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Abstract 

The use of nanoparticle technology in consumer products has been increasing due to their broad-

spectrum antimicrobial properties. Specifically, silver nanoparticles (AgNPs) can demonstrate distinct 

physiochemical properties compared to bulk silver, including a large surface area to volume ratio that 

allows for higher reactivity with bacterial cell surfaces.  AgNPs are being released into the environment, 

including soil ecosystems through various pathways such as points of production or during disposal of 

silver-containing products.  This raises the concern about the potential impact on beneficial soil bacteria 

and their surrounding ecosystems.  Members of the Rhizobiaceae family play important roles in nutrient 

cycling and contribute to overall soil fertility and the experiments in this thesis address the potential for 

AgNP-mediated toxicity on these plant-associating bacteria.  Respiration analysis of Bradyrhizobium 

japonicum, Azospirillum brasilense, and Agrobacterium tumefaciens has revealed that AgNPs can 

negatively impact the growth and survival of these bacterial species, with B. japonicum being the most 

susceptible.  Additionally, swimming motility assays using B. japonicum showed a significant decrease in 

colony diameter when treated with AgNPs (50 ppm). A significant decrease in root colonization of 

Triticum aestivum roots by A. brasilense was observed as AgNP treatment concentrations increased. 

Although some of the experiments could not be completed, taken together, these experiments and the 

research reported herein highlights the potential toxicological effects of AgNPs on bacterial species vital 

to the growth and health of agriculturally important crops. 
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Chapter 1 

Introduction 

1.1 Nanoparticles in industry 

Engineered nanoparticles (NPs) are synthesized at sizes (1-100 nm) that fall between the 

range of individual atoms and equivalent bulk counterparts that result in a modification of the 

physicochemical properties of the bulk materials.  For this reason, nanotechnology is growing 

exponentially in a broad spectrum of scientific fields with applications in medicine, 

environmental remediation, energy and electronics.  The expansion into the consumer market for 

a variety of products including appliances, cosmetics, paints and textiles has resulted in a 

production projection of over half a million tons by 2020 (Stensberg et al. 2011).  The 

interdisciplinary nature of nanotechnology can be attributed to many factors that cause a 

difference in behavior when comparing nanoparticles to macroparticle equivalents. Besides their 

small size which increases the surface area, unique properties can also be attributed to chemical 

composition and surface structures like functionalized organic or inorganic ligands (Wu et al. 

2008).  Nanoparticles can be engineered for unique purposes by changes in shape, including 

spherical, rod or needle as well as material composition from carbon to metals like gold, silver 

and titanium as well as metal oxides.  Solubility or the propensity to aggregate also plays a role in 

their individual functions (Stebounova et al. 2010).  A few materials are being produced in large 

quantities, and it is these nanomaterials that are currently of most concern with respect to release 

to the environment including zinc oxide, titanium dioxide, silicon dioxide, carbon nanotubes as 

well as silver nanoparticles (Vance et al. 2015). 
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1.2 Silver nanoparticles 

Silver nanoparticles (AgNPs) are composed of clusters of silver atoms ranging in size 

from 1-100 nm.  Similar to other engineered NPs, they also exhibit significantly different 

physical, chemical, and biological properties compared to conventional bulk forms of silver, that 

can vary according to their size and shape, as well as their chemical environment (Pal et al. 2007, 

Ivask et al. 2014, Huynh and Chen 2011).  In particular, AgNPs have properties that include high 

electrical and thermal conductivity, catalytic activity as well as unique optical scattering abilities. 

Most importantly AgNPs, similar to ionic silver, display broad spectrum bactericidal activity 

causing them to be utilized in a wide range of antimicrobial consumer products. 

Silver was used for centuries as a bactericidal agent until the development of synthetic 

antibiotics in the 20th century.  However, as we are currently facing a potential antibiotic 

resistance crisis, AgNP technology is being considered as a potential solution.  Products 

containing AgNPs have increased in popularity recently, numbering less than 30 in 2006 to 436 in 

2015 (Vance et al. 2015).  For example, AgNPs are routinely added to cosmetics and food 

packaging as a way of preventing microbial contamination, or added as a deodorant in goods like 

clothing.   

1.3 Mechanisms of toxicity 

The nature of the bactericidal activity of AgNPs is a fairly recent area of study and has 

generated several hypotheses in an attempt to elucidate their exact mode of action.  The three 

main hypotheses are that AgNPs release silver ions, generate reactive oxygen species (ROS), or 

directly cause cell membrane damage.  Research suggests that these explanations are not likely 

mutually exclusive but rather they overlap. 
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1.3.1 Silver ions 

In an oxidized state AgNPs have silver ions available on their surface making them more 

reactive with several components of bacterial cells (Lok et al. 2007).  As previously indicated, the 

study of silver ion toxicity has been ongoing for decades.  For example, in the 1970s, work with 

silver ions in the form of AgNO3 showed that enzymes at several locations on the respiratory 

chain of Escherichia coli cells could be affected and resulted in the arrest of cellular respiration 

(Bragg and Rainnie 1974).  More recently, it has been suggested that silver ions have the potential 

to interact with thiol groups in cysteine residues of important respiratory enzymes like NADH 

dehydrogenase and other cell membrane transport proteins (Holt and Bard 2005). Inactivation of 

proteins like NADH dehydrogenase would prevent the efficient pumping of protons across the 

cell membrane which would cause a collapse in the proton gradient.  Dibrov and colleagues 

(2002) showed that silver ions were able to collapse the proton motive force in mutant strains of 

Vibrio cholera lacking an NADH dehydrogenase enzyme.  They suggested that Ag ions are able 

to bind to other transport proteins or the phospholipid bilayer itself, giving an explanation for the 

wide antimicrobial activity (Dibrov et al. 2002). 

1.3.2 Generation of reactive oxygen species 

ROS are short lived as well as reactive oxidants that include superoxide radicals and 

hydrogen peroxide.  Cell damage occurs when an imbalance arises between ROS production and 

cellular defense mechanisms.  Damage to respiratory enzymes can generate ROS, which in turn, 

can cause further damage to proteins, damage DNA and cause lipid peroxidation. Xu et al. (2012) 

used a fluorescent probe technique to detect ROS in E. coli cells and found increased mortality in 

the presence of AgNPs and the associated ROS.  Oxidative-stress-damage sensitive strains of E. 

coli have also been used to measure oxidative damage caused by AgNPs.  A strain with an 

oxidative stress regulon that was sensitive to superoxide radicals showed expression of a 
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bioluminescence marker in the presence of AgNPs indicating the presence of superoxide radicals 

(Hwang et al. 2008).  Production of superoxide is dependent on the presence of oxygen.  Park et 

al. (2009) used the same E. coli superoxide-sensor gene to determine whether the presence of 

silver ions catalyzes the generation of ROS by conducting an experiment in both aerobic and 

anaerobic conditions.  Cell death occurred under anaerobic conditions as the binding of silver 

ions to thiol groups of vital enzymes does not require oxygen.  However, cell death was greatly 

increased under aerobic conditions suggesting a synergy between the two mechanisms and 

supporting some toxicity mediated by ROS. 

1.3.3 Cell membrane damage 

Through transmission electron microscopy (TEM) imaging AgNPs have been found to 

‘anchor’ to cell membranes and cause morphological changes (Sondi and Salopek-Sondi 2004, 

Shrivastava et al. 2007).  Formation of pits in the cell membrane could change the permeability 

barrier leaving bacteria unable to regulate transport (Morones et al. 2005).  Imaging using X-ray 

microanalysis on both E. coli and Staphalococcus aureus have confirmed this suggestion; 

particles were incorporated into the cell membrane, resulting in detachment from the cell wall as 

well as internalization of particles causing DNA condensation and ultimately resulting in a loss of 

replication (Feng et al. 2000). 

A general consensus of the mechanisms of AgNP toxicity in these studies seems to 

indicate that the bacterial cell membrane may be the most vulnerable site of attack as it is home to 

important respiratory chain enzymes and vital transport channel proteins.  

1.4 Silver nanoparticles in the environment 

The perceived benefits of AgNPs as antimicrobial agents may pose a problem if their 

usage expands in commercialized products faster than any remediation or even a proper 

toxicological evaluation of their fate in the environment.  NPs such as minerals, clays and viruses 
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are naturally occurring, but the release of engineered NPs has only occurred in the last two 

decades. Understanding their potential detrimental effects is important for both environmental 

and human health concerns. 

There are various potential entry points for engineered nanoparticles to contaminate the 

environment including: direct application, which can be either intentional or unintentional as a 

product degrades, or as effluent from waste water treatment plants, in addition to the sludge from 

these plants (Gottschalk et al. 2009).  In 2007, silver ions and particles made up 15% of biocidal 

materials entering waterways from plastic and textile industries and 7% exited as sludge from 

wastewater treatment plants (Blaser et al. 2008), and this can only have increased in the 

intervening years.  The fate of such particles leaving plants is unknown. They have the potential 

to complex with other species, or be removed by either precipitation or agglomeration, all of 

which can alter their toxicity.  However, NPs could also leave waste treatment plants unaltered 

and/or generate silver ions. Once AgNPs have entered water and soil systems, there will likely be 

interaction with many organisms including microbes and plants.  These interactions with 

microbes are significant since these are at the base of the food web and serve important roles in 

both the environment, by cycling nutrients and in human and other species health.   

Several studies have been conducted showing shifts in naturally-occurring microbial 

communities after AgNP exposure.  Natural bacterioplankton samples were monitored for 

changes in cellular respiration, protein synthesis and community composition after AgNP 

treatments (Das et al. 2012), suggesting that community deviations result after AgNPs enter 

waterways.  When AgNPs enter soil systems, there may be similar consequences.  For example, 

the examination of Arctic soil communities before and after AgNP exposure indicated a shift in 

species composition and of the bacteria identified, showed that Bradyrhizobium canariense, a 

known nitrogen fixer, was the most sensitive member of the community (Kumar et al. 2014).  

Other nitrifying bacteria that play important roles in the nitrogen cycle have also shown growth 
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inhibition in the presence of AgNPs at concentrations as low as 1 ppm Ag (Choi et al. 2008). 

Significantly, the plant growth-promoting soil bacterium, Pseudomonas chlororaphis, was 

susceptible to AgNPs at concentrations as low as 3 ppm (Calder et al. 2012). 

Such experiments indicate that loss of diversity within soil communities could affect soil 

fertility and water quality, which in turn could affect plant growth and productivity.  Plants 

themselves may come into contact with AgNPs after ‘pollution’ of water or soil exposure. It is 

not known if there is any prospect of plants facilitating the transfer of NPs to other species within 

the food web.  Several species of plants including poplar trees and Arabidopsis thaliana have 

been shown to accumulate AgNPs in both root and shoot tissues (Wang et al. 2013).  There is also 

evidence of AgNP uptake in crop species like Zea mays (Pokhrel and Dubey 2013).  Not only 

could crop quality and yield be affected but these observations raise concern about the potential 

consequences of AgNP ingestion.  For example, experiments on the gut microbiomes of the 

fruitfly, Drosophila melanogaster, showed less diversity after intake of AgNPs (Han et al. 2014).  

As well, a model consortium of AgNP-treated human gut microbia differed significantly relative 

to control groups (Das et al. 2014).  Together these reports provide further concern that despite 

the benefits of AgNP antibacterial activity, the possible ramifications for beneficial members of 

microbial communities warrant further investigation. 

1.5 The role of members from the Rhizobiaceae family in soil environments 

Plant-microbe interactions in the rhizosphere play pivotal roles in transformation, 

mobilization and solubilisation of nutrients in an otherwise limited pool, thus increasing soil 

fertility.  These microbes can also enhance plant growth by protecting them from phytopathogens 

(Ahmad et al. 2008) and by sequestering toxic heavy metal species as a form of bioremediation 

(Hao et al. 2014).  In the era of sustainable crop production, it is becoming more popular to find 

alternatives to chemical fertilizers by turning to biological solutions instead.  In this respect, many 

symbiotic and non-symbiotic bacteria such as Bradyrhizobium japonicum and Azospirillum 
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brasilense are applied to crops with the aim of enhancing plant productivity, particularly in 

developing countries where the cost of chemical fertilizers may not be affordable.   

1.5.1 Bradyrhizobium japonicum  

Plants require nitrogen for the production of compounds such as nucleic and amino acids 

and thus nitrogen is considered a limiting factor in plant growth. Atmospheric N2 gas is in an 

unusable form for plants and thus diazotrophic species such as B. japonicum are necessary to 

convert nitrogen gas into usable forms like nitrates and ammonia using a complex nitrogenase 

enzyme system.  B. japonicum form symbiotic relationships with legumes by infecting a defined 

region along the elongating root (Bhuvaneswari et al. 1980).  Through chemotaxis, B. japonicum 

is signaled by the plants’ release of flavonoids and is able to move through the soil (Soby and 

Bergman 1983).  Chemotaxis also allows bacteria to effectively find infection sites, nodulate 

more efficiently, as well as compete for nodule formation (Gulash et al. 1984, Caetano-Anolles et 

al. 1988, Ames and Bergman 1981).  Flavonoids are required to induce the transcription of 

nodulation genes in B. japonicum.  These genes express lipo-chitooligosaccharide signals that 

initiate root cell division leading to the formation of nodules (Demont-Caulet et al. 1999).  In 

order for the Rhizobia to begin populating the developing nodule they need to move along an 

infection thread from the root surface into the inner root tissue.  An infection thread is formed 

when a root hair begins to curl around bound bacteria and they become trapped between two root 

hair cell walls (Callaham and Torrey 1981).  The nodule organ is essential to the nitrogen fixation 

process as it provides the appropriate environment necessary for this reaction.  The nitrogenase 

enzyme is responsible for catalyzing the ‘splitting’ of the triple covalent bond of nitrogen 

molecules which requires a large input of energy.  B. japonicum obtains this energy by breaking 

down organic molecules provided by their plant hosts.  In the case of B. japonicum the plant host 

is frequently the soybean, Glycine max. Indeed, as many Rhizobia species will only nodulate a 

select number of plant genera.  I consider it important to determine the effects of AgNPs on 
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specific plant-interacting microbes because if they have a harmful impact on a species that 

exclusively fertilizes an agriculturally-relevant crop species like soybean, then there could be 

agricultural implications.  

1.5.2 Azospirillum brasilense  

Azospirillum species are also able to form close associations with agronomically-

important cereal crops that belong to the Poaceae family such as wheat, rice and barley.  A. 

brasilense is a highly motile, naturally occurring, Gram negative soil bacterium that interacts 

mostly with the root rhizosphere of these cereal grasses.  Normally A. brasilense is vibroid 

shaped with a polar flagellum enabling movement in soil-water spaces toward plant roots through 

chemotaxis (Zhulin and Armitage 1993).  Aerotaxis also plays a role in bacteria-plant interaction; 

A. brasilense travels towards areas of lower O2 concentrations to seek out optimal locations for 

nitrogen fixation (Barak et al. 1982).  For aged or desiccating environments, A. brasilense also 

has the ability to morph into non-motile, encapsulated spherical forms. This promotes the 

production of exopolysaccharides (EPS) which contributes to flocculating abilities (Sadasivan 

and Neyra 1985).  Two known wild type strains of A. brasilense are sp7 and sp245, with 

epiphytic and endophytic activities respectively. A. brasilense sp7 has shown preference for the 

root hair zone and colonizes root surfaces whereas A. brasilense sp245 has been located on the 

interior of root hairs (Assmus et al. 1995).  The mechanism of infection begins in the lateral roots 

and spreads longitudinally toward the primary root.  Once attached to root hairs, the empty spaces 

in the tissue surrounding the points of lateral root development provide suitable locations for 

bacteria to enter, thus beginning a beneficial relationship between A. brasilense and its host plant 

(Umali-Garcia et al. 1980).   

Despite being capable of nitrogen fixation, some studies have shown A. brasilense has 

greater impact on crop yield through its ability to produce plant hormone auxins.  After 

inoculation with A. brasilense, modifications to root morphology include an increase in the 
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number of lateral roots and root hairs (Umali-Garcia et al. 1980).  The resulting expanded root 

system results in improved mineral and water uptake from the soil (Okon et al. 1983).   

1.5.3 Agrobacterium tumefaciens  

Although rhizobial bacteria are considered beneficial, they are related to other bacteria 

that are considered to be less beneficial. A. tumefaciens, is also a Gram negative, soil bacteria. It 

is also chemically attracted to plants, but at wound sites, and upon infection the bacterium has the 

ability to transfer segments of single-stranded tumor DNA (T-DNA) to plant cells. Gene 

expression of the DNA results in increased cell propagation by changing plant hormone levels 

and thus the formation of a gall tumor (Goodner et al. 2001).  Despite these negative, natural 

abilities, A. tumefaciens has been an important genetic engineering tool for broadening research 

in the plant biotechnology field.  DNA of interest can be inserted within the T-DNA plasmid and 

A. tumefaciens can mediate the transfer to plant cells, which when integrated into the host 

genome, can be used to establish transgenic plants. It is unknown what impact, if any, NPs could 

have on this bacterial species, but as the negative effects of AgNPs on other microbial pathogens 

are well known, it would be of interest to observe similar effects on a plant pathogen. As such, A. 

tumefaciens, could be a suitable additional candidate with which to examine physiological plant-

microbe interactions in the presence of AgNPs. 

1.6 Objectives and research goals 

As indicated, there has been some research on the interaction of AgNPs with common 

model species of bacteria like E. coli, Bacillus and Pseudomonas, but these are not necessarily 

agriculturally-relevant species that could come into contact with NPs, spread into fields by the 

application of waste sludge.  As well, sampling whole soil communities as mentioned above may 

be less appropriate models to elucidate mechanisms of toxicity. My research aims to determine 

what effect AgNPs have on the ability of several model soil bacteria to carry out fundamental 
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physiological processes. Since AgNPs are antibacterial, it is my hypothesis that the particles will 

negatively impact these soil bacteria. Specifically, my research hypotheses include: 

1) exposure of A. brasilense to AgNPs will affect the ability of these bacteria to 

colonize roots, 

2) exposure of B. japonicum to AgNPs will result in a loss in motility and the ability to 

associate with soybeans, 

3) exposure of A. tumefaciens to AgNPs will interfere with their ability to transfer DNA. 

Additionally, effective doses of AgNPs required to inhibit exponential growth in each of these 

species will be assessed.   
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Chapter 2 

Materials & Methods 

2.1 Silver nanoparticle characterization 

               Polymer-capped AgNPs (15 nm) were purchased from SkySpring Nanomaterials Inc. 

and TEM imaging was used to confirm manufacturer’s quoted size and shape, as well as to 

determine the particle dispersal state.  AgNP samples were prepared in both Milli-Q water and 

yeast extract mannitol (YEM) media at concentrations of 30 and 100 ppm.  TEM imaging was 

carried out using a Hitachi H-7000 Electron Microscope with a magnification of 100X 1000 and 

accelerating voltage of 75.0 kV (Department of Biomedical and Molecular Sciences, Queen’s 

University). 

2.2 Routine culture of bacterial strains 

Cultures of A. brasilense were grown by inoculating a single colony into 10 mL of liquid 

nutrient broth (NB) containing kanamycin (20 µg/mL) and tetracyclin (5 µg/mL).  Most 

experiments, however, used an A. brasilense 7z strain bearing a ‘visual marker’ encoded by β-

galactosidase sequence found on the pLA-lacZ plasmid that was generated by the production of 

an exconjugate obtained from a cross of a donor E. coli and the parental Azospirillum recipient 

exactly as described by Pereg-Gerk et al. (1998).  

 A. tumefaciens cultures were prepared in 10 mL of liquid Luria-Bertani (LB) broth 

containing kanamycin (50 µg/mL).  B. japonicum were grown in 10 mL of YEM broth without 

antibiotic selection. All three strains were grown to an optical density (OD) (λ=600 nm) of 0.8 to 

ensure a majority of healthy cells for experimental assays.  Cultures were grown at 27 °C with 

constant shaking. 
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2.3 Nanoparticle treatment of bacterial cultures 

Stock solutions of polymer-capped AgNPs were prepared by vortexing 20 mg AgNP in 

10 mL of Milli-Q water to yield 2000 ppm (where ppm equals mg/L). Working AgNP solutions 

were prepared over a range of concentrations (10-100 ppm) in YEM broth. 

Cultures for respiration analysis for each bacterial strain were prepared by inoculating 20 

mL of YEM broth and AgNP suspensions with 1 mL of overnight culture for a final OD (λ=600 

nm) of 0.05.  For physiological assays involving A. brasilense and A. tumefaciens, 250 mL of 

YEM broth were inoculated with an overnight culture (2 mL).  Cultures were grown until an OD 

(λ=600 nm) of 0.3 was reached to ensure cultures had begun dividing before AgNP exposure.  

Appropriate volumes of the 2000 ppm AgNP stock solution were added to each culture to achieve 

final concentrations of 30, 50 and 100 ppm.  After a 2 h incubation at 27 °C, the cultures were 

centrifuged and re-suspended in bacterial physiological saline in order to yield equal starting 

biomass for subsequent physiological assays.    

2.4 Assessment of AgNP toxicity 

Estimates of toxicity for each bacterial strain investigated were determined by exposure 

to a range of AgNP concentrations and then assessment of respiration and cell division.  

Respiration was assessed with the use of a multi-channel gas exchange system (Fig. 1) which 

monitors CO₂ output with equipment purchased from Qubit Systems Inc.  Briefly, a G249 

Controller, a G243 Switcher and a S151 CO₂ sensor were regulated by an accompanying software 

program (C950 customized gas exchange software, Qubit Systems Inc.).  Dry air, scrubbed free 

of CO₂, was used as a carrier gas and was pumped (G275, Qubit Systems Inc.) at a flow rate of 

50 mL/min through the reference and treatment samples.  The program controls the G249, which 

monitors the flow rate and the G243 consecutively alternates between each sample that is to be 

read by the CO2 sensor every 100 sec for 24 h.  The output data from both the G249 controller 
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and CO2 sensor as well as for several other probes that monitor relative humidity and temperature 

parameters were all collected and stored by the associated computer as directed by the C950 

software.  The samples were maintained in the dark at 27 ˚C in a water bath connected to a 

temperature-controlled circulator with tubing placed into the cultures through custom-adapted 

caps.  After data collection for 24 h, serial dilutions for each sample were prepared (in 

physiological saline) until an estimated 1.0 x 10-8 dilution was reached.   Dilutions of 10-6, 10-7, 

and 10-8 were plated on appropriate nutrient agar plates in triplicate. The plates were incubated at 

23 ˚C for two days prior to determining the numbers of viable bacterial cells as estimated by 

colony forming units (CFU). 

2.5 Triticum aestivum preparation and A. brasilense association 

             T. aestivum seeds obtained from a local feed store were sterilized by rinsing in 70% 

ethanol for two min, followed by a four min wash in wheat seed wash solution (10% bleach + 

Tween-20) and then rinsed several times in distilled water.  Seeds were plated on Murashige-

Skoog (MS) agar (2.2 g/L MS powder and 7 g/L phytoblend, pH 5.7) and germinated for 24 h in 

the dark before being placed in a growth chamber (18 h light at 23 ˚C; 6 h dark at 19 ˚C; light 

intensity 150 uE) for four days.  Seedlings were transferred to nitrogen-free hydroponic liquid 

media modified from Zeman et al. (1992). Hydroponic nitrogen-free media was prepared by 

adding 10 mL of the following: 13.6 g/L KH2PO4, 9.4 g/L K2HPO4, MgSO4·7H2O and 1 mL of 

3.27 g/L Fe-EDTA to 700 mL of sterile water.  A microelement solution was prepared with 15 

mg/L H3BO3, 1.25 mg/L CoCl2, 8.5 mg/L MnSO4, 0.5 mg/L Na₂MoO₄ and 0.12 µL liquid ZnSO4 

and 1 mL of this solution was added to the hydroponic media. The pH was adjusted to 6.8 and the 

hydroponic solution was brought up to 1 L with sterile water before autoclaving.  Filter sterilized 

15 g/L CaCl2·2H2O (10 mL) was subsequently added to the sterile hydroponic solution.   

Seedlings were inoculated with 1 mL of the re-suspended AgNP-treated and untreated A. 

brasilense 7z as described above. Seedlings were then sealed aseptically in sterile magenta boxes.  
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The seedlings were cultivated for 7 days under the previously described conditions in the growth 

chamber.   

Enumeration of A. brasilense cells adsorbed to T. aestivum roots was conducted through 

a plate counting method.  Wheat roots were separated and vortexed for one min in phosphate 

buffered saline (PBS) containing 1 mM EDTA and 0.01% Tween 20 (Valdameri et al. 2015).  

The resulting liquid suspensions were serially diluted and plated on NB agar containing 

kanamycin (20 µg/mL) and tetracyclin (5 µg/mL).  Roots were dried and weighed so that 

bacterial counts could be expressed in CFU/g.  

To visualize A. brasilense on T. aestivum roots, the root sections were fixed and light 

microscopy was employed. Seven days after inoculation, wheat seedlings were removed from the 

medium and the primary root was cut into 1 cm segments. The segments were placed in a 2% 

gluteraldehyde solution prepared in Z buffer (0.75 g/L KCl, 0.25 g/L MgSO4·7H2O, 4.49 g/L 

NaHPO4 and 0.24 g/L NaH2PO4·H2O, pH of 7.4).  The sections were fixed under vacuum 

pressure for 30 min at 23 ˚C and then at atmospheric pressure for 60 min at 23 ˚C.  Subsequently, 

the gluteraldehyde solution was removed and the root segments were washed twice in Z buffer 

for 15 min. The X-gal staining solution (5 mM K3Fe(CN)6, 5 mM K4Fe(CN6) and 850 µg/µL X-

gal dissolved in Z buffer; (Arsene et al. 1994) was then added to each tube and roots were left to 

incubate in the dark overnight at 23 ˚C.  Finally, the root segments were rinsed with sterile water 

and visualized under a standard light microscope (Leica EZ5HD, 35X magnification). 

2.6 B. japonicum swimming motility assays and attempts at G. max association 

assays 

        Stock AgNPS (2000 ppm) were added to YEM media yielding final concentrations of 10, 50 

and 100 ppm.  The AgNP suspensions as well as YEM only controls were inoculated with 1 ml of 

overnight B. japonicum culture.   The treatment and control suspensions were then placed in the 

respiration apparatus (see above) for sufficient time for entry into the late exponential phase (~ 8 
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h).  Cultures (10 µL) were then pipetted onto the center of 3% YEM agar plates and left to 

incubate at 23 °C in the dark.  Colony diameter measurements were taken every 24 h for 3 days.   

      For the nodulation assays B. japonicum was grown in yeast extract mannitol (YEM) media 

and cultures were exposed to 100 ppm AgNPs with appropriate controls. These bacteria were 

used to inoculate germinated G. max sown in vermiculite (Okazaki et al. 2003). After three weeks 

of growth under controlled settings the plants would have been removed for a nitrogen fixation 

assay.  It was intended that nitrogenase activity would be measured with the use of an H2 sensor 

(Qubit Systems Inc.) and Loggerpro software (Layzell et al. 1984).  Nodule counts and dry plant 

biomass would have been recorded. However, these experiments were not continued since no 

evidence of nodulation was apparent on either the AgNP-treated B. japonicum nor with the 

untreated control bacterial culture.  

2.7 A. thaliana and A. tumefaciens transformation 

              A. tumefaciens C58 (kindly obtained from Dr. S. Regan) was made competent for 

electro-transformation using a standard protocol (Nagel et al. 1990). Electro-competent A. 

tumefaciens C58 was then transformed with a pCambia1305.1 plasmid containing a 35S:β-

glucuronidase (GUS) reporter gene (also from Dr. S. Regan) using a Gene Pulser II 

electroporation apparatus (BioRad). 

Wild type A. thaliana (Colombia-O) seeds were surface sterilized by washing in an At 

seed wash solution (70% ethanol + 0.05% Triton X-100) for 5 min followed by two 5 min washes 

with 95% ethanol.  Seeds were placed in the dark for two days at 4 ˚C for stratification.  

Seedlings were then grown for four days under standard conditions (18 h light at 23 ˚C; 6 h dark 

at 19 ˚C; light intensity 150 uE). These seedlings were then transformed with A. tumefaciens 

containing the GUS reporter using the Fast Agro-Mediated Seedling Transformation (FAST) 

method (Li et al, 2009). Briefly, four-day-old seedlings were placed in a co-cultivation medium 
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(0.25X MS, 1% sucrose, 100 µM acetosyringone, 0.005% Silwet L-77) with A. tumefaciens.  The 

bacteria were treated with AgNPs as described above with the exception that the pellets obtained 

after centrifugation were re-suspended in a wash solution (10 mM MgCl2 + 100 µM 

acetosyringone) instead of saline.  The same AgNP concentrations of 30, 50 and 100 ppm were 

used as described.  Seedlings were incubated for 40 h, without light, at 23 ˚C. 

         Following co-cultivation, seedlings were rinsed in water several times, incubated in ice cold 

90% acetone for 30 min, and rinsed several more times in sterile water.  Seedlings were placed in 

a GUS staining solution (100 mM Na2PO4·NaH2PO4, 1% Triton X-100 and 1 mM X-Gluc) as 

described by Li et al. (2009) and incubated overnight at 37 ˚C in darkness.  The remaining 

chlorophyll was removed by immersing seedlings in 70% ethanol.  The rinse was repeated several 

times and seedlings were stored in 70% ethanol until visualization was attempted under a 

dissecting microscope. 
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Figure 1. A schematic of a multi-channel gas exchange system that monitors the CO₂ output of 

AgNP treated bacterial cultures.  Flow through the system is represented by black arrows.   Dry 

air scrubbed free of CO₂ was pumped across 4 sample channels.  Flow rate was monitored by a 

G249 controller and CO₂ output was measured by an S151 sensor. Data points were collected by 

switching between samples at select time points carried out by a G243 switcher and C950 

software. Samples are maintained at a constant temperature via a programmable water bath and 

temperature and relative humidity parameters are monitored by respective probes.  Credit for 

apparatus design: Dr. G. Palmer. 
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Chapter 3 

Results 

3.1 Verification of AgNP characterization 

Commercially-obtained polymer-coated AgNPs were specified as being spherically shaped at 

15 nm, with a 25% silver composition.  TEM imaging confirmed a spherical shape and with a 

larger size of approximately 29 ± 4 nm.  Particles remained dispersed at time zero in both Milli-Q 

water and YEM broth (Fig. 2). 

3.2 Effects of AgNPs on investigated bacteria 

3.2.1 A. brasilense  

Respiration curves for A. brasilense 7z cultures treated with AgNPs above a threshold 

concentration showed delays in maximum CO2 exchange rate when compared to untreated 

cultures (Fig. 3).  Respiration peaks for cultures amended with 30 and 50 ppm AgNP were 

delayed by approximately 8 and 15 h, but eventually reached a maximum respiration rate that was 

similar to that of controls (Table 1). Control cultures typically showed a peak of ~2000 µL/h, and 

A. brasilense 7z treated with 30 ppm AgNPs reached a similar peak of ~2300. The 50 ppm 

treatment groups showed 1600 µL/h, and at the highest AgNP concentration of 100 ppm, this 

peak maximum was never reached.   

No significant differences in cell number were observed between controls and the 30 and 

50 ppm AgNP treatments (Table 2). However, compared to controls, a 1 % decline in cell number 

was observed after 24 h in the 100 ppm AgNPs treatment groups (p<0.05).  In some experiments, 

AgNPs appeared to agglomerate or cells containing AgNPs aggregated and thus not all 

experimental results were identical but differences in peak values and delays were observed 

across replicates. Within experimental trends were consistently similar. 
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By staining with X-gal, a substrate for β-galactosidase, the ability of A. brasilense 7z 

cells to find and colonize T. aestivum roots could be monitored.  Pre-treatment of the cultures 

with AgNPs appeared to reduce the number of adsorbed cells, with a greater reduction as the 

treatment concentration increased (Fig. 4). To quantify this qualitative result, cell numbers of the 

root-associated bacteria were assessed using colony counts. There was a significant decrease in 

the number of AgNP-treated A. brasilense cells that were associated with roots compared to 

controls (Fig. 5).  At 30 ppm AgNP there was a 74.2% reduction in CFU/g roots when compared 

to the untreated group (p < 0.05).  There was a 94.5 % and a 99.7 % percent reduction of bound 

A. brasilense 7z for the 50 and 100 ppm treatments, respectively (p<0.005).    

3.2.2 B. japonicum  

Cultures of B. japonicum that were treated with AgNP concentration of 10, 50 and 100 

ppm were monitored for changes in peak respiration rates and CFU counts by comparing to a 

control culture (Fig. 6).  Maximum CO2 output occurred after approximately 8 h of growth for 

both the untreated control and 10 ppm treatment (Table 3).  A small delay in respiration was 

observed for this treatment, with a similar peak (~2300 µL/h compared to the control peak at 

~2100 µL/h).  In the 50 and 100 ppm treatment groups, these high respiration peaks were never 

reached (Fig. 6).  Cell numbers (CFU/mL) for AgNP-treated cultures compared to control showed 

no significant difference at 10 ppm, a 10-fold decrease at 50 ppm (p < 0.05) and a 100-fold 

decrease at 100 ppm concentrations (p < 0.05) (Table 4). 

Swimming motility was assessed by comparing AgNP-treated colony diameters to 

untreated colonies (Fig. 7a). After 48 h, unamended B. japonicum cultures had reached a mean 

colony diameter of 49 mm. NP-treated cultures showed reduced colony diameters reflecting a 

reduced mobility: 10 ppm AgNP-treated cultures had mean diameters of 25.7 mm (a 18.1 % 

reduction) and at 50 ppm cultures showed a significant reduction in diameter at 17.7 mm (a 43.8 

% reduction). After 72 h, compared to controls, pretreatments with 10 ppm and 50 ppm resulted 
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in significantly different colony diameters, 15.6 % reduction, and a 38.1 % reduction, respectively 

(Fig. 7b).  

As indicated, nodulation assays using G. max were unsuccessful; no nodules were seen 

with untreated cultures suggesting difficulty with the method utilized or the physiology of the 

host plants.  

3.2.3 A. tumefaciens  

Changes in respiration over time in cultures of A. tumefaciens exposed to a range of 

AgNP concentrations were used as an indicator of cell toxicity (Fig. 8).  As AgNP concentration 

treatment increased, the maximum CO2 exchange rate decreased and there was a delay in 

achieving this maximum (Table 5).  Untreated cultures reached an average peak at ~2800 µL/h at 

8.5 h with the 30 ppm AgNP treated cells reaching a similar peak of 2500 µL/h but with a ~ 4 h 

delay. The 50 ppm treatment group peaked at ~2000 µL/h with a ~10 h delay compared to the 

peaks seen in control, untreated bacteria. Strikingly, at 100 pm treatment concentration no 

maximum peak was observed during the 24-h period. Concordant with the respiration results, 

there was no significant difference in the number of colonies (estimated as CFU/mL) in cultures 

treated with the two lower AgNP concentrations (30 and 50 ppm), when compared to controls 

(Table 6).  However, there was a significant, 100-fold difference between the cultures treated at 

100 ppm AgNPs and controls. 

Preliminary GUS experiments were performed by treating A. tumefaciens with un-capped 

AgNPs (33 ppm) prior to A. thaliana transformations.  Expression of β-galactosidase activity was 

indicated by the presence of blue precipitate in seedlings after histochemical staining.  Blue 

precipitates were present in 25 % and 31 % of total seedlings transformed with untreated and 

treated cultures, respectively (Table 7). Regrettably, attempts to repeat these experiments with the 

capped AgNPs were initially unsuccessful and not repeated due to time constraints.  
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Figure 2.  Size characterization of the silver nanoparticles.  Transmission electron micrographs of 

AgNPs at 100 ppm dissolved in Milli-Q water (A) and in YEM broth (B).  Images were taken at a 

magnification of 100 X 1000 with an accelerating voltage of 75.0 kV at the TEM facility at 

Queen’s University. 
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Figure 3.  Monitoring the impact of AgNPs on A. brasilense 7z (Ab7z) respiration.  A range of AgNP 

concentrations (30-100 ppm) and no AgNP controls were compared by assessing CO₂ release (µL/h).  

Experiments were done in triplicate; shown is a representative graph. 
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Table 1.  Observed mean maximum and time of respiration peaks for A. brasilense over a range 

of AgNP treatments with maximum respiration peaks not achieved for the highest concentration 

(100 ppm). 

 

 

 

Table 2.  Initial and final CFU/mL counts represent impact of AgNP treatments on A. brasilense 

replication with samples taken after 24 h. 
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Figure 4.  Assessing the impact of AgNPs on T. aestivum root colonization by A. brasilense.  β-

galactosidase activity was used as a marker to visualize bacterial colonies on sections of T. 

aestivum primary roots. Untreated A. brasilense (A) was compared to cultures treated with 30 

ppm (B), 50 ppm (C) and 100 ppm (D) AgNPs. Images were obtained using a Leica EZ4HD 

microscope at 35X magnification. Experiments were done in duplicate (n=10). 
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Figure 5.  The impact of AgNPs on the association of A. brasilense with T. aestivum roots.  

CFUs for AgNP-treated (30, 50 and 100 ppm) and untreated Ab7z were counted for whole root 

systems (n=10).  Bars denoted by the same letter are not statistically significant (P < 0.05).   

Experiments were done in duplicate. 
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Figure 6.  Monitoring the impact of AgNPs on B. japonicum (Bjap) respiration.  Rate of CO₂  

release (µL/h) for untreated B. japonicum cultures were compared to cultures treated with AgNP 

(10, 50 and 100 ppm).  Experiments were done in triplicate; shown is a representative graph. 
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Table 3.  Time delays of mean maximum respiration peaks for B. japonicum treated over a range 

of AgNP concentrations, and noting that peak maximums were not achieved within 24 h for 

AgNP treatment concentrations of 50 and 100 ppm. 

 

 

 

Table 4.  Monitoring the impact of AgNPs on B. japonicum cell division (CFU/mL) during the 

respiration analysis. 
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Figure 7.  Assessment of B. japonicum (Bjap) motility in the presence of AgNPs.  Swimming 

ability was compared for AgNP-treated and untreated B. japonicum (A). Colony diameter (mm) 

was recorded at 48 and 72 hours following treatment with 10 and 50 ppm AgNPs (n=3) (B). Error 

bars denoted by the same letter are not statistically significant (P < 0.05).  Experiments were done 

in triplicate. 
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Figure 8.  Monitoring the impact of AgNPs on A. tumefaciens (Agro) respiration.  CO₂ release 

(µL/h) was monitored over 24 h and samples taken at the end of the period to determine CFU/mL 

in untreated A. tumefaciens and cultures treated with a range of AgNP concentrations (30-100 

ppm).  Experiments were done in triplicate; shown is a representative graph. 
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Table 5.  Maximum and time of peak respiration rates for A. tumefaciens, noting that a peak was 

never reached for highest treated cultures of 100 ppm. 

 
 

 

 

 

Table 6.  Monitoring the impact of AgNPs on A. tumefaciens division as determined by 

CFUs/mL taken over the course of the respiration experiments. . 
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Table 7.  Preliminary experiments to assess the impact of AgNPs on A. thaliana transformation 

by A. tumefaciens with the numbers of seedlings with a blue precipitate indicated while noting 

that these experiments used uncapped AgNPs and therefore are not directly comparable other 

results (see text for more details). 
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Chapter 4 

Discussion 

It was important to ensure that the commercially-obtained AgNPs used in these experiments 

were nanosized.  Thus TEM imaging was undertaken and the results confirmed that the polymer-

capped AgNPs were well dispersed in both media and Milli-Q water (Fig. 2).  A spherical shape 

with a mean 29 ±4 nm diameter was observed, larger than the manufacturer’s list size. This is 

important since characterization is crucial when using NPs as surface chemistry, size and shape 

play a role in the magnitude of toxicity.  As particle size decreases, contact area increases, as well 

as the potential to pass through cell membranes.  Evidence of AgNP internalization into bacteria 

has been shown to occur for particles less than 10 nm (Morones et al. 2005).  Here I saw some 

evidence of aggregation for the cultures treated with lower levels of AgNPs, which did not occur 

until 10 h of incubation. These aggregates were not examined with the electron microscope, but it 

would have been interesting to determine if the AgNPs had been internalized. Notably, initial 

experiments were conducted with uncapped AgNPs, however aggregation occurred relatively 

faster and across all concentration treatments.  This aggregation made it difficult to obtain 

consistent results and therefore capped AgNPs were used for subsequent experiments.  

All three bacterial species investigated showed a delay in respiration when cultured in the 

presence of AgNPs above a critical concentration (Fig. 3, 6 & 8). Entrance into exponential phase 

of respiration is represented in these curves as a steep incline towards a maximum peak as cells as 

the cells prepared for division.  After the peak of respiration and subsequent cell division, cells 

would have entered into stationary phase where bacterial cell division was arrested (most cells 

would be in the G0 phase of the cell cycle), and which likely resulted in a decline in respiration to 

a new level above the starting respiration rate, reflecting the increase in cell numbers.  It is well 

known that bacterial cells can survive in stationary phase by using strategies like cryptic growth 

(Mason and Hamer 1987) or by expressing the ‘growth advantage in stationary phase’ (GASP) 
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phenotype (Helmus et al. 2012).  These strategies result in alternative metabolic processes and 

may also contribute to the decrease in respiration shown in these curves.  Bacterial cultures 

treated at 100 ppm AgNPs never reached an exponential respiration period as seen in the Results. 

Numbers of CFUs supported the respiration data since cultures amended with 100 ppm AgNP 

showed a significant difference in cell number (up to 100-fold less) at the end of the treatment 

period compared to controls (Table 2, 4 & 6). No significant differences in CFUs were seen for 

AgNP concentrations of 10, 30 and 50 ppm compared to controls. This suggests that despite an 

initial delay in peak respiration, cultures treated at lower concentrations of AgNPs were 

presumably able to repair any damage mediated by the AgNPs and prepare to divide and 

eventually go through division. Clearly, those treated with 100 ppm AgNPs could not repair 

damage to their cells and were unable to divide.   

Perhaps in addition, persisters (cells not undergoing cellular activities), which are present in 

higher abundance during stationary phase may have been carried over from the inoculum and 

may provide a reason for some culture recovery (at least at the moderate AgNP concentrations) 

once AgNP aggregation had occurred.   Sondi and Salopek-Sondi (2004) compared treatment of 

E. coli on agar versus liquid mediums amended with NPs and found that treatments on agar 

inhibited growth but treatments in liquid media only caused a delay in growth as the effective NP 

concentration decreased due to interaction with intracellular components like polysaccharides and 

proteins of dead cells.  Trends have been observed in several studies where increasing the ionic 

strength of surrounding media and presence of bio-macromolecules were key in determination of 

an aggregation state (Chowdhury et al. 2012, El Badawy et al. 2012). Thus, I conject that the 

observed aggregation was directly attributable to the interaction of dead cells and cellular 

components mediated by AgNPs. 
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4.1 AgNP effects on different bacterial cultures 

Of the three species studied, B. japonicum appeared most susceptible to AgNP treatment 

when comparing the three different species.  At a concentration of 50 ppm AgNPs, a 10-fold 

difference was observed for CFU counts compared to the control whereas at that concentration, 

both A. brasilense and A. tumefaciencs showed no significant differences compared to controls.  

As indicated, the general consensus for differing AgNP toxicity seems to involve several 

variables, including size, shape material and the cell type interaction.  For my experiments, the 

same NPs were used for all assays and only the bacterial species were changed.  It is known that 

lethal AgNP concentrations can vary for different bacterial species (Morones et al. 2005) but it 

was expected that B. japonicum, A. brasilense and A. tumefaciens would be somewhat similarly 

susceptible to AgNP exposure as they all evolutionarily related. Not surprising, given their 

phylogenetic similarities, they all take up Gram stain in the same way; they are all Gram 

negatives.  Although the literature is not always clear, generally AgNPs have been found to have 

significantly less effect on the growth of Gram positive bacteria compared to Gram negative 

species and this is attributed to differences in their cell wall compositions (Shrivastava et al. 

2007).  The structure of Gram negative bacteria membrane lacks the rigidity of the Gram 

positive’s thick peptidoglycan layer and includes a layer of negatively charged 

lipopolysaccharides that may attract positively charged AgNPs.  

However, it is risky to make generalizations for the potential impact of AgNPs on a given 

bacterial phenotype.  Yang et al. (2014) examined a community of nitrifying bacteria from a 

waste water treatment plant and found the ammonia-oxidizing species were more sensitive than 

the nitrite-oxidizing species.  This shows that there is a wide-spread diversity in bacterial 

responses to NP-mediated environmental stresses in two groups of species belonging to the same 

community. This is likely true of members of the Rhizobiaceae family and could account for the 

differences observed in the metabolic assays.   
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Most members of the Rhizobiaceae family have physiological interactions that involve 

infecting a plant host.  As a defense mechanism, plants can generate bursts of ROS at sites of 

infection. Plant-interacting bacteria have evolved mechanisms to counteract such measures.  As 

stated earlier, one of the main theorized mechanisms of toxicity for AgNPs is that they can 

catalyze the generation of ROS. Perhaps differences in the ways these three species counter this 

plant-mediated toxicity could yield an explanation for the differences in the metabolic activity I 

observed subsequent to culture with AgNPs. 

 This could include the expression of bacterial-produced antioxidants.  Superoxide dismutase 

(SOD) is an example of an antioxidant metalloenzyme, capable of catalyzing the dismutation of 

superoxide ions into hydrogen peroxide.  The enzymes can be divided into four classes according 

to their metal cofactors: manganese (MnSod), iron (FeSod), copper-zinc (Cu/ZnSod) and nickel 

(NiSod).  Different Gram negative bacteria can produce various SOD enzymes that differ in 

subcellular location and regulation of gene expression.  E. coli has three Sods: MnSod, FeSod and 

Cu/ZnSod encoded by the genes sodA, sodB and sodC respectively where the MnSod and FeSod 

enzymes localize to the cytoplasm and Cu/ZnSod localizes to the periplasmic space (Fridovich 

1995).  Work by Saenkham et al. (2007) identified three genes for Sod enzymes in 

Agrobacterium tumefaciens C58, one of which was constitutively expressed and found all three 

genes belonged to the sodB family.  This means only FeSod enzymes are encoded, which is 

unusual, as most bacteria will have genes for both the manganese and iron family.  Perhaps the 

lack of any periplasm-localized SODs as well as having one that is constitutively expressed 

would provide a physiological advantage to A. tumefaciens in the presence of AgNPs compared 

to other species. If other bacteria have to induce SOD localized to the periplasm and cell 

membrane, they may suffer more AgNP damage.  It is also possible that in the other species 

studied, like B. japonicum, defense mechanisms were overwhelmed faster than the bacteria could 
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respond as AgNPs mediated damage both ionically and physically to the bacterial cell 

membranes.    

The secretion of exopolysaccharides (EPS) by all three species may be another vital 

mechanism damaged by AgNPs.  EPS play an important role for both pathogenic and beneficial 

plant-interacting species.  They aid in increasing resistance to plant antimicrobial compounds 

acting as a defense barrier (Bogino et al 2013).  An upregulation of EPS production occurs in B. 

japonicum when ROS is detected (Donati et al. 2011). They are also important to species such as  

A. brasilense and members of the Rhizobiaceae family as they aid in adhering to each other and 

to root surfaces during the colonization process (Michiels et al. 1991).  Several pathways exist for 

the synthesis of EPS that involve the use of glycosyltransferases and other translocating proteins 

that move the EPS products to the outer membrane (Schmid et al. 2015).  As stated above, 

membrane proteins are very vulnerable to AgNP damage.  The inability to produce EPS may 

explain my observed decrease in the numbers of A. brasilense binding to wheat roots as AgNP 

treatment concentrations increased (Fig. 4 & 5). 

For both A. brasilense (concentration of 30 ppm AgNP, Fig. 3) and B. japonicum (10 ppm 

AgNP, Fig. 6), similar respiration peaks were observed as found in controls even though these 

were delayed.  A possible explanation for this is that as the cell membrane incurs damage from 

AgNPs, it may become more permeable leading to a partial collapse in the proton gradient.  To 

compensate for this loss, bacterial cells may increase their respiration over a longer period in 

order to discharge more protons through the respiratory chain, and prior to preparation for cell 

division.  It should be noted that without an efficient proton-motive force, respiration approaches 

independence of ATP synthesis and this effect has been shown with silver ions on E. coli cells 

(Holt and Bard 2005).   
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4.2 Environmental concerns 

AgNP may enter soil environments as a topical application of waste water treatment sludge to 

agricultural fields as a biofertilizer.  As of 2010, estimates of the amounts of AgNPs and particle-

containing items found in sludge were less than 40 ppm (Blaser et al. 2008, Gottschalk et al. 

2010). For this reason, AgNP concentrations less than this value were included in these 

experiments.  However, AgNP-containing products remain the most produced out of all 

nanotechnology and can only be expected to grow and thus the amount into the environment will 

likely to increase as well.  The experiments used here may find application as a way to potentially 

discern risk levels for future monitoring or to understand suitable levels of AgNPs in sludge that 

can be released without huge ramifications to microbial soil communities. 

To agriculturalists, it may seem a minor concern as metals exist in the environment and 

bacteria even require trace amounts of metal ions to carry out physiological processes.  As well, 

many bacterial species have evolved strategies in order to cope when overexposed to metals.  An 

example is the sil operon which encodes a system of transmembrane metal pumps and is found in 

many bacteria including the E. coli K-12 strain (which was used to create the mutant strain of A. 

brasilense for these experiments).  E. coli K-12 has six functional sil gene regions on its 

chromosome (Silver 2003).  The pumps protect internal cell components from toxic effects by 

scavenging silver ions and moving them to the outside the cell.  However, many of the cellular 

mechanisms of the Rhizobiaceae species responsible for vital physiological plant interactions are 

located on the cell membrane.  This is similar to denitrifying bacteria where sil operons could not 

confer resistance as the enzymes responsible for the denitrification process are located within the 

cell membrane and periplasmic space (Sobelev and Begonia 2008).  Despite my finding that cells 

of all three bacterial species were able to eventually recover and enter into growth phase at lower 

AgNP concentrations, it appears that there was some impact on their physiological mechanisms. 

This is notable especially since the metabolic assays were conducted in liquid growth media and 
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may not be fully representative of environmental conditions.  Aggregation may not occur in a soil 

setting, therefore it is unknown if the bacteria would be able to recover sufficiently to compete 

with other perhaps more resistant species.  

B. japonicum motility assays indicated that their movement was significantly affected at a 

concentration of 50 ppm AgNPs. After 48 h a 48.3 % reduction was observed for swimming 

ability (Fig. 7). Bacterial cultures for this assay were used before 10 h of growth, therefore 

minimal aggregation had occurred and treated cells did not have a chance to recover from any 

potential damage.  A decrease in motility could have been caused by damage to the flagellum 

mechanisms.  Flagella are composed of flagellin proteins and other export proteins necessary for 

self-assembly outside of the cell wall.  They also require proton pumps and in the case of B. 

japonicum are powered by a sodium-motive force (Kanbe et al. 2007).  Silver ions and particles 

have not been shown to bind to specific sites along the cell membrane, leaving the possibility that 

a decrease in motile activity was due to damaged flagellum mechanisms. Perhaps ironically 

considering the results presented here, exposure to ROS has been reported to increase motility in 

B. japonicum (Donati et al. 2011).  As low level ROS contact occurs naturally, B. japonicum will 

increase motility in order to minimize damage from superoxide radicals but under high levels of 

ROS, bacteria presumably do not have time to activate their motility machinery (Donati et al. 

2011).  This may have been the case in these experiments, damaged B. japonicum may have been 

diverting repair to more essential mechanisms for survival first.  This along with the observation 

of A. brasilenses reduction in root adsorbing abilities raises a concern for possible environmental 

impacts.  Chemotaxis and motility play a large role in both of these microbe-plant interactions 

which leads to the more important application of nitrogen fixation and increases in plant 

productivity which promotes soil fertility and crop yields.   
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4.3 Future directions 

While the environmental fate of AgNPs is still relatively unknown; it is known that toxicity 

lessens as aggregation occurs, which appears to have been the case in these experiments.  

However, many factors determine rate of aggregation.  TEM imaging was conducted for time 

zero for these experiments, but conducting imaging at the termination of experiments in order to 

monitor the changes in NP state would be beneficial.  Visualizing the effects of media and of the 

bacterial species themselves would provide further evidence for the roles ionic strength and 

natural organic matter play in determining aggregation states.  As the debate for AgNPs exact 

mode of action continues, using a silver ion control in the respiration and physiological assays 

could further elucidate whether AgNPs confer more damage than their ion counterparts. 

Immediate studies for this research should continue the assessment of physiological plant 

interactions following AgNP exposure.  A decrease in motility was observed, determining 

whether this would also hinder the nodulation process and in turn nitrogen fixation would be 

important to further understand the impact of AgNPs on future crop health.  B. japonicum utilize 

a nitrogenase enzyme complex that is sensitive to oxygen and crucial for nitrogen fixation.  These 

enzymes may also suffer damage from AgNP exposure.  Determining the impact on nitrogenase` 

could be done with gas exchange assays to examine hydrogen gas evolution as it is a product of 

the nitrogen fixation reaction.  Observing differences between AgNP- treated and untreated 

Agrobacterium cultures to transfer DNA would also contribute to the current information on 

bacterial physiological processes that are hindered after AgNP contact. Indeed, as mentioned 

earlier, I attempted to do these experiments, as well as the impact on soybean nodulation by B. 

japonicum but I was unable to complete these.  

      In addition, understanding the impact of AgNP at a molecular level could be illustrated by 

employing mass spectrometry techniques to look at the cell membrane protein content before and 

after AgNP treatments.  As cell membrane proteins seem to be prone to AgNP binding, this might 
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help clarify whether critical enzymes involved in plant interactions are being damaged.  

Quantitative PCR has also been used to look at site specific targeted gene expression in nitrifying 

bacteria (Yang et al. 2013).  It would be interesting to determine whether genes associated with 

nodulation (nod) would be up or down-regulated during nanoparticle treatment along with other 

genes that were involved in microbial defense for example. 

To further understand AgNP impacts at an environmental level it would be of interest to 

repeat these experiments while maintaining ecological complexity, perhaps by doing these 

experiments in soil rather than in liquid culture. Doubtless, it could also complicate the analysis.  

The toxicity of AgNPs can change depending on factors like dissolution, agglomeration and 

change in surface moieties.  Capped nanoparticles were used in these experiments which aided in 

dispersal and would have reduced the production of silver ions. However, the long term fate of 

capping agents is also unknown.  In addition to these considerations, AgNPs have the capacity to 

alter soil chemistry as well.  Observations in this regard would also be important as many 

bacterial species require specific environmental conditions such as optimal pH. 

4.4 Conclusions 

Waste water treatment plants serve as common sinks for AgNPs that are released from the 

growing commercial and medical use of engineered nanoparticles.  Agricultural soils amended 

with biosolids from these plants serve as entry points for contact with soil microbial communities.  

Although AgNPs could serve a positive function in these products as antimicrobial agents, they 

may result in detrimental effects to beneficial plant-interacting bacteria. 

This research has provided evidence that AgNPs have negative effects on three members of 

the Rhizobiaceae family.  A significant reduction in root-binding abilities was observed for A. 

brasilense as AgNP concentrations were experimentally increased up to 100 ppm.  Swimming 

motility in B. japonicum exhibited a significant 48.3 % reduction after 48 h of growth after 

treatment with 50 ppm AgNPs.  Indeed, delays in metabolic processes were observed for 
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concentrations of AgNPs ranging from 10-100 ppm for all species including A. tumefaciens, a 

pathogenic member of the family.  B. japonicum, known for its superior nitrogen fixing abilities, 

appeared to be the most susceptible to AgNP treatments.   

Thus my research highlights the potential impacts of AgNPs on bacterial species that play 

critical roles in nutrient cycling and soil fertility. Its take-home message emphasizes the 

importance of minimizing incidental and accidental AgNP releases into the environment. 
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