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ABSTRACT 

 
The hypothesis for this study was that phenanthrene degrading bacterial 

inoculants, in combination with grass species able to tolerate petroleum hydrocarbon 

contamination, will result in increased degradation, as compared to natural rates of 

hydrocarbon degradation, or to rates of degradation attributed to bacteria or plants alone.  

Three experiments were performed to examine this hypothesis:  i) assessment of the 

effect of phenanthrene degrading bacteria (Sphingomonas yanoikuyae, Rahnella 

aquatilis, and Arthrobacter globiformis) on seed germination, location of attachment on 

seeds and roots, and inoculant survival on selected grass species, ii) determination of the 

inoculant survival in contaminated soil in the absence of plants and the ability to 

degrade target compounds, and iii) degradation potential and survival of selected grass 

species and bacterial inoculants in soil.  In general, all applied inoculants were able to 

effectively colonize the seeds and had a neutral or positive effect on seed germination 

and seedling growth.  Possible plant and bacteria pairs were chosen based on positive 

influence of the inoculant and are as follows: perennial ryegrass (Lolium perenne) or 

creeping red fescue (Festuca rubra) with A. globiformis or S. yanoikuyae, or slender 

wheatgrass (Elymus trachycaulus) with A. globiformis or R. aquatilis.  Soil-based 

assessment of the survival and degradation of hydrocarbons by the selected inoculants 

was examined with or without a manure nutrient amendment.  The addition of the 

inoculants had a positive impact on the efficacy of hydrocarbon removal in the soil.  The 

manure-amended soil, or A. globiformis inoculated non-amended soil treatments 

reduced total petroleum hydrocarbon concentration by ~45%, whereas the non-amended 

control only resulted in a ~20% reduction.  When soils were amended with manure and 

inoculated with any of the phenanthrene degrading bacteria, contaminant concentration 

decreased in soil by ~33%.  Sphingomonas yanoikuyae survived the longest in soil in the 

absence of plants.  A growth chamber experiment was conducted to determine the 

efficacy of plant and bacteria pairs for hydrocarbon removal in recalcitrant 
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contamination found in soil from Bruderheim, Alberta.  Additional replicates containing 

this soil were spiked with hexadecane, phenanthrene, and pyrene so the effectiveness of 

the plant and bacteria pairs at higher levels of fresh contamination could be assessed.  In 

the spiked treatment, inoculation with S. yanoikuyae increased creeping red fescue root 

biomass.  In the non-spiked treatment, S. yanoikuyae application increased creeping red 

fescue root and shoot biomass.  Perennial ryegrass root and shoot biomass did not 

increase when inoculated with S. yanoikuyae, although root biomass values were 

observably higher in non-spiked soils.  Creeping red fescue inoculated with S. 

yanoikuyae resulted in the greatest decrease in hydrocarbon concentration as compared 

to other treatments (~61%).  The perennial ryegrass treatment, when inoculated with S. 

yanoikuyae increased percent hydrocarbon removal (~10%) above that obtained with 

perennial ryegrass alone.  The addition of plants and S. yanoikuyae increased 

hydrocarbon degradation relative to control soils, although the addition of vegetation 

alone had a comparable effect.  A critical benefit of inoculation was the increase in 

creeping red fescue root biomass at higher concentrations of contamination.  This is 

important because the larger the root biomass the larger the volume of soil that can be 

remediated.  The results indicate that the use of specific plant-bacterial inoculants can 

enhance remediation of hydrocarbon contaminated soils. 
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1.0 INTRODUCTION 
 

The interactions of humans and the environment that are focused on meeting 

global energy demands have caused many sources and types of environmental pollution, 

in particular, soil contamination.  About 60% of Canada’s contaminated sites involve 

petroleum hydrocarbon contamination which can impair the quality of both land and 

water (CCME, 2000) and are priority pollutants due to their frequent occurrence (Lahlou 

et al., 2000).  As the consumption of fossil fuels is expected to increase to keep pace 

with global energy needs (Edwards, 1983), the fate and distribution of these 

contaminants in the environment must be well understood so that appropriate site-

specific remediation strategies can be applied.   

Currently, specific provincial and federal regulatory requirements must be met to 

consider a site non-contaminated, and it must be returned to previous land use prior to 

site release.  The level of hydrocarbon contamination permitted is dependant on the soil 

type, land use, and potential exposure to people, among other criteria (SKEV, 2006; 

ABEVa, 2007; ABEVb, 2007).  Sites can no longer be left to natural attenuation since 

problems arise due to contaminant mobility and toxicity.  Depending on the history of 

the site (i.e., time of contaminant release and type of release) a variety of approaches 

have been employed to prevent serious environmental deterioration. 

In order to ensure rapid clean up, many methods currently employed for 

contaminant removal involve the physical removal of the contaminated soil and 

movement to a treatment facility, to contain the contamination.  Procedures for clean up 

ex-situ include excavation of the affected soil and subsequent treatment by, but not 

restricted to, soil washing, surfactant washing, or thermal desorption and distillation.  

Soils are usually replaced once the contaminant has been removed, or new soil is used 

from adjacent sites.   

Soil removal is disruptive to the ecosystem, damages soils and vegetation 

structure and function, and is very expensive.  Additionally, some of the techniques used 
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to remediate contaminated soils off-site are inefficient.  For example, bulk removal of 

the contaminated soil to a treatment facility or removal of the contaminant by soil 

washing tends to be ecologically disruptive and can be expensive and the results are not 

consistent (Huang et al., 2004). 

Bioremediation involves inoculation of pollutant degrading microorganisms into 

contaminated soil (Schwartz and Scow, 2001), and is established to reduce hydrocarbon 

concentration, mobility in the soil matrix, and toxicity to other organisms (Panno et al., 

2005).  For this process to be successful, suitable bacterial species must be chosen so 

they can survive in the contaminated soil and degrade the target compounds.  Microbial-

based remediation strategies usually include improving soil properties such as gas and 

water exchange through tillage, or by adding nutrients to the soil (Corgié et al., 2004). 

Successful persistence of bacterial strains through inoculation in the absence of 

vegetation is sometimes difficult to achieve.  The in-situ remediation of high molecular 

weight and ringed hydrocarbons tends to be complicated because there is difficulty in 

achieving contact with a contaminant bound in the soil matrix (Leahy and Colwell, 

1990; Trzesicka-Mlynarz and Ward, 1995).  Inadequate inoculant survival reduces the 

effectiveness of bioremediation.  Extended survival of a bacterial inoculant is important 

for the degradation of recalcitrant hydrocarbons because these are not degraded in the 

early stages of remediation (Mishra et al., 2001, Schwartz and Scow, 2001).  Although 

these techniques effectively reduce contamination, it is often at a rate that is too slow to 

prevent migration of contamination to adjacent sites, and is limited in terms of 

degradation at depth in the soil profile (Leahy and Colwell, 1990).  Tillage helps to 

improve degradation at depth (Mishra et al., 2001), but mechanical tillage is disruptive 

to the soil structure and will not result in the preservation of the ecosystem. 

Plant and bacteria interactions are important in the enhanced degradation of 

many soil contaminants such as pesticides, chlorinated compounds, and polyaromatic 

hydrocarbons (PAHs) (Günther et al., 1996; Schwab et al., 1998; Banks et al., 1999; 

Sung et al., 2003; Huang et al., 2004; Shaw and Burns, 2004).  Biodegradation can be 

influenced by the rhizosphere, and can induce changes in microbiological activity and 

diversity, depletion of nutrients, and water consumption (Corgié et al., 2004).  It is also 

affected by the adsorption of PAHs to roots.  Additionally, vegetation is important since 
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it functions to decrease migration of hydrocarbon pollutants deep into the soil profile by 

reducing the amount of leachate and by bringing dissolved contaminants closer to the 

root zone (Aprill and Sims, 1990). 

By adding vegetation to contaminated soils, it can lead to maintenance of soil 

structure that aids in gas and water exchange through the modification of physical and 

chemical properties of the soils (Susarla et al., 2002).  The exudates released into the 

soil during seed hydration and root growth modify the populations of soil and plant 

microorganisms, and a high population of bacteria can be maintained within the 

rhizosphere (Siciliano et al., 2003; Nelson, 2004).  The energy required to power the 

system is sunlight derived and is low in cost to establish (Huang et al., 2004).  Although 

this is true, the growth impairments caused by the contamination present may restrict 

plant growth and limit the benefits of adding plants to a contaminated soil.   

To overcome the possible restrictions on plant growth, bacterial inoculants have 

been used to detoxify contaminants that occur in close proximity to the plant seed, or to 

enhance plant growth to reduce possible stressors and restrictions to plant establishment 

(Siciliano and Germida, 1997; Huang et al., 2004).  If plants are used with the addition 

of hydrocarbon degrading microorganisms, the plants may act to enhance inoculant 

survival and the inoculants may effectively detoxify contaminants in close proximity to 

the roots, aiding in plant survival.  An inoculated plant must not be negatively affected 

by the species of bacteria present and the plant species chosen must also act to increase 

survival of bacterial inoculants.   

The presence of bacteria with the ability of using hydrocarbons in contaminated 

soil systems may also decrease plant stress, therefore increasing the success of plant and 

inoculant introduction in contaminated sites.  Binding to plant roots is usually necessary 

before an inoculant can have a beneficial effect on plant growth (Ma et al., 2001).  

Additionally, the deep and fibrous roots of many grass species are of particular interest 

because the volume of soil that can possibly be remediated may increase (Sung et al., 

2003).  Their extensive fibrous root systems provide a large surface area for the 

attachment of bacteria, and can penetrate the soil extensively (Günther et al., 1996).   

The assessment of the survival of phenanthrene degrading bacteria and the 

location of attachment on seeds and roots will allow for insight into the applicability of 
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hydrocarbon degrading inoculants to grass species.  The survival and degradation 

capability of hydrocarbon degrading inoculants in the absence of plants is also important 

because an inoculant that is able to compete with populations of bacteria already present 

in the soil will have a higher chance of survival in the soil system.  Soil systems can 

create barriers to root colonization, therefore understanding how an inoculant performs 

in soil systems is equally important to determine the success of a plant and bacteria 

combination for the remediation of hydrocarbon contaminated soils. 

The hypothesis for this study was that phenanthrene degrading bacterial 

inoculants, in combination with grass species able to tolerate petroleum hydrocarbon 

contamination, will increase degradation, as compared to natural rates of hydrocarbon 

degradation, or to rates of degradation attributed to bacteria or plants alone in 

hydrocarbon contaminated soil.  Three experiments were performed to examine this 

hypothesis and included; i) assessing the effect of phenanthrene degrading inoculants on 

seed germination, location of attachment on seeds and roots, and inoculant survival on 

selected grass species, ii) determination of inoculant survival in contaminated soil in the 

absence of plants and their ability to reduce hydrocarbon concentration with or without a 

nutrient amendment, and iii) evaluating the degradation potential of the plant/inoculant 

combination in recalcitrant and spiked soils, and plant/inoculant survival of selected 

grass species and bacterial inoculant.

 4
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2.0 LITERATURE REVIEW 
 

2.1 Hydrocarbons and the Environment 
 
Arguably, the most problematic interactions between humans and the 

environment are those that result from attempting to meet global energy demands.  

These interactions lead to numerous forms of environmental pollution, a critical 

example being soil contamination.  Contaminants such as petroleum hydrocarbons are 

widely distributed over soils all over the world and have directly and indirectly led to 

human and environmental health risks (Olsen, 2003).  As the consumption of fossil fuels 

is expected to increase to keep pace with global energy needs (Edwards, 1983), the fate 

and distribution of these contaminants in the environment must be well understood so 

that appropriate site-specific remediation strategies can be applied. 

Petroleum hydrocarbons are used to provide energy for heat, fuel for 

transportation, power, and are a source for many synthetic materials.  Hydrocarbons 

exist in a form of diverse multi-component mixtures (Leblond et al., 2001).  The long 

term production and use of petroleum products has caused widespread contamination 

(Panno et al., 2005).  Because of the wide spread contamination of hydrocarbons, 

environmental contamination is a universal issue.  About 60% of Canada’s contaminated 

sites involve petroleum hydrocarbon contamination which can impair the quality of both 

land and water (CCME, 2000) and are priority pollutants due to their frequent 

occurrence (Lahlou et al., 2000).  Petroleum hydrocarbons in soil ecosystems usually 

arise from anthropogenic sources.  There are many routes of contaminant deposition on 

to and in to soils.  These sources include direct sources such as spills into the 

environment while drilling, during storage, refining, transport, through leaky oil lines, 

and during various industrial activities (Fig. 2.1) (Edwards, 1983; Marín et al., 1995; 

Dagher et al., 1997; Kästner et al., 1998; Samanta et al., 1999; Ho et al., 2000; Ma et al., 

2001; Chávez-Gómez et al., 2003; Corgié et al., 2004).  Indirect sources of 

hydrocarbons, related to the combustion of fossil fuels, forest and agricultural fires, 
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Figure 2.1 Schematic representation of hydrocarbons in the terrestrial environment. 
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include the atmospheric deposition of hydrocarbons onto terrestrial environments 

(Edwards, 1983).  The source and distribution of hydrocarbons in the soil environment 

can vary and depend on the history of contamination on any given site (Stout et al., 

2003).  Soil-bound hydrocarbons can also be distributed to adjacent areas by wind and 

water erosion increasing the heterogeneity of the affected soil. 

The initial release of hydrocarbons from direct sources creates growth conditions 

that are unfavourable to microbial growth.  Limitations in nutrients, oxygen, or the 

direct toxic effects of volatile hydrocarbons can inhibit degradation (Leahy and Colwell, 

1990).  Infiltration of fossil fuel into the soil can prevent evaporative losses of volatile 

hydrocarbons which can also increase the toxicity to microorganisms.  Although this 

may limit the microbial activity temporarily, the primary mechanism of hydrocarbon 

removal from soil is by metabolization by naturally occurring populations of 

microorganisms in the soil. 

The molecular size of the hydrocarbon determines its susceptibility to microbial 

attack.  Petroleum hydrocarbons have been divided into four groups; the saturates, the 

aromatics, the ashphaltenes (phenols, fatty acids, keytones, esters, and porphyrons), and 

the resins (pyridines, quinolines, carbazoles, sulfoxides, and amides) (Leahy and 

Colwell, 1990).  Rates of degradation of these compounds show that the saturates are the 

most open to microbial attack, and the high-molecular weight aromatics and polar 

compounds tend to be least susceptible to degradation (Leahy and Colwell, 1990).  The 

more complex the molecular structure the more hydrophobic and persistent it becomes 

in soil ecosystems.  Although this is true, site specific interactions can influence rates of 

degradation and deviate from the norm.  Adsorption of hydrocarbons to humic 

substances also contributes to the formation of persistent residues.   

The polyaromatic hydrocarbons (PAHs) constitute a large and diverse class of 

organic compounds, all being made up of two to seven benzene rings, occur in various 

structural configurations, and vary in solubility, and persistence in soil (Prabhu and 

Phale, 2003; Sverdrup et al., 2003; Corgié et al., 2004).  PAHs that are low in molecular 

weight are moderately biodegradable under aerobic conditions (Olsen, 2003).  The 

persistence of PAHs also varies with the environment in which it occurs.  A PAH that 

occurs in an aquatic environment has a half-life of seven days to two months, and in a 



soil environment two months to two years (Sverdrup et al., 2003).  As the number of 

fused benzene rings increases, the more hydrophobic and non-volatile they become, 

which is one of the factors limiting hydrocarbon biodegradation (Trzesicka-Mlynarz and 

Ward, 1995). 

All PAHs can have toxic effects, but the higher molecular weight PAHs have 

acutely toxic effects, and can act as mutagens, teratogens, or carcinogens to a number of 

aquatic and mammalian species (Edwards, 1983).  PAH alkylderivatives are also 

detrimental to public health (Ho et al., 2000; Sabaté et al., 2003).  The persistent nature 

of these compounds, due to their low aqueous solubility and lipophilic nature, limit their 

movement in the environment.  Thus, there is high potential for accumulation and 

biomagnification of PAHs in the food chain (Edwards, 1983; Aprill and Sims, 1990; 

Kanaly and Harayama, 2000; Samanta et al., 2002).  The molecular structure of the 

PAH, low bioavailability, limited microbial biomass, and limited genetic induction can 

restrict biodegradation in soil (Schwartz and Scow, 2001; Olson et al., 2003).   

Phenanthrene (C14H10) is a tricyclic aromatic hydrocarbon that is toxic to various 

organisms and has a structure that is shared with other carcinogenic PAHs (Pinyakong et 

al., 2000).  This compound is useful for studies of microbial metabolism and physiology 

since the various pathways and metabolic diversity involved in degradation are well 

documented (Pinyakong et al., 2000; Prabhu and Phale, 2003; Sabaté et al., 2003). 

 
2.2 Degradation of Hydrocarbons in Soil 

2.2.1 Microbial degradation of hydrocarbons in soil 

Hydrocarbon-degrading microorganisms are universally distributed in soil and 

aquatic environments since the hydrocarbons themselves are distributed this way.  In 

soils with a history of contamination, there is a higher capability for degradation than 

soils with no history of contamination (Leahy and Colwell, 1990; Trzesicka-Mlynarz 

and Ward, 1995).  Populations of hydrocarbon degrading bacteria normally constitute 

less than one percent of the total microbial communities (Atlas, 1996).  However, when 

oil pollutants are present, hydrocarbon degrading populations increase, typically to 10% 

of the community. 
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When considering organic compounds in soil environments, the processes 

affecting their state must also be considered.  Solar radiation, water content, oxygen 

levels, and pH can drive chemical reactions, alter the parent compound, and regulate 

rates of degradation (Tinsley, 2004).  These processes may make the target compound 

more susceptible to microbial attack, or render it more resistant to degradation.  Most 

importantly, the initial steps in the catabolism of aliphatic, cyclic, and aromatic 

hydrocarbons by most bacteria and fungi require molecular oxygen for the oxidation of 

the substrate (Leahy and Colwell, 1990). 

Although degradation primarily occurs under aerobic conditions, degradation 

can occur under anaerobic (i.e. no oxygen or nitrate) and denitrification conditions (i.e. 

no oxygen and NaNO3 supplied to media).  Mihelcic and Luthy (1998) found that 

acenaphthene, naphthalene, and naphthol were degraded to non-detectable levels under 

aerobic conditions in 10 d or less.  Although naphthol was removed in an anaerobic 

system, acenaphthene and naphthalene were not degraded over the 10 week test period.  

The hydroxyl group present on naphthol causes this compound to be more biologically 

reactive than an unsubstituted parent compound such as naphthalene.  Microbial 

degradation of naphthalene and acenaphthene were also demonstrated under 

denitrification conditions (no oxygen, NaNO3 supplied to media), although it was shown 

that the microbial communities present in the soil required a period of adjustment of 

several weeks prior to the initiation of hydrocarbon degradation (Mihelcic and Luthy, 

1998). 

Bacteria degrade phenanthrene, mainly under aerobic conditions.  Some soil 

bacteria degrade phenanthrene by the initial double hydroxylation of the phenanthrene 

molecule by an oxygenase enzyme (Fig. 2.2) (Trzesicka-Mlynarz and Ward, 1995; 

Aitken et al., 1998; Prabhu and Phale, 2003; Ellis et al., 2006).  Subsequent catabolite 

formation, ring fission and further metabolism results in the production of 1-hydroxy-2- 

naphthoate and then follows one of two pathways.  The first results in the production of 

1,2-dihydroxynaphthalene which is subsequently degraded through the naphthalene 

pathway and results in salicylate, which is available for further metabolization.  The 

second pathway involves the transformation of 1-hydroxy-2-naphthoate to phthalate, 

which is subsequently degraded through the phthalate pathway to 2,4-dichlorobenzoate,  
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Figure 2.2 Phenanthrene degradation pathway used by some soil microorganisms.  

Adapted from Ellis et al. (2006). 
 



and is subsequently degraded further. 

Several different bacterial genera are capable of degrading PAHs and include 

species of Pseudomonas, Alcaligenes, Mycobacterium, Rhodococcus, Sphingomonas, 

and Cycloclasticus and most have been enriched based on their ability to grow on the 

PAHs naphthalene, phenanthrene, fluorene, acenaphthene, and anthracene (Ho et al., 

2000).  Although many of these species are capable of using lower molecular weight 

PAHs as a sole source of carbon, the degradation of the higher molecular weight PAHs 

is often limited to cometabolism since low solubility limits the ability to support active 

microbial populations (Olsen, 2003). 

The physical state of the compound and the redox potential of the soil are 

important when assessing the persistence of these organic chemicals.  Research on 

mutagenic studies on the low molecular weight fractions of PAHs shows the presence of 

a methyl substituent on phenanthrene not only increases resistance to microbial 

metabolism, but may also cause it to become mutagenic to other organisms (Sabaté et 

al., 1999; Sabaté et al., 2003).  Although the toxicity of secondary compounds may 

affect the degrader population, Sphingomonas spp. have been shown to target this 

methylated phenanthrene fraction. 

2.2.2 Bioremediation 

Traditional remediation of environmental contaminants usually involves an 

expensive excavation of large volumes of contaminated soil from the site for treatment, 

and the washing of those soils with solvents are expensive (Ma et al., 2001; Huang et al., 

2004).  In-situ remediation of these compounds tends to be more complicated since there 

is difficulty in achieving contact with a contaminant bound in the soil matrix.  The use 

of microbiologically based remediation techniques allows for the in-situ treatment of 

contamination without causing major disturbance to an ecosystem.   

Biodegradation is the biologically mediated transformation of a molecule, 

eventually resulting in smaller and less toxic molecules (Olsen et al., 2003).  

Bioremediation is a term for the process of applying microbial inoculants for the 

acceleration of the natural fate of organic pollutants during the remediation of 

contaminated soil, sludge, and groundwater (Atlas, 1995; Bogan and Lamar, 1996; 

Taylor and Viraraghavan, 1999; Mishra et al., 2001).   
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The fate of pollutants during bioremediation is influenced by competing 

processes of adsorption and biodegradation (Ressler et al., 1999).  Bioaugmentation, or 

the addition of organisms that target specific compounds, may be required in situations 

where populations of indigenous degrader populations are limited and cannot rapidly 

degrade recalcitrant chemicals (Widada et al., 2002).  Bioremediation uses an 

inoculation of pollutant degrading microorganisms into contaminated soil (Schwartz and 

Scow, 2001), and is established to reduce the hydrocarbon concentration, mobility in the 

soil matrix, and toxicity to other organisms (Panno et al., 2005).   For this process to be 

successful, suitable bacterial species must be chosen so they have high catabolic activity 

to degrade the target compound and can survive in the contaminated soil.  If 

microorganisms can utilize a substrate directly, even when not present in the aqueous 

phase, it may further enhance degradation especially where recalcitrant compounds, 

such as PAHs, are present (Eriksson et al., 2002).  

Successful persistence of bacterial strains through inoculation into field 

conditions in the absence of vegetation is sometimes difficult to achieve.  Extended 

survival is important for the degradation of multi-ringed aromatics and recalcitrant 

hydrocarbons since these are not degraded in the early stages of remediation (Mishra et 

al., 2001).  Although the addition of microorganisms can play a role in the reduction of 

hydrocarbons in the soil environment, it is often difficult to generate sufficient biomass 

in natural soils to achieve reduction of tightly bound hydrophobic PAHs in the soil 

(Huang et al., 2004). 

Inadequate inoculant survival may reduce the effectiveness of bioremediation 

and less of a pollutant can be removed from a soil system (Schwartz and Scow, 2001).  

Often where the chemical analysis of soils may indicate completion of bioremediation, 

the bacteria present may show a diminished metabolic capacity as compared to pristine 

soils (Panno et al., 2005).  This may be influenced by selective pressures from the 

accumulation of metabolites.  

Environmental factors also play a vital role in bioremediation.  The intensity of 

hydrocarbon biodegradation in soil is influenced by nutrient availability, pH, 

temperature, water content, quality, quantity and bioavailability of contaminants 

(Margesin et al., 2000).  Sabaté et al. (2004) showed that in the absence of nutrients 
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there was a delay in the reduction of hydrocarbons in soil.  In a field scale study by 

Mishra et al. (2001), the success of bioremediation of soil was enhanced by maintaining 

optimal moisture levels, nutrients, and aeration. 

2.2.3 Plant degradation of hydrocarbon contaminants 

 Vegetation present in contaminated soil plays a number of roles in hydrocarbon 

degradation, which include enhancing the populations and activity of soil bacteria, being 

a sink for hydrocarbons, and in some cases actively metabolizing the contaminant 

(Olson, 2003).  Hydrocarbons enter vegetation in a number of ways.  They can be taken 

up through the roots in the soil environment or from the atmosphere through the foliage 

(Tinsley, 2004).   

Plants and seeds have evolved in association with a diversity of microorganisms.  

The seed is the first point of contact between plants, pathogens, soil microorganisms, 

and contaminants, which influence plant growth, development and health (Nelson, 

2004).  The plant seed plays a role in the modification of soils and associated 

microorganisms.  The spermosphere is the short lived, rapidly changing dynamic zone 

of soil surrounding a germinating seed and is equivalent to the rhizosphere (Fig. 2.3) 

(Nelson, 2004).  The seed releases exudates into the soil during seed hydration 

stimulating the microbial population in this zone.  This interaction can have long term 

impacts on overall plant growth and survival. 

Leaf surfaces provide large surface areas for processes of absorption during gas 

exchange through stomata and adsorption through wet and dry deposition (Tinsley, 

2004).  The waxy cuticle present on the leaf protects the plant from dehydration and 

disease, and is lipophilic in nature.  Since some hydrocarbons are more lipophilic in 

nature, they can easily be adsorbed by the leaf surfaces.  Plants can adsorb hydrocarbons 

from the atmosphere onto waxy leaf surfaces, leading to remediation of some 

hydrocarbons that are present in the atmosphere (Olson, 2003). 

Hydrocarbons that are in the aqueous phase are taken up with water by the roots.  

Hydrocarbons that have high water solubility and an octanol-water partition coefficient 

(log KOW) between 0.5 and 3.0 have potential to be taken up into the plant (Table 2.1) 

(Ressler at el., 1999; Olson et al., 2003).  However, if the compound has undesirable 

characteristics such as low water solubility and high log Kow it is unlikely it will be 
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Figure 2.3 Schematic representation of the spermosphere.  Adapted from Nelson 
(2004). 
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Table 2.1 Physical and chemical properties of selected polyaromatic hydrocarbons 
(PAHs). Adapted from Ressler et al. (1999). 

 
PAH Molecular weight Solubility in water Log KOW

†

 mg L-1

Naphthalene 128.19 30 3.37
Acenaphthene 154.2 3.47 4.33
Fluorene 166.2 1.98 4.18
Phenanthrene 178.24 1.29 4.46
Anthracene 178.24 0.07 4.45
Fluoranthene 202.26 0.26 5.33
Pyrene 202.26 0.14 5.32
† KOW, octanol-water partition coefficient
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taken up into the plant.  Hydrocarbons that are low in molecular weight or those that are 

high in molecular weight but have been transformed by hydroxylation outside of the 

plant are favoured in plant uptake. 

Larger and more persistent PAH molecules with a high affinity for surfaces of 

soil solids and a lipophilic nature have a tendency to adsorb to root surfaces and may act 

as a sink for hydrocarbons, and be a first step in degradation of recalcitrant 

hydrocarbons.  Schwab et al. (1998) found that naphthalene adsorbed to alfalfa 

 (Medicago sativa L.) and tall fescue (Schedonorus phoenix (Scop.) Holub) roots and the 

amount of hydrocarbon adsorbed to the root increased with increasing plant age.  The 

complex interactions of plant roots and soil define the overall plant status and these 

interactions are responsible for maintaining nutrient requirements and determine the 

remediation potential of terrestrial vegetation. 

Once a contaminant has entered a plant it goes through either oxidation and 

biodegradation, or conjugation and sequestration within the plant.  In both cases, plant 

monooxygenases or peroxidases initially hydroxylate the contaminant resulting in non- 

polar organics that are more mobile and easily transported within the plant tissue (Olson 

et al., 2003).  Depending on the physiochemical characteristics of the compound, these 

plant enzymes can ultimately lead to the oxidation of the compound, by various 

pathways, to carbon dioxide and water.  Contaminants can also conjugate with sugars, 

amino acids, or small peptides and be transported through the plant tissue into vacuoles 

or plant cellular material. 

2.2.4 Phytoremediation 

With the increase in concern over environmental contamination and associated 

health risks, and the high cost of remediating these sites, inexpensive and effective in-

situ reclamation strategies such as phytoremediation are being examined and in some 

cases applied (Olsen, 2003).  To ensure remediation is successful, the overall rate of 

PAH removal and degradation must be increased above the rate of the microbial 

processes occurring naturally in the soil, and must be suitable for that particular soil 

ecosystem to ensure success.  One way to facilitate this is by increasing the amount of 

organic biomass in contaminated soil with the addition of plants (Huang et al., 2004).  
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This can stimulate the remediation of recalcitrant contamination due to the complex 

interactions of the roots and soil (Sung et al., 2003).  

Plants can promote, by various processes, the modification of physical and 

chemical properties of contaminated soils: increasing the organic content of the soils 

through the release of seed and root exudates, aeration through the release of oxygen 

and an increase in porosity in the upper soil layers, and retarding the movement of 

chemicals through the extraction of water causing a reversal of the hydraulic gradient 

(Fig. 2.4) (Susarla et al., 2002).  Modification of pH takes place in the rhizosphere in 

response to proton fluxes towards the root tip during growth (Pearce et al., 1995).  Liste 

and Alexander (2000) found that a variety of crop and horticultural plants were able to 

increase the extent of pyrene degradation in soil.  Deep rooted species are of particular 

interest since the volume of soil that can possibly be remediated can increase (Sung et 

al., 2003). 

Many grass and forb species have been examined for their ability to promote 

degradation of hydrocarbons in soil or to tolerate soil contamination.  Some plant 

species have been identified as potential plants for phytoremediation based on their 

ability to naturally colonize contaminated soils as determined from botanical surveys of 

contaminated areas (Robson et al., 2004).  Species such as blue grama grass (Bouteloua 

gracilis (Willd. ex Kunth) Lag. ex Griffiths), Canada thistle (Cirsium arvense (L.) 

Scop.), saltgrass (Distichlis spicata (L.) Greene), slender wheatgrass (Elymus 

trachycaulus (Link) Gould ex Shinners), western wheatgrass (Pascopyrum smithii 

(Rydb.) A. Löve), western snowberry (Symphoricarpos occidentalis Hook.), and 

manyflowered aster (Symphyotrichum ericoides (L.) G.L. Nesom var. pansum (S.F. 

Blake) G.L. Nesom) have all been found growing on contaminated sites (Robson et al., 

2004).  Alfalfa (Medicago sativa L.), tall wheatgrass (Thinopyrum ponticum (Podp.) Z.-

W. Liu & R.-C. Wang), and red clover (Trifolium pratense L.) are known to tolerate 

hydrocarbon contamination (Frick et al., 1999).  Blue grama grass, creeping red fescue 

(Festuca rubra L.), perennial ryegrass (Lolium perenne L.), alfalfa, and western 

wheatgrass have been demonstrated as remediators (Aprill and Sims, 1990; Frick et al, 

1999).  

Studies have shown that root exudates and plant cellular debris are a significant 
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Figure 2.4 Plant and microorganism interactions in the rhizosphere, and functions of enhanced biodegradation.  Adapted from Olsen 

(2003). 
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source of carbon and nutrients which can be utilized as a substrate by the rhizosphere 

microflora (Biondini et al., 1988; Miya and Firestone, 2001).  This increase in substrates 

can lead to higher densities and activities by microorganisms (Liste and Alexander, 

2000).  Higher densities of microorganisms in the soil systems often results in higher 

rates of degradation.  In addition, plant transpiration may result in the transport of 

contaminants dissolved in water from areas outside the root zone towards the root (Liste 

and Alexander, 2000).  Due to the fact that hydrocarbons tend to be lipophilic, 

absorption to the roots may be an important sink for PAHs in soils (Schwab et al., 

1998).  Additional approaches for enhancement of these processes include nutrient 

supplementation and control of moisture or pH, as well as the introduction of 

microorganisms (Brodkorb and Legge, 1992).  

Plant roots provide ideal sites for the attachment of microbes and a source of 

exudates consisting of amino acids and organic acids, sugars, enzymes, and complex 

carbohydrates (Tesar et al., 2002).  While plants are providing a source of substrates for 

soil microorganisms, the microorganisms also benefit the plant in contaminated soil.  

Healthy root function is also influenced by the presence of microorganisms, and the 

plants can induce changes in the rhizosphere biota (Pearce et al., 1995). 

The addition of plants, in particular prairie grass species, can increase the 

amount of fungi present in the soil.  Mycorrhizal fungi can increase the uptake of 

nutrients such as phosphorus, and can increase the volume of soil the root system can 

inhabit (Pearce et al., 1995).  The endophyte infection can significantly promote the 

development of reproductive tillers and seed production by increasing water and nutrient 

absorption into plant roots, especially in situations where water is limited (Morse et al., 

2002; Hesse et al., 2003).  The soil that is inhabited by the root-fungi system means 

there is an increased capacity for remediating larger volumes of soil.  Fungi are capable 

of oxidizing many different compounds such as PAHs, which can make these 

compounds more water soluble and bioavailable (Meulenberg et al., 1997).   

The fungi and other microorganisms present in the rhizosphere of many grass 

species are involved in a symbiosis, which is mutually beneficial for growth and 

development of the plant, fungi and microorganisms (Pearce et al., 1995). 

 



2.2.5 Hydrocarbon degrading plant bacterial inoculants 

It is well known that plants stimulate hydrocarbon-degrading organisms in 

contaminated soils (Tesar et al., 2002).  Rhizodegradation combines the physical and 

chemical modifications in the rhizosphere, which affect pollutant bioavailability and 

stimulate microbial processes (Corgié et al., 2004).   

By inoculating hydrocarbon-degrading bacteria into the rhizosphere of plants 

present in contaminated systems the inoculant might protect the plants from the toxic 

effects of the contaminants (Siciliano et al., 2001).  Although the introduction of 

bacteria to contaminated systems has been shown to enhance the degradation of the 

contaminant in the system, the effectiveness of the inoculant is restricted by those 

conditions present in the soil system (Siciliano and Germida, 1997).  Specific cultures of 

oil-degrading bacterial inoculants will fail to enhance hydrocarbon degradation if they 

are unable to compete and survive with indigenous soil populations (Atlas, 1995).   

Successful inoculation requires sufficient microbial biomass that can survive in 

the root zone of an actively growing plant in a soil environment where survival of the 

inoculant is likely to be high (Jasper, 1994).  Inoculants must also show good 

colonization capacity and survival on the roots of selected species for prolonged periods 

of time (Nijhuis et al., 1993).  Micro-organisms used for soil inoculation need to survive 

in the environment and be tolerant of the soil conditions at a contaminated site.  Once 

the microorganisms are in a soil system, they need to persist over long periods of time to 

allow for sufficient levels of degradation.  The survival of the plant and inoculant is a 

deciding factor in the rate of degradation of hydrocarbons (Mishra et al., 2001).  

Environmental factors such as low pH, water availability, extreme temperatures, and 

high levels of indigenous bacteria can result in the failure of inoculant success (Jasper, 

1994). 

Rhizosphere colonization by seed applied inoculants can occur by active and 

passive movement.  Although motility is a benefit in rhizosphere colonization, passive 

movement through percolating water, movement on the root surface and interactions 

with other soil biota can be a major vehicle for bacterial movement from seed to root 

(Knox et al., 2004).  Irrespective of the mode of colonization, the key feature is efficient 

colonization of the root surfaces (Compant et al., 2005).  Previous studies have shown 

 20



that bacteria tend to form microcolonies on surfaces of roots, leaves and seeds, and even 

on inner root tissues (Pearce et al., 1995; Ma et al., 2001). 

Although Corgié et al. (2004) found that the biodegradation of PAH and 

bacterial numbers in the rhizosphere are a function of distance to the root surface in a 

pot experiment, other soil organisms, such as nematodes, that are active in the 

rhizosphere of living plants, may contribute to an increase in the colonization of 

bacterial inoculants throughout the soil through transporting bacteria on their cuticle and 

through the intestine (Knox et al., 2004). 

The presence of bacteria that are able to utilize hydrocarbons in contaminated 

soil systems may also decrease plant stress, therefore increasing the success of plant and 

inoculant introduction in contaminated sites.  It is necessary for the inoculant to be able 

to establish a metabolically active population in the rhizosphere that is capable of 

expressing traits needed for bioremediation.  Binding to plant roots is usually necessary 

before a plant growth-promoting bacterium can have a beneficial effect on plant growth 

(Ma et al., 2001).   It is therefore important to know if a bacterium can indeed attach to 

plant roots, and the location of attachment will allow insight into the applicability of 

hydrocarbon degrading inoculants. 

 
2.3 Biophytoremediation of Hydrocarbon Contamination in Soil 

Many authors have shown that the addition of microorganisms can reduce the 

amount of contamination in soil; some have also shown that these results are somewhat 

short term since the bioavailability of such contamination becomes unavailable (Mishra 

et al., 2001; Schwartz and Scow, 2001; Huang et al., 2004). 

The use of plants is known to stimulate soil bacteria and if used with the addition 

of microorganisms the plants will act to enhance inoculant survival.  For this reason, 

more research is necessary to determine the feasibility of hydrocarbon degrading 

bacteria with various plant species.  An inoculated plant must not be negatively affected 

by the species of bacteria present and the plant species chosen must also act to increase 

survival of bacterial inoculants in contaminated soils.  

Since abiotic factors such as soil type, temperature, pH, nutrient concentrations, 

and soil moisture strongly influence all soil based processes and are predominant factors 
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in determining biodegradation rates (Leahy and Colwell, 1990; Knox et al., 2004), plant 

species that are vigorous, adapted to the environmental conditions, competitive, 

adaptable to various soil types, and tolerant of the contaminant present in the soil must 

be applied.  Since soil systems create barriers to root colonization, understanding how 

an inoculant performs in soil systems is equally important to determine the success of a 

plant and bacteria combination.



3.0 THE SURVIVAL OF PHENANTHRENE DEGRADING BACTERIAL 
INOCULANTS AND EFFECT ON SELECTED GRASS SPECIES 

 

3.1 Introduction 

Plants and their seeds have evolved in association with a diversity of 

microorganisms, and the interactions of a plant and soil bacteria vary with the different 

life stages of the plant (Nelson, 2004).  The diversity of bacteria associated with plant 

roots is also dependent on the plant species present (Corgie et al., 2004; Shaw and 

Burns, 2004).   

During the period of imbibition and germination of the seed, the bacterial 

communities in the soil are stimulated (Nelson, 2004).  The seed exudates that are 

released within the spermosphere are homologous to the rhizosphere and play a role in 

the development and establishment of the rhizosphere microbial communities.  The rates 

of seed and root exudation are dependent on the nutrient status of the plant as well as the 

presence and types of microorganisms in the spermosphere and rhizosphere (Dakora and 

Phillips, 2002).  The types of organisms present within the seed and soil will influence 

susceptibility to plant disease, overall growth, development, and health of the plant 

(Simon et al., 2001; Nelson, 2004).  Additionally, competition for carbon sources in the 

soil is a primary determinant of the resulting rhizosphere ecology (Petersen et al., 1996).  

Some bacterial associations are specific, such as those found with species of rhizobia 

and legumes.  Where carbon sources are high, as in a hydrocarbon contaminated soil, 

plant available forms of nitrogen become immobilized and limited (Landi et al., 2006), 

and the bacteria can enhance the growth of a plant by transforming nitrogen to plant 

available forms making this association important for plant survival. 

Although all interactions between the plant seeds and soil are important, the seed 

and bacteria associations developed when the seed is initially imbibing and germinating 

are most important since this is the first point of contact between the seed and soil 

microorganisms (Nelson, 2004).  Soil bacteria can have a positive or negative impact on
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plant growth.  For example, the early colonization of plant seeds and roots by beneficial 

bacteria can result in a reduction in the carbon sources available to deleterious bacteria.  

For example, some species of bacteria can rapidly colonize seeds of tomato and can lead 

to the reduction of colonization by pathogenic fungi (Simon et al., 2005).  Espinosa-

Urgel et al. (2000) found that Pseudomonas spp. were able to colonize plant roots 

effectively and form beneficial associations with a plant.  The plant and bacteria 

association in these cases can reduce the occurrence of disease and lead to enhanced 

growth of the plant.  Conversely, seed exudates can attract pathogenic bacteria such as 

the exudates released by the weed velvetleaf (Abutilon theophrasti Medik.) (Begonia 

and Kremer, 1994).  The pathogenic bacteria are attracted to certain amino acids and 

carbohydrates released by velvetleaf.  These bacteria could potentially be used as a 

biocontrol agent for this weed. 

Many species of bacteria are able to use hydrocarbons as their primary carbon 

source (Van Hamme et al., 2003) and if in association with plant seeds and roots, these 

bacteria could promote survival and establishment of vegetation in contaminated 

systems.  In some cases, the bacteria capable of degrading high molecular weight 

hydrocarbons in contaminated systems are limited, and the addition of these bacteria 

could result in a decrease in plant toxicity (Huang et al., 2004). 

Due to the high competition for carbon sources in the spermosphere and 

rhizosphere, colonization of a seed by an inoculant is determined by the ability of the 

inoculant to compete with the communities of bacteria present in the soil (Petersen et al., 

1996).  Bacteria considered for an inoculant must have a good colonizing capacity for 

the seed since this could result in a competitive advantage in soil due to the ability of the 

inoculant to colonize the seed rapidly during imbibition.  Bacterial species that are able 

to compete within the spermosphere will likely comprise the resulting rhizosphere 

populations.  The competitive ability of the bacteria is a primary determinant of the 

resulting rhizosphere populations (Petersen et al., 1996). 

Many plant species are tolerant to hydrocarbon contamination, although certain 

compounds such as polyaromatic hydrocarbons (PAHs) may not reduce germination but 

can reduce the early stages of growth of terrestrial plants.  Sverdrup et al. (2003) found 

that fluoranthene, fluorene, pyrene, and phenanthrene were all toxic to red clover 
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(Trifolium pretense L.), white mustard (Sinapis alba L.), and perennial ryegrass (Lolium 

perenne L.).  Although different plant species were able to tolerate various 

concentrations of PAHs in soil, perennial ryegrass growth was the least sensitive to 

contamination.  Seedling growth was far more sensitive to hydrocarbon concentration 

than seed emergence for all substances.  Smith et al. (2006) found that although 

germination of legumes in contaminated soil was not reduced, growth was severely 

reduced.  Creeping red fescue (Festuca rubra L.) and perennial ryegrass showed little to 

no reduction in growth following germination in contaminated soil.  Similarly, Chaîneau 

et al. (2003) found that wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.), 

showed the least reduction in growth as compared to the broad leaf species tested. 

Often bacteria capable of degrading high molecular weight hydrocarbons in a 

contaminated system are limited in numbers due to the low solubility and thus 

bioavailability of these compounds.  A plant in this system may suffer phytotoxic effects 

due to the contaminants present (Huang et al., 2004).  This may result in reduced growth 

and a decrease in survival of plants in contaminated soil.  Therefore, the use of a specific 

contaminant degrading bacteria could improve plant survival in a contaminated system.   

Many of the bacteria isolated from contaminated soil are capable of degrading 

many PAHs, including phenanthrene (Aiken et al., 1998).  Previous research has shown 

that many species of bacteria isolated from contaminated soil, specifically species from 

the genera Sphingomonas, Rahnella, and Arthrobacter, can degrade the hydrocarbons 

naphthalene, phenanthrene, and pyrene (Aiken et al., 1998; Wall, 2003; Hynes et al., 

2004).  Other research has found that Arthrobacter spp., and Sphingomonas spp. are 

among the bacteria most active in the assimilation of saturates and aromatics in soils and 

tend to be abundant in contaminated systems (Chaîneau et al., 1999; Popp et al., 2006).   

Hydrocarbon degrading bacterial inoculants must be able to effectively colonize 

and survive in the spermosphere and rhizosphere of a given plant, and must not have a 

deleterious effect on plant germination and growth.  Following planting of inoculated 

seeds, a potential decline in the numbers of the inoculant makes the ability of the 

bacteria to colonize the developing plant root critical to inoculant survival (Petersen et 

al., 1996). 
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To determine the effects of phenanthrene degrading inoculants on contaminant-

tolerant grass species, a germination experiment was performed to assess whether the 

use of Arthrobacter globiformis, Sphingomonas yanoikuyae, and Rahnella aquatilis as 

inoculants had an effect on the germination and growth of hydrocarbon tolerant grass 

species common to western Canada.  Analysis of the colonization patterns of bacterial 

inoculants on the seed and root surfaces using Confocal Laser Scanning Microscopy 

(CLSM) and culture-based methods were used to determine inoculant distribution and 

survival on the seed coat and emerging root over time. 

 
3.2 Materials and Methods 

3.2.1 Grass species description  

Six grass species common to western Canada were selected based on their ability 

to tolerate hydrocarbon contamination and included: Altai wildrye (Leymus angustus 

(Trin.) Pilger [excluded]), creeping red fescue (Festuca rubra L.), Nuttall’s salt meadow 

grass (Puccinellia nuttalliana (J.A. Schultes) A.S. Hitchc.), perennial ryegrass (Lolium 

perenne L.), western wheatgrass (Pascopyrum smithii (Rydb.) A. Löve), and slender 

wheatgrass (Elymus trachycaulus (Link) Gould ex Shinners).  Seeds were obtained from 

a collection of the Soil Microbiology Laboratory, Department of Soil Science at the 

University of Saskatchewan. 

3.2.2 Experimental parameters 

Treatments of seeds for each plant species included: untreated, non-inoculated 

(surface disinfected), S. yanoikuyae inoculated, A. globiformis inoculated, and R. 

aquatilis inoculated.  

The duration of the experiment was 14 d or 21 d depending on plant species.  

Slow germinating species or species having negative interactions due to the surface 

disinfection procedure or the added inoculants were allowed to grow for 21 d before 

harvest.  Creeping red fescue, Nuttall’s salt meadow grass, and  perennial ryegrass were 

harvested at 14 d.  Altai wildrye, western wheatgrass, and slender wheatgrass were 

harvested after 21 d. 
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3.2.3. Experimental set-up 

Petri plates were labelled and lined with sterilized filter paper within a biosafety 

cabinet prior to the experiment.  Sterilized distilled water (~4 mL) was used to saturate 

the filter paper.   

Seeds that were uniform in shape and free from obvious damage were selected.  

The lemma and palea were not removed from the seeds since they aid in the absorption 

of water and hold moisture close to the seed for germination.  Perennial ryegrass, 

creeping red fescue, Altai wildrye, western wheatgrass and slender wheatgrass were 

counted to ensure that there were 30 seeds in each germination plate of each treatment 

and replicate.  Fifty seeds per germination plate was used for Nuttall’s salt meadow 

grass due to smaller seed size and predetermined lower germination rates.  

Seeds that were used for the inoculated treatments were surface disinfected prior 

to inoculation.  In the absence or reduction of other spermosphere bacteria, the 

assumption is that the colonization patterns observed by microscopy are those of the 

inoculant.  Additionally, the effects of the inoculants on seed germination and growth 

are likely due to effects from the inoculant since there were little to no spermosphere 

bacteria present on the seed surface immediately following the disinfection procedure as 

observed by colony counts on agar plates and by microscopy performed following 

disinfection. 

Surface disinfection of seeds was carried out in a biosafety cabinet shortly before 

inoculation of seeds.  Seeds were separated into smaller groups based on what was 

required for inoculation, and placed into sterile Erlenmeyer flasks.  Surface disinfection 

was done by soaking the seeds in 95% ethanol for 2 min and then soaking in 5% 

commercial bleach for 10 min (Bacon et al., 2002).  Bleach was carefully poured off to 

ensure no loss of seed.  Seeds were subsequently rinsed by adding sterile distilled water 

to flasks, swirling the flask by hand, and carefully pouring the off excess water.  This 

was repeated eight times. 

Surface disinfection with bleach can reduce the number of seeds germinating 

therefore an untreated seed treatment was included to determine if there was an effect of 

the disinfection procedure on the selected grass species germination and/or growth.  
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Additionally, the colonization patterns of naturally occurring bacteria adhered to the 

seed surface could be observed by CLSM.   

Following surface disinfection, enough sterilized water was added to the flasks 

(~50 mL) to cover the seeds and allow for imbibition.  The seeds remained in sterile 

plugged flasks during inoculant preparation.  Non-disinfected seeds were also 

transferred into sterile flasks and covered with sterile distilled water to allow for 

imbibition. 

3.2.3 Bacterial species and culture preparation 

Sphingomonas yanoikuyae, R. aquatilis, and A. globiformis were chosen based 

on their ability to degrade high molecular weight hydrocarbons; specifically, the three 

ringed PAH phenanthrene, the model compound for this experiment.  All of these 

bacterial species were isolated using MSA phenanthrene overlay plates.  Sphingomonas 

yanoikuyae was isolated from an Eluviated Black Chernozem contaminated during a 

well blow-out that released 200,000 barrels of hydrocarbon contamination 

approximately 50 years ago (Hynes et al., 2004).  Rahnella aquatilis and A. globiformis 

were isolated from contaminated soil from a decommissioned bulk gas station site at 

Hendon, Saskatchewan (52º05' N 103º49' W) (Wall, 2003). 

Sphingomonas yanoikuyae was inoculated into flasks of 50% Tryptic soy broth 

(TSB) (15 g L-1 H2O: Difco Tryptic Soy Broth).  Flasks containing sterile 10% TSB (3 g 

L-1 H2O:  Difco Tryptic Soy Broth) were inoculated with A. globiformis or R. aquatilis.  

Stock cultures were incubated on a rotary shaker at room temperature (21 ± 2°C) for 45, 

30 and 25 hours respectively, before being used in experiments.  Optical density (O.D. = 

0.30, 0.35, and 0.40) was determined using a Klett-Summerson Photoelectric 

Colorimeter.  These O.D. are equivalent to S. yanoikuyae ~2.5 x 108 cfu mL-1, R. 

aquatilis ~1.9 x 109 cfu mL-1, and A. globiformis ~2.6 x 108 cfu mL-1 as determined 

from growth curves performed prior to experimentation. 

3.2.4 Inoculant preparation and seed inoculation 

When the TSB reached the appropriate O.D., the broth and cultures were 

transferred to sterile centrifuge bottles in a biosafety cabinet.  Samples were centrifuged 

at 21± 2°C at 8400 g for 10 min to pelletize the bacteria.  The majority of the soy broth 

was carefully decanted as to not disturb the pellet.  Sterile Pasteur pipettes were used to 
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carefully remove the remaining broth.  Sterile basal salts medium B (g L-1 H2O: 

K2HPO4, 0.8; KH2PO4, 0.2; CaSO4 ⋅ 2H2O, 0.05; MgSO4 ⋅ 7H2O, 0.5; FeSO4 ⋅ 7H2O, 

0.01; (NH4)2SO4, 1.0) was added to the centrifuge tubes and agitated to resuspend the 

bacteria in the solution to wash the nutrient broth from the bacterial pellet.  Samples 

were centrifuged for 10 min and excess basal salts medium was removed.  Additional 

basal salts medium was added, the wash was repeated and excess basal salts medium 

was removed.  Following the wash, each of the bacterial pellets were transferred using 

sterile Pasteur pipettes to flasks containing sterile Basal salts medium B, at the original 

culture volume (2 L), and placed on the rotary shaker until the bacteria were 

resuspended in the medium.  To eliminate variation in inoculant concentration in each 

flask, the total volumes of inoculant prepared were mixed in the biosafety cabinet prior 

to seed inoculation. 

Following inoculant mixing, a dilution series (10-5 to 10-8) was performed using 

phosphate buffer solution (PBS) (g L-1 of H2O:  NaHPO4, 1.2; NaH2PO4, 0.18; NaCl, 

8.5; pH 7.6) and subsequently spread on appropriate strength TSA (full strength: g per L 

H2O: Difco Tryptic Soy Broth, 30; agar, 15) to calculate the cfu mL-1 of inoculant 

present.  The inoculant application rates were calculated based on the surface area of the 

seed, and were approximately 107 cfu cm-2. 

Adequate volumes of inoculant were transferred to the flasks containing 

disinfected seeds, at a level that completely covered the seeds.  The flasks were 

frequently swirled by hand for approximately five min to allow bacteria to adhere 

uniformly onto the seed coat.  Seeds and inoculant were poured through sterile Buckner 

funnels to remove excess inoculant.  Seeds remaining in the flasks were removed by 

rinsing with inoculant into the funnels.   

All seeds were aseptically transferred from Buckner funnels and placed onto the 

moistened filter paper in Petri plates.  Following the set-up of the experiment, plates 

randomly selected from each treatment were removed for determining viable bacteria 

(heterotrophic cfu cm-2 and phenanthrene degrading bacteria cm-2) adhering to the seed 

coat at the start of the experiment, designated as day 0.  An additional four plates from 

each treatment were selected at random at the time of inoculation and marked for 

measurements of germination and growth over the experimental period. 
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Petri plates were organized into treatments, stacked, and placed inside separate 

polyethylene Petri plate sleeves to minimize contamination of the plates and to maintain 

high humidity.  Plates were placed in a controlled environment growth chamber 

(day/night cycle 16 h, 25°C/ 8 h, 16°C) and shaded by a cotton cloth to reduce inhibition 

of germination by light (Young and Young, 1986; Booth et al., 1993).  Plates were 

monitored daily, and 1 mL of sterile distilled water was added when required within a 

biosafety cabinet.  Plates within each sleeve and sleeves of plates were rearranged at the 

time of measurements and watering to maintain randomization. 

 
3.3 Data Collection and Analysis 

3.3.1 Germination and growth measurements 

Measurements of the number of germinated seeds and growth of the emerging 

root and shoot (where present) was recorded on days 1, 2, 3, 5, 8, 14, and 21 from the 

four replicates marked at the start of the experiment.  All germination counts and root 

measurements were performed within a biosafety cabinet.  Seeds were counted as 

germinated when the seed coat cracked and the radicle could be seen protruding from 

the seed surface.  Once roots were present, seeds with roots were carefully picked up 

with flame sterilized tweezers, as to not damage the root so that subsequent 

measurements could be made.  Length and width of the roots was recorded.  Every seed 

with a root present was measured from each of the four replicate plates at each sampling 

time. 

3.3.2 Phenanthrene degrading bacteria survival 

Seeds from Altai wildrye, creeping red fescue, perennial ryegrass, and slender 

wheatgrass were taken from one plate and aseptically transferred to sterile PBS for serial 

dilutions (104 to 108).  These species were plated in duplicate, resulting in a pseudo 

replicate, so statistical analysis of these species’ heterotrophic cfu and phenanthrene 

degrading cfu could not be performed, and thus observations alone were made.  

Nuttall’s salt meadow grass and western wheatgrass seeds taken for dilutions were from 

three germination plates and plated in duplicate to ensure proper replication of the 

experiment and statistical analysis of plate counts could be performed.   
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Where roots were present, they were aseptically separated from the seeds, and 

carefully measured prior to being placed into sterile PBS.  Hypocotyls and leaves were 

removed from the developing seedling since these structures are not usually present 

below the soil surface. 

Dilutions (104 to 108) were plated on appropriate strength TSA for heterotrophic 

counts of cfu cm-2 root, cfu cm-2 seed coat, and mineral salts agar (MSA) (g L-1 of H2O: 

KNO3, 1.0; K2HPO4, 0.38; MgSO4 ⋅ 7H2O, 0.2; FeCl3 ⋅ 6H2O, 0.05; agar, 17; pH 7.0), 

for hydrocarbon degrading cm-2 root, and degrading cm-2 seed coat.  Total heterotrophic 

bacteria counts were obtained 72 hr after incubation at 21± 2°C in a cupboard.  

Inoculated MSA plates were subsequently used for a phenanthrene sublimation 

technique as outlined by Alley and Brown (2000).   

Briefly, inoculated MSA plates were cooled prior to performing the sublimation 

by placing a five cm aluminum pie plate filled with crushed ice on top of the inverted 

plate.  A sand bath was set up inside a chemical fume hood by using the bottom portion 

of a 140 mm diameter glass Petri plate filled with 12 to 14 mm sand.  The surface of the 

sand was levelled and placed on a Fisher Scientific temperature-controlled hot plate 

(Fig. 3.1).  An empty pie plate was placed on the sand bath when not in use in order to 

maintain the sand bath temperature at 96 ± 3°C.  A thermometer placed just below the 

sand’s surface was used to monitor the temperature of the sand during the overlay 

procedure. 

Phenanthrene (98+ % purity) was obtained from Alfa Aesar®, Ward Hill, MA, 

USA.  Phenanthrene crystals (~2 mg) were spread evenly across the pie plate.  The pie 

plate was gently tapped to ensure even coverage of the phenanthrene across the bottom 

of the plate.  The pie plate containing the phenanthrene was then placed on the sand bath 

for a few seconds so that thermal expansion of the dish could occur.  Immediately 

following thermal expansion, inoculated and inverted MSA plates were placed into the 

heated pie plate, and an iced pie plate was placed on the inverted agar plate to prevent 

heating and melting of the agar.  This was maintained for approximately seven minutes, 

until a visible hazy layer of phenanthrene was deposited on the surface of the agar.  The 

inoculated-overlaid MSA plates were inverted and placed in polyethylene Petri plate 

bags.  Plates were left in the chemical fume hood for an incubation period of seven days  
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Figure 3.1 Image of completed phenanthrene overlay set-up.
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at 21 ± 2°C.  Positive results were scored by observing zones of clearing around 

colonies on the overlay plates.  Un-inoculated phenanthrene plates were also overlaid 

for a negative control to check for contamination and for use as impression plates. 

For phenanthrene impression plates, seeds from each treatment were aseptically 

removed and placed on the surface of prepared phenanthrene overlay plates within a 

biosafety cabinet.  These plates were not inverted as to not disturb the seeds on the 

surface of the agar and incubated at 21 ± 2°C inside a fume hood for seven days.  These 

were scored as positive where zones of clearing along the periphery of the seeds and/or 

roots occurred. 

3.3.3 Confocal laser scanning microscopy 

Additional plates from each treatment were harvested and four seeds from each 

plate chosen at random.  Two seeds were mounted with the lemma facing out and two 

mounted with the palea facing out.  Seeds and root materials were mounted in small 

Petri dishes using Dow Corning #3140 acid free silicone coating (WPI Inc., Sarasota, 

FL) and then stained and analyzed according to the procedures that follow.  Where roots 

were present, seeds remained intact and images were obtained along transects of the 

seed coat and transects along the roots.   

To obtain the images for analysis, hypothetical transects were selected.  For the 

lemma and palea surfaces, transects were from the bottom of the lemma to its apex and 

from the callus to the apex of the palea (Fig. 3.2).  When roots were present, transects 

began at the point of emergence and ended at the root tip.  Five spots along the 

hypothetical transect were chosen at random and images collected. 

Material was stained with the BacLight Live-Dead staining kit of Molecular 

Probes (Eugene, OR) as described by the manufacturer.  The Live/Dead viability stain 

utilizes mixtures of the SYTO 9 green-fluorescent nucleic acid stain (live) and the red-

fluorescent nucleic acid stain, propidium iodide (PI) (dead).  Briefly, 2 µl of SYTO 9 

was diluted with 10 drops of filter sterilized water.  PI was also diluted the same way.  

75 µl of each diluted stain was placed on each sample, and left beneath an aluminum pie 

plate in the dark for ~10 min.  Samples were imaged immediately following staining. 

Examination of all stained and control materials was carried out using a MRC  
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Figure 3.2 Schematic diagram showing location of transects chosen for microscopy 
images. 
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1024 CLSM (Biorad, Hemel Hempstead, UK, Zeiss, Jena, Germany) attached to a 

Microphot SA microscope (Nikon, Tokyo, Japan).  For observation a 10x 0.55 

numerical aperture (NA) (Nikon, Japan) water immersible lens was used.  The samples 

were observed using 3 channel recording (Lawrence et al., 1998): bacteria stained with 

SYTO 9 was visualized with ex 488, em 522/32, bacteria stained with PI was viewed 

with ex 568, em 605/32, and ex 647, em 680/32 was used to detect autofluorescent plant 

cell materials. 

3.3.4 Naturally occurring spermosphere phenanthrene degrading bacteria 

During the experimental period, it was observed that some of the non disinfected 

seeds produced zones of clearing following placement on phenanthrene impression 

plates.  Subsequently, a total of 18 plant species common to western Canada (Table 3.1) 

were selected to be tested with the overlay technique to detect phenanthrene degrading 

bacteria that may be naturally present on the seed surfaces. 

Seeds were obtained from stock in the lab (see section 3.2.2) or collected from 

the field during the late summer and fall of 2004.  Seeds were collected from a natural 

grassland area located approximately 0.5 km from Saskatoon, SK, on the north east side 

of the South Saskatchewan River (52º10' N 106º36' W).  Seeds from vegetation 

collected were from the upper and mid slopes of the river bank from different places on 

knolls and depressions.  The plants selected for collection occurred frequently within the 

natural area that contained many grasses, scattered forbs, and a variety of small shrubs. 

The inflorescence of selected plants was carefully removed to minimize loss of 

seed and placed into labelled zip lock bags at the time of collection.  Following 

collection, seeds from grasses were separated from the spikelets, leaving the palea and 

lemma intact.  Seeds collected from forbs were separated from the receptacle, and sepals 

and dried petals, where present, were removed.  Seeds were left to dry on unprinted 

newspaper.  They were subsequently stored at 4ºC until use. 

At the time of experimentation, seeds from each species were counted and 

subsequently placed into sterile Erlenmeyer flasks.  Seeds were then covered with sterile 

distilled water to allow for imbibition of the seeds.  Following the period of imbibition, 

water was decanted, and the seeds were aseptically removed and placed on the surface 

of phenanthrene overlay plates prepared as outlined in section 3.3.2. 
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Scie tific name Common name

Bouteloua gracilis  (Willd. ex Kunth) Lag. ex Griffiths blue grama grass
Car gana arborescens  Lam. caragana
Cirsium arvense  (L.) Scop. Canada thistle
Dis hlis spicata  (L.) Greene saltgrass
Elymus trachycaulus (Link) Gould ex Shinners slender wheatgrass 
Fes uca rubra  L. creeping red fescue
Galium boreale  L. northern bedstraw
Hesperostipa comata  (Trin. & Rupr.) Barkworth needle and thread grass
Leymus angustus (Trin.) Pilger [excluded] Altai wildrye 
Lolium perenne L. perennial ryegrass 
Medicago sativa L. alfalfa
Mentha spicata  L. wild mint
Pascopyrum smithii (Rydb.) A. Löve western wheatgrass 
Puccinellia nuttalliana (J.A. Schultes) A.S. Hitchc. Nuttall’s salt meadow grass 
Solidago canadensis L. Canada goldenrod
Symphoricarpos occidentalis  Hook. western snowberry

ichum ericoides  (L.) G.L. Nesom var. pansum  (S.F. Blake) G.L. Nesom manyflowered aster
um ponticum (Podp.) Z.-W. Liu & R.-C. Wang tall wheatgrass

Trifolium pratense  L. red clover

n

a

tic

t

Symphyotr
Thinopyr

Table 3.1 Plant species common to western Canada, chosen for determining naturally occurring phenanthrene degrading bacteria 
present on the seed surface, assessed by the phenanthrene impression method. 
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Following the set-up of the impression plates, the plates were stacked and placed 

in polyethylene Petri plate bags.  These plates were not inverted as to not disturb the 

seeds on the surface of the agar and incubated at 21 ± 2°C inside a chemical fume hood 

for seven days.  Plates were scored as positive where zones of clearing along the 

periphery of the seeds and/or roots occurred.  Bacteria that appeared on these plates 

were isolated and identified by 16S rRNA. 

3.3.5 Isolate identification 

Isolates were inoculated into 120 µL LB broth (g L-1 of H2O: Bacto-tryptone, 10; 

yeast extract, 5; NaCl, 10) in a 96 well microtitre plate, grown overnight at 33oC, then 

transferred to PCR multiwell plates containing 5% (V/V) glycerol.  Near full-length 16S 

rRNA gene fragments were sequenced directly from isolates using the bacterial primers 

PB36 (5’-AGRGTTTGATCMTGGCTCAG-3’; Saul et al. 2005) and PB38 (5’-

GKTACCTTGTTACGACTT-3’; Saul et al. 2005).  Sequencing of both strands was 

performed at the Plant Biotechnology Institute, Saskatoon, SK, Canada using the AB 

3730xl capillary electrophoresis DNA analyzer (Applied Biosystems, Foster City, CA).  

Sequences were submitted for comparison to the GenBank databases using the BLAST 

algorithm (Altschul et al., 1997). 

3.3.6 Statistical analysis 

ANOVA and multiple regression were performed on data using the general 

linear model in the commercial package SPSS (Rel. 13.0. 2004. Chicago: SPSS Inc.) to 

detect if there was a treatment effect.  Where treatment effect occurred data was 

analyzed using Tukey HSD to determine where the differences occurred among 

treatments.  The Levene statistic was used to asses homogeneity of variance. 

 
3.4 Results 

3.4.1 Germination and growth measurements 

Surface disinfection of seeds had no effect on germination of the plant species 

assessed, with the exception of western wheatgrass and slender wheatgrass (p ≤ 0.05) 

(Fig. 3.3).  Although there was a negative effect of the disinfection procedure on the 

germination of slender wheatgrass, an adequate number of seeds germinated so that data 

could be collected for analysis.  Western wheatgrass germination was negligible (< 5%) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0

20

40

60

80

100

120

Figure 3.3 Seed surface disinfection effect on the germination of creeping red fescue 
(CRF), Nuttall’s salt meadow grass (NSMG), perennial rye grass (PRG), Altai 
wildrye (AWR), slender wheatgrass (SWG) and western wheatgrass (WWG).  
Within a species, bars followed by different letters indicate significant difference 
as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the 
standard error of the mean (n = 4). 
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following surface disinfection so the data that was collected was not considered. 

Creeping red fescue germination and shoot growth were negatively affected by 

R. aquatilis (p ≤ 0.05) (Fig. 3.4).  Percentage germination of R. aquatilis inoculated 

seeds at the end of the experimental period was 30% less than the disinfected control.  

Initially, shoot growth was impeded by this treatment, but the treatments were not 

different by 14 d.  Although it appears that the S. yanoikuyae inoculated treatment may 

have stimulated germination of creeping red fescue at the beginning of the experiment, 

the treatments were not different (p ≤ 0.05).  Inoculant application did not affect root 

growth (Appendix A, Fig. A.1). 

Germination of Nuttall’s salt meadow grass was not affected by the inoculants 

tested (Appendix A, Fig. A.2).  Root growth was stimulated by R. aquatilis, where root 

growth was two times that of the control (p ≤ 0.05) (Fig. 3.5).  Shoot growth was 

positively affected by R. aquatilis and S. yanoikuyae and growth was two times that of 

the control by the end of the germination period. 

Arthrobacter globiformis enhanced early root growth of perennial ryegrass, 

where values were approximately two times that of the control (p ≤ 0.05) (Fig. 3.6).  

Although the shoot growth was stimulated by A. globiformis by 8 d, treatments were not 

different by the end of the germination period.   

Altai wildrye germination and root growth were inhibited by the application of 

R. aquatilis (Fig. 3.7).  This inoculant reduced the germination of Altai wildrye as 

compared to the surface disinfected treatment in the early stages of the experiment (p ≤ 

0.5).  Due to the reduced germination rates of Altai wildrye when inoculated with R. 

aquatilis, root length was also less than the other treatments.  Shoot growth was reduced 

by the R. aquatilis inoculated treatment, but the effect was not significant (Appendix A, 

Fig. A.4).   

The S. yanoikuyae inoculated treatment reduced the germination of slender 

wheatgrass by approximately 20% as compared to the surface disinfected control and 

the other inoculants tested (p ≤ 0.05) (Fig. 3.8).  Although the germination of slender 

wheatgrass was reduced by inoculation with S. yanoikuyae, the root and shoot growth 

was not less than the surface disinfected control (Appendix A, Fig. A.5). 
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Figure 3.4 Creeping red fescue percent germination (A), and shoot growth (B) following the application of Arthrobacter globiformis, 
Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  Symbols followed by different letters indicate significant 
difference among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard 
error of the mean (n = 4). 
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Figure 3.5 Nuttall’s salt meadow grass root growth (A), and shoot growth (B) following the application of Arthrobacter globiformis, 
Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  Symbols followed by different letters indicate significant 
difference among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard 
error of the mean (n = 4). 
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Figure 3.6 Perennial ryegrass root growth (A), and shoot growth (B) following the application of Arthrobacter globiformis, 
Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  Symbols followed by different letters indicate significant 
difference among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard 
error of the mean (n = 4). 
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Figure 3.7 Altai wildrye percent germination (A), and root growth (B) following the application of Arthrobacter globiformis, 
Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  Symbols followed by different letters indicate significant 
difference among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard 
error of the mean (n = 4). 
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Figure 3.8 Slender wheatgrass percent germination following the application of 
Arthrobacter globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis as 
inoculants.  Symbols followed by different letters indicate significant difference 
among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 
0.05).  Error bars indicate the standard error of the mean (n = 4). 
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3.4.2 Inoculant survival 

Total heterotrophic bacterial counts observed from seeds and roots were similar to 

those obtained from the phenanthrene overlay plates (Appendix A, Fig. A.6, A.7, and 

A.8). 

Sampling seeds following the time of inoculation (0 d), indicated the disinfection 

procedure was effective at the time of inoculation (Fig. 3.9).  The impression plates and 

MSA plates were also negative for phenanthrene degrading bacteria.  By 6 d, bacteria 

appear on the surface disinfected control treatments throughout the rest of the 

experimental period of 14 or 21 d (Fig. 3.9).  The bacteria present on the seed and root 

surfaces of creeping red fescue and Altai wildrye within the surface disinfected control 

contained populations of phenanthrene degrading bacteria and may have contributed to 

the degrading bacteria counts obtained from these species  (Fig. 3.10).  Additionally, the 

phenanthrene impression plates resulted in the same observations as the dilution series.  

Unknown bacteria were isolated from these plates, and analyzed by 16S rRNA.  Isolates 

could only be identified to the genus level based on the BLAST results.  Surface 

disinfected creeping red fescue contained Sphingomonas sp. and surface disinfected 

Altai wildrye contained Burkholderia sp. 

Arthrobacter globiformis survived on the seed and root surfaces of the plant 

species assessed as determined by the phenanthrene overlay method (Fig. 3.11).  This 

inoculant appeared to increase over time when inoculated on creeping red fescue, 

perennial ryegrass, or slender wheatgrass.  When inoculated onto Altai wildrye the 

numbers remained consistent and declined in numbers when inoculated on Nuttall’s salt 

meadow grass.  By 6 d, the phenanthrene degrading bacteria recovered from the root 

indicated that A. globiformis tended to be found in higher numbers on the root surfaces 

of the grasses tested as compared to the seed, with the exception of Nuttall’s salt 

meadow grass. 

Sphingomonas yanoikuyae proliferated when applied to slender wheatgrass, 

creeping red fescue, and perennial ryegrass (Fig. 3.12).  This inoculant did not increase 

in number over the germination period when applied to Altai wildrye.  Additionally, it 

did not appear to maintain degradation capabilities when applied to Nuttall’s salt 

meadow grass.   Similar to the A. globiformis treatments, S. yanoikuyae tended to be  
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Figure 3.9 Heterotrophic bacteria colony forming units (cfu) recovered from the seed surfaces A), and root surfaces B) of the surface 
disinfected (control) treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s salt meadow grass 
(NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were standardized by using 
the surface areas of the seed or roots (cm2) present at each sampling time.  Day 0 values indicate the cfu recovered from the 
samples following seed inoculation.  
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Figure 3.10 Phenanthrene degrading colony forming units (cfu) recovered from the seed surfaces A), and root surfaces B) of the 

surface disinfected (control) treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s salt meadow 
grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were standardized by 
using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 values indicate the degrading cfu 
recovered from the samples following seed inoculation.

Plant species
CRF NSMG PRG AWR SWG

Ph
en

an
th

re
ne

 d
eg

ra
di

ng
 b

ac
te

ria
 (c

fu
 c

m
-2

 s
ee

d)

103

104

105

106

107

108

109

1010

day 0
day 6
day 14
day 21

103

104

105

106

107

108

109

1010

Plant species

P
he

na
nt

hr
en

e 
de

gr
ad

in
g 

ba
ct

er
ia

 (c
fu

 c
m

-2
 ro

ot
)

day 6A B
day 14
day 21

CRF NSMG PRG AWR SWG

 



 

48

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.11 Phenanthrene degrading colony forming units (cfu) recovered from the seed surfaces A), and root surfaces B) of the 

Arthrobacter globiformis inoculated treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s salt 
meadow grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were 
standardized by using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 values indicate the 
degrading cfu of inoculant recovered from the samples following seed inoculation. 
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Figure 3.12 Phenanthrene degrading colony forming unit (cfu) recovered from the seed surfaces A), and root surfaces B) of the 

Sphingomonas yanoikuyae inoculated treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s 
salt meadow grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were 
standardized by using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 values indicate the 
degrading cfu of inoculant recovered from the samples following seed inoculation. 
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found in higher numbers on the roots than on the seeds by 6 d, and population numbers 

were maintained until the end of the germination period.   

Rahnella aquatilis appeared to maintain its degradation capability following 

inoculation onto Nuttall’s salt meadow grass, but not with other plant species tested 

(Fig. 3.13).  When inoculated onto the other plant species, the MSA plates had ~106 cfu, 

but did not produce a zone of clearing so the colonies could not be scored as positive.  

The results from the R. aquatilis inoculated treatment indicate the appearance of 

phenanthrene degrading bacteria on creeping red fescue by 14 d, and on Altai wildrye 

by 21 d, but are likely not due to the inoculant as indicated by the appearance of 

phenanthrene degrading bacteria on these species in the surface disinfected control. 

The positive results from the phenanthrene impression plates also indicate the 

migration of phenanthrene degrading bacteria from the seeds to the roots of the plant 

species tested (Fig. 3.14). 

3.4.3 Confocal laser scanning microscopy 

CLSM on day 0 indicated that all of the inoculants generally colonized the 

callus, the base of the palea, and the base of the lemma (Fig. 3.15).  In the non-surface 

disinfected treatments, the bacterial distribution tended to be more uniform although 

there were still more bacteria found at the base of the seed. 

By 14 d, colonization patterns of bacteria on the seed surface remained similar to 

the colonization patterns observed on day 0.  The bacteria present in the inoculated 

treatments were observed to colonize the emerging root (Fig. 3.16).  The majority of the 

bacteria on the roots were found in the maturation and meristematic regions of the 

developing root. 

3.4.4 Naturally occurring spermosphere phenanthrene degrading bacteria  

Altai wildrye, creeping red fescue, perennial ryegrass, slender wheatgrass, 

Nuttall’s salt meadow grass, and western wheatgrass were also included in the 

germination experiment without any treatment.  All of these species contained a small 

percentage of seed with phenanthrene degrading bacteria present with the exception of 

Nuttall’s salt meadow grass (Fig. 3.17, Fig. 3.18, Table 3.2).   

Caragana, Canada thistle, creeping red fescue, alfalfa, western wheatgrass, tall 

wheatgrass, and red clover had phenanthrene degrading bacteria present within the   



 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.13 Phenanthrene degrading colony forming units (cfu) recovered from the seed surfaces A), and root surfaces B) of the 

Rahnella aquatilis inoculated treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s salt 
meadow grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were 
standardized by using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 values indicate the 
degrading cfu of inoculant recovered from the samples following seed inoculation.
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Figure 3.14 Examples of phenanthrene impression plates of: A. globiformis inoculated perennial ryegrass A), S. yanoikuyae 
inoculated slender wheatgrass B), R. aquatilis inoculated Nuttall’s salt meadow grass C), and untreated Nuttall’s salt meadow 
grass D).  Arrows indicate zones of clearing produced by phenanthrene degrading bacteria.
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Figure 3.15 Colonization patterns of A. globiformis on creeping red fescue palea A) and R. aquatilis on Altai wildrye palea B), 
immediately following inoculation of the seeds (day 0).  These images show at arrows (1) the callus of the seed with the 
bacterial inoculants (green) adhered to the seed surface, (2) hairs present on the palea (red), and (3) palea cellular material (red). 
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Figure 3.16 Colonization patterns of A. globiformis on perennial ryegrass roots A) and S. yanoikuyae on slender wheatgrass roots B) 
14 days following inoculation.  These images show at arrows (1) the root hairs in the root maturation zone with the bacterial 
inoculants (green) adhered to the root surface, (2) root cell wall (red/yellow), and (3) root cell nucleus. 

 



 

Figure 3.18 Phenanthrene degrading colony forming units (cfu) recovered from the seed 
surfaces of non-surface disinfected seeds over time.  Plant species assessed were 
creeping red fescue (CRF), Nuttall’s salt meadow grass (NSMG), perennial 
ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values 
were standardized  according to the surface areas of the seeds (cm2) present at 
each sampling time.  Day 0 values indicate the degrading cfu recovered from the 
samples following the time of seed inoculation. 

Figure 3.18 Phenanthrene degrading colony forming units (cfu) recovered from the seed 
surfaces of non-surface disinfected seeds over time.  Plant species assessed were 
creeping red fescue (CRF), Nuttall’s salt meadow grass (NSMG), perennial 
ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values 
were standardized  according to the surface areas of the seeds (cm2) present at 
each sampling time.  Day 0 values indicate the degrading cfu recovered from the 
samples following the time of seed inoculation. 
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Figure 3.17 Examples of phenanthrene impression plates containing untreated seeds of: 

Altai wildrye A), and creeping red fescue B).  Arrows indicate zones of clearing 
produced by naturally occuring phenanthrene degrading bacteria. 

 Examples of phenanthrene impression plates containing untreated seeds of: 
Altai wildrye A), and creeping red fescue B).  Arrows indicate zones of clearing 
produced by naturally occuring phenanthrene degrading bacteria. 
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Scientific name
Seeds with 
degraders Genus

(%)
Bouteloua gracilis  (Willd. ex Kunth) Lag. ex Griffiths 0.0
Caragana arborescens  Lam. 100.0 Pantoea
Cirsium arvense  (L.) Scop. 37.5 NT †
Distichlis spicata  (L.) Greene 0.0
Elymus trachycaulus (Link) Gould ex Shinners 2.9 Burkholderia
Festuca rubra  L. 26.7 Burkholderia , Sphingomonas
Galium boreale  L. 4.8 NT †
Hesperostipa comata  (Trin. & Rupr.) Barkworth 0.0
Leymus angustus (Trin.) Pilger [excluded] 4.3 Burkholderia
Lolium perenne L. 1.4 Burkholderia
Medicago sativa L. 18.3 NT †
Mentha spicata  L. 0.0
Pascopyrum smithii (Rydb.) A. Löve 51.7 Enterobacter , Erwinia
Puccinellia nuttalliana (J.A. Schultes) A.S. Hitchc. 0.0
Solidago canadensis L. 0.0
Symphoricarpos occidentalis  Hook. 0.0
Symphyotrichum ericoides  (L.) G.L. Nesom var. pansum  (S.F. Blake) G.L. Nesom 0.0
Thinopyrum ponticum (Podp.) Z.-W. Liu & R.-C. Wang 42.9 Pseudomonas
Trifolium pratense  L. 15.0 NT †
† NT, not tested, could not be isolated by plating techniques 

Table 3.2 Occurrence of naturally occurring phenanthrene degrading bacteria on seed surfaces of eighteen plant species common to 
western Canada as assessed by the phenanthrene impression method, subsequent isolation, and identification by 16S rRNA. 
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spermosphere (Table 3.2).  Unknown bacteria that were isolated from these plates were 

identified within the genera Pantoea, Burkholderia, Sphingomonas, Enterobacter, 

Erwinia, and Pseudomonas.  Although bacteria were detected, isolates could not be 

obtained from Canada thistle, northern bedstraw, alfalfa, and red clover. 

 
3.5 Discussion 

The use of bacterial inoculants to treat hydrocarbon impacted soil has been 

applied for environmental clean-up.  Bacteria capable of degrading high molecular 

weight hydrocarbon are often limited in numbers due to the low solubility and 

bioavailability of these compounds (Van Hamme et al., 2003).  Extended survival of the 

inoculant is essential for the degradation of PAHs and recalcitrant hydrocarbons because 

these are not degraded in the early stages of remediation (Mishra et al., 2001).  Many 

experiments have revealed that the addition of bacteria does not significantly enhance 

the rates of degradation above rates obtained with indigenous bacteria where nutrients 

were added (Van Hamme et al., 2003). 

A plant in a contaminated soil may exhibit reduced growth due to the toxicity of 

the contaminants present, although grass species have been shown to be less sensitive to 

hydrocarbon contamination as compared to broad-leaved species (Chaîneau et al., 1999; 

Sverdrup et al., 2003; Huang et al., 2004; Smith et al., 2006). 

Contamination in a soil can reduce the growth of many plant species, the plant 

must tolerate a given level of contamination.  The plant species chosen must also have 

high rates of germination so that establishment of a phytoremediation system will be 

rapid and straightforward, due to the fact that fewer seeds need to be applied to the 

system.  Plant species chosen should also have rapid growth rates to ensure ease of 

vegetation establishment.  With the use of phenanthrene degrading bacterial inoculants, 

a decline in plant growth may be offset by a positive symbiotic relationship that is 

established by the plant and bacteria pair (Huang et al., 2003).  This will promote 

survival of vegetation in a system, and subsequently promote hydrocarbon degradation 

by maintaining a plant cover that enhances the degradation of hydrocarbon pollution and 

also enhances the survival of the bacterial inoculants applied to the system.  Huang et al. 

(2003) found that the combination of inoculants and plants in contaminated systems not 



only improved plant survival, but also resulted in an increase in contaminant 

degradation.   

The applied inoculant should not reduce the germination and growth of potential 

plant species for remediation.  For the bacterial inoculant to be successful, the inoculant 

must compete with existing communities of bacteria present in the soil (Petersen et al., 

1996), and survival in soil may be enhanced by a positive interaction with a plant.  The 

effects of the applied inoculant on germination and growth are of importance since those 

exhibiting negative interactions should not be used.  Rahnella aquatilis was antagonistic 

to the germination and root growth of Altai wildrye and germination and shoot growth 

of creeping red fescue.  This inoculant however had a positive effect on Nuttall’s salt 

meadow grass root and shoot growth.  Sphingomonas yanoikuyae had a positive effect 

on Nuttall’s salt meadow grass shoot growth, and had a neutral effect on perennial 

ryegrass, Altai wildrye, and creeping red fescue.  This inoculant also inhibited the 

growth and germination of slender wheatgrass.  Arthrobacter globiformis stimulated the 

root and shoot growth of perennial rye grass and slender wheat grass, and did not 

negatively affect any of the plant species tested.    

Nuttall’s salt meadow grass and Altai wildrye have a low percent germination as 

assessed in germination assays, with or without inoculation.  Due to poor germination of 

these plant species, they will not be considered for planting in contaminated soil. 

In general, A. globiformis was found to survive in numbers between 105 to 107 

on all of the plant species seeds and roots over the course of the germination period.  

Sphingomonas yanoikuyae was found to survive at 107 to 108 on plant seeds, and 106 to 

107 on plant roots.  Although R. aquatilis was recovered from seeds at 106 to 1010, they 

only appeared to maintain their degradation ability on Nuttall’s salt meadow grass.   

Through examination of the colonization patterns of the inoculants on the plant 

species, all inoculants were found to be most abundant around the callus of the seed at 

the beginning of the experiment.  The ability of bacteria applied to seeds to adhere to the 

seed surface is essential to subsequent colonization of the roots (Espinosa-Urgel et al., 

2000).   

Following germination and development of the radicle and eventually the root, 

the inoculants were most abundant in the root maturation zone and decreased in density 
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from the root maturation zone to the root tip.  This observation is of significance since 

these bacterial inoculants primarily move through the soil by passive transport.  The 

inoculants ability to maintain contact with the growing root is important for increasing 

degrader and contaminant contact in hydrocarbon contaminated soils.  This will result in 

the ability to remediate a larger volume of soil while leaving the soil ecosystem intact by 

minimizing disturbance. 

Many of the plant species examined above have been studied in contaminated 

soil, and a number of them have been shown to enhance degradation or are tolerant to 

hydrocarbon contamination (Aprill and Sims, 1990; Frick et al., 1999; Robson et al., 

2004).  Blue grama grass, creeping red fescue, perennial ryegrass, alfalfa, and western 

wheatgrass have been demonstrated remediators.  Blue grama grass, Canada thistle, 

saltgrass, slender wheatgrass, western wheatgrass, western snowberry, and 

manyflowered aster have all been identified growing on contaminated sites.  Alfalfa, tall 

wheatgrass, and red clover are known to tolerate hydrocarbon contamination.  All of the 

plant species mentioned here had phenanthrene degrading bacteria associated with the 

plant seed, with the exception of blue grama grass, saltgrass, western snowberry, and 

manyflowered aster.  This suggests a possible mechanism for these plants to tolerate 

hydrocarbon contamination and promote hydrocarbon degradation within the 

rhizosphere.  The rhizosphere effect does stimulate the bacteria present in a 

contaminated soil, but the addition of phenanthrene degrading bacteria already in 

association with the seed may also enhance this function.   

Studies have shown that there is a presence of phenanthrene degrading bacteria 

present on the leaf surfaces of some plants (Ilori et al, 2006), although there is no 

literature examining the bacterial species isolated from the surface of plant seeds.  The 

bacteria isolated from the seed surfaces included those from the genera Pantoea, 

Burkholderia, Sphingomonas, Enterobacter, Erwinia, and Pseudomonas.  All of the 

bacteria in these genera have been shown to degrade hydrocarbons (Díaz et al., 2000; 

Huang et al., 2005; Vacca et al., 2005; Popp et al., 2006; Toledo et al., 2006; Seo et al., 

2007).  Enterobacter have also been shown to degrade chlorpyrifos (Singh et al., 2004).   

The ecological importance of these seed associated hydrocarbon degrading 

bacteria may be consistent in particular with fire adapted grass species growing in native 
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prairie conditions.  These plants may provide an excellent source of preadapted 

bacterial-plant associations highly adapted to contaminated prairie environments. 

 
3.6 Conclusion 

In general, the applied inoculants appeared to survive well on the chosen plant 

species.  The only negative interactions on germination and growth resulted from the 

applications of S. yanoikuyae on slender wheatgrass and R. aquatilis on Altai wildrye.  

Plant and bacteria pairs were selected for further study based on positive interactions of 

the inoculant on plant germination and root growth and are as follows:  Perennial 

ryegrass or creeping red fescue with A. globiformis or S. yanoikuyae, and slender 

wheatgrass with A. globiformis or R. aquatilis.  Nuttall’s salt meadow grass with R. 

aquatilis or S. yanoikuyae could be considered for a more site-specific application, but 

in general this species may not be recommended based on low rates of germination. 

The ability of the inoculant to survive in soil is important, since they need to 

maintain their degradation capability once in soil and be able to effectively degrade the 

contamination over time.  If an inoculant can not survive over the long term, it may 

reduce the effectiveness of bioremediation, and less of the contaminant will be removed 

from soil (Schwartz and Scow, 2001).  
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4.0 THE SURVIVAL OF PHENANTHRENE DEGRADING BACTERIAL 
INOCULANTS AND ABILITY FOR HYDROCARBON DEGRADATION IN 

CONTAMINATED SOIL 
 

4.1 Introduction 

Many of the bacteria isolated from contaminated soil are capable of degrading 

polyaromatic hydrocarbon (PAHs), including phenanthrene (Aiken et al., 1998).  

Previous research has shown that species of bacteria belonging to the genera but not 

restricted to Pseudomonas, Flavobacterium, Micrococcus, Arthrobacter, Nocardia and 

Sphingomonas are capable of degrading a wide range of hydrocarbons (Bieszkiewicz et 

al., 2002).  Bacteria in genera such as Sphingomonas, Rahnella, and Arthrobacter, 

isolated from contaminated soils can degrade the hydrocarbons naphthalene, 

phenanthrene, and pyrene (Aiken et al., 1998; Wall, 2003; Hynes, 2004).  Boldrin et al. 

(1993) isolated a Mycobacterium spp that was capable of degrading phenanthrene, 

fluorene, fluoranthene, and pyrene.  Other research has found that Arthrobacter spp., 

and Sphingomonas spp. are among those bacteria most active in the assimilation of 

saturates and aromatics in soils and tend to be abundant in contaminated systems 

(Chanîeau et al., 1999; Popp et al., 2006). 

Biological degradation of hydrocarbon contaminants is important because this is 

the primary mechanism for hydrocarbon removal (Margesin et al., 2000) and for the 

preservation of ecosystems in landscapes where the contaminants occur.  The rate of 

removal of hydrocarbons from the environment is controlled by environmental factors 

such as temperature, soil pH, nutrient availability, oxygen availability, types and 

numbers of microorganisms present, and varieties and concentrations of contaminants in 

the soil (Bieszkiewicz et al., 2002).  In some systems however, degradation is limited by 

environmental factors, or by restricted bioavailability of the hydrocarbon.  The rate of 

pollution degradation in soil is influenced by processes of adsorption and biodegradation 

(Widada, 2002). 

Bioremediation is a process which enhances the rates of contaminant removal by 



enhancing the existing populations of hydrocarbon degrading bacteria through aeration 

and the addition of nutrients or by the addition of bacteria that degrade target 

compounds (Atlas, 1995; Taylor and Viraraghavan, 1999; Margesin et al., 2000).  

Inoculation of bacteria is used to decrease hydrocarbon concentration, contaminant 

mobility in soil, and toxicity to other organisms (Panno et al., 2005).  

For inoculation of contaminated soils, the inoculant must compete with 

indigenous populations of bacteria for establishment and long-term survival (Atlas, 

1995).  The bacteria used must also have a high catabolic activity for the degradation of 

target compounds such as PAHs, and if the inoculants can metabolize soil-bound PAHs, 

it may further enhance degradation (Eriksson et al., 2002).  Studies have shown that the 

introduction of non-indigenous bacteria has not been effective for bioremediation since 

the bacteria cannot compete with indigenous populations (Atlas, 1995).  However, if 

these bacteria are isolated from soils in the contaminated area or from sites where 

environmental factors are similar, bioaugmentation using these bacterial species may be 

more successful. 

The addition of nutrients, whether through the addition of manure or fertilizers, 

can overcome a critical rate-limiting factor in aerobic oil-contaminated environments 

(Atlas, 1995) and can accelerate the dissipation of PAHs considerably in terrestrial 

ecosystems (Banks et al., 1999; Margesin et al. 2000).  Additionally, bioremediation 

systems require nutrients to optimize the remediation process (Siciliano et al., 2003).  

Optimum hydrocarbon degradation occurs when the moisture content of the soil is 

between 40 to 60% (Viñas et al., 2005). 

A bioremediation trial was completed to assess the survival of Rahnella 

aquatilis, Arthrobacter globiformis and Sphingomonas yanoikuyae in Bruderheim 

contaminated soil in the absence of plants.  Additionally, soils were analysed by gas 

chromatograph analysis/flame ionization detection (GC/FID) (CCME, 2001) to 

determine the effectiveness of hydrocarbon removal by the chosen inoculants. 

The objectives of this experiment are 1) to assess the survival of bacterial 

inoculants in contaminated soil in the absence of plants, 2) to determine if the addition 

of a manure amendment effects rates of degradation and, 3) to determine if enhanced 
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degradation of hydrocarbon contamination occurs in non-amended and manure-amended 

soil inoculated with selected bacteria. 

 
4.2 Materials and Methods 

4.2.1 Soil description and preparation 

Hydrocarbon contaminated soils were collected from a decommissioned buried 

tank and flare pit site at Bruderheim, Alberta (53°48' N 112°55' W) that occurs within an 

area of agricultural production.  This soil is a sandy clay loam and is classified as 

Eluviated Black to Orthic Black Chernozem of the Ponoka loam association. 

Soils were passed through a 4.5 mm sieve and mixed to reduce the chance of 

possible variations in hydrocarbon concentration in each vial.  A nutrient amendment of 

36.4 g kg soil-1 composted manure was added to the soil prior to weighing it into vials.  

20 g of the non-amended or manure-amended soil was weighed into 20 mL glass vials.  

Soils were watered daily and maintained at 40% moisture content throughout the 

experimental period.  Vials were rearranged at the time of watering to maintain 

randomization. 

4.2.2 Experimental parameters 

Treatments used for manure-amended soil and non-amended soil included: non-

inoculated control, A. globiformis inoculated, S. yanoikuyae inoculated, and R. aquatilis 

inoculated.  These treatments were replicated four times, and 40 vials treatment-1 were 

prepared for destructive sampling at each of the sampling times.  This experiment ran 

for a period of 67 d. 

4.2.3 Bacterial species and culture preparation 

Sphingomonas yanoikuyae, R. aquatilis, and A. globiformis were prepared as 

outlined in section 3.2.3. 

4.2.4 Inoculant preparation and soil inoculation 

When the required O.D. was reached, cultures were prepared as outlined in 

section 3.2.4.  Following inoculant mixing, a dilution series (10-5 to 10-8) was performed 

using sterile PBS and subsequently spread on appropriate strength TSA to determine the 

cfu mL-1 of inoculant present.     

 63



Subsequent to inoculant preparation, 2 mL aliquots were aseptically spread over 

the surface of the soils.  The inoculant application rates were as follows; A. globiformis 

4.3 x 107 cfu g-1 soil, S. yanoikuyae 2.3 x 107 cfu g-1 soil, and R. aquatilis 2.1 x 107 cfu 

g-1 soil .  Following soil inoculation, vials were plugged with sterilized foam plugs, and 

placed in a controlled environment chamber (day/night cycle 16 h, 25ºC/ 8 h, 16ºC).   

 
4.3 Data Collection and Analysis 

Heterotrophic plate counts and phenanthrene overlay plate counts were 

performed on days 0, 4, 11, 18, 25, 39, 53, and 67.  The remaining soil from the sampled 

vials on day 0 and at 67 d were capped and frozen at -20ºC until the time of analysis to 

reduce potential additional degradation.  These were archived for analysis of initial 

concentrations of hydrocarbons present and final levels of hydrocarbons, so that the 

percentage reduction of TPH in the soil could be determined. 

4.3.1 Phenanthrene degrading inoculant survival 

At the time of processing, four vials from each replicate were destructively 

sampled.  10 g of soil was aseptically transferred to sterile PBS for serial dilutions (104 

to 108).  These were plated in duplicate to ensure proper replication of the experiment 

and statistical analysis of plate counts could be performed. 

Dilutions were plated on 10% TSA + 100 mg kg-1  cycloheximide (g L-1 H2O: 

Difco Tryptic Soy Broth, 3; cycloheximide, 0.1; agar, 15) for counts of cfu g-1 soil, and 

MSA + 100 mg kg-1  cycloheximide (g L-1 of H2O: KNO3, 1.0; K2HPO4, 0.38; MgSO4 ⋅ 

7H2O, 0.2; FeCl3 ⋅ 6H2O, 0.05; cycloheximide, 0.1; agar, 17; pH 7.0), for phenanthrene 

degrading bacteria g-1 soil.  Cycloheximide was added to agar prior to pouring media to 

restrict fungal growth on agar plates.  Total heterotrophic bacteria counts were obtained 

following 72 h of incubation at 21 ± 2°C in a cupboard.  Inoculated MSA plates were 

subsequently used for a phenanthrene sublimation technique as outlined in section 3.3.2. 

4.3.2 Hydrocarbon extraction and analysis 

At the time of processing, soils archived for hydrocarbon analysis were removed 

from the freezer and left to thaw to room temperature for ~12 hours.  Hydrocarbon 

extractions were done by mechanical shaking as outlined by Schwab et al. (1999).   
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2 g soil was weighed into 15 mL screw cap centrifuge tubes.  Enough sodium 

sulphate (~0.5 g) was added to absorb water present in the soil samples.  10 mL of 

acetone was added to the tubes and sealed with Teflon lined screw caps.  Vials were 

placed on a reciprocating shaker at 180 rpm and shaken at 21 ± 2°C for 1 h.  Following 

shaking, samples were centrifuged at 1000 rpm (~180 g) for 10 min to pelletize soil 

sediments.  Acetone extracts were decanted using Pasteur pipettes and transferred to 12 

mL screw top storage vials.  0.5 mL of toluene was added to the acetone extracts and 

acetone was evaporated under nitrogen gas.  Following evaporation, extracts suspended 

in toluene were transferred using Pasteur pipettes to 2 mL gas chromatograph (GC) 

vials.  Screw top storage vials were subsequently rinsed with 0.5 to 1 mL of toluene to 

remove any residual extract left in the vial and transferred to the 2 mL GC vials.  

Toluene was added to the GC vials to increase the extraction volume to a total of 1.8 mL 

and subsequently sealed with Teflon lined crimp caps.  Samples were stored at 4°C until 

the time of analysis by gas chromatography.  The extraction efficiency for this method 

for Bruderheim soil is 72% and when amended with manure is 68% (L. A. Phillips, 

personal communication, 2007). 

Samples were analysed on a Varian CP-3800 GC equipped with a FID detector 

and an 8400 autosampler.  A Varian 5-CB fused silica column (100% 

dimethylpolysiloxane) with dimensions of 15 m x 0.25 mm i.d. and a 0.25 μm 

stationary-phase film thickness was used for analytical separation.  The carrier gas was 

hydrogen with a flow rate of 50 mL min-1 and the make up gas was helium with a flow 

rate of 30 mL min-1.  Air was supplied as an oxidant at a rate of 330 mL min-1.  Detector 

and injection port temperatures were 320 and 300ºC respectively.  A 1 µL splitless 

injection volume was delivered with a 10 µL syringe.  The initial column oven 

temperature was maintained at 40ºC for 1 minute and then ramped at a rate of 20ºC min-

1 to 300ºC where it was held for 14.30 min.  Total run time was 28.30 min.  The area 

under the curve produced by the GC analysis were calculated using a linked Varian Star 

Chromatography Workstation v. 6.2 (Varian Inc., Walnut Creek, CA). 

4.3.3 Statistical analysis 

ANOVA and multiple regression were performed on data using the General 

Linear Model in the commercial package SPSS (Rel. 13.0. 2004. Chicago: SPSS Inc.) to 
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detect if there was a treatment effect.  Where treatment effect occurred data was 

analyzed using Tukey HSD to determine where the differences occurred among 

treatments.  The Levene statistic was used to asses homogeneity of variance. 

 
4.4 Results 

4.4.1 Phenanthrene degrading inoculant survival 

Immediately following inoculation (0 d), the total heterotrophic cfu g-1 soil 

recovered from the manure-amended inoculated treatments was an order of magnitude 

higher than the control (Fig. 4.1).  By 4 d, the cfu g-1 soil present in manure-amended 

and non-amended treatments, regardless of inoculation, remained consistent (~106 cfu g-

1 soil) over the experimental period.  The non-amended soil had similar trends to the 

amended treatments for bacterial counts and data for the non-amended treatments are in 

Appendix B (Figs. B.1, B.2, B.3).  

Percentage of the total bacterial population that are able to degrade phenanthrene 

was determined by using the sum of the numbers of bacteria counted from TSA plates 

and degrading bacteria from MSA plates, and dividing that by the number of degrading 

bacteria from MSA plates.  The number of phenanthrene degrading bacteria recovered 

from the manure-amended/non-inoculated control soil was ~104 phenanthrene degrading 

cfu g-1 soil over the experimental period (Fig 4.2), which made up ~5% of the total 

population (Fig. 4.3).  The R. aquatilis treatment had a similar trend to the control.  Both 

of these treatments had significantly less phenanthrene degrading bacteria present than 

the A. globiformis or S. yanoikuyae inoculated treatments (p ≤ 0.05). 

Initially the phenanthrene degrading bacteria recovered from manure-amended 

soil for the A. globiformis and S. yanoikuyae treatments were two orders of magnitude 

higher than the control (Fig. 4.2).  The A. globiformis treatment had higher numbers of 

phenanthrene degrading bacteria on 4 d, and by 11 d numbers of degrading bacteria 

were similar to the control (p ≤ 0.05).  Initially the percent of phenanthrene degrading 

bacteria present within the total population was 44% (Fig. 4.3).  On day 4, this dropped 

to 27%, and by 11 d they were comparable to the control.  The S. yanoikuyae treatment 

had more phenanthrene degrading bacteria until 11 d and these numbers were similar to 

the control by 18 d (p ≤ 0.05).  On day 0, the phenanthrene degrading bacteria made up  
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Figure 4.1 Heterotrophic bacteria colony forming units (cfu) recovered from manure-

amended hydrocarbon contaminated soil inoculated with 107 cfu g-1 soil of 
Arthrobacter globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis.  Day 
0 indicates the cfu g-1 soil recovered from samples immediately following soil 
inoculation.  Symbols followed by different letters indicate significant difference 
among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 
0.05).  Error bars indicate the standard deviation (n = 4). 
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Figure 4.2 Phenanthrene degrading colony forming units (cfu) recovered from manure-

amended hydrocarbon contaminated soil inoculated with 107 cfu g-1 soil of 
Arthrobacter globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis.  Day 
0 indicates the degrading cfu g-1 soil recovered from samples immediately 
following soil inoculation.  Symbols followed by different letters indicate 
significant difference among treatments on that day as determined by ANOVA 
and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard deviation (n = 4). 
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Figure 4.3 Percentage of total bacterial population that are able to degrade phenanthrene 

recovered from manure-amended hydrocarbon contaminated soil.  Soils were 
inoculated with 107 cfu g-1 soil of Arthrobacter globiformis, Sphingomonas 
yanoikuyae, or Rahnella aquatilis.  Day 0 indicates the percentage of 
phenanthrene degrading bacteria recovered from samples immediately following 
soil inoculation.  Bars followed by different letters indicate significant among 
treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  
Error bars indicate the standard deviation (n = 4). 
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53% of the total population, dropping to 30% by 4 d, and then 14% by 11 d.  By 18 d, 

the percentage of phenanthrene degrading bacteria present in this treatment were also 

similar to control values. 

4.4.2 Hydrocarbon extraction and analysis 

 Although the bacterial recovery from the manure-amended and non-amended 

treatments were similar in trend, the decrease in hydrocarbon concentration in the soil 

was affected by the manure-amendment or the addition of inoculants (Table 4.1).   

Percent reduction was calculated by using initial TPH concentrations divided by the 

final TPH concentrations to determine percent remaining in the soil.  Values were 

subtracted from 100% to determine the percent removed.  Both the manure-amended 

control, and the non-amended A. globiformis treatments decreased hydrocarbon 

concentration by ~45% (Table 4.1).  When the soils were manure-amended and 

inoculated with any of the inoculants, the decrease in hydrocarbon concentration was 

less than the manure-amended control, and TPH removed was reduced to ~33%.  The 

control soil with no manure-amendment or inoculant had the least percent removal. 

 
4.5 Discussion 

The percentage of phenanthrene degrading bacteria recovered from contaminated 

soil over the experiment was three to seven percent and is typical of what others have 

observed since hydrocarbon degrading bacteria are ~10% of the population in 

contaminated soils (Atlas, 1995).  The R. aquatilis treatment was similar to the control 

in terms of numbers of degrading bacteria g-1 soil, indicating a possible environmental 

factor restricting growth of this species.  When A. globiformis or S. yanoikuyae were 

inoculated to the soil, there were elevated numbers of phenanthrene degrading bacteria 

over the control, and remained elevated for 11 d, and 18 d respectively.  Kästner et al. 

(1998) also observed an increase in the numbers of degrading bacteria following 

inoculation with Sphingomonas and dropped to control numbers around 10 d.  This 

indicates that it was possible to increase the population of degrading bacteria in this soil, 

but only for a short period of time.  Extended survival of the inoculant is essential for 

the degradation of PAHs and recalcitrant hydrocarbons since these are not degraded in 

the early stages of remediation (Mishra et al., 2001) and to ensure bioremediation   
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Table 4.1 Percent of total petroleum hydrocarbons (TPH) removed from non-amended 
or manure-amended contaminated soils by day 67, inoculated with Arthrobacter 
globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis. 

 
Amendment Inoculant TPH removed

%
Non-amended - 20 (10)† b‡

A. globiformis 45 (5) a
S. yanoikuyae 26 (6) ab
R. aquatilis 37 (14) ab

Manure-amended - 45 (17) a
A. globiformis 43 (12) ab
S. yanoikuyae 34 (5) ab
R. aquatilis 29 (8) ab

 

 

 

 

 

 
† values are the means of treatments (n = 4) with standard deviation in parentheses. 
‡ columns with different letters indicate significant difference among treatments as 

determined by univariate analysis and Tukey HSD (p ≤ 0.05). 
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effectiveness (Schwartz and Scow, 2001). 

Overall, all treatments resulted in a higher percent removal of TPH over that in 

the non-amended control by 67 d.  The addition of inoculants, in particular A. 

globiformis to non-amended soil, resulted in 45% of TPH removed and this was 

significantly higher than in the control (20%).  Mishra et al. (2001) also found that 

degradation was higher in inoculated soil, and contributed to between 50 and 86% 

removal by 55 d, although their soils were mechanically tilled throughout the 

experiment.  Although R. aquatilis did not appear to increase the numbers of 

phenanthrene degrading bacteria, application did result in an increase in degradation 

over that in the control. 

The addition of the manure amendment did not appear to affect the numbers of 

heterotrophic or phenanthrene degrading bacteria in soil.  Taylor and Viraraghavan 

(1999) also found that numbers were not increased when nutrients were added.  

Although the numbers of bacteria did not increase, the addition of manure had a positive 

effect on the degradation of hydrocarbons in this soil.  Sabaté et al. (2004) found a delay 

in contaminant degradation in the absence of nutrients.  The addition of manure resulted 

in significantly higher reduction in hydrocarbon concentration than the non-amended 

control, and was comparable in percent hydrocarbon reduction to the addition of 

inoculants in non-amended soil. 

The addition of bacteria does not always enhance the rates of degradation above 

rates when nutrients are added to historically contaminated soil (Kästner et al., 1998; 

Chaîneau et al., 2003; Van Hamme et al., 2003).  Soils that have a history of 

contamination have an inherent capability to degrade hydrocarbons since populations of 

bacteria present in soil have already adjusted to contamination, and may be dormant due 

to low bioavailability of the compound, or due to limitations in nutrients (Leahy and 

Colwell, 1990; Trzesicka-Mlynarz and Ward, 1995).  The populations of phenanthrene 

degrading bacteria were stimulated by the addition of manure, although not detected by 

cultural methods, was indicated by the increase in the percent TPH removal.  However, 

when inoculants were added without the manure amendment, there was a larger 

decrease in contamination over the control. 
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There was no increase in degradation when inoculants were added to manure 

amended soil as compared to the manure amended soil with no inoculant.  Sabaté et al. 

(2004) found there was a comparable decrease in TPH when fertilizer or fertilizer and 

inoculant were added to contaminated soil.  Kästner et al. (1998) also found that in 

historically contaminated soil with nutrients were added, the rates of degradation were 

comparable to those soils where Sphingomonas was added.  Because there was 

comparable degradation in the manure amended soil, the stimulation of indigenous 

bacteria appeared to be enough to increase rates of degradation above those in untreated 

soil. 

 
4.6 Conclusion 

In non-amended soil, inoculation with the phenanthrene degrading bacteria S. 

yanoikuyae, A. globiformis, or R. aquatilis resulted in a higher percent decrease in TPH 

as compared to the control.  The addition of nutrients in the form of manure also 

enhanced the degradation of the recalcitrant contamination present in Bruderheim soil, 

although when inoculants were added to manure-amended soil, it appeared to reduce the 

effect of the manure-amendment.  Because the degradation capability of added 

inoculants were comparable in terms of TPH reduction, Sphingomonas yanoikuyae was 

chosen as the inoculant for further study due to its superior survival in Bruderheim 

contaminated soil.   
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5.0 THE USE OF SPHINGOMONAS YANOIKUYAE WITH PERENNIAL 
RYEGRASS AND CREEPING RED FESCUE FOR THE ACCELERATION OF 

DEGRADATION OF RECALCITRANT AND FRESHLY SPIKED 
HYDROCARBONS IN SOIL 

 

5.1 Introduction 

Treatments using bacterial inoculants in hydrocarbon impacted soil have been 

utilized for environmental clean-up either in-situ or in treatment facilities (Van Hamme 

et al., 2003).  For a bacterial inoculant to be successful, the inoculant added to the soil 

must be able to compete with members of existing communities of bacteria present in 

the soil for long-term survival (Petersen et al., 1996).  Extended survival of the inoculant 

is essential for the degradation of high molecular weight hydrocarbons, such as poly-

aromatic hydrocarbons (PA Hs) and recalcitrant hydrocarbons, since these are not 

degraded in the early stages of remediation (Mishra et al., 2001).   

Bioremediation through the addition of bacterial species capable of degrading 

target compounds is not always successful because it is difficult to maintain enough 

microbial biomass to accelerate the rate of PAH desorption from soil at rates suitable for 

remediation (Huang et al., 2004).  Additionally, species of bacteria capable of degrading 

high molecular weight PAHs tend to be limited in numbers due to the low 

bioavailability of the compound; therefore, bacterial remediation alone is too slow and 

lacks the capacity to be used for extensive remediation.  

Finer texture soils tend to be more difficult to treat using bioremediation due to 

the low permeability of these soil types (Qiu et al., 1994).  The permeability of a soil can 

influence nutrient transfer, bioavailability of the contaminant, and restrict water and air 

flow.  Well aerated soils that have no restrictions to water movement degrade 

contaminants more extensively than soils that are not (Snape et al., 2005). 

Degradation of PAHs in soil is dependant on the physiochemical properties of 

the PAH, as well as the adsorptive behaviour of the compound in soil (Leblond et al., 

2001).   Establishing plants in finer texture soils can enhance the water and oxygen 



exchange to aid in reclamation of contaminants.  Plant species and root morphology 

determines the extent of soil that can be remediated.  For example, prairie grasses 

extensive fibrous root systems aid in aeration in soil and can increase the 

bacteria/contaminant contact in soil systems (Qiu et al., 1994).   

The addition of vegetation to a contaminated system influences the rate of 

contaminant removal in a number of ways.  Hydrocarbons, depending on their chemical 

properties, may be taken up by plant roots and accumulated in the plant tissue, 

volatilized, or metabolized by the plant (Lee and Banks, 1993; Banks et al., 1999).  

Contaminant dissipation can be enhanced by the presence of plant roots (Banks et al., 

1999).  Contaminants that are outside the root zone may be brought closer to the root 

zone through processes of plant transpiration (Liste and Alexander, 2000). 

PAHs are lipophilic and therefore adsorption to plant roots may be an important 

sink for PAHs in soils, although PAH affinity for plant roots is dependant on the plant 

species and plant age (Schwab et al., 1998).  Roots also provide ideal attachment sites 

for bacteria (Tesar et al., 2002).  The plant roots also act to stimulate soil microflora 

capable of metabolizing the contaminants, increasing the rates of removal.  Rhizosphere 

bacteria play an important role in an ecosystem by providing nutrients to plants, and 

acting as a buffer to environmental stressors such as contamination (Biondini et al., 

1988).   

Perennial grasses can lead to the establishment of an easily managed low input 

remediation system because of the competitive ability of many perennial grass species 

and the ability of the plant community to displace undesirable plant species (Aprill and 

Sims, 1990).  Growing plants on contaminated soils results in an improvement in soil 

structure, which enhances gas and water exchange.  Plants are additionally beneficial 

because a diverse population of bacteria in soil can be maintained within the plant roots.  

Establishing a phytoremediation system is low in cost and easy to maintain (Huang et 

al., 2004).  The growth impairments due to the contamination present may limit the 

benefits of adding plants to a contaminated soil.  To overcome the possible restrictions 

on plant growth, bacterial inoculants have been used to detoxify contaminants that occur 

in close proximity to the plant seed, or to enhance plant growth to reduce possible 
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stressors and restrictions to plant establishment (Siciliano and Germida, 1997; Huang et 

al., 2004). 

Plant beneficial bacteria must be able to colonize the seed and root of the 

selected plant effectively (Buyer et al., 1999).  Competition of the inoculants with 

indigenous soil bacteria for carbon and nutrient sources is a factor limiting colonization 

of plant roots by the inoculant in soil (Günther et al., 1996). 

Sphingomonas yanoikuyae was chosen based on the experimental results in 

Chapter 4 that indicated that this species was better adapted to the environmental 

conditions present in Bruderheim contaminated soil and was able to effectively degrade 

the contamination present in the absence of plants.  The possible plants that could be 

paired with this inoculant were perennial ryegrass (Lolium perenne L.), creeping red 

fescue  (Festuca rubra L.) or Nuttall’s salt meadow grass (Puccinellia nuttalliana (J.A. 

Schultes) A.S. Hitchc.) (Chapter 3).  Perennial ryegrass and creeping red fescue are also 

able to germinate and grow in high concentrations of hydrocarbon contamination 

(Sverdrup et al., 2003; Rutherford et al., 2005; Smith et al., 2006).  Because Nuttall’s 

salt meadow grass germination was low, this species was not chosen for this experiment.   

A growth chamber experiment was completed to answer the main hypothesis for 

this study which is that S. yanoikuyae as an inoculant with perennial ryegrass or 

creeping red fescue will result in increased degradation, as compared to natural 

hydrocarbon degradation, or to amounts removed attributed to bacteria or plants alone in 

contaminated soil.  The objectives for this study were to determine 1) the effect of 

inoculation on plant emergence, root and shoot biomass, 2) and the efficacy of the plant 

and bacteria pairs at removing contamination in recalcitrant and fresh (spiked) 

contamination in soil. 

 
5.2 Materials and Methods 

5.2.1 Experimental parameters 

Treatments included: 1) non-inoculated control, 2) S. yanoikuyae inoculated, 3) 

perennial ryegrass, 4) S. yanoikuyae inoculated perennial ryegrass, 5) creeping red 

fescue, and 6) S. yanoikuyae inoculated creeping red fescue.  Five replicates of each 

treatment were prepared.  Additional pots were set up for each of the treatments and 
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spiked with additional hydrocarbons hexadecane, phenanthrene, and pyrene to increase 

the total initial concentration of contaminants to a point that caused some growth 

restrictions in perennial ryegrass and creeping red fescue (Sverdrup et al., 2003).  This 

was done so the ability of the chosen plant and bacteria pairs to survive the effects of 

higher, more toxic levels of hydrocarbon contamination could be explored. 

5.2.2 Soil description and preparation 

Hydrocarbon contaminated soils were collected from Bruderheim, Alberta 

(53°48' N 112°55' W) and prepared and amended with composted manure as outlined in 

section 4.2.2.   

Slotted pots were lined with coffee filters to prevent loss of soil from the pots, 

but to allow drainage.  800 g of manure-amended contaminated soil was weighed into 

each of the pots.  Additional replicates were prepared for the non-spiked and spiked, S. 

yanoikuyae inoculated and non-inoculated treatments for the destructive sampling for 

time 0 heterotrophic bacteria, phenanthrene degrading bacteria, and for determining 

initial hydrocarbon concentration. 

Pots were spiked with hexadecane, phenanthrene, and pyrene in an acetone 

carrier as outlined by Northcott and Jones (2000).  Soils were spiked with the mixture 

resulting in the F2 (C10-C16) fraction at a total concentration of 400 ppm, and the F3 

(C16-C34) fraction to 2000 ppm.  Levels of desired concentration of added 

hydrocarbons were chosen based on perennial ryegrass and creeping red fescue ability to 

germinate and grow in higher concentrations of hydrocarbons (Sverdrup et al., 2003; 

Rutherford et al., 2005; Smith et al., 2006). 

A stock solution containing 100,000 mg kg-1 phenanthrene and 50,000 mg kg-1 

pyrene was prepared by dissolving the solids at a rate of 100 g of phenanthrene and 50 g 

of pyrene per 1 L of acetone.  Phenanthrene (98+ % purity) was obtained from Alfa 

Aesar®, Ward Hill, MA, USA and pyrene (98+ % purity) was obtained from Sigma-

Aldrich, Inc., St. Louis, MO, USA.  200 g of amended soil was taken from pots 

requiring spiking and placed into a stainless steal mixing bowl.  0.98 mL of hexadecane 

and 5.84 mL of phenanthrene/pyrene stock was mixed with 10 mL of acetone prior to 

mixing into soil.  The acetone carrier with the dissolved hydrocarbons was slowly added 

to the 200 g of soil while mixing with a stainless steel spoon to ensure even distribution 
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of the added contaminants into the soil.  Spiked portions of the soils were transferred 

back into pots and left in a chemical fume hood for 24 h to allow the acetone carrier to 

evaporate off of the soil.  Following 24 h, the 200 g spiked portions of the soil were 

thoroughly mixed into the remaining 600 g of soil in the stainless steel bowl with the 

stainless steel spoon and placed back into the pots.  All pots were watered to 40% 

moisture content and placed in a controlled environment chamber (day/night cycle 16 h, 

25°C/ 8 h, 18°C) to condition for seven days prior to soil inoculation and planting.  Pots 

were watered daily to maintain 40% moisture content, and were rearranged at the time 

of watering to maintain randomization. 

5.2.3 Bacterial species and culture preparation 

Sphingomonas yanoikuyae was chosen based on Chapter 4 results, and prepared 

as outlined in section 3.2.3. 

5.2.4 Inoculant preparation and soil inoculation 

When the TSB reached the appropriate O.D., cultures were prepared for 

inoculation as outlined in section 3.2.4.     

Subsequent to inoculant preparation, 50 mL aliquots were aseptically spread 

evenly over the surface of the soils in order to not disturb the soil surface.  The inoculant 

application rate was 1.26 x 107 cfu g-1 soil. 

5.2.5 Grass species description and experimental set up 

Perennial ryegrass and creeping red fescue seed was obtained from a collection 

of the Soil Microbiology Laboratory, Department of Soil Science at the University of 

Saskatchewan.  

Seeds that were uniform in shape and free from obvious damage were selected.  

The lemma and palea were not removed from the seeds since they aid in the absorption 

of water and hold moisture close to the seed for germination.  Enough seed of perennial 

ryegrass, and creeping red fescue were used to ensure sufficient seed to provide a final 

plant density of 20 plants pot-1.   

Seeds were sown across the surface of the soil, and gently tapped into the soil to 

bury the seed.  Following planting, soil surfaces were gently tapped to lightly pack the 

soil to ensure good soil and seed contact.  Seeding rates were determined from pre-

determined germination rates in Chapter 3 with or without inoculants, and doubled due 
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to contamination (RTDF, 1999).  Seeding rates were tripled in the spiked pots.  Pots 

were seeded to a high rate to ensure most or all soil in pots could be affected by the 

rhizosphere so that at the time of sampling, soils did not have to be separated into 

rhizosphere and bulk soil.  Following soil inoculation and planting, pots were placed in a 

controlled environment chamber (day/night cycle 16 h, 25°C/ 8 h, 18°C).  Plant 

emergence was observed at the time of daily watering, and thinned to 20 plants pot-1 

where necessary.   

 
5.3 Data Collection and Analysis 

Treatments were sampled at time zero, and 87 d to determine total heterotrophic 

bacteria (cfu g soil-1), phenanthrene degrading bacteria g soil-1, and TPH present.  For 

day 0 samples, four sub-samples were collected from the soil that was in the center of 

the pots to ensure no plastic had touched the soil since this can influence the 

hydrocarbon analysis by absorbing some of the hydrocarbons into the plastic.  These 

were collected immediately following experimental set-up, for analysis by GC/FID and 

packed into glass vials.  Vials containing soil for hydrocarbon analysis were capped and 

frozen at -20ºC until the time of analysis.  An additional 10 g of soil was taken from the 

same place in each pot for determining day 0 cfu g soil-1 and phenanthrene degrading 

bacteria g soil-1. 

5.3.1 Plant establishment, biomass, and soil collection  

At the time of watering, number of emerged or live plants, and plant growth 

were recorded.  Number of emerged plants was recorded until final plant densities were 

reached or no more plant emergence was occurring. 

At the time of harvest (87 d), above-ground plant material was cut at the soil 

surface for shoot biomass determination.  Soil from pots was then carefully split open so 

that soil samples could be taken from within the plant roots from the center of the pot.  

Four sub-samples from each pot were collected for analysis by GC/FID, packed into 

glass vials and frozen at -20ºC until the time of analysis to reduce further degradation.  

An additional 10 g soil was taken from each pot for determining final values for total 

heterotrophic bacteria (cfu g soil-1) and phenanthrene degrading bacteria g soil-1. 
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Roots were separated from the soil and washed to remove any adhered soil from 

the roots for determining the root biomass.  Small roots were separated from soil using 

water and a 0.25 mm sieve.  All biomass material was subsequently dried in an oven at 

55°C for 48 h.  After drying, weights were recorded for root and shoot biomass. 

5.3.2 Phenanthrene degrading inoculant survival 

10 g of soil was aseptically transferred to sterile PBS for serial dilutions (104 to 

108).  Dilutions were plated on 10% TSA + 100 mg kg-1 cycloheximide for heterotrophic 

counts (cfu g soil-1), and MSA + 100 mg kg-1  cycloheximide, for phenanthrene 

degrading bacteria cfu g soil-1.  Total heterotrophic bacteria counts were obtained 

following 72 h of incubation at 21 ± 2°C in a cupboard.  Inoculated MSA plates were 

subsequently used for a phenanthrene sublimation technique as outlined in section 3.3.2. 

5.3.3 Hydrocarbon extraction and analysis 

At the time of processing, soils were removed from the freezer and left to thaw 

to room temperature for ~12 h.  Hydrocarbon extractions were done by mechanical 

shaking as outlined in section 4.3.2.   

5.3.4 Statistical analysis 

ANOVA and multiple regression were performed on data using the general 

linear modal in the commercial package SPSS (Rel. 13.0. 2004. Chicago: SPSS Inc.) to 

detect if there was a treatment effect.  Where treatment effect occurred data was 

analyzed using Tukey HSD to determine where the differences occurred among 

treatments.  The Levene statistic was used to asses homogeneity of variance. 

 
5.4 Results 

5.4.1 Plant establishment and biomass 

 Emergence of perennial rye grass was reduced in the spiked treatment by 8 and 

10 d (p ≤ 0.05) (Fig. 5.1).  Although the spiked control has a continued trend of reduced 

emergence, the reductions became not significant.  The inoculated treatments, in both 

spiked and non-spiked soil, have a visible reduction in germination during the early part 

of the experiment, although this also was not significant. 

Emergence of creeping red fescue was reduced in the spiked treatment by 38 d (p 

≤  0.05) (Fig. 5.2).  The inoculant application in the non-spiked soil treatment had no  
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Figure 5.1 Emergence of perennial ryegrass in Bruderheim contaminated soil over time.  

Treatments include: non-spiked control, spiked control, Sphingomonas 
yanoikuyae inoculated (S. yan), and spiked S. yanoikuyae.  Symbols followed by 
different letters indicate significant difference among treatments on that day as 
determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the 
standard error of the mean (n = 5). 
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Figure 5.2 Emergence of creeping red fescue in Bruderheim contaminated soil over 
time.  Treatments include: non-spiked control, spiked control, Sphingomonas 
yanoikuyae inoculated (S. yan), and spiked S. yanoikuyae.  Symbols followed by 
different letters indicate significant difference among treatments on that day as 
determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the 
standard error of the mean (n = 5). 
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effect on the emergence of this plant species.  The addition of S. yanoikuyae to creeping 

red fescue in the spiked treatment increased plant emergence similar to emergence in the 

non-spiked control. 

Perennial ryegrass shoot and root growth was reduced in the spiked treatments as 

compared to the non-spiked control (p ≤ 0.05) (Fig. 5.3).  The addition of S. yanoikuyae 

to perennial ryegrass treatments did not increase root or shoot biomass over those 

without inoculants. 

When S. yanoikuyae was applied to creeping red fescue, it had a positive effect 

on the shoot biomass in the non-spiked soil, but did not increase shoot biomass in the 

spiked inoculated treatments (Fig. 5.4).  The root biomass was increased in both spiked 

and non-spiked treatments when inoculated with S. yanoikuyae. 

5.4.2 Phenanthrene degrading inoculant survival 

On day 0, the inoculated treatments had more bacteria present as compared to 

control (Fig. 5.5).  There were three orders of magnitude more phenanthrene degrading 

bacteria present in the inoculated treatment as compared to the control soil and one order 

of magnitude more phenanthrene degrading bacteria in the inoculated spiked soils as 

compared to the spiked control.  Percentage of the total bacterial population that are able 

to degrade phenanthrene was determined by using the sum of the numbers of bacteria 

counted from TSA plates and degrading bacteria from MSA plates, and dividing that by 

the number of degrading bacteria from MSA plates.  Phenanthrene degrading bacteria 

present in the non-spiked treatment were 1% of total bacterial counts whereas 

inoculation increased the percentage of phenanthrene degrading bacteria within the total 

population to 44% (Fig. 5.5).  The spiked treatments initially had 5% phenanthrene 

degrading bacteria and inoculation increased the portion of degrading bacteria to 35%. 

By 87 d in non-spiked treatments, the perennial ryegrass, creeping red fescue, 

and perennial ryegrass S. yanoikuyae treatments had more bacteria present in soil as 

compared to the control (p ≤ 0.05) (Fig. 5.6).  The perennial ryegrass planted treatment 

had observably higher numbers of phenanthrene degrading bacteria g soil-1 than the 

other treatments, although this was not significant.  The phenanthrene degrading 

bacteria present in all non-spiked treatments made up only 1 to 2% of the total 

population of soil bacteria by the end of the experiment. 
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Figure 5.3 Perennial ryegrass shoot biomass A), and root biomass B) as affected by treatment.  Treatments include: non-spiked 

control, Sphingomonas yanoikuyae (S.yan), spiked control, and spiked S. yanoikuyae.  Hydrocarbon concentration, at the time 
of planting, in non-spiked soil was 1079.83 ± 83.29 mg kg-1 and spiked soil was 2116.80 ± 134.82 mg kg-1.  Bars followed by 
different letters indicate significant difference among treatments as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error 
bars indicate the standard error of the mean (n = 5). 
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Figure 5.4 Creeping red fescue shoot biomass A), and root biomass B) as affected by treatment.  Treatments include: non-spiked 

control, Sphingomonas yanoikuyae (S.yan), spiked control, and spiked S. yanoikuyae.  Hydrocarbon concentration, at the time 
of planting, in non-spiked soil was 1079.83 ± 83.29 mg kg-1 and spiked soil was 2116.80 ± 134.82 mg kg-1.  Bars followed by 
different letters indicate significant difference among treatments as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error 
bars indicate the standard error of the mean (n = 5). 
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Figure 5.5 Heterotrophic and phenanthrene degrading colony forming units (cfu) A), and percentage of total bacterial population that 

are able to degrade phenanthrene B), recovered from non-spiked and spiked Bruderheim contaminated soil on day 0.  
Treatments include: non-spiked control, Sphingomonas yanoikuyae inoculated (S.yan), spiked control, and spiked S. 
yanoikuyae.  Within bacterial type, different letters indicate significant difference among treatments as determined by ANOVA 
and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard error of the mean (n = 5).
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Figure 5.6 Heterotrophic and phenanthrene degrading colony forming units (cfu) A), and percentage of total bacterial population that 

are able to degrade phenanthrene B), recovered from non-spiked Bruderheim contaminated soil on day 87.  Treatments include: 
non-spiked control (non), Sphingomonas yanoikuyae inoculated (S.yan), perennial ryegrass planted (PRG), S. yanoikuyae 
inoculated PRG, creeping red fescue planted (CRF), and S. yanoikuyae inoculated CRF.  Within bacterial type, bars followed by 
different letters indicate significant difference among treatments as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error 
bars indicate the standard error of the mean (n = 5). 
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The spiked treatments had no significant difference in total heterotrophic bacteria 

or phenanthrene degrading bacteria between treatments (Fig 5.7).  Although there was 

no significant difference in numbers of heterotrophs and phenanthrene degrading 

bacteria, the percentage of total bacterial population that are able to degrade 

phenanthrene showed differences between treatments (p ≤ 0.05).  The spiked perennial 

ryegrass S. yanoikuyae treatment was highest as compared to the spiked control, with 

~60% of the bacterial population being phenanthrene degrading bacteria.  All of the 

other treatments, whether planted, inoculated, or both, increased the percentage of total 

bacterial population that are able to degrade phenanthrene over the spiked control. 

5.4.3 Hydrocarbon extraction and analysis 

All of the treatments in non-spiked soil resulted in a decrease in hydrocarbon 

concentration over time, although no significant differences were detected (Table 5.1).  

Perennial ryegrass S. yanoikuyae inoculated treatments resulted in the highest percent 

decrease in total petroleum hydrocarbon (TPH) concentration.  Although there was no 

significant difference between treatments, the TPH removed by perennial ryegrass was 

increased by 10% when S. yanoikuyae was added.  The degradation potential of 

creeping red fescue did not appear to increase following the application of S. yanoikuyae 

in non-spiked soils. 

At higher levels of contamination, as measured by the spiked treatments, the 

planted, inoculated, and planted-inoculated treatments increased rates of degradation 

over that in the control with the exception of the perennial ryegrass treatment (Table 

5.2).  The creeping red fescue S. yanoikuyae treatment resulted in the highest percent 

reduction in TPH and reduced concentrations by 61%.  Creeping red fescue planted soils 

were statistically similar to the inoculated and reduced TPH by 59%.  Similar to the non-

spiked soils, when S. yanoikuyae was added to perennial ryegrass, it increased the 

degradation potential by 13% as compared to perennial ryegrass alone. 

 
5.5 Discussion 

The addition of S. yanoikuyae to creeping red fescue helped to improve plant 

germination and emergence in the spiked soils with higher concentrations of 

hydrocarbons.  Creeping red fescue emergence in spiked S. yanoikuyae treatments was  
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Figure 5.7 Heterotrophic and phenanthrene degrading colony forming units (cfu) A), and percentage of total bacterial population that 

are able to degrade phenanthrene B), recovered from spiked Bruderheim contaminated soil on day 87.  Treatments include: 
spiked control, Sphingomonas yanoikuyae inoculated (S.yan), perennial ryegrass planted (PRG), S. yanoikuyae inoculated PRG, 
creeping red fescue planted (CRF), and S. yanoikuyae inoculated CRF.  Bars followed by different letters indicate significant 
difference among treatments as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars indicate the standard error of 
the mean (n = 5).



Table 5.1 Percent reduction in the F2 (C10-C16), F3 (C16-C34), F4 (C34-C50) fractions, and total petroleum hydrocarbons (TPH) by 
day 87 in Bruderheim contaminated soil as affected by treatment.  TPH values are the C10, F2, C16, F3, C34, F4, and C50 
fractions summed.  There was no treatment effect as assessed by ANOVA (p ≤ 0.05).  
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Treatment Plant species F2 F3 F4 TPH‡

Non-inoculated 37 (6)† 11 (2) 42 (12) 24 (5)
perennial ryegrass 33 (5) 12 (4) 42 (2) 23 (2)
creeping red fescue 43 (9) 13 (12) 52 (13)  20 (10)

S. yanoikuyae  32 (4) 6 (3) 54 (5) 25 (3)
perennial ryegrass 26 (4) 22 (3) 58 (7) 34 (4)
creeping red fescue 27 (3) 4 (4) 55 (3) 23 (2)

† values are the means of treatments (n  = 5) with standard error in parentheses.
‡ initial concentration extracted from day 0 samples was 1080 (83) mg kg-1 TPH. 

Hydrocarbon reduction
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Table 5.2 Percent changes in the F2 (C10-C16), F3 (C16-C34), F4 (C34-C50) fractions, and total petroleum hydrocarbons (TPH) by 
day 87 in spiked Bruderheim contaminated soil as affected by treatment.  TPH values are the C10, F2, C16, F3, C34, F4, and 
C50 fractions summed.  Within a column, numbers followed by different letters indicate significant difference among 
treatments as determined by ANOVA and Tukey HSD (p ≤ 0.05). 
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Treatment Plant species F2 F3 F4 TPH§

Non-inoculated -44† (26)‡ b 56 (4) bc 18 (11) 46 (3) bc
perennial ryegrass 18 (7) ab 52 (3) c 2 (16) 44 (5) c
creeping red fescue 19 (6) ab 66 (2) a 24 (8) 59 (1) ab

S. yanoikuyae 13 (4) ab 60 (2) abc -8 (16) 52 (3) abc
perennial ryegrass -5 (16) b 63 (2) ab 33 (8) 56 (3) abc
creeping red fescue 36 (6) a 65 (2) ab 25 (10) 61 (2) a

† negative values indicate an increase in hydrocarbon concentration. 
‡ values are the means of treatments (n  = 5) with standard error in parentheses.
§ initial concentration extracted from day 0 samples was 2117 (135) mg kg-1 TPH. 

Hydrocarbon reduction
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comparable to the growth in the non-spiked control, and indicates this plant and bacteria 

pair may be more suitable for more heavily contaminated sites or non-weathered 

contaminated soils (Fig. 5.2).  Huang et al. (2003) also found that the combination of 

inoculants and plants helped to improved plant survival in contaminated soil. 

There was a slight decline in perennial ryegrass germination in both spiked and 

non-spiked soils when inoculated with S. yanoikuyae and this could be attributed to an 

increase in the bioavailability of tightly bound hydrocarbons in the soil matrix produced 

by the degradation of hydrocarbons by S. yanoikuyae, or by desorption of the 

hydrocarbon caused by the plant itself (Schwab et al., 1998; Banks, et al., 1999). 

There is a benefit to the application of S. yanoikuyae to creeping red fescue 

especially in higher concentrations of hydrocarbons because S. yanoikuyae was 

observed to significantly increase the root biomass of creeping red fescue in non-spiked 

and spiked soils (Fig. 5.4).  Huang et al. (2004) also reported that growing vegetation 

with beneficial bacteria allowed plants to germinate and grow well, and rapidly 

accumulate root biomass in contaminated systems.  Perennial ryegrass, however, did not 

show an increase in biomass when inoculated with S. yanoikuyae.   

In non-spiked soils, there was a positive effect on soil bacteria when planted with 

perennial ryegrass or creeping red fescue, although this did not appear to influence the 

percentage of the total population able to degrade phenanthrene.  Lee and Banks (1993) 

found that numbers of bacteria isolated from treatments with plants were substantially 

higher than those without plants.  Plant age and plant type plays an important role in 

hydrocarbon removal.  Shaw and Burns (2004) reported an effect of the rhizosphere on 

the degradation of the herbicide 2,4-D.  Their results show that the effect of the 

rhizosphere on soil microorganisms and degradation was dependent on the plant species 

used and the age of the plant.  After 25 d of plant growth, the numbers of culturable 

bacteria were increased 2 to 10 times when planted as compared to unplanted 

treatments.  However, the difference between treatments was not as pronounced by the 

end of the experimental period, and is similar to the results seen here. 

When Bruderheim contaminated soils were spiked, there was a significant 

increase in phenanthrene degrading bacteria as compared to the non-spiked soil.  Tesar 

et al. (2002) also observed that soils spiked with diesel had different bacterial 



populations and some species were enriched in the presence of the pollutant.  By the end 

of the experimental period, the numbers of heterotrophs were ~106 cfu g-1 soil regardless 

of plant species or inoculation.  Günther et al. (1996) also found that in spiked 

treatments, the initial measurement of cfu g-1 soil was substantially increased and by 22 

wks all planted and non-planted treatments had ~106 cfu g-1 soil.   

Although the numbers of heterotrophs were approximately the same between 

treatments, the percent of phenanthrene degrading bacteria associated with different 

treatments was influenced, particularly in the spiked soils.  All of the treatments tested 

in spiked soil had a significantly higher percentage of total bacterial population that are 

able to degrade phenanthrene than the spiked control.  The addition of inoculants and 

plants caused a shift in the types of bacteria present within the bacterial community, 

although not increasing total numbers.  Others have also observed that the use of 

microbial inoculants can cause a change in the community of bacteria present in soil, 

and not necessarily an increase in numbers.  Siciliano and Germida (1997) found that 

inoculation of meadow brome (Bromus biebersteinii Roem. & Schult. [excluded]) or 

Dahurian wildrye (Elymus dahuricus Turcz. ex Griseb.) resulted in a substantial change 

in the bacterial community, although the change in community was dependent on plant 

species.  The structure of the bacterial community profiles associated with plants is 

different than those observed in the absence of vegetation (Corgié et al., 2004).  

Siciliano et al. (2003) observed that the bacterial community in the rhizosphere of tall 

fescue (Schedonorus phoenix (Scop.) Holub) resulted in a higher proportion of 

degrading bacteria as compared to their unplanted treatment.   

The addition of plants at low levels of recalcitrant contamination there was no 

significant difference between treatments, although there was an observable increase in 

percent reduction of TPH when S. yanoikuyae was applied to perennial ryegrass as 

compared to perennial ryegrass alone (Table 5.1).  If the experimental period had been 

longer, the differences in hydrocarbon reduction may have become significant, due to 

the time that is required for tightly bound hydrocarbons to become desorbed and 

bioavailable for use by the inoculant.  Huang et al. (2004) saw the removal of some of 

the larger PAHs by 90 d, and by 120 d the effect of treatment was even more 

pronounced, and 16 priority PAHs were significantly reduced.  Banks et al. (1999) 
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found that after 185 d that the planted treatments resulted in a 66% decrease in the 

amount of contamination present, and only 53% without plants.  The difference in 

hydrocarbon concentrations was not significant until ~30 d and was apparently related to 

root development.   

Although the length of time could enhance reduction in recalcitrant 

hydrocarbons, there are also restrictions based on plant type.  Liste and Alexander 

(2000) found that there were significant reductions in hydrocarbon concentration in 

planted treatments by 56 d as compared to unplanted treatments.  Oats (Avena sativa L.) 

planted treatments resulted in a 54% loss of total pyrene by day 32 and this only 

increased to 55% by day 56.   

In spiked soils, there was an increase in the F2 fraction in the control, which did 

not occur in any of the other treatments.  This indicates that soil inoculation, planting, or 

both did a more complete job of degradation.  In particular, the creeping red fescue, 

creeping red fescue S. yanoikuyae, and perennial ryegrass S. yanoikuyae treatments had 

the highest percent removal within the F3 fraction.  Hynes et al. (2004) also observed an 

increase in degradation when S. yanoikuyae was applied to white mustard (Sinapis alba 

L.) (88%) as compared to non-inoculated white mustard (13%) in contaminated soil.  

Günther et al. (1996) also found that significant amounts of hydrocarbons were removed 

from both planted and non-planted treatments after 22 weeks of incubation.  Although 

both resulted in almost complete contaminant removal, the presence of plants resulted in 

86% of the original concentration  being removed by 12 weeks, as compared to 50% in 

the unplanted treatments.   

When the inoculant was added to perennial ryegrass in spiked soil, it increased 

the rates of degradation by ~13%, which was higher than rates attributed to planting 

with perennial ryegrass alone.  The inoculant did not result in an increase in biomass, 

but did produce a change in the bacterial population to one that contained more 

phenanthrene degrading bacteria, which may have caused the increase in degradation.  

With creeping red fescue, the increase in degradation was only ~3% when inoculated 

with S. yanoikuyae, although statistically similar to the planted treatment, the inoculated 

creeping red fescue resulted in the highest percent reduction as compared with other 

treatments. 
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5.6 Conclusion 

The use of bacterial inoculants capable of degrading hydrocarbons, with grass 

species common to western Canada, resulted in an increase of degradation over that 

associated with bacteria, or plants alone, although this was restricted to specific plant 

species and the initial concentrations of hydrocarbons present. 

In recalcitrant contamination, there was an observable increase in degradation 

when an inoculant was applied to perennial ryegrass; this was not significant, although if 

the experiment occurred over a longer period of time, this difference may have become 

more pronounced. 

In freshly contaminated soil, as simulated with spiked treatments, the effect of 

the inoculant, plant, or combinations of both was more distinct than in the non-spiked 

treatments.  Creeping red fescue inoculated with S. yanoikuyae resulted in a decrease in 

TPH concentration of 61% in 87 d.  This may have happened for a number of reasons.  

When soils were spiked, there was a stimulation of soil bacteria capable of degrading 

phenanthrene as observed on MSA plate counts.  When creeping red fescue was 

inoculated with S. yanoikuyae, the root biomass was significantly increased over that of 

creeping red fescue alone.  Additionally, the planted treatments caused a shift in the 

types of bacteria present in the population within the rhizosphere.  At the level of 

removal of TPH in creeping red fescue S. yanoikuyae treatments, hydrocarbon 

concentration could potentially be reduced by 100% in 143 d if there were no 

restrictions to hydrocarbon degradation in the soil.  

In contaminated sites in western Canada, the levels of hydrocarbons present 

becomes an important aspect to consider, among other factors such as soil type and 

climate, when choosing a plant and bacteria for application for remediation.  The results 

reported here indicate that creeping red fescue could be effectively used for soil 

decontamination in higher levels or freshly (non-recalcitrant) contaminated sites.  The 

addition of S. yanoikuyae facilitated plant establishment, and promoted plant growth.  

Perennial ryegrass could be used in recalcitrant contamination although there was not a 

significant effect on biomass and degradation, the amount of TPH removed was 

increased by 10% when inoculated with S. yanoikuyae. 
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6.0 GENERAL DISCUSSION 

 
Due to the widespread occurrence of hydrocarbons in soil and their toxicity, they 

are of priority environmental concern (CCME, 2000; Lahlou et al., 2000).  

Contamination in soil, whether it is a fresh spill, or has been slowly released over a long 

period of time, needs to be remediated as per specific environmental regulations set 

federally and provincially in Canada (CCME, 2000; SKEV, 2006; ABEVa, 2007; 

ABEVb, 2007).  In general, current methods employed for remediating soil include the 

physical removal of the contaminated soil and movement of the soil to a treatment 

facility.  This is done to prevent migration to unaffected areas, and prevent further 

environmental deterioration.  There is, however, a problem in that the approaches used 

to excavate and remove contaminated soil are destructive in terms of ecosystem function 

and are very expensive.  Additionally, the toxic effects of the contamination present may 

limit the ability to apply bioremediation or phytoremediation to these sites.  In an 

attempt to enhance phytoremediation and bioremediation, a combination approach using 

bacterial inoculation of selected plants was used and assessed for efficiency of 

hydrocarbon removal from soil. 

The hypothesis for this study was that phenanthrene degrading bacterial 

inoculants, in combination with grass species able to tolerate petroleum hydrocarbon 

contamination, would result in increased degradation, as compared to natural rates of 

hydrocarbon degradation, or to rates of degradation attributed to bacteria or plants alone 

in hydrocarbon contaminated soil.  Three experiments were carried out to examine this 

hypothesis.   

The first experiment was performed to assess the effect of three phenanthrene 

degrading bacteria (Arthrobacter globiformis, Sphingomonas yanoikuyae, and Rahnella 

aquatilis) on seed germination, location of attachment on seeds and roots, and inoculant 

survival on the prairie grass species Altai wildrye, creeping red fescue, Nuttall’s salt 

meadow grass, perennial ryegrass, and slender wheatgrass.  Arthrobacter globiformis



and S. yanoikuyae were able to effectively colonize the seeds and maintain their ability 

to degrade phenanthrene once they were attached and growing on the seeds.  Rahnella 

aquatilis also was able to colonize seeds, but exhibited phenanthrene degradation 

activity only when applied to Nuttall’s salt meadow grass.  These observations are of 

significance since the ability to degrade phenanthrene is the characteristic of the 

inoculant required for enhanced degradation, and so they need to maintain this 

characteristic once on seeds.   

The inoculants ability to maintain contact with the growing root is important for 

increasing degrader and contaminant contact throughout the soil profile.  Furthermore, 

the bacterial inoculants primarily move through the soil by passive transport by adhering 

to plant roots.  All inoculants were observed to move from seeds and colonized 

developing roots as measured by plate counts and microscopy.  This ability of the 

inoculants will ensure the remediation of a greater range of compounds within a larger 

volume of soil while minimizing disturbance to the ecosystem. 

Creeping red fescue and Nuttall’s salt meadow grass germination was enhanced 

when inoculated with A. globiformis, and this inoculant stimulated the early root growth 

of perennial ryegrass.  Sphingomonas yanoikuyae stimulated germination of creeping 

red fescue and had a positive effect on shoot growth of Nuttall’s salt meadow grass and 

on root growth of perennial ryegrass.  The stimulation of germination and early root 

growth is of importance since it may contribute to a higher rate of plant establishment 

and survival of vegetation and inoculants once added to contaminated soil.  Inoculation 

must not negatively influence germination and growth of seeds since this will reduce 

establishment of plants, especially when planted in contaminated soil where the 

potential toxic effects of the contaminants may also inhibit plant growth.   

The second experiment was performed to determine the survival of the 

phenanthrene degrading bacterial inoculants in contaminated soil in the absence of 

plants, with or without a manure-amendment.  Their ability to reduce hydrocarbon 

concentration over time was also assessed.  The manure-amendment did not appear to 

affect the populations of bacteria present in contaminated soil.  The application of the 

inoculants did not result in an increase in the total heterotrophic bacteria present in soil, 

although their addition caused a temporary change in the population to one that 
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contained a higher percentage of the total bacteria that are able to degrade phenanthrene 

as compared to the non-inoculated treatment (Fig. 4.1, 4.2, p. 83).  Specifically, the 

application of A. globiformis and S. yanoikuyae resulted in this increase in phenanthrene 

degrading bacteria, which remained elevated for 11 and 18 d respectively, whereas the 

application of R. aquatilis did not result in this change in bacterial population.  This 

indicated that it was possible to increase the number of phenanthrene degrading bacteria 

that will contribute to degradation of contamination, but only for a short period of time. 

The effectiveness of bioremediation may also be improved in terms of the length 

of time and depth of activity within the soil profile through the use of tillage, nutrient 

additions, and re-inoculation (Atlas, 1995; Banks et al., 1999; Margesin et al., 2000; 

Schwartz and Scow, 2001; Siciliano et al., 2003).  Nutrients, for example, can increase 

rates of degradation, and tillage can be applied to improve contact with contamination at 

depth, therefore increasing the potential for bioremediation. 

Although the percentage of phenanthrene degrading bacteria was increased when 

soils were inoculated with A. globiformis and S. yanoikuyae and not when inoculated 

with R. aquatilis, the application of these inoculants increased the amount of TPH 

removed over time (p ≤ 0.05) (as shown in Chapter 4 and as seen by Chaîneau et al., 

1999; Margesin et al., 2000; Panno et al., 2005; Popp et al., 2006).  Inoculation of non-

amended soil with A. globiformis, or the addition of a manure-amendment both resulted 

in the highest decrease in TPH concentration as compared to untreated soil (Table 4.1, p. 

70) (p ≤ 0.05).  When any of the inoculants were added to manure-amended soil, the 

decrease in hydrocarbon concentration was similar in each case and percent of TPH 

removed was higher than untreated contaminated soil.   

For recalcitrant contamination, such as that found in Bruderheim contaminated 

soil, the acute toxic effects of the hydrocarbons are decreased over time, and the 

bacterial population changes in composition to one that contains more hydrocarbon 

degrading bacteria (Atlas, 1995).  For the Bruderheim site, where a slow release of 

hydrocarbon contamination occurred over a long period of time, these sites can benefit 

from the application of bioremediation, although it is limited in terms of the volume of 

soil that can be remediated and limited in how long the inoculants may remain elevated 

in numbers in soil.  Due to the apparent superior competitive ability of S. yanoikuyae in 
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this soil, and ability to remove a significant amount of contamination over time, it was 

selected as the inoculant for the third experiment.  

The third objective was met by assessing the degradation potential of selected 

plant/inoculant combinations in recalcitrant contamination found in Bruderheim soil, 

and Bruderheim soil spiked with additional hydrocarbons hexadecane, phenanthrene and 

pyrene.  The survival and degradation capabilities of creeping red fescue or perennial 

ryegrass with S. yanoikuyae were assessed in a growth chamber experiment.   

The effectiveness of bioremediation or phytoremediation by themselves tends to 

be limited in the extent of degradation, and when combined, they can increase the total 

amount of contaminant removed (Siciliano and Germida, 1997; Huang et al., 2004).  

When S. yanoikuyae was applied to perennial rye grass it resulted in an observable 

increase in root growth at lower concentrations of hydrocarbon contamination (Fig. 5.3, 

p. 83).  When S. yanoikuyae was applied to creeping red fescue it resulted in an increase 

in both root and shoot biomass (p ≤ 0.05) (Fig 5.4, p.84).  The increase in plant biomass 

is of importance because this can improve plant survival, and this contributes to a more 

effective phytoremediation application,  

At higher levels of contamination, as assessed by spiking Bruderheim soil with 

additional hydrocarbons, inoculant application did not have an effect on perennial 

ryegrass, but increased the root biomass of creeping red fescue (p ≤ 0.05) (Fig 5.4, p. 

84) .  A larger root biomass can inhabit larger volumes of soil and therefore a larger 

volume of soil can be affected by the rhizosphere.  This means that a larger volume of 

soil potentially can be remediated.  The use of S. yanoikuyae with perennial ryegrass or 

creeping red fescue can enhance remediation in a couple of ways; 1) the inoculant acts 

to reduce plant stress and improve plant emergence and root growth by degrading 

hydrocarbons in close proximity to the plant seed and root and 2) the plant releases 

exudates that aid in inoculant survival over time. 

To improve the emergence, plant establishment, and subsequent growth and 

survival, the application of bacterial inoculants to grass species in the contaminated 

system has been shown to improve both inoculant and plant survival, although this is 

entirely dependant on the plant species used, levels and types of contamination, and soil 

properties (as shown in Chapter 5).  Huang et al. (2004) also reported that growing 
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vegetation with beneficial bacteria allowed plants to germinate and grow well, and 

rapidly accumulate root biomass in contaminated soil systems. 

During the experiment, non-surface disinfected and non-inoculated seeds of 

creeping red fescue, Nuttall’s salt meadow grass, perennial ryegrass, Altai wildrye, 

slender wheatgrass, and western wheatgrass were also tested for the presence of 

phenanthrene degrading bacteria by using the overlay plate method.  Nuttall’s salt 

meadow grass did not produce a zone of clearing, although the other plant species did, 

in particular creeping red fescue.  This indicates that there were phenanthrene degrading 

bacteria already in association with some of the seed of some plant species.  Due to this 

observation, additional plants species, common to western Canada and known to tolerate 

hydrocarbon contamination or that have been observed to stimulate rhizodegradation 

(Aprill and Sims, 1990; Frick et al., 1999; Robson et al., 2004) were selected and tested 

by phenanthrene overlay plates.  Seeds from caragana (100%), Canada thistle (37.5%), 

slender wheatgrass (2.9%), creeping red fescue (26.7%), northern bedstraw (4.8%), 

Altai wildrye (4.3%), perennial ryegrass (1.4%), alfalfa (18.3%), western wheatgrass 

(51.7%), tall wheatgrass (42.9%), and red clover (15%) were observed to have naturally 

occurring phenanthrene degrading bacteria associated with a percentage of the seeds 

tested (Table 3.2, p. 55).   

Bacterial genera isolated from the seeds included Pantoea, Burkholderia, 

Sphingomonas, Enterobacter, Erwinia, and Pseudomonas.  Bacteria from these genera 

have been shown to degrade PAHs and other ringed compounds (Singh et al., 2004; 

Vacca et al., 2005; Popp et al., 2006; Toledo et al., 2006).  The ecological importance of 

these seed associated phenanthrene degrading bacteria may be consistent in particular 

with fire adapted grass species growing in native prairie conditions.  These plants may 

provide an excellent source of preadapted bacterial-plant associations highly suited to 

contaminated prairie environments.  Additionally, inoculation with bacterial species that 

are found naturally occurring on the seed may mean that these bacterial species are 

highly adapted to the spermosphere of these plants, and may provide superior inoculants 

for use to enhance phytoremediation.  Inoculation with these bacterial species would 

have to be assessed to ensure there are no undesirable effects of these species when 

applied to plants. 
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The addition of plants to contaminated soil can improve soil properties, provided 

the vegetation chosen is adapted to the environment, the concentration of contaminants, 

and the contaminant types.  Plants added to a contaminated soil can slow migration of 

contaminants deep into the soil profile, as well as decreasing possible contact by people 

by detoxifying surface soils, and preventing exposure due to inhalation or skin contact 

(Qiu et al., 1994).   

Although the application of plants and phenanthrene degrading bacteria to 

contaminated soil has been shown to enhance plant growth and hydrocarbon degradation 

in the lab, it may prove to be more difficult to obtain similar results in the field.  Each 

site must be approached as unique, to arrive at the best solution for addressing its 

contamination issues.  The addition of nutrients or the use of manures may be the most 

effective way to create a self sustaining remediation system that works over the long 

term, both by enhancing degradation, and aiding in plant survival.  Phytoremediation 

systems are additionally esthetically pleasing, they prevent erosion, there is potential for 

carbon sequestration, and application is cost effective.  Additionally, a 

biophytoremediation system can be established with little to no disturbance to the soil 

system.  Following establishment, minor inputs would be required to keep the system 

healthy, such as nutrient addition, or perhaps re-inoculation to ensure the continued 

success of the system.  Further experimentation would have to be performed to 

determine the effectiveness of a biophytoremediation system in the field. 
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APPENDIX A 
 
 

Germination and growth of inoculated grass seeds and bacterial inoculant survival 
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Figure A.1 Creeping red fescue root growth following the application of Arthrobacter 
globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  No 
significant differences were present amoung treatments as determined by  
ANOVA (p ≤ 0.05).  Error bars indicate the standard error of the mean (n = 4). 
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Figure A.2 Nuttall’s salt meadow grass percent germination following the application of 

Arthrobacter globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis as 
inoculants.  No significant differences were present amoung treatments as 
determined by  ANOVA (p ≤ 0.05).  Error bars indicate the standard error of the 
mean (n = 4). 
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Figure A.3 Perennial ryegrass percent germination following the application of 

Arthrobacter globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis as 
inoculants.  No significant differences were present amoung treatments as 
determined by  ANOVA (p ≤ 0.05).  Error bars indicate the standard error of the 
mean (n = 4). 

 

 

 

 115



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4 Altai wildrye shoot growth following the application of Arthrobacter 
globiformis, Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  No 
significant differences were present amoung treatments as determined by  
ANOVA (p ≤ 0.05).  Error bars indicate the standard error of the mean (n = 4). 
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Figure A.5 Slender wheatgrass root growth (A) and shoot growth (B) following the application of Arthrobacter globiformis, 
Sphingomonas yanoikuyae, or Rahnella aquatilis as inoculants.  No significant differences were present amoung treatments as 
determined by ANOVA (p ≤ 0.05).  Error bars indicate the standard error of the mean (n = 4). 

Days after inoculation
5 8 14 21

R
oo

t g
ro

w
th

 (c
m

)

0

1

2

3

4

5

6
surface disinfected
A. globiformis
S. yanoikuyae
R. aquatilis

Days after inoculation
5 8 14 21

surface disinfected
A. globiformis

S
ho

ot
 g

ro
w

th
 (c

m
)

0

2

4

6

8
A B

S. yanoikuyae
R. aquatilis

 

117



 

118

 

 

 

 

 

 

 

 

 

 

 
 
Figure A.6 Heterotrophic bacteria colony forming units (cfu) recovered from the seed surfaces A) and root surfaces B) of the 

Arthrobacter globiformis inoculated treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s salt 
meadow grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were 
standardized by using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 indicates time of 
inoculation. 
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Figure A.7 Heterotrophic bacteria colony forming units (cfu) recovered from the seed surfaces A) and root surfaces B) of the 

Sphingomonas yanoikuyae inoculated treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s 
salt meadow grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were 
standardized by using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 indicates time of 
inoculation. 
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Figure A.8 Heterotrophic bacteria colony forming units (cfu) recovered from the seed surfaces A) and root surfaces B) of the 
Rahnella aquatilis inoculated treatment over time.  Plant species assessed were creeping red fescue (CRF), Nuttall’s salt 
meadow grass (NSMG), perennial ryegrass (PRG), Altai wildrye (AWR), and slender wheatgrass (SWG).  Values were 
standardized by using the surface areas of the seeds or roots (cm2) present at each sampling time.  Day 0 indicates time of 
inoculation. 
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APPENDIX B 
 
 

Inoculant survival in non-amended contaminated soil  
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Figure B.1 Heterotrophic bacteria colony forming units (cfu) recovered from non-

amended hydrocarbon contaminated soil over time.  Day 0 indicates the cfu g-1 
soil recovered from samples immediately following soil inoculation.  Symbols 
followed by different letters indicate significant difference among treatments on 
that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars 
indicate the standard deviation (n = 4). 
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Figure B.2 Phenanthrene degrading colony forming units (cfu) recovered from non-

amended hydrocarbon contaminated soil over time.  Day 0 indicates the 
degrading cfu g-1 soil recovered from samples immediately following soil 
inoculation.  Symbols followed by different letters indicate significant difference 
among treatments on that day as determined by ANOVA and Tukey HSD (p ≤ 
0.05).  Error bars indicate the standard deviation (n = 4). 

Days after inoculation

P
he

na
nt

hr
en

e 
de

gr
ad

in
g 

ba
ct

er
ia

 (c
fu

 g
-1
 s

oi
l) non-amended control

A. globiformis
S. yanoikuyae
R. aquatilis

ab 
bc 

b 
b c 

a 

a 

a 

b 

a 

b 

0 4 11 18 25 67

 123



 

0

10

20

30

40

50

60
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure B.3 Percentage of total bacterial population that are able to degrade 

phenanthrene recovered from non-amended hydrocarbon contaminated soil.  Soils 
were inoculated with 107 cfu g-1 soil of Arthrobacter globiformis, Sphingomonas 
yanoikuyae, or Rahnella aquatilis.  Day 0 indicates the percentage of degrading 
bacteria recovered from samples immediately following soil inoculation.  Bars 
followed by different letters indicate significant difference among treatments on 
that day as determined by ANOVA and Tukey HSD (p ≤ 0.05).  Error bars 
indicate the standard deviation (n = 4). 
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