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Abstract

Due to their antimicrobial properties, silver nanoparticles (AgNPs) have become popular in
consumer and industrial products, leading to increasing concentrations in agricultural fields
and other environments. Exposure to AgNPs could be detrimental to plants, microbes, and
their symbiotic relationships. When subjected to 10 pg/mL AgNPs in a 96-well plate, growth
of Bradyrhizobium japonicum USDA 110 was halted. In hydroponic culture with 2.5 pg/mL
AgNPs, biomass of inoculated Glycine max (L.) Merr. was 50% of control. Axenic plants
were unaffected by this dose with 30 nm AgNPs, but growth was inhibited with the same
dose of 16 nm AgNPs, indicating that AgNPs inhibit both nodulation and growth. Nodules
treated with 2.5 pg/mL AgNPs appeared absent of bacteroids, and plants given 0.5-2.5
pg/mL AgNPs had 40-65% decreased nitrogen fixation. In conclusion, | determined AgNPs
not only interfere with plant-microbe relations but also with general plant and bacterial
growth. As a consequence, we should be mindful of not releasing AgNPs to the environment

and agricultural land.
Keywords
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japonicum, nodules, symbiosis, antimicrobial



Summary for Lay Audience

It has been known for thousands of years that silver can Kill bacteria. Hence, human use of
silverware. In recent years, silver in the form of nanoparticles (very small particles, about
500 hundred thousand times smaller than a grain of salt) has gained popularity. These tiny
particles possess properties different from bulk silver. One of these properties is a greater
ability to kill bacteria. This enhanced ability comes from high surface area, small size, and
increased release of toxic silver ions. As their popularity increases, we see more use of silver
nanoparticles (AgNPs) in consumer products and industry. This includes their incorporation
into clothes, soaps, and other materials. Through production, use, washing, and disposal,
AgNPs are released into the environment. They first enter wastewater but are not fully
removed at water treatment facilities. They enter agricultural soil when sludges (biosolids)
are used as fertilizers. While crop fertilization is important, this addition of antimicrobial
silver could lead to problems with plant-microbe relationships. Specifically, the soybean-
nitrogen fixing bacteria relationship could be harmed. My goal was to determine the potential
toxicity of AgNPs to soybean, its nitrogen-fixing bacterial partner Bradyrhizobium
japonicum, and their symbiotic relationship. | found decreased mass of soybeans as the
concentration of AgNPs increased. | also found that smaller AgNPs (16 nm average
diameter) were more harmful to plants compared to larger AgNPs (30 nm average diameter).
High concentrations of AgNPs also inhibited growth of the nitrogen-fixing bacteria. Nodules
in the plant root are the ‘house’ in which bacteria fix nitrogen. Nodule mass and the amount
of nitrogen fixed decreased with increasing concentrations of AgNPs. All these results point
towards AgNPs harming the nitrogen-fixing relationship and reducing soybean crop yield.
Using electron microscopy, | showed that AgNPs are taken up and transported throughout the
plants; however, | found that AgNPs in soybean tissues could not be detected using Raman
spectroscopy. In conclusion, AgNPs inhibited bacterial growth, plant growth, and
development of functional nodules. As a consequence we need to be careful in our use of
AgNPs and control or prevent their release into wastewater and their subsequent addition to

agricultural fields.
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1 Introduction to Nanoparticles

It has been known for thousands of years that silver has antimicrobial properties, hence
human use of silver in silverware. In recent years, silver, in the form of nanoparticles
(AgNPs), has gained popularity, as these tiny particles possess properties different from
their bulk counterpart. For example, they have enhanced antimicrobial activity, which is
attributed to their high surface area, small size and increased release of toxic silver ions
(reviewed in Kocak and Karasu, 2018). The increased popularity of AgNPs is manifest in
a greater use of silver in consumer products and industry, typically through AgNP
incorporation into clothes, soaps and other materials.

Nanotechnology is on the rise. As of 2018 the global market was an estimated US $45-50
billion, and projected to increase by 13% per year between 2019 to 2025 (Global
Nanotechnology Market, 2018). The market value or nanotechnology is predicted to rise
above US $125 billion by 2024 (Global Nanotechnology Market, 2018). This increased
value will be paralleled by an increase in the numbers and types of nanoproducts and
their uses. While the economic benefits of nanotechnology to numerous industries are
many (see sections 1.1 and 1.2), the potential risks associated with the use of
nanoparticles are less well understood. Through production, use, washing, and disposal,
there is increased release of silver into the environment (Whiteley et al. 2013). Silver is
not a targeted contaminant at wastewater treatment facilities, and it may inadvertently be
added to agricultural fields through the use of sludge and biosolids as fertilizers. Trace
amounts of silver in fertilizers applied to agricultural fields could lead to problems with
crop production and plant-microbe relationships. In this thesis | will explore the
phytotoxicity of AgNPs, both in terms of direct toxicity to a common crop plant and its
symbiotic bacterium as well as indirect toxicity via disruption of the plant-microbe

symbiosis.

There are many kinds of nanoparticles, ranging from ones made of metals, to plastics,
organics, and more. A nanoparticle is anything within the 1- 100 nm range, and one

nanometer is a millionth of a millimeter. Due to this extremely small size these



nanoparticles have similar physical characteristics, and theoretically should be able to
enter pores of plant cells if they are small enough to do so. Yet this small size also means
they have a small volume to surface area ratio, typically allowing them to be more
reactive than their bulk counterpart. Although they have similarities, the various
molecules or elements that nanoparticles are made of or attached to give rise to inherently
different chemical properties, such as differences in reactivity, colour, and various other

properties. The chemical differences mean they can be used in various applications.
1.1 Nanoparticles in Consumer Products

Silver nanoparticles are frequently incorporated into consumer products such as
sportswear, bandages and cleaning products (Danish Ecological Consumer Council,
2021). As reviewed by Vance et al. (2015), AgNPs can be suspended in liquids (which
can then be aerosolised), woven into solids, adhered to surfaces or aggregated, but the
most common types of incorporation tend to be surface-bound and suspended AgNPs.

The Project on Emerging Nanotechnologies, Consumer Products Inventory (CPI)
revealed a steady increase in the number of products containing nanoparticles by the
early 2000’s (Maynard and Michelson, 2005). There were just 54 listed products in
2005;this number rose to 1814 by 2013. Although the CPI has not been updated since
2014, other product inventories show the steady rise in AgNP-containing products
continuing. For example, the Nanodatabase (a global inventory of nanoparticle-
containing consumer products maintained by the Danish Ecological Council and Danish
Consumer Council) catalogues a further increase from 1208 products in 2012, all the way
to 5169 products by July 2021 (Danish Ecological Consumer Council, 2021).

The CPI has eight categories of consumer products that incorporate nanoparticles (the
number of products in each category is in parentheses): children’s goods (84), appliances
(162), electronics and computers (261), food and beverage (228), automotive (584), home
and garden (881) and health and fitness (3169). Health and fitness represent 61% of the
products in the inventory, and includes products such as clothing, shampoos, and

cosmetics. Home and garden is the next largest category at 17% of all products, and



includes products with nanoparticles added such as furnishings, cleaning materials, paints
and more. This wide array of products probably does not cover the whole scope, and one

can find examples of nanoparticle incorporation in other places.

Nanoparticles are most commonly used in consumer products to take advantage of their
antimicrobial properties. Interestingly, even without antimicrobial abilities, titanium and
titanium dioxide are the second most abundant nanoparticles behind silver (Danish
Ecological Consumer Council, 2021). A great example of the wide variety of uses for
titanium dioxide nanoparticles is their incorporation into food products, which has been
cleared for use in Europe; these nanoparticles are typically added to products to improve
colour (EPCD, 1994). Peters et al. (2014) found that 24 items out of 27 (including
chewing gum, toothpaste, hard and soft candy, pastry and chocolate) contained titanium
dioxide nanoparticles, with concentrations reaching as high as 5 mg/g in some chewing
gum and toothpaste. As of April 2020, the Nanodatabase (http://nanodb.dk/en/search-
database/) included 5169 products that likely contain nanoparticles with 3628 containing
nanoparticles of unspecified or unknown composition; silver is in 552 (36%) of the other
1541 products, titanium/titanium dioxide is in 335 products (22%) and carbon
nanotubes/carbon/carbon black are in third place being in 223 (15%) of nanoparticle-

containing products.

1.2 Nanoparticles in Industry

Nanoparticles are added to products for a variety of reasons, which is reflected in the
wide range of products containing nanoparticles. Tables 1.1 and 1.2 provide a general
overview of nanoparticle uses. Nanoparticles are not only used in commercial products
and at least eight industries but are also being tested for new purposes. Like most
nanoparticles, silver at the nanoscale differs from its bulk form, and unique chemical and

physical properties arise (Calderon-Jiménez et al. 2017).



Table 1.1: General uses of nanoparticles in consumer products*.

Action/Purpose of
Nanoparticle

Main Types of
Nanoparticles

Products

Goods for Kids toys, clothes, pacifiers, blankets,
(antimicrobial) Mainly AgNPs carriages, etc.
Protective Coatings SiOz and TiO2 bike pedals/chain, tools, tape, etc.

Cosmetics

Ag, TiO2, ZnO SiO2 & more

UV protection, molecular carriers

for moisturizing etc.

Health and Fitness

Ag, Au, Mg, Ca, Cu & more

"Immune boosts", supplements,

creams, shampoos, etc.

Electronics

Gallium nitride

hair driers, lights, processors,

chargers, cameras, etc.

Home and Garden

wipes, sprays, pillows, washing

(antimicrobial) Mainly AgNPs machines, biocides, etc.
polish, paints, wax, weather
Automotive Mainly SiOz2 & TiOz proofing, etc.

*Information obtained from Vance et al. (2015) and the Nano database (Danish
Ecological Consumer Council, 2021)

Table 1.2: General uses of nanoparticles in industry.

Purpose/Use

Reference

cancer treatments, antifungal or

antibacterial, drug delivery & more

Ruenraroengsak et al. (2019)
Devi and Bhimba (2014)
Lombardo et al. (2019)

detection of substance through
enhanced Raman signals (e.g., mold,

aging of art, etc.)

Anghelone et al. (2015)
Kozachuk et al. (2018)

solar power, hydrogen generation,

and likely many other uses

Wipperman et al. (2013)
Callejas et al. (2014)

Main Types of
Industry Nanoparticles
) AgNP, AuNP, FeO
Medical
and more
Material AgNP, AuNP and
Analysis more
SiNPs, FeS2 and
Energy
more
Other Various nanoparticles

biotech, manufacturing, photonics

and many more materials and items

Tartaj et al. (2005)
Pulci et al. (2018)
Hamad et al. (2013)

Silver nanoparticles have various uses, and a number of their properties can be exploited.

The colour of AgNPs can change based on their shape, carrier solvent, size, and

concentration (Gonzélez et al. 2014). This trait can be harnessed for various optical uses




and analyses. These changes in colour are mainly due to plasmon resonance, which
occurs due to the resonance of electrons on the surface of a noble metal. The
electromagnetic and conductive properties of nanoparticles act to enhance the signals that
are generated the surrounding bonds, which is further explained in section 1.2.3.
Plasmon resonance is unique to the noble metals, and each metal has unique features. In
addition to affecting colour, plasmon resonance can be employed in technology (section

1.2.1), diagnostics for healthcare (section 1.2.2), and plant research (section 1.2.3).

The technology, electronics, and computer industry fields have advanced due to
discoveries of nanoparticle use. As reviewed in Velavan and Myvizhi (2015), the use of
various shapes of nanoparticles has the potential to help us create smaller computer
components therefore boosting memory per unit area of the processor, leading to overall
increases in processing speeds, memory, and other valuable technological features.

1.2.1  Nanoparticles in Medicine

Nanoparticles and on-going development of nanoparticle-involved technologies are being
used or investigated for drug delivery and medicinal treatments. For example, gold
nanostars (star-shaped gold nanoparticles), which are coated with zinc oxide
nanoparticles (ZnOPs) in pores of a macroporous silica nanolayer conjugated with an
antibody, have the potential to kill drug-resistant lines of cancer cells (Ruenraroengsak et
al. 2019). The nanocompound enters the cancer cell due to conjugation with an antibody,
and once inside the cell the porous layer then releases ZnONPs. Cell viability decreased
by up to 85% in known drug-resistant lines treated with gold nanostars (Ruenraroengsak
et al. 2019).

Nanoparticles offer more than just drug delivery or disease treatments but also
diagnostics for pharmacological and other fields of research. For example, nanoparticles
can be combined to create label-free biosensors as shown by Ryu et al. (2010), who used
silicon nanowire coated with gold nanoparticles hybridized to a probe specific to breast
cancer. Detection of the electrical flow in their nanowire allowed for detection of a
complimentary DNA sequence specific to cancer cells that is typically found at

concentrations around one picomole.



1.2.2  Nanoparticles in Plant Research and Environmental

Remediation

Nanotechnology is also being developed for agricultural purposes. The use of silica-silver
nanoparticles as an anti-fungal treatment was tested by Park et al. (2006), whose study
showed success against powdery mildew when the nanoparticles were sprayed at
moderately low concentrations on green squash plants. With the use of magnets,
Gonzalez-Melendi et al. (2008) showed that ferromagnetic nanoparticles moved through
plant vascular systems to the location of the magnet. Development of these types of
applications could mean the ability to conjugate pesticides, drugs or other materials onto
the surface of nanoparticles to target specific tissues by ferromagnetic forces, which
could possibly be introduced into fields such as agriculture, medicine and biology.
Similar to using nanoparticles for drug delivery, incorporation of nitrogen, phosphorus
and potassium in chitosan (a chitin polymer, either partially or fully deacetylated)

nanoparticles is a viable option for slow-release fertilizers (Corradini et al. 2010).

Another interesting use of magnetic nanoparticles comes in the field of environmental
remediation. Cali et al. (2018) used ferromagnetic nanoparticles with a phosphate-based
coating that has a high affinity to bind uranium to its surface; then, with the use of
magnets and attraction of the ferromagnetic nanoparticles, they removed uranium (bound
to the nanoparticles) from contaminated water at a rate that was almost double (2333 mg
U/g Fe) of the next highest (1250 mg U/g Fe) previously reported method. Adsorption
properties of charged nanoparticles can also be utilized in filtration for treatment of
wastewater and brackish water, which can be combined with the antimicrobial effects of
the nanoparticles to remedy multiple problems using a single filter (reviewed in Kanchi,
2014 and Das et al. 2019). This includes the removal or detection of toxic metals, such as
cadmium, copper, nickel and lead in water (Das et al. 2019).

1.2.3 Raman Spectroscopy and Silver Nanoparticles

Nanoparticles (specifically gold and silver) hold many different properties, but none as
unique as the fact that these particles can be used to enhance or amplify Raman signals.



These signals arethe vibrations of a bond that has been excited by monowavelength
lasers. The signals are measured using a CCD (charged coupled device) and can be used
to assess the chemical composition within materials, including biological tissues, because
different bond types in a molecule emit unique Raman signals. Signal amplification
mainly occurs because noble metals enhance the electromagnetic field around them, as
reviewed by Eustisa and EI-Sayed (2006). Due to this enhancement phenomenon, silver
and gold nanoparticles hold a special role in Raman spectroscopy studies because they
can increase the intensity of bond-specific signals, allowing lower detection limits,
tagging, and other various uses. The typical silver resonance is 400-500 nm (10-100 nm
particles sizes) whereas it is 525-600 nm (5-100 nm sizes) for gold
(https://www.sigmaaldrich.com/technical-documents/articles/materials-
science/nanomaterials/gold-nanoparticles.html). The choice of metal to use depends on
the excitation wavelength to be used. When using Raman spectroscopy, one of the largest
problems is fluorescence from both the sample and the medium on which the sample is
mounted. Fluorescence can be decreased by using longer wavelengths, such as 785 nm
instead of 532 nm. This makes gold a slightly more attractive element than silver for
plasmonic resonance, since resonance can be achieved with lower strength lasers,

resulting in decreased sample fluorescence.

Raman spectroscopy is used to characterize molecular bonding and the information that
can be derived from the molecular bonds, such as the molecular makeup of a sample
(Delhaye and Dhamelincourt, 1975). In Raman spectroscopy, a mono-wavelength laser is
applied to the sample, exciting molecular bonds and causing them to vibrate. These
vibrations occur at unique wavelengths, which gives information on the identity of the
bond being excited. Wavelengths of excited bonds can differ depending on the
wavelength of the excitation laser, this is accounted for by the Raman shift (cm™), which
is a way of normalizing data for any mono-wavelength excitation laser so that each bond
has an associated Raman shift value (e.g., the shift for a C=C bond is 1600 cm™) (Zoubir,
2012). Since AgNPs enhance molecular signals, it is theoretically possible that you could
detect and possibly localize silver in plants based on which signals are enhanced. For

example, Raman spectra showing that the signal from lignin is enhanced in the



nanoparticle-treated versus control plants would indicate the nanoparticles are close to

lignin-containing cells or tissues.

Noble metals have the ability to enhance the electromagnetic field around them to
amplify the Raman signal (refer to section 1.3.1 for a more detailed explanation of
Raman spectroscopy) of any molecules near their surface (Eustisa and El-Sayed, 2006).
This enhancement comes from the scattering of electrons on the surface of the metal,
which amplify the signal of the adjacent molecules, this is known as plasmon resonance
(reviewed in Stockman, 2006). The amplification depends also on the shape of the
particle, with rough edges giving increased enhancement of the surface electromagnetic
field (Hao et al. 2004).

This characteristic has led to the creation of labelled nanoprobes for in vivo imaging and
quantification. For example, one can use a gold nanostar attached to a ‘Raman label’,
held apart by a placeholder that is removed when bound to a target miRNA sequence.
The nanostar then enhances the label’s signal due to the contact between the label and the
target (Strobbia et al. 2019). The label can be detected using SERS (surface-enhanced
Raman scattering) for live imaging of intact tissues on the scale of the whole leaf
(Strobbia et al. 2019).

Although gold and silver hold many interesting properties for industry and science,
currently the most attractive feature is their antimicrobial ability (see section 1.4.1). In
particular, AgNPs are best known for being antimicrobial (Kim et al. 2007), which

explains why they are frequently used.
1.3 Release of Silver Nanoparticles into the Environment

With the steady increase in the use of nanoparticles and products containing
nanoparticles, an increase in nanoparticles being released to the environment will surely
follow. Although nanoparticles currently are not held to any specific regulations under
the toxic substances control act (USEPA, 2021), and nanoparticles have received some
regulatory attention, strict guidelines have not yet been established. In 2011, the Canada-

U.S. Regulatory Cooperation Council was created in order to help with economic



stability and productivity in certain fields (agriculture, environmental, health and personal
care products, workplace chemicals, transportation and some cross-sectoral issues) as
well as to establish regulatory transparencies between the two countries. This Council
assists with the oversight and regulation of nanoparticles in industry and production
(Government of Canada, 2017). The United States Environmental Protection Agency
(EPA) has not yet set specific limits to the production or release of nanoparticles
(USEPA, 2018a).

As reviewed in a report from the Finnish Institute of Occupational Health (2017),
nanoparticles can be released from materials into the environment through multiple
avenues including industrial releases (e.g., wastewater, aerosol and solid waste),
accidental spills, decomposition (e.g., leaching from landfill sites) and destruction (e.g.,
incineration releases nanoparticles to the atmosphere, then they settle on fields). In
addition, because nanoparticles such as AgNP are weakly bound to textiles, during and
after use AgNPs and silver ions are released from many products and enter the
environment. As an example, socks advertised as being antibacterial, can have up to 1350
ug Ag/g, and soaking the socks four times for 24 hours released 1845 pg of total silver,
and after three, one-hour washes up to 1020 pg of total silver was released (Benn and
Westernhoff, 2008). As another example, washing liquids such as shampoo have 0.8-3.9
pg/L of AgNPs within them (Mitrano et al. 2014). Use of these types of materials

releases AgNPs into our wastewater and sewage systems, and our environment.

Biosolids (treated sewage sludge) most likely will be the largest significant source of
AgNPs to agricultural fields. Schlich et al. (2013) determined that 90% of AgNPs were
not removed after wastewater treatment — they remained in the sludge — and the USEPA
(2018b) measured Ag concentrations ranging from 1.94 to 856 mg/kg dry weight in
sludge. These numbers may seem high but, due to their small size, silver nanoparticles
would not be easily filtered out of the sludge. According to the USEPA (2018b), 47% of
biosolids that are generated in the United States are used as fertilizer for agricultural or
other lands, indicating use of biosolids in agricultural is common practice. Further, an
audit of the USEPA in 2018 revealed that biosolids are tested for only nine out of a

known 361 pollutants: arsenic, cadmium, copper, lead, mercury, molybdenum, nickel,
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selenium and zinc. Silver and other contaminants are not being monitored or tested for,
meaning there is no established safety threshold. Blaser et al. (2008) used a model to
predict the amount of silver in sewage sludge expected to be added to European Union
agricultural fields in 2010 and found that an intermediate estimate (50% of sludge
produced used on fields) would be 140 tonnes per year. Addition of low concentrations of
silver into fields could become damaging to the health of humans and other consumers
due to accumulation in the soil over time, especially since soil has been known to be a
sink for AgNPs (Zhai et al. 2016).

Another source of AgNP contamination to agricultural fields is through polluted air from
waste incineration of products containing AgNPs; suspended nanoparticles settle onto the
fields. Blaser et al. (2008) estimated that in 2010 there would be 13 tonnes of AgNP per
year entering the atmosphere, mainly from waste incineration. In contrast, Gottschalk et
al. (2009) predicted only 0.9 tonnes per year entering the atmosphere and into the fields
from production and consumption of products that contain nanoparticles, and none from
waste incineration. More recent estimates of environment levels of nanoparticles have not
been published. Despite the uncertainty about the actual amounts, the risk of increasing

environmental contamination is real.

Nanoparticles can bioaccumulate. They bioaccumulate readily (only mercury
bioaccumulates more) in saltwater environments, with phytoplankton having 10000-
70000 x more silver than the surrounding water (Luoma, 2008). In addition, silver is
retained in the top layers of the soil (Kim et al. 2010), therefore silver could accumulate
in agricultural fields, leading to progressively higher silver levels, which could become a
serious problem. Not only is silver retained in the rooting zone, but humic acid also has
the potential to transform silver ions (Ag®) into AgNPs (Maurer et al. 2012 and Akaighe
et al. 2011). Other researchers have found that organic matter (Yin et al. 2012),
superoxides (Jones et al. 2011) and Ag* near parent AgNP can create AgNPs (Glover et
al. 2011), all leading to AgNPs forming or re-forming in soil. Gottschalk et al. (2009)
predicted soil concentrations of nano-Ag would be 7 pug/kg of soil by 2012 in the United
States. Although no recent studies have been done to confirm concentrations have
reached these levels, it is highly possibly it did, given the rising number of products
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containing AgNPs. Levels of AgNPs are expected to stay on their rising trajectory, and
rise each year by 0.001 mg/kg, meaning the maximum threshold for safety could be

reached within 50 years in Germany, under their current regulations (Schlich et al. 2013).
1.4 Silver Nanoparticles’ Antimicrobial Effects

Although most nanoparticles are not explicitly known to be toxic, toxicity to microbes is
what makes silver by far the most popular type of nanoparticle used. Adding AgNPs to a
product can increase its bacterial resistance; they are typically incorporated into clothing,
soaps, and food packaging (Das et al. 2019). Because of this, silver’s properties and the

mechanics of its antimicrobial action are a popular research topic.

AgNPs are useful and effective at controlling, or completely inhibiting, growth of
numerous bacterial species. Kim et al. (2007) showed that AgNPs inhibited two bacterial
species (Escherichia coli and Staphylococcus aureus) and a yeast (Bovine mastitis)
equally compared to a positive control (Itraconasol and Gentamycin, respectively). They
also found that minimal inhibitory concentrations (MIC) can be quite low and can vary
among species. Using an average size of 13.4 nm particle, they determined that the MIC
for yeasts is somewhere between 6.6-13.2 nM. E. coli has a MIC in the 3.3 nM-6.6 nM
range, while S. aureus was more tolerant with an MIC of 33 nM, the highest used
concentration. E. coli growth has also been shown to be completely inhibited at a
moderately high AgNP concentration of 10 pg/mL, sized 5 nm on average (Li et al.
2010). As reviewed in Moreno-Garrido et al. (2015), AgNPs are also toxic to various

species of marine microalgae, including both fresh and saltwater species.

As the popularity of AgNPs in industrial and household products increases, their
concomitant increased release into the environment could severely affect ecosystems,
starting with bacteria. Silver nanoparticles can be detrimental to the health and survival of
various microorganisms, while hardly impacting others at all. Gordienko et al. (2019)
determined that S. aureus was more resistant to AgNPs, while Bacillis cereus was more
resistant to silver ions. Kim et al. (2007) found that E. coli (ATCC43890), yeast
(ATCC19636) and S. aureus were inhibited at 3.3, 6.6 and 33 nM quantities of AgNPs,
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respectively. The symbiotic genera responsible for nitrogen fixation in root nodules,
Bradyrhizobium and Rhizobium (explained in further detail in section 1.7), showed no
adverse effects when soil was treated with AgNPs or other various metal-NPs (Shah et al.
2014). The authors did not determine several key factors, such as the ability of the plant
and bacteria to form symbioses and the health of bacteroids within the root nodules. In
addition, when sensitivity to AgNPs is tested at the genus level, species-specific
differences within the genus may be missed. This could mean that certain species in the
community have decreasing abundance while others are increasing, leading to no net
change in genus abundance. This is possibly the case for Bradyrhizobium, in which some
species are sensitive to and inhibited by AgNPs, such as Bradyrhizobium canariense
(another plant-associated bacterium) (Kumar et al. 2011). The previous result lends
evidence to the thought that to have an overall no net change in genus abundance within a
community some species must increase in abundance. This difference in the way
individual species react to AgNPs will lead to a change in the community of the soil

microbiome.

Changes in the microbial community in response to the addition of silver nanoparticles
have been documented. Hansch and Emmerling (2010) showed that addition of 3.2 ug
Ag/kg soil decreased microbe biomass by 15%, and 32 pg Ag/kg soil decreased biomass
by 27%. Zhai et al. (2016) also reported decreases in Shannon’s index of diversity, which
quantifies community diversity using species richness and evenness, when AgNPs were
added to soil; decreases in microbial diversity occurred over the entire range of tested
concentrations from 0.0067 mg/L - 0.708 mg/L, depending on the shape of nanoparticle;
the highest concentrations (0.307 - 0.708 mg/L) of all shapes resulted in decreased
diversity. In another study in which cucumber (Cucumis sativus) was grown in soil,
microbial diversity as measured using Sobs (single alpha diversity) index, an index of
species richness in a community, decreased at all classification levels when AgNPs (20
nm at 100 mg/kg soil) were added; conversely, in unamended soil microbial richness
increased at all but the phylum level when AgNPs were added (Zhang et al. 2020). They
also showed that adding AgNPs not only changes the richness but also the composition of
the community, as large changes in relative abundance of particular taxonomic groups

within the soil samples, which could also partially be from the changes to metabolites in
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the soil, were seen. Zhang et al. (2020) also reported that communities from unamended
soil, Ag-treated soil, soil with cucumber, and Ag-treated soil with cucumber all had
vastly different microbial communities, and cucumber biomass decreased in Ag-treated
soil. All these effects depend on certain factors such as soil type, shape, size, nanoparticle

coating, and other physical/chemical factors (see section 1.4.2).
1.4.1 Antimicrobial Mechanisms

The mechanisms of AgNP toxicity have received attention from researchers lately due to
the promise of AgNPs as a new antimicrobial agent. There seem to be two sources of
toxicity: the silver ions released from AgNPs, which appears to be the main effect, and
chemical reactions at the particle surface. For example, Kim et al. (2007) determined
from electron spin resonance data that free radicals/reactive oxygen species (ROS) were
released from the surface of AgNPs. | speculate this is a result of silver ions around
nanoparticles reacting with organic molecules after entering the bacterial cells, and
possibly also interactings with the external cell membrane.

Nanoparticles can cause many deleterious effects to cells due to the following
mechanisms of toxicity. Sondi and Salopek-Sondi (2004) used scanning electron
microscope (SEM) images to show that 12 nm particles at 50 ug/mL could form pits in
the walls of the cells of E. coli and cause death. In addition, Carlson et al. (2008) showed
that AgNPs caused up to a 50% decrease in mitochondrial membrane potential and a 90%
decrease in cell viability. Similarly, when treated with AgNPs, E. coli had almost 250%
higher leakage of reduced sugars and 45% higher leakage of proteins, which can both be

assumed to be from membrane and cell wall damage (Li et al. 2010).

While AgNPs have varied effects on different species of bacteria, toxic effects can also
change with varied sizes, shapes, and coatings. In almost all cases, smaller nanoparticles
tend to be more toxic, while in other cases larger ones seem to be more toxic (Martinez-
Castanon, 2008). For example, Carlson et al. (2008) found that at 25 ug/mL, as particle
size went from 55 to 30 or 15 nm, the mitochondrial membrane potential of macrophages

dropped by 25% and 30%, respectively, indicating greater damage by smaller particles.
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Not only does nanoparticle diameter and composition determine their relative toxicity to
bacterial species but their surrounding environment, including soil composition, also
matters. As seen by Grin et al. (2019), toxicity varied depending on the type of soil and
duration of exposure. During the first day of exposure, bacterial phyla (Actinobacteria,
Acidobacteria, alpha- Proteobacteria, Bacteroidetes and beta-Proteobacteria) in sand
experienced the least toxicity (compared to those in clay and loamy soil), but after 14 or
28 days AgNPs in sand were significantly more toxic (depending on phyla) to microbes
than they were in loamy soil, likely due to the presence of increased organic matter. Griin
et al. (2019) also showed that the chemical speciation of silver changed over time; the
amount of pure silver decreased steadily over time, AgNO3 concentrations reached a
maximum on day 14 then decreased; this was accompanied by a rise in NOz and an
increase in Ag-COOH. These data indicate shifts in the chemical speciation of silver over
time. After 90 days there were significant differences in the community of microbes in
sandy versus loamy soil and between sandy versus clayey soils, with sand having
communities that varied the most from the control (Grin et al. 2019). This was also
reported by Schlich and Hund-Rinke (2015) who found AgNPs in a low pH soil with
high sand content were the most inhibitory to microbial activity. Schlich and Hund-Rinke
(2015) also found that the toxicity after 50 days of chemical transformations was the
same as that of unchanged nanoparticles, indicating no loss of toxicity in some treatments
despite altered chemical speciation.

1.5 Silver Nanoparticles’ Effects on Plant Growth

With an increase in the use of silver and its release to the environment, silver will
accumulate in agricultural fields. This is especially true given that some agricultural
products include AgNPs, as seen with the previously mentioned fertilizer example in
section 1.2.2.

As reviewed in Dietz and Herth (2011), there are five main ways that nanoparticles, in
general, can cause phytotoxicity: chemical effects of ions, mechanical injury due to shape
and size, catalytic effect, binding of proteins to particle surface, and particle-induced
changes to the environment such as pH. These effects are likely to have an impact on
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many key crop species, as reviewed by Yan and Chen (2019) decreased biomass has been
reported for crops (rice - Oryza sativa L., wheat - Triticum aestivum L., peas - Pisum
sativum, Onion - Allium cepa, Mustard - Brassica sp., Cucumber — Cucumis sativus, see
their paper for more examples) and plants in general (bryophyte (Physcomitrella patens),

Arabidopsis thaliana, and others such as Lemna minor L.).
1.5.1 Movement of Silver Nanoparticles within Plants

Plant roots constantly take up water along with dissolved ions, compounds and
substances that are present in the soil pore water. Particulate matter will travel in the bulk
flow of water to the root, but it does not get taken up by the plants due to its size or other
physical factors that prevent it from crossing the cell membrane. Even if some of the
solutes in the water are potentially toxic, specific plant defenses can exclude or deal with
these substances. A good example of a soil contaminant for which most plant species
have a defense mechanism is cadmium, which enters the cell via calcium channels and is
then transported into the vacuole for safe storage (Seregin and Ivanov, 2001). AgNPs
seem to have no specific site of entry into plant cells, and no defense mechanism to deal
with AgNPs has yet been found in plants. The period of time during which AgNPs have
been accumulating in the environment would likely not be long enough for the evolution
of specific plant defense mechanisms, and due to the apparent absence of such
mechanisms, one can presume that natural nanoparticles (e.g., ash, soot, mineral particles

found in air or water) that pre-date anthropogenic industrial activity are not phytotoxic.

AgNPs for the most part seem to enter cells through physical openings. As reviewed by
Tripathi et al. (2017a), AgNPs can permeate the plant cell wall network, which acts like a
sieve. Smaller AgNPs tend to accumulate more in plants than larger AgNPs (reviewed in
Yan and Chen, 2019). AgNPs up to 40 nm have been shown to enter plant cells, likely
through pores in cell membranes (reviewed in Ma et al. 2010). Larger particles could
subsequently gain access to the cell via the induction of larger holes after damage caused
by smaller AgNPs (Navarro et al. 2008). AgNPs could also gain entry into the symplast
when lateral roots are forming and breaking through the endodermis and cortex as well as

through wounds and root tips. Once in the cytosol, the nanoparticles can be transported
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cell to cell via plasmodesmata (reviewed in Ma et al. 2010) and movement through the

xylem facilitates long distance translocation (Aslani et al. 2014).

Not only have AgNPs been shown to be taken up and transported to leaves and other
organs (Dietz and Herth, 2011; Ma et al. 2010; Geisler-Lee et al, 2014), the same has
been found for many other types of nanoparticles. For example, 45 nm NaYbEr4
[ytterbium (Yb), erbium (Er)]-NPs are visible within plant tissue via luminescence and
were found to accumulate initially in the velamen of the aerial roots in orchids
(Hischemdller et al. 2009). Over time, these NaYbEr4-NPs reached the central root
cylinder and spread to the rest of the plant, with NaYbEr4-NPs luminescence being

detected in the leaves and stem within 6 days.
1.5.2  Effects on Growth

As diverse as nanoparticles are, with different sizes, shapes, compositions and more, one
can assume that the effects on plants are just as diverse, and they certainly are. Hao et al.
(2019) reported that 150 mg/L of 150 nm mesoporous carbon nanoparticles (MCN)
decreased root elongation by 21% and shoot length by 29% in rice. However, 80 nm
MCN at the same concentration decreased root length by 70% and shoot height by 57%
(Hao et al. 2019). Canas et al. (2009) found that up to 1,750 mg/L of carbon nanotubes
had inconsistent effects on root growth of different species over 48 hours. Specifically,
tomato (Solanum lycopersicum L.) had decreased root elongation, carrot (Daucus carota)
was unaffected, and root elongation increased in onion (Allium cepa L.). Silica
nanoparticles can also be toxic, which Slomberg and Schoenfisch (2012) attributed to
their high surface area and unique surface properties that could favour binding of

essential elements causing nutrient deficiency.

Nanoparticles are phytotoxic at higher concentrations, yet some plants seem to benefit
from low doses of AgNPs. This may be due to hormesis, which is a phenomenon seen for
many toxins for which the low-dose response is stimulation, and a high-dose response is
growth inhibition. Jasim et al. (2017) found that AgNPs at 1 mg/mL increased the root
and shoot length of fenugreek (Trigonella foenum-graecum L.) seedlings by 100%, and
wet weight by 200%. In Arabidopsis subjected to 100 uM AgNPs, there was a 33%
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increase of free amino acid concentration in the leaves compared to control, but AgNPs
did not have this effect in the roots (Wen et al. 2016). Despite these few reports of
beneficial effects of low doses of AgNPs, the majority of reports in the literature indicate
that AgNPs are detrimental to plant health and growth.

Roots of soybean and rice (Oryza sativa) exposed to AgNPs had 70% and 55% decreased
biomass, respectively, as well as 400% and 200% increased leaf ROS, respectively (Li et
al. 2017). Pea plants (Pisium sativum) also had a decreasing dry weight per plant with
increasing concentrations of AgNPs above 1000 uM (Tripathi et al. 2017b). Mustard
(Brassica sp) plants given 1 mM AgNPs had shorter shoot (5% decrease) and root length
(10% decrease) as well as reduced fresh weight of shoots by 11% and root weight by
28% (Vishwakarma et al. 2017). In a study using soil, wheat had a 5 cm decrease in shoot
height, relative to control, when subjected to 20 mg/kg AgNPs and a 10 cm decrease
when subjected to 200 mg/kg; root length also decreased but only at 2000 mg/kg (Yang
et al. 2018). Yang et al. (2018) also found that the number of grains and length of spikes
decreased by five grains per pot and 1 cm on average when exposed to 200 mg/kg, while
the average 100-grain weight decreased only by about 1 g on average at 2000 mg/kg. Bell
peppers (Capsicum annuum L.) grown with AgNPs also had 20-40% decreased stem
weight (Vinkovi¢ et al. 2017). Decreases in overall biomass tend to, but do not always,

reduce the amount of fruit/crop production by plants (Shackleton, 2002).

The influence of Ag>Sulphur-nanoparticles (Ag2S-NPs), a slight variation from using
typical AgNPs, was tested on wheat growth. According to (Kampe et al. 2018), Ag.S-NP
is the most likely silver nanoparticle to be found in sewage sludge as AgNPs typically
transform into Ag>S-NPs. Shoot fresh biomass decreased by 0.1 g when plants were
treated with 10 pg/mL of Ag>S-NPs (Wang et al. 2017). Although Ag2S-NPs are toxic, it
seems to not be as toxic as pure or citrate-AgNPs (Pure AgNPs with citrate caps for
stabilizing). This can be seen with wheat subjected to 6 pg/mL of Ag>S-NPs, which had a
30% decrease in root and 10% decrease in shoot weight, and AgNP-treated plants had
lower biomass with 85% decrease for roots and a 60% decrease for shoots (Wang et al.
2015). Wang et al. (2015) also showed that cow pea plants (Vigna unguiculata) subjected

to Ag2S-NPs at 6 pg/mL had decreases relative to control in all the following: root
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biomass by 50%, 30 % for shoots and 10% for leaves. Cucumbers also had decreased
growth in response to 10 pg/mL Ag2S-NPs, but in this case both root and shoot had
decreased fresh weight, root fresh weight had a 45% decrease while shoots had a 15%
decrease (Wang et al. 2017). Bell peppers had decreased root weight by 25%, 45%, 25%
and 24% when grown in 0.01, 0.1, 0.05 and 0.5 pg/mL AgNPs, respectively, but
interestingly plants given 1 pg/mL AgNPs were not significantly different from the
control (Vinkovic et al. 2017).

Crop species are not the only types of plants to have a negative reaction to up to 10
pg/mL of Ag>S-NPs. Al-Hugail et al. (2018) showed that Lupinus termis L. had 40%
shorter roots and about 20% shorter shoots when subjected to concentrations of AgNPs at
0.5 pg/mL. They also observed a 25% decrease in overall dry biomass in plants given 0.3
pg/mL of AgNPs and a 60% decrease for 0.5 pg/mL of AgNPs. An interesting
relationship occurred in common duckweed (Lemma minor) where growth rates of plants
treated with AgNPs did not have typical response to increasing doses (Pereira et al.
2018). With 0.05, 0.13 or 2 pg/mL of citrate-AgNPs growth rates were 25% to 30%
lower than the control, but 0.32 and 0.8 pg/mL of citrate-AgNPs had no effect on plant
growth rate and then at the highest dose of 2 ug/mL of citrate-AgNPs the growth rate was
reduced by ~30%. A similar pattern occurred in response to nanoparticles coated with
PVP (polyvinylpyrrolidone, which is a large polymer consisting of the monomer n-
vinylpyrrolidone); at 0.05 pg/mL plant growth rate was ~40% lower, 0.13 and 0.32
pg/mL had no effect on growth rate, and 0.8 and 2 pg/mL of PVVP-coated nanoparticles
decreased growth rates by ~40% and 45%, respectively (Pereira et al. 2018). This is
interesting, considering that with these two examples of coated nanoparticles there is a
non-linear relationship between dose and response. The uncoated particles in contrast had
a linear relationship. The non-linear pattern for coated particles points towards a
hormesis-like response at low concentrations. Similar patterns are very likely to be found
for other types of nanoparticles. Effects will depend on the coating, species of plant and
most likely many other factors such as location of nanoparticles in plants, size, shape,

type of soil, pH, and others.
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1.6 Overview of Silver Nanoparticle-Specific Effects on
Plant Cells

Nanoparticles entering cells can have a number of effects, from indirect effects of ion
discharge to direct binding to proteins and other molecules, leading mainly to oxidative

stress and genotoxicity.
1.6.1  Oxidative Stress

Exposure to AgNPs results in oxidative stress and oxidative responses from the plant.
Malondialdehyde is a result of ROS-induced peroxidation of membranes and hydrogen
peroxide is a potent ROS that also damages other cellular components. It has been
suggested that ROS are generated from the surface of AgNPs (Kim et al. 2007), yet
oxidative stress could also be the result of the release of toxic Ag* ions. Li et al. (2017)
showed in soybean that exposure to AgNPs from 1 to 30 pg/mL resulted in at least 2 to 4
times more malondialdehyde and 1.5 to 5 times more hydrogen peroxide. Their results
were similar for rice except that ROS were produced only at the highest doses of AgNPs.
ROS content of Allium cepa roots also increased after exposure to 25 pM AgNPs, with
ROS concentrations increasing further with up to 75 pM AgNps, indicating steadily
increasing production of ROS with increased AgNP concentrations (Cvjetko et al. 2017).
Another plant that has been tested for ROS stress after exposure to AgNPs is potato
(Solanum tuberosum L..), which had 4 times more ROS in plants given 10 pg/mL AgNPs
when compared to control, and 10 times more ROS in plants treated with 20 pug/mL
(Bagherzadeh Homaee and Ehsanpour, 2016). Pereira et al. (2018) found that levels of
glutathione-S-transferase activity (an enzyme that is involved with ROS detoxification)
increased to 200% of the control when plants were subjected to 0.8 pug/mL AgNPs. They
also reported that glutathione peroxidase activity reached more than 500% of control in
plants treated with up to 0.8 pg/mL AgNPs. Oxidative stress is manifest by damage to
membranes and inhibited mitochondrial metabolism. This could lead to problems for
nitrogen fixation by B. japonicum inside nodules since they rely on the nodule membrane
(which is non-permeable to oxygen) to keep their environment close to anoxic. Nitrogen

fixation relies on an oxygen-free environment due to oxygen binding mainly with the Fe-
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protein of the enzyme nitrogenase, thus inhibiting nitrogen fixation (Gallon 1981). If
oxygen were to enter the nodules via AgNP-damaged nodule membranes, then the

nitrogen-fixing bacteroid form of B. japonicum would have drastic metabolic problems.
1.6.2 Genotoxicity

Silver nanoparticles have genotoxic properties, causing damage to the DNA of the plant
cells, most likely through ROS damage or physical binding of the AgNP to genetic
components. When Abdelsalam et al. (2018) exposed root tips of wheat to AgNPs (using
concentrations of 10, 20, 40, or 50 ug/mL for 8, 16 and 24 hours) they found many types
of chromosomal aberrations; increased concentrations increased damage and thus few
cells divided and underwent mitosis as a result. Kumari et al. (2009) found that < 100 nm
AgNPs at 25-100 pg/mL inhibited cell division and lowered the mitotic index. Similarly,
Vicia faba root tips had various chromosomal aberrations and a decreased mitotic index
when grown with 60 nm AgNPs at 25, 50 and 100 mg/L but not at 12.5 mg/L (Patolla et
al. 2012). At even lower concentrations of AgNPs, the root tips of Allium cepa also had
increased chromosomal aberrations and decreases to their mitotic and meiotic indices
when exposed to AgNPs (5, 10 and 20 pg/mL for four hours); yet interestingly, the
researchers found that biosynthesized nanoparticles were less toxic than chemically
synthesized particles (Saha and Dutta Gupta, 2017). Another group who studied A. cepa
and 70 nm AgNPs reported a decrease in mitotic index at 5 mg/L, significant changes to
the micronucleus at 20 mg/L and nuclear aberrations 40 mg/L (Panda et al. 2011).
Interestingly, A. cepa has been shown to withstand 100 uM of AgNPs without a
reduction in dry mass or plant length even though there were more DNA breakages, seen
by the increase in tail DNA (Cvjetko et al. 2017).

With so much information on DNA damage from AgNP its clear that they (or at least the
Ag" ions) can enter plant cells and be detrimental to the health of plants. Damaging crop
DNA will lead to poor harvests as they will likely lead to detrimental effects on plant
growth.
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1.7 Silver Nanoparticles’ Effects on Plant and Bacterial

Interactions: Emphasis on Fabaceae-Bradyrhizobium

Soybean is an important agricultural crop; in 2006, the United States alone produced 3.2
billion bushels of soybeans, grown on 74.6 million acres (USDA, 2007). Plant roots not
only take up water and nutrients but hold symbiotic relationships with bacteria and fungi,
and the soil around the roots houses the root microbiome — a complex community of
microbes both good and bad. Soybean health and that of their symbiotic rhizobia, as well

as their relationship, might be compromised by the presence of AgNPs in soil.

Although AgNPs affect certain microbial species more than others, one can expect drastic
changes in the microbiome due to interacting toxic effects. For example, the effects of
AgNPs on plants (see section 1.5 for complete list) include accumulation of the
nanoparticles within plasmodesmata (Geisler-Lee et al. 2014) and subsequent blocking of
signaling conduits. This could lead to interruptions of the signals between the plant and
the microbes that are essential for root nodulation. Blocking of plasmodesmata could also
inhibit nutrient and sugar movement from the plant to the bacteroids within its nodules,
and the transport of nitrogen from the nodule to the plant. If AgNPs block
plasmodesmata, it could have negative effects on the nutrient levels in the plant. Blocked
plasmodesmata could stop, or at least slow, the bulk flow of water and nutrient ions from
the roots, which was shown by Robards and Clarkson (1976). This blockage could occur
in other regions of the plant as well. Asli and Neumann (2009) showed that 20 nm
titanium dioxide particles in hydroponic solution decreased the transpiration rate of plants
by a little over 20% compared to controls, and root hydraulic conductivity decreased by
7% compared to control. Silver nanoparticles of the same diameter would most likely
have the same effect, as they have already been seen to block plasmodesmata in
Arabidopsis plants (Giesler-Lee et al. 2014). Another effect from the blockage of the
plasmodesmata is inhibition of some transcription factors (Wayne, 2019), which could

result in slowing plant growth and possibly other processes such as nodulation.

The nodulation process is initiated by the release of flavonoids from plant roots. When

encountered by appropriate bacteria (e.g., Bradyrhizobium spp.), the bacteria release
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nodulation factors (Cohn et al. 1998). Upon receiving the nodulation factor signal, a plant
root hair binds with a rhizobial cell, activating the underlying cortical cells (Gage, 2004).
Next, continued growth of the root hair includes curling due to the presence of the
nodulation factor and then a microcolony of rhizobia grow in the curl, cytoplasmic
bridges (PITs) form within the cortical cells and infection thread initiation begins (Gage,
2004). After this event, the bacteria will eventually grow within the infection thread into
the cortical cells and be released from the infection thread into the nodule primordium,
which were derived from the inner and middle cortex along with the pericycle cells
(Gage, 2004). The interior of the nodule is an oxygen-free environment in which the
bacteria undergo metabolic and physical changes to become bacteroids. This changed
physical form with a different metabolism than that of the bacterial form is the one that
fixes nitrogen within the nodule. The oxygen-free environment is essential because
oxygen prevents nitrogen-fixation, a process completed by the bacteroids after they have
colonized the nodule. These bacteroids fix and provide nitrogen in exchange for sugars
from the plant. This symbiotic relationship benefits both plant and bacteria as well as
farmers who can reduce the cost of fertilization. Peoples and Craswell (1992) showed that
symbiotic nitrogen fixation can account for up to 97% of a soybean’s total nitrogen,

proving that soybeans can almost fully rely on this relationship for this nutrient.

As was discussed above, the responses of plants to AgNP-treatment are not always linear
and some researchers report different responses at low and high doses relative to
intermediate doses (see section 1.5.2). A similar pattern has been reported for nodulation.
At a fairly high concentration of 50 pg/mL, roots of cowpea (Vigna unguiculata) had
double the number of nodules compared to the control plants (Pallavi et al. 2016);
however, plants given 70 pg/mL had the same number of nodules as the control plants.
Given the antimicrobial properties of AgNPs, one would expect that plant given even

higher concentrations would have fewer nodules than control plants.

When quantifying nitrogen fixation, the nodule number is not a good measure of total
nitrogen fixed, or even the rate of fixation, as one large nodule can fix as much nitrogen
as many small nodules. The actual fixation process can be measured through an acetylene

reduction assay (ARA) rather than direct measurement of the activity of nitrogenase. The
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latter is a delicate process that is ruined by exposure of the nitrogen-fixing enzyme to
oxygen (Gallon 1981). To my knowledge nobody has developed a protocol for direct
measurement of nitrogenase activity. An ARA takes advantage of the fact that the
enzyme (nitrogen reductase) can catalyze more than one reaction. This enzyme can
convert CoHz (acetylene), which is given to the plant in a closed environment, to CoHa
(ethylene), which can then be measured using gas chromatography, as a proxy to nitrogen
fixed from the atmosphere. This measurement is much more reliable than measuring
nodule weight since nodules could still develop but not fix any nitrogen if they

haveunhealthy bacteroids within the nodules.

High concentrations of nano-CeO> have been shown to reduce nitrogen fixation by 50%
(Priester et al. 2012). Similarly, when faba bean (Vicia faba) were exposed to AgNP in
soil, nodulation was delayed and nitrogenase activity decreased, along with a 65%
decrease in nodule weight and an 80% decrease in nodule number (Abd-Alla et al. 2016).
The effect of AgNPs on soybean nodules would most likely be similar to that of the
closely related faba bean. Although the sensitivity of the soybean’s symbiotic relationship
to AgNPs has not yet been tested, the genus Bradyrhizobium is typically tolerant to
AgNPs (Shah et al. 2014). However, it is not known if the Bradyrhizobium bacteroids
respond in the same way to AgNPs as do the free-living bacteria in the soil. Due to the
ROS-induced membrane damage resulting from AgNP-treatment (see section 1.4.2),
oxygen may leak into the nodule interior. Since the bacteroids have evolved in the
oxygen-free environment of the nodule, the bacteroids might be expected to be more

sensitive to AgNPs than the parent bacteria.
1.8 Rationale and Objectives

1.8.1 Rationale

Due to release of nanoparticles, specifically AgNPs into the environment from various
sources (e.g., sewage sludge, leaking from landfills, incineration, etc.) and their
antimicrobial properties, we should be concerned about the effects that AgNPs will have

on plant-microbe relationships.
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1.8.2  Objectives

1. To assess uptake and accumulation of silver nanoparticles within soybeans by;

A. Determining if Raman spectra of molecular bonds can assess AgNP uptake or

location of AgNP accumulation in plant roots.

B. Confirming the subcellular presence of AgNPs in root cells using transmission

electron microscopy.

C. Quantifying the concentration of silver in shoots, roots and on root surfaces, the

latter using chemical desorption of Ag* from the root surface.

2. To assess the toxic effects of AgNPs on soybeans, Bradyrhizobium japonicum and
their symbiotic relationship by;

D. Quantifying growth of B. japonicum USDA 110 in liquid culture, measured using

spectrophotometric optical density

E. Studying growth of inoculated and non-inoculated plants, measured as dry
biomass, photosynthetic efficiency, and select nutrient concentration (carbon and

nitrogen).

F. Assessing nodule biomass and morphology (using transmission electron

microscopy), and nitrogen-fixing activity (using an acetylene reduction assay).
2  Materials and Methods

2.1 Study Organisms

Soybeans (Glycine max (L.) Merr.) cv SO9-C3X were grown from seeds provided by
Environmental Sciences Western Field Station. A culture of Bradyrhizobium japonicum
USDA110 was obtained from the London Research and Development Centre —

Agriculture and Agri-Food Canada.
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2.2 Experimental Treatments and Conditions

2.2.1  Synthesis, Preparation and Confirmation of Silver

Nanoparticles

Synthesis of AGSNPs was based on the protocol described in Bastus et al. (2014) for
citrate-stabilized AgSNPs. First, 200 mL of sodium citrate (5 mM) and tannic acid (0.1
mM) were boiled (110-115 °C) with vigorous stirring, for 15 minutes. After boiling, 2
mL of aqueous silver nitrate (25 mM) was added to the solution, resulting in immediate
production of silver nanoparticles. Sodium citrate (NasCsHsO-), silver nitrate (AgNO3)

and tannic acid (C7sHs2046) were purchased from Sigma Aldrich.

The size of the AQSNP particles was controlled by the tannic acid concentration, with 0.1
mM tannic acid resulting in ~10 £ 5 nm particles (Bastus et al. 2014). This reaction took
place in a two-neck round-bottomed flask held within an oil bath for even heating. The
flask was topped with a condenser to ensure no solvent loss. Larger particle sizes can be
generated by using higher concentrations of tannic acid, but also by stepwise growth
reactions (Bastus et al. 2014); both were attempted for obtaining larger particles. A
concentration of 0.1 mM tannic acid resulted in ~16 + 2.5 nm particles, which was
confirmed by TEM (transmission electron microscope) imaging. Stepwise growth was
attempted by using particles made with 0.1 mM tannic acid. Solution was brought to 90
°C, then 100 pL of sodium citrate (25 mM), tannic acid (2.5 mM) and 1 mL silver nitrate
(25 mM) were added sequentially 1 minute apart to increase the size of the particles. My
particles were 30 + 2.7 nm (stepwise growth) for the first batch and 16 + 2.5 nm for the
second batch. For the larger first batch | used the stepwise growth method, this was
mainly done because stock solutions for creating the smaller size had been made and thus
this technique was easier. Both methods for achieving larger particles could have worked

equally well.
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2.2.2  Concentration, Confirmation and Size of Silver Nanoparticles

After synthesis, nanoparticles were collected using a centrifuge; reaction products were
spun at 18000 x g, the supernatant was removed, and the pellet of nanoparticles was re-
suspended in RO (reverse osmosis) water. Several batches of small particles were pooled
to accumulate a greater number of particles of uniform concentration and size range, and
the same was done for batches of larger particles. TEM imaging was done in conjunction
with ImageJ to confirm both shapes and sizes of the nanoparticle batches, and to
determine both range and averages of size. The average + standard deviation for particles
in the first batch were 30 + 2.7 nm, and particles in the second batch were 16 +2.5 nm
(see Table 2.1). Concentrations (mass per mL) were calculated using a microscale
balance by the methods of Shang and Gao (2015). To do this, 600 pL of suspension
containing silver nanoparticles was weighed, before and after evaporation of the solvent.
Concentration of each batch of silver nanoparticles was also assessed showing batch one
(30 nm) had a concentration of 3.35 mg/mL and batch two (16 nm) had a concentration
of 2.20 mg/mL. For the remainder of this section, the first batch will be called 30 nm or
the larger nanoparticles, while the second batch will be referred to as 16 nm or the

smaller nanoparticles.
2.2.3  Bacterial Growth

Axenic cultures of B. japonicum were grown in Petri plates on HEPES-MES (HM) agar
growth medium supplemented with chloramphenicol (see Table 2.2). This was done to
kill other bacteria; B. japonicum USDA 110 is not affected by this antibiotic (Cole and
Elkan, 1973). Cultures were incubated for two days at 28 °C and then the process was
repeated twice to ensure cells were active and a pure culture. They were then transferred
to liquid HM medium for both testing and inoculation. Liquid culture was grown for 2-3
days then used to start another liquid culture to ensure the experimental culture was in the
log growth phase and no dead cells disrupted the optical density reading. Liquid cultures

were grown at 22 °C to assess growth when exposed to AgNPs.
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Table 2.1: Transmission electron microscope images showing nanoparticles used for
testing growth and symbiosis of soybeans and B. japonicum

Size Representative TEM Image

30 £

- 100 nm
HV=80.0kV

16 + Direct Mag: 25000x

2.5

nm;




Table 2.2: Growth media.

Modified Hoagland’s Nutrient solutions (Hoagland and Arnon, 1950) and bacterial

medium used for growing full nitrogen (axenic) plants, low nitrogen (inoculated)

plants, and B. japonicum, respectively.

Full Nitrogen Solution (mM)

Low Nitrogen Solution (mM)

HM Growth Medium (g/L)

K,HPO, (0.05)

MgSOs, (0.15)

KNOs (0.1)

K»SOq (0.1)

CaS0, (0.4)

NH4NOs (2.9)

MnCl,e4H,0 (0.0005)

HsBOs (0.0015)

ZnS04e7H0 (0.0000125)

CuSO4e5H,0 (0.0000375)

Na:Mo0O4e2H,0 (0.00024775)

FeClze6H.0 (0.0025)

Na,EDTA (0.00275)

K,HPO, (0.05)

MgSO; (0.15)

KNOs (0.1)

K2S04 (0.1)

CaS0, (0.4)

MnCl,4H0 (0.0005)

H3BOs (0.0015)

ZnS04e7H0 (0.0000125)

CuSO4e5H,0 (0.0000375)

Na:Mo0O4e2H,0 (0.00024775)

FeClze6H,0 (0.0025)

Na,EDTA (0.00275)

NaHPO4 (0.125)

Na2SO; (0.25)

NH4CI (0.32)

MgSO,e7H,0 (0.18)

Yeast extract (0.25)

L — Arabinose (1)

Na-Gluconate (1)

FeCls (0.004)

CaCl, (0.001)

HEPES (1.3)

MES (1.1)

2 % Agar (20)

chloramphenicol (0.03)

Axenic cultures were also transferred to 30% glycerol in a 1:3 liquid culture to glycerol

ratio and stored at -80 °C for future use, if required.

2.2.4

Hydroponic Setup and Soybean Growth Conditions

A sufficient number of seeds was germinated to select seedlings that were an

approximate equal size for experimentation. Seeds were coated in a copper-based




29

antimicrobial coating, so there was no need to surface-sterilize the seeds, but the coating
was removed prior to inoculation. Seeds were germinated in a Petri dish on filter paper
(VWR 314) moistened with RO water and placed in the dark at ~22 °C. After 2-3 days,
germinated seedlings of equal size were selected for one of two bacterial treatments: non-
inoculated and inoculated. Seeds that were meant to grow axenically were placed in sand
that had been sterilized in an autoclave at 121 °C for 20 minutes, allowed to cool, then
saturated with modified Hoagland’s nutrient solution (see Table 2.2). Roots of these
seedlings developed no nodules. In order to get inoculated plants, | generated bacterial
inoculum cultures. Liquid cultures were started in 5 mL of HM growth medium (Table
2.2) within sterile 15 mL Falcon tubes and kept on a shaker to ensure sufficient oxygen
for growth. Liquid culture was then grown until the optical density reached 0.5-0.6
(which translated to 1x108 to 2x10°® cells per mL, see Appendix A). After seeds had
germinated and the radicle was 4-5 cm long, roughly 25-30 seeds per Petri dish were
submerged in inoculum for 20 minutes. The seeds were then placed in sand that had been
saturated with low (<0.1 mM) nitrogen nutrient solution (see Table 2.2) because higher
levels of available nitrogen will inhibit nodulation (Streeter et al. 1985), and an additional
100 pL of the inoculum was placed on the seeds. 1x10° bacterial cells per mL in
suspension has been shown to be sufficient for inoculating at least 25 soybean plants
(each weighing 12 g or less) with B. japonicum (Ralston and Imsande, 1983), but | found
that 1x10® cells per mL was sufficient to produce nodules on roots of every seedling.

Sand was moistened with RO water as needed to compensate for evaporation and
transpiration, and seedlings were grown for 2-3 days until all were approximately 4 cm
tall. Seedlings were then transferred into hydroponic jars containing AgNPs in ¥4 strength
low nitrogen (for inoculated seedlings) or ¥ strength full nitrogen (for axenic seedlings,
see Table 2.2) nutrient solution. Using ¥ strength solution was based on preliminary
experiments in which the root nodules formed on healthy plants grown in this modified
Hoagland’s medium. The concentrations of AgNPs were 0, 0.5, 1, or 2.5 ug/mL. Jars
were covered with aluminum foil to minimize microbial/algal growth and the solutions
were aerated to ensure proper oxygen levels. Nutrient solutions, including ones with
AgNPs, were changed every 3 days to ensure adequate nutrient supply. Plants were 21

days old at harvest: 3 days in Petri dishes, 4 days in sand and 14 days in nutrient solution.
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2.3
2.3 Raman Spectroscopy

Raman spectroscopy (Xplora Plus Microscopetrometers from HORIBA, equipped with
1200 groves per mm grating) was conducted to determine if silver binds to and alters the
signals of common plant cell molecules (e.g., cellulose and lignin). Root tips of plants
exposed to 0, 0.5, 1 or 2.5 pg/mL AgNPs and tips exposed to a very high concentration (2
mg/mL for 2 hours) were taken and thinly sliced into cross sections by hand using a
razor. These cross-sections were placed on thin microscope cover slips and wetted with
RO water. Preliminary tests determined that a glass cover over the sample interfered with
the readings and readings could not be obtained without a drop of water on the sample.
Readings were taken from multiple areas within each cross section, but only the area
around the vascular tissue produced signals. Recordings were taken using a 785 nm laser
applied at 4.9 mW focused on the sample with a 50x objective having 0.75 NA
(numerical aperture) with a nitrogen cooled CCD (charge-coupled device) detector. The
laser spot size was roughly one micron, and the grating was 600 g mm™. | acquired 12 by
12 point maps giving a total of 144 Raman spectra for each map, using 10 second
acquisition for each point. Three regions were chosen: red was 1045 — 1165 cm 2, blue
was 1238 — 1522 cm 1, and lastly green was 1549 — 1702 cm . The peak at 1045 — 1165
cm “Lis indicative of cellulose or glucomannan, 1238 — 1522 cm “*indicates cellulose and
1238 — 1522 cm “* indicates lignin (Gierlinger and Schwanninger, 2006), this is further
described in section 3.1. In addition, Lab Spec 6 software was used for baseline
corrections of each of the map modes that were integrated into the overlapped map image
of all three regions. Spectra were collected from xylem cells because Giesler-Lee et al.

(2014) determined that silver moved throughout the plant via xylem.

2.4 Toxicity of Silver Nanoparticles to Bacterial Cultures

Liquid cultures were grown with 0 or 10 pg/mL of AgNPs (16 nm size). To assess the
antibacterial ability of AgNPs, 0.1 mL of liquid culture was placed in each of the wells of
a 96-well plate. The 96-well method was chosen to ensure no bacteria were removed each
time a reading was taken, which can cause inflation of optical densities. It also ensures a

sterile environment and decreases the amount of AgNP needed. Growth was estimated by
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measuring optical density of the culture via a spectrophotometer (600 nm) at the same
time each day for 4 days. Optical density was converted to cell counts using a standard
curve (Appendix A) that had been created by plotting optical density against actual cell
count (using a hemocytometer).

2.5 Uptake and Location of Silver Within Soybeans

2.5.1 Inductively Coupled Plasma Mass Spectrometry

Acid digestion of plants followed the methods of Shute and Macfie (2006). First, leaves
from each plant were placed in a brown paper bag and dried to constant mass in an oven
at 60 °C. Aboveground stems and full root systems, with nodules removed, were
separately dried in brown paper bags, and also dried to constant mass in the oven at 60
°C. Using the oven-dried samples for each plant, leaves, roots and stems were separately
ground into a fine powder. Then ~0.1 grams of each were put into separate test tubes and
digested using 1 mL OmniTrace® nitric acid. Reagent blanks (just nitric acid) and
samples were digested at room temperature overnight and then the nitric acid was boiled
until the orange-tinted fumes turned clear. One hundred and twenty-one digested samples
were filtered using filter paper (VWR 415) and sent to the University of Western Ontario
Biotron Analytical Lab (London ON) (plant root, stem and leaves concentrations). Each
concentration 0 — 2.5 ug/mL had n = 10, this is due to 5 non-inoculated and 5 inoculated
plants being pooled in order to gain better power. However, the 10 ug/mL treatment
had only n =3 due to not having enough AgNPs to prepare more replicates.. The
National Institute of Standards and Materials did not have standard refence materials
(SRM) with certified concentrations of silver within a plant matrix; therefore, no SRM
was used to determine the efficiency of the acid digestion procedure for extracting silver

from the plant samples.
2.5.2  Desorption of Plague from Root Surface

Roots were chemically desorbed to determine how much silver accumulated on the root

surface, compared to how much silver was inside the roots. Twenty soybean plants were
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grown as described in section 2.2.3. There were 5 controls (0 ug AgNP /mL) and 15
treated plants (2.5 pg AgNP /mL). Of the treated plants, 5 sets of roots were not desorbed
S0 as to measure total silver associated with the roots, 5 sets were desorbed for the
recommended time of 5 minutes, and the remaining 5 set were desorbed for a longer time
(10 minutes).

Plants were harvested after 21 days of growth, which includes 14 days within the
experimental treatment. Roots were separated from the shoots then rinsed with RO water.
Control plants were not desorbed, but treated plants were soaked in Clorox bleach (200
mg/L, 50 mL, 5 or 8 minutes) then ammonium hydroxide (2.8% NHz-H>0O, 50 mL, 1 or 2
minutes) and then a final rinse with RO water (50 mL, 1 or 2 minutes) following the
methods of Zhang et al. (2019). All plants were then put into labelled paper bags and
dried in the oven at 60 °C for at least 3 days. Plants were then ground into a powder,
weighed, and digested in nitric acid for ICP-MS analysis (see previous section 2.5.1,
Inductively Coupled Plasma Mass Spectrometry). Including two blanks and 20 plant
samples, 22 total digested samples were sent to the Trent University Water Quality Lab
(Peterborough ON) for ICP-MS (inductively coupled plasma mass spectrometry) analysis
for silver, with a sample size of n = 5 for each treatment. The amount of silver on the root
surface was calculated by subtracting the amount in desorbed roots from the total amount

in the corresponding non-desorbed roots.
2.5.3 Transmission Electron Microscopy

AgNPs were located and confirmed at a subcellular level using transmission electron
microscopy (TEM) equipped with EDAX (energy-dispersive X-ray spectroscopy)
(Philips 420 Transmission Microscope). On harvest day, 0.5 mm sections of a root tip,
nodule, tap root and stem (epicotyl) were cut by hand from each plant and subsequently
fixed with 2% glutaraldehyde and 3% paraformaldehyde in 0.1 M cacodylate buffer.
Samples were then dehydrated with a graded ethanol series (50%, 70%, 90%, 95%, and
then 100% for three times, each for 10 minutes, stained with (and some without) osmium
tetroxide (which stains cell membranes only) and embedded in Spur’s plastic. Embedded

samples were then trimmed and cut on a microtome (Reichert-Jung Ultracut E) using a
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diamond knife, to achieve cross-sections 70 nm thick. Based on my previous work
(Boersma, 2019), attention was focused on plasmodesmata and extracellular regions,
where more particles accumulate. TEM was performed to verify the presence of AgNP in
the samples. Images were also collected from separate ‘test’ roots that were soaked in a
very high concentration of AgNPs (2 mg/mL) for 2 hours before fixing, allowing more
uptake of the particles and increased probability of finding AgNPs in the images, and to
determine where they tend to accumulate. A total of 10 sections were examined.

2.6 Toxicity of Silver Nanoparticles to Soybeans

2.6.1 Phytotoxicity to Soybean

One day before harvest, the maximum potential quantum efficiency of photosystem II
(variable fluorescence/maximum fluorescence; Fv/Fm) was recorded for each plant treated
with 30 nm AgNPs (n = 6). Recordings were taken from only the second and third newest
trifoliate leaves, avoiding use of the newest trifoliate, which was still developing and
could affect results. Duplicate measurements were taken using a handheld fluorometer
(Opti-Sciences, 0OS-30, USA), on leaves subjected to darkness for 30 minutes, with the
median value being recorded per plant. The measurement of photosynthetic efficiency
was not determined for plants subjected to 16 nm AgNPs, which also showed no visible
effects of chlorosis and thus most likely also did not suffer any negative photosynthetic
effects. On harvest day, leaf area was measured by removing leaves, flattening, and
placing them on white paper alongside a ruler for scale, then taking a digital photograph.
ImagelJ (https://imagej.nih.gov/ij/) was used to process images. The colour scale was set
to binomial to have the leaf a constant black colour while also allowing for selection of

the leaf prior to using the program to calculate leaf area.

Leaves from each plant were placed in a brown paper bag and dried to constant mass in
an oven at 60 °C, and total leaf mass was recorded for each plant. Aboveground stems
and full root systems without nodules per plant were separately dried in brown paper

bags, dried to constant mass in the oven at 60 °C and then weighed.
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2.6.2  Carbon and Nitrogen Analysis

The concentrations of carbon and nitrogen in the soybean roots were measured to see if
differences occurred when treated with AgNPs using a CHNS analysis machine, which
combusts samples at (1800 °C) and uses ‘purge and trap’ chromatography, where a series
of traps slows down the different elements allowing for differentiation. Nitrogen is not
retained, thus comes out first, each other element is retained in their designated trap to
allow the elements to separate in time. The elements are then detected by thermal
conductivity, which is the reason why each element needs to be separated in time to

quantify their presence within the sample.
2.7 Nodule Assessment

Nitrogen fixing activity of the nodules per inoculated plant (n = 6 per treatment) was
assessed using an acetylene reduction assay (Bergersen, 1970) at Agriculture and Agri-
Food Canada, London Research and Development Centre. Plants were clipped at the
junction between the roots and the stem, roots were put into sealed vials, 10 puL of air was
pulled from the vial with a syringe, and 10 uL of acetylene (C2H>) gas was added. Plants
were processed in 5-minute intervals to ensure that each set of roots had equal time of
exposure to acetylene. These intervals of 5 minutes were used as this was the time that it
took for each sample to run. After 1 hour incubation with the acetylene gas, 10 pL of air
from each sealed vial was injected into a GC-FID (Gas Chromatograph — Flame-
lonization Detection) to determine the amount of ethylene produced by nitrogenase
reduction of the acetylene. Five non-inoculated plants were also processed, 3 with and 2
without silver treatment. Appendix B shows the standard curve that was used to estimate
the nmol of nitrogen fixed by each set of roots. Nodule mass per plant was also recorded
and used to quantify the nodule activity per gram of nodule, rather than just the total

nodule activity per plant.
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2.8 Data Analysis

Data analysis was conducted using Rstudio (Version 1.2.5042). The main packages used
included ggplot2, tidyverse, dplyr, and MASS. Line graphs were completed in SigmaPlot,
and box plots were completed on Rstudio. The significance level was set to p < 0.05, and
all assumptions (i.e., normality and homogeneity of variance) were thoroughly checked
through tests using plotted predictions and/or residuals on R. If variance was non-normal
or non-homogeneous, then an ANOVA with Welch's adaptation not assuming equal
variance was used. This was necessary for dry leaf biomass as well as desorption data.
Student t-tests were done to confirm that weights (used to calculate concentrations of
synthesized nanoparticle batches, as seen in section 2.2.2) were not significantly different
from each other, thus were accurate measurements of the AgNP concentrations. One-way
ANOVAs, followed by Holm-Sidak post hoc test when significant main effects were
found, were performed for the other data sets, including biomass readings, carbon and
nitrogen percentages, silver content (silver uptake), leaf area, nodule mass, nitrogen

fixation rates and chlorophyll fluorescence.

3  Results and Discussion

In this section | will present the results of my experiment and the effects that AgNPs have
on soybeans, its symbiont B. japonicum USDA 110 and their relationship. AgNPs were
taken up mainly by the root and decreased both plant and bacterial growth at various

concentrations and had detrimental effects on nodulation and nitrogen fixing.
3.1 Raman Measurements and Maps

Figure 3.1a shows a light microscopy image of a root section from a control plant that
was assessed for Raman spectroscopy. The lack of clarity of the image is partially due to
the resolution of the camera and partially due to zooming in to view a xylem cell within
the stele of the root. Figure 3.1b shows three representative spectra taken from this region

during mapping. These peaks correspond to vibrations of bonds within the sample and
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Figure 3.1: Raman spectroscopy of control soybean root cross section showing a

xylem cell within the stele.

The top left panel (a) shows the light microscope video image of area assessed for Raman
measurements of a root from a control plant. The top right panel (b) three representative
spectra attained from Raman spectroscopy of control plants. The intensity is shifted for
the two highest spectra so that space was inserted between each spectrum to achieve a
vertical separation. The middle left panel (c) shows the red intensity map of the control
plant from panel a, generated from the Raman peak between 1045 and 1165 cm™, which
represents cellulose, glucomannan and/or xylan. The middle right panel (d) shows blue
intensity map of the control plant, generated from the Raman peak between 1238 — 1522
cm -1, which represents cellulose. The bottom left panel (e) shows the green intensity
map of the control plant, generated from Raman peak between 1549 — 1702 cm -1, which
represents lignin. The bottom right panel (f) shows the video image of control plant from
panel a) with the corresponding overlapped red, blue, and green intensity maps. A scale
of intensity could not be generated because the colour intensities are relative, not
quantitative. The intensities range from zero (black) to the brightest spot (the brightest
red, green or blue colour).
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can be attributed to the molecular make-up of the sample. The peak (1096 cm™)
corresponds to cellulose, glucomannan and/or xylan (heavy atoms, any atom that is not
hydrogen, for example CC and CO stretching). The peak at 1333 cm™ is attributed to
cellulose (HCC and HCO bending) and the peak at 1601 cm™ is characteristic of lignin
(aryl ring with symmetric stretching for bond vibrations) (Gierlinger and Schwanninger,
2006). The spectral intensity maps (Figure 3.1c-e) illustrate the locations and intensities
for each type of signal in the cross section of the root. The intensity of the signal
corresponds to the quantity of the bond that can be attributed to a particular molecule, but
if gold or silver was close to any particular molecule it is possibly to have plasmonic
resonance from these metal nanoparticles enhancing the signal by being near a bond.
Being a control sample, this could not occur as there was no silver or gold present. Figure
3.1(c) shows the red intensity map for cellulose, glucomannan and/or xylan (the peak at
1045 — 1165 cm™ Raman shift) these molecules appear to be evenly distributed
throughout the area sampled. Figure 3.1 (d) shows the blue intensity map for cellulose,
which is the peak between 1238 — 1522 cm™ Raman shift. The cellulose signals are most
likely coming from the cellulose signal indicated by the peak at 1045 — 1165 cm™ and not
so much from the 1238 - 1522 cm™ signal. | came to this conclusion due to the blue
intensity map having nearly no signals at all, meaning almost no cellulose detected.
Figure 3.1 (e) shows the green intensity map for lignin, the signal between 1549 — 1702
cm! Raman shift; it shows a ring of lignin surrounding the xylem cell. Figure 3.1f shows
an overlay of all 3 intensity maps onto the video image for the control plant. Most of the
signal comes from around the wall of the xylem cell, which is expected since the interior
of xylem cells is open space (Zimmermann 1983) used to carry water and nutrients to the

stems and leaves.

However, these images should be interpreted with caution. For example, although the red
map for cellulose, glucomannan and/or xylan shows some signals from the interior of the
xylem cell (Figure 3.1c) these signals could be attributed to the glass on which the sample

was mounted.

A Raman spectrum for the glass is shown in Figure 3.2. Where the laser passes through

the plant sample and picks up the glass signal, it produces a reading that cannot be
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Figure 3.2: Raman spectrum associated with glass.

The peak at 1135-1800 cm™ represents glass. When the laser passes through a plant
sample, the often-intense glass signal creates hot spots in the intensity maps. This
interference reduces the ability to detect signals from peaks of interest in the plant
sample.

39



40

distinguished from that of the plant sample. When the signal from the glass is intense, it
is a problem for the lower intensity readings from the plant sample as it creates a ‘bright’
spot on the intensity map. The intensity scale is relative, meaning that a bright spot
effectively ‘dulls’ the actual readings. This was specifically a problem for the blue and
red maps, which had less overall intensity, thus were more affected by the high intensity

of the glass signals.

Glucomannan is mainly found in seeds and wood and thus is most likely a molecule that
is not represented in the red map, yet it is possible since it has been found in mung bean
seedlings (Elbein 1969). The red map likely does indicate xylan and cellulose, as they are
an integral part of plant cell walls and found associated together (Busse-Wicher et al.
2016; Simmons et al. 2016; Wang and Hong, 2016). Another main component of the cell
wall is the molecule lignin, which is highly abundant in xylem cell walls (reviewed in Liu
et al. 2018). It is likely all these molecules (with the exception of glucomannan) are
within the sample. However, it is hard to tell if a glass signal has altered the red map as

there should be no signals from the empty centre of the xylem cell.

Figure 3.3a shows an area of the of the AgNP-treated plants that was assessed for Raman
spectroscopy, the approximate location is difficult to define due to inability to focus the
image. Figure 3.3b shows three representative spectra taken from this area during
mapping, these spectra show similar peaks compared to the control: peaks at 1096, 1333
and 1601 cm " showing the distributions of cellulose, glucomannan and/or xylan,
cellulose, and lignin, respectively. As with the control, intensity maps were created for
these peaks. Figure 3.3c shows the red intensity map for cellulose, glucomannan or xylan,
which has similar features to the control sample with signals detected throughout the
cross section. Figure 3.3d shows the blue intensity map for cellulose, on which one bright
spot can be seen, which resulted in failure to detect the localization of cellulose in the
sample. Other root cross sections were examined, and each was problematic due to the
laser picking up at least one intense signal from the glass under the sample. One would
expect cellulose to be positioned around the xylem cell and not in the open space in the

centre. The same problem occurred for the green intensity map of lignin (Figure 3.3¢) and
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Figure 3.3: Raman spectroscopy of an AgNP-treated soybean root cross section
showing a xylem cell within the stele.

The panel at the top left (a) shows the light microscope video image of area assessed
(xylem) for Raman measurements of plants treated with 2.5 ug/mL of 30 nm AgNPs. The
panel at the top right (b) shows 3 examples of spectra attained from Raman spectroscopy
of treated plant, intensity is shifted for two highest spectra so that space was achieved
between each spectra, to achieve vertical separation. The panel middle left (c) shows red
intensity map for treated plant, generated from Raman peak between 1045 and 1165 cm -
1, cellulose, glucomannan and/or xylan. The middle right panel (d) shows blue intensity
map for treated plant, generated from Raman peak between 1238 — 1522 cm -1, which
corresponds with cellulose. The bottom left panel (e) shows green intensity map for
treated plants, generated from Raman peak between 1549 — 1702 cm -1, which
corresponds with lignin. The bottom right panel (f) shows the video image of control
plant from panel a) with the corresponding overlapped red, blue, and green intensity
maps. A scale of intensity could not be generated because the colour intensities are
relative, not quantitative. The intensities range from zero (black) to the brightest spot (the
brightest red, green or blue colour).
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in the overlay of all 3 intensity maps onto the video image for the treated plant (Figure
3.31).

One other problem was that the video images for AgNP-treated roots were difficult to
focus, which may have contributed to not being able to detect strong signals from the
molecules within the sample. This is because blurriness of the image does not allow us to
orientate ourselves in areas where we can assume we have the best chance to see AgNPs,
such as the xylem. Having an uneven surface may also contribute to unclean sample
readings with some spots not being detected as well as other areas.

Nonetheless, when comparing the spectra from control (Figure 3.1b) versus (Figure 3.3b)
AgNP-treated roots, there was no perceptible difference in any peak’s intensity between
the control and treated samples. If anything, the control spectra had higher intensities
than those from the treated plants. This is the opposite of what was expected since it was
hypothesized that the plasmonic resonance of AgNPs would increase the signal of any

bonds that they were near (reviewed in Long, 2002).

In conclusion, the Raman spectroscopy was useful for determining the position of lignin
and cellulose/xylan (and possibly, but unlikely, glucomannan) within the root cross
sections. One can also conclude that the amount of AgNPs within the sample was not
concentrated enough to produce an enhanced signal for any of the molecules detected.
Therefore, Raman spectroscopy was unable to detect the location or bonding environment
of the AgNPs. More method development is needed to assess the potential of Raman
spectroscopy to detect localization of AgNPs in plants. It is possible that with higher
concentrations or larger particles and a wavelength that is closer to the resonance of the
particles could generate a stronger signal. Testing plants exposed to larger AgQNPs might
result in larger signals because longer wavelengths could be used, and these generate less
fluorescence because the sample is being hit with decreased energy (Yeshchenko et al.
2012). Higher concentrations of AgNPs would, however, not likely be environmentally
relevant. The dose used was similar to concentrations of AgNPs in biosolids, which was
anywhere from 1.94-856 mg/kg (USEPA, 2009). The treatment concentration was
roughly 10 mg/kg, but being in hydroponic solution more of the nanoparticles would be

bioavailable as they would not be affected by, or interact with, soil components.
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3.2 Silver Nanoparticle Effects on Bradyrhizobium
Japonicum USDA 110

Bacterial growth was inhibited at 10 ug/mL of 16 nm AgNPs (Figure 3.4). Treated cell
cultures did not grow over 4 days’ exposure to AgNPs, while control cultures grew
exponentially over the same time period. They stayed in exponential growth for this
period of time likely due to being at a lower than optimal temperature (22 °C as
compared to 28 °C). However, | used a relatively high concentration (10 pg/mL) of
AgNPs; a level that would probably not be reached in the environment for many years at
the current rate of accumulation. In contrast, Shah et al. (2014) reported no inhibitory
effect of nanoparticles, including AgNPs, on the genus Bradyrhizobium. In their
experiment, they treated potted field soil (23.6 cm x 26.7 cm pot with 20 cm of soil in
pot) with 550 mg of various types of nanoparticles, depending on the weight of the soil.
Their concentrations are quite high compared to my bacterial medium dose of 10 mg/L
(roughly 10 mg/kg given the aqueous medium), and slightly higher than the highest levels
of silver within biosolids (856 mg/kg) and they did not identify bacteria to the species
level. I would expect AgNPs to be more toxic in hydroponics, due to AgNPs and silver
ions being almost fully bioavailable to the plant, as compared to in soil where they would
bond with soil organic compounds and other materials (Jones and Peterson, 1986;
Jacobson et al. 2005). Although Shah et al. (2014) determined that the genus
Bradyrhizobium is tolerant of AgNPs, it is possible that B. japonicum is more sensitive
than other species in this genus. Since their study did not test individual species within
the genus, increases and decreases for individual species in response to AgNPs might

have led to no overall change at the genus level.

3.3 Location of Silver Within Soybeans

Transmission electron microscopy was used to detect nanoparticles in root cross sections.
Figure 3.5a shows a section of a control root with no AgNPs present, and Figure 3.5b is
an image of a section of a root from a plant given 2.5 pg/mL of 30 nm AgNPs, which
shows very small amounts of silver within it. The nanoparticles are better seen in plants

given a high dose before imaging (Figure 3.5¢), in which they can been seen in the cell
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wall and also scattered throughout the cell. Some plasmodesmata in roots appeared
clogged with AgNPs (Figure 3.5d). Giesler-Lee et al. (2014) found a similar pattern of
AgNPs in Arabidopsis; the particles were throughout the cell wall and accumulated in the

middle lamella or cell corner as well as within plasmodesmata.
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Figure 3.3 Growth of Bradyrhizobium japonicum USDA 110 in response to AgNPs.

Liquid cell cultures exposed to 16 nm AgNPs at a concentration of 10 pg/mL were grown
in 96-well plates. The density of cells in liquid cultures was measured as optical density
and converted to cells/mL (Appendix A).



46

3.4 Location of Silver Within Soybeans

Transmission electron microscopy was used to detect nanoparticles in root cross sections.
Figure 3.5a shows a section of a control root with no AgNPs present, and Figure 3.5b is
an image of a section of a root from a plant given 2.5 pg/mL of 30 nm AgNPs, which
shows very small amounts of silver within it. The nanoparticles are better seen in plants
given a high dose before imaging (Figure 3.5c), in which they can been seen in the cell
wall and also scattered throughout the cell. Some plasmodesmata in roots appeared
clogged with AgNPs (Figure 3.5d). Giesler-Lee et al. (2014) found a similar pattern of
AgNPs in Arabidopsis; the particles were throughout the cell wall and accumulated in the

middle lamella or cell corner as well as within plasmodesmata.

The ICP-MS analysis verified that silver entered and moved throughout the plant. Figure
3.6a shows that the concentration of silver in roots increased with concentration of
AgNPs in solution, except between 0.5 and 1 pg/mL, with root tissue of treated plants
appearing to have a proportional increase of silver, showing five times more silver within
roots treated with five times more concentrated AgNP solution (0.5 pg/mL compared to
2.5 ng/mL), and a 16-fold increase in root silver content in plants treated with 20 times
more concentrated AgNP solution. The total amount of silver associated with the root,
however, may not be a good indication that silver entered the plant; it could be in a root
plaque on the root surface. This root plaque did contain 98-99% of the silver that was
associated with the roots, as can be seen in Figure 3.6b, which would likely still occur in
soil. As seen in iron (Fe) plaque formation there was 12 and 32 times more iron plagque on
plants in solution as compared to plants within soil (Chen et al. 2008). Yet this was at 5
weeks of growth, after 11 weeks there was a 50% decrease of Fe root plaque (Chen et al.
2008), which indicates that root plaque formation may reach a maximum then decrease
over time. Silver plaques may act differently than iron plaques and could potentially
reach a maximum earlier and/or never decline. The plants grown for my experiment were
exposed to silver for only 2 weeks. Given longer, this plaque could possibly develop to
the point where it cannot hold any more silver and excess silver could be readily taken up

by the plant. Likely the plague depends on concentrations, pH, media and other factors.
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Figure 3.4: Electron micrographs of root cross sections.

Transmission electron microscope images of panel a) a control root with no AgNPs and
panel b) a plant treated with 2.5 ug/mL for 2 weeks, similar to all other experiment
treatment times; no AgNPs are visible. Panel c) Transmission electron microscope image
of a plant treated with 30 nm AgNP at 2.5 ug/mL for two weeks with a super dose of 3.35
mg/mL for 2 hours previous to imaging. Panel d) Transmission electron microscope
image of a plasmodesmata that is possibly clogged with 30 nm AgNPs, EDAX was not
done to confirm particle composition.
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Figure 3.5 Silver was taken up by and translocated within the plants.

Concentrations of silver increase with AgNP doses in roots (a), stems (c) and leaves
(d) with most of the silver being retained in the roots. Panel (b) concentration of silver
in roots from control plants and AgNP-treated plants with and without chemical
desorption of silver from the root surface.

Panel a) F = 260.7, p < 0.0001, n =10 for 0 — 2.5 ug/mL and n = 3 for 10 ug/mL, this
was done to conserve AgNPs. Panel b) F =27.6, p > 0.05, n =5, data plotted on log
scale. Panel ¢) F = 3.323, p < 0.05, n = 10 for 0 — 2.5 pg/mL and n = 3 for 10 pug/mL,
this was done to conserve AgNPs. Panel d) 6.373, = < 0.001, n = 10 for 0 — 2.5 pg/mL
and n = 3 for 10 pg/mL, this was done to conserve AgNPs. The post-hoc used to
determine difference between treatments was Holm-Sidak while for panel b a one-
way ANOVA with Welch's adaptation not assuming equal variance was used,
followed by Games-Howell post hoc test). All significant differences are denoted by
lower case letters, and geom_jitter() (on R) was used to distribute data points
horizontally for easier viewing.
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The development of a root plaque has both advantages and disadvantages to a plant. If
the plaque prevents silver (and other toxic elements) from entering the soybean root and
being translocated aboveground, then the edible beans might not accumulate silver and
remain safe to eat. However, elemental binding in the plaque is not specific and it might
reduce the uptake of nutrients by the plant, as seen with iron plaque blocking zinc uptake
(Otte et al. 1989). Most likely thicker root plaques will have even more of a detrimental
effect on nutrient uptake and plant roots grown in high-silver environments for long

periods of time may essentially become ‘clogged’.

Despite the high proportion of silver on the surface of the root, measurable concentrations
were found in the stem and leaves. Figure 3.6¢ shows the higher silver concentrations in
the stems from plants grown with 10 ug/mL only. Significant accumulation also occurred
in the leaves of plants from the 10 pug/mL treatment (Figure 3.6d). Overall, the stem
silver concentration increased roughly ten times with a 10-fold increased AgNP
concentration (comparing 1 pg/mL to 10 pg/ml). The leaf also had a proportional
relationship in terms of silver uptake with roughly ten times higher leaf silver

concentrations with a 10-fold increase in AgNP concentration (comparing 1 pg/mL to 10
pg/mi).

Silver is entering the soybean plants and moving up through the plant despite the root
plaque barrier. This was also seen by Giesler-Lee et al. (2014), who found that movement
of silver depended on the size of the particle, and that smaller particles could readily enter
plant roots at low concentrations, yet this was reversed at high concentrations. The
authors did not speculate on the reason why this might occur, but they did find that with
only AgNOz not as much silver entered the plant compared to when plants were given
AgNPs. It is possible that AgNPs facilitate the uptake of more silver ions into the plant
roots and up the plant, possibly larger particles are entering due to creation of new or
larger pores, yet this was only speculated in Navarro et al. (2008). Larger pores could
allow for more movement of silver throughout the plant, leading to an appearance of

more silver movement to the leaves and shoot with larger particles.
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3.5 Silver Nanoparticle Effects on the Mass and Health of

Soybeans

The dry mass of roots, stems and leaves of inoculated and non-inoculated plants are
shown in Figure 3.7, while top growth (stem and leaf) and total biomass along with
chlorophyll fluorescence and leaf area are seen in Figure 3.8. Root dry biomass for non-
inoculated plants given 2.5 ug/mL of 30 nm AgNPs was about 125% higher than that of
the control, while the dry mass of inoculated plants did not vary with treatment (Figure
3.7a). The root mass increase might be due to the response of roots reaching out into new
areas that are not afflicted by AgNPs, it is possible the inoculated plants do not have the
same response because they are saving energy for the nodulation process, or genes related
to root growth have been suppressed due to the nodulation process. For the 16 nm AgNP
treated plants only inoculated plants were tested. The dry root biomass decreased by 40-
55% compared to control when treated with 0.5, 1 and 2.5 pg/mL AgNPs (Figure 3.7b).
Compared to the 30 nm particles the 16 nm AgNPs are clearly more toxic for the plant
and result in decreased root growth. Even at low concentrations these smaller particles

inhibited root growth.

Stems appear to be more sensitive than roots to silver toxicity. The 30 nm AgNP-treated
plants had a 55% decrease in dry stem biomass for non-inoculated plants and a 60%
decrease for inoculated plants given 2.5 ug/mL AgNPs (Figure 3.7c). For 16 nm AgNP,
the stems of inoculated plants were 60-70% smaller than control for all treated plants
(0.5, 1 and 2.5 png/mL AgNPs) (Figure 3.7d). Leaves were also more sensitive than roots.
In non-inoculated plants, leaf dry biomass for 30 nm treated plants given 2.5 ng/mL
AgNPs were roughly 25% less than control, while the inoculated plants dry leaf biomass
decreased by 50% (Figure 3.7¢). For plants given 16 nm AgNPs, dry leaf biomass for
treated plants was 60-70% of control (Figure 3.7f). Not surprisingly, for plants given 30
nm AgNPs, non-inoculated plants given 2.5 ug/mL had a 10% decrease in top growth
(stem plus leaf), and inoculated plants given 2.5 ug/mL had a 50% decrease (Figure
3.8a). For 16 nm-treated plants, top growth was reduced by about 65% in plants from all
AgNP treatments (Figure 3.8b).
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Figure 3.8 Dry biomass of roots, stems and leaves for inoculated and non-
inoculated plants treated with AgNPs.

The panels on the left side are for plants treated with 30 nm AgNPs, the panels on the
right are for plants treated with 16 nm AgNPs. Root biomass (top panels) did not vary
with AgNP treatment for inoculated plants with 30 nm AgNPs, decreased when given
16 nm AgNPs, and decreased with dose in non-inoculated plants. Stem (middle panels)
and leaf (bottom panels) dry biomass decreased with increased concentrations of
AgNPs. The results of one-way ANOVA are as follows: Panel a) F = 5.552, p < 0.01.
Panel b) F = 33.54, p < 0.001. Panel c) F = 30.98, p < 0.001. Panel d) F = 19.55, p <
0.001. Panel e) F = 28.02, p < 0.001. Panel f) F = 83.76, p < 0.001. N =5 for all
treatments described. The post-hoc used to determine difference between treatments
was Holm-Sidak. All significant differences are denoted by lower case letters, and
geom_jitter() (on R) was used to distribute data points horizontally for easier viewing.
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Figure 3.9: Top growth, total biomass for inoculated and non-inoculated plants
given both 16 nm and 30 nm AgNPs, as well as the chlorophyll fluorescence and
leaf area for plants subjected to 30 nm AgNPs.

The panels on the left side are for plants treated with 30 nm AgNPs, the panels on the
right are for plants treated with 16 nm AgNPs, except for leaf area on the right which
also had 30 nm AgNPs. Top growth (top panels) decreased with increasing AgNP dose
for both inoculated and non-inoculated plants. Total biomass (middle panels) decreased
with increased concentrations of AgNPs. F/Fm in leaves (bottom left panel) did not
vary with treatment of AgNPs, yet leaf area (bottom right panel) showed decreases with
increased concentration of AgNPs. The results of one-way ANOVA are as follows:
Panel a) F = 32.15, p < 0.001. Panel b) F = 49.27, p < 0.001. Panel ¢) F =22.62, p <
0.001. Panel d) F =55.66, p < 0.001. Panel ) F =0.701, p = 0.627. Panel f) F = 36.39,
p < 0.001. N =5 for all treatments described. The post-hoc used to determine difference
between treatments was Holm-Sidak. All significant differences are denoted by lower
case letters, and geom_jitter() (on R) was used to distribute data points horizontally for
easier viewing.
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These findings make sense. The elongated roots of the non-inoculated plants given 30 nm
AgNPs might be expected to be accompanied by decreases to their aboveground biomass

due to an energetic trade-off for increased root growth.

The detrimental effects of AgNP treatment on aboveground biomass could be due to
direct effects on growth or indirect effects on the nitrogen fixation process. Nitrogen is a
necessary macronutrient for plant growth. Plant growth would not be possible without
nitrogen, thus with limited nitrogen plant growth will also be limited. The non-inoculated
plants have been given enough nitrogen to grow normally, therefore the negative effects
to their growth can be attributed to factors other than nitrogen limitation unless the
transport and uptake of nitrogen was affected by the AgNPs, although VISUAL
MINTEQ did not indicate any unavailable nutrients across the experimental pH range.
Yet the inoculated plants’ decreased growth could be attributed to the problems with

nodulation, along with growth problems.

For plants given 30 nm AgNPs, total biomass did not differ between the non-inoculated
plants treated with 0 and 2.5 ng/mL AgNPs, but there was a 40-50% decrease for
inoculated plants given 2.5 ug/mL compared to all other treatments (Figure 3.8c). This
could indicate problems with nitrogen fixation since similar concentrations did not have
any effect on the growth of non-inoculated plants. Yet when the nanoparticle size was
decreased to 16 nm, growth was reduced for both inoculated and non-inoculated plants by
similar amounts at the same concentrations of AgNPs. These results also help confirm
that smaller particles are more phytotoxic, as was found by Giesler-Lee et al. (2014) and
Martinez-Castafion (2008).

For control plants from the set given 16 nm AgNPs, there was no significant difference in
total biomass between inoculated and non-inoculated plants. Yet there was a 50-70%
decrease in total biomass for all treated plants (2.5 pg/mL), whether inoculated or non-
inoculated, compared to controls (Figure 3.8d). Since not only the inoculated but also the
non-inoculated plants were negatively affected by AgNPs, the smaller nanoparticles have
clear and obvious direct negative effects on plant growth that cannot just be attributed to
indirect effects on the nitrogen fixation of these plants. Although the nature of these
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effects is unknown and outside the scope of this project, this may have something to do
with the root plaque, or to some of the damaging effects that AgNPs have on membranes
and proteins (see section 1.6). One thing that can most likely be ruled out is the effects of
AgNPs on photosystem I, since the photochemical efficiency of photosystem Il (Fv/Fm)
was the same for inoculated or non-inoculated plants at any concentration given (up to
2.5 png/mL) (Figure 3.8e). The value of Fv/Fm was lower than 0.8, which is indicative of
a healthy typical plant. However, healthy soybeans have been documented to have an
Fv/Fm of roughly 0.7-0.75 at their first trifoliate stage (Hong et al. 2019). There is likely
no effect of AgNPs on photochemical efficiency. Although leaf area of plants treated
with 30 nm AgNPs decreased by 5-50% for only the inoculated plants (Figure 3.8f).
Although photosynthetic efficiency was unaffected by AgNPs, the reduced leaf area of
inoculated plants would explain their smaller aboveground biomass.

3.6 Nodulation, Nitrogen Fixation and Bacteroid Health

Total nodule biomass decreased by 45% and 70% when inoculated plants were given 30
nm AgNPs at 1 and 2.5 pg/mL, respectively (Figure 3.9a). This also happened with 16
nm AgNPs but, like overall plant growth, the plants given smaller particles were more
affected by lower concentrations of AgNPs. Nodule biomass for plants from every AgNP
treatment (0.5, 1 and 2.5 ug/mL) was very close to zero, with masses equal to 1-2% of
the control (Figure 3.9b). Since AgNPs are antimicrobial, this decrease in both size and
nodule biomass does not come as a surprise. Even if the soil-form of B. japonicum is
relatively tolerant of environmental levels of AgNPs (Shah et al. 2014), 1 did find that 10
pg/mL completely inhibited bacterial growth).1 also suspect the bacteroid form within
nodules could be more sensitive than the soil form, due to the metabolic changes when
switching from consuming carbon sources in soil to fixing nitrogen for the plant, nitrogen
fixing is easily disrupted by oxygen and other elements that are more electronegative than
nitrogen. Smaller particles are known to penetrate plant roots more easily at lower
concentrations (Giesler-Lee et al. 2014), and smaller particles are likely to induce higher
ROS formation and oxidative stress due to higher release of silver ions (Manke et al.

2013), both of which would induce more damage. These smaller particles enter easier
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Figure 3.10: Total nodule biomass of inoculated plants given both 16 nm and 30
nm AgNPs, along with normalized nitrogen fixation and total fixation of
nitrogen.

The top left panel (a) shows plants subjected to 30 nm AgNPs with decreasing nodule
biomass with increasing AgNPs, while the right-hand top corner (b) is subjected to 16
nm AgNPs which shows a much lower nodule biomass at even lower concentrations.
Both bottom panels are subjected to 30 nm AgNPs, bottom left (c) is normalized
nitrogen fixation, while bottom right (d) is total nitrogen fixed. Normalized nitrogen
fixation shows no changes the total amount of nitrogen fixed declines when given
AgNPs. Panel a) F =8.984, p < 0.001. Panel b) F =71.78, p < 0.001. Panel ¢) F =
0.361, p =0.782. Panel d) F = 12.43, p < 0.001. N =5 for all treatments described.
The post-hoc used to determine difference between treatments was Holm-Sidak. All
significant differences are denoted by lower case letters, and geom_jitter() (on R) was
used to distribute data points horizontally for easier viewing.
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simply due to being the same size as pores in the cell wall, whereas larger ones are
filtered out essentially as most pores in cell walls are 3.5 — 5.5 nm (Carpita et al. 1979;
Chesson et al. 1997). Yet AgNPs can still enter as seen in Giesler-Lee et al. 2014 with 40
nm AgNPs confirmed within the plant’s roots, which most likely entered through
nanoparticle induced enlarged pores which can reach up to 40 nm in size as reviewed in
Navarro et al. (2008).

My results on nodulation and nitrogen fixation suggest that there is damage caused to the
nodulation process or to the bacteroids themselves.. The nodules of AgNP-treated plants
(concentrations 1 and 2.5 pg/mL) had 50-90% less biomass compared to control plants
(Figure 3.9a and 3.9b), the bacteroids of AgNP-treated plants also produced 50-70% less
total nitrogen fixation as compared to control plants (Figure 3.9c and 3.9d), and TEM
images show healthy control nodules filled with bacteroids and treated nodules absent of
bacteroids (Fig 3.10). All of this provides evidence that the soybean bacteroid could be
damaged by AgNPs, yet it is very difficult to test the bacteroid form directly; they cannot
be cultured outside the nodule. More studies would be required to determine if the
AgNPs were directly toxic to the bacteroids or if AgNP-induced damage to the nodule

membrane was responsible for the lack of bacteroids in treated nodules.

The metabolism and form of the bacteria change when they become bacteroids that fix
nitrogen within the nodule. As discussed in section 1.7, bacteroids in the nodule might be
more susceptible to silver toxicity, which could lead to sanctioning of the nodules by the
plant. Sanctioning is where plants recognize that the nodule is not producing any nitrogen
and be more likely to hold back on resources given to these nodules (reviewed in Simms
et al. 2002). This might lead to lower levels of rhizobia in the soil over time as productive
symbiotic relationships facilitate higher levels of the rhizobial strain in the soil (reviewed
in Simms et al. 2002). Overall, one can conclude that addition of AgNPs into soil will
most likely have direct effects on the health and abundance of B. japonicum bacteria
within soil. However, this does not mean that AgNPs will not have negative effects on
the symbiotic relationship between rhizobium species and legumes, specifically between

B. japonicum and soybeans (see section 3.5).
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Smaller nanoparticles are likely damaging the symbiosome membrane that holds the
bacteroids within the nodule and maintains an almost completely anoxic environment. An
anoxic environment is important for nitrogen fixation (Mus et al. 2016). Any damage to
this membrane could result in bacteroids not functioning properly and could lead to the
plant directing resources away from nodules and into other parts of the plant, such as
roots to try to obtain nitrogen that way. As mentioned before plants can sanction their
nodules if they are not fixing nitrogen, a defense mechanism to avoid symbiotic

‘cheaters’, and soybeans have been proven to be capable of this (Simms, 2006).

The normalized (nitrogen fixed per gram of nodule) nitrogen fixation of plants given 30
nm AgNPs did not vary among the treatments, including the control (Figure 3.9¢). Yet
the overall nitrogen fixation for control plants was 150-200% larger than that of the
treated plants (Figure 3.9d). This indicates that all the plants given AgNPs had less
nitrogen fixation compared to the control plants, which mirrors the observed decrease in
nodule biomass. The AgNP-induced decrease in total nodule biomass in turn decreased
the total nitrogen fixed by the plant. This resulted in decreased plant growth compared to
non-inoculated plants. If | were to measured nitrogen fixation for plants given 16 nm
AgNPs, I expect that the fixation results would be correlated to the nodule biomass and
likely be very near to zero. Using Transmission Electron Microscopy, | saw that treated
plants (given 2.5 pg/mL of 30 nm AgNPs) had no bacteroids in their nodules (Figure
3.10a). However, these plants did fix nitrogen. Therefore, the images may not have been
taken in the right locations to see the bacteroids. It is also possible that senescence
occurred earlier in their nodule development for AgNP treated plants, leading to their
larger nodules being absent of bacteroids. In contrast, control plants had nodules filled
with bacteroids (Figure 3.10b). All this data clearly shows that AgQNPs cause damage to
the nodules, resulting in decreased nodule mass and fixation, and indirectly decreasing
plant biomass.

Having decreased or inhibited nitrogen fixation would be a large problem for the
agricultural sector, leading to increased cost of growing as soybeans. Not only would the
crop need supplemental nitrogen, but it would be less useful as a rotational crop, which is

expected to add nitrogen to the soil through the process of fixation. Not only will this
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Figure 3.11: TEM images of healthy and AgNP-treated nodules.

Transmission electron microscope images of a) treated nodules absent of bacteroids and
b) healthy bacteroids from within nodules of control plants.
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affect soybean yield, but in turn this will lead to farmers using more nitrate fertilizers,
which will then be washed into water systems and released as NO- gas into the
atmosphere (Park et al. 2012). Also, higher costs to the farmer could possibly lead to a
higher cost for food, increasing prices of livestock being fed high soybean diets and for

soybean (edamame) prices as well.
3.7 Changes to Nitrogen and Carbon

Decreased fixation in nodules would be expected to result in lower nitrogen concentration
in the plants. However, | found some interesting results when looking at the percentage
nitrogen per gram tissue. As seen in Figure 3.11a, N% (% of nitrogen in plant mass) was
125-145% higher for inoculated plants and 250% higher for non-inoculated plants treated
with 16 nm AgNPs. Although this may seem strange, it is most likely a result of the
decreased growth (as seen in section 3.5) that resulted from the AgNP treatments; the
nitrogen in smaller plants may represent a higher percentage of total plant mass, this
trend also occurs in non-inoculated plants, providing further confirmation. Good evidence
for this is that the pattern for percentage nitrogen mirrors the pattern for biomass: plants
with higher biomass have lower percentage nitrogen. The total nitrogen mass of plants
given 16 nm AgNPs was about 200% higher in the inoculated control plants compared to
plants from all other treatments (all non-inoculated plants and all inoculated plants treated
with AgNPs) (Figure 3.11b). This result is exactly what was expected, plants with healthy
nodules obtained more nitrogen and had more overall nitrogen mass as compared to
plants that were non-inoculated, or inoculated plants subjected to AgNPs. Some nitrogen
could have come from the cotyledons since these plants were grown for only 21 days and

cotyledons fell off around day 15-17.

As was found for percentage nitrogen, carbon as a percentage of plant mass increased
with concentrations of 16 nm AgNPs with non-inoculated plants having 107% more
percentage carbon compared to control, and inoculated plants having about 105% higher
percentage carbon in plants from all AgNP treatments (Figure 3.11d). The changes to

percentage carbon are likely caused by the same phenomenon that explained relative
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Figure 3.12: Nitrogen and carbon percentages along with nitrogen total mass
and carbon to nitrogen ratios.

Plants were subjected to 16 nm AgNPs. The top left panel (a) shows an increase of
percentage nitrogen with increases in AgNPs for inoculated and non-inoculated
plants, the top right panel (b) shows that nitrogen totals are decreased when plants are
subjected to AgNPs or when non-inoculated. The middle panel left (c) shows a
carbon increase similar to nitrogen. (d) shows decreases for carbon to nitrogen ratios
on the right. Panel a) F = 12.97, p < 0.001. Panel b) F = 10.46, p < 0.01. Panel ¢) F =
17.85, p <0.001. Panel d) F=11.17, p<0.001. N =4 for all treatments described
here. The post-hoc used to determine difference between treatments was Holm-Sidak.
All significant differences are denoted by lower case letters, and geom_jitter() (on R)
was used to distribute data points horizontally for easier viewing.
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nitrogen percentages: the amount of the element taken up is effectively ‘diluted’ in the

mass of larger plants.

The carbon to nitrogen ratio for non-inoculated control plants was 200% higher than for
inoculated control plants, and inoculated control plants were 25-30% higher compared to
all other plants treated with 16 nm AgNPs (Figure 3.11f). An increasing carbon to
nitrogen ratio indicates a greater increase of carbon relative to nitrogen in those samples.
This may be because it is easier for the AgNP-treated plants to obtain carbon than

nitrogen.
4  Limitations, Future Directions and Conclusions

4.1 Limitations and Future Directions

I manufactured AgNPs due to the high cost of commercially produced AgNPs and the
sheer amount that was needed to test a sufficient number of plants. Even when AgNPs
were made locally, the amount that could be produced was limited due to the size of the
equipment that was available. Because AgNPs and their associated silver ions would be
expected to interact with organic matter and clay particles in soil (Jones and Peterson,
1986; Jacobson et al. 2005), even greater amounts of AgNPs would have been required to
run the experiments using soil. This was the primary reason for using a hydroponic
culture system. Nonetheless, treatment of soil with AgNPs will be required in order to
establish their phytotoxicity to soybean and antimicrobial activity to B. japonicum under
natural conditions. Other limitations include the inability to get thin and precise cross-
section for easier readings and viewing of the samples. A new method for precise cutting
of live plants allowing smoother and thinner cross-sections without need of fixation is
needed. | tried using a vibratome but attempts to hold the plant tissue within water using

superglue did not work.

The technique of TEM-EDAX (transmission electron microscopy with energy dispersive
X-Ray analysis) to locate silver in plant samples was not attempted due to lack of a
functional EDAX on the TEM that | was using. | did attempt SEM-EDAX (scanning
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electron microscopy with EDAX) yet failed to get readings. However, the plant samples
were mounted on copper grids. Carbon-coated copper grids may have been better due to
carbon not having metallic properties, masking the copper and allowing us to see other
metallic elements, such as silver, in the sample easier. Electron microscopy with EDAX
should be done to confirm accurate locations of the AgNPs within the plant cells because
there are multiple lipid bodies that appear as nanoparticles when the samples are stained.
Staining is essential to see the structures of the cell and affirm where these nanoparticles
go, especially in areas such as the plasmodesmata and cell corners. One can see
nanoparticle-like bodies using SEM or TEM, but EDAX would confirm that they are
composed of silver and not lipids. Looking at the fixed samples of stems and leaves may
also be a viable option for future projects, although this is of less priority since ICP-MS

shows minute amounts of silver entering the stem and leaves, as compared to the root.

Another important project would entail growing soybeans to maturity. One could then
test the beans for silver content in addition to measuring bean yield to evaluate the effects
of AgNPs on mature plants, harvest yields and safety of food for human or animal
consumption. Soybean plants could be grown in either soil or hydroponics, although soil
would likely be easier, the number of nanoparticles needed would likely push the project
towards hydroponics. If this project was done, we would learn if these particles were
transported into the edible portions of the plant and another study could examine if they
accumulate in livestock or otherwise travel up the food chain.

Nitrogen-fixing bacteria, including B. japonicum, could be further tested to determine the
minimal inhibitory concentration (MIC) for agronomic species. In my study, a relatively
high concentration was tested to see clear toxic effect, and thus lower concentrations
were not tested. Quantifying the MIC would be important to policy makers for setting
guidelines on the levels of silver permitted in agriculture soils so as to avoid killing
important rhizobial bacteria. Bacteria could also be tested this way in soil to see if the soil
has any specific effects on the interaction of AgNPs and B. japonicum. The genus has
been tested in soil with AgNPs (Shah et al. 2014), but the specific species has not been,

and it is likely there will be different results than those found in my liquid medium. As
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soil is where all actual crops are grown, the soil is likely more important, yet it may be

difficult to achieve axenic cultures within soil.

Raman spectroscopy of the root plague may also be an informative project to complete.
Examining the root surface may be a smarter option than cutting cross-sections of the
plant. The root plaque was proven to hold copious amounts of silver, it is possible that
with this much silver present that Raman would indicate to the user that silver is bound
within the plaque. Possibly using handheld Raman devices, and some root material from
the area could serve as a diagnostic tool for silver contamination if differences were

present within the treated and control roots.

Another technigue that may have more success for looking at lignin, cellulose and other
cell wall materials is FTIR-spectroscopy, which is similar to Raman spectroscopy but
uses the infrared spectrum. This has longer wavelengths (in the 1100 nm range) and thus
less energy is applied to the sample, which results in less fluorescence and stronger
signals. Although the FTIR-spectroscopy would likely not be able to detect AgNPs as
they have resonances closer to green light (which is around 500 nm), thus this option is
not any more reliable to determine the positioning or bonding of the AgNPs within the
plant.

4.2 Conclusions

Silver is known to be taken up by plants (Giesler-Lee et al. 2014; Li et al. 2017) and so it
IS no surprise that silver was taken up by soybeans in my experiment. However, | was the
first to discover that at least 95% of the silver associated with the plant was contained
within a root plaque. The retention of silver in a root plaque could be exploited for

removal of silver from soil and remediation purposes.

Raman spectroscopy is known to be able to detect lignin and cellulose, I confirmed that
this is also possible within soybeans. | believe I am the first who attempted to see AgNPs
within plants using Raman spectroscopy without adding tags to the nanoparticles to help

show their location and boost their signals. However, the concentrations of AgNPs within



69

soybeans in my experiment was below the detection limit and | therefore did not detect

amplified signals that would indicate bonds with other molecules.

| did not find any publications in which researchers directly tested AgQNPs on B.
japonicum cultures. While previous papers have shown that the genus of Bradyrhizobia
was unaffected by AgNPs in soil (Shah et al. 2014), | am the first to evaluate the response
of B. japoniucum USDA 110 and to discover their sensitivity to AgNPs.

| determined that AgNPs have detrimental effects on nodulation and nitrogen fixation
within soybeans, this is a novel finding that has not yet been reported. The only other
plant species for which this has been found is faba beans (Abd-Alla et al. 2016). | found
that smaller nanoparticles and higher concentrations are more toxic to plant growth,
which was previously known, yet none of those publications mentioned that smaller
nanoparticles are also more detrimental to nodule health. | found that nodule biomass
dropped to almost zero when plants were subjected to smaller AgNPs, and nitrogen

fixation was subsequently reduced.

I am also the first to study changes in nitrogen and carbon percentages when plants are
subjected to AgNPs. Changes in nitrogen and carbon were likely due to the decrease in
size and growth of the plant, leading to increased relative percentages of these important
elements. It will be important to determine if the effects of AgNPs on relative proportions

of carbon and nitrogen in turn affect crop productivity and yield.

In summary, | determined AgNPs not only interfere with plant-microbe relations but also
with general plant and bacterial growth. Given the increasing use of AgNPs, and other
metal-NPs, we should be mindful of not releasing them to the environment and
agricultural land. I recommend that concentrations of AgNPs in wastewater and biosolids
be monitored and that environmental and agricultural guidelines be established to help

protect wild and agricultural plants and microbes.
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Appendices

Appendix A: Standard curve for Bradyrhizobium japonicum USDA 110 cell density.

1.2e+9

1.0e+9 -

8.0e+8

6.0e+8

Cell Count

4.0e+8

1

2.0e+8 A

0.0 .

1 1 T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Optical Density

Figure A.1 Standard curve to estimate cell density given optical density.
Cells were in HM medium, and taken at different times to be able to assess the growth at

different times, in order to find the log growth phase. Cells were counted using a

hemocytometer.



Appendix B: VISUAL MINTEQ model of availability of selected nutrients within the
full-N solution.
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Figure B.1 Modelling the effect of pH on dissolved nutrients.

The whole biological pH range for the nutrient solution, low-N shows very similar
chemical equilibria (not shown). Precipitant is hydroxyapatite, which was also modelled
to dissociate into ions when pH was adjusted to < 7.4 pH, after equilibrium. Soybean

growth acidified the solution, making all nutrients bioavailable during the experiment.
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