The expression 

of GmSODB2 did not appear to be altered in PA-treated plants under excess moisture conditions 

when compared to PA-untreated control plants.  

Under regular watering conditions, the expression level of GmSOD1 showed a slight 

(1.7-fold) but significant decrease due to Spm-treatment at 3 DAT, while both Spd and Spm 

treatments reduced the expression of GmSOD3 (over 1.6-fold) at the same time point (Table 

3.10). Expression levels of GmSODB decreased over 2-fold in response to PA treatments under 

regular watering conditions at 1 DAT and 3 DAT time points. Similarly, decreased expression of 

GmSODB2 (over 2-fold) was observed at 3 DAT in response to treatments with both PAs, 

however at 1 DAT only Spd treatment led to significant decrease.  No effect of the PA treatments 
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on the expression of GmSODB and GmSODB2 was observed at the 5 DAT time point. The 

durations of the moisture treatment appeared to interact with the moisture levels and PA-

treatments to exert significant effect on the expression of GmSOD1, GmSOD3 and GmSODB 

genes (Appendix 15). Level of soil moisture and PA-treatment interactively affected the 

expression of GmSODB (at 1 and 3 DAT) and GmSODB2 (at 1 DAT). 

  

Table 3.10:  Relative transcript levels of GmSOD family genes in the leaf tissues V3 plants in 

response to polyamine and moisture treatmentsa  

Tissue Treatment GmSOD1 GmSOD3 GmSODB GmSODB2 

1 DAT      

Regular Moisture     

 Control 1.00±0.02a1 1.00±0.13a 1.00±0.06a 1.00±0.01a 

 RM+Spd 0.57±0.24a 0.77±0.11a 0.33±0.03b 0.40±0.05b 

 RM+Spm 1.16±0.12a 0.91±0.14a 0.41±0.15b 0.51±0.17a 

Excess Moisture     

 Control 0.98±0.17a 1.06±0.03a 0.91±0.05a 1.24±0.21a 

 EM+Spd 1.07±0.09a 1.52±0.14b 0.82±0.25a 1.85±0.34a 

 EM+Spm 1.16±0.06a 1.56±0.26a 1.19±0.25a 1.63±0.02a 

3 DAT      

Regular Moisture     

 Control 1.44±0.22a 1.82±0.16a 1.65±0.05a 3.61±0.37a 

 RM+Spd 1.44±0.24a 1.16±0.09b 0.26±0.03b 0.24±0.10b 

 RM+Spm 0.95±0.14b 1.10±0.11b 0.84±0.19b 0.62±0.04b 

Excess Moisture     

 Control 1.66±0.21a 2.05±0.02a 5.24±0.58a 5.23±0.50a 

 EM+Spd 0.96±0.06a 1.40±0.15b 2.55±0.55a 3.35±0.25a 

 EM+Spm 0.98±0.16a 1.31±0.01b 2.36±0.15b 4.08±0.72a 

5 DAT      

Regular Moisture     

 Control 1.32±0.04a 1.73±0.24a 0.51±0.15a 2.10±0.61a 

 RM+Spd 1.69±0.50a 1.47±0.29a 0.13±0.01a 0.23±0.11a 

 RM+Spm 0.63±0.01b 1.03±0.36a 0.16±0.06a 0.43±0.14a 

Excess Moisture     

 Control 0.04±0.02a 0.30±0.19a 0.59±0.08a 1.06±0.22a 

 EM+Spd 0.53±0.06b 1.15±0.69a 1.75±0.68a 1.53±0.11a 

 EM+Spm 0.89±0.10b 1.82±0.11b 3.08±0.28b 4.96±2.24a 
aThe transcript levels of each gene were determined relative to the control cotyledon tissues under 

regular watering, which was set to 1.1Data are means ± SE, n= 2 to 3. Means followed by a different 

letter indicate significant differences between that chemical treatment and the control, within the 

same moisture treatment, p ≤ 0.05. RM = regular watering; EM = excess moisture, Spd = spermidine, 

Spm = Spermine, DAT=days after treatment 
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3.3.10.4. Expression of GmGRchl in leaf tissues at V3 stage in response to PA treatment 

Treatments with Spd and Spm led to significant induction (~5-fold and over 8-fold, respectively) 

of GmGRchl expression in the leaf tissues of V3 stage plants after 5 days of exposure to excess 

moisture condition as compared to the leaf tissues derived from untreated control plants (Figure 

3.12C). Exposure to excess moisture for 1 or 3 days did not lead to any significant differences in 

GmGRchl expression between PA-treated and untreated tissues.  

Exposure to regular watering, however, caused over 2-fold decrease in the expression 

GmGRchl in Spm-treated plants at 3 DAT time point (Figure 3.12B). At 5 days after exposure to 

regular watering, a 4-fold increase was observed in leaves from Spd-treated plants, as compared 

to untreated control plants (Figure 3.12C). There was a significant interactive affect between the 

duration of treatment, level of soil moisture and PA-treatments (Appendix 16). 

 

 

 

 



97 
 

RM EM

R
e
la

ti
ve

 T
ra

n
sc

ri
p
t 

L
e
ve

ls
0.0

0.5

1.0

1.5

2.0
Control 

Spd 

Spm 

RM EM

R
e
la

ti
ve

 T
ra

n
sc

ri
p
t 

L
e
ve

ls

0.0

0.5

1.0

1.5

2.0

Moisture Treatment

RM EM

R
e
la

ti
ve

 T
ra

n
sc

ri
p
t 

L
e
ve

ls

0.0

0.5

1.0

1.5

2.0

2.5

3.0

*

*

A

B

C

*

*

 

Figure 3.12. Relative transcript levels of GmGRchl at 1 DAT (A), 3 DAT (B) and 5 DAT (C), 

respectively, in V3 plants. The transcript levels of each gene was determined relative to the 

transcript level in 1 DAT control untreated leaf tissues under regular watering, which was set to 

1. Data are means of 2-3 biological replicates ± SE. Asterisks indicate statistically significant 

difference in transcript levels. RM = regular watering/moisture, EM = excess moisture. 
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3.3.11. Changes in the activity of antioxidative enzymes in the leaf tissue of V3 plants in 

response to excess moisture and polyamine treatments 

Soybean plants that were exposed to excess moisture conditions for 1, 3 or 5 days exhibited 

decreases in the activities of most antioxidant enzymes (4-56%) although increases were 

observed at 1 DAT for CAT (22%) and GR (38%), and at 3 DAT for APX (7%) (Figure 3.13). 

The decreased GR activity (38%) at 3 DAT was the only statistically significant decrease 

induced by excess moisture conditions as compared to regular watering conditions.  
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Figure 3.13. Percent changes of enzyme activity in leaf tissues of V3 plants exposed to 1, 3 and 

5 days of excess moisture as compared to regular watering. Asterisks indicates statistically 

significant percent change. 

 

Relative to leaf tissues harvested from control PA-untreated plants, leaf tissues of Spd-

treated plants exhibited increase in APX activity (42%) in response to exposure to excess 

moisture for 5 days (Table 3.11). The activity of leaf-derived CAT was 38% and 15% lower in 

* 

Tissue type 
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Spd-treated and Spm-treated plants, respectively, exposed to excess moisture conditions for 3 

days. GR activity exhibited 73% and 38% increase in Spm-treated plants collected after 3 and 5 

DAT time points with excess moisture, respectively, and 50% increase in response to Spd 

treatment at 5 DAT. In tissues collected from Spd-treated plants and subsequently exposed to 

excess moisture conditions for 1 and 3 days, SOD activity was 55% and 67% higher, 

respectively, than the corresponding tissue collected from PA-untreated control plants. Spm-

treatment also led to 57% increase in SOD activity at 3 DAT with excess moisture.  

The activity of APX in the leaf tissue of Spm-treated plants increased by 50% following 

exposure to regular watering for 5 days while that of SOD showed a 36% increase at 1 DAT 

(Table 3.11). CAT activity exhibited a 25% and 45% decrease in tissues derived from Spm-

treated plants at 3 and 5 DAT with regular watering, respectively, when compared to the 

corresponding tissues from the untreated control plants. With respect to GR, its activity 

increased over 60% in Spd-treated plants exposed to regular watering for 1 and 3 days, 

respectively. A 57% increase in GR activity also occurred in Spm-treated plants at 1 DAT with 

regular watering. 
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Table 3.11: Antioxidative enzyme activity in the leaf tissues of V3 plants in response to 

excess moisture and polyamine treatments 

Enzyme Treatment μmol min-1 g*FW -1 

APX  1 DAT 3 DAT 5 DAT 

 RM-Control  6.9±0.7a1 5.4±0.4a 2.6±0.2a 
 RM+Spd 5.6±0.4a 5.7±0.3a 3.0±0.3a 
 RM+Spm 7.7±0.6a 6.9±0.5a 5.2±0.7b 

 EM-Control 6.5±0.4a 5.2±0.4a 2.8±0.3a 
 EM+Spd 7.7±0.7a 4.5±0.1a 4.8±0.4b 
 EM+Spm 7.5±0.3a 6.0±0.7a 7.3±1.4a 

    

CAT     

 RM-Control 0.07±0.01a 0.12±0.02a 0.11±0.01a 

 RM+Spd 0.07±0.01a 0.11±0.01a 0.11±0.00a 

 RM+Spm 0.04±0.01a 0.09±0.01b 0.06±0.00b 

 EM-Control 0.09±0.01a 0.13±0.00a 0.09±0.01a 

 EM+Spd 0.08±0.01a 0.08±0.00b 0.09±0.00a 

 EM+Spm 0.09±0.01a 0.11±0.00b 0.09±0.01a 

    

GR    

 RM-Control 0.80±0.07a 1.34±0.06a 0.93±0.14a 

 RM+Spd 2.02±0.07b 4.40±0.37b 0.80±0.04a 

 RM+Spm 1.38±0.01b 1.08±0.17a 0.86±0.06a 

 EM-Control 1.36±0.31a 0.84±0.09a 0.49±0.03a 

 EM+Spd 0.99±0.18a 1.18±0.42a 1.05±0.04b 

 EM+Spm 0.98±0.08a 3.0±0.08b 0.79±0.03b 

    

SOD  units g*FW-1 

 RM-Control 0.16±0.01a 0.12±0.01a 0.18±0.02a 

 RM+Spd 0.19±0.02a 0.20±0.05a 0.20±0.01a 

 RM+Spm 0.25±0.01b 0.15±0.01a 0.15±0.01a 

 EM-Control 0.14±0.03a 0.06±0.01a 0.08±0.06a 

 EM+Spd 0.31±0.01b 0.18±0.01b 0.16±0.01a 

 EM+Spm 0.28±0.02a 0.14±0.01b 0.17±0.02a 
1Data are means ± SE, n= 2 to 3. Means followed by a different letter indicate significant differences 

between PA treatment and control within the same moisture treatment, p ≤ 0.05. RM = regular 

watering; EM = excess moisture, Spd = spermidine, Spm = Spermine 
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3.4. Discussion 

Effect of excess soil moisture and seed treatment with polyamines on germination and 

seedling growth 

Excess soil moisture creates a hypoxic growth environment that is detrimental to plant growth at 

any stage but to which seedlings are especially vulnerable (Bailly, 2004; Wuebker et al., 2001). 

Soybean seedlings exposed to excess moisture conditions for 4 and 7 days exhibited impaired 

growth, which was characterized by a decrease in embryo axis fresh weights (Table 3.3) and 

reduction in shoot and root lengths and fresh weights (Table 3.4). Such an inhibitory effect of 

excess moisture on root growth was previously observed in maize seedlings (Liu et al., 2014). 

Polyamines are reported to improve plant growth under abiotic stress conditions (Gill and Tuteja, 

2010b). Under excess moisture conditions, treatment of seedlings with Spm improved both fresh 

weight and lengths of embryo axis (4 DAP; Table 3.3) and root (7 DAP; Table 3.4) tissues, while 

Spd treatment enhanced root and shoot fresh weights. Consistent with these results, Spd 

treatment has been shown to improve root growth in maize seedlings grown under excess 

moisture (Liu et al., 2010) and Spm-treated mung bean seedlings exhibited improved root length 

and higher root dry weights under high temperature and drought stress than the corresponding 

untreated seedlings (Nahar et al., 2016). Furthermore, Spd and Spm treatments led to enhanced 

root and shoot growth of pistachio seedlings under salt stress (Kamiab et al., 2014). The PA-

induced root tissue growth observed in excess moisture stressed maize and high temperature 

stressed mung bean seedlings was accompanied by reduced membrane damage and electrolyte 

leakage and improved ion flux and solute contents, which are considered to have contributed to 

the cell response to the environment and improved tissue growth (Liu et al., 2014; Nahar et al., 

2016). Although Spd treatment leads to lower mean germination times in some species such as 
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white clover (Li et al., 2014), no such effect was observed in soybean seeds imbibed with Spd or 

Spm (Table 3.2). High endogenous Spd content has been reported in seeds of common bean and 

pea during the early germination phases (Bagni, 1970; Villanueva et al., 1978). However, the 

content is reported to decrease in the cotyledon but increase in the embryo axis during 

germination, suggesting its role in the completion of germination (Bagni, 1970). High contents of 

Spd and Spm has been reported in cotyledons and embryo axis tissues of soybean, which may be 

sufficient for germination completion (Scoccianti et al, 1990), leading to negligible effect of 

exogenous PA on germination. 

 

Response of antioxidative genes and enzymes in post-germinative seedlings to treatments 

with excess moisture stress and polyamines  

Abiotic stresses are associated with the disruption of antioxidative enzyme activities, resulting in 

accumulation of reactive oxygen species (ROS) that can severely impair seedling growth and 

development (Bailly, 2004; Liu et al., 2014). To gain better insights with this respect, this study 

characterized the expression patterns of antioxidative genes and the activities of the 

corresponding enzymes in soybean seedlings grown under excess moisture conditions. At the 

earlier seedling stage (4 DAP), excess moisture treatment repressed the expression of GmAPX2, 

GmSOD1, GmSODB, GmSODB2 in cotyledon tissues and GmAPX1, GmAPX2, GmCAT1, 

GmCAT4, GmCAT5, GmGRchl, GmSOD1, GmSOD3 in the embryo axis tissues (Figure 3.2). 

Repression of the expression of antioxidative genes by abiotic stress has also been observed 

previously, for example, the expression of APX and CAT genes are repressed in ginseng 

seedlings grown under salt stress (Parvin et al., 2014). Excess moisture mediated repression of 

GmSOD1, GmSODB and GmSODB2 in the cotyledon appeared to be associated with decreased 
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activity of SOD (Figures 3.2 and 3.8), implying the importance of these genes in regulating 

cotyledonary SOD activity. The decreases in the activities of CAT and GR in embryo axis reflect 

that the majority of CAT and GR activities in this tissue are contributed by GmCAT1, GmCAT4, 

GmCAT5, and GmGRchl genes (Figure 3.8). Decreases in GR and CAT activities have also been 

reported in excess moisture stressed maize seedlings and drought stressed mung bean seedlings, 

respectively (Liu et al., 2014; Nahar et al., 2016). Embryo axis tissues of germinating seeds are 

characterized by  higher respiratory activity than cotyledon tissues and the embryo axis of post-

germinative soybean seedlings is reported to contain higher superoxide radical and H2O2 than the 

corresponding cotyledon tissues (Garnczarska and Wojtyla, 2008; Han et al., 2013). Furthermore, 

excess moisture stress can accelerate respiration induced ROS accumulation and a decrease in  

the enzymatic antioxidative defense capacity in embryo axis tissues (Bailey-Serres and Colmer, 

2014; Bailly et al., 2008; Tian et al., 2008). Consistently, following excess moisture exposure 

more antioxidative genes and enzymes are found to be repressed in the embryo axis than in 

cotyledon.  

The role of PAs in improving plant growth and development under abiotic stress 

conditions has been associated with their ability to enhance the antioxidative capacity of stressed 

plants (Gill and Tuteja, 2010b). Treatment with Spd led to increases in the expression of all the 

antioxidative genes in tissues of seedlings exposed to 4 days of excess moisture, except for 

GmAPX2 and GmSOD1 in the cotyledon and GmAPX1, GmSOD1 and GmSODB in the embryo 

axis (Figures 3.3-3.6). A similar effect of Spd treatment on the expression of antioxidative genes 

has been observed under other stress factors; Spd treatments results in induction of APX in 

ginseng seedlings exposed to salt stress (Parvin et al., 2014). The induction of APX and SOD 

activity in cotyledon tissues of seedlings exposed to excess moisture might suggest that 



104 
 

GmAPX1, the GmAPX family member highly expressed in soybean seedling tissues, and all SOD 

genes other than GmSOD1 play a greater role in the regulation of cotyledonary APX and SOD 

activities by Spd under excess moisture conditions (Table 3.7). It has been reported previously 

that increased expression of SOD genes influences that of APX genes (Gupta et al., 1993), while 

enhanced SOD activity reportedly induces APX activity and other ascorbate-glutathione enzymes 

(Slooten et al., 1995) indicating the co-dependence of the expression of SOD and APX and the 

activity of the corresponding enzymes. This is supported by the co-repression of specific GmAPX 

and GmSOD genes in the tissues of Spd treated seedlings exposed to 4 days of excess moisture, 

suggesting that the APX and SOD are co-regulated by the Spd. 

Treatment with the other form of PA, Spm, also led to enhanced expression of most of the 

antioxidative genes studied except for GmAPX2, GmSOD1 and GmSOD3 in the cotyledon and 

GmAPX2 in embryo axis. The Spm treatment, similar to that of Spd, increased the activity of 

SOD in the cotyledon tissues, suggesting that the regulation of SOD activity by Spm under 

excess moisture is mediated transcriptionally by the Fe-SOD encoding GmSODB and GmSODB2 

genes. These results also imply that Fe-SOD plays a greater role in of the scavenging of 

superoxide radicals than the Cu-Zn SOD encoded by GmSOD1 and GmSOD3, despite GmSOD1 

being the most highly expressed SOD gene family member in soybean tissues. In support of this, 

a Fe-SOD encoding gene has been reported to be more responsive to drought stress than the Cu-

Zn SOD encoding gene in white clover (Li et al., 2016), and Spd and/or Spm treatments have led 

to increased SOD activity in chickpea seedlings exposed to a combination of cold and 

dehydration stress (Nayyar and Chander, 2004). 

Treatment with PAs did not consistently lead to increases in antioxidative gene 

expression and the activity of the corresponding enzymes. Irrespective of changes in gene 
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expression, APX activity of the embryo axis of seedlings exposed to excess moisture did not 

appear to be affected by treatment with Spd and Spm. Furthermore, the absence of change or 

repression of cotyledonary and embryo axis CAT activity in Spd or Spm treated and excess 

moisture stressed seedlings does not reflect the expression pattern of CAT genes. In contrast to 

our results, treatment with Spd and Spm has been shown to lead to an increase of CAT activity in 

the root tissues of cold and dehydration stressed chickpea seedlings (Nayyar and Chander, 2004), 

suggesting that the response of CAT activity to PA treatment is tissue, stage or environmental 

factor specific. Both Spd and Spm treatments induced the activity of GR in both cotyledon and 

embryo axis under excess moisture although the Spd induced decrease in cotyledonary GR 

activity is not reflected by the expression pattern of GmGRchl. All these results might suggest 

that specific antioxidative genes are subjected to regulation at the post-transcriptional level. 

Indeed, post-transcriptional modification of antioxidative genes has been reported in rice exposed 

to salt stress conditions and in Medicago truncatula exposed to drought (Guerra et al., 2015).   

 

Response of antioxidative genes and enzymes in seedlings derived from polyamine treated 

seeds and collected 7 days after exposure to excess moisture stress  

At the later seedling stage (7 DAP), many of the antioxidative genes exhibited increased 

expression under excess moisture conditions relative to regular watering conditions, except that 

GmCAT3 in the cotyledon, all four GmCAT and GmSOD1 genes in the shoot, and GmCAT3, 

GmCAT4, GmCAT5 and GmGRchl in the root were repressed (Figure 3.7). It appears that the 

genes repressed in cotyledon after the 4-day exposure to excess moisture (GmAPX2, GmSOD1, 

GmSODB, GmSODB2) showed increased expression after the 7-day treatment with excess 

moisture while those that were slightly enhanced at 4 DAP (GmCAT3) were repressed by 7 DAP 
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(Figure 3.2 and 3.7). Although it is difficult to make temporal comparisons in the root and shoot 

tissues as we were not able to dissect the two tissues at 4 DAP seedling stage, it was interesting 

to observe that excess moisture induced repression of GmCAT4 and GmCAT5 in the embryo axis 

at 4 DAP was maintained in both shoot and root tissues at 7 DAP. Unlike that observed in the 

embryo axis at 4 DAP, GmCAT1 expression was repressed only in the shoot while GmCAT3 was 

repressed in both shoot and root tissues, suggesting that the expression of antioxidative genes is 

differentially regulated not only by tissue type but also by the duration of excess moisture 

treatment. Spatio-temporal differences in expression of such stress-induced genes have also been 

reported in Arabidopsis and chickpea seedlings exposed to salt, dehydration and cold stresses 

(Geng et al., 2013; Garg et al., 2015). Activities of SOD and GR in maize seedlings have also 

been reported to be influenced by the duration of excess moisture stress, with activities of both 

enzymes showing increases after 3 days of stress and decreases in response to 6 days of excess 

moisture stress (Liu et al., 2014). The lower CAT activity in the shoot tissue of 7 DAP seedlings 

exposed to excess moisture stress appeared to be directly associated with the decreases in the 

expression of GmCAT genes (Figure 3.8). However, similar to that observed in 4 DAP seedlings, 

in the tissues of 7 DAP seedlings under excess moisture stress, the changes in activities of GR 

(cotyledon and shoot), APX (cotyledon) and SOD (shoot and root) are not always reflected by 

changes in the expression of the corresponding genes, suggesting post-transcriptional regulation 

as discussed above. The decrease of SOD activity in root tissues while the expression the SOD 

genes increased could be attributed to increased accumulation of superoxide radical in the root 

elongation zone under excess moisture conditions (Kranner et al., 2010).  

Following 7 days of excess moisture treatment, both Spd and Spm treatments resulted in 

increased expression of GmAPX1, GmAPX2 and GmCAT3 genes in the cotyledon, GmCAT1 and 
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GmCAT3 in the shoot, and GmCAT1, GmCAT3 and GmGRchl in the root (Table 3.5 and 3.6) 

while Spd treatment only resulted in increased expression for GmAPX1, GmAPX2, GmSOD1, 

GmSODB2 and GmGRchl in the shoot, and GmCAT4, GmCAT5, GmSOD1 and GmSOD3 in the 

root. Spm treatment also improved expressions of GmCAT1 and GmGRchl specifically in the 

cotyledons. Seedling tissues derived from seeds treated with Spd or Spm exhibited higher 

activities of GR, CAT and APX following 7 days of excess moisture stress (Table 3.8). The more 

consistent association of the increases in the expression of H2O2 scavenging APX, CAT, and GR 

encoding genes and activities of the corresponding enzymes by PA-treatment in tissues of 7 DAP 

than 4 DAP seedlings might suggest drastic change in the ratio of superoxide radicals and H2O2 

that leads to increased accumulation of H2O2 to a level that could support PA-induced activity of 

all three enzymes (Ahmad et al., 2010; Willekens et al., 1995). Consistent with this hypothesis, 

lower superoxide radical and higher H2O2 and hydroxyl radical contents were previously 

observed in the growing tissues of Vigna radiata seedlings (Verma et al., 2015).  

Consistent with its induction of the expressions of GmCAT3 in the cotyledon and 

GmGRchl in the shoot and root, Spd treatment led to increased activities of CAT in the 

cotyledon, and GR in both shoot and root tissues of excess moisture stressed seedlings. 

Moreover, even if it is not associated with the expression patterns of the corresponding genes, 

APX activity was induced by Spd treatment. These results suggest Spd may lead to enhanced 

detoxification of H2O2 in the tissue of stressed seedlings, and thereby support the growth of root 

and shoot tissues (Bailly et al., 2008; Garnczarska and Wojtyla, 2008; Willekens et al., 1995). 

Similarly, Spd mediated increase in CAT expression and CAT activity has also been shown in 

salt-stressed ginseng and drought stressed cucumber seedlings, respectively (Kubis, 2007; Parvin 

et al., 2014). Additionally, SOD activity of the root increased by Spm treatment irrespective of 
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the gene expression pattern, and a similar effect of this form of PA has been observed in heat and 

drought stressed mung bean seedlings (Nahar et al., 2016). Enhanced SOD activity is reported to 

occur when the substrate level is not too low to inhibit its radical-scavenging capacity, 

suggesting the presence of sufficient amount of superoxide radical in root tissues of stressed 

soybean seedlings, as reported in the roots of pea seedling (Kranner et al., 2010; Slooten et al., 

1995). Given that we analyzed only one GmGR (GmGRchl) gene and expression of this gene was 

not consistently upregulated by Spd or Spm treatment across all three tissues, it is possible that 

the increased GR activity observed in tissues when the gene expression pattern is different from 

that of GR activity is mediated by another GmGR gene not identified yet. The PA-induced 

increases in APX and GR activity in root tissues may reflect the importance of PA-regulated 

accumulation of ascorbate and glutathione in the growing root tissues (Gill and Tuteja, 2010b; 

Nayyar and Chander, 2004). Indeed, higher activity levels of GR, APX and SOD, such as those 

induced by PA-treatment in soybean seedlings are linked to better stress tolerance, and Spd 

treatment has also been shown to limit the stress-induced decrease of GR activity in maize 

seedlings under excess moisture (Ahmad et al., 2010; Liu et al., 2014). 

 

Response of antioxidative genes and enzymes in V3 soybean plants to excess moisture and 

polyamine treatments 

Plants are vulnerable to the effects of excess moisture induced oxidative stress beyond the 

seedling stage (Bailey-Serres and Colmer, 2014). The expression of most of the antioxidative 

genes considered in this study was repressed in the leaf tissues of soybean plants at the early 

vegetative (V3) stage at 1, 3 and 5 days after treatment (DAT) with excess moisture stress except 

for GmCAT4, GmSOD1 and GmSODB2 genes (1 DAT), GmCAT1, GmCAT4, GmCAT5 and all 
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four GmSOD genes (3 DAT), and GmSODB (5 DAT) that showed slight increases (Figure 3.10). 

Consistent with the changes in gene expression, the activities of APX, CAT, SOD, and GR 

decreased at all time points of excess moisture treatment, except that the activities of CAT and 

GR, and APX showed slight increases at 1 and 5 DAT, respectively (Figure 3.13). Similarly, the 

leaf tissues of welsh onion plants exposed to excess moisture conditions exhibited decreases in 

the activities of APX, CAT, SOD and GR in response to treatment with excess moisture 

conditions (Yiu et al., 2009).  

Polyamine treatment of soybean plants prior to exposure to excess moisture induced 

changes in gene expression and enzyme activity at 1 DAT and 5 DAT time points, with little or 

no effect observed at 3 DAT. Spd treatment increased the expression of almost every target gene 

at 1 DAT and 5 DAT except the GmCAT3, GmSODB and GmGRchl genes at 1 DAT, and 

GmAPX2 at 5 DAT (Figure 3.11; Table 3.9 and 3.10). Interestingly, only the GmAPX genes 

responded to Spd treatment at 3 DAT, with no apparent induction of other genes in response to 

either PA. All the targeted genes exhibited induction in leaf tissues of Spm treated plants as well 

except that the no effect was evident on GmCAT4 expression at 1 DAT. These results along with 

the increases in the activities of APX and SOD at 1 DAT and APX, SOD and GR at 5 DAT in 

both Spd and Spm treated leaf tissues suggest the significance of transcriptional regulation of 

specific members of the corresponding gene families (Table 3.11). Similarly, APX and SOD 

activities have been shown to increase in drought-stressed creeping bentgrass 5 days after Spd 

treatment (Li et al., 2015). Activities of APX (spm), SOD (both) and GR (both) showed increases 

at 3 DAT although no increases in the expressions of the corresponding genes studied was 

apparent, suggesting that the PA-induced enzyme activity may have been contributed by other 

yet unidentified GmAPX, GmSOD and GmGR gene family members. Consistent with the enzyme 
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activity data, exogenous PA treatment can increase endogenous PA levels, which are correlated 

to stress tolerance (Kubis, 2007; Li et al., 2016; Tiburcio et al., 2014). Overall, the duration of 

excess moisture stress caused a substantial difference in PA-induced expression of the 

antioxidative genes and activity of the corresponding enzymes in soybean plants, and a similar 

phenomenon has been reported in bean plants exposed to acid rain stress following PA-treatment, 

exhibiting decreased CAT activity in the first 5 hours after stress application followed by an 

increase to a similar and higher level of that observed in control PA-untreated plants by 24 and 

72 hours after treatment, respectively (Velikova et al., 2000).  

 Furthermore, in photosynthesizing tissues, where energy and ROS production is largely 

localized to the chloroplasts, PAs have been reported to stabilize thylakoid membranes and 

prevent chlorophyll loss, and thus protect the energy producing photosystems and allow more 

energy to be directed towards antioxidative and defensive functions (Borrell et al., 1997; Duan et 

al., 2006). In support of this, Spd and Spm treatments have been reported to prevent stress-

induced chlorophyll loss and improve de novo protein synthesis in leaf tissues of peas (Zheleva 

et al., 1994).  

In conclusion, the results of this study showed that PA treatment leads to improved 

seedling growth and enhanced expression of antioxidative genes and activity of the 

corresponding enzymes at both seedling and early vegetative growth stages of soybean under 

excess soil moisture conditions. Overall, Spm was more effective at inducing growth, increasing 

the expression of antioxidative genes and the activity of the corresponding enzymes in both 

excess moisture stressed seedlings and young V3 stage plants of soybean. The results presented 

in this study provide new insight into the roles of PA in mediating the response of soybean 

seedlings and young V3 stage plants to excess moisture stress. Further analysis of PA-induced 
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changes in the antioxidative response via mutation/deletion studies and metabolomics analyses 

would provide a better understanding of how PAs affect the overall performance of soybean 

plants under excess moisture stress conditions. 
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4.0 GENERAL DISCUSSION AND CONCLUSION 

Excess soil moisture induces oxidative stress in plants by creating an imbalance in the production 

of reactive oxygen species (ROS) and the antioxidative systems that neutralize them, 

subsequently leading to extensive ROS-induced cellular damage. The antioxidative response of 

plants growing in conditions of abiotic stress is a major indicator of the plants tolerance and 

ability to perform in suboptimal conditions. Plant varieties that are more tolerant to abiotic stress 

induced oxidative damage exhibit higher activity of antioxidative enzymes such as ascorbate 

peroxidase (APX), catalase (CAT), superoxide dismutase (SOD), and glutathione reductase 

(GR), and higher expression levels of genes encoding these antioxidative enzymes, than more 

susceptible plant varieties. Polyamines (PAs) are growth regulating compounds that have been 

shown to enhance the antioxidative response of plants under conditions of stress. Previous 

studies have demonstrated that decreases in growth and antioxidative capacity induced by abiotic 

stress factors such as drought and salinity can be reduced or alleviated by exogenous application 

of the PAs spermidine (Spd) and spermine (Spm), prior to stress exposure. In the current study, 

excess soil moisture induced decreases in the fresh weights and lengths of embryo axis tissues of 

seedlings exposed to 4 days of stress as well as the root and shoot tissues of seedlings exposed to 

7 days of stress. These decreases in growth coincided with decreases in the expression levels of 

some targeted antioxidative genes and the activity of some antioxidative enzymes. However, 

Spm-treated seedlings exposed to 4 days of growth in excess moisture conditions produced 

embryo axis tissues with higher fresh weights and greater lengths than control untreated 

seedlings under the same conditions. This improved growth was accompanied by increases in the 

expression of the antioxidative genes, with the most significant increases observed for GmCAT4, 

GmCAT5, GmSODB, GmSODB2, as well as slightly increased activity of GR. Likewise, after 7 
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days of excess moisture stress Spm-treated seedlings produced root tissues with higher fresh 

weights and greater lengths than those of control untreated seedlings, as well as significantly 

greater expression of GmCAT3 and slightly increased activity of APX and SOD. Meanwhile, 

Spd-treated seedlings exposed to 7 days of excess moisture stress produced root and shoot tissues 

with higher fresh weights than the control untreated seedlings, which were accompanied by 

significantly increased expression levels of GmCAT4, GmCAT5 and APX and GR activities in 

the root and increased expression of GmAPX1, GmCAT3, GmGRchl and APX, CAT, and GR 

activities in the shoots. Treatment of seedlings with Spd and Spm led to improved growth under 

excess moisture conditions and increases in the antioxidative gene expression and enzyme 

activity levels. While the PA induced increases in antioxidative gene expression levels and 

enzyme activities were not always significantly different from levels observed in the control 

untreated tissues, collectively these slightly higher levels of gene expression and enzyme activity 

may have contributed to the overall improved growth observed in tissues of PA-treated 

seedlings. 

In the leaf tissues of young soybean plants that had reached the stage at which 3 trifoliate 

leaves were present (V3 stage), exposure to excess soil moisture stress for 1, 3 or 5 days 

downregulated the expression of many of the 11 target antioxidative genes and the activities of 

the enzymes encoded by them, with a few exceptions. However, Spd treatment significantly 

improved expression of some antioxidative genes in leaf tissues collected after 1 day after 

treatment (DAT) with excess moisture (GmAPX1, GmAPX2, GmCAT5, GmSOD3) and 5 DAT 

(GmCAT1, GmCAT3, GmCAT4, GmCAT5, GmSOD1, GmGRchl). Enzyme activity was also 

enhanced at 1 DAT (APX, SOD), 3 DAT (GR, SOD), 5 DAT (APX, GR, SOD) in response to 

Spd treatment. Spm treatment of V3 plants led to significant increases in antioxidative gene 
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expression at 1 DAT (GmAPX1, GmAPX2, GmCAT3) and 5 DAT (GmAPX1, GmCAT1, 

GmCAT3, GmCAT4, GmCAT5, GmSOD1, GmSOD3, GmSODB, GmGRchl) and enzyme activity 

1 DAT (APX, SOD), 3 DAT (APX, GR, SOD) and 5 DAT (APX, GR, SOD).  The antioxidative 

response of V3 stage plants was noticeably different from the response observed in seedling 

tissues due to a greater number of the target antioxidative genes being significantly upregulated, 

suggesting greater sensitivity to PA treatment at this stage, although as stated earlier insignificant 

increases likely also contributed to the improved antioxidative response. Additionally, PA-

induced increases in antioxidative gene expression appeared to be more closely associated with 

increases in the activities of the corresponding enzymes in the soybean plants at the V3 stage 

than in soybean seedlings. The differences in the antioxidative response of soybean seedlings and 

plants at the V3 stage may be related to the function of PAs as cell component stabilizing 

molecules and the differences in the roles of ROS at each stage. While in seedlings ROS are 

reported to be involved in reserve mobilization and signalling for seedling growth promotion, in 

photosynthesizing plants ROS can damage photosynthetic machinery and induce stress, therefore 

the role of PAs as stabilizing molecules and antioxidation promoters in seedlings may not be as 

great as their role in stabilizing membranes to protect photosynthetic machinery and promote 

antioxidation in established plants. 

The spatio-temporal gene expression analysis presented in this thesis reveals that in 

soybean seedlings the expression of antioxidative genes differs from tissue to tissue under excess 

moisture conditions and in both seedlings and young plants the antioxidative response differs 

based on the duration of the excess moisture stress applied. Additionally, this analysis reveals 

that the expression of antioxidative genes appears to be very sensitive to the PA treatment 

applied, with Spm and Spd differentially inducing increases or decreases in gene expression 
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levels. Overall, the findings presented in this thesis indicate that while Spm is more effective 

than Spd in significantly inducing the antioxidative response Spd treatment also plays an 

important role in inducing overall improvements in the antioxidative response of excess moisture 

stressed soybeans. These findings provide confirmation of the role of PAs in regulating 

antioxidative response at the transcriptional and protein levels and how such changes may be 

related to growth under excess moisture conditions. Additionally, based on these new insights 

other avenues of research can be pursued to better understand how PAs affect ROS levels and 

levels of oxidative damage (lipid peroxidation and protein carbonylation); how endogenous PA 

levels are influenced by exogenous PA application; how expression and activity of PA metabolic 

genes and enzymes is altered by stress conditions and PA treatment; how the expression of genes 

encoding enzymes involved in alternate respiration pathways is influenced by PAs (ex. Alcohol 

dehydrogenase); and at which stage of growth is PA treatment going to lead to the most 

successful and effective enhancements to antioxidative response and subsequently stress 

tolerance. Finally, these new insights may play a key role in the potential development of PA-

based treatments to be used to promote the antioxidative response, and potentially enhance 

tolerance, of seedlings and plants in the event of exposure to excess soil moisture stress 

conditions in the field. 
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APPENDICES 

 

Appendix 1. Specificity of the primers used in PCR assay. Amplified bands are as follows: A: 

GmAPX1 (Lane 1), GmCAT1 (Lane 2); B: GmGRchl (Lane 1), GmSOD1 (Lane 2), C: GmAc11 

(Lane 1), GmAPX2 (Lane 2), GmCAT3 (Lane 3), GmCAT4 (Lane 4), GmCAT5 (Lane 5), 

GmSOD3 (Lane 6), GmSODB (Lane 7) and GmSODB2 (Lane 8). Lanes marked L depict 

standard 1 kb DNA ladder. 
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Appendix 2. Relative transcript abundances of antioxidative genes in tissues of seedlings 

collected 4 days after planting. The transcript levels of the target genes determined relative to the 

transcript levels of GmAPX1 in the cotyledons of seedlings grown under regular watering, which 

was set to 1, as a calibrator.  

 

Gene  Cotyledon Embryo Axis 

Regular Moisture 
GmAPX1 1.00 ± 0.25a 1.24 ± 0.11 

GmAPX2 0.65 ± 0.02 0.93 ± 0.03 

GmCAT1 0.06 ± 0.01 0.15 ± 0.02 

GmCAT3 0.07 ± 0.01 0.08 ± 0.02 

GmCAT4 2.35 ± 0.21 0.44 ± 0.09 

GmCAT5 6.00 ± 0.37 0.62 ± 0.11 

GmGRchl 0.08 ± 0.01 0.11 ± 0.02 

GmSOD1 0.97 ± 0.07 0.46 ± 0.07 

GmSOD3 0.14 ± 0.00 0.04 ± 0.00 

GmSODB 0.02 ± 0.00 0.00 ± 0.00 

GmSODB2 0.01 ± 0.00 0.01 ± 0.00  

Excess moisture 
GmAPX1 2.03 ± 0.16 1.14 ± 0.11 

GmAPX2 0.18 ± 0.01 0.40 ± 0.02 

GmCAT1 0.15 ± 0.01 0.12 ± 0.01 

GmCAT3 0.11 ± 0.01 0.11 ± 0.01 

GmCAT4 4.88 ± 0.21 0.27 ± 0.02 

GmCAT5 11.80 ± 0.41 0.42 ± 0.07 

GmGRchl 0.16 ± 0.02 0.09 ± 0.01 

GmSOD1 0.63 ± 0.01 0.37 ± 0.01 

GmSOD3 0.18 ± 0.02 0.04 ± 0.01 

GmSODB 0.02 ± 0.00 0.05 ± 0.00 

GmSODB2 0.01 ± 0.00 0.02 ± 0.00 
aData are means of 2 or 3 biological replicates ± SE 
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Appendix 3. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmAPX family members in seedlings collected at 4 days after planting. 

 

Appendix 3 - Table S1. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

cotyledon tissues 

Source Nparm1 DF2 Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0100042 0.2701 0.6173 

Polyamine Treatment    2 2 6.6474627 89.7497 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.3918580 5.2906 0.0344* 

 

Appendix 3 - Table S2. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

embryo axis  

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.4694444 4.8313 0.0555 

Polyamine Treatment    2 2 3.2823953 16.8905 0.0009* 

Moisture Treatment* Polyamine 

Treatment 

   2 2 0.5661827 2.9135 0.1058 

 

Appendix 3 - Table S3. Three-way analysis of variance for relative transcript levels of GmAPX1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.8111172 68.2819 <.0001* 

Polyamine Treatment    2 2 3.1569223 132.8789 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.8186782 34.4592 <.0001* 

Tissue Type    1 1 1.1785195 99.2108 <.0001* 

Moisture Treatment*Tissue Type    1 1 0.0046552 0.3919 0.5388 

Polyamine Treatment*Tissue Type    2 2 0.7573640 31.8784 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 0.0240302 1.0115 0.3824 

 

Appendix 3 - Table S4. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.48609643 189.0200 <.0001* 

Polyamine Treatment    2 2 0.72638077 141.2276 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.32988436 64.1382 <.0001* 

1Nparm = numbers of Parameters, 2DF = degrees of freedom 
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Appendix 3 - Table S5. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.3348900 15.0713 0.0037* 

Polyamine Treatment    2 2 3.1201426 70.2091 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.5104777 11.4867 0.0033* 

 

Appendix 3 - Table S6. Three-way analysis of variance for relative transcript levels of GmAPX2 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.7566050 62.3718 <.0001* 

Polyamine Treatment    2 2 2.8614533 117.9440 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.8159490 33.6320 <.0001* 

Tissue Type    1 1 1.1728939 96.6892 <.0001* 

Moisture Treatment*Tissue Type    1 1 0.0068450 0.5643 0.4623 

Polyamine Treatment*Tissue Type    2 2 0.6855499 28.2572 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 0.0246025 1.0141 0.3825 
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Appendix 4. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmCAT family members in seedlings collected at 4 days after planting.  

 

Appendix 4 - Table S1. Two-way analysis of variance for relative transcript levels of GmCAT1 

in cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 9.5697510 31.4676 0.0005* 

Polyamine Treatment    2 2 6.6004274 10.8519 0.0053* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.1255131 0.2064 0.8177 

  

Appendix 4 - Table S2. Two-way analysis of variance for relative transcript levels of GmCAT1 

in embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.7072667 2.0845 0.1868 

Polyamine Treatment    2 2 2.1803067 3.2130 0.0946 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.3093420 1.9295 0.2071 

 

Appendix 4 - Table S3. Three-way analysis of variance for relative transcript levels of GmCAT1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 7.7401172 24.059

8 

0.0002* 

Polyamine Treatment    2 2 8.0574170 12.523

1 

0.0005* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.9455401 1.4696 0.2595 

Tissue Type    1 1 0.7995422 2.4853 0.1345 

Moisture Treatment*Tissue Type    1 1 2.5369005 7.8858 0.0126* 

Polyamine Treatment*Tissue Type    2 2 0.4918787 0.7645 0.4818 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 0.4961072 0.7711 0.4790 

 

Appendix 4 - Table S4. Two-way analysis of variance for relative transcript levels of GmCAT3 

in cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 6.494801 46.4087 0.0001* 

Polyamine Treatment    2 2 63.519559 226.9400 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.723987 2.5866 0.1360 
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Appendix 4 - Table S5. Two-way analysis of variance for relative transcript levels of GmCAT3 in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 12.64947 7.1778 0.0316* 

Polyamine Treatment    2 2 170.00053 48.2327 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 7.03481 1.9959 0.2061 

 

Appendix 4 -Table S6. Three-way analysis of variance for relative transcript levels of GmCAT3 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 18.72521 20.8744 0.0004* 

Polyamine Treatment    2 2 221.05335 123.2122 <.0001* 

Tissue Type    1 1 27.41045 30.5564 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 5.83388 3.2517 0.0671 

Moisture Treatment*Tissue Type    1 1 0.60557 0.6751 0.4242 

Polyamine Treatment*Tissue Type    2 2 15.94605 8.8881 0.0028* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 2.11877 1.1810 0.3340 

 

Appendix 4 - Table S7. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 13.171388 178.7836 <.0001* 

Polyamine Treatment    2 2 56.585283 384.0340 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.072508 14.0657 0.0017* 

 

Appendix 4 - Table S8. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1015048 3.4679 0.0922 

Polyamine Treatment    2 2 3.2525523 55.5612 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.1604703 2.7412 0.1124 

 

 

 

 

 



148 
 

Appendix 4 - Table S9. Three-way analysis of variance for relative transcript levels of GmCAT4 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 5.706207 113.4376 <.0001* 

Polyamine Treatment    2 2 45.130107 448.5859 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.695874 6.9169 0.0055* 

Tissue Type    1 1 57.482759 1142.739 <.0001* 

Moisture Treatment*Tissue Type    1 1 8.017371 159.3827 <.0001* 

Polyamine Treatment*Tissue Type    2 2 18.069180 179.6047 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 1.643579 16.3369 <.0001* 

 

Appendix 4 - Table S10. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 17.547418 70.0516 <.0001* 

Polyamine Treatment    2 2 56.021049 111.8218 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 3.197316 6.3821 0.0188* 

 

Appendix 4 - Table S11. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0275048 1.8167 0.2074 

Polyamine Treatment    2 2 3.1956369 105.5362 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.0570523 1.8842 0.2021 

 

Appendix 4 - Table S12. Three-way analysis of variance for relative transcript levels of GmCAT5 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 8.395221 66.3010 <.0001* 

Polyamine Treatment    2 2 44.475151 175.6206 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.452382 5.7351 0.0113* 

Tissue Type    1 1 63.410354 500.7815 <.0001* 

Moisture Treatment*Tissue Type    1 1 9.783837 77.2676 <.0001* 

Polyamine Treatment*Tissue Type    2 2 18.014324 71.1338 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 1.905576 7.5246 0.0039* 
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Appendix 5. Analysis of variance for assessing the interactions between different factors on the 

expression of GmSOD family members in seedlings collected at 4 days after planting. 

 

Appendix 5 - Table S1. Two-way analysis of variance for relative transcript levels of GmSOD1 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.15792111 16.7375 0.0027* 

Polyamine Treatment    2 2 0.17089234 9.0561 0.0070* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.07791937 4.1292 0.0534 

 

Appendix 5 - Table S2. Two-way analysis of variance for relative transcript levels of GmSOD1 in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.04387821 5.4323 0.0398* 

Polyamine Treatment    2 2 0.03144643 1.9466 0.1889 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.00662738 0.4102 0.6732 

 

Appendix 5 - Table S3. Three-way analysis of variance for relative transcript levels of GmSOD1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.18800238 21.6385 0.0002* 

Polyamine Treatment    2 2 0.17930690 10.3188 0.0008* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.02311941 1.3305 0.2868 

Tissue Type    1 1 0.73339286 84.4112 <.0001* 

Moisture Treatment*Tissue Type    1 1 0.02194286 2.5256 0.1277 

Polyamine Treatment*Tissue Type    2 2 0.03948263 2.2722 0.1291 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 0.05979885 3.4413 0.0519 

 

Appendix 5 - Table S4. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0056333 0.0332 0.8615 

Polyamine Treatment    2 2 1.6772167 4.9364 0.0540 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.0712167 6.0960 0.0359* 
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Appendix 5 - Table S5. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1698678 2.5351 0.1458 

Polyamine Treatment    2 2 1.9755158 14.7414 0.0014* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.1048311 0.7823 0.4861 

 

Appendix 5 - Table S6. Three-way analysis of variance for relative transcript levels of GmSOD3 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1110914 1.0271 0.3269 

Polyamine Treatment    2 2 3.5702427 16.5050 0.0002* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.9371591 4.3324 0.0327* 

Tissue Type    1 1 3.4220247 31.6395 <.0001* 

Moisture Treatment*Tissue Type    1 1 0.0494793 0.4575 0.5091 

Polyamine Treatment*Tissue Type    2 2 0.1019455 0.4713 0.6331 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 1.3641989 6.3066 0.0103* 

 

Appendix 5 - Table S7. Two-way analysis of variance for relative transcript levels of GmSODB in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.195016 2.4876 0.1588 

Polyamine Treatment    2 2 18.082852 115.3313 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.890002 5.6764 0.0343* 

 

Appendix 5 - Table S8. Two-way analysis of variance for relative transcript levels of GmSODB in 

embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 6.812251 59.2247 0.0001* 

Polyamine Treatment    2 2 16.233726 70.5668 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.603763 11.3184 0.0064* 

 

 

 

 

 



151 
 

Appendix 5 - Table S9. Three-way analysis of variance for relative transcript levels of GmSODB 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.351029 24.3102 0.0002* 

Polyamine Treatment    2 2 33.601983 173.7263 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.262563 1.3575 0.2892 

Tissue Type    1 1 0.177649 1.8369 0.1968 

Moisture Treatment*Tissue Type    1 1 4.656237 48.1466 <.0001* 

Polyamine Treatment*Tissue Type    2 2 0.623303 3.2226 0.0706 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 3.223461 16.6657 0.0002* 

 

Appendix 5 - Table S10. Two-way analysis of variance for relative transcript levels of GmSODB2 

in cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture treatment    1 1 0.004840 0.0138 0.9090 

Polyamine Treatment    2 2 24.907727 35.5731 <.0001* 

Moisture treatment*Polyamine 

Treatment 

   2 2 0.657087 0.9384 0.4264 

 

Appendix 5 - Table S11. Two-way analysis of variance for relative transcript levels of GmSODB2 

in embryo axis 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 20.882408 14.1685 0.0094* 

Polyamine Treatment    2 2 90.439467 30.6812 0.0007* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 13.910867 4.7192 0.0587 

 

Appendix 5 - Table S12. Three-way analysis of variance for relative transcript levels of 

GmSODB2 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 11.07600 13.8520 0.0020* 

Polyamine Treatment    2 2 107.91769 67.4824 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 10.88466 6.8063 0.0079* 

Tissue Type    1 1 18.01855 22.5345 0.0003* 

Moisture Treatment*Tissue Type    1 1 11.70920 14.6438 0.0017* 

Polyamine Treatment*Tissue Type    2 2 13.38693 8.3710 0.0036* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 2 4.88818 3.0566 0.0770 
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Appendix 6. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmGRchl family members in seedlings collected at 4 days after planting. 

 

Appendix 6 - Table S1. Two-way analysis of variance for relative transcript levels of GmGRchl in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.2117686 35.2059 0.0006* 

Polyamine Treatment    2 2 0.7076583 5.6321 0.0349* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.8618021 6.8589 0.0224* 

 

Appendix 6 - Table S2. Two-way analysis of variance for relative transcript levels of GmGRchl in 

embryo axis 

Source Nparm 1 Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.18466275 1.4330 0.2702 

Polyamine Treatment    2 2 0.07982552 0.3097 0.7432 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.67236302 2.6088 0.1424 

 

Appendix 6 - Table S3. Three-way analysis of variance for relative transcript levels of GmGRchl 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture treatment    1 1 1.8373020 19.1695 0.0006* 

Polyamine Treatment    2 2 0.5915207 3.0858 0.0776 

Moisture treatment*Polyamine 

Treatment 

   2 2 1.2601882 6.5741 0.0097* 

Tissue type    1 1 1.1990667 12.5104 0.0033* 

Moisture treatment*Tissue type    1 1 0.5591294 5.8337 0.0300* 

Polyamine Treatment*Tissue type    2 2 0.2259025 1.1785 0.3365 

Moisture treatment*Polyamine 

Treatment*Tissue type 

   2 2 0.3287685 1.7151 0.2157 
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Appendix 7. Relative transcript abundances of antioxidative genes in tissues of seedlings 

collected 7 DAP. The transcript levels of the target genes determined relative to the transcript 

levels of GmAPX1 in the cotyledons of seedlings grown under regular watering, which was set to 

1, as a calibrator.  

Gene  Cotyledon Shoot Root 

Regular Moisture 
GmAPX1 1.00 ± 0.01 0.88 ± 0.01 1.14 ± 0.00 

GmAPX2 1.66 ± 0.35 1.01 ± 0.02 1.35 ± 0.01 

GmCAT1 0.11 ± 0.01 0.11 ± 0.00 0.13 ± 0.01 

GmCAT3 0.20 ± 0.02 0.24 ± 0.04 0.29 ± 0.03 

GmCAT4 3.29 ± 0.16 0.88 ± 0.05 1.47 ± 0.12 

GmCAT5 4.64 ± 0.14 1.46 ± 0.37 1.83 ± 0.27 

GmGRchl 0.10 ± 0.01 0.06 ± 0.00 0.14 ± 0.02 

GmSOD1 2.46 ± 0.31 2.17 ± 0.09 1.10 ± 0.00 

GmSOD3 0.11 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 

GmSODB 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 

GmSODB2 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

Excess moisture 
GmAPX1 1.52 ± 0.29 1.26 ± 0.07 1.85 ± 0.15 

GmAPX2 3.70 ± 0.39 2.40 ± 0.14 4.29 ± 0.08 

GmCAT1 0.14 ± 0.00 0.11 ± 0.01 0.15 ± 0.02 

GmCAT3 0.14 ± 0.01  0.16 ± 0.01 0.24 ± 0.01 

GmCAT4 4.77 ± 0.77 0.69 ± 0.11 0.66 ± 0.15 

GmCAT5 15.33 ± 2.35 0.93 ± 0.24 0.32 ± 0.05 

GmGRchl 0.15 ± 0.00 0.07 ± 0.01 0.11 ± 0.03 

GmSOD1 2.54± 0.46 1.60 ± 0.03 1.36 ± 0.00 

GmSOD3 0.19 ± 0.02 0.06 ± 0.01 0.04 ± 0.01 

GmSODB 0.04 ± 0.00 0.17 ± 0.00 0.07 ± 0.00 

GmSODB2 0.01 ± 0.00 0.00 ± 0.00  
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Appendix 8. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmAPX family members in seedlings collected at 7 days after planting. 

 

Appendix 8 - Table S1. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 3.2552083 34.0651 0.0011* 

Polyamine Treatment    2 2 1.4066000 7.3599 0.0243* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.4548667 2.3800 0.1734 

 

Appendix 8 - Table S2. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.92625882 27.4389 0.0012* 

Polyamine Treatment    2 2 0.58996875 8.7384 0.0125* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.33187500 4.9156 0.0464* 

 

Appendix 8 - Table S3. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.42563333 15.4215 0.0077* 

Polyamine Treatment    2 2 0.16486667 2.9867 0.1258 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.16666667 3.0193 0.1238 

 

Appendix 8 - Table S4. Three-way analysis of variance for relative transcript levels of GmAPX1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 3.9074292 76.1253 <.0001* 

Polyamine Treatment    2 2 0.1583667 1.5427 0.2394 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.0849917 0.8279 0.4521 

Tissue Type    2 2 1.1266710 10.9750 0.0007* 

Moisture Treatment*Tissue Type    2 2 0.7227736 7.0406 0.0052* 

Polyamine Treatment*Tissue Type    4 4 2.0184047 9.8307 0.0002* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.8662553 4.2191 0.0130* 
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Appendix 8 - Table S5. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 8.2223686 25.7010 0.0014* 

Polyamine Treatment    2 2 0.5938005 0.9280 0.4390 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.6145255 0.9604 0.4280 

 

Appendix 8 - Table S6. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 1.2398760 50.5256 0.0001* 

Polyamine Treatment    2 2 0.2277322 4.6401 0.0459* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.0905322 1.8446 0.2194 

 

Appendix 8 - Table S7. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.7369500 4.4899 0.0718 

Polyamine Treatment    2 2 2.5130750 7.6555 0.0173* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.8194688 8.5888 0.0131* 

 

Appendix 8 - Table S8. Three-way analysis of variance for relative transcript levels of GmAPX2 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 7.8537720 48.1997 <.0001* 

Polyamine Treatment    2 2 1.3175229 4.0429 0.0320* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.6467814 1.9847 0.1613 

Tissue Type    2 2 7.9484833 24.3905 <.0001* 

Moisture Treatment*Tissue Type    2 2 2.4431547 7.4970 0.0033* 

Polyamine Treatment*Tissue Type    4 4 2.0271299 3.1102 0.0359* 
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Appendix 9. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmCAT family members in seedlings collected at 7 days after planting. 

 

Appendix 9 - Table S1. Two-way analysis of variance for relative transcript levels of GmCAT1 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0016333 0.1291 0.7317 

Polyamine Treatment    2 2 2.3113500 91.3577 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.0192167 40.2852 0.0003* 

 

Appendix 9 - Table S2. Two-way analysis of variance for relative transcript levels of GmCAT1 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00192604 0.0668 0.8026 

Polyamine Treatment    2 2 0.05461310 0.9473 0.4273 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.09174167 1.5912 0.2619 

 

Appendix 9 - Table S3. Two-way analysis of variance for relative transcript levels of GmCAT1 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 4.3938127 7.7418 0.0272* 

Polyamine Treatment    2 2 8.6957005 7.6608 0.0173* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 3.4541380 3.0431 0.1119 

 

Appendix 9 - Table S4. Three-way analysis of variance for relative transcript levels of GmCAT1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 1.349354 6.6217 0.0177* 

Polyamine Treatment    2 2 4.117788 10.1036 0.0008* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.441508 3.5370 0.0474* 

Tissue Type    2 2 14.663030 35.9780 <.0001* 

Moisture Treatment*Tissue Type    2 2 3.051603 7.4876 0.0035* 

Polyamine Treatment*Tissue Type    4 4 7.526864 9.2342 0.0002* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 3.360606 4.1229 0.0128* 
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Appendix 9 - Table S5. Two-way analysis of variance for relative transcript levels of GmCAT3 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.05980444 1.1881 0.3040 

Polyamine Treatment    2 2 0.81243243 8.0699 0.0098* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.12037568 1.1957 0.3463 

 

Appendix 9 - Table S6. Two-way analysis of variance for relative transcript levels of GmCAT3 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1950678 2.0377 0.1872 

Polyamine Treatment    2 2 0.1078993 0.5636 0.5880 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.7924074 9.3616 0.0063* 

 

Appendix 9 - Table S7. Two-way analysis of variance for relative transcript levels of GmCAT3 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.2661186 3.1995 0.1168 

Polyamine Treatment    2 2 1.3646583 8.2037 0.0146* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.0305021 0.1834 0.8363 

 

Appendix 9 - Table S8. Three-way analysis of variance for relative transcript levels of GmCAT3 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0395589 0.5214 0.4770 

Polyamine Treatment    2 2 1.0040135 6.6164 0.0049* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.9413707 6.2036 0.0065* 

Tissue Type    2 2 4.8687607 32.0848 <.0001* 

Moisture Treatment*Tissue Type    2 2 0.4923227 3.2444 0.0559 

Polyamine Treatment*Tissue Type    4 4 1.2416967 4.0913 0.0110* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.8460839 2.7878 0.0483* 

 

Appendix 9 - Table S9. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 1.0395844 41.2977 0.0002* 

Polyamine Treatment    2 2 0.7118743 14.1397 0.0024* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.1127120 2.2388 0.1690 



158 
 

 

Appendix 9 - Table S10. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00000556 0.0042 0.9494 

Polyamine Treatment    2 2 0.07213333 27.2773 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.00804444 3.0420 0.0854 

 

Appendix 9 - Table S11. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.02267143 3.3587 0.0968 

Polyamine Treatment    2 2 0.42313692 31.3435 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.31313077 23.1949 0.0002* 

 

Appendix 9 - Table S12. Three-way analysis of variance for relative transcript levels of GmCAT4 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.5148099 54.2381 <.0001* 

Polyamine Treatment    2 2 0.4337008 22.8464 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.1520817 8.0113 0.0016* 

Tissue Type    2 2 4.4094743 232.2813 <.0001* 

Moisture Treatment*Tissue Type    2 2 0.6594724 34.7395 <.0001* 

Polyamine Treatment*Tissue Type    4 4 0.8667359 22.8289 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.2751511 7.2472 0.0003* 

 

Appendix 9 - Table S13. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 7.2600000 75.7730 <.0001* 

Polyamine Treatment    2 2 2.4947188 13.0188 0.0031* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 4.1336224 21.5714 0.0006* 
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Appendix 9 - Table S14. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00347222 0.6288 0.4432 

Polyamine Treatment    2 2 0.08901111 8.0594 0.0060* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.01714444 1.5523 0.2514 

 

Appendix 9 - Table S15. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00154286 0.2755 0.6111 

Polyamine Treatment    2 2 0.28606769 25.5418 0.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.39562667 35.3238 <.0001* 

 

Appendix 9 - Table S16. Three-way analysis of variance for relative transcript levels of GmCAT5 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.736459 92.3682 <.0001* 

Polyamine Treatment    2 2 0.756826 12.7732 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.763337 12.8831 <.0001* 

Tissue Type    2 2 22.078897 372.6326 <.0001* 

Moisture Treatment*Tissue Type    2 2 5.216710 88.0441 <.0001* 

Polyamine Treatment*Tissue Type    4 4 2.223058 18.7596 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 3.963800 33.4492 <.0001* 
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Appendix 10. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmSOD family members in seedlings collected at 7 days after planting. 

 

Appendix 10 - Table S1. Two-way analysis of variance for relative transcript levels of GmSOD1 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.06989118 3.1738 0.1180 

Polyamine Treatment    2 2 0.34251875 7.7769 0.0167* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.05391875 1.2242 0.3500 

 

Appendix 10 - Table S2. Two-way analysis of variance for relative transcript levels of GmSOD1 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.06600833 8.7719 0.0252* 

Polyamine Treatment    2 2 0.11580000 7.6944 0.0221* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.39846667 26.4762 0.0011* 

 

Appendix 10 - Table S3. Two-way analysis of variance for relative transcript levels of GmSOD1 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.10083333 44.1606 0.0006* 

Excess Treatment    2 2 0.17371667 38.0401 0.0004* 

Moisture Treatment*Excess 

Treatment 

   2 2 0.22151667 48.5073 0.0002* 

 

Appendix 10 - Table S4. Three-way analysis of variance for relative transcript levels of GmSOD1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.03424528 3.0547 0.0966 

Polyamine Treatment    2 2 0.15932869 7.1062 0.0050* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.41497356 18.5082 <.0001* 

Tissue Type    2 2 0.16585561 7.3973 0.0042* 

Moisture Treatment*Tissue Type    2 2 0.20683125 9.2249 0.0016* 

Polyamine Treatment*Tissue Type    4 4 0.46149117 10.2915 0.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.26406450 5.8888 0.0029* 
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Appendix 10 - Table S5. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.16803333 5.9727 0.0502 

Polyamine Treatment    2 2 0.51395000 9.1342 0.0151* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.57221667 10.1697 0.0118* 

 

Appendix 10 - Table S6. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.05013889 4.1229 0.0651 

Polyamine Treatment    2 2 0.03573333 1.4692 0.2687 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.00164444 0.0676 0.9350 

 

Appendix 10 - Table S7. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00575513 0.5387 0.4783 

Polyamine Treatment    2 2 0.01821786 0.8526 0.4526 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.04501786 2.1069 0.1680 

 

Appendix 10 - Table S8. Three-way analysis of variance for relative transcript levels of GmSOD3 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.03424528 3.0547 0.0966 

Polyamine Treatment    2 2 0.15932869 7.1062 0.0050* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.41497356 18.5082 <.0001* 

Tissue Type    2 2 0.16585561 7.3973 0.0042* 

Moisture Treatment*Tissue Type    2 2 0.20683125 9.2249 0.0016* 

Polyamine Treatment*Tissue Type    4 4 0.46149117 10.2915 0.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.26406450 5.8888 0.0029* 
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Appendix 10 - Table S9. Two-way analysis of variance for relative transcript levels of GmSODB in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 11.561133 74.0985 <.0001* 

Polyamine Treatment    2 2 2.668458 8.5514 0.0132* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.540802 1.7331 0.2447 

 

Appendix 10 - Table S10. Two-way analysis of variance for relative transcript levels of GmSODB 

in shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 26.671008 9.8614 0.0201* 

Polyamine Treatment    2 2 3.960350 0.7322 0.5194 

Moisture Treatment*Polyamine 

Treatment 

   2 2 4.514117 0.8345 0.4789 

 

Appendix 10 - Table S11. Two-way analysis of variance for relative transcript levels of GmSODB 

in root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.813008 2.5990 0.1581 

Polyamine Treatment    2 2 18.237017 8.4249 0.0181* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 27.984117 12.9278 0.0067* 

 

Appendix 10 - Table S12. Three-way analysis of variance for relative transcript levels of GmSODB 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 34.960986 27.8940 <.0001* 

Polyamine Treatment    2 2 15.608142 6.2266 0.0083* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 15.258160 6.0869 0.0091* 

Tissue Type    2 2 19.021298 7.5882 0.0038* 

Moisture Treatment*Tissue Type    2 2 6.089652 2.4293 0.1150 

Polyamine Treatment*Tissue Type    4 4 9.546888 1.9043 0.1512 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 17.892905 3.5690 0.0247* 

 

Appendix 10 - Table S13. Two-way analysis of variance for relative transcript levels of GmSODB2 

in cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 5.4528222 11.6961 0.0065* 

Polyamine Treatment    1 1 5.3706819 11.5199 0.0068* 

Moisture Treatment*Polyamine 

Treatment 

   1 1 3.0816585 6.6100 0.0278* 
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Appendix 10 - Table S14. Two-way analysis of variance for relative transcript levels of GmSODB2 

in shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 4.0600333 13.8591 0.0098* 

Polyamine Treatment    2 2 0.6315167 1.0779 0.3982 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.2311167 0.3945 0.6903 

 

Appendix 10 - Table S15. Three-way analysis of variance for relative transcript levels of 

GmSODB2 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 0 0.0000000 . . 

Polyamine Treatment    2 1 2.7417259 6.8332 0.0188* 

Moisture Treatment*Polyamine 

Treatment 

   2 1 0.6173076 1.5385 0.2327 

Tissue Type    1 0 0.0000000 . . 

Moisture Treatment*Tissue Type    1 0 0.0000000 . . 

Polyamine Treatment*Tissue Type    2 1 1.5423351 3.8439 0.0676 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   2 1 1.9861564 4.9501 0.0408* 
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Appendix 11. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmGRchl in seedlings collected at 7 days after planting. 

 

Appendix 11 - Table S1. Two-way analysis of variance for relative transcript levels of GmGRchl in 

cotyledon tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.3104083 8.6848 0.0257* 

Polyamine Treatment    2 2 1.2125167 16.9622 0.0034* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.5683167 7.9503 0.0206* 

 

Appendix 11 - Table S2. Two-way analysis of variance for relative transcript levels of GmGRchl in 

shoot tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.05647059 3.8341 0.0911 

Polyamine Treatment    2 2 0.17752969 6.0267 0.0301* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.24035469 8.1595 0.0148* 

 

Appendix 11 - Table S3. Two-way analysis of variance for relative transcript levels of GmGRchl in 

root tissues 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.4285714 2.5576 0.1409 

Polyamine Treatment    2 2 1.1489667 3.4283 0.0735 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.9612083 5.8519 0.0208* 

 

Appendix 11 - Table S4. Three-way analysis of variance for relative transcript levels of GmGRchl 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0163133 0.1882 0.6684 

Polyamine Treatment    2 2 0.9691540 5.5915 0.0105* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.0807343 12.0047 0.0003* 

Tissue Type    2 2 5.6522005 32.6102 <.0001* 

Moisture Treatment*Tissue Type    2 2 0.7943968 4.5833 0.0211* 

Polyamine Treatment*Tissue Type    4 4 1.5927000 4.5945 0.0071* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.3255298 0.9391 0.4590 
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Appendix 12. Relative transcript abundances of target antioxidative genes in leaf tissues of V3 

stage plants collected at 1, 3 or 5 days after excess moisture and/or regular watering treatment. 

The transcript levels of the target genes determined relative to the transcript levels of GmAPX1 in 

1 day tissues, which was set to 1, as a calibrator.  

 

Gene  1 DAT 3 DAT 5 DAT 

Regular Moisture 
GmAPX1 1.00 ± 0.09 1.51 ± 0.15 0.57 ± 0.30 

GmAPX2 10.43 ± 0.84 10.92 ± 0.55 6.14 ± 0.33 

GmCAT1 0.71 ± 0.11 0.94 ± 0.08 0.24 ± 0.11 

GmCAT3 0.82 ± 0.10 1.08 ± 0.06 0.28 ± 0.08 

GmCAT4 19.03 ± 2.25 36.47 ± 2.52 33.49 ± 4.60 

GmCAT5 16.71 ± 2.01 23.35 ± 1.97 26.21 ± 1.33 

GmGRchl 0.50 ± 0.08 0.85 ± 0.09 0.31 ± 0.09 

GmSOD1 0.92 ± 0.01 1.32 ± 0.20 1.21 ± 0.03 

GmSOD3 0.28 ± 0.04 0.51 ± 0.04 0.48 ± 0.06 

GmSODB 5.46 ± 0.32 8.96 ± 0.25 2.80 ± 0.84 

GmSODB2 0.63 ± 0.01 2.27 ± 0.23 1.32 ± 0.38 

Excess moisture 
GmAPX1 0.73 ± 0.06 1.21 ± 0.24 0.33 ± 0.13 

GmAPX2 4.57 ± 0.50 8.87 ± 0.91 4.59 ± 1.02 

GmCAT1 0.59 ± 0.06 0.98 ± 0.08 0.09 ± 0.05 

GmCAT3 0.65 ± 0.08 0.85 ± 0.07 0.10 ± 0.06 

GmCAT4 19.68 ± 2.98 38.48 ± 7.89 5.13 ± 0.96 

GmCAT5 11.86 ± 0.82 24.90 ± 5.06 3.25 ± 0.89 

GmGRchl 0.37 ± 0.02 0.54 ± 0.05 0.13 ± 0.01 

GmSOD1 0.90 ± 0.15 1.52 ± 0.19 0.03 ± 0.02 

GmSOD3 0.30 ± 0.01 0.57 ± 0.01 0.08 ± 0.05 

GmSODB 4.93 ± 0.30 28.52 ± 3.15 3.22 ± 0.45 

GmSODB2 0.78 ± 0.13 3.28 ± 0.31 0.67 ± 0.14 
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Appendix 13. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmAPX family members in leaf tissues of V3 stage plants collected at 1, 3 

and 5 days after treatment. 

 

Appendix 13 - Table S1. Two-way analysis of variance for relative transcript levels of GmAPX1 at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.09188438 4.8989 0.0578 

Polyamine Treatment    2 2 0.42166941 11.2408 0.0047* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.34498235 9.1965 0.0084* 

 

Appendix 13 - Table S2. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.01203333 0.3743 0.5631 

Polyamine Treatment    2 2 0.33035000 5.1376 0.0501 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.42021667 6.5353 0.0311* 

 

Appendix 13 - Table S3. Two-way analysis of variance for relative transcript levels of GmAPX1 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0005186 0.0122 0.9151 

Polyamine Treatment    2 2 0.6763021 7.9587 0.0157* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.5728021 18.5087 0.0016* 

 

Appendix 13 - Table S4. Three-way analysis of variance for relative transcript levels of GmAPX1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0083660 0.2744 0.6059 

Polyamine Treatment    2 2 0.2080223 3.4109 0.0521 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.4762302 7.8087 0.0029* 

Tissue Type    2 2 1.0796864 17.7035 <.0001* 

Moisture Treatment*Tissue Type    2 2 0.0932901 1.5297 0.2398 

Polyamine Treatment*Tissue Type    4 4 1.1947964 9.7955 0.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 1.8847225 15.4518 <.0001* 
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Appendix 13 - Table S5. Two-way analysis of variance for relative transcript levels of GmAPX2 at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.18045444 22.1719 0.0011* 

Polyamine Treatment    2 2 0.65802889 40.4250 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.37269556 22.8960 0.0003* 

 

Appendix 13 - Table S6. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.01483235 0.8077 0.3987 

Polyamine Treatment    2 2 0.18231875 4.9639 0.0455* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.23832500 6.4888 0.0255* 

 

Appendix 13 - Table S7. Two-way analysis of variance for relative transcript levels of GmAPX2 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1393422 1.9720 0.2030 

Polyamine Treatment    2 2 0.0344583 0.2438 0.7900 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.2023021 8.5077 0.0134* 

 

Appendix 13 - Table S8. Three-way analysis of variance for relative transcript levels of GmAPX2 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.2773500 9.1598 0.0060* 

Polyamine Treatment    2 2 0.2057390 3.3974 0.0510 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.8033048 13.2651 0.0001* 

Tissue Type    2 2 0.4491531 7.4169 0.0033* 

Moisture Treatment*Tissue Type    2 2 0.0482276 0.7964 0.4630 

Polyamine Treatment*Tissue Type    4 4 0.6253883 5.1636 0.0041* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 1.0808674 8.9242 0.0002* 
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Appendix 14. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmCAT family members in leaf tissues of V3 stage plants collected at 1, 3 

and 5 days after treatment. 

 

Appendix 14 - Table S1. Two-way analysis of variance for relative transcript levels of GmCAT1 at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00057619 0.0126 0.9127 

Polyamine Treatment    2 2 0.04616308 0.5061 0.6175 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.06039077 0.6621 0.5370 

 

Appendix 14 - Table S2. Two-way analysis of variance for relative transcript levels of GmCAT1 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0018980 0.0587 0.8155 

Polyamine Treatment    2 2 1.4593505 22.5640 0.0009* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.0126255 0.1952 0.8270 

 

Appendix 14 - Table S3. Two-way analysis of variance for relative transcript levels of GmCAT1 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.06303750 3.8311 0.0860 

Polyamine Treatment    2 2 0.73168549 22.2340 0.0005* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.31919608 9.6996 0.0073* 

 

Appendix 14 - Table S4. Three-way analysis of variance for relative transcript levels of GmCAT1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0345191 1.0601 0.3131 

Polyamine Treatment    2 2 0.0075266 0.1156 0.8913 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.1238054 1.9010 0.1704 

Tissue Type    2 2 1.4649699 22.4946 <.0001* 

Moisture Treatment*Tissue Type    2 2 0.0325157 0.4993 0.6129 

Polyamine Treatment*Tissue Type    4 4 2.2288283 17.1118 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.2485996 1.9086 0.1403 
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Appendix 14 - Table S5. Two-way analysis of variance for relative transcript levels of GmCAT3 at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.08341778 3.3833 0.0990 

Polyamine Treatment    2 2 0.30469257 6.1790 0.0205* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.27588536 5.5948 0.0264* 

 

Appendix 14 - Table S6. Two-way analysis of variance for relative transcript levels of GmCAT3 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00213333 0.1110 0.7503 

Polyamine Treatment    2 2 0.75081667 19.5356 0.0024* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.19041667 4.9545 0.0536 

 

Appendix 14 - Table S7. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.05606667 5.6657 0.0445* 

Polyamine Treatment    2 2 0.40937863 20.6844 0.0007* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.25915275 13.0940 0.0030* 

 

Appendix 14 - Table S8. Three-way analysis of variance for relative transcript levels of GmCAT5 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.0000122 0.0007 0.9795 

Polyamine Treatment    2 2 0.0565188 1.5610 0.2314 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.3084840 8.5203 0.0017* 

Tissue Type    2 2 1.1937883 32.9723 <.0001* 

Moisture Treatment*Tissue Type    2 2 0.1415086 3.9085 0.0346* 

Polyamine Treatment*Tissue Type    4 4 1.4116938 19.4954 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 0.3715010 5.1304 0.0042* 
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Appendix 14 - Table S9. Two-way analysis of variance for relative transcript levels of GmCAT4 

at 1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.40047619 8.5147 0.0154* 

Polyamine Treatment    2 2 0.10502974 1.1165 0.3650 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.22496000 2.3915 0.1416 

 

Appendix 14 - Table S10. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.15870000 0.7247 0.4273 

Polyamine Treatment    2 2 0.66695000 1.5227 0.2919 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.05855000 0.1337 0.8774 

 

Appendix 14 - Table S11. Two-way analysis of variance for relative transcript levels of GmCAT4 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.9853186 15.6414 0.0055* 

Polyamine Treatment    2 2 0.0075521 0.0198 0.9805 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.0020833 5.2449 0.0406* 

 

Appendix 14 - Table S12. Three-way analysis of variance for relative transcript levels of GmCAT4 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1918371 1.4140 0.2465 

Polyamine Treatment    2 2 0.3322494 1.2245 0.3124 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.0324188 3.8050 0.0374* 

Tissue Type    2 2 5.3407705 19.6833 <.0001* 

Moisture Treatment*Tissue Type    2 2 3.4134765 12.5803 0.0002* 

Polyamine Treatment*Tissue Type    4 4 0.4510508 0.8312 0.5191 

Moisture Treatment*Polyamine 

Treatment*Tissue Type 

   4 4 1.2462935 2.2966 0.0898 

 

Appendix 14 - Table S13. Two-way analysis of variance for relative transcript levels of GmCAT5 at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.05600098 3.4594 0.1052 

Polyamine Treatment    2 2 0.09557552 2.9520 0.1176 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.32172552 9.9371 0.0090* 
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Appendix 14 - Table S14. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.00014118 0.0028 0.9595 

Polyamine Treatment    2 2 0.04692969 0.4598 0.6492 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.04567969 0.4476 0.6563 

 

Appendix 14 - Table S15. Two-way analysis of variance for relative transcript levels of GmCAT5 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 3.5280480 18.3627 0.0036* 

Polyamine Treatment    2 2 0.2242005 0.5835 0.5830 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.1776130 5.6670 0.0344* 

 

Appendix 14 - Table S16. Three-way analysis of variance for relative transcript levels of GmCAT5 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture treatment    1 1 0.8853974 10.2418 0.0043* 

Polyamine Treatment    2 2 0.1296490 0.7499 0.4847 

Moisture treatment*Polyamine 

Treatment 

   2 2 0.9611986 5.5593 0.0115* 

Tissue Type    2 2 2.6882373 15.5481 <.0001* 

Moisture treatment*Tissue Type    2 2 2.6987928 15.6091 <.0001* 

Polyamine Treatment*Tissue Type    4 4 0.2260983 0.6538 0.6306 

Moisture treatment*Polyamine 

Treatment*Tissue Type 

   4 4 1.5589388 4.5083 0.0087* 
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Appendix 15. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmSOD family members in leaf tissues of V3 stage plants collected at 1, 3 

and 5 days after treatment. 

 

Appendix 15 - Table S1. Two-way analysis of variance for relative transcript levels of GmSOD1 at 1 

DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.04506667 1.0367 0.3384 

Polyamine Treatment    2 2 0.39865863 4.5854 0.0471* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.11295275 1.2992 0.3246 

 

Appendix 15 - Table S2. Two-way analysis of variance for relative transcript levels of GmSOD1 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.02012604 0.2098 0.6591 

Polyamine Treatment    2 2 0.84282738 4.3919 0.0516 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.28532738 1.4868 0.2825 

 

Appendix 15 - Table S3. Two-way analysis of variance for relative transcript levels of GmSOD1 in 5 

DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 3.1974000 14.1538 0.0055* 

Polyamine Treatment    2 2 0.3208155 0.7101 0.5202 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.9692743 6.5720 0.0205* 

 

Appendix 15 - Table S4. Three-way analysis of variance for relative transcript levels of GmSOD1 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.9835031 8.0763 0.0090* 

Polyamine Treatment    2 2 0.3955146 1.6239 0.2180 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.8909396 3.6581 0.0410* 

Time Point    2 2 0.6440396 2.6444 0.0916 

Moisture Treatment*Time Point    2 2 2.2790896 9.3577 0.0010* 

Polyamine Treatment*Time Point    4 4 1.1041494 2.2668 0.0917 

Moisture Treatment*Polyamine 

Treatment*Time Point 

   4 4 2.5788200 5.2942 0.0033* 
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Appendix 15 - Table S5. Two-way analysis of variance for relative transcript levels of GmSOD3 at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.89600444 19.4956 0.0017* 

Polyamine Treatment    2 2 0.11180068 1.2163 0.3408 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.38562410 4.1953 0.0516 

 

 

Appendix 15 - Table S7. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.3355147 1.4487 0.2679 

Polyamine Treatment    2 2 0.4047500 0.8738 0.4584 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.8045687 6.0550 0.0297* 

 

Appendix 15 - Table S8. Three-way analysis of variance for relative transcript levels of GmSOD3 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1874216 2.0760 0.1620 

Polyamine Treatment    2 2 0.0466344 0.2583 0.7744 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.6397137 9.0812 0.0011* 

Time Point    2 2 0.8776022 4.8604 0.0165* 

Moisture Treatment*Time Point    2 2 1.1778164 6.5231 0.0053* 

Polyamine Treatment*Time Point    4 4 2.0559647 5.6933 0.0021* 

Moisture Treatment*Polyamine 

Treatment*Time Point 

   4 4 1.6378332 4.5354 0.0068* 

 

 

 

 

 

Appendix 15 - Table S6. Two-way analysis of variance for relative transcript levels of GmSOD3 in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.1904400 7.7124 0.0215* 

Polyamine Treatment    2 2 1.5996289 32.3909 <.0001* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.0001267 0.0026 0.9974 
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Appendix 15 - Table S9. Two-way analysis of variance for relative transcript levels of GmSODB at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.48039216 10.4802 0.0143* 

Polyamine Treatment    2 2 0.31945052 3.4846 0.0891 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.44410052 4.8442 0.0478* 

 

Appendix 15 - Table S10. Two-way analysis of variance for relative transcript levels of GmSODB 

in 3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 19.370613 96.1787 <.0001* 

Polyamine Treatment    2 2 11.418326 28.3470 0.0004* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 2.431838 6.0373 0.0299* 

 

Appendix 15 - Table S11. Two-way analysis of variance for relative transcript levels of GmSODB 

in 5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 7.9695375 52.8966 <.0001* 

Polyamine Treatment    2 2 2.7974100 9.2837 0.0082* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 4.8661606 16.1492 0.0016* 

 

Appendix 15 - Table S12. Three-way analysis of variance for relative transcript levels of GmSODB 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 20.861307 156.3186 <.0001* 

Polyamine Treatment    2 2 3.019219 11.3119 0.0004* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.511083 1.9148 0.1711 

Time Point    2 2 13.514573 50.6339 <.0001* 

Moisture Treatment*Time Point    2 2 6.900483 25.8535 <.0001* 

Polyamine Treatment*Time Point    4 4 11.505030 21.5525 <.0001* 

Moisture Treatment*Polyamine 

Treatment*Time Point 

   4 4 7.088780 13.2795 <.0001* 

 

Appendix 15 - Table S13. Two-way analysis of variance for relative transcript levels of GmSODB2 

at 1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.6226750 41.2208 0.0007* 

Polyamine Treatment    2 2 0.0077167 0.0606 0.9417 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.7653500 6.0145 0.0369* 
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Appendix 15 - Table S14. Two-way analysis of variance for relative transcript levels of GmSODB2 

in 3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 22.358700 68.4869 0.0002* 

Polyamine Treatment    2 2 15.311400 23.4502 0.0015* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.909400 2.9243 0.1299 

 

Appendix 15 - Table S15. Two-way analysis of variance for relative transcript levels of GmSODB2 

in 5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 7.616133 4.1869 0.0867 

Polyamine Treatment    2 2 6.717317 1.8464 0.2372 

Moisture Treatment*Polyamine 

Treatment 

   2 2 15.562517 4.2777 0.0700 

 

Appendix 15 - Table S16. Three-way analysis of variance for relative transcript levels of 

GmSODB2 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 27.650069 37.5489 <.0001* 

Polyamine Treatment    2 2 7.761406 5.2700 0.0158* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 11.570906 7.8567 0.0035* 

Time Point    2 2 18.907006 12.8379 0.0003* 

Moisture Treatment*Time Point    2 2 4.947439 3.3593 0.0576 

Polyamine Treatment*Time Point    4 4 14.275028 4.8464 0.0079* 

Moisture Treatment*Polyamine 

Treatment*Time Point 

   4 4 6.666361 2.2632 0.1025 
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Appendix 16. Analysis of variance tables for assessing the interactions between different factors 

on the expression of GmGRchl in leaf tissues of V3 stage plants collected at 1, 3 and 5 days after 

treatment. 

 

Appendix 16 - Table S1. Two-way analysis of variance for relative transcript levels of GmGRchl at 

1 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.08359216 1.9019 0.2103 

Polyamine Treatment    2 2 0.23267552 2.6469 0.1393 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.03552552 0.4041 0.6822 

 

Appendix 16 - Table S2. Two-way analysis of variance for relative transcript levels of GmGRchl in 

3DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 0.12114405 2.8877 0.1201 

Polyamine Treatment    2 2 0.95160641 11.3417 0.0027* 

Moisture Treatment*Polyamine 

Treatment 

   2 2 0.46363103 5.5258 0.0242* 

 

Appendix 16 - Table S3. Two-way analysis of variance for relative transcript levels of GmGRchl in 

5 DAT 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture Treatment    1 1 2.0172000 9.7962 0.0203* 

Polyamine Treatment    2 2 2.1145500 5.1345 0.0502 

Moisture Treatment*Polyamine 

Treatment 

   2 2 1.9275500 4.6804 0.0596 

 

Appendix 16 - Table S4. Three-way analysis of variance for relative transcript levels of GmGRchl 

Source Nparm DF Sum of Squares F Ratio Prob > F 

Moisture treatment    1 1 1.4814861 17.3610 0.0004* 

Polyamine Treatment    2 2 0.0999897 0.5859 0.5647 

Moisture treatment*Polyamine 

Treatment 

   2 2 1.2549638 7.3532 0.0034* 

Tissue Type    2 2 0.7945280 4.6554 0.0201* 

Moisture treatment*Tissue Type    2 2 0.8876914 5.2013 0.0137* 

Polyamine Treatment*Tissue Type    4 4 3.2625151 9.5581 0.0001* 

Moisture treatment*Polyamine 

Treatment*Tissue Type 

   4 4 1.1947621 3.5002 0.0226* 
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ABBREVIATIONS 

 

ABA Abscisic acid 

AIH Agmatine imniohydrolase 

AsA Ascorbic acid 

ADC Arginine decarboxylase 

APX Ascorbate peroxidase 

BLAST Basic local alignment search tool 

Ca2+ Calcium ions 

CAT Catalase 

cDNA Complimentary deoxyribonucleic acid 

dcSAM decarboxylated S-adenosyl-methionine 

DAI Days after imbibition 

DAP Days after planting 

DAT Days after treatment  

DHAR Dehydroascorbate reductase 

DNA Deoxyribonucleic acid 

FAO United Nations Food and Agriculture Organization 

Fe3+ Iron ions 

GA Gibberellins  

GPX Glutathione peroxidase 

GR Gluthathione reductase 

GSH Glutathione 

H2O2 Hydrogen peroxide 

H2S Hydrogen sulfide 

MAPK Mitogen-activated protein kinase 

MDHAR Monodehydroascorbate reductase 

MDA Malondialdehyde 

mRNA messenger ribonucleic acid 



178 
 

O2 Oxygen 

1O2 Singlet oxygen 

O2∙
- Superoxide radical 

OH- Hydroxyl radical 

ODC Orthinine decarboxylase 

PA Polyamines 

PAO Polyamine oxidase 

PCR Polymerase chain reaction 

Put Putrescine 

RBOH NADPH oxidase/respiratory burst oxidase 

ROS Reactive Oxygen Species 

RNA Ribonucleic acid 

RT-PCR Reverse-transcriptase polyamerase chain reaction 

SAMDC S-adenosyl-methionine decarboxylase 

SOD Superoxide dismutase 

Spd Spermidine 

SPDS Spermidine synthase 

Spm Spermine 

SPMS Spermine synthase 

V3 Young soybean plant at third trifoliate leaf stage 

 


