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Chapter 1 

Literature Review 

1.1 Introduction 

Biotic and abiotic stresses such as herbivore attack, pathogen infection, salinity, drought, cold, 

heat and UV radiation, are unfavourable conditions that affect plant growth and productivity 

globally (Fedoroff et al., 2010). Agricultural productivity and food security are severely limited 

by salinity, drought and temperature. These environmental factors occur as a result of climate 

change, which is predicted to cause an increase in the occurrence of severe weather and may 

stimulate increased damage to plants (Zhu, 2016). Pathogen and herbivore attacks caused a 31 - 

42 % loss in crop yield and about 6 - 20 % post-harvest loss (Tesfaw & Feyissa, 2014). Estimates 

have shown that over 50 % loss of crop yield worldwide is as a result of abiotic stresses (Lobell 

et al., 2011) and their severity would lead to an increase in loss of arable land yearly. Population 

growth and migration to these arable lands further increases the issue of land desiccation and by 

2050, food production will have to be increased by at least 70 % to meet the growing demand for 

quality, nutritious and sustainable food. Various biotic and abiotic stresses lead to the increased 

production of reactive oxidative species (ROS) in plants that cause damage to proteins, lipids and 

nucleic acids, resulting in cell death (Choudhury et al., 2017). 

ROS are second messengers in cellular processes; they act as signaling molecules or damaging 

molecules depending on the equilibrium between their production and scavenging. The ability of 

plants to survive stress depends on the duration and severity of the stress, changes in growth 

conditions and plant’s adaptation capacity to changes in the energy equation (Sharma et al., 
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2012). It has been estimated that about 1 - 2 % of oxygen consumed by plant cells leads to the 

production of ROS (Karuppanapandian et al., 2011). Reactive oxygen species (ROS) include 

singlet oxygen (¹O²), hydrogen peroxide (H₂O₂), hydroxyl (OHˉ) and superoxide radical (O₂ˉ) 

(Des & Roychoudhury, 2014). These types of ROS are generated as unwanted by-products of O₂ 

used up by plants (Karuppanapandian et al., 2011). Overproduction of ROS in plant results in 

imbalance in the redox homeostasis and leads to oxidative stress, which affects crop production 

(Sharma et al., 2017).  

Plants have adaptive mechanisms to prevent oxidative stress and these include photosynthetic 

pathway changes, over-expression of regulatory genes, antioxidant enzyme induction, synthesis 

of compatible solutes and accumulation or exclusion of ions (Tan et al., 2013). The enhancement 

of the antioxidant defence can increase a plant’s tolerance against the majority of biotic and 

abiotic stresses (Jin et al., 2012). Non-enzymatic and enzymatic antioxidant mechanisms 

scavenge and detoxify excess ROS, thereby preventing oxidative damage (Sharma et al., 2012). 

Some of the antioxidant enzymes include guaiacol peroxidase (GPX), catalase (CAT), 

superoxide dismutase (SOD), glutathione-S-transferase (GST) and ascorbate peroxidase (APX), 

while the non-enzymatic antioxidants include reduced glutathione (GSH), carotenoids, ascorbic 

acid (AA), proline, flavonoids, α-tocophenol and phenolics (Gill et al., 2011).  

Heme oxygenase 1 (HO1) is another enzymatic antioxidant in plants and animals that has 

attained research interest as a result of its ability to detoxify ROS and free radicals by providing 

cytoprotection against oxidative stress (Shekhawat et al., 2010). HO1 oxidatively degrades heme 

to produce biliverdin, carbon monoxide and free iron (He & He, 2014) and play a role in the 

biosynthesis of phytochrome chromophore in plants (Muramoto et al., 2002). HO1 has also been 

shown to respond to different stresses including herbicides (Xu et al., 2012), heavy metals (Han 
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et al., 2014, Wang et al., 2017), salt and drought stresses (Xu et al., 2011). Stress tolerance in 

plants involves a number of genes, from the perception of stress by signal transduction pathways 

to the activation and control of stress-responsive genes in response to environmental stresses 

(Redondo-Gomez, 2013). 

 

1.2  Biotic and abiotic stress 

Stress in plants refers to external conditions that affect the growth and development or the 

productivity of plants. This is usually as a result of changes in environmental conditions, which 

triggers various responses in plants such as changes in growth rate, cellular metabolism, altered 

gene expression and crop yields (Gull et al., 2019). Plant stresses can be divided into biotic and 

abiotic stress. Biotic stress is caused by living organisms such as pathogens (bacteria, fungi, 

virus) while abiotic stress is caused by environmental factors such as salinity, drought, 

temperatures, and heavy metals among others (Gull et al., 2019).  

1.2.1 Biotic stressors 

1.2.1.1 Pathogens 

Biotic stresses are caused by pathogens such as bacteria, viruses and fungi, which alter plants 

primary metabolism and affects plant growth and development (Berger et al., 2007). Pathogenic 

changes to plant metabolism comprise reallocation of photoassimilates and suppression of plants 

defense responses. Pathogen attack to plants leads to leaf and fruit wilt, root and stem rot, 

chlorosis and necrosis, photosynthetic disruption that can result in low crop yield or plant death 

(Selvaraj & Fofana, 2012). Examples of pathogen attacks are by bacterial wilt of tomatoes 
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(Ralstonia solanacearum), Fusarium wilt of tomatoes (Bawa, 2016) and root knot disease of 

beans caused by Phaesariopsis griseola (Nay et al., 2019) due to attack on the xylem vessel. 

1.2.2 Abiotic stressors 

1.2.2.1 Salinity stress 

Salinity stress is one of the abiotic factors that affect agricultural crop productivity leading to 

over 50 % yield loss for crops. Globally, about 20 % of irrigated land is affected by salinity and 

there is a daily increase, which has been estimated that by 2050, about 50 % of this land will be 

salinised (Rasool et al., 2013; FAO, 2009). Salinity stress is caused by metabolic and 

physiological changes inhibiting crop production depending on the severity and the length of the 

stress. Ionic and osmotic stresses are the secondary effect arising from salinity stress and they 

affect plant’s processes such as nutrient uptake, metabolism and photosynthesis (Kadar, 2010). 

The osmotic phase occurs as a result of the presence of salt outside the root areas of a plant and 

leads to the inhibition of cell expansion, cell division, stomata closure and root growth. The ionic 

phase occurs due to the effect of salt in a plant that causes premature senescence in the adult 

leaves and leading to growth reduction in the photosynthetic area and enzyme activities (Munn & 

Tester, 2008).  

1.2.2.2 Drought stress 

Drought stress is an environmental stress and occurs due to various reasons including salinity, 

low rainfall, high and low temperatures. Drought stress causes morphological, physiological, 

biochemical and molecular changes in plants (Salehi-Lisar & Bakhshayeshan-Agdam, 2016). 

Drought occurs when there is reduced water availability in the soil and atmospheric conditions 
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that result in water loss by evaporation or by transpiration. It causes stomata closure, water 

content reduction, decreased growth, cell enlargement, photosynthetic and metabolic disruption 

and eventually leads to plant death and thus affects food production (Jaleel et al., 2009). 

1.2.2.3 Temperature  

Plants can be affected by high, chilling or freezing temperatures which lead to physiological, 

molecular and morphological and biochemical changes in plants, which affect food production 

(Bita & Gerats, 2013). Change in temperature occurs naturally during plant growth and 

development; however, very high temperature damages intramolecular interactions for growth 

and impairs plant development leading to loss of crop productivity. Hence food security for 

human population is challenged (Bita & Gerats, 2013). 

Low temperatures may also affect plants growth and productivity and lead to crop losses 

(Sanghera et al., 2013). Chilling (0 – 15 °C) and freezing (< 0 °C) injuries are as a result of low 

temperature in plants and they both interfere with non-photosynthetic and photosynthetic 

processes in a plant cell. Chilling and freezing stress leads to reduced crop yield and plant death 

(Shewfelt, 1992).  

 

1.3 Types of reactive oxygen species  

Reactive oxygen species (ROS) are reactive molecules, groups of free radicals and ions from 

oxygen, that are regarded as by-products from aerobic metabolism, which when produced in the 

cell at high amounts, results in cellular damages such as inactivation of enzymes, protein 

degradation, genetic alteration and programmed cell death amongst others (Sharma et al., 2012). 
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They are also beneficial in plants when produced in moderate quantities, mediating numerous 

responses in plants as second signaling messengers. ROS include singlet oxygen (¹O₂), 

superoxide radical (O₂ˉ), hydrogen peroxide (H₂O₂) and hydroxyl radical (OHˉ) (Choudhury et 

al., 2013). 

Singlet oxygen (¹O₂) is a harmless molecule unless activated, its activation occurs by adsorption 

of energy to form O₂ or by stepwise mono-valent reduction to O₂ˉ, H₂O₂ and OHˉ. Singlet 

oxygen can cause serious damage to photosystem I (PSI) and photosystem II (PSII) and may 

disrupt the photosynthetic system in plant cells. Abiotic stresses like drought and salinity cause 

the stomata to close, reducing the concentration of intercellular carbon dioxide (CO₂) in the 

chloroplast and forms singlet oxygen. Despite the short half-life of singlet oxygen which is 3 µs, 

it is able to diffuse through the cell and damage molecules like nucleic acids, pigments, lipids 

and proteins (Das & Roychoudhury, 2014). Singlet oxygen is the main reactive oxygen species 

that results in loss of activity of the PSII and cell death. It also up-regulates genes that protect 

plant cells against oxidative stress. Also, plants scavenge singlet oxygen with the aid of 

plastoquinone, β-carotene and tocopherol (Das & Roychoudhury, 2014). 

Transfer of energy to oxygen or the partial reduction of oxygen results in the constant production 

of ROS in the chloroplasts. Superoxide radical (O₂ˉ) is formed during the non-cyclic electron 

transport chain (ETC) in the thylakoid localised in the photosystem I and other compartments in 

the cell. Superoxide radical is the first ROS to be formed by the interaction between various ETC 

components and oxygen, and further reaction also generates other ROS family members. 

Transformation reaction of O₂ˉ produces toxic singlet oxygen and hydroxyl radicals and leads to 

lipid peroxidation in the membrane (Das & Roychoudhury, 2014). 
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Hydrogen peroxide (H₂O₂) is produced in plant cells under normal or stress conditions such as 

salinity, ultraviolet (UV) irradiation, drought, cold and pathogens. Major locations of H₂O₂ 

production in cells are in the mitochondria, chloroplast, plasma membrane and endoplasmic 

reticulum. H₂O₂ can readily diffuse from its site of production through biological membranes and 

cause oxidative damage. High levels of H₂O₂ in cells lead to programmed cell death (Sharma et 

al., 2012), whereas at low levels, it acts as a signaling molecule to biotic and abiotic stresses. 

H₂O₂ acts as a regulator in photorespiration and photosynthesis, cell cycle, senescence, stomatal 

movement, growth and development. 

Hydroxyl radical (OHˉ) production depends on O₂ˉ and H₂O₂ at neutral pH and temperature in 

the presence of transition metals. Its production is inhibited by superoxide dismutase (SOD) and 

catalase (CAT). Hydroxyl radical (OHˉ) is the most reactive of all reactive oxygen species and 

its interaction with biological molecules leads to cellular damages such as protein and membrane 

damage as well as lipid peroxidation. Cells do not have the mechanism to scavenge OHˉ 

enzymatically and increased production leads to cell death (Yadav & Sharma, 2016).  

 

1.4 Sites where ROS are produced in plant cells 

ROS formation occurs in stressed and unstressed cells and is formed by leakage of electrons 

from electron transport activities at sites located in the chloroplast, mitochondria, plasma 

membrane, perixosome, cell walls, apoplasts, and the endoplasmic reticulum. The main sources 

of ROS accumulation are the peroxisomes and chloroplast under light conditions while the main 

ROS producer is the mitochondrion in dark conditions (Choudhury et al., 2013). 
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1.4.1 Chloroplast 

In the chloroplast, there are thylakoid membrane systems that are ordered and house the 

photosynthetic machinery (Asada, 2006). ROS occur in different forms and are produced in 

different locations in the chloroplast. The main sites of ROS are the photosystem I (PSI) and 

photosystem II (PSII) electron transport systems (ETCs) in the chloroplasts. Salt, drought and 

temperature stress enhance ROS production in chloroplasts in the electron transfer chain (ETC) 

of the PSI and PSII. In normal conditions, electrons that flow from PS in an excited state centers 

on nicotinamide adenine diphosphate (NADP) and this is reduced to nicotinamide adenine 

dinucleotide phosphate hydrogen (NADPH); it then goes into the Calvin cycle and CO₂, the 

electron acceptor, is reduced. Under stress conditions, NADP is decreased, overloading the ETC, 

causing ferredoxin leakage, which leads to the reduction of O₂ to O₂ˉ. This then leads to the 

increased production of ROS (Sharma et al., 2012).  

1.4.2 Mitochondria  

Harmful ROS can be produced in the mitochondrial ETC, which houses charged electrons that 

reduces O₂ to O₂ˉ (Arora et al., 2002). Complex I and complex II are components of the 

mitochondrial ETC that produce ROS. Reduction of O₂ to O₂ˉ takes place in the nicotinamide 

adenine dinucleotide (NADH) dehydrogenase part of the respiratory chain in the flavoprotein 

region (Arora et al., 2002). When substrates for complex I are depleted, reverse electron flow 

occurs from complex II to I and this process increases the accumulation of ROS in complex I 

under the regulation of adenosine triphosphate (ATP) hydrolysis (Turrens, 2003). The ETC and 

ATP synthases are coupled under normal aerobic conditions in plants but different stress factors 

modify and inhibit their components reducing the electron carrier and thus, leading to the 

production of ROS (Murphy, 2009). Mitochondrial superoxide dismutase (Mn-SOD) and 
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mitochondrial alternative oxidase (Mn-AOX) are enzymes used by plants to neutralize the effect 

of oxidative stress.  

1.4.3 Plasma membrane 

The plasma membrane plays an important role with environmental changes that occur in the cell 

and it provides necessary information for the continuous survival of the plant cell. The NADPH-

dependent oxidases localised in the plasma membrane are exposed due to the way their genes are 

expressed and different homologs present under stress conditions (Apel & Hirt, 2004). The 

NADPH-dependent oxidase mediates electron transfer from NADPH in the cytoplasm to O₂ to 

form superoxide radical (O₂ˉ). The O₂ˉ formed is spontaneously dismutated or the activity of 

superoxide dismutase (SOD) dismutates O₂ˉ to form hydrogen peroxide (H₂O₂). It has been 

supported that NADPH oxidase plays a significant role in the plant’s defence against biotic and 

abiotic stress conditions (Apel & Hirt, 2004). 

1.4.4 Peroxisomes 

Peroxisomes are micro-bodies bound by a lipid bilayer membrane. Peroxisomes in plants 

function in the biosynthesis of auxin and jasmonic acid, photomorphogenic degradation of 

branched amino acids and the production of glycine betaine. It has also been suggested that 

regulatory proteins in the peroxisomes like kinases, heat shock proteins (HSPs) and phosphatases 

also exist (Grant et al., 2000). Peroxisomes have an important oxidative metabolism and are the 

main sites for intracellular H₂O₂ production. During metabolism in the peroxisomes, superoxide 

radicals (O₂ˉ) are made at two different sites. In the first location, xanthine and hypoxanthine are 

metabolised to uric acid by xanthine oxidase (XOD) present in the peroxisome matrix. In the 

second location where the membrane is dependent on NADPH, O₂ˉ is produced as a by-product. 

http://etd.uwc.ac.za/



 

10 
 

The production of H₂O₂ in peroxisomes result from metabolic processes catalysed by flavine 

oxidases, photo-respiratory glycosate oxidase, disproportionation of O₂ˉ radicals and fatty acid β-

oxidation (Del Rio et al., 2006). The increased production of O₂ˉ and H₂O₂ leads to oxidative 

damage while low amounts of O₂ˉ and H₂O₂ act as mediators in the signalling of pathogen-

induced programmed cell death in plants. 

 

1.5  Targets of reactive oxygen species 

1.5.1 Proteins  

Production of reactive oxygen species damages proteins, lipids and DNA as shown in Figure 1. 

Plants that are stressed produce ROS, which causes oxidation of proteins, thereby varying 

protein activity directly through nitrosylation, disulphide bond formation, carbonylation and 

glutathionylation, or indirectly through the breakdown of products from fatty acid peroxidation 

by conjugation (Moller et al., 2007). Excessive ROS, result in site-specific amino acid 

modification, changes in electric charge, cross-linking reaction product aggregation and 

sensitivity of proteins to proteolysis. Different amino acids in a peptide differ in their sensitivity 

to attacks by ROS. Sulfur containing amino acids and thiol groups are the most vulnerable for 

ROS attack and their oxidation is reversible. Cysteine and methionine are susceptible to damage 

by hydroxyl (OHˉ) and singlet oxygen (¹O₂) (Moller et al., 2007). Enzymes with sulphur-iron 

centers are irreversibly inactivated once oxidized by O₂ˉ. Oxidized proteins are predisposed to 

ubiquitination and are a target for proteasomal degradation (Das & Roychoudhury, 2014).  
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Figure 1: Target of ROS. Production of reactive oxygen species leads to protein, lipid and DNA damage (Sharma 

et al., 2012). 

1.5.2 Lipids 

Cells in the plasma membrane are enveloped by lipids and are able to adapt to environmental 

changes. Lipid peroxidation occurs in organelles and cellular membranes and affects the cellular 

function when ROS level increases above threshold. Lipid peroxidation is thought to be the most 

damaging action known in living organisms (Gill & Tuteja, 2010). Lipid peroxidation intensifies 

oxidative stress by producing lipid radicals that are able to react with and damage proteins and 

DNA. Malondialdehyde (MDA) is one of many cytotoxic products of lipid peroxidation and 

causes damage to cell membranes (Wahsha et al., 2012). Lipid peroxidation caused by ROS can 

result in destabilisation and increased fluidity and permeability in the cell membrane (Sharma et 

al., 2012). 
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1.5.3 DNA  

Reactive oxygen species are the main cause of DNA damage and cause oxidative harm to 

mitochondrial, chloroplastic and nuclear DNA. DNA is a cell’s genetic material and when it is 

damaged, it can cause encoded protein changes and result in inactivation or malfunction of the 

protein. Oxidative stress on DNA leads to strand breakage, nucleotide removal, deoxyribose 

oxidation, protein-DNA crosslinks and organic base modification. Mutations also occur as a 

result of mismatches with nucleotides due to changes in one strand. It has been observed that 

plants exposed to salinity and metal toxicity undergo DNA degradation (Sharma et al., 2012). 

The hydroxyl radical reacts with purine and pyrimidine bonds and also damages the deoxyribose 

backbone by removal of hydrogen atoms, which further react and cause strand breaks in the 

DNA (Halliwell, 2006). Products generated from oxidative damage are C-8 hydroxyquanine, 

thymine glycol, hydroxylmethyl urea, adenine and opened thymine ring. Hydroxyl radical reacts 

with DNA or proteins creating DNA-protein crosslinks that are lethal to plants and are not easily 

reparable (Das & Roychoudhury, 2014). 

 

1.6 Plant defence mechanism against ROS 

The reactive oxygen species (ROS) defence mechanism is made up of antioxidants that aid in the 

alleviation of stress-induced oxidative damages. Plants have defence mechanisms comprising of 

non-enzymatic and enzymatic mechanisms to detoxify or scavenge ROS.  
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1.6.1 Non-enzymatic antioxidant mechanism in plants 

Non-enzymatic antioxidants comprise of the main redox buffers; ascorbic acid, glutathione 

(GSH), flavonoids, α-tocopherol, carotenoids and alkaloids (Das & Roychoudhury, 2014). These 

antioxidants protect components of the cell and function in plant growth and development by 

altering cellular processes such as mitosis, elongation, senescence and cell death (De Pinto & De 

Gara, 2004). Mutants that have low levels of ascorbic acid or modified glutathione (GSH) 

content are highly sensitive to stress. Ascorbic acid is oxidized by ROS to form oxidized 

monodehydroascorbate (MDA) and dehydroascorbate (DHA), while glutathione (GSH) is 

oxidized to glutathione disulfide (GSSG). The MDA, GSSG, and DHA can be reduced through 

the ascorbate-glutathione cycle to improve GSH and ascorbate levels. In response to various 

stresses, GSH levels and the activity of GSH biosynthetic enzymes in plants are increased 

(Vernoux et al., 2002). A balance of reduced to oxidized GSH and ascorbate is important for 

ROS scavenging in plant cells. Antioxidants in their reduced state are sustained using NADPH as 

a reducing agent by monodehydroascorbate reductase (MDHAR), glutathione reductase (GR) 

and dehydroascorbate reductase (DHAR).  

Flavonoids are secondary ROS scavengers that scavenge for damaged photosynthetic apparatus 

caused by energy excitation. They also scavenge singlet oxygen and improve damages caused to 

the chloroplast outer membrane (Agati et al., 2012). Carotenoids antioxidant mechanisms protect 

the photosynthetic system by scavenging singlet oxygen and heat generation, reaction with lipid 

peroxidation products to stop the chain reaction, disperse increased energy excitation through the 

xanthophylls cycle and prevent the production of singlet oxygen. 
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1.6.2 Enzymatic antioxidant mechanism in plants 

Enzymatic antioxidant mechanisms in plants include superoxide dismutase (SOD), catalase 

(CAT), ascorbate peroxidase (APX), glutathione reductase (GR), guaiacol peroxidase (GPX), 

monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR) (Filiz et 

al., 2019). These enzymes function in sub-cellular locations and scavenge stress-induced ROS 

produced in plants. 

1.6.2.1 Superoxide dismutase 

Superoxide dismutase (SOD) belongs to the metalloenzyme family found in aerobic organisms 

and plays a protective role against oxidative damages. SOD catalyses the dismutation of O₂ˉ into 

H₂O₂ and O₂ and is found in sub-cellular segments where activated oxygen is produced (Berwal 

& Ram, 2018). There are three types of metal-based cofactor isozymes; Mn-SOD, which is 

localised in the mitochondria, Fe-SOD localised in the chloroplasts and Cu/Zn-SOD localised in 

peroxisomes, the cytosol and chloroplasts (Mittler, 2002). These three isozymes are encoded by 

the nucleus and are upregulated by various abiotic stresses as a result of increased ROS 

formation. It has been reported that the increased production of SOD in plants leads to improved 

oxidative stress tolerance (Gupta et al., 1993). 

1.6.2.2 Catalase (CAT) 

Catalase is a heme-containing enzyme that catalyses the synthesis of O₂ and H₂O through the 

dismutation of H₂O₂ and it is present in many organisms from plants to mammals (Glorieux & 

Calderon, 2017). Catalase plays a role in the removal of H₂O₂ produced in the peroxisomes 

during oxidative stress by oxidases that are involved in purine catabolism, β-oxidation of fatty 

acids and photorespiration (Vellosillo et al., 2010). In angiosperms, isoforms CAT1, CAT2 and 
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CAT3 have been reported; CAT1 and CAT2 are localised in the cytosol and peroxisomes and 

CAT3 is localised in the mitochondria. CAT1 is expressed in seeds and pollens, while CAT2 is 

expressed in photosynthetic tissues, roots and seeds. CAT3 is expressed in vascular tissues and in 

leaves (Das & Roychoudhury, 2014). Increased catabolism produces H₂O₂, a stressful condition 

requiring increased energy production and outflow of the cell. CAT gets rid of H₂O₂ in an energy 

effective way. 

1.6.2.3 Ascorbate peroxidase (APX) 

Ascorbate peroxidase (APX) reduces the levels of H₂O₂ in the cytosol and chloroplasts of plant 

cells (Karuppanapandian et al., 2011). Ascorbate is used as a hydrogen donor by APX to degrade 

H₂O₂ to form monodehydroascorbate (MDHA) and H₂O (Karuppanapandian et al., 2011). 

Ascorbate peroxidases (APX’s) are a class I family of the heme peroxidases. On the basis of 

different amino acid sequences, it has five isoforms that are found in different sub-cellular 

locations in plants. The five isoforms of APX are stromal, cytosolic, thylakoidal, peroxisomal 

and mitochondrial (Sharma & Dubey, 2004). The APX’s have higher affinity for H₂O₂ than CAT 

and hence, are more efficient at scavenging H₂O₂ than CAT. Reports have shown that in 

response to abiotic stresses, the activity of APX increased (Hefny et al., 2009; Maheshwari & 

Dubey, 2009). Overexpression of the cytosolic APX gene derived from pea (Pisum sativum L.) 

in transgenic tomato plants (Lycopersicon esculentum L.) ameliorated oxidative damage induced 

by cold and salt stress (Wang et al., 2005). 
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1.6.2.4 Glutathione reductase (GR) 

Glutathione reductase is an important low molecular-weight thiol compound present in most 

cells. GR plays a role in the protection of the thiol group of enzymes, reacts with OHˉ and ¹O₂ 

and regenerates ascorbate by acting as a disulphide reductant (Karuppanapandian et al., 2011). 

Glutathione reductase makes use of NADPH to reduce GSSG to GSH. As an antioxidant, 

reduced GSH is oxidised to GSSH and it regenerates ascorbic acid (AA) from 

monodehydroascorbate (MDHA) and dehydroascorbate (DHA). The GR activity is predominant 

in the chloroplast and present in small amounts in mitochondria, the cytosol and peroxisomes. 

The importance of GR and GSH in scavenging H₂O₂ has been ascertained in the Halliwell-Asada 

pathway (Asada, 2000). Increased GR activity in plants leads to an increase in GSH and confers 

salt tolerance to plants. Studies have shown that GR activity increased in peas under abiotic 

stress (Hernandez et al., 2001), as well as in French bean (Phaseolus vulgaris) (Nagesh & 

Devraj, 2008) and cowpea (Contour-Ansel et al., 2006). 

 

1.7 Heme oxygenase-1 

Enzymatic antioxidants play a role during oxidative damage by scavenging ROS produced in 

plant cells. Heme oxygenases are enzymes that catalyse the oxidative conversion of heme iron 

(Fe) protoporphyrin (IX) into biliverdin, carbon monoxide (CO) and ferrous iron (Fe²⁺ ) in the 

presence of a reducing agent (NADPH/FNR/Fd) (Figure 2). Three heme oxygenase (HO) 

isoforms have been identified in mammals, namely heme oxygenase 1 (HO1), heme oxygenase 2 

(HO2) and heme oxygenase 3 (HO3) (He & He, 2014). Heme oxygenase 1 (HO1) is an inducible 
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32 kDa isoenzyme whose up-regulated expression is induced in response to oxidative stress and 

prevents programmed cell death by increasing the rate of catabolism of free heme (Gozzelino et 

al., 2010). Heme oxygenase 2, a 36 kDa isoenzyme and (HO3), a 33 kDa isoenzyme are both 

constitutively expressed with low activity. 

Heme contains a Fe²⁺  atom, which can act as a Fenton reactor to produce OHˉ radicals from 

H₂O₂ (Gozzelino et al., 2010). Heme catabolism is a process that allows for the production of 

iron (Fe) from the protoporphyrin ring, which induces the expression of the ferritin H chain 

(FtH) and forms a complex that stores Fe (Figure 2). Heme catabolism by HO1 also generates 

biliverdin, which can be converted by biliverdin reductase to bilirubin, an antioxidant. Carbon 

monoxide (CO), a modulator of cellular signal transduction such as up-regulation of anti-

apoptotic effectors and anti-inflammatory cytokines, is also produced by heme catabolism 

catalysed by HO1 (Gozzelino et al., 2010). Carbon monoxide also acts as a modulator of the 

mitogen protein kinase (MAPK) pathway (Otterbein, et al., 2000), activates soluble guanyl 

cyclase (sGC) and up-regulates cyclic guanosine monophosphate (cGMP) (Morita et al., 1995). 

The end products of heme catabolism have cytoprotective effects such as being anti-

inflammatory, anti-proliferation and anti-apoptotic. While the protective role of HO1 has been 

shown in a number of studies, its mechanism of action has not been fully elucidated. 
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Figure 2: The heme oxygenase-1 degradation system. Free heme can catalyse the formation of cytotoxic 

hydroxyl radical from hydrogen peroxide. Biliverdin is synthesised from the cleavage of free heme by HO1, 

with the release of CO and Fe²⁺ and bilirubin (BR) is synthesised from BV by BV reductase (BVR) 

(Gozzelino et al., 2010). Ferritin (Fe) is stored in the ferritin heavy chain (FtH) complex that stores iron.  

 

1.7.1 Heme oxygenase-1 in plants 

Heme oxygenase-1 was first identified in rat liver (Tenhunen et al., 1968) as a heme degrading 

enzyme. Its role and cellular localisation was later characterised (Tenhunen et al., 1969). Heme 

oxygenase has since then been identified in organisms such as algae, bacteria, insects, mammals 
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and humans and the enzyme performs various cellular and enzymatic functions, depending on 

the organism (Oritz de Montellano & Wilks, 2001). Heme oxygenase in some pathogenic 

bacteria is used to scavenge iron from infected hosts. In algae and cyanobacteria, heme 

oxygenase is needed for the production of phycobilin chromophores for light harvesting 

photosynthesis (Beales, 1993). In mammals, heme oxygenase plays a role in the heme 

degradation pathway and also offers cytoprotection against oxidative susceptibility and tissue 

injury (Muramoto et al., 2002). The different enzymatic functions played by heme oxygenase in 

these organisms occur in different cell locations (Shekhawat & Verma, 2010). The role of heme 

oxygenase-1 in mammals has been well characterised as a main factor of cellular stress tolerance 

but its roles in plants have not been well studied and very few studies have been able to describe 

its antioxidative features (Shekhawat & Mahawar, 2017).  

The function of heme oxygenase in plants was analysed in mutants that are not capable of 

producing phytochrome chromophore establishing the role that phytochromes play in various 

developmental responses from photo-adaptation to light and hormones interactions (Terry, 

1997). Cloning of an Arabidopsis mutant HYI sequence showed similarity of the mutant gene 

HYI to that of the cyanobacteria and mammalian heme oxygenases (Muramoto et al., 1999). 

Homologues of HYI in yg-2 (yellow-green 2) mutant of tomato, sec-5 mutant of rice and pcd-1 

(phytochrome chromophore deficient 1) mutant of pea have been identified to function in the 

biosynthesis of a phytochrome chromophore (Shekhawat & Verma, 2010). Heme oxygenase 

genes have been identified in higher plants such as rice, maize, wheat, barley, cotton, pea, tomato 

and in the model plant Arabidopsis thaliana (Davis et al., 2001). Study on the characterisation of 

the heme oxygenase protein family in Arabidopsis thaliana reveals a diversity of functions such 

as the biosynthesis of phytochrome chromophore (Gisk et al., 2010). In Arabidopsis, four heme 
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oxygenase genes, HO1, HO2, HO3 and HO4 have been identified and classified into two 

subfamilies. The HO1, HO3 and HO4 belong to the HO1-like subfamily while the HO2 is the 

only member of the HO2 subfamily (Emborg et al., 2006). The classification of these genes into 

subfamilies is based on their sequence alignment. The HO1 has the highest level of expression 

followed by HO2, whereas HO3 and HO4 are expressed at relatively low levels (Matsumoto et 

al., 2004).  

1.7.2 The role of heme oxygenase products  

Heme oxygenase oxidative degradation produces biliverdin, carbon monoxide and free iron. 

Biliverdin is an antioxidant and its further degradation by biliverdin reductase produces bilirubin, 

which is a more potent antioxidant. In animals, biliverdin produced from heme degradation 

reacts with biliverdin reductase and acts as a cytoprotectant by producing anti-inflammatory 

cytokine interferon 10, inhibits hepatitis B replication in vitro and inhibits nitrosylation-

dependent pro-inflammatory TLR4 (Toll-like receptor 4) expression (Chen et al., 2012). 

Biliverdin is produced in plants, red algae and cyanobacteria and serves as a precursor for 

photosensitive tetrapyrroles like phycoerythrobilin and phycocyanobilin (Chen et al., 2012).  

Carbon monoxide is known to be a poisonous gas. However, in animals, it is endogenously 

produced through induction by various stress stimuli such as heavy metals, hypoxia, heat shock 

and ROS (Dulak & Jozkowicz, 2003). Like nitric oxide, carbon monoxide is a signalling 

molecule that produces cyclic guanosine monophosphate (cGMP) by activating soluble 

guanylate cyclase (sGC) in animals. In plants, carbon monoxide also plays an important 

physiological role in regulating growth and development (Guo et al., 2009) as well as stomatal 

closure (Garcia-Mata & Lamattina, 2013), in response to environmental factors. A low level of 

carbon monoxide in plants enhances root and seed germination and seed dormancy breaking (He 
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& He, 2014). Free iron is released in a Fenton reaction with superoxide radical sequestered into 

ferritin, an iron storage protein (Shekhawat & Mahawar, 2017). Studies have shown that the pro-

oxidant state of the cell is lowered through the upregulation of ferritin under oxidative stress 

(Balla et al., 1992), (Vile & Tyrell, 1993). While the role of free iron in animals is well studied, 

in plants its role has not been fully established. 

1.7.3 Heme oxygenase-1 and abiotic stresses 

In animals and plants, HO1 can be induced by its own substrate heme; it is also up-regulated by 

various stressors such as hypoxia (Motterlini et al., 2000), salinity (Xie et al., 2011), UV 

radiation (Yannarelli et al., 2006), heavy metals (Han et al., 2008) and hydrogen peroxide (Chen 

et al., 2009). Hematin and hemin, which are heme-containing compounds, induced heme 

oxygenase 1 expression in wheat (Wu et al., 2011), alfalfa (Han et al., 2007), cabbage (Duan et 

al., 2016) and tomato (Xu et al., 2010). HO1 induction by β-cyclodextrin-hemin lowered the 

accumulation of cadmium (Cd), thereby preventing Cd-induced oxidative damage (Fu et al., 

2011).  

1.8 Sorghum bicolor as the model plant 

Sorghum bicolor L. (Moench) is the fifth most important cereal crop adapted to the subtropical 

and tropical regions of the world (Dalal et al, 2012). Sorghum is a diploid and has a small 

genome size of 750 Mbp with germplasm diversity and is a useful model cereal for structural and 

functional genomic studies to facilitate improved agromonically useful traits (Reddy et al., 

2019). Its biomass can be used for animal feed and human food consumption, forages, 

production of green fuels that include bioethanol and biogas with less greenhouse emission. 
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Sorghum biomass is also used in the production of alcoholic beverages by the alcohol and liquor 

industry (Ignacimuthu & Premkuumar, 2014). Sorghum is the fifth most important cereal crop 

after wheat (Triticum aestivum L.), rice (Oryza sativa L.), maize (Zea mays L.) and Barley 

(Hordeum vulgare L.) (Medina et al., 2019). Sorghum world production was about 65.24 million 

tons in 2016, representing an increase of 5.42 million tons which was a 9.06 % increase from 

2015 (FAO, 2016). It is one of the main staple foods of the people affected by food security, 

supporting over 300 million lives in Asia and Africa (Ignacimuthu & Premkuumar, 2014). In 

comparison to other cereal crops, sorghum produces its grain in unfavourable conditions by 

adaptation to a wide range of environments. Hence the need to identify and characterise genes 

that are able to withstand biotic and abiotic stresses and develop stress tolerant crops for food 

security. 

  

1.9 Problem statement 

The role of heme oxygenase 1 as a stress responsive protein has been identified and characterised 

in few plants including Arabidopsis thaliana (Gisk et al., 2010), Zea mays (Han et al., 2012), 

Triticum aestivum (Xu et al., 2011), Medicago sativa L (Fu et al., 2011), and Brassica rapa (Jin 

et al., 2012). Upon induction by various environmental stresses, heme oxygenase 1 confers 

protection against oxidative damage and tissue injuries. To date, the role of heme oxygenase 1 

(HO1) has not been identified and characterised in Sorghum bicolor, an important cereal crop. 

Therefore, identifying and characterising the role of heme oxygenase 1 in Sorghum bicolor 

would pave the way towards a better understanding of the molecular and biological role of HO1 
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in sorghum plants upon various stress conditions. Data generated would then be used to generate 

transgenics lines towards crop improvement. 

 

2.0 The aim of the study 

The aim of this research was to characterise the heme oxygenase-1 gene from Sorghum bicolor 

and examine its role in conferring biotic and abiotic stress tolerance to plants. The following 

objectives were followed: 

 To analyse the physico-chemical parameters of the SbHO-1 gene using bioinformatics tools 

 To over-express SbHO1 into E. coli BL 21 codon plus strain, purify the protein and conduct 

enzyme activity assay  

 To analyse the expression pattern of SbHO-1 using quantitative real-time PCR under biotic 

and abiotic stresses. 
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CHAPTER 2 

In Silico Analysis of Sorghum Bicolor Heme Oxygenase Genes 

ABSTRACT: Heme oxygenase is an enzyme that produces biliverdin, carbon monoxide and 

iron by oxidative catalysis of heme. In mammals, isoforms HO1, HO2 and HO3 of heme 

oxygenase have been identified and characterised. In Arabidopsis thaliana and other plants, two 

HO subfamilies have been identified namely; the HO1-like subfamily (HY1/HO1, HO3, and 

HO4) and HO2-like subfamily (HO2).To date, only the HO1 and HO2 have been sequenced, but 

HO3 and HO4 still remain elusive. In addition, the physico-chemical properties and functional 

characterisation of sorghum HO genes has not yet been done. In this study, the physicochemical 

properties, multiple sequence alignment, phylogenetic analysis, exon-intron structure, and 

conserved motif analysis of heme oxygenase genes and proteins were performed. A total of 43 

HO homologous genes from 32 plant species were identified. Sequence analysis revealed that 

SbHO1 belongs to the heme oxygenase 1 protein subfamily and encodes a protein of 21.3 kDa, 

with a coding sequence of 557 bp. Exon-intron organisation showed that SbHO1 has 4 exons 

within its genomic DNA sequence. Multiple sequence alignment and conserved motif search 

identified the conserved heme oxygenase signature motif (QAFICHFYNI/V) as well as other 

amino acid sequence similarities between SbHO1 and the other plant homologs. Phylogenetic 

analysis showed that the HO genes are grouped into specific clusters with SbHO1, SbHO3 and 

SbHO4 clustered within the HO1-like subfamily and is more closely related to OsHO1. These 

bioinformatics results provide information for the identification of functional HO genes in plants 

and also provide a foundation for understanding stress responses mediated by HO1 in sorghum. 

Keywords: In silico, phylogenetic analysis, conserved motif, exon-intron organization, heme 

oxygenase, signature motif.  
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2.1  INTRODUCTION 

Biotic and abiotic stresses such as pathogen and herbivore attack, drought, salinity, temperature, 

heavy metals and UV radiation cause osmotic stress, which affects plant growth and 

development and lead to the increased production of reactive oxygen species (ROS) (Sharma et 

al., 2017). These factors in turn lead to low food production and hence, food scarcity as the 

demand for nutritious food would increase. To prevent food scarcity, there is a need to develop 

stress tolerant crops. Plants have developed various mechanisms to cope with these stresses such 

as ion transport mediation, production of compatible solutes and production of antioxidants, 

which are responsible for protecting plants against ROS. Various antioxidant systems such as 

ascorbate peroxidase (APX), superoxide dismutase (SOD), glutathione peroxidase (GPX) and 

catalase (CAT) play important roles in conferring cytoprotection in animals and in plants (Xu et 

al., 2011). Heme oxygenase (HO) is also an antioxidant enzyme that catalyses the oxidative 

degradation of heme to produce biliverdin, carbon monoxide (CO) and iron (Fe). Heme 

oxygenase was first identified in rat liver (Tenhunen et al., 1968) as an enzyme that degrades 

heme and is localised in the endoplasmic reticulum (Morse & Choi, 2002). Three isoforms of 

heme oxygenase were identified in mammals namely; the inducible HO1 and the constitutive 

HO2 and HO3 isoforms. Heme oxygenase 1 is induced by its substrate, heme and various 

environmental stresses. These stresses leads to increase in gene expression and activity while 

heme oxygenase 2 and 3 are constitutively expressed (Shekhawat & Verma, 2010). In the model 

plant Arabidopsis, four heme oxygenase isoforms namely HO1, HO2, HO3 and HO4 have been 

identified and classified into the HO1 (HO1, HO3, HO4) subfamily and HO2 into the HO2 

subfamily (Wang et al., 2014). While the role of heme oxygenase in mammals have been well 

characterised, its exact role in plants have not been well elucidated.  
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Bioinformatics are computer-based algorithms used to analyse and interpret biological processes 

(Eurich et al., 2012). Bioinformatics is employed to better understand the biological role of a 

gene and can be employed for characterisation and phylogenetic analysis as well as determining 

the structural and physicochemical parameters of a protein to facilitate experimental decisions. 

Gene identification and sequence analysis gives a better understanding of the characteristic 

function of a gene or protein. The sequences are first retrieved from a public database and 

subjected to different tools that predict their function, evolutionary relationship and structure 

accurately (Mehmood et al., 2014). The role of a protein can be predicted by determining the 

similarity of a protein sequence to that of a known protein sequence using tools like BLAST. 

These algorithms perform analysis tasks before further research can be undertaken and determine 

highly conserved sequences (Truong & Ikura, 2002).  

Proteins that are evolutionarily related show characteristic functions and have a conserved 

tertiary structure. Online tools like ClustalW are able to show the level at which each member of 

a protein family is conserved. ClustalW aligns highly similar sequences with good alignment 

score progressively to produce global aligned sequences of these sequences. These sequences are 

used for phylogenetic analysis to group a gene in accordance to their level of similarity and taxa 

organization. A phylogenetic tree gives concise information about the origin, the evolution and 

the potential role of proteins (Satpathy et al., 2013). Comparative analysis of exon-intron 

structure also gives an insight into the gene structure and organization, the functionality of a 

protein and evolutionary changes among different species. It also gives an understanding of the 

gains, losses and changes that occurred in a gene’s structure, thereby bringing to light the 

mechanisms underlying the molecular evolution of genes and genomes (Wang et al., 2013). 
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This chapter describes the use of bioinformatics tools to analyse the physico-chemical 

parameters, exon-intron organization, conserved motifs, multiple sequence alignment, 

phylogenetic analysis, and 3D structure between Sorghum bicolor heme oxygenases and other 

plant HOs. Part of the work described in this chapter has been published in the Journal of 

Bioinformatics and Biology Insight (Mulaudzi-Masuku et al., 2019). In addition, SWISS-

MODEL was used to predict the tertiary structure of SbHO1. 
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2.2  MATERIALS AND METHODS 

2.2.1 Identification and sequence analysis of heme oxygenase genes 

To identify genes that encode heme oxygenase proteins, the Arabidopsis thaliana (AtHO1, 

accession number BAA77759.1) and Sorghum bicolor  (SbHO1, accession number AF320026.1) 

protein sequences were obtained from the National Center for Biotechnology Information 

(NCBI) databases and were used as query sequences to perform a BlastP search (Altschul et al., 

1990). The obtained plant HO protein sequences were analysed using the Pfam database to 

identify the protein domain families and the CDD-search tool in the Conserved Domain 

Database of NCBI was used to confirm for the presence of the conserved heme binding domain. 

Physicochemical properties of the HO proteins such as the amino acid lengths, isoelectric point 

(pI), instability index, aliphatic index, molecular weight and grand average of hydropathicity 

(GRAVY) were obtained using the Expasy ProtParam tool (Gasteiger et al., 2005). Sub-cellular 

localisation was predicted by CELLO (Yu et al., 2006). 

2.2.2 Gene structure and conserved motifs analysis 

The Gene Structure Display Server (GSDS) online tool version 2.0 (Hu et al., 2015) was used to 

analyse the exon-intron structure of HO genes with the corresponding cDNA sequences and 

genomic DNA sequences. Conserved motifs were identified and analysed using the Multiple 

Expectation Maximization for Motif Elicitation (MEME 5.0.2) online tool (Bailey et al., 2009) 

with the maximum number of motifs = 5, minimum width = 6 and maximum width = 50 and 

other parameters at default settings. The motif sequences from the conserved motif search were 

analysed for functional annotation using the Conserved Domain Database (CDD) (Marchler-

Bauer et al., 2011). 
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2.2.3 Multiple sequence alignment and phylogenetic analysis of SbHO1  

Multiple sequence alignment and analysis of the HO genes among different plant species were 

obtained using the ClustalW2 program of the European Bioinformatics Institute (Larkin et al., 

2007). Phylogenetic analysis to determine the evolutionary relationship between SbHO1 

sequence and other plant HO1 genes was performed with MEGA: Molecular Evolutionary 

Genetics Analysis version 7.0 for bigger database (Kumar et al., 2015). The program was used to 

generate a boot-strapped data set of 1000 replicates. Pair-wise deletion and p-distance model by 

neighbor-joining (NJ) method were used.  

2.2.4 3D Structure prediction of SbHO1 

In order to generate the 3D model structure of SbHO1, the retrieved sequence was submitted to 

the SWISS model workspace online server to formulate SbHO1 homology models (Waterhouse 

et al., 2018). Template search with BLAST (Camacho et al., 2009) and HHBlits (Remmert et al., 

2012) was performed against the SWISS-MODEL template library. The template with the 

highest quality was used for model building based on the target template alignment using 

ProMod3.  

 

 

 

 

  

http://etd.uwc.ac.za/



 

30 
 

2.3  RESULTS 

2.3.1 Identification and sequence analysis of heme oxygenase (HO) genes 

Public databases provide resources to identify new HO genes and perform comparative analyses 

among various plant species. In order to determine the biological role of the SbHO1 gene, a 

homology search was performed in the NCBI database to retrieve 43 HO homologs from 32 

plant species (Table 2.1). The HO genes were further analysed using the Pfam database and 

found to belong to the PF01126 protein family. The conserved heme binding domain was also 

detected in the predicted HO proteins by the NCBI conserved domain search tool, indicating that 

the HO proteins analysed have comparable function. Broad characteristics of the HO gene, 

including the protein domain family, gene ID, domain family description and physicochemical 

parameters are shown in Table 2.1. The CDS lengths varied from 278 - 1381 bp and encoded 

polypeptides of 184 - 338 amino acid residues (Table 2.1). The molecular weight ranged from 

21.3 - 37.06 kDa with 5.39 - 9.19 pI values. Sub-cellular localisation from the various HO 

proteins was predicted to be in the chloroplast, nucleus, mitochondria and cytoplasm (Table 2.1).  
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Table 2.1: List of heme oxygenase enzyme homologs from 32 plant species and their primary protein 

features. 

Species name  Phytozome 

gene ID  

Protein 

domain 

familyᵅ 

Exon 

no. 

Protein 

length 

CDS 

(bp) 

MW 

(KDa) 

 pI Localiza

tion 

CELLO

ᵇ 

Gravy Aliphatic 

index  

Instability 

index 

EC 

Sorghum 

bicolor HO1 

Sobic.3010G

184600 

PF01126 4 184 557 21.3 5.59 Cyto -0.597 75.82 55.76 38055/37930 

Sorghum 

bicolor HO2 

Sorghum 

bicolor HO4 

Sobic.3001G

347800 

Sobic.3010G

184800 

PF01126 

 

PF01126 

4 

 

5 

328 

 

338 

987 

 

1017 

36.43 

 

37.06 

5.39 

 

8.58 

Nucl/chl 

 

Chlo 

-0.541 

 

-0.185 

75.34 

 

80.09 

62.38 

 

46.08 

40130/39880 

 

42190/41940 

Sorghum 

bicolor HO3 

Sobic.3010G

184600 

PF01126 4 288 867 31.88 6.42 Chlo -0.360 78.68 56.64 43555/43430 

Arabidopsis 

thaliana HO1 

AT2G26670 PF01126 3 282 849 32.69 6.50 Cyto/Chl 

 

-0.589 76.81 45.13 

 

40005/39880 

AtHO2 AT2G26550 PF01126 5 299 900 34.90 5.80 Nucl -0.795 79.20 50.50 37025/26900 

AtHO3 AT1G69720 PF01126 5 227 684 25.60 8.24 Mito -0.568 64.98 41.10 32110/31860 

AtHO4 

 

Zea mays HO1 

Glycine max 

HO1 

Glycine max 

HO3 

AT1G58300 

 

GRMZM2G1

01004 

GLYMA_04

GG147700 

GLYMA_06

G221900 

PF01126 

 

PF01126 

 

PF00126 

 

PF01126 

4 

 

4 

 

4 

 

4 

283 

 

285 

 

282 

 

282 

852 

 

1262 

 

282 

 

282 

 

32.95 

 

31.60 

 

32.11 

 

32.07 

6.98 

 

6.63 

 

8.63 

 

8.83 

Cyto 

 

Chlo  

 

Cyto 

 

Cyto  

-0.530 

 

-0.421 

 

-0.484 

 

-0.496 

80.64 

 

75.40 

 

80.99 

 

79.22 

45.25 

 

55.92 

 

47.08 

 

48.98 

45630/45380 

 

43555/43430 

 

37025/36900 

 

37025/36900 

 

Oryza sativa 

HO1 

LOC-

Os6G40080 

PF01126 4 289 870 31.91 6.28 Chlo -0.426 72.35 55.34 45045/44920 
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Table 2.1 continued 

Species name  Phytozome 

gene ID  

Protein 

domain 

familyᵅ 

Exon 

no. 

Protein 

length 

CDS 

(bp) 

MW 

(KDa) 

 pI Localiza

tion 

CELLO

ᵇ 

Gravy Aliphatic 

index  

Instability 

index 

EC 

Oryza sativa 

HO2 

Brassica 

juncea HO1 

Brassica 

juncea HO2 

Brassica 

juncea HO3 

LOC_Os3G2

7770 

LOC3579669

44 

NA 

 

NA 

PF01126 

 

PF01126 

 

PF01126 

 

PF01126 

4 

 

NA 

 

NA 

 

NA 

330 

 

282 

 

232 

 

281 

993 

 

849 

 

699 

 

846 

 

36.54 

 

32.62 

 

26.40 

 

32.27 

4.92 

 

7.68 

 

6.97 

 

6.99 

Chlo 

 

Chlo 

 

Nucl 

 

Cyto 

-0.433 

 

-0.691 

 

-0.544 

 

-0.657 

79.30 

 

69.18 

 

75.22 

 

71.92 

56.99 

 

44.19 

 

44.63 

 

45.95 

38515/38390 

 

46995/46870 

 

24660/24410 

 

40005/39880 

Brassica napus 

HO1 

Medicago 

sativa HO1 

Medicago 

sativa HO2 

Brara.G0127

8 

NA 

 

NA 

 

PF01126 

 

PF01126 

 

PF01126 

3 

 

NA 

 

NA 

282 

 

283 

 

290 

849 

 

852 

 

870 

 

32.62 

 

32.83 

 

33.59 

8.27 

 

6.21 

 

8.67 

Chlo/Cyt 

 

Cyto 

 

Nucl 

 

-0.656 

 

-0.633 

 

-0.576 

69.89 

 

67.24 

 

84.66 

44.61 

 

43.90 

 

43.82 

46995/46870 

 

42985/42860 

 

42525/42400 

Brachypodium 

distachyon HO1 

Bradi1g36640 PF01126 4 279 840 31.08 7.03 Chlo/Mit -0.394 77.71 48.16 39535/39420 

Solanum 

lycopersicum 

HO1  

Solyc12g009

470 

PF01126 4 278 837 

 

31.96 6.98 Cyto/Mit -0.580 72.27 42.95 35535/35410 

Solanum 

tuberosum HO1 

LOC1026000

14 

PF01126 4 278 837 32.00 7.66 Cyto/Mit -0.605 72.27 39.66 35535/35410 

Seteria italica 

HO1 

Seita.4G2232

00 

PF01126 4 282 849 31.44 6.14 Chlo/Mit -0.425 76.88 52.36 43555/43430 
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Table 2.1 continued 

Species name  Phytozome 

gene ID  

Protein 

domain 

familyᵅ 

Exon 

no. 

Protein 

length 

CDS 

(bp) 

MW 

(KDa) 

 Pi Localiza

tion 

CELLO

ᵇ 

Gravy Aliphatic 

index  

Instability 

index 

EC 

Hevea 

brasiliensis 

HO1 

LOC1106487

97 

PF01126 5 291 876 33.62 8.44 Cyto/Mit -0.567 74.05 49.93 40130/39880 

Spinacia 

oleracea HO1 

LOC1107765

60 

PF01126 4 281 846 

 

 

32.18 8.26 Cyto/Mit -0.512 74.63 49.66 37025/36900 

Aegilops 

tauschii HO1 

LOC1097752

69 

PF01126 4 288 867 31.63 6.21 Chlo -0.361 74.65 44.98 39535/39420 

Elaeis 

guineensis HO1 

LOC1050401

58 

PF01126 4 282 849 32.19 8.95 Cyto -0.566 76.45 59.51 46535/46410 

Asparagus 

officinalis HO1 

LOC1098194

96 

PF01126 4 272 819 31.11 8.88 Mito/Cyt -0.598 74.96 46.04 41035/40910 

Dendrobium 

catenatum HO1 

LOC1101041

87 

PF01126 5 285 858 32.41 8.74 Mito/Cyt -0.575 74.60 49.24 38180/37930 

Ziziphus jujuba 

HO1 

LOC1074348

21 

PF01126 4 293 882 33.43 8.81 Mito/Cyt -0.640 73.24 50.10 35535/35410 

Nicotiana 

tabacum HO1 

LOC1078185

91 

PF01126 4 278 837 32.27 8.50 Mito/Cyt -0.710 68.09 46.09 38515/38390 

Gossypium 

hirsutum HO1 

LOC1079626

17 

PF01126 4 285 858 32.96 7.71 Mito/Cyt -0.642 72.18 49.33 40005/39880 

Sesamum 

indicum HO1 

LOC1051620

92 

PF01126 4 272 819 31.18 7.73 Cyto -0.526 74.63 36.90 35535/35410 

Jatropha 

curacas HO1 

LOC1056393

64 

PF01126 4 291 876 33.29 7.70 Chlo -0.463 78.76 47.90 45505/45380 
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Table 2.1 continued 

Species name  Phytozome 

gene ID  

Protein 

domain 

familyᵅ 

Exon 

no. 

Protein 

length 

CDS 

(bp) 

MW 

(KDa) 

 Pi Localiza

tion 

CELLO

ᵇ 

Gravy Aliphatic 

index  

Instability 

index 

EC 

Manihot 

esculenta 

HO1 

Manes.14G13

2400 

PF01126 4 289 870 

 

 

33.30 8.72 Cyto/Chl -0.539 76.92 47.10 42985/42860 

Cucurbita 

maxima HO1 

LOC1115002

60 

PF01126 4 297 894 33.92 8.30 Chlo -0.578 71.91 48.25 37025/36900 

Amborella 

trichopoda 

HO1 

AMTR_s000

78p00062760 

PF01126 4 305 918 34.89 9.19 Mito/Chl -0.587 73.21 36.50 41495/41370 

Chenopodium 

quinoa HO1 

AUR6201113

1-RA 

PF01126 4 280 843 32.18 8.72 Cyto/Mit -0.537 76.29 42.53 38515/38390 

Phalaenopsis 

equestris 

HO1 

LOC1100223

87 

PF01126 4 285 858 32.53 7.64 Cyto -0.511 76.70 44.03 35660/35410 

Curcurbita 

moschata 

HO1 

Cucumis 

sativus HO1 

Triticum 

aestivum HO1 

Hordeum 

vulgare HO1  

LOC1114410

00 

 

LOC1012141

91 

NA 

 

 

NA 

PF01126 

 

 

PF01126 

 

PF01126 

 

 

PF01126 

4 

 

 

3 

 

NA 

 

 

NA 

297 

 

 

291 

 

288 

 

 

288 

894 

 

 

1381 

 

867 

 

 

867 

34.02 

 

 

33.31 

 

31.65 

 

 

31.62 

8.61 

 

 

7.67 

 

6.41 

 

 

6.41 

Chlo 

 

 

Chlo 

 

Chlo 

 

 

Chlo 

 

-0.588 

 

 

-0.531 

 

-0.370 

 

 

-0.339 

71.58 

 

 

72.71 

 

73.65 

 

 

75.00 

51.95 

 

 

52.22 

 

47.29 

 

 

42.60 

37025/36900 

 

 

37025/36900 

 

39545/39420 

 

 

39545/39420 
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2.3.2 Gene structure and conserved domain analysis of HO genes 

The exon-intron structures of plant heme oxygenase genes were examined using the GSDS 

online tool based on the CDSs and the genomic DNA sequences corresponding to the heme 

oxygenase genes. This was done to better understand the structural diversity of plant HO genes 

(Figure 2.1). Analysis of the exon-intron structures showed that the 36 HO homologs had three 

to five exons; 28 HOs had four exons, 5 HOs had five exons and 3 HOs had three exons while 

introns ranged from two to four (Figure 2.1), SbHO1 had 4 exons and 3 introns. AtHO1, NtHO1, 

CsHO1 and OsHO1 had both the upstream and the downstream stream DNA sequences while 

AtHO3, BdHO1, SbHO1 and SlHO1 had either the upstream or downstream sequences. The 

online MEME tool was used to predict the conserved heme oxygenase motifs to better 

understand the protein evolution using default parameter settings (maximum number of motifs; 

5, minimum motif width, 6 and maximum motif width, 50) (Figure 2.2). The sequence of each 

motif was verified using the NCBI protein database, motif 1 

(FICHFYNIYFAHTAGGRMIGKKVAEKILBKKELEFYKWDGDLSQLLQNVR) and motif 2 

(PWYAEFRNTGLERSEKLAKDLEWFKEQGYAIPEPSSPGVTY) encoded the heme 

oxygenase superfamily and was found to be present in all the HO homologs searched, while 

motifs 3, 4 and 5 did not encode any conserved domain (Figure 2.2). Motif 1 and 2 having been 

found in almost all heme oxygenase proteins provides a reliability of this identification and a 

functional similarity amongst them.  
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Figure 2.1: Exon-intron organization of plant heme oxygenase genes using a GSDS server. The species 

used are Asparagus officinalis (AoHO1), Arabidopsis thaliana (AtHO1, AtHO2, AtHO3, AtHO4), Aegilops 

tauschii (AtaHO1), Amborella trichopoda (AtrHO1), Brachypodium distachyon (BdHO1), Brassica napus 

(BnHO1), Cucurbita maxima (CmHO1), Cucurbita moschata (CmoHO1), Chenopodium quinoa (CqHO1), 

Dendrobium catenatum (DcHO1), Elaeis guineensis (EgHO1), Glycine max (GmHO1, GmHO3) Gossypium 

hirsutum (GhHO1), Hevea brasiliensis (HbHO1), Jatropha curcas (JcHO1), Manihot esculenta (MeHO1), 

Nicotiana tabacum (NtHO1), Oryza sativa (OsHO1, OsHO2), Phalaenopsis equestris (PeHO1), Sorghum 

bicolor (SbHO1, SbHO2, SbHO3, SbHO4), Setaria italica (SiHO1), Sesamum indicum (SinHO1), Solanum 

lycopersicum (SlHO1), Spinacia oleracea (SoHO1), Solanum tuberosum (StHO1), Ziziphus jujuba (ZjHO1), 

Zea mays (ZmHO1), Cucumis sativus (CsHO1).  
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Figure 2.2: Conserved motifs of heme oxygenase proteins. Different motifs are shown by different colored boxes. The 

species searched are Asparagus officinalis (AoHO1), Arabidopsis thaliana (AtHO1, AtHO2, AtHO3, AtHO4), Aegilops 

tauschii (AtaHO1), Amborella trichopoda (AtrHO1), Brachypodium distachyon (BdHO1), Brassica napus (BnHO1), 

Cucurbita maxima (CmHO1), Cucurbita moschata (CmoHO1), Chenopodium quinoa (CqHO1), Dendrobium catenatum 

(DcHO1), Elaeis guineensis (EgHO1), Glycine max (GmHO1, GmHO3) Gossypium hirsutum (GhHO1), Hevea brasiliensis 

(HbHO1), Jatropha curcas (JcHO1), Manihot esculenta (MeHO1), Nicotiana tabacum (NtHO1), Oryza sativa (OsHO1, 

OsHO2), Phalaenopsis equestris (PeHO1), Sorghum bicolor (SbHO1, SbHO2, SbHO3, SbHO4), Setaria italica (SiHO1), 

Sesamum indicum (SinHO1), Solanum lycopersicum (SlHO1), Spinacia oleracea (SoHO1), Solanum tuberosum (StHO1), 

Ziziphus jujuba (ZjHO1), Zea mays (ZmHO1), Cucumis sativus (CsHO1), Medicago sativa (MsHO1, MsHO2), Brassica 

juncea (BjHO1, BjHO2, BjHO3), Triticum aestivum (TaHO1), Hordeum vulgare (HvHO1).  
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2.3.3 Multiple sequence alignment and phylogenetic analysis of HO genes 

Multiple sequence alignment and phylogenetic analysis were performed based on the amino acid 

sequences of HO1 to examine the conservation and diversity of the HO1 domain region (Figure 

2.3 and 2.4). The alignment showed that the amino acid sequences are conserved in the HO 

signature sequence (QAFICHFYNI/V) (Figure 2.3) with SbHO1’s signature sequence 

(QAFICHFYNV) similar to that of the HO1-like sub-family. Isoform HO2 of Oryza sativa, 

Medicago sativa, Sorghum bicolor, Arabidopsis thaliana and Brassica juncea, HO3 of Glycine 

max and Brassica juncea, HO2, HO3 and HO4 of Arabidopsis thaliana were also included in 

both the alignment and phylogenetic analysis. The multiple sequence alignment showed that the 

HO1 sub-family members; HO1, HO3 and HO4 are more closely related and therefore shows 

higher sequence conservation than the HO2 sub-family (Figure 2.3). The HO2 lacks the histidine 

for heme-binding and catalysis, which is present in the HO1-like sub-family. The signature 

sequence of all HO3’s from Brassica juncea, Glycine max, SbHO3 share similarities with HO1s 

whereas HO4 signature sequence from Arabidopsis thaliana and Sorghum bicolor are different 

to the HO1s but similar to each other. The phylogenetic tree was constructed using the neighbor-

joining method and clearly showed that the HO1 sub-family members are differently clustered 

from the HO2 sub-family and are conserved across species (Figure 2.4). SbHO1, 3 and 4 are 

grouped into the HO1-like subfamily and SbHO1 is more closely related to OsHO1. These 

results show that the HOs have conserved similarity across the plant species. 
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Figure 2.3 
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Figure 2.3 continued 

 

Figure 2.3: Multiple sequence alignment of SbHO1 gene and other HO1/2/3/4 isoforms in plants using ClustalW2. The 

conserved HO amino acids are emphasized with red block. The black arrow pointing downwards is the conserved histidine residue 

for protein stability. The white reverse triangle shows the heme-iron binding and catalysis conserved histidine residue not present in 

HO2 sequences. The black diamond shows the conserved histidine residue that is involved in ascorbic acid binding. The species used 

are Asparagus officinalis (AoHO1), Arabidopsis thaliana (AtHO1, AtHO2, AtHO3, AtHO4), Aegilops tauschii (AtaHO1), Amborella 

trichopoda (AtrHO1), Brachypodium distachyon (BdHO1), Brassica napus (BnHO1), Cucurbita maxima (CmHO1), Cucurbita 

moschata (CmoHO1), Chenopodium quinoa (CqHO1), Dendrobium catenatum (DcHO1), Elaeis guineensis (EgHO1), Glycine max 

(GmHO1, GmHO3) Gossypium hirsutum (GhHO1), Hevea brasiliensis (HbHO1), Jatropha curcas (JcHO1), Manihot esculenta 

(MeHO1), Nicotiana tabacum (NtHO1), Oryza sativa (OsHO1, OsHO2), Phalaenopsis equestris (PeHO1), Sorghum bicolor 

(SbHO1, SbHO2, SbHO3, SbHO4), Setaria italica (SiHO1), Sesamum indicum (SinHO1), Solanum lycopersicum (SlHO1), Spinacia 

oleracea (SoHO1), Solanum tuberosum (StHO1), Ziziphus jujuba (ZjHO1), Zea mays (ZmHO1), Cucumis sativus (CsHO1), 

Medicago sativa (MsHO1, MsHO2), Brassica juncea (BjHO1, BjHO2, BjHO3), Triticum aestivum (TaHO1), Hordeum vulgare 

(HvHO1).  
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 Figure 2.4: Phylogenetic tree showing evolutionary relationship between SbHO1 sequence and other HO1/2/3/4 

sequence from plant. The protein sequence of SbHO1 was aligned with 24 other HO1/2/3/4 sequence from plant using 

ClustalW2 and analyzed using MEGA 7 program by neighbor-joining method with 1000 bootstrap replicate. The species 

used are Asparagus officinalis (AoHO1), Arabidopsis thaliana (AtHO1, AtHO2, AtHO3, AtHO4), Aegilops tauschii 

(AtaHO1), Amborella trichopoda (AtrHO1), Brachypodium distachyon (BdHO1), Brassica napus (BnHO1), Cucurbita 

maxima (CmHO1), Cucurbita moschata (CmoHO1), Chenopodium quinoa (CqHO1), Dendrobium catenatum (DcHO1), 

Elaeis guineensis (EgHO1), Glycine max (GmHO1, GmHO3) Gossypium hirsutum (GhHO1), Hevea brasiliensis 

(HbHO1), Jatropha curcas (JcHO1), Manihot esculenta (MeHO1), Nicotiana tabacum (NtHO1), Oryza sativa (OsHO1, 

OsHO2), Phalaenopsis equestris (PeHO1), Sorghum bicolor (SbHO1, SbHO2, SbHO3, SbHO4), Setaria italica (SiHO1), 

Sesamum indicum (SinHO1), Solanum lycopersicum (SlHO1), Spinacia oleracea (SoHO1), Solanum tuberosum (StHO1), 

Ziziphus jujuba (ZjHO1), Zea mays (ZmHO1), Cucumis sativus (CsHO1), Medicago sativa (MsHO1, MsHO2), Brassica 

juncea (BjHO1,BjHO2, BjHO3), Triticum aestivum (TaHO1), Hordeum vulgare (HvHO1).  
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2.3.4 Structure modelling of SbHO1 

The SbHO1 sequence was used to search against the Swiss-Model template library and the 

template with the highest quality was selected for model building using ProMod3 (Figure 2.5). 

Conserved coordinates between the target and the template was used to model the tertiary 

structure of SbHO1. The search generated about 50 templates, however the templates with the 

highest sequence identity used to build the model were the HO D136E mutant from 

Corynebacterium diphtheriae (HmuO) (1wnx.1.A) (Figure 2.6) and rat heme oxygenase (HO-1) 

in complex with heme binding to dithiothreitol (DTT) (3i9t.1.A) (Appendix I: Figure 1). HmuO 

showed 25.29 % sequence identity to SbHO1, while rat HO-1 showed 22.54 % sequence identity 

to SbHO1 (Appendix I: Figure 1). The models built are monomers with no ligands, with GMQE 

(Global Model Quality Estimation) scores of 0.64 and 0.62, which indicates a higher reliability 

of the search and a QMEAN (Qualitative Model Energy Analysis) score of -3.22 and -3.63 

respectively, which indicates the degree of “nativeness” of the model globally (Appendix I: 

Figure 1) suggesting that SbHO1 model that was generated was of high quality. A comparison 

plot with a non-redundant set of PDB structures showed the QMEAN4 (Qualitative Model 

Energy Analysis 4) Z score (Figure 2.6) of a combination of the c-beta atoms for residual level 

implementation, solvation energy for burial status of residues, all-atom energy for capturing 

model and torsion angle for local geometry (Appendix I: Figure 1).  
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Figure 2.5: Structural model of SbHO1 generated by SWISS-Model using Corynebacterium diphtheria HmuO 

as a template (https://swissmodel.expasy.org/interactive). 

 

 

 

Figure 2.6: QMEAN4 Z score estimation of absolute model quality from SWISS-MODEL work space for 

SbHO1: using structural coordinate for Corynebacterium diphtheria HmuO 

https://swissmodel.expasy.org/interactive . 
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2.4  DISCUSSION  

Heme oxygenases in plants are comprised of the HO1-like sub-family that includes the HO1, 

HO3 and HO4 genes and the HO2 sub-family, based on their amino acid sequences (Shekhawat 

& Vema, 2010). Heme oxygenase genes have been identified in Arabidopsis thaliana, barley, 

tomatoe, potatoe, maize, soybean, wheat and rice, among other crops (Shekhawat & Verma, 

2010). Heme oxygenase plays various roles in protecting plants from oxidative damages 

(Shekhawat & Verma, 2010) but its functional role in Sorghum bicolor has not been 

characterised. To understand the protective mechanism of SbHO1 and its role in stress defence, 

SbHO1 was identified and characterised in comparison to 42 other heme oxygenase homologs 

from 32 plant species. These homologs included 4 genes from Arabidopsis, 4 from Sorghum 

bicolor, 3 from Brassica junea, 2 from Oryza sativa and Medicago sativa and 1 each from other 

plant species (Table 2.1). The characteristic features of SbHO1 and other plant HOs such as the 

gene structure (gene ID, protein family domain, exon count) and physical parameters (instability 

index, aliphatic idex, extinction coefficient, protein length, and molecular weight) are detailed in 

Table 2.1. The instability index of the heme oxygenase genes varied from 36.50 to 62.38, 

aliphatic index ranged from 64.98 to 84.66, GRAVY ranged from -0.185 to -0.795 and the 

extinction coefficient ranged from 32110/31860 to 46995/46870 (Table 2.1). The instability 

index is a measure of the half life of a protein in vivo and a protein with an instability index of 

more that 40 has a half-life of less than 5 hours, while a protein with an instability index of less 

than 40 has a half life of more than 16 hours (Indicula-Thomas & Balaji, 2004). SbHO1 is 

composed of 180 amino acid residues with a molecular weight of 21.3 kDa, an instability index 

of 55.76 (thus it is predicted to be unstable) and a pI of 5.59, which is acidic. SbHO1 has an 

aliphatic index of 75.82, indicative that it is highly occupied by aliphatic chains with increased 
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thermal stability. SbHO1 has a GRAVY of -0.597, which indicates that it is interactible with 

water making it a soluble protein as confirmed by SOSUI and an extinction coefficient of 

38055/37930 (Table 2.1). 

Gene structure analysis gives an insight on how genes evolves. It determines a gene family’s 

evolutionary history, providing insights into the evolution of gene families. The positions, 

phases, or loss or gain of an intron aid in understanding evolution (Wu et al., 2017). As shown in 

Figure 2.1, the exon-intron structure from the GSDS server confirmed the exon count from the 

NCBI database (Table 2.1) of the HO homologs, which have 3 - 5 exons with a varied number of 

introns. SbHO1 specifically contains 4 exons with 3 intron between the exons. 

Motifs enables a clear understanding of a protein’s evolution and functionality and also plays a 

significant role in transcriptional regulation. Protein networks are controlled by specific peptide 

motifs, which is a linker to the importance of motif to a protein’s function and structure (Mittal et 

al., 2018). To understand the diversity and similarity of gene motifs in different HO genes, five 

conserved motifs were identified. In  this study, two motifts  were found namely;  motif 1 

(FICHFYNIYFAHTAGGRMIGKKVAEKILBKKELEFYKWDGDLSQLLQNVR) and motif 2 

(PWYAEFRNTGLERSEKLAKDLEWFKEQGYAIPEPSSPGVTY), which encoded the heme 

binding domain, and a characteristic of the heme oxygenase superfamily as it is present in almost 

all HO homologs, while motifs 3 - 5 had no putative conserved domains (Figure 2). However, 

BjHO2 lacked motifs 1 and 2 and AtHO3 lacked motif 1. These conserved motifs found in 

relation with the HO family mean that the HO sequences are conserved at these positions 

between species. Search results for conserved motifs can be used to identify signaling pathways, 

assess gene expression patterns and develop gene resistant markers. 
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Multiple sequence alignments indicated that SbHO1 showed high similarity to heme oxygenase-

1 (HO1) from other plant species (Figure 2.3). The HO1 signature sequence (QAFICHFYNI/V) 

is conserved across the plant species while HO2 (PLFLSHFYSIYF) showed few sequence 

differences from the HO signature sequence (Figure 2.3). The signature sequence for AtHO3 of 

(QAFICHFYNI) showed similarity to AtHO1, whereas AtHO4 (PAFICHFYNI) had a single 

amino acid sequence difference as compared to the HO1 signature sequence (highlighted in red). 

The HO1-like signature sequence has a conserved histidine needed for heme-iron binding and 

catalysis; this conserved histidine is not present in the HO2 sub-family. It was reported that the 

amino acid spacer between 34 - 55 residues in HO2 replaces a conserved area found in the HO1 

sequence and is the major difference between the HO1 and HO2 sub-families (Davis et al., 

2001). In Figure 2.3, it can be seen that the histidine residue (indicated by the open triangle) 

involved in heme-iron binding and catalysis present in the HO1 subfamily is replaced by arginine 

and tyrosine residues in the HO2 subfamily. 

A phylogenetic tree using the neighbor-joining method showed that SbHO1, SbHO3 and SbHO4 

are clustered under the HO1 sub-family while the SbHO2 is clustered with the HO2 sub-family 

(Figure 2.4). The phylogenetic tree also shows that SbHO1 and SbHO4 are more closely related 

to OsHO1 and BjHO1. SbHO2 is closely related to OsHO2 (Figure 2.4) while SbHO3 is closely 

related to ZmHO1. These results indicate that the HO1-like sub-family might have less similarity 

to the HO2-like sub-family after species divergence and this is in agreement with previous 

studies (Zhu et al., 2014; Xu et al., 2011). 

The Swiss-Model server was used to predict the 3D structure of SbHO1 using the D136E mutant 

of heme oxygenase from Corynebacterium diphtheriae (HmuO) (1wnx.1. A) and rat heme 

oxygenase (HO-1) in complex with heme binding dithiothreitol (DTT) (3i9t.1.A) as templates. 
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The predicted models had high sequence identity of 25.29 % and 22.54 % and 1.8 Å and 2.1 Å 

angle resolutions respectively (Appendix I: Figure 1). The models have GMQE scores of 0.64 

and 0.62, which indicates a higher reliability of the search and a QMEAN of -3.22 and -3.63 

respectively, indicating a degree of nativeness of the model globally (Figure 2.6). Global Model 

Quality Estimation (GMQE) score was between 0 and 1 and shows the accuracy of a model build 

with that alignment and template and the coverage of the target. A higher number means the 

model has a higher reliability. The QMEAN Z-score is indicative of the model compared to the 

expected outcome from experimentally determined structures with similar size and scores of -4.0 

and below indicates that the models are of a low quality (Benkert et al., 2011). QMEAN Z-score 

for the models indicates that of high quality as expected from experimental structure of same 

size. These findings suggest that SbHO1 and other HO1 in plants have a conserved role in plant 

responses against stress and have similar structures. 
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CHAPTER 3 

Expression and Purification of Sorghum bicolor Heme Oxygenase-1 (SbHO1) 

 

ABSTRACT: Heme oxygenase-1, the enzyme that oxidatively catalyses the formation of 

biliverdin from heme has been identified and characterised in a few plant species as stress-

responsive when induced by abiotic stresses. However, the molecular and enzymatic 

characterisation of heme oxygenase from Sorghum bicolor has not been performed. The aim of 

this chapter was to express and purify SbHO1 protein and to perform enzymatic assays to 

confirm that SbHO1 is a bona fide heme oxygenase. The SbHO1 gene was cloned into the 

pTrcHis-TOPO vector (TA) and successfully over-expressed in E. coli BL21 cells under the 

induction with isopropyl-1-thio-D-galactopyranoside. Purification was done under denaturing 

conditions and the protein properly refolded as shown by an intact band at 25.1 kDa, which 

corresponds to 21.3 kDa SbHO1 protein size plus the 6xHis tag which has a molecular weight of 

3.8 kDa. Enzyme activity assays were performed to determine the ability of SbHO1 to convert 

heme to biliverdin, thus providing an insight into the molecular processes of SbHO1. The results 

showed that SbHO1 is a true heme oxygenase that is able to convert heme to biliverdin as 

observed by soret bands at 405 nm and 610 nm, which correspond to the heme-enzyme (HO) 

complex and billiverdin respectively. In conclusion this study has identified and experimentally 

characterised a Sorghum bicolor heme oxygenase-1 and showed that it degrades heme to form 

billiverdin.  

Keywords: Biliverdin, expression, heme, Sorghum bicolor, denaturing, purification. 
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3.1  INTRODUCTION 

Protein expression involves the use of molecular techniques to produce target proteins and to 

determine its structural and functional properties. Recombinant protein expression can be 

conducted using prokaryotic, eukaryotic or in vitro systems (Jia & Jeon, 2016). Expression 

plasmids carrying suitable cDNA are transformed into a suitable expression host (Wingfield, 

2016). E. coli is often used as an expression host for production of proteins of either plant or 

animal origin, because it is time and cost effective, easy to genetically modify and also gives 

high protein yields (Jia & Jeon, 2016).  

An expression vector suitable for cloning of the target gene with features for overexpression of 

the recombinant protein is important. The pTrcHis-TOPO® expression vector used in this study 

contains a trc promoter, which has a -10 region from the lacUV5 promoter and a -35 region from 

the trpB promoter and they both enable increased levels of expression in E. coli (Brosius et al., 

1985). This vector contains the lac operator sequence to which the lac repressor binds and 

prevents transcription from occurring in the absence of IPTG, however, when IPTG is present, it 

binds to the repressor, reducing its binding affinity for the operator and induces expression 

(Jacob & Monod, 1961). The vector also contains a rrnB anti-termination sequence that 

decreases early transcription termination (Li et al., 1984), a T7 gene enhancer sequence that 

enhances effective translational initiation (Olins et al., 1988) and a mini-cistron for enhanced 

translational efficiency in prokaryotes (Schoner et al., 1986). Additional features of the pTrcHis-

TOPO vector are a HisG epitope containing N-terminal peptide, Xpress™ epitope, a 6X His tag 

for identification and purification of recombinant proteins and an N-terminal peptide remover as 

well as an enterokinase recognition site. 
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Subsequent to a successful expression of the desired protein into a suitable host cell, a 

purification system is needed for the purification of the protein of interest. The Immobilized 

Metal Affinity Chromatography (IMAC) is a purification system used to purify recombinant His-

tagged proteins on the basis of the interaction between the negatively charged His and transition 

metals on a matrix (Young et al., 2012). Ni (II) nitrilotriacetic acid (Ni²⁺ NTA) shows an 

increased affinity for histidine residues and a matrix that can withstand reuse and allows the 

dissociation of a bound recombinant protein by an imidazole gradient, metal chelating molecules 

or pH changes (Hefti et al., 2001).  

Following expression and purification of a recombinant protein, it is necessary to confirm that 

the protein is active or not. Enzyme activity assays are performed following purification to 

determine if the enzyme is active (Bisswanger, 2014). The heme oxygenase enzyme activity 

assay is used to determine the ability of a putative heme oxygenase to bind to its substrate hemin 

and subsequently produce the antioxidant biliverdin. The heme oxygenase assay relies on the 

formation of biliverdin by monitoring spectrophotometrically the increase in absorbance at 650 

nm that shows the successful degradation of heme (Jin et al., 2012). This chapter describes the 

recombinant expression and purification of the recombinant SbHO1 protein under denaturing 

conditions and the refolding of the denatured protein. The ability of SbHO1 to produce biliverdin 

from heme is also demonstrated.  
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3.2  MATERIALS AND METHODS 

3.2.1 PCR amplification of SbHO1 gene 

The expression construct, pTrcHis-TOPO-SbHO1, was provided by Dr. A. Faro (Department of 

Biotechnology, University of the Western Cape, MSB laboratory). To verify the correct SbHO1 

insert, PCR amplification was conducted. Primers for PCR amplification were manually 

designed based on the SbHO1 mRNA sequence (Accession number, AF320026.1) obtained from 

the NCBI database. The forward primer SbHO1-FW (5’-

GTACGGATCCATGCAGAGTTCCGGAACACT-3’) and reverse primer SbHO1-RV (5’-

GTACCTCGAGTCAGGTGAATATATGGCGGAG-3’) were designed to contain the BamHI 

and the XhoI restriction sites respectively. Primers were synthesised at Inqaba Biotechnical 

Industries (PTY) LTD, South Africa. PCR amplification was carried out in a 25 µl reaction 

containing 12.5 µl of 2X DreamTaq Green PCR mastermix (Thermo Scientific USA), 0.2 µM, 

forward and reverse primers, 0.05 µg template DNA. The final volume of 25 µl was made up 

with nuclease free water. PCR tubes were briefly centrifuged, transferred to a thermocycler and 

amplification performed as shown in Table 3.1. The PCR product was analysed on a 1 % agarose 

gel and viewed using an ENDURO™ GDS (Labnet International, UK) UV transilluminator. 
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Table 3.1: Thermocycling conditions for PCR amplification of SbHO1 gene 

Steps Temperature (°C) Time (min) Number of cycles 

Initial denaturation  96  2  1 

Denaturation 

Primer annealing 

Extending step 

94  

50  

72  

1  

1  

1.5 

 

30 

 

Final extension  72  10  1 

Hold  4  Till use ~ 

 

3.2.2 Bacterial strains 

E. coli strain XL GOLD competent cells were used to propagate plasmids, while E. coli BL21 

Codon plus cells were used for expression of recombinant pTrcHisTOPO-SbHO1. 

3.2.3 Transformation of pTrcHisTOPO-SbHO1construct into competent cells 

Competent cells were thawed on ice for 5 minutes and 2 µl pTrcHisTOPO-SbHO1 was added to 

50 µl of E. coli XL Gold competent cells in 1.5 ml Eppendorf tubes and incubated on ice for 30 

minutes. Cells were heat shocked at 42 °C for 45 seconds and further incubated on ice for 2 

minutes. After incubation, 450 µl of pre-warmed Luria Bertani (LB) media was added and the 

tubes were incubated at 37 °C for 1 hour with shaking at 225 rpm. Following incubation, 100 µl 

of the transformation mixture was plated on LB agar plates containing 100 µg/ml ampicillin and 

incubated at 37 °C overnight. For controls, untransformed cells were plated on LB agar plates 

with and without ampicillin. 
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3.2.4 Plasmid DNA isolation of pTrcHis-TOPO-SbHO1 expression construct 

From the plates containing E. coli strain XL GOLD cells transformed with pTrcHisTOPO-

SbHO1, a single colony was picked and inoculated into 10 ml LB media containing 100 µg/ml 

ampicillin and then incubated at 37 °C with shaking overnight. The following day, 5 ml of 

bacterial culture was centrifuged at 11,000 g for 1 minute to pellet cells and glycerol stocks were 

made with the remaining 5 ml (1 ml stock each) and stored at -80 ᵒC. The plasmid was isolated 

based on the alkaline lysis method (Bimboim and Doly, 1979) using the FavorPrep™ plasmid 

extraction kit (Favorgen, Taiwan) following the manufacturer’s protocol. The sample 

concentration was determined using the NanoDrop spectrometer (Thermo Scientific, Waltham, 

MA USA).  

3.2.5 DNA sequencing 

Plasmid DNA extracted in section 3.2.4 was sent for sequencing at the DNA sequencing facility 

at the Stellenbosch University (Cape Town, South Africa). Gene specific primers designed in 

section 3.2.1 were used for sequencing of the construct.  

3.2.6 Expression and isolation of recombinant SbHO1  

Single colonies from the E. coli BL21 Codon Plus plates transformed with pTrcHisTOPO-

SbHO1 were inoculated into 20 ml LB broth containing 100 µg/ml ampicillin and 1 % glucose. 

The culture was incubated overnight at 37 °C with shaking at 225 rpm. The following morning, 

the overnight culture was scaled up to 200 ml with LB broth media containing100 mg/ml 

ampicillin and was incubated at 37 °C with shaking until an OD600nm between 0.4 - 0.6 was 

reached. The culture was then induced with 1 mM isopropyl-1-thio-D-galactopyranoside (IPTG) 

and incubated at 30 °C overnight. Bacterial cells were harvested after 2, 4, 5 hours and overnight 
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induction by centrifugation at 4300 rpm for 10 minutes at 4 °C and the supernatant was 

discarded. Following the test expression, the same expression conditions were chosen for large 

scale protein expression. Large scale expression was performed in a final volume of 1.5 L and 

the cultures were induced at 30 °C overnight. The cultures were centrifuged at 4300 rpm for 10 

minutes and the pellet was lysed.  

3.2.7  Preparation of the soluble and insoluble clear lysate 

The cell pellet was lysed under native conditions to collect the soluble fraction by resuspending 

in 10 ml lysis buffer [1 X PBS pH 7.4, 1 mM β-mercaptoethanol, 5 mM imidazole, 1 mM PMSF, 

0.1 % Triton X-100, 100 mg/ml lysozyme, and 2000 U/ml DNAse 1]. The resuspended cells 

were incubated at room temperature for 30 minutes with shaking. Cells were sonicated for 4 

minutes (30 seconds pulsing and 30 seconds chilling on ice) and were centrifuged at 4300 rpm 

for 30 minutes. The supernatant (soluble fraction) was then collected and stored at -20 °C until 

further use. 

The remaining pellet from the native lysis was further lysed under denaturing conditions to 

collect the insoluble fraction (inclusion bodies) by re-suspending in 10 ml of urea lysis buffer [1 

X PBS pH 7.4, 1 mM β-mercaptoethanol, 5 mM imidazole, 1 mM PMSF, 0.1 % Triton X-100, 

100 mg/ml lysozyme, 4 M urea and 2000 U/ml DNAse 1]. The resuspended cells were incubated 

at room temperature for 30 minutes with shaking. The cells were sonicated for 4 minutes (30 

seconds pulsing and 30 seconds chilling on ice) and centrifuged at 4300 rpm for 30 minutes. The 

supernatant (insoluble fraction) was then collected and stored at -20 °C until use. 
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3.2.8 Purification of SbHO1 

Purification of SbHO1 was carried out on an immobilized metal affinity chromatography 

column. The column was first washed with 10 column volume (CV) of distilled H₂O and then 

equilibrated with 3 CV of equilibration buffer [1X PBS pH 7.4, 1 mM β-mercaptoethanol, 10 

mM imidazole]. The cell lysate was added to the column and the flow through was collected. 

The column was then washed with 3 CV of wash buffer [1 X PBS pH 7.4, 1 mM β-

mercaptoethanol, 10 mM imidazole] and the flow through was collected. The protein was eluted 

with 2 CV elution buffer [1X PBS pH 7.4, 1 mM β-mercaptoethanol, 250 mM imidazole] and the 

elution fraction was collected. The column was finally washed with 3 CV of 1 M NaCl and 1 X 

PBS and flow through was collected. The column was then stored at 4 °C in 20 % ethanol to 

prevent microbial growth. To confirm that the protein was successfully expressed and purified, 

the samples collected from the purification process were analysed on a 12 % SDS PAGE using 

the protocol in Appendix II: Table 1.  

3.2.9 Refolding of the purified SbHO1 protein 

The purified denatured protein was dialysed before refolding it to eliminate the imidazole used 

during the purification. The protein elute of 10 ml was poured into a Snakeskin Dialysis Tubing 

tube (Thermo Fisher Scientific, USA, catalogue # 68700). The dialysis was performed in 2 L 

dialysis buffer [1 X PBS, 1 mM β-mercaptoethanol, 5 % glycerol] while stirring at 180 rpm for 

48 hours at 4 °C. Following dialysis, the immobilised metal affinity chromatography column was 

washed with 5 CV distilled H₂O, equilibrated with 3 CV equilibration buffer [1 X PBS, 1 mM β-

mercaptoethanol]. The dialysed denatured protein was added to the column and the flow-through 

was collected. About 10 CV refolding buffer [200 mM NaCl, 50 mM Tris-Cl pH 8.0, 0.05 % 
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(w/v) PEG, 500 mM glucose, 4 mM reduced glutathione, 0.4 mM oxidized glutathione and 0.5 

mM phenylmethanesulfonylfluoride (PMSF)] was added to the column and flow-through was 

collected. The refolded protein was then eluted with 3 CV elution buffer containing 1 X PBS, 

250 mM imidazole and dialysed in 1 X PBS and 1 mM β-mercaptoethanol. The refolded, 

dialysed protein was analysed on a 12 % SDS PAGE.  

3.2.10  Protein concentration determination using the Bradford assay 

A Bradford protein assay was performed to determine the concentration of the refolded SbHO1 

protein. A protein standard curve ranging from 0 – 2 mg/ml bovine serum albumin (BSA) was 

prepared using 1 X PBS buffer, the same buffer contained in the protein sample. To a microplate, 

5 µl of the sample and 250 µl Bradford reagent was added in triplicate and incubated at room 

temperature for 5 minutes. The absorbance was measured at 595 nm with a spectrophotometer 

and the data obtained was averaged and was used to plot a standard curve. The protein sample 

was not diluted as the concentration as determined using a NanoDrop spectrometer fell within 

the standard curve range; 5 µl of the protein sample and 250 µl of the Bradford 1X dye reagent 

was prepared in triplicate and incubated at room temperature for 5 minutes. The absorbance was 

measured at 595 nm, averaged and the protein concentration was calculated using the equation 

derived from the standard curve (Appendix III: Figure 2). 

3.2.11  Heme oxygenase activity assay 

Heme oxygenase activity assays were performed to measure the conversion of heme to biliverdin 

as previously described (Verma et al., 2015). The assay reaction, in a final volume of 250 µl, 

contained 0.6 µM recombinant SbHO1, 10 mM potassium phosphate pH 7.4 and 200 nM hemin. 

The reaction was started by adding NADPH to a final concentration of 800 nM and the 
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absorbance was recorded using spectral wavelengths between 310 - 700 nm for 25 minutes at 25 

°C.  
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3.3  RESULTS  

In order to study the role of SbHO1 at a molecular level, SbHO1 was cloned into pTrcHis-TOPO 

TA vector system and was verified by re-amplification. The expression construct was used to 

transform E. coli BL21 Codon Plus host cells and expressed under induction with 1 mM IPTG. 

The SbHO1 protein accumulated in inclusion bodies and was extracted and purified under 

denaturing conditions using a Ni-NTA chromatography column. The denatured SbHO1 protein 

was refolded using the on-column method and was subsequently used to perform the heme 

oxygenase enzyme activity assay for functional characterisation.  

3.3.1 PCR re-amplification of SbHO1 insert 

In order to verify that the insert was present, PCR amplification of the SbHO1 coding sequence 

was performed using the pTrcHisTOPO-SbHO1 construct. Forward and reverse primers for 

SbHO1 were designed manually using the annotated Sorghum bicolor HO1 mRNA sequence 

(accession number AF320026.1) obtained from NCBI. Primers were designed to contain BamHI 

and XhoI restriction sites. The amplified insert was analysed on a 1 % agarose gel, which showed 

a band at the expected size of 557 bp as shown in lane 2 Figure 3.1. 
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Figure 3.1: A 1 % agarose gel electrophoresis analysis of pTrcHis-TOPO-SbHO1 PCR product. Lane M: 12 kb 

DNA marker (High range DNA ladder), lane 1: negative control, lane 2: amplified PCR product of SbHO1. 

 

3.3.2 DNA sequencing  

The pTrcHisTOPO-SbHO1 expression construct was sent for sequencing at the DNA sequencing 

facility Stellenbosch University (South Africa).  

 

3.3.3 Recombinant expression and purification of SbHO1 

To confirm that SbHO1 encoded a functional protein, the pTrcHis-TOPO-SbHO1 construct was 

transformed into E. coli BL21 Codon Plus cells and expression induced at 30 °C on a small-

scale, time-course experiment. Cells were harvested at different time intervals until overnight 

(Figure 3.2). Figure 3.2 shows the result of the small-scale time-course experiment indicating 
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thick bands at 25.1 kDa in the induced lanes 2 - 5. The expression experiment was then upscaled 

to obtain more of the recombinant SbHO1 protein under the same conditions. The induced 1.5 L 

overnight culture was harvested and lysed under both native and denaturing conditions by 

sonication. The soluble and insoluble cell lysate were purified using the Ni-NTA purification 

system and analysed on a 12 % SDS-PAGE gel (Figure 3.3A & 3.3B respectively). The expected 

size of the recombinantly expressed SbHO1 protein was 25.1 kDa, which includes the size of the 

SbHO1 protein of 21.3 kDa plus the 6xHis tag epitope and the Xpress™ epitope of ~ 3.8 kDa. 

Figure 3.3A showed that the protein was present in the cell lysate and flow-through but not in the 

eluted fraction. However, after purification of the insoluble fraction, it can be seen in figure 3.3B 

that the protein was present in the eluted fraction, although in low quantity. The denatured 

SbHO1 protein was dialysed and concentrated prior and after refolding the protein using the on-

column method as described in Section 3.2.9. Figure 3.4 shows the SDS-PAGE of the 

concentrated SbHO1 protein (lane 1) and the refolded purified protein (lane 5).  

 

Figure 3.2: A 12 % SDS PAGE gel of a time-course expression analysis of SbHO1. Lane M: 250 kDa protein 

marker (Thermo Scientific, USA), Lane 1: un-induced SbHO1, Lanes 2-5: 2 hours, 4 hours, 5 hours and overnight 

induction of SbHO1 at 30 °C respectively.  
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Figure 3.3: A 12 % SDS-PAGE gel showing the native and denatured SbHO1 protein. (A) Purification of 

native SbHO1: Lane M= 250 kDa protein marker (Thermo Scientifc, USA), Lane 1= cell lysate, Lane 2= flow-

through, Lane 3= wash 1, Lane 4= wash 2, Lane 5= elute. (B) Purification of denatured SbHO1: Lane M= 250 

kDa protein marker (Thermo Scientifc, USA), Lane 1= denatured cell lysate, Lane 2= flow-through, Lane 3= wash 

1, Lane 4= wash 2, Lane 5= elute, Lane 6= NaCl wash, Lane 7= bead. 

 

 

Figure 3.4: A 12 % SDS-PAGE gel showing the refolded purified SbHO1 protein. Lane M= 200 kDa molecular 

marker (unstained protein ladder, New England Biolabs), lane 1= concentrated SbHO1 protein, lane 2= flow-

through, lane 3= wash 1, lane 4= wash 2, lane 5= refolded SbHO1 protein.  
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3.3.4 Protein concentration determination using the Bradford assay 

The purified refolded SbHO1 protein was concentrated to a final volume of 1.3 ml using a 

Macrosep® Advance Centrifugal device concentrate (PALL Life Sciences, USA). The 

concentration of SbHO1 protein was determined using the Bradford assay as described in Section 

3.2.10. A protein standard curve using a stock solution of BSA (Bovine serum albumin) at a 

concentration of 2 mg/ml was prepared as shown in Appendix II: Table 3.1. The reaction mix 

was transferred to a 96 well microplate and the reaction was incubated at room temperature for 5 

minutes. The absorbance was measured at 595 nm and the Bradford standard protein absorbance 

values were used to draw a standard curve (Appendix III: Figure 2). The concentration of the 

protein was calculated using the equation in Appendix III: Figure 2 to determine the 

concentration of the SbHO1 protein, which was 0.078 mg/ml. 

3.3.5 Heme oxygenase enzyme activity 

The activity of the refolded SbHO1 protein was measured spectrophotometrically by observing 

absorbance changes associated with the conversion of hemin to biliverdin (BV) induced by 

SbHO1 as described in Section 3.2.11. As shown in Figure 3.5B, in the presence of both the 

SbHO1 protein and the substrate hemin, the formation of the heme-SbHO1 complex at 405 nm 

and BV formation at 610 nm was observed. In contrast, Figure 3.5A shows that in the absence of 

hemin, no heme-enzyme (SbHO1) complex or BV formation was observed. This result clearly 

indicates that the recombinant protein was able to degrade heme to produce the antioxidant BV.  
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Figure 3.5: Biochemical characterisation of purified recombinant SbHO1 protein. A: Absorption spectra of 

heme oxygenase activity in the presence of SbHO1 only (Control) B: Absorption spectra following the conversion 

of heme to BV by recombinant SbHO1 between 310 nm and 700 nm at 0, 5, 10, 15, 20 and 25 minutes after the 

addition of NADPH. Arrows indicate the complex formed at 405 nm and biliverdin formed at 610 nm over the 

course of the measurements.  
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3.4  DISCUSSION  

The aim of this chapter was to express and purify SbHO1 protein and to perform enzymatic 

assays to confirm that SbHO1 is a bona fide heme oxygenase. The pTrcHis-TOPO-SbHO1 

construct was verified by PCR re-amplification, which yielded an amplicon of 557 bp (Figure 

3.1).  

Time-dependent expression analysis showed the successful overexpression of SbHO1 in E. coli 

BL21 Codon Plus cells using the pTrcHis-TOPO vector. SDS PAGE gel analysis confirmed the 

presence of an overexpressed 25.1 kDa protein, the expected size of recombinant SbHO1 (Figure 

3.2). Large scale expression of SbHO1 protein was performed and SbHO1 was expressed as an 

insoluble protein and purified using the Ni-NTA affinity chromatography system under 

denaturing conditions (Figure 3.3B). The purified, denatured protein was dialysed, concentrated 

and successfully refolded as described previously (Cabrita & Bottomley, 2004; Santos et al., 

2012; Ruzvidzo et al., 2013). Purifying a refolded protein has its constraints as the protein yield 

is always less after refolding (Graslund et al., 2008). The purified refolded protein had a 

relatively low yield (Figure 3.4). Nonetheless, sufficient recombinant SbHO1 was obtained for 

subsequent enzyme assays. 

The refolded purified recombinant SbHO1 protein was used to test for heme ring cleavage 

activity by measuring the conversion of heme to biliverdin (BV) spectrophotometrically. The 

heme cleavage mechanism is conserved among members of the HO1 subfamily (HO1, HO3, and 

HO4) from A. thaliana, bacteria and mammals (Gisk et al., 2010). In this study, hemin was used 

as a substrate for heme oxygenase enzymatic activity. Figure 3.5A, which shows the control 

reaction lacking the substrate hemin, showed no complex formation or BV production. The 

enzyme SbHO1 first forms a complex with the substrate, heme, which results in a maximum 
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absorbance of the heme-SbHO1 complex at 405 nm (Figure 3.5B). Over a 30 minutes time-

course, a decrease in the peak from 405 nm was observed as a result of the conversion of heme to 

free biliverdin, as seen by the formation of a peak at 610 nm. SbHO1 showed similarity in the 

catalytic activity of heme cleavage as previously characterised for recombinant HYI from 

Arabidopsis (Muramoto et al., 2002), TaHO1 in wheat (Xu et al., 2011), OsHO1 in rice (Wang 

et al., 2014), and BrHO1 in Chinese cabbage (Jin et al., 2012). The results in this study are in 

agreement with other studies which showed the formation of the heme-HO1 complex at 405 nm 

and the production of biliverdin between 600 to 660 nm (Fu et al., 2011; Jin et al., 2012; Wang 

et al., 2014). This result indicated that the purified and refolded SbHO1 protein was active and 

able to degrade heme. This also confirms that SbHO1 is a true heme oxygenase and is a member 

of the HO1 subfamily. 
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CHAPTER 4 

Functional Analysis of Sorghum Bicolor Heme Oxygenase 1 

ABSTRACT: Biotic and abiotic stresses affect plant growth and productivity, which leads to 

increased production of reactive oxygen species (ROS). Heme oxygenase is a novel antioxidant 

enzyme that plays a role in cell protection through scavenging/detoxifying ROS to facilitate 

osmotic adjustment. Heme oxygenase genes are transcriptionally active and among them HO1 is 

the most expressed transcript, followed by HO2 while HO3 and HO4 are expressed at relatively 

low levels. HOs can be induced by heme, UV radiation, salinity, heavy metals and osmotic 

stress. The aim of this chapter was to study the expression profiles of SbHO1 following the 

exposure of plants to stress, using quantitative real time polymerase chain reaction (qRT-PCR). 

Before the expression of SbHO1 gene could be studied, the expression profiles of other SbHO 

(SbHO2, SbHO3, and SbHO4) genes were determined. Gene expression profiles indicated that 

SbHO1, SbHO2, SbHO3 and SbHO4 were expressed at different levels in the leaves, stems and 

roots under non-stress conditions, but more significantly, their transcript levels were induced by 

osmotic stress. Since the SbHO1 expression level was higher than the other SbHO genes under 

osmotic stress in the leaves, its expression was further investigated under heme, oxidative 

(H₂O₂), heavy metal (CuCl₂) and nitric oxide (Sodium nitroprusside) stress. The expression level 

of SbHO1 in leaves was up-regulated by its substrate hemin, H₂O₂, CuCl₂ and no significant up-

regulation by nitric oxide was observed. The results obtained suggest a possible functional role 

for SbHO genes in stress tolerance mechanisms in plants.  

Keywords: Expression profile, transcript, tolerance, ROS, osmotic stress, quantitative real-time 

PCR. 
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4.1  INTRODUCTION 

Pathogen attack, salinity, drought, and temperature are factors that affect plant growth and 

development and hence lead to low crop production (Pandey et al., 2015). These factors cause 

osmotic stress to plants leading to high concentrations of reactive oxygen species (ROS) that 

results in enzyme inactivation, DNA-protein cross-links, increase in membrane fluidity and 

permeability and nutrient imbalance, which are lethal to plants and are not easily reparable (Das 

& Roychoudhury, 2014). Plants have adapted defence mechanisms to respond to osmotic stress, 

which include stomatal regulation, osmotic adjustment and ROS detoxification through 

antioxidant mechanisms. 

Antioxidant mechanisms, both enzymatic and non-enzymatic, play a significant role in 

scavenging ROS formed during oxidative stress in plants. Heme oxygenase is another enzyme 

that degrades heme into carbon monoxide, free iron and biliverdin. Biliverdin is further reduced 

to bilirubin by biliverdin reductase and both compounds have antioxidative properties. Heme 

oxygenase genes are transcriptionally active with significantly overlapping levels of expression; 

HO1 being the most expressed followed by HO2, whereas HO3 and HO4 are expressed at low 

levels (Xu et al., 2011). HO1 is induced by heavy metals (Noriega et al., 2004), UV radiation 

(Yannarelli et al., 2006), salinity (Zill et al., 2008), glutathione depletion (Cui et al., 2011), 

heme, paraquat (Jin et al., 2012) and nitric oxide (NO) (Santa-Cruz et al., 2010). HO2 is induced 

by hemin, salinity (Gisk et al., 2010), paraquat (Wang et al., 2014) and NO (Fu et al., 2011). The 

induction of the HO genes in plants under different stress conditions suggests the role they play 

in mediating cytoprotection against oxidative damage.  

For a better insight of an enzyme’s biological roles, expression patterns of genes involved in 

signaling and metabolic pathways are required (Maroufi, 2016). To detect the expression level of 
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HO genes, real time polymerase chain reaction (PCR) is one of the suitable tools. Quantitative 

real-time PCR (qRT-PCR) is a technique that detects and quantifies DNA or RNA and the gene 

expression profile of specific genes by measuring at each cycle the amplified product in a PCR 

reaction (Gachon et al., 2004). Quantitative RT-PCR involves the incorporation of fluorescent 

reagents in a PCR reaction; florescence is emitted as the amplification of double stranded 

product is produced. The quantity of florescence emitted is quantified in real time by assessing 

the increased concentration of the amplicon after each cycle (Fitzgerald & McQualter, 2013).  

Quantitative RT-PCR is highly sensitive, accurate and has a high specificity making it a reliable 

technique for detecting foreign DNA or RNA and gene expression analysis (Qu et al., 2019). 

Though it is a tool for quantifying gene expression profiles, qRT-PCR performance and 

productivity are affected by the quality and integrity of the RNA used, efficiency of cDNA 

synthesis and variation in the amount of the RNA used (Andrade et al., 2017). These factors are 

avoided by normalization of genes expressed to correct variability in experimental procedures by 

using reference genes. Housekeeping genes such as phosphoenolpyruvate carboxylase (PEPC), 

elongation factor 1 alpha (EF-Iα), glyceraldehydes-3-phosphate (GAPDH), actin (ACT) and 

ubiquitin (UBQ) that are involved in cellular processes are considered as stably expressed genes 

(Li et al., 2017). These reference genes are used to obtain biologically meaningful expression 

values; however, if the reference genes are unstable, there is bias and expression data can be 

misinterpreted (Zhang et al., 2017).  

In this study, the expression profiles of HO genes from sorghum tissues including leaves, stems 

and roots, under osmotic stress treatment were determined. Also, the expression level of SbHO1 

using leaves under hemin (its substrate), H₂O₂ (hydrogen peroxide), CuCl₂ (copper (II) chloride) 

and SNP (sodium nitroprusside, a nitric oxide donor) stresses was measured. Knowledge of the 

http://etd.uwc.ac.za/



 

69 
 

functional gene expression profile will enable better insight into the role of HO genes in the 

metabolic and regulatory mechanism during oxidative stress.  
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4.2  MATERIALS AND METHODS 

4.2.1 Plant growth and treatment 

Sorghum bicolor seeds (Red sorghum) purchased from Agricol, Brackenfell, South Africa, were 

surface sterilized with 70 % ethanol for 1 minute followed by 20 % sodium hypochlorite solution 

for 20 minutes and rinsed extensively with autoclaved distilled water. The seeds were germinated 

in plant tissue culture vessels containing half strength Murashige Skoog (MS) media composed 

of 2.2 g/l MS, 1 % (w/v) sucrose, 5 mM MES and 0.4 % (w/v) plant agar, pH 5.8. The plant 

culture vessels were incubated at 25 °C under a 16 hours light/8 hours dark photoperiod for 14 

days. After growing for 14 days, sorghum seedlings were transferred to half strength MS media 

supplemented with 250 mM mannitol (to induce osmotic stress), 10 µM hemin, 10 µM H₂O₂, 

200 µM CuCl₂ or 100 µM SNP (sodium nitroprusside) as stressors and these were incubated for 

0 (untreated seedling as control), 3, 6, 12 and 24 hours for expression pattern analysis. For tissue-

specific analysis, roots, leaves and stems of treated seedlings were harvested and immediately 

frozen in liquid nitrogen and stored at -80 °C until further analysis. Three independent 

experiments were performed in triplicate. 

4.2.2 Total RNA extraction and reverse transcriptions 

Total RNA was extracted from 0.1 g of 2-week-old roots, leaves and stems of sorghum seedlings 

using the Favorgen plant mini RNA extraction kit (Favorgen Biotech Corp., Ping-Tung, Taiwan) 

according to the manufacturer’s instructions. To remove genomic DNA, the extracted RNA was 

treated with RNase-free DNase set (New England Biolabs, Massachusetts) and was analysed on 

a 1 % agarose gel. Concentration and purity of the genomic DNA free extract was checked using 

a NanoDrop spectrophotometer (Thermo Scientifc, USA). About 1 µg of the total extracted RNA 
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was used for synthesis of first-strand cDNA using the SuperScript™ III First-Strand synthesis kit 

(Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions. 

4.2.3 Quantitative real-time PCR 

Quantitative real-time PCR was used to analyse the expression profiles of HO genes in leaves, 

stem, and root of Sorghum bicolor. The experiment was performed on a Light cycler®480 

instrument, the reaction mix contained 1 µL template cDNA, 5 µL 2X SYBR Green I Master 

mix (Roche Applied Science, Germany), varying concentrations of each primer and distilled H₂O 

added to a final volume of 10 µL. The reactions were subjected to 95 °C for 10 minutes, 45 

cycles at 95 °C for 10 seconds, 55 °C for 10 seconds, and 72 °C for 20 seconds. A melting curve 

analysis was also performed using default parameters on the LightCycler® 480 instrument. 

Primer data of SbHO target genes and the reference genes ubiquitin (UBQ) and 

phosphoenolpyruvate carboxylase (PEPC) used for real-time PCR are shown in Table 4.1. 

Expression levels of the SbHO genes were normalised to the reference genes and analysed using 

the LightCycler® 480 SW (version 1.5) data analysis software. A standard curve was used to 

quantify the expression level of serially diluted cDNA templates by relative quantification 

methods (Pfaffl, 2001). Each reaction was performed in triplicate, inclusive of 3 non-template 

controls.  
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Table 4.1: Gene names and their accession numbers used to design primers for the 

quantitative real-time PCR analysis. 

GENE 

NAME 

FORWARD PRIMER REVERSE PRIMER ACCESSION 

NUMBER 

SbHO1 5’-TTCCAGACGCTCGAAGACAT-3’ 5’CCTGGGGATCCTTCTCAGAC-3’ AF320026.1 

SbHO2 5’-GGAAAAGTGGTTTGGAGCGT-3’ 5’-AACTCCAGCTCCCTTCCTTC-3’ AF320027.1 

SbHO3 5’TTCCAGACGCTCGAAGACAT-3’ 5’-CCTGGGGATCCTTCTCAGAC-3’ XM_002438597.2 

SbHO4 5’-TTCCTCGTCGATAGCAAGCT-3’ 5’-TTCCCAGACAGCTCTTCCAG-3’ XM_021449115.1 

UBQ 5’-GCCAAGATTCAGGATAAG-3’ 5’-TTGTAATCAGCCAATGTG-3’ XM_002452660 

PEPC 5’-GAAGAATATCGGCATCAA-3’ 5’CTATGTAATACTTGGTAACTTT-

3’ 

XM_002438476 
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4.3  RESULT 

4.3.1  Expression pattern analysis of SbHO genes  

In order to understand the role of sorghum HO genes (SbHO1, SbHO2, SbHO3 and SbHO4), 

their expression profile was investigated using different tissues including leaves, stems and roots 

(Figure 4.1) using qRT-PCR. SbHO transcripts were detected in all the tissues analysed (Figure 

4.2A), with different levels of expression under non-stressed conditions (Figure 4.1). In untreated 

plants, the pattern of expression was consistent in all the SbHO transcripts and showed higher 

expression in the stem, followed by the leaves and the roots, which had low levels (Figure 4.1). 

The result also showed that the expression level was high in the stem, leaves and the roots for 

SbHO1 respectively (Figure 4.1).  

 

 

Figure 4.1: Quantitative RT-PCR analysis of the expression profiles of Sorghum bicolor HO gene 

superfamily in various tissues under normal conditions. Gene names are shown on the x-axis and the 

expression levels on the y-axis. Different tissues of sorghum are shown in different colours. 
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4.3.2 Expression analysis of SbHO genes in response to osmotic stress 

Heme oxygenase (HO) genes are involved in cytoprotective responses to various stresses (He & 

He, 2014). Therefore, 250 mM mannitol treatment was used to induce osmotic stress and hence 

oxidative stress. The transcript levels of HO genes in response to the mannitol treatment were 

investigated by performing qRT-PCR on plant derived cDNA from time points of 0, 3, 12 and 24 

hours (Figure 4.2 B-D), where time point zero represent the untreated control plants. As shown 

in Figure 4.1, SbHO transcripts were differentially expressed in the leaves, stems and roots. 

Upon stress treatment, the transcript level of SbHO1 in leaves was significantly (P ≤ 0.01) 

increased at 3 hours compared to the control (Figure 4.2B), while no significant increase was 

observed in the stem (Figure 4.2C). A slight increase was observed in the roots (4.2D) at 3 and 

12 hours compared to the control. After 3 and 12 hours of stress treatment, SbHO2 was increased 

in the leaves compared to the control (Figure 4.2B) whereas, no significant increase was 

observed in the stems. SbHO2 transcript levels, however, showed a significant (P ≤ 0.01) 

increase in the roots (Figure 4.2D) at 12 hours with a 5-fold increase compared to the control. 

The SbHO3 transcript was down-regulated in the leaves and the stem and showed a significant (P 

≤ 0.01) 12-fold increase in the roots at 12 hours of stress treatment compared to the control. The 

SbHO4 transcript was slightly induced in the leaves at 24 hours and showed a 3-fold increase in 

the stem at 3 hours, while a slight increase in the root at 12 and 24 hours was observed.  
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Figure 4.2: Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of expression profiles of 

SbHO gene superfamily in various tissue of sorghum under osmotic stress at different time points of 0, 3, 12, 

24 hours. Different HO genes of sorghum are shown in different colours. Error bars represents the SD calculated 

from three biological replicates and significant differences between control and treated plants were determined using 

t-test shown as **P ≤ 0.01 and *P ≤ 0.05. 

 

4.3.3 Expression analysis of the SbHO1 gene in response to different stresses 

From the result in Figure 4.2B, it can be seen that SbHO1 had the highest level of expression in 

the leaves. Therefore the expression profile of the SbHO1 gene was further studied using qRT-
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PCR in the leaves treated with different concentrations of exogenous chemicals including hemin, 

H₂O₂, CuCl₂ and SNP (a nitric oxide donor) (Figure 4.3). Time course expression analysis 

showed that the SbHO1 transcript was differentially induced by hemin, H₂O₂, CuCl₂ and SNP 

(Figure 4.3). The SbHO1 transcript was upregulated at 3 and 6 hours by hemin (Figure 4.3A), at 

3 and 12 hours by H₂O₂ (Figure 4.3B) and at 3 and 12 hours by CuCl₂ (Figure 4.3C). The SNP 

did not elicit any significant increase in the transcript levels of SbHO1 (Figure 4.3D). 

 

Figure 4.3: Quantitative RT-PCR analysis of the expression profiles of SbHO1 gene in the leaves of sorghum 

in response to 10 µM hemin (A), 10 µM H₂O₂ (B), 200 µM CuCl₂ (C) at 0, 3, 6 and 12 hours, and 100 µM SNP 

(D) at 0, 0.5, 1 and 1.5 hours. The expression levels were presented as values relative to the control at 0 hour 

respectively. Error bars represents the SD calculated from three biological replicates and significant differences 

between control and treated plants were determined using t-test shown as ***P ≤ 0.001, **P ≤ 0.01 and *P ≤ 0.05. 
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A comparison of the stressors used in this study, showed that compared to the control, H₂O₂ had 

the greatest effect on SbHO1 transcript levels, followed by hemin and CuCl₂ (Figure 4.4). 

 

 

Figure 4.4: Comparative analysis of the expression profiles of SbHO1 gene in leaves in response to hemin, 

H₂O₂ and CuCl₂ stress treatments. After various treatments, sorghum seedling leaves were harvested at time 

intervals of 0, 3, 6 and 12 hours. The expression levels were presented as values relative to the control at 0 hour 

respectively. Error bars represents the SD calculated from three biological replicates and significant differences 

between control and treated plants were determined using t-test shown as ***P ≤ 0.001, **P ≤ 0.01 and *P ≤ 0.05. 
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4.4  DISCUSSION  

Biotic and abiotic stresses cause oxidative damage but there are antioxidant enzymes that induce 

stress tolerance against oxidative stress (Parihar et al., 2015). Heme oxygenase is a novel 

enzyme identified from Sorghum bicolor and characterised in this study to determine its possible 

role in stress responses. The biological roles of HO genes in plants are believed to be linked to an 

adaptive and defensive mechanism against osmotic stress (Xu et al., 2011), heavy metal (Noriega 

et al., 2004) and UV radiation (Yannarelli et al., 2006). In the present study, the expression 

profiles of the SbHO genes in leaves, stems and roots of sorghum subjected to osmotic stress 

were analysed by qRT-PCR. In the untreated plants (Figure 4.1), SbHO transcripts (SbHO1, 

SbHO2, SbHO3 and SbHO4) were expressed in all tissues but at different levels. The expression 

level of SbHO1 was the highest in the stem, followed by the leaves and root, while the 

expression level of SbHO2 was highest in the stem, followed by the leaves and the root (Figure 

4.1). The expression level of SbHO3 was highest in the stem, followed by the leaves and lowest 

in the root. SbHO4 transcript level was highest in the leaves compared to SbHO1 and SbHO3 

genes, then in the stem and in the root (Figure 4.1). In summary, the expression level of SbHO 

transcripts was observed to be highest in the stem and leaves with lower levels in the roots, 

suggesting it to be required under normal conditions for plant growth and development. These 

results correlate with previous studies as demonstrated in Brassica napus (cotyledon, hypocotyls, 

leaf, stem and root) which revealed that BnHO1, BnHO2 and BnHO3 are differentially expressed 

in all tissues analysed under normal conditions (Shen et al., 2011). Additionally, gene expression 

profiles of HOs in Oryza sativa (OsHO1 and OsHO2) (Wang et al., 2014) and Medicago sativa 

L. HO1 (Fu et al., 2011a), MsHO2 (Fu et al., 2011b) (leaves, stems, roots and germinating seeds) 

revealed differential expression profiles under normal conditions. 

http://etd.uwc.ac.za/



 

79 
 

The expression of HO genes in different tissues under osmotic stress conditions was analysed. 

Time-course analysis of the HO gene expression in sorghum treated with 250 mM mannitol 

showed that SbHO genes could be differentially induced in all tissues tested by oxidative stress 

(Figure 4.2). A significant increase in the expression level was observed in the leaves for SbHO1 

at 3 hours with a 100-fold increase, followed by a slight increase of SbHO2 at 3 and 24 hours, 

SbHO4 at 24 hours while SbHO3 was down-regulated (Figure 4.2B). In the root, SbHO2 was the 

most expressed at 12 hours with a 2-fold increase compared to the control followed by SbHO3 at 

12 hours with a 12-fold increase, SbHO1 slightly increased at 12 hours while SbHO4 transcript 

was low at 12 hours of stress treatment (Figure 4.2D). In the stem, no significant increase was 

observed for SbHO1, SbHO2 and SbHO3 transcripts as compared to the control (Figure 4.2C). 

There was a 3-fold increase for SbHO4 transcript in the stem at 3 hours compared to the control. 

These results show consistency with the HO genes from the model plant Arabidopsis thaliana, 

which are transcriptionally active with different levels of expression and confer cell protection 

upon induction by oxidative stress (Xie et al., 2011). The expression profiles of HO genes has 

also been studied in Brassica napus (HO1, HO2, HO3) (Shen et al., 2011), and in Oryza sativa 

(HO1 & HO2) (Wang et al., 2014) and showed increase in response to abiotic stresses. 

Expression levels of SbHO1 in sorghum seedling leaves treated with different concentrations of 

exogenous chemicals and hemin was also analysed (Figure 4.3). Time course gene expression 

analysis showed that SbHO1 was upregulated by its substrate (hemin), oxidative stress (H₂O₂) 

and heavy metal (CuCl₂) (Figure 4.3). Hemin plays a role in physiological functions in animals, 

and is also a potent inducer of root formation (Xuan et al., 2012; Lin et al., 2012). Treatment of 

sorghum leaves with 10 µM hemin, showed an upregulation in the gene expression level of 
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SbHO1 at 3 and 6 hours (Figure 4.3A) as compared to the control exhibiting a protective role 

against hemin induced oxidative damage.  

Hydrogen perioxide is a metabolic product from cellular processes, which can be toxic to plants 

in excess; however, an appropriate concentration improves antioxidant activity (Hasanuzzaman 

et al., 2017), enhances drought tolerance (Ashraf et al., 2014) and cold resistance (Iseri et al., 

2013; Larkindale & Huang, 2004). Treatment with H₂O₂ (Figure 4.3B) and CuCl₂ (Figure 4.3C) 

showed an upregulation of SbHO1 transcript at 3 hours and 12 hours for both treatments. These 

results support previous analysis indicating the role of HO1 as an antioxidant. 

NO plays a role in intracellular and extracellular signaling such as stomatal closure, germination, 

growth and apoptosis (Noriega et al., 2007). The cytoprotective or cytotoxic effect of NO on 

plants depends on the concentration of NO, which is affected by the rate of production and 

efficiency of ROS detoxification. Exogenous application of 100 µM SNP, a NO donor, slightly 

decreased the SbHO1 transcript as compared to the control (Figure 4.3D). Contrary to these 

results, 100 µM SNP protected the leaf tissues from oxidative stress by upregulating HO1 

transcript level in soyabean leaves (Noriega et al., 2007). The downregulation of the expression 

level of SbHO1 by NO might be as a result of the concentration of SNP used in this current study 

may not have been sufficient to activate ROS scavenging machinery and upregulate the 

expression of SbHO1 gene. The effect of NO depends on its concentration (Shi et al., 2005) 

hence, at 100 µM SNP, the antioxidant defence mechanism of HO1 was inhibited.  

The result also showed that SbHO1 transcript was more induced by H₂O₂, followed by hemin 

and CuCl₂ (Figure 4.4). Previous reports showed that HO1 genes, AtHO1 (Xie et al., 2011), 

MsHO1 (Fu et al., 2011a), TaHO1 (Xu et al., 2011), BrHO1 (Jin et al., 2012) and OsHO1 (Wang 
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et al., 2014), transcript levels were differentially induced under different stress conditions such 

as PEG 6000 (simulates drought), NaCl, salinity, hemin, H₂O₂, gibberellic acid (GA), abscisic 

(ABA) and SNP. Heme oxygenase-1 in soyabean (GmHO1) was found to be induced by salinity 

stress (Zilli et al., 2008) and UV-B irradiation (Yannarelli et al., 2006). These results suggest 

that SbHO genes might have protective roles in sorghum and that SbHO1 expression is induced 

by various oxidative stresses. However, the mechanism by which SbHO1 confers a 

cytoprotective on plant cells was not a subject of the current study and still needs to be 

elucidated.  
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CHAPTER 5 

Conclusion and Future Prospects 

 

Biotic and abiotic factors affect crop quality and agricultural productivity which in turn 

threatens food security around the aspects of food availability, sustainability, utilization and 

affordability (Wang et al., 2016). The world’s population is increasing rapidly and is 

expected to reach 10 billion by the year 2050. This means that food production needs to be 

increased by at least 70 % to meet the growing demand for quality, nutritious and 

sustainable food (UN, 2015). Therefore, it is imperative to develop stress-tolerant crops with 

increased yield and improved tolerance against biotic and abiotic stresses. The identification 

and characterisation of genes that encode proteins that respond to stresses will pave the way 

towards a better understanding of the functional role of stress tolerance in plants. The role of 

heme oxygenase genes have been investigated in a few plant species such as Arabidopsis 

thaliana (Gisk et al., 2010), Zea mays (Han et al., 2012), Triticum aestivum (Xu et al., 

2011), Medicago sativa L (Fu et al., 2011a), Brassica napa (Jin et al., 2012) and Sorghum 

bicolor (Mulaudzi-Masuku et al., 2019). These have shown that heme oxygenases respond 

to various stresses and confer protection against oxidative damage and tissue injuries.  

 

In the current study, in silico analyses, enzymatic assays and gene expression analysis were 

used to elucidate the functional role of SbHO1 in response to different stresses. In silico 

characterisation (Chapter 2), of the SbHO1 gene indicated the presence of a heme-oxygenase 

conserved domain, similar to the highly conserved domain, referred to as the heme 
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oxygenase signature motif, present in other HO1-like subfamily. The physicochemical 

properties, sequence similarities, conserved motifs and gene structure provided a clear 

understanding of the SbHO1’s diversity and similarity compared to other plant HO1’s. To 

elucidate the functional role of SbHO1, as described in chapter 3, SbHO1 was recombinantly 

overexpressed in E. coli and purified. Partial denaturing and refolding revealed a possibility 

that a denatured protein can be refolded, however, only low amounts were recovered as 

previously described (Ruzvidzo et al., 2013). The enzyme activity assay revealed that the 

refolded recombinant SbHO1 protein was active and formed a heme-SbHO1 complex that 

produced biliverdin as was observed by a soret band at a wavelength of 610 nm.  

 

Towards understanding the biological role of SbHO1, gene expression analysis in response 

to various stresses was conducted as described in Chapter 4. The results indicated that the 

SbHO1 transcript was expressed in all tissues, but higher levels were observed in the leaves. 

Additionally, other HO’s genes were also expressed in all tissues, but their levels were low 

as compared to SbHO1. A similar pattern was observed for HY1 in Arabidopsis thaliana 

which was highly expressed more that all HOs (Emborg et al., 2006). The results showed 

that the SbHO1 transcript was induced by osmotic (mannitol), oxidative (hemin, H₂O₂) and 

heavy metal (CuCl₂) but not by nitric oxide (SNP) stress. These results correlated with 

previous studies in other plant species (Noriega et al., 2008; Chen et al., 2009; Xu et al., 

2011), suggesting a role of SbHO1 in conferring stress tolerance.  

 

In conclusion, besides Arabidopsis thaliana, Sorghum bicolor is the only plant species 

where all four HO’s (HO1, HO2, HO3 and HO4) have been identified and their expression 
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analysed. SbHO1 was confirmed to be a bona fide heme oxygenase and a member of the 

HO1 subfamily based on the presence of the conserved HO signature sequence 

(QAFICHFYNI/V), and phylogenetic similarities with other plant HO1’s. This was 

confirmed experimentally by determining its ability to degrade heme and produce 

billiverdin. Since the SbHO1 transcript was increased in response to abiotic stress, results 

suggest a protective role in plants, but further analyses are required to confirm these 

findings. It is recommended in the future that the expression of SbHO1 in response to biotic 

stress be investigated, since due to time it was not done in this thesis. To study the possible 

biological protective role of SbHO1, it is recommended that transgenic knockout and 

overexpressing lines be generated in order to understanding the role of SbHO1. With the 

knowledge that will be obtained from this ongoing project, development of high yield, stress 

tolerant crops is possible. This may contribute to sustainable agriculture to secure food 

production and meet the increase in demand for staple diets. 
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7 APPENDICES  

Appendix I: 

A.  Table 2.1: Predicted parameters of heme oxygenase genes 

Specie name Protein accession 

number 

mRNA accession 

number 

Sorghum bicolor HO1 

Sorghum bicolor HO4 

Sorghum bicolor HO3 

Sorghum bicolor HO2 

Arabidopsis thaliana HO1 

Arabidopsis thaliana HO2 

Arabidopsis thaliana HO3 

Arabidopsis thaliana HO4 

Zea mays HO1 

Glycine max HO1 

Glycine max HO3 

Oryza sativa Japonica Group HO1 

Oryza sativa HO2 

Brassica napus HO1 

Brachypodium distachyon HO1 

Solanum lycopersicum HO1 

Solanum tuberosum HO1 

Setaria italica HO1 

Hevea brasiliensis HO1 

Spinacia oleracea HO1 

Aegilops tauschii HO1 

Elaeis guineensis HO1 

Asparagus officinalis HO1 

Dendrobium catenatum HO1 

Ziziphus jujuba HO1 

Nicotiana tabacum HO1 

Gossypium hirsutum HO1 

Sesamum indicum HO1 

Jatropha curcas HO1 

AAK63010.1  

XP_021304790.1  

XP_002438642.1  

AAK63011.1  

BAA77759.1  

NP_001189610.1  

NP_001117574.1  

NP_176126.1  

NP_001132297.2 

NP_001304379.2 

NP_001241990.2 

XP_015643881 

XP_015628243.1  

NP_001302925.1  

XP_003563666.1  

NP_001308017.1  

XP_006345230.1  

XP_004965948.1  

XP_021658847.1  

XP_021836810.1  

XP_020189607.1  

XP_010914863.1  

XP_020240824.1  

XP_020688838.1  

XP_015901789.1  

NP_001312953.1  

XP_016754560.1  

XP_011078320.1  

XP_012078785.1  

AF320026.1 

XM_021449115.1 

XM_002438597.2 

AF320027.1  

AB021858 

NM_001202681 

NM_001124102 

NM_104610.2 

NM_001138825.2 

NM_001317450.2 

NM_001255061.2 

XM_015788395 

XM_015772757 

NM_001315996 

XM_003563618 

NM_001321088 

XM_006345168 

XM_004965891.2 

XM_021803155.1 

XM_021981118.1 

XM_020334018 

XM_010916561.2 

XM_020385235.1 

XM_020833179.1 

XM_016046303.2 

NM_001326024.1 

XM_016899071 

XM_011080018.2 

XM_012223395.2 
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Manihot esculenta HO1 

Cucurbita maxima HO1 

Amborella trichopoda HO1 

Chenopodium quinoa HO1 

Phalaenopsis equestris HO1 

Cucurbita moschata HO1 

Cucumis sativus HO1 

Medicago sativa HO1 

Medicago sativa HO2 

Brassica junea HO1 

Brassica junea HO2 

Brassica junea HO3 

Triticum aestivum HO1 

Hordeum vulgare HO1 

XP_021591896.1  

XP_023007741.1  

XP_006842077.1  

XP_021760807.1  

XP_020576956.1  

XP_022933640.1  

XP_004150862.1 

ADK12637.1 

ADV15621.1 

AET97566.1 

AET97567.1 

AET97568.1 

ADG56719.1 

AEI69729.1 

XM_021736204.1 

XM_023151973.1 

XM_006842014.3 

XM_021905115.1 

XM_020721297.1 

XM_023077872 

004150814.2 

HM212768 

HQ652868 

JN202587.1 

JN202588.1 

JN202589.1 

HM14348.1 

JF913455.1 
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  FIGURE 1: Comparison plot of SbHO1 with non-redundant set of PDB structures. A combination of the c-beta atoms, 

solvation energy, all-atom energy and torison angle. 
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Appendix II: Stock solutions, gel preparations, bacterial strains and buffers 

A. Stock solutions, media and buffer preparations 

All reagents were supplied by ThermoFisher Scientific, Gene Direx, Thermo Scientific and New 

England Biolabs unless otherwise stated. 

2 X SDS sample buffer: 10 % SDS, 1 M Tris-HCl pH 6.8, 0.5 % bromophenol blue, 200 mM β-

mercaptoethanol and 20 % glycerol stored at -20 °C. 

APS (Ammonium persulphate): 10 % APS was prepared by dissolving 100 mg in 1 ml distilled 

water and stored at -20 °C. 

Bacterial strains: BL21 CODON Plus competent cells 

Coomassie staining solution: 250 mg Coomassie Blue R-250, 45 % methanol and 10 % acetic 

acid made up to a final volume of 1000 ml with distilled water. 

De-staining solution: for de-staining 30 % methanol, 10 % acetic acid in distilled water. 

Electrophoresis buffer (SDS): 10 X stock solution was prepared by dissolving 30 g Tris-HCl, 

144 g glycine, 10 g SDS and made up to a final volume of 1000 ml with distilled water. 

Electrophoresis buffer (TBE): 10 x stock solution prepared by dissolving 108 g Tris, 55 g boric 

acid and 9.3 g EDTA made up to 1000 ml with distilled water.  

Elution buffer: 1 X PBS containing 286.3 mM NaCl pH 7.4 and 250 mM Imidazole. 

Equilibration buffer: 1 X PBS containing 286.3 mM NaCl pH 7.4, 10 mM Imadazole, 

Glucose 20 %: 4 g of glucose in 20 ml distilled water. 
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Kanamycin: 50 mg/ml stock solution prepared in distilled water; 1 g of kanamycin in 10 ml of 

distilled water. 

IPTG (Isopropyl-1-thio D-galactoside): 1 M stock solution prepared by dissolving 1.19 g IPTG 

in 50 ml distilled water. The prepared stock was filter-sterilized, aliquoted in 2 ml eppendorf 

tubes and was store at – 20 °C. 

Luria Broth (LB): weighed 10 g tryptone, 5 g yeast extract, 10 g NaCl and dissolved in 1 L 

distilled water. The media was autoclaved at 121 °C for 20 minutes.  

Lysis buffer: 1 X PBS pH 7.4, 286.3 mM NaCl,0.1.% Triton-X100, 0.1 mM β-mercaptoethanol, 

5 mM imidazole,100 μg/ml of lysozyme, 1 mM PMSF (phenylmethylsulfonyl fluoride). 

Nutrient agar: LB medium containing 15 g/l Bacteriological Agar. 

Phenylmethylsulfonyl fluoride (PMSF): 1 mM PMSF in distilled water. 

Primers: 100 μM stock solutions stored at -20 °C. 

SDS: 10 % stock solution was prepared by adding 100mg of SDS dissolved in 1000 ml water 

and was stored at room temperature.  

Separating gel (12 %): 1.5 M Tris pH 8.8, 30 % acrylamide. 10 % SDS, 10 % APS, 8 ul 

TEMED, 2.6 ml water. 

Stacking gel (6 %): 0.5 M Tris pH 6.8, 30 % acrylamide. 10 % SDS, 10 % APS, 5 ul TEMED, 

2.6 ml water. 

Tris-Cl: 1.5 M stock solution prepared by dissolving 72.68 g in 200 ml distilled water, pH 

adjusted with HCl and make up to a final volume of 400ml with distilled water. 

Tris-Cl: 0.5 M stock solution prepared by dissolving 12.1 g in 100 ml distilled water, pH 

adjusted with HCl and make up to a final volume of 200ml with distilled water.  
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Urea lysis buffer: 1 X PBS pH 7.4, 286.3 mM NaCl,5 mM β-mercaptoethanol, 4 M urea, 10 

mM imidazole, 1 mM PMSF, 0.1% Triton X-100, 100 ug/ml lysozyme. 

Wash buffer 1: 1 X PBS containing 286.3 mM NaCl pH 7.4, 0 mM imidazole.  

Wash buffer 2: 1 X PBS containing 286.3 mM NaCl pH 7.4, 5 mM Imidazole. 

Wash buffer 3:, 1 X PBS containing 286.3 mM NaCl pH 7.4, 10 mM Imadazole. 

 

B: Preparation of 1 % agarose gel and DNA samples 

One gram of agarose (Lab Unlimited, UK) was dissolved in 100 ml of 1 X TBE and microwaved 

for 1 minute to dissolve the agarose. It was allowed to cool after which it was poured into a 

casting tray with a comb. The comb was removed upon solidification. For molecular weight lane, 

2 µl of loading dye and 4 µl DNA ladder (Clontech Laboratories and GeneDireX respectively) 

was aliquoted. Also, 2 µl of loading dye and 10 µl of the sample were mixed and loaded. The gel 

was electrophoresed at 80 V for 1 hour and the gel was viewed using ENDURO™ GDS (Labnet 

International, UK). 

C: Preparation of a 12 % SDS-PAGE  

SDS PAGE was prepared using the protocol in Table 1; the separating gel was 12 % and the 

stacking was 6 %. The separating gel was prepared first, poured between the spacer plates and 

enough space was left for the stacking gel. Isopropanol was dispensed on top the separating gel 

and the gel was left to set for 20 minutes at room temperature. Once solidified, the isopropanol 

was poured off on paper towel and the stacking gel was prepared and loaded on top of the 

separating gel. This was followed by immediately placing 1 mm well combs between the spacer 

plates to form wells. 
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Table 1: preparation of SDS PAGE for analysis of expressed SbHO1 protein 

Gel type Stacking gel (6 %) Separating gel (12 %) 

dH₂O 2.6 ml 2.6 ml 

Acrylamide 30 % 1 ml 3.2 ml 

0.5 M Tris-HCl pH 6.8 1.25 ml 0 ml 

1.5 M Tris-HCl pH 8.8 0 ml 2 ml 

10 % SDS 0.05 ml 0.08 ml 

10 % APS 0.05 ml 0.08 ml 

TEMED 0.005 ml 0.008 ml 

 

D: Protein sample preparation 

The protein lysate of recombinant SbHO1 were mixed with 2 X SDS-loading dye (10 % SDS, 

0.2 M Tris, p H 6.8, 20 % glycerol, 0.5 % Bromophenol Blue, 200 mM beta-mercaptoethanol) 

followed by incubation at 95 °C for 5 minutes. The samples were then loaded on a 12 % 1D 

SDS-PAGE gel and ran at 100 V in 1X SDS running buffer from a 10x stock solution containing 

30 g Tris-HCl, 144 g glycine, 10 g SDS. Following electrophoresis, the gels were stained with 

Coomassie Brilliant Blue staining buffer (2 g Coomassie blue R-250, 45 % methanol and 10 % 

glacial acetic acid made up to a final volume of 1000 ml with distilled water) for 20 minutes and 

then destained with a destaining solution (30 % methanol, 10 % glacial acetic acid made up to a 

final volume of 1000 ml with distilled water). 
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Appendix III: Determination of protein concentration using Bradford assay 

Table 2: Bradford assay standards 

Tube number Standard volume (µl) Source of standard 

(BSA) 

Diluent Buffer 1 

(µl) 

Final protein 

concentration 

(mg/ml) 

1             0    

2             100     

3             200   

4            200      

5            200     

6            200      

7            200       

8 (blank)     200   

 

Table 3: protein standard and Bradford reagent volumes added to a 96 well microplate 

Assay  Volume of standard and sample  1 X bradford reagent  

Microplate              
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Final protein 

concentration (mg/ml) 

Absorbance @ 595 nm 

   0.73 

    0.68 

  0.43 

     0.34 

    0.21 

     0.10 

      0.06 

  

SbHO1 

0 

0.0515 

 

 

Figure 2: Standard curve of the BSA for the Bradford assay to determine the protein 

concentration of the recombinant SbHO1 protein.  
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Using the equation above the protein concentration of SbHO1 was calculated as shown below:  

Y= 0.3903x + 0.0207 

0.0515= 0.3903x + 0.0207 

0.3903x= 0.0515-0.0207 

X= 0.078 mg/ml 
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