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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 pm 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
afew 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
aswell. 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.



62

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, | 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, | 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
CaCl, 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 Ecoplate™ 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 Ecoplate™ 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. | would expect, in garden soils, where different
plants grow in a larger soil volume, the microbial community and activity shall be higher
than | 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 Ecoplate™™ 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 Ecoplate™, 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, | 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, |
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, | 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, | 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.
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