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Figure 3.8: SEM micrographs highlighting an example of distinctive metal grains found 

in soils; (A) Metallic grain from the rhizosphere (on day 30) of Hamilton sites imaged 

under BSE-SEM, and (B) a magnified view of the edge of the grain, with (C) 

corresponding spectrum highlighting some particles possessing a high atomic mass 

element (s). 
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Figure 3.9: Embedded polished cross section of bulk metal contaminated garden soils on 

day 0 from (A) Blackfriars and (B) Hamilton sites viewed under SEM-BSE with 

corresponding spectra (C and D) highlighting some particles possessing a high atomic 

mass element (s).  
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Figure 3.10: Embedded polished coross section of (A) bulk and (B) rhizosphere soils on 

day 15 from Blackfriars site viewed under BSE-SEM with corresponding spectra (C and 

D) highlighting some particles possessing a high atomic mass element (s). 
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Figure 3.11: Embedded polished coross section of (A) bulk and (B) rhizosphere soils on 

day 15 from Hamilton site viewed under SEM-BSE (arrows on C and D are SEM-SE 

images for the roots) with corresponding spectra (E and F) highlighting some particles 

possessing a high atomic mass element(s). 
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Figure 3.12: Embedded polished coross section of corn rhizosphere soils on day 30 from 

(A) Blackfriars and (B) Hamilton sites viewed under SEM-BSE with corresponding 

spectra (C and D are SEM-SE for the roots) highlighting some particles possessing a high 

atomic mass element (s). 
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3.5.2 Synchrotron Radiation Analysis (SRA) 

Synchrotron x-ray fluorescence (XRF) has an ideal spatial resolution, the µm range, for 

studying metal distribution and speciation at the soil/ root interface and into the root cells. 

Synchrotron x-ray fluorescence detected the presence of more metals than did ICP-AES 

(e.g., As, Ba and Cr) and more than were found using SEM (e.g., Ba, Cr).   

The x-ray fluorescence maps obtained for Cu, Fe, Mn and Zn (metals of interest) 

from the bulk and rhizosphere soils are presented in Figures 3.13- 3.14.  Relative 

concentrations are presented with lighter colours denoting higher metal concentrations.  

The bulk soils contained all four of these metals, with higher concentrations occurring at 

a few localized places (arrows on Figure 3.13A and 3.14A).  These likely represent at 

least three to four regions (“hot spots”) that contain high concentrations of metals.  Each 

of the four metals was distributed throughout the rhizosphere soils and on the root surface 

as well.  Some of the Cu, Fe, Mn and Zn were detected in both the soil (rhizospheres) and 

root tissue, but with variances in the distribution (Figures 3.13B and 3.14B).  Iron with 

Cu and Mn, and Zn were most concentrated on the root surface.  However, in Blackfriars, 

Zn was also found with high concentration into the epidermis and endodermis of the root 

tissue, which is considered to be a concern as it can be translocated to aboveground 

tissues.  A similar distribution for Cu, Mn, Fe and Zn was reported by Naftel et al. (2006) 

for aspen (Populus tremuloides Michx) roots collected from forested sites and analyzed 

by SRA.  The XRF distribution maps for the metals above confirmed that Cu, Fe and Mn 

were mostly accumulated in the rhizosphere of aspen (at soil root interface) while Zn was 

mostly distributed throughout the root tissue.  In this study of Z. mays (See Figures3.13B-  
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Figure 3.13: Typical x-ray fluorescence maps for Cu, Fe, Mn and Zn in (A) bulk (control 

on day 0) and (B) rhizosphere soil (on day 30) from Blackfriars community garden. 

Relative concentrations are presented, with lighter colours denoting higher metal 

concentrations. 
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Figure 3.14: Typical x-ray fluorescence maps for Cu, Fe, Mn and Zn in (A) bulk (control 

on day 0) and (B) rhizosphere soil (on day 30) from Hamilton garden. Relative 

concentrations are presented, with lighter colours denoting higher metal concentrations. 
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3.14B), the higher concentrations of Cu were seen in the epidermis while higher 

concentrations of Zn were noticed in both the epidermis and endodermis. 

Only one of the ‘melt’ grains that was found in the Hamilton rhizosphere soil (at 

30 day) was selected (generally, this soil contains higher concentrations of all the metals 

than the Blackfriars soil) for identifying the mineral-rich soil material.  The metal grain 

from which XRF maps for Cu, Fe, Mn and Zn were scanned is shown in Figure 3.15.  

This particle contains high concentration of Cu, Fe, Mn and Fe, with the highest 

concentrations being for Fe.  This result is in agreement with the results obtained from 

ICP-AES (See section3.1) and EDAX (See Figure 3.8) analyses.  This suggests that these 

particles could be the source of those metals present in the soils.  
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Figure 3.15: Typical x-ray fluorescence maps for Cu, Fe, Mn and Zn in melt grain from 

the rhizosphere (on day 30) of Hamilton soil (particle B in Figure 3.8). Relative 

concentrations are presented, with lighter colours denoting higher metal concentrations. 
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CHAPTER 4 

 

4. General Discussion, Conclusions and Future Prospects  

4.1 General Discussion and Conclusions 

As human activities contribute to increased concentrations of trace metals in the 

landscape and garden soils, it has become increasingly more important to investigate the 

microbe-mineral interactions within the rhizosphere, where almost all tolerance 

mechanisms, which were described in section 1.4, occur.  

Results from chemical and bacterial analyses described in sections 3.1- 3.3 

demonstrated that the bacterial numbers in the two soils were lower than those reported in 

healthy agricultural soils.  Plant-associated bacteria possessing a metal-sequestration 

system would be helpful for the plants as they can reduce metal phytotoxicity and 

enhance translocation of essential nutrients to the aboveground plant parts.  Specifically, 

rhizosphere bacteria that produce organic acids and/ or siderophores can increase the 

availability of nutrient metals to plants as these compounds may significantly lower soil 

pH.  However, there are many environmental factors (e.g., temperature, moisture, pH, 

nutrient, and continued exposure to pollution) that may change the bacterial populations 

and communities.  In this study, I would expect that the bacterial populations and 

communities would not be able to survive and flourish in the syringes (e.g., bulk and 

rhizosphere) as compared to in a field, so the bacterial counts I obtained are likely to be 

lower than those in the gardens from which the soils were collected.  However, I would 

expect the bacterial populations in the gardens to be fewer and smaller than those in a 

typical agricultural field because only those bacteria that are tolerant to toxic 
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concentrations of trace metals would survive in the Blackfriars and Hamilton garden 

soils. 

Although the bioavailable metal concentrations in both soils, as estimated via 

CaCl2 extraction and ICP-AES, varied between the two soil sites and treatments, higher 

values were found in the rhizosphere soils.  This variability in metal bioavailability may 

have been due to the observed changes in pH.  The amount and chemical form of organic 

compounds released by plants roots and organisms strongly affect the pH in the 

rhizosphere.  One of the most important pH effects is the solubilization of nutrients, toxic 

elements and changes in microbial activity.  However, in this study, the concentration of 

some metals (e.g., Cd and Pb) in Blackfriars was below the detection limits for ICP and 

this could be explained by the low solubility of these metals due to high pH (See table 3.1 

in chapter 3) of the soils, which may have been kept high due to added tap water of pH= 

7.93± 0.3.  Soils that have neutral pH are suitable for plants as a very high or very low pH 

can cause disease and be toxic to the plants.  In home gardens, where fertilizers are 

frequently used, the soil pH may be low.  Therefore, a test for soil pH is needed regularly 

to check whether the pH is decreasing due to fertilizer application.  If this is the case, 

gardeners can use a lime (a fertilizer that has a high pH and contains a high amounts of 

Ca or Mg) to increase soil pH and reduce metal solubility.     

City garden soils are laced with industrial pollutants (e.g., mixture of trace 

metals), and people growing edible plants in such soils may not be aware of this 

contamination because the plants look healthy, but the plants may be tolerant of high 

concentrations of metals and grow slowly.  Since many factors (e.g., pH and organic 

matter) play a significant role in metal bioavailability to plants, these soils should be 
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tested to ensure that metals levels are acceptable for growing food.  Also, plants growing 

in contaminated soil should be tested to ensure that they are metal-free and safe to be 

consumed.  

This study also examined the activity and functional diversity of the bacterial 

community in two different metal-contaminated garden soils and the influence of corn 

(Zea mays) roots on the bacteria.  The results indicated that corn roots had no effect on 

the bacterial community’s ability to consume the carbon substrates on the EcoplateTM or 

on its functional diversity (as measured by AWCD and H’) except for the rhizosphere of 

Blackfriars treated for 30 days.  It has been reported in many studies that metals become 

more available to organisms under acidic conditions, which may adversely affect the 

activity of organisms.  The high concentration of bioavailable metals (e.g., Fe) estimated 

in the rhizosphere of Blackfriars treated for 30 days may have contributed to the 

reduction in bacterial ability to consume all carbon sources on the EcoplateTM and their 

activities as well.  However, this assay does not provide information about what species 

exist in the soil and therefore it would be possible that the species diversity of the 

bacterial communities in the syringes were decreased as some species were less tolerant 

than others as the metal solubility increased.  Lack of observed differences in AWCD 

among treatments could be explained if the remaining, metal-tolerant species were able to 

consume a diversity of carbon sources.  I would expect, in garden soils, where different 

plants grow in a larger soil volume, the microbial community and activity shall be higher 

than I observed for one corn seedling grown in ~90 g of soil.  Generally in this study, the 

bacterial functional diversity did not change during the experiment and this may indicate 

that the bacteria in these soils were already tolerant of the metals. 
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Even though the activity of the bacterial community was affected by the presence 

of the plant roots (as the colour in the wells on the EcoplateTM changed), there might be a 

need to test if metals could cause this change in the well colour by interacting with the 

dye on the EcoplateTM, for example.  Nevertheless, my data did not support the first 

hypothesis of this research as it was expected that the bacterial community as well as its 

functional diversity would be adversely affected by increased metal solubility in the 

rhizosphere soils.  

Metals are mobilized from the rhizosphere (as a result of soil microbial and plant 

root activities) and transported across the plasma membranes within the plant before 

being stored or integrated.  Therefore, their concentration, location and chemical form or 

“speciation” (e.g., bioavailable metals) are important because they provide information 

about the pathway (movement) and destination of a particular metal from the soil towards 

the plant tissue.  In this thesis, I developed an embedding technique to prevent 

rhizosphere distortion during specimen preparation for SEM and SRA studies (Section 

3.4) and have demonstrated the widespread distribution of metals in both of the soils 

(Blackfrairs and Hamilton) prior to growth of corn (Zea mays).  Using SEM-EDAX, I 

was able to identify localized ‘point-sources’ of toxic metals that are undoubtedly 

contributing low levels of toxic metals (Section 3.5).  By developing this new embedding 

procedure, I further was able to investigate the metal-distribution in soils and within plant 

roots using XRF maps and found that some trace metals such as Cu, Fe and Mn were 

generally distributed throughout the rhizosphere and most likely accumulated on the root 

surface, while in Blackfriars rhizosphere soil, Zn was found throughout the root tissue 

(Section 3.5).  Taken together, these data did support the second hypothesis of this 
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research and suggest reasonable reaction flow-paths from these point-sources of metal 

towards the roots. 

The combined results from chemical, bacterial, SEM and SRA experiments 

indicate that the new embedding technique may allow us to improve our understanding 

the roles of soil microorganisms and plant root exudates in affecting metal bioavailability 

and metal uptake by plants.  This new embedding technique developed in this study could 

be applied to study plants grown in any agricultural soils under natural environment by 

sampling soil cores (instead of pulling the roots out of the soil) to prevent sample 

disruption following the same methods (See section 2.6.1 in chapter 2).  Also, the results 

from this research may have a potential application in ecosystem health, food security 

and phytoremediation research.   

 

4.2 Directions for Future Research  

Data from this study emphasize the need for understanding metal movement from the 

bulk soil towards the plant roots and its distribution throughout the plant tissue.  In 

addition, it will be important to determine the different forms of metals that exist in the 

bulk soil, rhizosphere and plant root, and if these forms of metals vary with distance from 

plant roots.  This can be achieved by incorporating the use of XANES spectra to 

determine the oxidation state of each metal and metal complex from the bulk soil towards 

the plant roots.   

 Another possible avenue for future research is to use different types of Biolog® 

plates to investigate the activities of other microorganisms (e.g., FF Biolog® plate to 

study fungi).  Microorganisms that are exposed to toxic concentrations of trace metals in 
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soil environment suffer from increased stress.  Mycorrhizal fungi are the most important 

group of soil organisms that assist plants with the absorption of sufficient minerals 

(single hyphae can span in length from a few cells to many yards) and they are more 

tolerant to metals than bacteria (Hartikainen et al., 2012).  Therefore, I expect that 

mycorrhizal fungi would have a greater impact on metal bioavailability than bacteria. 

It would be helpful for phytoremediation (e.g., expedite the process) if we could 

determine exactly which species (or genera) of bacteria have the greatest influence on 

metal bioavailability, and to investigate the bacterial communities associated with 

different plant species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

REFERENCES 

 

Al-Gaidi, A. 2010. Effect of heavy metals on soil microbial processes and population.  

Egypt Acad J Biol Sci, 2, 9-14. 

Alloway, B.J. 1995. Manganese and cobalt (Chapter 10) In Heavy Metals in Soils. 2nd ed.  

London; New York: Blackie, 224-244. 

April, R. & Keller, D. 1990. Mineralogy of the rhizosphere in forest soils of the eastern 

United States mineralogic studies of the rhizosphere. Biogeochemistry, 9, 1-18. 

Athar, R. & Ahmad, M. 2002. Heavy metal toxicity: effect on plant growth and metal 

uptake by wheat, and on free living Azotobacter. Water Air and Soil Pollut, 138, 

165-180. 

Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S. & Vivanco, J.M. 2006. The role of root 

exudates in rhizosphere interactions with plants and other organisms.  Annu Rev 

Plant Biol, 57, 233-266. 

Basar, H. 2009. Methods for estimating phytoavailable metals in soils. Commun Soil Sci 

Plan, 40, 1087-1105. 

Bertin, C., Yang, X. & Weston, L. 2003. The role of root exudates and allelochemicals in 

the rhizosphere.  Plant and Soil, 256, 67-83. 

Briat, J-F. & Lebrun, M. 1999. Plant responses to metal toxicity. C. R. Acad Sci, 322, 43-

54. 

Bisessar, S. 1982. Effect of heavy metals on microorganisms in soils near a secondary 

lead smelter.  Water Air Soil Pollut., 17, 305-308. 

Biolog.Microbial.Community.Analysis.EcoPlate™.  [Online]. 

Available.from.www.biolog.com/pdf/eco_microplate_sell_sheet.pdf. [Accessed 

12 March 2011]. 

Brimecombe, M.J., Leij, F.A. & Lynch, J.M. 2001. The effect of root exudates on 

rhizosphere microbial populations (Chapter 4) In The Rhizosphere Biochemistry 

and Organic Substances at the Soil-plant Interface. New York, Marcel Dekker, 

95-140.  

Bruins, M. R., Kapil, S. & Oehme. F.W. 2000. Microbial resistance to metals in the 

environment. Ecotox Environ Safe, 45, 198-207. 

http://www.biolog.com/pdf/eco_microplate_sell_sheet.pdf


71 
 

 

Carvalhais, L.C., Dennis, P.G., Fedoseyenko, D., Hajirezaei, M-R., Borriss, R. & Wirén, 

N.V.  2011.  Root exudation of sugars, amino acids, and organic acids by maize as 

affected by nitrogen, phosphorus, potassium, and iron deficiency. J Plant Nutr 

Soil Sci, 174, 3-11. 

Campbell, R. & Rovira, A.D. 1973. The study of the rhizosphere by scanning electron 

microscopy. Soil Biol Biochem, 5, 747-752. 

Camuti, K.S. & McGuire, P.T. 1999. Preparation of polished thin sections from poorly 

consolidated regolith and sediment materials. Sediment Geol, 128, 171-178. 

Carmen, D., Eiliv, S. & Raluca, M. 1932. Assessment of binding forms of some elements 

in soil profiles using different extractants. Presentation: poster. Symposium, 08. 

17th WCSS, 14-21 August 2002, Thailand.    

Cataldo, D.A. & Wildung, R.E. 1978. Soil and plant factors influencing the accumulation 

of heavy metals by plants. Environ Health Persp, 27, 149-159. 

Cervantes, A. M., Conesa, H. M., González-Alcarez, M. N. & Álvarez-Rogel, J. 2011.   

Mobilisation of AS and trace metals in saline, acidic sopolic technosols: the role 

of the rhizosphere and flooding conditions.  J Soils Sediments, 11, 800-814. 

Cheng, S.  2003. Heavy metals in plants and phytoremediation. ESPR -Environ Sci Pollut 

Res, 10, 335-340. 

CCME. 1997. Canadian soil quality guidelines for the protection of environmental and 

human health. [Online]. Available from 

www.come.ca/publications/ceqg_rcqe.html [accessed 6 April 2011]. 

CCME. 1999. Canadian soil quality guidelines for the protection of environmental and 

human health. [Online]. Available from 

www.come.ca/publications/ceqg_rcqe.html [accessed 6 April 2011]. 

Cicatelli, A., Lingua, G., Todeschini, V., Biondi, S., Torrigiani, P. & Castiglione, S.  

2012.  Arbuscular mycorrhizal fungi modulate the leaf transcriptome of a Populus 

alba L. clone grown on a zinc and copper-contaminated soil. Environ  Exper 

Botany, 75, 25-35. 

Clemens, S. 2001. Molecular mechanisms of plant metal tolerance and homeostasis.  

Planta, 212, 475-486. 

http://www.come.ca/publications/ceqg_rcqe.html
http://www.come.ca/publications/ceqg_rcqe.html


72 
 

 

Clemens, S., Palmgren, M.G. & Krämer, U. 2002. A long way ahead: understanding and 

engineering plant metal accumulation. TRENDS Plant Sci, 7, 309-315. 

Clemens, S. 2006. Toxic metal accumulation, responses to exposure and mechanisms of 

tolerance in plants. Biochimie, 88, 1707-1719. 

Cobbett, C. & Goldsbrough, P. 2002. Phytochelatins and metallothiones: roles in heavy 

metal detoxification and homeostasis. Annu Rev Plant Biol, 53, 159-82. 

Curl, E.A. & Truelove, B. 1986. Rhizosphere populations (chapter 4); Rhizosphere in 

relation to plant nutrition and growth (Chapter 6) In The Rhizosphere. Spring- 

Verlage, Barlin Heidelberg, New York Tokyo; 93-104 & 167-190.    

Dube, A., Zbytniewski. R., Kowalkowski. T., Cukrowska. E., and Buszewski. B.  2001.  

Adsorption and migration of heavy metals in soil. Polish J Environ Stud 10, 1-10. 

Ellis, R.J., Neish, B., Trett, M.W., Best, J.G., Weightman, A.J., Morgan, P. & Fry, J.C. 

2001. Comparison of microbial and meiofaunal community analyses for 

determining impact of heavy metal contamination.  J Microbiol Meth, 45, 171-

185. 

Frankenberger, W.T. & Tabatabai, J.B. 1981. Effect of pH on enzyme stability in soils. 

Soil Biol Biochem, 14, 433-437.  

Foster, R.C.  1986.  The ultrastructure of the rhizoplane and rhizosphere.  Ann Rev 

Phytopathol,  24, 211-34. 

Gadd, G.M. & Griffiths, A.J.  1978.  Microorganisms and heavy metal toxicity.  

Microbial Ecol, 4, 303-317. 

Gadd, G.M. 2005. Microorganisms in toxic metal-polluted soils (Chapter 16). Soil Biol, 

3, 325-356. 

Gadd, G.M. 2010. Metals, minerals and microbes: geomicrobiology and bioremediation.  

Microbiol, 156, 609-643. 

Garg, N. & Singla, P.  2011. Arsenic toxicity in crop plants: physiological effects and 

tolerance Mechanisms. Environ Chem Lett, 9, 303-321. 

Garland, J.L. 1997. Analysis and interpretation of community- level physiological 

profiles in microbial ecology. FEMS Microbiol Ecol, 24, 289-300. 

Garland, J.L. 1999. Potential and limitations of BIOLOG for microbial community 

analysis. Method Microbial Commun. [Online]. Available from 

http://www.springerlink.com/content/978-3-540-22220-0/
http://mic.sgmjournals.org.proxy2.lib.uwo.ca:2048/search?author1=Geoffrey+Michael+Gadd&sortspec=date&submit=Submit


73 
 

 

http://moreinfo.flaquarium.org/husbandrywebfolder/Public/Coral%20Reproductio

n%20References/Coral%20Microbiology/Garland%201999.pdf . [Accessed 4 

March 2011]. 

Garland, J.L. & Mills, A.L. 1991. Classification and characterization of heterotrophic 

microbial communities on the basis of patterns of community- level sole-carbon-

source utilization.  Appl Environ Microbiol, 57, 2351-2359. 

Giller, K.E., Witter, E. & Mcgrath, S.P. 1998. Toxicity of heavy metals to 

microorganisms and microbial processes in agricultural soils. Soil Biol Biochem, 

30, 1389-1414. 

Gomathy, M. & Sabarinathan, K.G. 2010. Microbial mechanisms of heavy metal 

tolerance. Agric Rev, 31, 133-138. 

Greger, M. & Landberg, T. 2008. Role of rhizosphere mechanisms in Cd uptake by 

various wheat cultivars. Plant Soil, 312, 195-205. 

Gregory, P.J. 2006. The rhizosphere (Chapter 7) In Plant Roots: Growth, Activity and 

Interaction with Soils. Oxford; Ames, Iowa: Blackwell, 216-252. 

Hall, J.L. 2002. Cellular mechanisms for heavy metal detoxification and tolerance.  J 

Exper Botany, 53, 1-11. 

Haferburg, G. & Kothe, E. 2007. Microbes and metals: interactions in the environment.  J 

Basic Microbiol, 47, 453-467. 

Han, F., Shan, X., Zhang, S., Wen, B. & Owens, G. 2006. Enhanced cadmium 

accumulation in maize roots- the impact of organic acids. Plant Soil, 289, 355-

368. 

Hartikainen, E.S., Lankinen., P., Rajasärkkä, J., Koponen, H., Virta, M., Hatakka, A. & 

Kähkönen, M.A. 2012. Impact of copper and zinc on the growth of saprotrophic 

fungi and the production of extracellular enzymes. Boreal Environ Res, 17, 210-

218. 

He, Z.L., Yang, X.E. & Stoffella, P.J. 2005. Trace elements in agroecosystems and 

impacts on the environment. J Trace Elem Med Biol, 19, 125-140. 

Hinsinger, P. 1998. How do plant roots acquire mineral nutrients? Chemical processes 

involved in the rhizosphere. Adv Agron, 64, 225-257. 

http://moreinfo.flaquarium.org/husbandrywebfolder/Public/Coral%20Reproduction%20References/Coral%20Microbiology/Garland%201999.pdf
http://moreinfo.flaquarium.org/husbandrywebfolder/Public/Coral%20Reproduction%20References/Coral%20Microbiology/Garland%201999.pdf


74 
 

 

Hiroki, M.  1992.  Effects of heavy metal contamination on soil microbial population.  

Soil Sci Plant Nutr, 38, 141-147. 

Holm, P.E., Jensen, L.S. & McLaughlin, M.J. 2010. Utilization of biologically treated 

organic waste on land. Solid Waste Technol Managem, 458, 666-682. 

Hopkins, W.G. & Hüner, N.P.  2008. Roots, soils and nutrient uptake (Chapter 3) In 

Introduction to Plant Physiology. USA, John Wiley & Sons, Inc. 40-61.  

Iram, S., Ahmad, I. & Stuben, D. 2009. Analysis of mines and contaminated agricultural 

soil samples for fungal diversity and tolerance to heavy metals. Pak J Bot, 41, 

885-895. 

JEOL (Japan Electronic Optics Laboratory). 2009. Scanning Electron Microscope A to 

Z..Basic.Knowledge.for.Using.the.SEM..[Online]. Available.from 

www.jeolusa.com/RESOURCES/ElectronOptics/DocumentsDownloads/tabid  

[Version 2, 753.2 KB].  [accessed 6 April 2011]. 

Jung, M.C. 2008. Heavy metal concentrations in soils and factors affecting metal uptake 

by plants in the vicinity of a Korean Cu-W mine. Sensors, 8, 2413-2423.  

Kamnev, A. & Lelie, D. 2000. Chemical and biological parameters as tools to evaluate 

and improve heavy metal phytoremediation. Bioscience Rep, 20, 239-258. 

Laing, G.D., Rinklebe, J., Vandecasteele, B., Meers. E. & Tack, F.M.G. 2009. Trace 

metal behaviour in estuarine and riverine floodplain soils and sediments: a review.  

Sci Tot Environ, 407, 3972-3985. 

Lasat, M.M. 2000. Phytoextraction of metals from contaminated soil: a review of 

plant/soil/metal interaction and assessment of pertinent agronomic issues. J 

Hazard Subs Res, 2, 5-25. 

Lasat, M.M. 2002. Phytoextraction of toxic metals: a review of biological mechanisms. J 

Environ Qual, 31,109-120. 

Li, J., Jin, Z. & Gu, Q. 2011. Effect of plant species on the function and structure of the 

bacterial community in the rhizosphere of lead–zinc mine tailings in Zhejiang, 

hina. Can. J. Microbiol, 57, 569-577. 

Li, W.C. & Wong, M-H. 2010. Effects of bacteria on metal bioavailability, speciation, 

and mobility in different metal mine soils: a column study. J Soils Sediments, 10, 

313-325. 

http://www.jeolusa.com/RESOURCES/ElectronOptics/DocumentsDownloads/tabid


75 
 

 

Liao, M., Luo, Y-K., Zhao, X-M. & Huang, C-Y. 2005. Toxicity of cadmium to soil 

microbial biomass and its activity: Effect of incubation time on Cd ecological 

dose in a paddy soil. J Zhejiang Univ Sci B, 6, 324-330. 

Lin, H., Shi, J., Wu, B., Yang, J., Chen, Y., Zhao, Y. & Hu, T. 2010. Speciation and 

biochemical transformations of sulfur and copper in rice rhizosphere and bulk 

soil-XANES evidence of sulfur and copper associations. J Soils Sediments, 10, 

907-914. 

Lin, Q., Chen, Y.X., He, Y.F. & Tian, G.M.  2004.  Root-induced changes of lead 

availability in the rhizosphere of Oryza sativa L.  Agri Ecos Environ, 104, 605-

613. 

Linderman, R.G. 1988. Mycorrhizal interactions with the rhizosphere microflora: The 

mycorrhizosphere effect.  Am. Phyto. Pathol. Soc, 78, 367-371. 

Lindsay, W.L. 1979. Chemical Equilibria in Soils. John Wiley and Sons. New York. 

Ma, C. &Palada, M.C.  2008.  Fertility management of the soil-rhizosphere system for 

efficient fertilizer use in vegetable production.  [Online].  Available from 

www.avrdc.org/fileadmin/content_images/.../Starter_solutions.pdf. [Accessed on 

3April 2012]. 

Martin, R.R., Naftel, S.J., Macfie, S., Skinner, W., Courchesne, F. & Séguin, V.  2004.  

Time of flight secondary ion mass spectrometry studies of the distribution of 

metals between the soil, rhizosphere and roots of Populus tremuloides Minchx 

growing in forest soil. Chemosphere, 54, 1121-1125. 

Martin, R.R., Naftel, S.J., Macfie, S.M., Jones, K.W., Feng, H. & Trembley, C. 2006. 

High variability of the metal content of tree growth rings as measured by 

synchrotron micro x-ray fluorescence spectrometry. X-Ray Spectrom, 35, 57-62. 

McLaughlin, M.J., Smolders, E., Degryse, F. & Rietra, R. 2011. Uptake of metals from 

soil into vegetables (Chapter 8) in Dealing with contaminated sites.  Earth 

Environ Sci, 3, 325-367.    

Meier, S., Borie, F., Bolan, N. & Cornejo, P. 2012. Phytoremediation of metal- polluted 

soils by arbuscular mycorrhizal fungi. Environ Sci Technol, 42, 741-775. 

Memon, A.R. & Schröder, P. 2009. Implications of metal accumulation mechanisms to 

phytoremediation. Environ Sci Pollut Res, 16,162-175. 

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Liao%2BM%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Luo%2BYk%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Zhao%2BXm%5bauth%5d
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=PubMed&term=%20Huang%2BCy%5bauth%5d
http://www.avrdc.org/fileadmin/content_images/.../Starter_solutions.pdf
http://www.springerlink.com/content/?Author=Mike+J.+McLaughlin
http://www.springerlink.com/content/?Author=Erik+Smolders
http://www.springerlink.com/content/?Author=Fien+Degryse
http://www.springerlink.com/content/?Author=Rene+Rietra
http://www.springerlink.com/content/t34237220u260336/
http://www.springerlink.com/content/t34237220u260336/
http://www.springerlink.com/content/978-90-481-9756-9/
http://www.springerlink.com/earth-and-environmental-science/
http://www.springerlink.com/earth-and-environmental-science/


76 
 

 

Mench, M., Morel, J.L. & Guckert, A. 1987. Metal binding properties of high molecular 

weight soluble exudates from maize (Zea mays L.) roots. Biol Fertil Soils, 3, 165-

169. 

Mohsenzadeh, F., Chehregani, A. & Yousefi, N. 2011. Effect of the heavy metals on 

ddevelopmental stages of ovule, pollen, and root proteins in Reseda lutea L. 

(Resedaceae). Biol Trace Elem Res, 143, 1777-1788. 

Morgan, J.A.W., Bending, G.D. & White, P.J. 2005. Biological costs and benefits to 

plant–microbe interactions in the rhizosphere. J Exp Botany, 56 (417), 1729-1739. 

Morel, J.L., Mench, M. & Guckert, A. 1986. Measurement of Pb2+, Cu2+ and Cd2+ 

binding with mucilage exudates from maize (Zea mays L.) roots. Biol Fertil Soils, 

2, 29-34. 

Murray, H., Pinchin, T.A. & Macfie, S.M. 2011. Compost application affects metal 

uptake in plants grown in urban garden soils and potential human health risk. J 

Soils Sediments, 11, 815-829. 

Murray, H., Thompson, K. & Macfie, S.M. 2009. Site- and species-specific patterns of 

metal bioavailability in edible plants. Botany, 87, 702-711. 

Naftel, S.J., Martin, R.R., Sham, T.K., Macfie, S.M. & Jones, K.W. 2001. Micro-

synchrotron X-ray fluorescence of cadmium-challenged corn roots. J Electron 

Spectrosc Relat Phenom, 119, 235-239. 

Naftel, S.J., Martin, R.R., Macfie, S.M., Courchesne, F. & Séguin, V. 2006. An 

investigation of metals at the soil/root interface using synchrotron radiation 

analysis. Can J Anal Sci Spectros, 52, 18-24. 

Nies, D.H. 1999. Microbial heavy-metal resistance. Appl Microbial Biotechnol, 51, 730- 

750. 

Nwuche, C.O. & Ugoji, E.O. 2008. Effects of heavy metal pollution on the soil microbial 

activity. Int J Environ Sci Tech, 5, 409-414. 

Pietri, J.C.A. & Brookes, P.C. 2008. Relationships between soil pH and microbial 

properties in a UK arable soil. Soil Biol Biochem, 40, 1856-1861. 

Pinchin T., Giamou M., and Macfie S. unpublished data. 

http://www.springerlink.com/content/?Author=M.+Mench
http://www.springerlink.com/content/?Author=J.L.+Morel
http://www.springerlink.com/content/?Author=A.+Guckert
http://www.springerlink.com/content/0178-2762/


77 
 

 

Preston-Mafham, J., Boddy, L. & Randerson, P. 2002. Analysis of microbial community 

functional diversity using sole-carbon-source utilisation profiles- a critique.   

FEMS Microbiol Ecol, 42, 1-14. 

Rajkumar, M., Ae, N., Prasad, M.N. & Freitas, H. 2010. Potential of siderophore-

producing bacteria for improving heavy metal phytoextraction. Trends Biotech, 

28, 142-149. 

Reichman, S.M. 2002. The responses of plants to metal toxicity: a review focusing on 

copper, manganese and zinc. Australian Minerals and Energy Environment. 

Melbourne, 14, 1-54. 

Reyes-Gutiérrez, L.R., Romero-Guzmán, E.T., Cabral-Prieto, A. & Rodríguez-Castillo, 

R. 2007. Characterization of chromium in contaminated soil studied by SEM, 

EDS, XRD and Mössbauer Spectroscopy. J Mineral Mater Char Engin, 7, 59-70.  

Sanita di Toppi, L. & Gabbrielli, R. 1999. Response to cadmium in higher plants.  

Environ Exper Botany, 41, 105-130. 

Schulte, E.E. 2004. Soil and applied iron. University of Wisconsin-Extension publication 

A3554 [Online]. Available from 

http://www.soils.wisc.edu/extension/pubs/A3554.pdf. Accessed 18 June 2012. 

Schützendübel, A. & Polle, A. 2002. Plant responses to abiotic stresses: heavy metal- 

induced oxidative stress and protection by mycorrhization. J Exper Botany, 53, 

1351-1365. 

Shengnan, C., Jie, G., Hua, G. & Qingjun, Q. 2011. Effect of microbial fertilizer on 

microbial activity and microbial community diversity in the rhizosphere of wheat 

growing on the Loess Plateau. Afr J Microbiol Res, 5, 137-143. 

Shute, T. & Macfie, S.M. 2006. Cadmium and zinc accumulation in soybean: a threat to 

food safety? Sci Total Environ, 371, 63-73. 

Solymosi, K. & Bertrand, M. 2012. Soil metals, chloroplasts, and secure crop production: 

A review. Agron Sustain Dev, 32, 245-272. 

Stefanowicz, A. 2006. The biolog plates technique as a tool in ecological studies of 

microbial communities. Polish J. of Environ. Stud. 15, 669-676. 

http://www.soils.wisc.edu/extension/pubs/A3554.pdf


78 
 

 

Templeton, A. & Knowles, E. 2009. Microbial transformations of minerals and metals: 

recent advances in geomicrobiology derived from synchrotron-based x-ray 

spectroscopy and x-ray microscopy. Annu Rev Earth Planet. Sci,  37, 367-391. 

Tippkötter, R., Ritz, K. & Darbyshire, J. 1986. The preparation of soil thin sections for 

biological studies. J Soil Sci, 37, 681-690. 

US EPA (United States Environmental Protection Agency). 2005. Test methods for 

evaluating solid waste, physical/chemical methods, series 3000. [Online].  

Available from http://www.epa.gov/epaoswer/hazwaste/test/main.htm. Accessed 

15 October 2011. 

Violante, A., Cozzolino, V., Perelomov, L., Caporale, A.G. & Pigna, M. 2010. Mobility 

and bioavailability of heavy metals and metalloids in soil environments. J Soil Sci 

Plant Nutr, 10, 268-292. 

Wang, X. & Jia, Y. 2010. Study on adsorption and remediation of heavy metals by poplar 

and larch in contaminated soil. Environ Sci Pollut Res, 17, 1331-1338. 

Wuana, R.A. & Okieimen, F.E. 2011. Heavy metals in contaminated soils: a review of 

sources, chemistry, risks and best available strategies for remediation.  ISRN Ecol, 

2011, 1-20. 

Xu, P., Christie, P., Liu, Y., Zhang, J. & Li, X. 2008. The arbuscular mycorrhizal fungus 

Glomus mosseae can enhance arsenic tolerance in Medicago truncatula by 

increasing plant phosphorus status and restricting arsenate uptake. Environ Pollut, 

156, 215-220. 

Yan-de, J., Zhen-li, H. & Xiao-e, Y. 2007. Role of soil rhizobacteria in phytoremediation 

of heavy metal contaminated soils. J Zhejiang Univ Sci B, 3, 192-207  

Ye, Y., Ying-xu, C., Guang-ming, T. & Zi-jian, Z. 2005. Microbial activity related to N 

cycling in the rhizosphere of maize stressed by heavy metals. J Environ Sci, 17, 

448-451. 

 

http://www.epa.gov/epaoswer/hazwaste/test/main.htm


 

xii 

CURRICULUM VITAE 

 
Name: Nahed Mahrous  

 

 
Post-secondary 

Education and 

Degrees: 

Taibah University 

Al- Madinah Al- Monawara, Saudi Arabia  

2003- 2007 B.Sc, Microbiology 
 

 
Undergraduate  

Honours Thesis: 

Antibacterial Efficiency of some Spices Against Bacterial 

Isolates from Meat 
 
 

Honours and  

Awards: 
King Abdullah Al- Saud Scholarships Program 
2008 

 
 

Related Work 

Experience: 

Teaching Assistant, Introductory Biology 

The University of Western Ontario 
2011 

 
Teaching Assistant, Introductory Microbiology 
Taibah University 

2007- 2008 
 

Research Assistant, Microbiology 
Taibah University 
2007- 2008 

 
Lab Technician, Microbiologist Lab Technician 

Taibah University 
2005- 2007 
 

Lab Technician in Department of Hematology, 
Biochemistry and Microbiology 

Ouhd Hospital Laboratory 
Al- Madinah Al- Monawara, KSA  
2005- 2006 

 
 

Conferences 

 Attended:  
Goldschmidt, June 2012 
Montréal, Qc, Canada 
Poster Presentation 

 
 


