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ABSTRACT 

 

Endophytic bacteria are known to have an endosymbiotic relationship with plants and 

provide them with many beneficial properties. These bacteria stimulate plant hormones, 

provide protection from pathogens and increase nutrient availability in the environment. 

In this study some of these potential growth factors were tested.  

 

Endophytic bacteria have the potential to be of great value for the increase of crop 

production. They offer a variety of processes that aid in plant growth promotion in an eco-

friendly manner. The use of endophytic bacteria provides a cheaper and cleaner approach 

compared to industrial made fertilizers. They also have potential uses in bioremediation to 

clean the environment polluted by industrial processes. 

 

Endophytes were isolated and showed significant growth improvement. Each isolate 

displayed different morphologies. Isolates were tested for classical growth promotion 

mechanisms such as the ability to solubilize phosphate, Indole-3-acetic acid and 

siderophore production. Inductively Coupled Plasma Optical Emission Spectrometry was 

performed to measure the effect of the isolates on the plants nutrient profile. 

 

The isolates were then tested again while the plants were under heavy metal stress to 

determine if they were still capable of growth promotion. The plants were then assayed 

for cell death using Evans blue and biomass was measured to determine the effect of 

vanadium stress. Inductively Coupled Plasma Optical Emission Spectrometry was 

performed again to assess the change in nutrient profile while under vanadium stress. 

 

Keywords: Endophytes, Siderophore, Indole-3-acetic acid, Vanadium, Plant growth 

promotion
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Chapter 1: Literature review 
 

1.1 Introduction 

 
The current increase in global population is placing a strain on food security as the 

agriculture industry struggles to keep up with food demands (Glick, 2014). The 

need to increase food production has led to the use of fertilizers and pesticides 

which have negative effects on the environment. An environmentally friendly 

approach is needed in order preserve nature while maintaining high crop 

production to meet food demands. 

 

Epiphytic bacteria are bacteria which are found on the surface of different parts of 

plants such as the roots, stems, leaves and even in the seeds of the plant. Current 

studies show that epiphytic bacteria normally don’t cause the plant any harm and 

live non-parasitically on the surface. Some of these bacteria are able to produce an 

auxin hormone which aids in the growth of plants and plays a role in the life cycle 

of the bacteria. 

  

The word endophyte means “within plant” which comes from the Greek word 

“endon” meaning within and “phyton” meaning plant (Kobayashi & Palumbo, 

2000). Endophytes are microorganisms that have the ability to colonize plant tissue 

intracellular or intercellular without causing disease symptoms in the host plant 

during its life cycle (Miliute et al., 2015).Endophytes can be extracted and isolated 

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



2 
 

from surface sterilized plant tissue (Hallmann et al., 1997). Endophytes have been 

isolated from many plant species and tissue types. There have been isolations of 

both gram-positive and gram-negative bacterial endophytes from several tissue 

types in numerous plant species. Multiple endophyte species have also been 

identified from a single plant. The main entry point for endophytes is the roots but 

they may even enter through the flowers or stems as well (Kobayashi & Palumbo, 

2000). Endophytes are able to colonize different parts of plants ranging from the 

stems and leaves, including the intercellular spaces of the cell walls and xylem 

vessels of plant roots. They are also found in tissues or flowers, fruits (de Melo 

Pereira et al., 2012) and seeds (Trognitz et al., 2014). Bacterial populations tend to 

be less in stems and leaves when compared to the roots of a plant (Zinniel et al., 

2002). The close association between endophytes and host plant is mediated 

through the compounds produced by the endophyte and the role it plays in the 

host cells (Brader et al., 2014). 

 

The genus Eriocephalus is commonly known as wild rosemary and is a member of 

the Asteraceae family. The genus is endemic to Southern Africa, with the highest 

appearance of the species in the Western and Northern Cape provinces of South 

Africa .The species of Eriocephalus have a wide range of habitats ranging from 

coastal locations to plains, mountains, and desert areas (Njenga, 2005). 

Eriocephalus africanus is a small fast growing evergreen shrub, the genus is of 

economic importance as some of its members are used in cosmetics as well as in 
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3 
 

traditional medicines such as antidepressants, antioxidants, antiseptics and anti-

inflammatories (Catarino et al., 2014).  

 

Brassica napus plants are of important economic value as they are often used in 

cooking because of their valuable source of dietary fiber. Brassica vegetables 

contain minute amounts of fats and high amounts of vitamins and minerals. 

Brassica plants are the third most important sources of edible oils (Gupta & Pratap, 

2007). Brassica napus oils are high in oleic acid concentrations ~60% and contain 

other oils such as linoleic acid and linolenic acid. These fatty acids are considered 

desirable for human nutrition and superior to other plant oils by nutritionist 

(Rakow & Raney, 2003).  Brassica oils have the lowest saturated fatty acid 

concentration of ant vegetable oil (Adamska et al., 2003). 

 

Plant-associated bacteria play an important role in providing plants with defenses 

against pathogens and help plants grow through various mechanisms. They are 

able to influence growth both directly as well as indirectly. Bacteria may influence 

nutrient uptake by means of nitrogen fixation or phosphate solubilization and may 

produce plant hormones such as auxins to stimulate plant growth (Glick, 2012). 

Bacteria have been shown to increase the germination rate of plants as well as 

their growth rate (Souza et et al., 2015).  
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Studies have shown that due to the activity of rhizodeposits and root exudates, the 

environment of root systems has an abundance of microbes (Hiltner, 1904; Smalla 

et al., 2006; Hartmann et al., 2008). Bacterial populations tend to be less in stems 

and leaves when compared to the roots of a plant (Zinniel et al., 2002). The close 

association between endophytes and the host plant is facilitated through the 

compounds produced by the endophyte and the role it plays in the hosts cells 

(Brader et al., 2014). 

 

1.2 Plant Growth Promoting Bacteria 

 

Plant growth promoting bacteria (PGPB) may be applied in agricultural production 

to improve crop yield and reduce the use of fertilizers (Compant et al., 2010). 

Multiple endophyte species have also been identified from a single plant. PGPB are 

able to enhance the growth of plants as well as protect them from pathogen and 

abiotic stresses through a wide range of mechanisms. Bacteria that form close 

association with plants such as endophytes have the potential to have more 

influence on plant growth promotion. Interactions between plants and microbes 

play a role in the health, productivity and the richness of soils (Souza et al., 2015).  

 

Endophytic bacteria produce an array of secondary metabolites as well as 

hydrolytic enzymes (Brader et al., 2014). The compounds produced by endophytic 

bacteria also possess antibacterial as well as antifungal properties. The 

investigation of novel endophytic metabolites and their role in plants is an active 
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field of research. The current focus of endophytes antimicrobial activity is on the 

impact on pathogenic bacteria. 

 

Endophytes may influence growth directly or indirectly (Glick, 2012). Bacteria may 

increase nutrient uptake via nitrogen fixation or phosphate solubilization, they may 

also stimulate plant hormones such as auxins. They can indirectly influence growth 

by protecting the host from plant pathogens.    

 

 

Figure 1: Diagram representing the various ways that plant growth promoting bacteria interact with plants. 
There are multiple modes of interactions between plants and bacteria, binding may occur at roots, stems or 
leaves (Glick, 2014). 
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1.3 Nutrients and auxins 

 

Phytohormones are plant hormones that play a role in plant growth development 

and stress response. Phytohormones are complex signaling networks that are able 

to regulate defense responses to abiotic as well as biotic stress (Schmelz et al., 

2003). Auxins are plant hormones found in roots and stems and play a role in the 

growth and developments of plants; they were first described by Frits Warmolt 

Went in 1928. 

 

Plants require nutrients for growth and development like all living things (Uchida, 

2000). There are 16 essential elements for plants (boron, calcium, carbon, chlorine, 

copper, hydrogen iron, magnesium, manganese, molybdenum, nitrogen, oxygen, 

phosphorus, potassium, sulphur and zinc) to obtain from the environment. Plants 

have different optimum and minimum nutrient requirements. Plants that take up 

excessive amounts of essential nutrients experience poor growth as the elements 

become toxic at high levels. 

 

1.3.1 Phosphate 

 

Phosphorus is a key macronutrient in plants and plays a major role in most 

metabolic process ranging from energy transfer and storage to photosynthesis 

(Saber et al. 2005). This nutrient also plays a role in respiration (Khan et al. 2010) 

and various other biological processes in plants (Gyaneshwar et al., 2002). 
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Phosphorus is abundant in the environment, however, it is not in a form that plants 

are able to utilize through their root system making it a major limiting factor in 

plant growth. Mining phosphate for the use in fertilizers requires large amounts of 

energy and involves high costs as it must be transported to manufacturing sites and 

then to farms. The minerals used as fertilizers on landscapes are not eco-friendly as 

nor is it sustainable. Continuous use of phosphate fertilizers leads to accumulation 

of Cadmium (Cd) as well as other heavy metals that may be taken up by the crops 

(Sharma et al., 2013). Endophytes that are able to solubilize phosphate can 

eliminate the need for phosphate fertilizers which can be harmful to the 

environment when used in excess.  

 

Figure 2: Mechanisms involved in plant growth promotion by phosphate solubilizing 
microorganisms. (Sharma et al., 2013) 
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1.3.2 Indole-3-acetic acid 

 

Indole-3-acetic acid (IAA) is a plant hormone and is one of the most common 

auxins found in plants (Lwin et al., 2012). Plant hormones influence and regulate a 

variety of cellular and physiological processes, ranging from cell division to fruit 

ripening. Auxins play a key role in the stimulation of the xylem and phloem, the 

development as well as root initiation. 

 

IAA plays a role in the initiation of root elongation as well as increasing the number 

of root hairs and lateral roots, which aids in the uptake of various nutrients (Hsu , 

2010). The rhizosphere has a rich supply of substrates for microorganisms to 

produce IAA as a secondary metabolite. A large amount of microorganisms 

produce IAA thought the metabolism of L-tryptophan. 

 

There are many microorganisms that produce IAA through the metabolism of L-

tryptophan. There is a rich supply of substrates available to microorganisms in the 

rhizosphere to produce IAA as a secondary metabolite. IAA aids in the growth of 

longer roots and an increase in the number of root hairs, as well as lateral roots 

which play a role in nutrient uptake. The host plant’s physiological process is 

disturbed by the bacteria’s production of auxins and it is then used to benefit the 

bacteria (Hsu, 2010). 
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Figure 3: Diagram showing how bacteria and plant tissue interact. Endophytic bacteria that are 
able to produce ACC deaminase and synthesize IAA may facilitate plant growth promotion (Glick, 
2014). 

 

1.3.3 Siderophores 

 

One of the most important nutrients is iron as it is essential for many life forms. 

(Kiss & Farkas, 2008) The iron in the environment is mostly found in an insoluble 

form as Fe3+ and is not readily available to microorganisms. Bacteria therefore need 

a way to solubilize iron for uptake. A common mechanism used by bacteria is the 

production of siderophores. They are low-molecular iron chelators with high 

affinity for complexing iron. These siderophores also form complexes with other 

metals in the environment such as copper, zinc and cadmium. 
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There are hundreds of different siderophores identified to date (Boukhalfa & 

Crumbliss, 2002). Their overall structures differ, however the functional groups are 

not diverse. The classification of siderophore are determined by metal binding sites 

which are either catechol (catecholate-), α-hydroxycarboxylic (hydroxycarboxylate) 

or hydroxamic acid (hydroxamate-) moieties sites.  

 

Siderophores are able to play a role in the defence against phyto-pathogens. The 

siderophores are able to bind and reduce the available iron in the environment 

that the phyo-pathogens require to survive (Beneduzi et al., 2012). They have 

potential applications in medical, agricultural and environmental fields (Saha et al., 

2016). 

 

1.4 Endophytic Bacteria Applications  

 

Endophytes have been shown to have antimicrobial activity (Hui et al., 2013).  They 

are also able to produce antibiotics Seo et al. (2010) have shown that some 

endophytic bacteria are viable bio-control agents that can be used against human 

and plant pathogens. 

 

South Africa is a major supplier of vanadium (Moskalyk & Alfantazi, 2002) . It is thus 

expected that due to the mining of vanadium the surrounding areas will have 

increase levels. Vanadium at high concetraion just like other heavy metals poses a 
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problem for plants and animals (Moskalyk & Alfantazi, 2002; Saco et al., 2013). 

Endophytic bacteria may be able to produce novel bioactive compounds, they are 

able to help the host plant cope with environmental stress and are able to detoxify 

and degrade heavy metals. They also have the potential to increase crop yields 

through germination increase and enhance plant growth rate. 

 

 

1.4.1 Bioremediation 

 

Bioremediation is a process that uses microorganisms to detoxify and reduce 

environmental contaminants (Farhadian et al., 2008). The process is a safe and 

economical method compared to the physiochemical methods commonly used (Bai 

et al., 2008). Plant associated bacteria are known for their crucial role in helping 

their host adapt to changes in the environment. Endophytic bacteria provide 

various growth promoting abilities as well as pathogen resistance as well as 

environmental stress tolerance. 

 

There are many industrial applications to heavy metals, however the wastewaters 

from these applications pollute the environment. The accumulation of toxic heavy 

metals in the environment has severe consequences in humans such as 

carcinogenesis, mental retardation and growth abnormalities (Zahoor & Rehman, 

2009).  Soils contaminated with heavy metals increase iron deficiency in plants and 

negatively affect their growth (Christian et al., 2008). 
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Endophytic bacteria possess an advantage over epiphytic bacteria as they are 

partially protected from the high stress competitive environment of the soil (Guo et 

al., 2010). Endophytes have the potential to be a highly efficient biosorbent for 

heavy metal biosorption (Xiao et al., 2010). 

 

1.4.2 Application of endophytic bacteria in crops   

 

Endophytic bacteria are able to increase crop germination rates (Lugtenberg et al., 

2002). They also provide crops with improved nutrient uptake by mobilizing 

nutrients that would otherwise be unavailable to the host plant (Egamberdiyeva, 

2007). The endophytic bacteria also provide the crops with protection from plant 

pathogens. 

 

Endophytes are able improves crop yield as well as the amount of resources that 

need to be used, this will aid in the crop production for food and feed crops as well 

as being of economic value. Crops such as canola, maize, soybean and other crops 

have been successfully inoculated with plant growth promoting bacteria in the 

laboratory as well as in field trials as shown by Glick et al. (1997) and Sharma et al. 

(2013). Egamberdiyeva (2007) showed that plants untreated with plant growth 

promoting bacteria had poor nutrient uptake when compared to treated plants.  
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1.5 Justification 

 

The current global population increase is threatening food security and as it stands 

food is already needed in poorer region around the world. Climate change is 

expected to add 5 – 170 million more people to be at risk of hunger by 2080 

(Schmidhuber & Tubiello, 2007). There is a need for a method to crease crop 

production without cause damage that may be irreversible to the environment. 

The experiment is designed to isolate endophytic bacteria that may be used in 

agriculture industry to improve crop yield as well as decrease environmental 

pollution. 

 

Agriculture doesn’t not only offer production food, it also plays a role in economic 

income thought imports and exports. Brazil is a heavy importer of the nitrogenous 

fertilizers, the cost of nitrogen fertilizer is high. Brazil saves approximately US$ 7 

billion per year by using microorganisms that are capable of nitrogen fixation 

(Hungria et al., 2013). South Africa is a net importer of fertilizers and thus using 

endophytic bacteria can reduce the cost of farming significantly. Endophytes offer 

a natural and environmentally friendly approach to increase crop production and 

protect the environment.  
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Chapter 2: Materials and Methods 
 

 

2.1 Surface Sterilization of Eriocephalus africanus roots 

A weed sample was  harvested  from Bellville area (-33.936453, 18.628520) and the 

roots were surface sterilized using 2% sodium perchlorate, 70% ethanol and 

autoclaved distilled water washes to get rid of any contaminating epiphytes. The 

samples were then plated the using pour plate technique after the last wash to 

check for successful surface sterilization using Reasoner's 2A agar (R2A). The plates 

were incubated at 30°C for 10 days. 

 

2.2 Endophyte Extraction  

The endophytes were extracted from the roots of Eriocephalus africanus with 1% 

sodium chloride using a mortar and pestle and incubated in 1 % sodium chloride 

water to allow for endophytic growth. A 10-fold serial dilution was performed 

where each dilution was plated on R2A agar. The plates were incubated at 30°C for 

14 days. Endophytic colonies were purified by selecting isolated colonies and 

performing streak plating technique on R2A agar. The plates were then incubated 

at 30°C for 7days. 
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2.3 Plant Growth 

The isolates were grown in LB broths overnight. Brassica napus seeds were surface 

sterilized and imbibed in LB broths containing purified endophyte isolates, while 

the control only contained LB broth. Seeds were planted in a soil mixture of 2½:1 

soil to silica sand and then pre-treated with water. The planted seeds were covered 

in 2 ml of endophyte culture. Plants were watered with 100 ml of water twice a 

week. Seeds were monitored for germination percentage and physiological growth 

differences over a 6 week period. 

 

2.4 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

An amount of 200 mg was weighed of each growth sample and then each sample 

was transferred to an eppendorf tube. The sample was then mixed with 6 % Nitric 

acid .Tubes were then wrapped in parafilm and placed in a heat block for 3 hours at 

90°C. Using a syringe, 9 ml of 2 % nitric acid was taken up and 1 ml of sample. The 

sample was then filtered into a Greiner tube using a 0.45 um filter. ICP-OES 

analyses were done on the samples. 

 

2.5 Phosphate Solubilization plate assay 

Single colony isolates were spot plated on phosphate plates made up of Yeast 

extract 0.05%, Dextrose 1%, Calcium phosphate 0.5%, Ammonium sulphate 0.05%, 

Potassium chloride 0.200%, Magnesium sulphate 0.01 %, Manganese sulphate 

0.00001%, Ferrous sulphate 0.00001% and Agar 1.5%. Escherichia coli (Krx) was 

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



16 
 

used as a control.The plates were then incubated at 30°C for 7 days and observed 

for the formation of halos around the isolates. 

 

2.5 Indole Acetic Acid assay 

Indole acetic acid (IAA) production was measured by a colorimetric test, using Van 

Urk Salkowski method (Yeast extract 0.1%, Mannitol 1%, Dipotassium phosphate 

0.05%, Magnesium sulphate 0.02%, Sodium chloride 0.01%) with 0.1% tryptophan 

for 5 days at 30°C. The culture was centrifuged at 13000 rpm for 10 min and the 

supernatant was mixed in a 2:1 ratio with Salkowski reagent (0.25 M FeCl3 and 35% 

perchloric acid) and incubated for 30 minutes. A standard curve was made by using 

Yeast Extract Manitol (YEM) and a known concentration of IAA ranging from 0-100 

ug/ml. E.coli (krx) was used as a positive control and no microbe was used as the 

negative control. The optical density (OD) was read at 530 nm. 

 

 

2.6 Siderophore plate assay 

Siderophore activity was measure using chrome azurol S (CAS) media as described 

by Alexander and Zuberer (1991). Isolates were spot inoculated on CAS plates and 

incubated at 37°C for 7 days. Plates were observed for formation of zone clearing 

around the colonies. 
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2.7 Plant growth trial with vanadium 

The isolates were grown in LB broths overnight. Brassica napus seeds were surface 

sterilized and imbibed in LB broths containing purified endophyte isolates, the 

control only contained LB broth. Seeds were planted in a soil mixture of 2.5:1 soil 

to silica sand and were pre-treated with water for the control and 350 µm sodium 

metavanadate for the experimental. The planted seeds were covered in 2ml of 

endophyte culture and the control seeds were given 2ml of LB. Plants were treated 

twice a week with 100 ml of  350 µm sodium metavanadate while the control was 

treated with 100 ml of water. Seeds were monitored for germination percentage 

and physiological growth differences over a 6 week period. 

 

2.8 Cell death assay (Evans blue) 

A modified version of the method described by Sanevas et al. (2007) was used to 

test for cell death. A 0.25% (w/v) Evans blue solution was prepared. A 1 cm2 block 

was cut from a fresh leaf and transferred to an eppendorf tubes and 1 ml of Evans 

blue solution was added to the tubes. The roots were assayed by cutting 2 cm from 

the tip of the root and transferred to the tubes and 1 ml of Evans blue solution was 

added. The samples were then incubated for 1 hour at room temperature. The 

tubes were then rinsed to remove the Evans blue solution. The samples were then 

incubated overnight in water. The water was then decanted and 1 ml of a 1% (w/v) 

SDS solution was added to the tubes. The samples were then crushed and 

incubated at 65°C on a heating block for 1 hour. The samples were centrifuged to 
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obtain the supernatant. The supernatants were then transferred to a microtitre 

plate and read on a spectrophotometer at 600nm. 

 

2.9 Dry weight (Biomass) analysis 

Once the plants had grown from the vanadium growth trial, they were removed 

from their pots. Three leaves from each plant were removed by cutting at the base 

of the leaf. The roots were removed by cutting them at the interface between the 

root and stem. The plant material was then placed in separate foil packets, holes 

were made in the packets to allow moisture to escape. The samples were then 

dried overnight in an incubator at 80°C. Once the samples were dry they were 

weighed and the values were recorded. 
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Chapter 3: Isolation of growth promoting Endophytic bacteria 
 

3.1 Obtaining isolates 

Endophytic bacteria have been cultured from different parts of plants (Nair & 

Padmavathy, 2014). The population present in the plants vary as the region, 

climate conditions and age of the plant all play a role in the condition needed for 

the bacteria to thrive. The population also differs within the same plant species due 

to these variations in environmental conditions. Bacterial populations tend to be 

less in stems and leaves when compared to the roots of a plant (Zinniel et al., 

2002). The close association between endophytes and the host plant is mediated 

through the compounds produced by the endophytes and the role they play in the 

host cells (Brader et al., 2014). The extraction from the root of the plant yielded 3 

endophytes of different morphologies. 

 

3.1.1 Results and Discussion  

 

 

Figure 4: Purified endophyte isolates.  Endophytic bacteria isolates were identified and labeled namely Wo, X 

and Ya  

 

Each isolate displayed different morphologies which provide evidence that there 

exists a diverse population of endophytes interacting with plants. The Wo strains 
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displayed an orange color with white pigmentation around the edges of the colony. 

The isolate displayed a dry flake like texture. The X strain was a lighter orange in 

color and was small with a round flat shape. 

The Ya strain had a Mucoid texture and is the only isolate that exhibited this 

morphology which may play a role in the increase in germination as well as its 

interaction with the plant. A study done by Danhorn and Fugue in (2007) showed 

that mucoid strains’ production of extracellular polysaccharides can increase 

biofilm formation and promote colonization of plants. A study done by in 

Bloemberg and Lugtenberg (2001) showed that mucoid strains adhere better to the 

roots because of the extracellular polysaccharides. Due to their longer adhesion, 

mucoid strains are more likely to be found in root extractions. 

 

3.2 Seed germination analysis 

Bacteria have been shown to have an effect on the germination rate and increase 

plant growth rate (Souza et al., 2015). Seedling emergences has also been shown to 

improve. Increasing endophyte resources can provide an increase in novel and 

effective bioactive compounds that cannot be chemically synthesized. The increase 

of seed germination leads to improved crop yield as fewer harvests are required 

and less resource used such as fertilizers. 
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3.2.1Results and Discussion   

Table1: Germination increase of isolates over 15 days. Treatment with endophytic strains yielded various 

increases in seed germination.  

Strain Day 4 Day 7 Day 11 Day 15 

Control 50%
 a

 67%
 b

 67%
 b

 67%
 b

 

Ya 100%
 a

 100%
 a

 100%
 a

 100%
 a

 

Wo 83%
 a

 83%
 a

 100%
 b

 100%
 b

 

X 67%
 a

 67%
 a

 83%
 b

 83%
 b

 

Different letters indicate significant differences between means at P< 0.05 (anova) per row. Values are means 

± S.E (N=3). 

 

 

In this study, endophytes showed significant increase to seed germination after 4 

days when compared to the control. The, Ya and Wo strains showed significant 

increases in germination with Ya having complete germination after 4 days and Wo 

achieving complete germination after 11 days. The X strain showed increased 

germination however it didn’t achieve a perfect germination like the other two 

strains. The Ya strain increased initial seed germination by 100% while the Wo 

strain increased it by 66%. The X strain had an increase of 34% the lowest of the 3 

isolates. The YA and Wo strain both had an overall increase of 49% while the X 

stain had a 24% increase to seed germination. The increase in germination 

percentages and the difference in times between isolates may be due to the 

endophyte isolates providing the seeds with different growth promoting 

mechanisms. The isolates may also be using the same mechanism but produce 

them at different concentrations. 
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Plant endophytes are able to secrete growth hormones such as auxins and cytokins 

which help promote the germination as well as the growth of the plant (Paguia & 

Valentino 2016). They are also able to regulate nutrient uptake allowing for 

enhanced plant growth. IAA is also able to affect seed germination by affecting the 

activity of enzymes for example, in germinating pea seeds, the activity of glyoxalase 

I was regulated by IAA, resulting in higher rates of cell growth and development 

(Miransari & Smith, 2014). IAA was detected as early as the second day of 

germination in Phaseolus vulgaris (Bailek et al., 1992). Increases in some nutrients 

such as zinc play a role in increased seed germination, thus endophytic bacteria 

that are able to increase the uptake of these specific hormones or nutrients 

enhance the germination of seeds. 

 

Increases in seed germination provide an increase in yield of crops which increases 

profits. The increase in germination also allows for early harvests which saves 

farmers time and allows them to meet production demands sooner. All 

experimental strains showed better germination when compared to the control 

sample thus they each have one or more plant growth promotion mechanism such 

as nutrient regulation or hormone production.  
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3.3 B. napus growth trial 

The ever growing human population is creating a demand for an increase in food 

production, it is predicted that the demand will increase for another four decades 

(Godfray et al., 2010). Climate change poses a threat as it affects the optimal 

growing condition for crops. Growth promoting endophytic bacteria may be the 

solution to the high demand of food production. Plant growth promoting 

inoculates have been shown to have a variety of effects on plants ranging from 

increased germination to increased crop size (Souza et al., 2015). 

 

3.3.1 Results and Discussion 

 

 

Figure 5: Plant growth Physiology of isolates. Endophytic bacteria treated strains showed significant growth 

improvements. Isolates represent by letter as seen isolation. 

 

After 6 weeks of growth, endophyte isolates showed significant differences in 

growth compared to control samples. The Wo treated plants had the biggest leaves 

and most defined root structure while the Ya and X treated plants possessed firm 

stems.  The Ya treated plants showed the most consistent growth results 

5
 c

m
 

Ya         Wo              X               C 

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



24 
 

suggesting that it may be responsible for multiple growth promoting properties. 

The Wo treated plants increased plant overall size by 31%, the X treated plants 

showed an increase of 19% and the Ya had an increase of 13% in overall size. 

 

Experimental plants all exhibited faster growth rates, stronger stems as well as 

more defined roots systems. The experimental samples also had large leaf surface 

area which aids in chlorophyll production. Light and nutrient availability play a 

direct role in the size of the leaves of plants (Jurik et al., 1982). The endophytes 

may increase nutrient uptake of elements such as magnesium and manganese 

which play key roles in chlorophyll production and photosynthesis. The increase in 

stem strength may also be due to nutrient uptake. 

 

The radius and length of roots can play a role in nutrient uptake by plants growing 

in soil (Silberbush & Barber, 1984).The increase in root length by the endophyte 

isolates and increase in nutrient uptake can be seen in the ICP analyses in table 2 

and physiology in figure 5.  The increase in root length may be due to increased 

production in IAA which is known to initiate root elongation. Pattern and Glick 

(2002) showed that bacterial IAA plays a major role in root development. 

 

3.4 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to 

determine the nutrient profile of the growth trial plants. The ICP-OES results will 
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give an indication of how the endophyte interacted with the uptake of important 

nutrients. Data obtained from ICP-OES analysis shows that each endophyte 

regulated nutrient uptake differently. Endophytes are able to aid in the uptake and 

availability of nutrients, improve stress tolerance and provide an enhanced defense 

against disease (Ryan et al., 2008). The ability for endophytes to aid in growth 

promotion is linked to the plant growth promoting hormones it produces. 

Endophytes may also increase the available amount of nutrients in the 

environment such as nitrogen and phosphorus though its activity (Glick, 2012). All 

of the isolates regulated nutrient uptake in at least three elements when compared 

to the control sample. 

3.3.1 Results and Discussion  
Table 2: Inductively coupled plasma optical emission spectrometry (ICP-OES) of plants treated with 

endophytes. Macronutrients represented in green and micronutrients in blue. Color scale from green (increase 

in uptake) to red (decrease in uptake).  

Element C X Ya Wo 

Mn 0,828
b

 0,905
a

 0,719
c

 0,830
b

 

Fe 0,943
b

 1,328
a

 1,245
a

 1,302
a

 

Cu  0,020
c

 0,029
b

 0,035
a

 0,025
b

 

Zn 1,450
b

 1,681
a

 1,231
c

 1,280
c

 

Mo 0,005
d

 0,018
c

 0,071
a

 0,035
b

 

Ni 0,046
c

 0,092
a

 0,050
c

 0,068
b

 

P 27,733
b

 29,946
a

 27,080
c

 27,420
b

 

K 1084,640
c

 1167,803
a

 991,550
d

 1132,487
b

 

Ca 152,666
b

 208,233
a

 191,805
a

 195,925
a

 

Mg 55,996
b

 58,616
a

 61,385
a

 57,507
a

 
Different letters indicate significant differences between means at P< 0.05 (anova) per row. Values are means 

± S.E (N=3). Values are in mg/Kg. 
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Elements such as Manganese (Mn) showed an increase of 9%, Zinc (Zn) with an 

increase of 16%, Calcium (Ca) was up by 36%, Iron (Fe) increased by 41% and Nickel 

(Ni) showed a 100% increase in plants treat with the X strain. The Ya treated plants 

showed an increase of Magnesium (Mg) by 11%, Ca 26%, Fe 32% and Copper (Cu) 

by 75%.The Wo treated plants showed increases of nutrient uptake for Potassium 

(K) by 4%, Fe 38% and Ca by 28%. All isolates show an increase uptake of Ca, Fe and 

Cu. The increase uptake of Fe and Cu may be caused by siderophore activity 

produced by the isolates. 

 

 

The X strain sample showed the best regulation overall, inducing a significant 

increase in all elements tested. Macronutrients and micronutrients play a key role 

in physiological function in plants. Micronutrients are only required in small 

amounts but are still essential for plant for growth (Römheld & Marschner, 1991). 

 

Nickel (Ni) is a necessary element that aids in the functioning of the enzyme urease 

and improves seed germination (Jones & Jacobsen, 2005). The accumulation of 

urea due to a lack of nickel causes necrotic lesions on the tips of leaves. The 

increase in Ni for X and Wo strains might have contributed to its increased 

germination. The Ya strain must therefore possess another growth promoting 

mechanism for its increased germination as the amount of Ni is equivalent to the 

control. 
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The element zinc (Zn) is involved with various metabolic activities by influencing 

the activities of carbonic anhydrase and hydrogenase. The deficiency in Zn leads to 

a plants growth being stunted, chlorosis and affects the quality of harvested crops 

(Hafeez et al., 2013). The increase in Zn in the X strain may have allowed it to 

increase metabolic activity which could have helped with the increase of other 

nutrient’s uptake.  

 

Calcium (Ca) is a multifunctional nutrient in the physiology of crop plants. It plays a 

role in the structure and permeability of membranes and cell wall strength as well 

as its thickness. A deficiency in Ca leads to weakened stems (Easterwood, 2002). All 

experimental samples showed higher amounts of calcium which may have 

improved the stems as they appeared to be stronger when compared to the 

control plants. 

 

Plants require Copper (Cu) as an essential micronutrient for normal growth and 

development. Cu acts as a structural element in regulatory proteins and 

participates in photosynthetic electron transport, mitochondrial respiration 

machinery, oxidative phosphorylation and iron mobilization (Yruela, 2005). All the 

endophyte treated plants showed significant increase in copper uptake and 

increased growth. The increase in growth rate may have been due to the plant now 

having more Cu available for normal growth. 
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Potassium (K) is essential for many physiological processes, such as photosynthesis, 

translocation of photosynthates into sink organs, maintenance of turgescence, 

activation of enzymes, and reducing excess uptake of ions such as Sodium (Na) and 

Fe in saline and flooded soils (Cakmak, 2005).Potassium deficiency causes severe 

reduction in photosynthetic CO2 fixation and impairment in partitioning and 

utilization of photosynthates. Potassium aids in growth of plants as well as helping 

with biotic and abiotic stress response (Ahmad & Maathuis, 2014). This is evident in 

the size of the plants inoculated with the Wo and X strain. 

 

Manganese (Mn) plays a role in photosynthesis and controls multiple oxidation-

reduction systems (Jones & Jacobsen, 2005). A deficiency in manganese can look 

similar to that of iron deficiency (interveinal chlorosis) namely yellow leaves with 

green veins. The increase of Mn in the X strain may have allowed the plant to grow 

faster and healthier. The leaves observed in plants treated with endophytes were 

larger and greener based on surface area. 

 

Magnesium (Mg) is an enzyme activator and its most important role is as the 

central atom in the chlorophyll molecule (Shaul, 2002). Iron (Fe) plays a role in 

numerous functions most notably with chlorophyll synthesis and in enzymes for 

electron transfer. The two major problems with iron as a free ion is its toxicity and 

insolubility (Hell & Stephan, 2003). The increase in Mg may have allowed the plants 
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to absorb light better which is required for photosynthesis, thus improving plant 

growth. The increase in Fe observed in plants treated with endophytes may be due 

to siderophore production.  

 

 

In 1953 D.Mulder published his “Les elements mineurs en culture fruitière” that shows 

us how nutrient uptake is influence by each other. The chart shows that Ca and P 

have an antagonistic nature to each other. The table shows that the control ratio 

for P:Ca is 1:5.5 and as Ca increases in the treated plants, the ratio changed to 1:7 

in all isolates showing that P was being taken up less by the plant. This could be 

due to the antagonistic relationship between P and Ca. The same relationship is 

shown between P and Fe where the control ration was 1:31 and the experimental 

samples were about 1:22. The increase in Cu can lead to a decrease in Mn 

according to Mulders chart as they also have an antagonistic effect on each other. 

The control ration was 1:40 and as Cu increased in the experimental samples the 

ratio for X and Wo treated plants became 1:32 while Ya treated plants has a ration 

of 1:20 as it had the highest increase in Cu whilst X and Wo were statistically the 

same. 
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Chapter 4: Characterization of endophytic bacteria 

 

 

4.1 Phosphate solubility 

There are six essential macronutrients nutrients for plants, Mg, N, S, K, P and Ca 

(Vance et al., 2003). Due to its insolubility, phosphorus is a major limiting factor in 

plant growth, despite it being abundant in soil. It exists in a form that is unavailable 

to plants though root uptake. Phosphorus is a bio-critical element which is essential 

for plant nutrition, it plays a role in a majority of metabolic processes. Mining 

phosphate for the use in fertilizers is energy intensive. Excessive use of the fertilizer 

causes damage to the environment (Khan et al., 2010; Sharma et al., 2013). 

Endophytic bacteria offer an eco-friendly approach to supply plants with 

phosphorus without causing harm to the environment. 

 

4.1.1 Results and Discussion 

 

 

 

 

 

 

 

 

 

Figure 6: Phosphate solubility of endophyte isolates. Isolates were spot inoculated and observed for 

formation of zone clearings to identify phosphate solubization. O is a replicate of X and Y is a replicate of Ya. 
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All isolates tested negative for phosphate solubilization as no halos were formed 

around the colonies on the phosphate plates, indicating that the endophytes are 

able to grow on the media but not solubilize phosphate. E.coli krx was used as a 

negative control and also produced no halo. This result is supported by ICP-OES 

analyses (table 2) which show that phosphate nutrient levels were similar in all 

experimental samples when compared to the control. Therefore, these endophytic 

bacteria likely did not play a role in the regulation of phosphate to benefit plant 

growth promotion.  

 

4.2 Indole-3- Acetic Acid production 

One of the most physiologically active auxins in plants is Indole acetic acid (IAA), a 

common product of the metabolism of L-tryptophan which is produced by many 

microorganisms such Plant Growth Promoting Rhizobacteria. Auxins are plant 

hormones that play a role in various plant growth mechanisms such as the 

improvement of root initiation (Lwin et al., 2012) and seed germination. . Esesami 

et al. (2015) showed that the production of IAA aids in microbe to plant interaction 

and protects the microbe from the plants natural defense mechanisms. All isolates 

were able to produce IAA in various quantities (table 3).  
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4.2.1 Results and Discussion  

 

Table 3: Indole-3-acetic acid production of isolates. A 0-100 ug/ml standard was used to measure the amount 

of IAA produced by each isolate.  

Strain C(-) C(+) Ya Wo X 

Concentration 

(µg/ml) 0
 d

 8
 b

 68
 a

 3
 c

 9
 b

 

Different letters indicate significant differences between means at P< 0.05 (anova). Values are means ± S.E 

(N=3).    

 

The Ya strain produced the most IAA at 68 µg/ml while the Wo and X strain 

produced significantly lower amounts. The increase in germination of the Ya 

treated plants can be related to the IAA produced. The Wo strain which had a 

similar germination rate did not produce as much IAA, indicating that this strain 

may possess another mechanism which aided in the increase of seed germination. 

The X strain produced more IAA than the Wo, however its germination was not as 

high.  

 

IAA stimulates the production of longer roots and increases the number of root 

hairs and lateral roots which contribute in nutrient uptake (Datta & Basu, 2000). 

IAA is a metabolite derived from tryptophan (Trp) by various Trp-dependent and 

Trp-independent pathways in bacteria and plants. There can be more than one 

pathway present in a bacterium (Pattern & Glick, 1996). The Wo and X treated 

plants in figure 5 show larger root systems when compared to the control which 

may be due to the IAA produced. 
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A study done by Patil et al. (2011) showed endophytic bacteria producing 25 µg/ml 

of IAA. The Ya strain produced almost 3 times the amount showed in this study. In 

another study done by Mohite (2013) it was shown that high production of IAA is 

between 10-50 µg/ml for rhiziphere microorganism, the endophytic strain Ya out 

produced this by 18 µg/ml. 

 

4.3 Siderophore activity  

Siderophores (Greek for “iron carrier”) are small molecular iron chelators that 

microbes produce in order to obtain iron in a soluble form (Behnsen & Raffatellu, 

2016). Siderophores can be produced by animal or plant microbes, it is most 

common in plant rhizobacteria (Rajkumar et al., 2010). All isolates were able to 

produce siderophore activity of various levels. 
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4.3.1 Results and Discussion 

 

 

Figure 7: Siderophore activity of spot inoculated isolates on CAS media. Zone clearing indicates positive 

activity. 

 

  

Siderophore activity was calculated as % = ((Zone clearing – colony size)/ colony 

size)*100.The Wo colony had a zone of clearing of 10 mm and a colony size of 4 

mm producing an activity of 150% which was the highest observed of the 3 

isolates. The Ya colony had a zone of clearing of 30 mm and a colony size of 16mm 

producing  88% activity while the X colony had a zone of clearing of 12 mm and a 

colony size of 9 mm producing 33% activity. The E.coli krx strain served as a 

positive control and had a zone clearing of 12 mm and a colony size of 10 mm 

producing an activity of 20%.The E.coli strain XL gold served as a negative control 

produced no zone clearing as expected. 
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The confirmation of siderophore activity supports the increase of Fe and Cu uptake 

seen in ICP-OES analyses (table 2). The increase in uptake is statistically the same 

for Fe in all isolates while Cu is statistically the same in X and Wo. The Ya strain was 

statically the most up regulated for Cu, which may be due to it being more active in 

the plant than the other isolates. 

 

Extreme environmental conditions stimulates optimum growth and siderophore 

production activity in bacteria (Rajkumar et al., 2010). The isolates having 

siderophore production may allow it to aid plants that are under heavy metal 

stress. This makes them ideal candidates for bioremediation as they will be able to 

regulate the metals in the environment. Siderophores can also play a role in 

pathogens defense as they limit the available Fe in the environment for pathogens 

(Beneduzi et al., 2012). The isolates have the potential to be used as a bio-control 

to protect plants from infections. 
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Chapter 5: Effect of Vanadium toxicity on endophytic bacteria 
 

 

5.1 Seed germination under vanadium stress  

High levels of heavy metals in soil negatively impact plant growth and seed 

germination (Sethy & Ghosh, 2013). Plants have adapted biochemical and genetic 

strategies through evolution to manage heavy metal stress. Seeds are highly 

sensitive to the environment and protective to external stresses. Once seeds start 

to develop they become sensitive to the stress from the environment (Li et al., 

2005). Germination and seedling establishment are critical stages which affected 

both quality and quantity of crop yields(Tian et al., 2014) 

 

 

5.1.1 Results and Discussion 
Table 4: Germination increase of isolates under vanadium stress. Endophytic strains show various increases in 

seed germination.  

Strain Day 4 Day 7 Day 11 Day 15 

Control 50%
 a

 67%
 b

 67%
 b

 67%
 b

 

V 50%
 a

 78%
 b

 78%
 b

 78%
 b

 

Ya 50%
 a

 78%
 b

 83%
 c

 83%
 c

 

Wo 67%
 a

 78%
 b

 83%
 c

 83%
 c

 

X 67%
 a

 83%
 b

 83%
 b

 83%
 b

 

Different letters indicate significant differences between means at P< 0.05 (anova) per row. Values are means 

± S.E (N=3). 
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The results obtained in table 1 show significant increases in seed germination for 

seeds treated with endophytic isolates however, in table 4 it shows that while 

under vanadium stress the germination increase was hindered. The control’s 

germination remained the same in both tests, vanadium stress increased 

germination which may be due to a defensive mechanism. A study by Kaya et al. 

(2006) showed that plants under stress may increase germination however, they 

varied in time taken to germinate. Treatment with the isolates all yielded an 

increase in germination but the Ya and Wo isolates were unable to reach maximum 

germination as in the first trail. The plants treated with the X isolate displayed the 

most tolerance to vanadium as it reached the same germination as the normal 

growth trial. 

 

5.2 Alleviating Vanadium Stress in B.Napus using endophytic isolates 

Vanadium is a trace element in soil, however elevated amounts of it is toxic to 

plants in the environment and can have an impact on the plants physiology and 

biomass. Heavy metals in high concentration can decrease seed germination and 

reduce biomass. Excess heavy metal in soils can reduce shoot and root elongation, 

as well as nutrient and productivity loss (Sethy & Ghosh, 2013). Bacteria have 

several mechanisms in which they can mobilize immobilize or transform metals. 

This helps them reduce the toxicity to tolerate the uptake of heavy metal ions. The 

metal can bind to extracellular material, thus preventing it from entering the cell 

(Rajkumar et al., 2010). 
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5.2.1 Results and Discussion  

 

 

Figure 8: Plant growth Physiology of isolates under vanadium stress. Treatment with endophytic bacteria 

strains yielded significant growth improvements. Isolates represent by letter as seen isolation. C represents the 

control and V represents plants treated with vanadium. 

 

 

After 6 weeks of growth, plants treated with endophyte isolates displayed significant 

differences in growth compared to control and vanadium treated plants. Plants treated 

with vanadium showed a 12% decrease in overall plant size. The Ya treated plants 

showed the most significant increase of plant size of 60%. The X and Wo treated plants 

showed an increase of 50% and 41% respectively. A study by John et al. (2012) showed 

that heavy metal toxicity caused a decline in growth parameters in Brassica juncea. The 

leaves in the vanadium plants showed less development when compared to the control, 

the stem and roots were not well developed showing the negative effect that excess 

vanadium cause. The vanadium treatment showed no visible effect on the plants 

C  V  Wo         Ya         X 
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containing the endophyte isolates. The decrease in root development in the vanadium 

treated plants may impact its nutrient uptake. 

 

 

The experimental samples had leaves with larger surface area while under vanadium 

stress when compared to both the control and the vanadium samples. The root 

structures of the experimental samples showed the same trend that was seen in the 

leaves. The increase in root development may be due to the production of IAA by the 

bacteria. The Ya sample showed a thicker root system while the X and Wo strains show 

longer root system which may be an attempt to escape the vanadium and reach more 

nutrients. The size of the leaves for the experimental samples was significantly larger 

than those of the control and vanadium treated plants. The leaves showed no sign of 

yellowing under vanadium stress. The Ya strain had the biggest leaves and most defined 

root structure overall.  

 

The treated plants resistance to the stress of excess vanadium added to the 

environment might have been mitigated by the isolates producing siderophores. The 

siderophores may have acquired iron and produced biofilms to protect itself and the 

plant. The increase in root length caused by the isolates may have helped the plant 

obtain more nutrients thus allowing the plants growth not to be hindered. 
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5.3 Cell death 

Programmed cell death (PCD) is a physiological response to selectively eliminate 

damaged or deregulated cells (Pennell & Lamb, 1997). Plants under stress from the 

environment or pathogen infection will activate PCD as defensive mechanism (Lam et 

al., 2001). Cell death is a useful indicator to measure the amount of damage a stress 

caused. The Evans blue assay works on the basis that cells that are not damaged won’t 

allow the Evans blue to be taken up.  

 

5.3.1 Results and Discussion 
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Figure 9: The effect of endophytic bacteria on cell death of vanadium treated Brassica napus leaves. 

Vanadium was applied to cultivars, the cell death of the leaves were determined. Different letters indicate 

significant differences between means at P < 0.05 (anova). Values are means ± S.E (N=3). 
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Figure 10: The effect of endophytic bacteria on cell death of vanadium treated Brassica napus roots. 

Vanadium was applied to cultivars, the cell death in the roots were determined. Different letters indicate 

significant differences between means at P< 0.05 (anova). Values are means ± S.E (N=3).  

 

Cell death in the leaves where increase by 22% in vanadium plants and 20% in 

plants treated with Ya. Plants treated with X and Wo showed an increase in cell 

death of 9%. The cell death in the roots of vanadium plants where increased by 

175%. The Ya and Wo samples showed an increase of 40% and 70% respectively. 

The plants treated with the X strain showed a decrease in cell death by 25%. 

 

In figure 9 the vanadium treated plants and the Ya treated plants had the highest 

cell death in leaves while the control, X and Wo samples were statistically the 

same. The cell death in the leaves do not show drastic changes as it is not seen in 

figure 8 where all the leaves show no deterioration or yellowing. This suggests the 

damage may be limited to the roots as defense mechanisms. 
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In figure 10 the vanadium treated plants showed the highest cell death in the roots 

and the effect can be seen in figure 8 as the roots are smaller in size and length. 

The control samples has significantly less cell death compared to the vanadium 

treated plants. The plants treated with endophyte isolates all showed significant 

decreases in cell death compared to the vanadium treated plant. The X strain was 

statistically the same as the control showing a high tolerance for vanadium while 

the Ya strain reduced the cell death by ~50%. The Wo strain showed the least 

tolerance of the three isolates, however it still had a high tolerance for vanadium.  

 

The cell death in roots (figure 10) shows that the isolates provided a process to the 

plant to help mitigate the vanadium stress. It has been observed that Fe plays a 

role in the formation of biofilms in microorganisms (Glick et al., 2010).The isolates 

all produced siderophores which may have aided in biofilm formation that 

protected both the plant and microbes from the vanadium stress.   
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5.4 Biomass 

 

A study done by Gokul (2013) showed that vanadium stress decreased plant 

biomass. The decrease in biomass effects crop yield as more crops will be needed 

to meet supply demands. The dry weights of the plants were determined to see if 

the isolates were able to improve plant biomass under vanadium stress. 

 

5.4.2 Results and Discussion 
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Figure 11: The effect of endophytic bacteria on dry weight of vanadium treated Brassica napus shoots. 

Vanadium was applied to cultivars, the dry weight in the shoots were determined. Different letters indicate 

significant differences between means at P< 0.05 (anova). Values are means ± S.E (N=3).  
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Figure 12: The effect of endophytic bacteria on dry weight of vanadium treated Brassica napus roots. 

Vanadium was applied to cultivars, the dry weight in the roots were determined. Different letters indicate 

significant differences between means at P< 0.05 (anova). Values are means ± S.E (N=3).  

 

Dry weight of the vanadium treated plants shoots showed a decrease of 46% and 

the root a decrease of 29%. The Ya sample showed the biggest increase in both 

root (50%) and shoot (33%).The Wo and X samples showed very similar biomass 

increases. The shoots showed an increase of 19% while the roots biomass 

increased by 29%. John et al. (2012) showed that heavy metal stress decreased 

plant biomass and cause a decrease in root length in Brassica juncea. 

 

The vanadium treated plants show that the increase in vanadium had a negative 

impact on biomass when compared to the control in both roots and shoots. The 

endophyte treated plants show that they were able to overcome the vanadium 

toxicity and improve biomass in both the roots and shoots when compared to both 

the control and vanadium treated plants.The trend in biomass is an expected result 
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as the difference in plant size and root development could be seen in figure 8. The 

increase of biomass for isolates compared to the vanadium treated plant show that 

the microbes are able to help the plants growth heath despite the stress vanadium 

causes. 

 

5.5 Inductively coupled plasma optical emission spectroscopy (ICP-OES) 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to 

determine the nutrient profile of the growth trial plants and the uptake of 

vanadium. The ICP-OES results will give an indication of how the endophyte 

interacted with the uptake of important nutrients while the plant was under heavy 

metal stress of vanadium.Build-up of heavy metals in plant tissue leads to adverse 

effects on growth as well as an impaired nutrition uptake. Heavy metals can induce 

iron deficiency and the resulting low iron content affects chlorophyll biosynthesis 

and hinders chloroplast development (Parida et al., 2003). 
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5.5.1 Results and Discussion 

 

Table 5: Inductively coupled plasma optical emission spectrometry (ICP-OES) of cultivars treated with 

vanadium. Macronutrients represented in green and micronutrients in blue. Color scale from green 

(increase in uptake) to red (decrease in uptake). 

Element C V X Wo Ya 

Mn  1,065
b

 0,945
d

 1,269
a

 1,002
c

 1,066
b

 

Fe 0,539
a

 0,528
a

 0,482
b

 0,232
d

 0,314
c

 

Cu  0,070
c

 0,069
c

 0,100
a

 0,077
b

 0,097
a

 

Zn  1,738
d

 1,629
e

 2,662
a

 1,876
c

 2,251
b

 

Mo  0,019
b

 0,011
c

 0,018
b

 0,012
c

 0,024
a

 

Ni  0,066
a

 0,051
b

 0,056
b

 0,052
b

 0,057
b

 

P  40,909
c

 38,073
d

 55,631
a

 40,919
c

 45,920
b

 

K  821,164
b

 688,845
d

 1020,820
a

 740,406
c

 813,508
b

 

Ca  165,459
b

 144,070
d

 170,629
a

 150,888
c

 171,950
a

 

Mg  42,205
b

 35,731
d

 45,074
a

 35,259
d

 37,328
c

 

V  0,013
e

 0,045
b

 0,058
a

 0,037
c

 0,027
d

 
 Different letters indicate significant differences between means at P< 0.05 (anova) per row. Values are 

means ± S.E (N=3). Values are in mg/Kg. 

 

The nutrient profile in table 5 shows that vanadium has a negative impact on all 

nutrients in the plant. The control shows that there was a trace amount of 

vanadium in soil. The amount of vanadium increased in treated plants showing that 

the concentration added was taken up by the plants. Treatment with the Ya and 

Wo isolates showed a decrease in vanadium uptake suggesting a defensive 

mechanism to protect the plant, while treatment with the X isolate showed an 

increase in vanadium uptake suggesting it may use the heavy metal for various 

processes or absorbs it to protect its host. The increase in vanadium in plants 
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treated with the X isolate didn’t show any increase in cell death as seen in figure 9 

and 10. 

 

Vanadium treated plants showed a decrease in all nutrients with the exception of 

Cu when compared to the control. The uptake of micronutrients such as Mo was 

decreased by 44% and Ni by 23%. Macronutrients K, Ca and Mg all decreased by 

~15% while P was down by 7%. The nutrient poor profile seen in table 4 caused by 

vanadium stress can be seen in the damaged root system (figure 8) as it hinders the 

plants ability to obtain nutrients. The cell death in the roots (figure 10) further 

supports this. 

 

All isolates showed an increase in Cu and Zn and a decrease in Fe uptake. The Ya 

isolate increased the uptake by 39% in Cu, 30% Zn and showed a decrease by 42% 

in Fe. The Wo isolates increase uptake in Cu by 11%, Zn 8% and a decrease in Fe by 

57%. The X isolate showed significant increases in micronutrients such as Zn (53%), 

Cu (42%) and macronutrients such as P (36%) and K (24%).  

 

All isolates showed an improvement in nutrient profile when compared to the 

vanadium treated plants. The increase in the root system (figure 8) may have 

provided the plants with the increase in nutrients. This also suggests that the 

endophytes helped to mitigate the damage caused by excess vanadium.  
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The X isolate had the best nutrient profile as can be seen in table 2 and table 4. This 

suggests that, despite not having the best results in classical plant growth 

promoting mechanisms such as IAA, phosphate solubilization or siderophore 

production when compared to the other isolates it plays a major role in the plants 

nutrient regulation.  

 

There was a decrease in Fe in all isolate treated plants when compared to the 

control and vanadium treated plants despite the endophytes being able to produce 

siderophores. The X isolate had the lowest production of siderophore activity and 

saw the lowest decrease in Fe between the isolates while The Wo strain showed 

the highest production and the biggest decrease in Fe uptake. The Isolates may be 

using the Fe for itself while under vanadium stress to produce biofilms for 

protection. The isolates show an increase in Fe under normal conditions (table 2) 

while the reverse is seen under vanadium stress (table 5). The isolated siderophore 

activity (Figure 7) and the decrease in Fe seen, suggests that the higher the 

siderophore activity the higher the decrease in Fe. A similar trend can be seen in Cu 

however, it shows that the higher the siderophore activity the higher the increase 

in Cu. 

 

Mulder chart (1953) showed that P and Fe have an antagonistic relationship. There 

is an increase in P (table 5) that was not seen in the first growth experiment (table 

2). The ratio for the control and vanadium treatment was 1(Fe):75(P). The 

experimental samples have varying rations, X 1:114, Wo 1:177 and Ya 1:146. The 
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increase in P may be due to the isolates using Fe for itself thus having less effect on 

the on the antagonistic relationship. The ration between Ca and K was 1:5 for all 

samples with the expectation of the X isolate which was 1:6. The disturbance in the 

ration is due to the X isolate having an increase in Mn which was not seen the 

other samples. 
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6. Conclusion and Future Work 
 

There is a diverse endophytic bacteria population present in the roots of plants, 

each contributing a plant growth promoting mechanism ranging from nutrient 

regulation to hormone production. Endophytic bacteria may possess more than 

one mechanism to aid in plant – microbe interaction and improve plant growth. All 

isolates improved plant growth in both stand and heavy metal growth trials. 

 

The Ya strain displayed IAA production which aided in growth promotion root 

elongation and seed germination. It also demonstrated high siderophore production 

activity. The Wo and X strains also possessed IAA production however, it was far 

lower than the Ya strain. The Wo strain produced the highest siderophore activity, 

the Ya and X were both able to produce siderophores as well. The X strain 

regulated multiple essential nutrients to improve plant growth. The other strains 

were able to improve a few nutrients however, it was not as significant as the X 

strain. All strains enabled a high tolerance for vanadium. The tolerance may be due 

to the production of siderophores and therefore should be tested against other 

heavy metals. All 3 strains are promising candidates for improved crop growth 

without the use of commercial fertilizers. The strains tolerance to vanadium stress 

makes them ideal candidates to be tested for bioremediation capability. 

 

Future studies will involve characterization of endophytes with test such as gram 

stain, starch hydrolysis, motility and various other classical characterization tests. 
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Nitrogen fixation is another key test that may reveal a key growth promoting 

property as nitrogen in the same way that phosphorus is a key element that is 

limited in the environment. Mixed endophyte culture tests should be done to 

combine the properties of all 3 strains to test if they IAA producing and the nutrient 

regulator strain can work in combination. Another classical plant growth promoting 

trait to look into is 1-aminocyclopropane-1-carboxylate (ACC) deaminase. The 

isolates are to be sequences to identify them as novel or known microorganism. 

The endophytes can also be applied to other stresses such as salinity and drought. 
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