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ABSTRACT 

As the global population continues to increase, so does the need for agriculture 

resulting in increased fertilizer use. Nanofertilizers and biochar have been proposed as 

alternatives to fertilizers currently in use to reduce negative environmental impacts. In 

this study, the effects of various nanofertilizers and biochar on the soil microbial 

community were investigated. Soils treated with graphene nanoplatelet (GNP), graphene 

oxide (GO), reduced graphene oxide (rGO), graphite nano-additive (GNA) and biochar 

(BC) at concentrations of 5 mg/kg and 1000 mg/kg were sampled before and after a 28-

day incubation period. Quantitative PCR assays were carried out against the following 

target genes: 16S rRNA, nirK, nirS, nifH, amoA and nosZ. Overall, all treatments 

experienced a decrease in 16S rRNA abundance after the incubation period with an 

average decrease of 48% however, all treatments were higher in abundance than the 

control. The abundances of nitrogen (N) cycling functional genes were evaluated in terms 

of relative abundance as a percentage of 16S rRNA. There was an increase across all 

treatments in nirK relative abundance over time and when compared to the control. The 

most notable differences in abundance were in rGO (high) as well as BC. Both nirS and 

nosZ exhibited an increase over time but decreased compared to the control. A decrease 

in relative abundances of nifH in BC as well as GO (low) and rGO (high) was observed. 

Lastly, there was an increase in amoA relative abundance across all treatments after the 

incubation period. However, all treatments were significantly lower than the control. The 

increase of denitrifying genes (nirK, nirS and nosZ) and nitrifying genes (amoA) suggests 

the potential increase in denitrification which can result in increased N loss into the 

atmosphere and the potential decrease of nitrification resulting in reduced N loss into 
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waterways, respectively. At the time of writing, this study is one of the first to investigate 

and provide observations on the effects of nanofertilizers on nifH, which is responsible 

for N-fixation. The results presented here suggest that rGO and BC impart similar effects 

on the microbial community, whereas GNP had the most significant impact overall.
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CHAPTER 1 

INTRODUCTION 

As the global population continues to increase, with a quadrupling of the global 

population during the 20th century (Raliya et al, 2018), so too does the need for 

agriculture which, in turn, will result in an increase in fertilizer use. Estimates indicate 

that by the end of the 20th century, about 40% of the world’s population relied on 

nitrogen (N) fertilizers for food production with 30-50% of crop yield increase due to the 

use of N fertilizer (Smil, 2001; Stewart et al., 2005). Additionally, the global 

consumption of N fertilizer has increased by ~600% from 1961 to 2000 (Scanlon et al., 

2007). The wide availability of N fertilizers was made possible due to the introduction of 

the Haber-Bosch process which enabled agriculture to develop at a larger scale and 

served to sustain the world's growing population (Gruber & Galloway, 2008). It has been 

estimated that 80% of the N produced through the Haber-Bosch process was used in the 

manufacturing of agricultural fertilizers (Galloway et al., 2008). However, the application 

of traditional chemical fertilizers, such as ammonium nitrate, may lose effectiveness due 

to N loss through runoff and leaching as well as bacterial N transformations that can 

result in gaseous losses (Velthof et al, 2014). These losses result in a decrease in plant-

available N. In addition, widespread overuse of chemical fertilizers has resulted in 

adverse effects on environmental health, such as the eutrophication of natural systems 

and global acidification (Gruber & Galloway, 2008; Diaz & Rosenberg, 2008). 

Additionally, fertilizer loss can result in the necessity of additional fertilizer applications, 

which comes at a great cost to both the grower and the environment (Zulfiqar et al, 2019). 

In one study, it was estimated that leaching was responsible for a loss of EUR 61.13 ha-1 
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yr-1 , or approximately USD 70.64 at the time of writing (Siksnane & Lagzdins, 2017). 

Nanofertilizers are now being investigated as an alternative to traditional fertilizers in 

order to address N losses in agricultural systems by slowing the release of N into the soil 

and delivering N directly to crops (Zulfiqar et al, 2019; Aacharya & Chhipa, 2020). 

However, little is known concerning the impact of these nanofertilizers on soil microbial 

communities and microbially-mediated N transformations. This study aims to further 

investigate these relationships. 
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CHAPTER 2 

BACKGROUND 

Environmental effects of traditional N fertilizers 

Although N applications occur locally, the high mobility of N allows its effects to 

spread much further than the initial application site (Vitousek et al., 1997). Traditional 

chemical fertilizers may be lost into the atmosphere as nitrous oxide (N2O), ammonia 

(NH3) and nitrogen gas (N2) or transported to waterways as nitrite (NO2
-) and/or nitrate 

(NO3
-), thus contributing to increased pollution in the surrounding ecosystem (Raliya et 

al, 2018). Estimates suggest that approximately 40% of fertilizer N lost to the 

environment is lost through conversion to N2 via denitrification (Galloway et al., 2004) 

with losses via denitrification estimated to be 15–30 kg N ha−1 yr−1 (Burkart and James, 

1999; Hofstra and Bouwman, 2005; Seitzinger et al., 2006). Nitric oxide and NH3 

emissions have increased approximately five-fold since pre-industrial times (Galloway et 

al., 2004). Mosier (1998) reported that the atmospheric concentration of N2O has 

increased by 15% over the last 250 years. Nitrous oxide (N2O) is especially important in 

the context of global climate change as it is ~270 times more reactive than CO2 as a 

greenhouse gas (Ayoub, 1999). Gaseous losses of N can also occur through NH3 

volatilization, primarily when soil pH levels are increased (Raymond et al., 2016). Van 

der Weerden & Jarvis (1997) found that NH3 losses were greatest from urea applications 

with 28.4-29.5% N being lost to the environment and that these losses were significantly 

greater than emissions from other treatments. Additionally, emissions are concentrated 

within the 3-6 weeks after fertilizer application and N losses are positively correlated 

with the amount of fertilizer applied, with larger amounts of fertilizer resulting in higher 
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emissions (Clayton et al., 1997; Mosier, 1998; Gu et al., 2009). One study showed that as 

N fertilizer rate increased, so did N losses (Huang et al., 2017). The same study reported 

that 315 kg ha-1 of N fertilizer application resulted in a net loss of 6.90 kg ha -1 , and this 

was also dependent on local conditions, with mountainous regions receiving more 

fertilizer as compared to plains (Huang et al., 2017).   

One of the major environmental impacts due to N runoff is the eutrophication of 

freshwater and marine systems. When N is released into waterways, it becomes available 

for uptake by algae, thereby increasing their growth rates (Anderson et al., 2006). This 

ultimately results in dangerous algal blooms along rivers and coastlines downstream from 

agriculture production zones utilizing traditional N fertilizers. In 2009, China lost 1.6 × 

106 t of N from crop production and the marine eutrophication potential for the same year 

was 5.3 × 1010 PDF (potentially disappeared fraction of species) m3 yr-1 (Huang et al., 

2017). The most soluble and mobile form of N is NO3
-, which is easily leached by 

precipitation into groundwater, subsurface tile drainage, and streams (Goolsby & 

Battaglin, 2001). David et al. (1997) estimated N losses from NO3
- in a tile-drained 

mollisol cropland (maize and soybean) ranged from 20-50 kg N ha-1 yr-1. Nitrate is the 

main nutrient deposited from the Mississippi River into the Gulf of Mexico, contributing 

to the hypoxic conditions (oxygen < 2mg L-1) and subsequent dead zones (Burkhart & 

James, 1999) that has resulted in devastating effects on wildlife, including fish and bird 

mortality as well as contaminated shellfish (Deeds et al., 2010, Van Deventer et al., 2012, 

Driggers et al., 2016, Fauquier et al., 2013). Atmospheric ammonia can also cause 

acidification of soils and waters, via ammonium sulfate oxidation to nitric and sulphuric 
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acid, which significantly changes the soil and water chemistry, disrupting the affected 

ecosystems (Van Breemen et al., 1982; Ayoub, 1999). 

Nanofertilizers 

Nanofertilizers can be described as nutrient fertilizers that are completely or 

partially comprised of nanostructured formulations that allow for more efficient plant 

nutrient uptake (Raliya et al, 2018). There are numerous types of graphene (GR) 

nanoparticles: Fullerenes, nanotubes, and graphene oxides (GO), all of which can be used 

for the basis of nanofertilizer production (Mittal et al., 2020). They are based on carbon 

(C) nanotubules or graphene sheets that have a high specific surface area (SSA) which 

can bind to N species (Zulfiqar et al, 2019; Aacharya & Chhipa, 2020). This results in a 

targeted, slower release of N for plant uptake and reduces the amount of N that will be 

lost due to leaching, increasing efficacy (Sangeetha et al., 2019). Nanofertilizers can also 

address environmental effects by reducing the overuse of fertilizers (Pitambara et al., 

2019). Applying nanofertilizers to soils have yielded some positive effects, of which 

include the improvement of surface water quality near agricultural fields, better 

assimilation of N by plant roots, and increases in root activity marked by an increase in 

root exudates and the abundance of soil microbes (Teng, 2018). One group studied the 

effect of reduced graphene oxide on the microbial community by quantifying genes that 

are functional markers capable of identifying the presence of denitrifying (nirK & nirS) 

and nitrifying microbes. They found that with the addition of reduced graphene oxide 

(rGO), nirK and amoA decreased in relative abundance while nirS increased when 

compared to the control (Banach-Wiśniewska et al., 2021). Additional benefits of 

agricultural nanofertilizers include: increased plant production, higher plant nutrient 
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content, protection of natural resources, enhancement of soil biological health through 

increased microbial diversity, increased nutrient cycling, and reductions in traditional 

fertilizer demand (Raliya et al, 2018).  

In a study investigating the growth of green peppers, treatment with slow-release 

nanofertilizers resulted in significant increases in both the height of the plant and the 

diameter of the stem when compared to a control treatment with no additives as well as a 

traditional chemical fertilizer treatment (Teng, 2018). In another study, sugar beets (Beta 

vulgaris) produced more leaves after application of a nanofertilizer when compared to the 

control (Jakiene, 2015). These increases in plant yield may be due to the ability of 

nanofertilizers to deliver nutrients directly to crops when compared to traditional 

chemical fertilizers (Lakzian, 2019). Overall, there are a large number of positive effects 

on plant growth when nanofertilizers are applied, which indicate that nanofertilizers can 

be beneficial alternatives to chemical fertilizers. 

Biochar 

Biochar (BC) is a C-rich soil amendment produced through biomass pyrolysis. 

The high temperature and oxygen-free conditions mean that the biomass is not subject to 

complete combustion (Jha et al., 2010). It is the closest analogue to nanofertilizers. 

Biochar was discovered in fertile soils of the Amazon known as Terra Preta dating back 

~2000 years and this area still remains fertile today (O’Neill et al., 2009). Different 

materials, typically plant litter, can be used as the base for BC including corn stover, yard 

waste, switchgrass, wood (as used in this study), maize, meadow grass, rice husk, etc. 

(Roberts et al., 2010; Břendová et al., 2012; Ghorbani et al., 2019). The addition of BC to 

soil has been reported to alter soil physical and chemical properties. These alterations 
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have led to nutrient retention as well as increased crop yields (Lehmann et al., 2006). Soil 

water-holding capacity was shown to increase when BC was applied at a concentration of 

4t/ha (Karam D. S. et al., 2021). The ability for BC to increase the water-holding capacity 

in soils is due to the high amount of micro and meso pores, although the ability for the 

soil to hold water is also dependent on the soil type (Abukari, 2019; Karam D. S. et al., 

2021). The structure of BC is highly porous, which increases soil surface area, and 

therefore allows water to penetrate the soil more effectively (Karam D. S. et al., 2021). In 

addition to increasing water-holding capacity, BC has also been found to increase cation 

exchange capacity (CEC). In one study, CEC increased by 20-30% in loamy sand and 9-

13% in clay soil after the addition of BC (Ghorbani et al., 2019).  

Additionally, the microbial communities within BC-treated soils were found to be 

more diverse when compared to the control (Yu et al., 2018). The area surrounding the 

roots, known as the rhizosphere, has been shown to harbor plant-microbe interactions. 

Plants recruit beneficial microbes from the surrounding soil into the rhizosphere through 

the production of root exudates (Sharma et al., 2021). Some beneficial microbes that 

interact with plants take part in the N cycle, making N more readily available to plants 

(Naik et al. 2019). One study found that the application of BC was able to double shoot 

biomass as well as increase root biomass by nine-fold when compared to the control 

(Zhaoxiang et al., 2020). When investigating the effects of BC on N-cycling, one study 

found that gross nitrification and total N2O emissions were not affected by BC 

application (Pereira et al., 2015). However, another study found that N2O emissions were 

reduced after the application of BC as well as a positive correlation between the higher 

rates of BC application and decrease in N2O production rates (Spokas et al., 2009). 
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Nitrogen Cycling & Nitrogen Cycling Genes 

The N cycle is an incredibly complex and important process in agriculture and 

crop production. Nitrogen transformations are mediated by microbes that participate in 

distinct steps within the N cycle: Ammonification, nitrification, denitrification, 

dissimilatory nitrate reduction to ammonia (DNRA), anaerobic ammonium oxidation, and 

nitrite-nitrate interconversion (Stein & Klotz, 2016). Prior to modern agriculture and the 

application of chemical fertilizers, there existed a fine balance between the amount of N2 

being fixed from the atmosphere by microorganisms and the amount of N2 being released 

back into the atmosphere by microbes (Fowler, 2013). However, the application of 

traditional chemical N fertilizers, particularly in agroecosystems under intensive 

cultivation, has resulted in a massive acceleration of the N cycle (Gruber & Galloway, 

2008).   

Nitrification is the process by which ammonium (NH4
+) is oxidized to nitrite 

(NO2
-) and NO2

- is further oxidized to nitrate (NO3
-), whereas denitrification is the 

process by which NO2
- and NO3

- are reduced to nitrous oxide (N2O), nitric oxide (NO) 

and dinitrogen (N2), thereby removing N from the system and making it unavailable for 

plant uptake (Kreman et al., 2005). Coupled nitrification of ammonium and 

denitrification of nitrate occur in areas where both aerobic and anaerobic conditions are 

supported (Kreman et al., 2005; Conrad, 1996). Nitrogen fixation transforms N2 into NH3 

making N available for plant uptake and occurs more in rhizosphere soils than bulk soils 

because of easily available root exudates (Bernhard, 2010; Dobereiner & Day, 1975). 

Dissimilatory nitrate reduction to ammonium (DNRA) is a shortcut in which nitrate is 

directly reduced into ammonium (Pandey et al., 2020). This pathway bypasses the usual 
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intermediates found in denitrification (Figure 1). Another pathway (not analyzed in this 

study) is anammox (anaerobic ammonium oxidation). This pathway oxidizes ammonium 

(NH4
+) to N2 by using NO2

- as an electron acceptor under anoxic conditions (Hu et al., 

2011). 

 
Figure 1. The nitrogen cycle. Pathways indicated by arrows. Listed in parentheses are the 
bacterial genes associated with each pathway. DNRA: Dissimilatory nitrate reduction to 
ammonium. Not included: anammox (anaerobic ammonium oxidation). 

As microbes are responsible for carrying out these N transformations, the 

enzymes responsible for these processes are encoded by chromosomal or plasmid-borne 

genes. As such, there are multiple genes that can be used as markers for detecting the 

presence of microbes capable of carrying out these N cycling processes. For example, 

nifH is used to detect N-fixing organisms while nirS and nirK can be used to detect 

denitrifying organisms (Kuypers, 2018). The nifH gene encodes for the enzyme 
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nitrogenase, which can be found in all N-fixing organisms, meanwhile, nirS and nirK 

encode for two structurally different but functionally equal nitrate reductase enzymes 

(Poly et al., 2001; Hou et al., 2018). An additional gene, nosZ, encodes for the catalytic 

subunit of the nitrous oxide reductase enzyme which is responsible for carrying out the 

terminal step of denitrification: the reduction of N2O to N2. (Henry et. al, 2006). The 

amoA gene encodes for the active site of the ammonia monooxygenase enzyme which 

can be used to detect microbes capable of nitrification (Sinigalliano et al, 1995). One 

study compared the effect of different organic fertilizers in conjunction with NPK 

fertilizers on the microbial community. They found that NPK fertilizer alone significantly 

increased the abundance of bacterial amoA, nirK, and nosZ, and had no significant effect 

on nifH and nirS genes, whereas wheat straw only increased nirK abundance and manures 

increased the abundance of all genes (Sun et al., 2015). Another study tested biochar 

(BC), bio-organic fertilizer, BC + bio-organic fertilizer, synthetic fertilizer, and BC + 

synthetic fertilizer and showed that amoA and nosZ increased with the application of bio-

organic fertilizer, BC combined with bio-organic fertilizer, as well as BC combined with 

synthetic fertilizer (Zhaoxiang et al., 2020). They also found that nirK increased with all 

treatments except BC (Zhaoxiang et al., 2020). A comparison between biochar (BC) and 

urea applications found that nirS and nirK gene abundances decreased in BC treatment 

compared to urea treatment, however nosZ abundance resulted in the opposite effect of 

increasing with BC treatment compared to urea (Liao et al., 2020). 

As the increase in agricultural production and the heavy use of N fertilizers 

continues, there is a need to find more sustainable solutions in order to keep up with the 

demand of a growing global population. The introduction of N fertilizers has positively 
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impacted the world’s food supply by ramping up production but has also devastated 

natural ecosystems. Analyzing the effects of nanofertilizers and BC on the microbial 

community, more specifically those associated with the N cycle, can provide more insight 

on their effectiveness within the context of agriculture and their ability to mitigate 

environmental stresses like greenhouse gas emissions and eutrophication. This study 

hypothesizes (1) an increase in N-cycling genes and thus an increase in potential 

microbial N transformations with the addition of BC and nanofertilizers due to thier 

ability to decrease N leaching and release nutrients over time, respectively (Yu et al, 

2019; Raliya et al, 2018) and (2) an increase in microbial abundance with the addition of 

nanofertilizers and BC, given that they are carbon-based substances and BC has 

previously been observed to increase microbial abundance (Ducey et al., 2013). 

  



12 

CHAPTER 3 

MATERIALS AND METHODS 

Obtaining soil samples 

Soil samples were obtained from agricultural soil within the Maricopa 

Agricultural Center in Arizona which was categorized as a sandy loam (62% sand, 20% 

silt, and 18% clay) with a pH of 8.36 ± 0.02. The soil samples were then sieved through 

2mm mesh and stored at 4°C before being treated. The following treatments (Table 1) 

were added as dry powders to 40g of dry soil in conjunction with conventional 

ammonium nitrate at a rate of 196 kg N ha-1, each at a low concentration of 5 mg/kg soil 

and a high concentration of 1000 mg/kg soil: Graphene nanoplatelet (GNP), graphene 

oxide (GO), reduced graphene oxide (rGO), graphite nano-additive (GNA) and biochar 

(BC). Soils and treatments were mixed in a tumbler shaker for 20 minutes. Each 

treatment, and concentration, was replicated five times alongside five control replicates 

for a total of 55 samples. These samples were then incubated for a period of 28 days at 

20°C in the dark in order to determine the effect of each treatment over a period of time. 

Each sample was sealed using a rubber septa and aluminum clamps to achieve an airtight 

seal. After the incubation period, soil samples were kept at -80°C until ready to be 

processed for DNA extraction. 

 

 

 

 

Table 1. Nanofertilizer and biochar characteristics 
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GNP 

materials 

Description Particle size Preparation 

method 

SSA 

(m2/g) 

Zeta 

potential 

(mV) in 

DI water 

at pH 8.4  

Zeta 

potential 

(mV) 

suspended 

in soil 

solution at 

pH 8.4 

GNP 2-10 nm nanoscale 
particles of 

graphite 

2-10 nm 
thick, 

2-7 µm 
diameter 

Interlayer cleavage 20-40 -29.6 -30.2 

rGO graphene sheets 
made from 

chemical reduction 
of GO 

~1 nm thick, 
0.5 -10 µm 
diameter 

N2H4 Chemical 
Reduction 

180 -31.9 -22.6 

BC pine wood chip 
biochar after 

screening for size 

< 50 mesh 
(0.3 mm) 

slow pyrolysis by 
kilns 

~ 400 -30.1  
-28.8 

GNA highly disordered 
graphite 

nanoparticles 

< 20 nm Electro-exfoliation 
of graphite 

18.5 -42.7  
-30.2 

GO NA 1 -20 µm 
diameter 

NA NA -37.1 -24.6 

SSA: specific surface area 

DNA extraction and quantification 

Microbial DNA was extracted from soil samples to be used as template DNA for 

qPCR assays against the following target genes: 16S rRNA, nirK, nirS, nifH, amoA and 

nosZ (Table 2). Microbial DNA was extracted from 0.25g of soil using the DNeasy 

PowerSoil Kit (QIAGEN, Germany) following a modified protocol outlined by Yu et. el 

(2018). Extracted DNA was then quantified using the Qubit 3.0 Fluorometer using 2μl of 

the sample along with 198μl working solution which contained Qubit buffer and Qubit 

reagent (Invitrogen, Carlsbad, CA, USA). For each field replicate, 3 technical replicates 

were performed for a total of 39 assays. Quantitative PCR was performed using SYBR 

Green-based (Thermo Fisher, Waltham, MA, USA) chemistry on the QuantStudio 3 
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thermocycler (Thermo Fisher, Waltham, MA, USA). Each reaction well contained 1μl 

DNA template, 1μl forward primer, 1μl reverse primer, 7μl PCR-grade water and 10μl 

PowerUp SYBR Green Master Mix for a total of 20μl per well. 

Statistical analysis 

A standard curve was produced for each qPCR assay using the standard 

concentration as well as the CT (cycle threshold) value determined by qPCR. The line of 

best fit (� = �� + �) was used to determine the slope (�) of each standard curve. A 

series of equations were used to determine the number of copies g-1 soil for each assay: 

Log copies =  (�� − �)/� 

Copies = 10 (��� ������) 

Copies ng-1 DNA = ������/�������� ������������� 

ng DNA g-1 soil = (�������� �������������) × (100) ×

(1/0.25) 

Copies g-1 soil = (������ �� 
1 ���) ×

(�� ��� � 
1 ����) 

Statistical analysis was performed using RStudio version 4.0.3 (RStudio Team, 

Boston, MA, USA). A two-way analysis of variance (ANOVA) was conducted in order 

to determine the effect of different concentrations of each nanofertilizer on the relative 

abundance of each target gene. Tukey’s honestly significant difference post hoc test (p < 

0.05) was performed to detect any statistical differences within the data. These analyses 

were also carried out to determine any significant difference over time. 

Table 2. qPCR Primers and Thermocycling Conditions 
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Primers Sequence (5’-3’) Base 

Pairs 

Thermocycling conditions 

16S rRNA1: 

Q341F_16S 
Q797R_16S 

CCT ACG GGA GGC AGC AG 
GGA CTA CCA GGG TAT CTA ATC 
E. coli K-12 

466 95°C, 3 min, 1 cycle 
95°C for 45 s, 60°C for 45 s, 72°C 
for 1 min, 40 cycles 
72°C for 7 min, 1 cycle 

nirK2: 

nirK876 
nirK1040 

ATY GGC GGV CAY GGC GA 
GCC TCG ATC AGR TTR TGG TT 
E. meliloti (ATCC 51124D-5TM) 

165 95°C, 15 min, 1 cycle 
95°C for 15 s, 63 to 58°C for 30 s (-
1°C by cycle), 72°C for 30 s, 80°C 
for 15 s, 6 cycles 
95°C for 15 s, 60°C for 30 s, 72°C 
for 30 s, 80°C for 15 s, 40 cycles 
95°C for 15 s, 60 to 95°C (+0.2°C 
per second), 1 cycle 

nirS3: 
nirSCd3cd 
nirSR3cd 

 
AAC GYS AAG GAR ACS GG 
GAS TTC GGR TGS GTC TTS AYG 
AA 
P. aeruginosa PAO1 

425 95°C, 15 min, 1 cycle 
95°C for 15 s, 63 to 58°C for 30 s (-
1°C by cycle), 72°C for 30 s, 80°C 
for 15 s, 6 cycles 
95°C for 15 s, 60°C for 30 s, 72°C 
for 30 s, 80°C for 15 s, 40 cycles 
95°C for 15 s, 60 to 95°C (+0.2°C 
per second), 1 cycle 

nosZ4: 

nosZ2F 
nosZ2R´ 

CGC RAC GGC AAS AAG GTS MSS 
GT 
CAK RTG CAK SGC RTG GCA GAA 
P. stutzeri (ATCC BAA-295) 

267 95°C, 15 min, 1 cycle 
95°C for 15 s, 65 to 60°C for 30 s (-
1°C by cycle), 72°C for 30 s, 80°C 
for 15 s, 6 cycles 
95°C for 15 s, 60°C for 30 s, 72°C 
for 30 s, 80°C for 15 s, 40 cycles 
95°C for 15 s, 60°C for 15 s, 95°C 
for 15 s, 1 cycle 

nifH5 : 

nifHF 
nifHR 

AAA GGY GGW ATC GGY AAR TCC 
ACC AC 
TTG TTS GCS GCR TAC ATS GCC 
ATC AT 
E. meliloti (ATCC 51124D-5TM) 

461 95°C, 15 min, 1 cycle 
94°C for 45 s, 60°C for 45 s, 72°C 
for 45 s, 40 cycles 
72°C for 5 min, 1 cycle 

amoA6: 

AmoA1F 
AmoA2R 

GGG GTT TCT ACT GGT GGT 
CCC CTC KGS AAA GCC TTC TTC  
[K 5 G or T; S 5 G or C] 
N. europaea C-31 (ATCC 25978) 

491 94 °C for 5 min, 1 cycle 
93 °C for 35 s, 53 °C for 45 s, 72 °C 
for 1 min ,35 cycles 
72 °C for 5 min, 1 cycle7 

1 Lopez-Gutierrez J.C., Henry S., Hallet S., Martin-Laurent F., Catrou, G., Philippot L. (2004) Quantification 
of a novel group of nitrate-reducing bacteria in the environment by real-time PCR. J Microbiol Methods 57: 
399-407. 
2 Henry S., Baudouin, E., López-Gutiérrez, J.C., Martin-Laurent, F., Brauman, A., Philippot, L. (2004) 
Quantification of denitrifying bacteria in soils by nirK gene targeted real-time PCR. J Microbiol Methods 59: 
327-335. Corrigendum in J Microbiol Methods 61 (2): 289-290 
3 Throbäck N., Enwall K., Jarvis A., Hallin, S. (2004) Reassessing PCR primers targeting nirS, nirK and nosZ 
genes for community surveys of denitrifying bacteria with DGGE. FEMS Microbiol Ecol 49: 401-417. 
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CHAPTER 4 

RESULTS 

In order to assess the effects of the soil amendments on the microbial community, 

the abundance of the 16S rRNA gene, as well as key N cycling functional genes, were 

evaluated. The abundance of 16S rRNA was used to determine changes in the abundance 

of the soil microbial community. Nitrogen cycling functional genes were used to gauge 

the ability of the microbial community to perform tasks such as nitrate reduction (nirK 

and nirS), N fixation (nifH), nitrous oxide reduction (nosZ), and nitrification (amoA). The 

abundance of each gene was analyzed for both day 0 soil samples and day 28 samples.  

Overall, all treatments experienced a decrease in 16S rRNA abundance after the 

28 day incubation period with the total abundance ranging from 1.54 × 108 to 5.06 × 108 

copies g-1 soil at day 0 to 6.44 × 107 to 3.33 × 108 copies g-1 at day 28 (Figure 2). The 

control soils showed an average decrease of 48% over time. The treatments with the 

greatest decrease over time were GO, GNA, and rGO with decreases greater than 60% at 

both high and low concentrations. Both GO (low) and rGO (high) were found to be 

statistically significant. All treatments resulted in an increase of nirK after the incubation 

period. Abundances at day 0 ranged from 3.75 × 104 to 1.35 × 105 copies g-1 while at day 

28 abundances ranged from 3.08 × 104 to 4.87 × 105 copies g-1. The control was the only 

one to show a decrease over time and when compared to the control all treatments 

resulted in an increase. Three treatments were found to be significantly different: rGO 

(high) and BC. The abundances of nirS ranged from 6.78 × 105 to 2.06 × 106 copies g-1 at 

the start of the incubation period and 1.07 × 106 to 3.16 × 106 copies g-1 by the end of the 

incubation period. The most notable differences were seen in both concentrations of GNP 
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amendment with more than twice as many copies/g soil after the 28 days. The high 

concentration of GNP was found to be statistically significant. On day 0, nosZ 

abundances ranged from 6.21 × 105 to 2.12 × 106 copies g-1 and had a similar range, 6.68 

× 105 to 2.97 × 106 copies g-1, on day 28. No significant differences were observed 

between treatments and the control or over time with regard to nosZ abundance. All 

treatments resulted in a decrease of nifH abundance over time ranging from 5.46 × 105 to 

1.25 × 106 copies g-1 at day 0 and 1.81 × 105 to 9.23 × 105 copies g-1 at day 28. Both 

concentrations of BC as well as GO (low) were found to be statistically significant. 

Lastly, amoA abundances at day 0 ranged from 5.22 × 104 to 5.42 × 105 copies g-1 and 

5.06 × 104 to 4.22 × 105 copies g-1 at day 28. The abundance did not change significantly 

over time with the exception of both concentrations of GNA and GNP (high) which were 

significantly higher after the incubation period. However, of these three treatments only 

GNA (high) and GNP (high) were found to be statistically significant over time, while 

BC (low) was found to be statistically significant compared to the control. 
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Figure 2. Abundances of 16S rRNA as well as N cycling functional genes in copies/ g 

soil. Black bars and grey bars represent day 0 and day 28, respectively. Error bars show ± 

standard deviations. Asterisks indicate significant differences at *p<0.05, **p<0.01 and, 

***p<0.001 compared to the control. 
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The N cycling functional genes were then evaluated in terms of relative 

abundance as a percentage of 16S rRNA to determine what percent of the community is 

occupied by each functional group (Figure 3). On day 0, nirK ranged in relative 

abundance from 0.0049%-0.0434%. On day 28 it ranged from 0.022%-0.205%. Overall, 

there appears to be an increase in the nirK relative abundance over time. The most 

notable differences are in rGO (high) as well as BC (high) and BC (low). All treatments 

experienced an increase in nirK when compared to the control after the 28 day incubation 

period. For the nirS gene, the relative abundance ranged from 0.0922%-1.1814% at day 

zero and 0.488%-1.288% on day 28. All treatments exhibited an increase of nirS over 

time, and all treatments showed a decrease when compared to the control at both 

sampling times. Similarly, nosZ ranged from 0.0895%-0.7291% before the incubation 

period and 0.252%-0.714% after the incubation period. Again, all treatments experienced 

an increase over time, but all treatments were decreased compared to the control before 

and after the incubation period. Before the incubation period, nifH ranged from 0.0837%-

0.2232%. After the incubation period nifH ranged from 0.080%-0.316%. A decrease in 

relative abundance in both concentrations of BC as well as GO (low) and rGO (high) was 

observed. Lastly, on day 0, amoA ranged from 0.0089%-0.0177% and 0.274%-0.017% on 

day 28. Overall there was an increase in amoA across all treatments after the incubation 

period. However, all treatments were significantly lower than the control. 
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Figure 3. Relative abundances of N cycling functional genes as a proportion of 16S rRNA 

gene abundances. Black bars and grey bars represent day 0 and day 28, respectively. 

Error bars show ± standard deviations. Asterisks indicate significant differences at 

*p<0.05, **p<0.01 and, ***p<0.001 compared to the control. 
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CHAPTER 5 
DISCUSSION 

This study observed and analyzed the relationship between various soil 

amendments (nanofertilizers and biochar) and the soil microbial community. These soil 

amendments are now being investigated as alternatives to current fertilization practices 

which have numerous negative impacts on the environment. It is important to carry out 

thorough testing of nanofertilizers and biochar (BC) in order to determine if their use in 

agriculture is feasible as an alternative to current fertilization practices. The addition of 

nanofertilizers should result in (1) an increase in N-cycling genes (and increase in 

potential microbial N transformations) due to the slow-release capabilities of 

nanoparticles and the ability for BC to decrease leaching therefore making N more 

readily available (Raliya et al, 2018; Yu et al, 2019), as well as (2) an increase in overall 

microbial abundance with the addition of both nanofertilizers and BC since they are 

carbon-based substances and BC has previously been observed to increase microbial 

abundance (Ducey et al., 2013). 

The abundance of the bacterial community, determined by the number of 16S 

rRNA gene copies, decreased across all treatments, including the control, after the 28 day 

incubation period. This may be due to C limitation given that no additional C was 

introduced into the soil samples at any point throughout the incubation period after the 

addition of the carbon-based treatments and that the collected soil already had a low-

carbon content of 1.76%. In another study in which the soil had a carbon content between 

1.39% to 3.60%, it was found that the total microbial abundance was between 1.8 x 108 

and 1.2 x 1010, which is consistent with what was found in the present study (1.54 × 108 
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to 5.06 × 108 copies g-1 soil at day 0 and 6.44 × 107 to 3.33 × 108 copies g-1 at day 28 

(Figure 2)) (Ligi et al., 2014). However, there was no direct evidence to confirm this and 

further testing would need to be performed at a later date. In a maize-tomato (Zea mays 

L.–Lycopersicum esculentum L.) cropland, three cropping systems were studied: a 

conventional system (annual synthetic fertilizer application), a low-input system 

(synthetic fertilizer and cover crops applied in alternate years) and an organic system 

(annual composted manure and cover crop). They found that 16S rRNA genes averaged 

across the cropping systems increased from 1.06 × 108 copies g−1 soil at T0 (day 0) to 

3.34 × 108 and 7.70 × 108 copies g−1 soil at Ti (8 months) and Th (11 months), 

respectively (Kong et al., 2010).  This increase may be explained by the presence of 

plants in the system which could have fostered plant-microbe interactions. In an artificial 

soil incubation, Vogel et al. (2014) found that 16S rRNA abundance increased after an 

incubation period of 561 days and after the addition of manure, ranging from 6 × 109 to 2 

× 1010 copies per gram of soil. They sampled the soils again after 839 days and found 16S 

rRNA abundance had significantly increased since day 561, although no specific 

abundances were provided. These results are not consistent with the results presented in 

the present study, which found 16S rRNA abundance to decrease over time. 

Our results showed that nirK abundance increased over the course of the 

incubation period. Abundances at day 0 ranged from 3.75 × 104 copies g-1 soil to 1.35 × 

105 copies g-1 soil while at day 28 abundances ranged from 3.08 × 104 copies g-1 soil to 

4.87 × 105 copies g-1 soil. These results indicate that there is the potential for an increase 

in nitrate reduction over time after the addition of these nanofertilizers. Other studies 

have found varying results in nirK abundance with the addition of inorganic as well as 
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organic fertilizers. Ligi et al. (2014) reported a higher abundance, 8.9 × 107 to 5.6 × 108 

copies/g, than what is reported here. Their soil characteristics consisted of a pH ranging 

from 5.60 to 7.16, lower than the pH of the present study (8.36). In a sand to silty sand 

with a pH of 5.56 to 7.53, nirK abundances were reported as ranging from 7.4 × 102 to 

1.4 × 103 copies ng-1 DNA (Kandeler et al., 2006). Acidic soils (pH 3.53 to 5.45) were 

observed to have nirK abundances ranging from 2.2 × 104 to 1.6 × 106 copies g-1 soil 

(Lindsay et al., 2010). Two recent studies have shown that the application of BC 

decreased the abundance of nirK, which is in direct contrast to our results that found there 

to be an increase in nirK abundance after the application of BC (Zhaoxiang et al., 2020; 

Liao et al., 2020). Organic fertilizers such as bio-organic fertilizer, manure, and wheat 

straw increased the abundance of nirK (Sun et al., 2015; Zhaoxiang et al., 2020). Another 

study analyzed the effects of rGO on the soil microbial community. It found that rGO 

decreased the relative abundance of nirK which is consistent with the results that were 

found at the beginning of the 28 day incubation period (Banach-Wiśniewska et al., 2021). 

However, after the 28 day incubation period in our study, the relative abundance of nirK 

was found to increase. The differences in these results could be due to differences in soil 

type and pH as acidic soils reported lesser abundances than those reported here. 

 Treatment with biochar and the various nanofertilizers resulted in mixed results 

with regards to the abundances of nirS. The rGO treatment resulted in a decrease of nirS 

abundance over time at both rGO concentrations. Previously, nirS abundance was found 

to increase with the addition of rGO (Banach-Wiśniewska et al., 2021). The observed 

higher nirS abundance with rGO addition only occurred upon the initial addition of rGO, 

not over time. Similar to nirK, the abundance of nirS was found to increase with the 
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addition of manure and decrease with the addition of BC (Sun et al., 2015; Zhaoxiang et 

al., 2020). Our BC results are consistent with this finding, as we found that nirS 

abundance decreased when compared to the control soil. Although, over time, we found 

the abundance did increase slightly in BC amended samples. Other studies have reported 

abundances of nirS in varying soil types with and without soil amendments. In a slightly 

acidic soil, nirS abundance was reported as 6.8 × 107 to 3.4 × 109 copies g-1, which is 

greater than what is reported in the present study ranging from 6.78 × 105 to 2.06 × 106 

copies g-1 at the start of the incubation period and 1.07 × 106 to 3.16 × 106 copies g-1 (Ligi 

et al., 2014). In another soil with a similar pH, the abundance of nirS was reported in 

copies ng-1 DNA: 2.5 × 102 to 6.4 × 103 (Kandeler et al., 2006). Again, the differences 

observed here are most likely due to the differences in soil type and characteristics such 

as soil pH and texture as the studies presented utilized soils with a lower pH than the 

present. An additional study which investigated a sandy loam (pH 6.0) was not able to 

amplify nirS suggesting that the gene was either not present in the soil samples or too low 

to detect (Sharma et al. 2005). However, they utilized a primer pair (nirS1F-nirS6R) that 

differed from the one used in this study (nirSCd3cd-nirSR3cd), which may be a cause as 

to why nirS was not able to amplify. Sharma et al. (2005) also stated that many others 

had difficulty amplifying nirS utilizing the same primer pair (Avrahami et al., 2002; 

Priemé et al., 2002). Jung et al., (2011) discovered that nirS outnumbered nirK in acidic 

soils (pH 4.6-5.5) after an incubation period of 30 days, regardless of treatments tested, 

which is consistent with the referenced studies. This behavior might be explained by the 

negative charge on both the nanofertilizers and the biochar. This negative charge may 

bind to positively-charged copper (Cu2+), which makes it unavailable for copper-
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dependent nitrate reductase, thereby limiting the growth of the nirK population and 

reducing the abundance of nirK. More nitrite was also available for nirK and nirS 

transformation to pave the way for denitrification intermediates: nitrous and nitric oxides. 

 All soil amendments presented in this study resulted in a decrease of nifH over 

time. At the time of writing, no studies were found which detail the effects of 

nanoparticles on nifH. Other researchers have studied the effects of synthetic and organic 

fertilizers on soil microbial communities and have reported mixed results. Sun et al. 

(2015) reported that there was no significant effect of NPK fertilizer on the abundance of 

nifH whereas organic fertilizers such as manure were found to increase nifH abundance. 

Inorganic fertilizers (such as NPK) do not contain carbon, whereas organic fertilizers 

(such as manure) do contain carbon, which may explain the effects of inorganic and 

organic fertilizers on nifH abundance. Microbes containing nifH are heterotrophs, 

meaning that they need an organic carbon source for energy. It is possible that the lack of 

carbon in inorganic fertilizers is what contributes to the negligible or negative effects 

they have on nifH abundance. This also ties into the possible carbon limitation affecting 

the overall microbial abundance. In an acidic soil (pH 3.53 to 5.45), nifH resulted in the 

lowest abundance of all the functional genes observed (nirk, nifH, and amoA) with a 

reported abundance of 5.0 × 102 to 2.1 × 104 copies g-1 soil (Lindsay et al., 2010). In the 

present study (pH 8.6), results indicated that among these three genes (nirk, nifH, and 

amoA), nifH had the highest abundance ranging from 5.46 × 105 copies g-1 to 1.25 × 106 

copies g-1 at day 0 and 1.81 × 105 to 9.23 × 105 at day 28. In another acidic soil (pH 4.6–

5.5), the abundance of nifH was found to be between 4.0 × 104 and 1.4 × 105 copies g-1 

(Jung et al., 2011). This suggests that nifH-containing bacteria favor soils with a pH 
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closer to neutral rather than acidic soils and, based on the referenced studies, there is a 

trend in increasing nifH abundance as pH reaches neutral. Further analyzing the effects of 

nanofertilizers on nifH communities is imperative for understanding how they alter N 

fixation in soils as N fixation is one mechanism that makes N available for plant uptake. 

Much like nirS, the abundance of nosZ varied by treatment. The present study 

found that there was an increase in nosZ abundance with the application of the low 

concentration of BC after the 28 day incubation period. Another study revealed that BC, 

BC + biofertilizer, and BC + synthetic fertilizer also resulted in an increase in nosZ 

abundance, which indicates that BC can magnify the effects of other locally applied soil 

amendments (Zhaoxiang et al., 2020). On day 0, nosZ abundances ranged from 6.21 × 

105 to 2.12 × 106 and had a similar range, 6.68 × 105 copies g-1 soil to 2.97 × 106 copies g-

1 soil, on day 28 which is consistent with results from Ligi et al. (2014) who reported 

nosZ gene abundance ranged from 4.9 × 106 to 7.0 × 107 copies g-1 . Kandeler et al. 

(2006) reported 1.2 × 103 to 5.5 × 103 nosZ copies ng-1 of DNA. Kong et al. (2010) found 

that copies of nosZ were greater in conventional and low-input cropping systems, over 

time, when compared to an organic cropping system and attributed this result to the 

effects of C availability on the denitrifier community. This supports some of the findings 

in this study in which, nosZ abundance increased over time with certain treatments (like 

GNP). The GNP treatment had the greatest impact on nosZ abundance, significantly 

increasing it. This increase may be explained by the structure of GNP which was 

described as having a low specific surface area (SSA) of 20-40 m2 g-1. 

 When compared to the control, amoA abundance decreased with the addition of 

BC which is not consistent with the results of Zhaoxing et al. (2020) who found amoA 
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abundance increased after the addition of BC. Our study also found that amoA abundance 

decreased with the addition of rGO, which is consistent with the findings of Banach-

Wiśniewska et al. (2021) that also reported a decrease in amoA after the addition of rGO. 

The present study found that amoA abundances at day 0 ranged from 5.22 × 104 copies g-

1 to 5.42 × 105 copies g-1 and 5.06 × 104 copies g-1 to 4.22 × 105 copies g-1 at day 28. In a 

soil with a much lower pH range (3.53 to 5.45), amoA abundances ranged from 0 to 5.1 × 

105 copies g-1 (Lindsay et al., 2010). Kong et al. (2010) reported that amoA gene 

abundance was six times greater in an organic cropping system at the beginning of the 

study and two times greater after 8 months when compared to the conventional cropping 

system and the low-input cropping system which is consistent with our results that amoA 

abundance decreased over time. Ammonium nitrate was used to supplement the 

treatments which should have provided ammonium for microbial transformation. 

Nitrifying bacteria are autotrophs, so there would be negligible effects from the carbon-

based treatments in terms of C-limitations. The decrease in amoA abundance would also 

mean that there is a decrease in nitrate and nitrite production, meaning that there is the 

potential for a decrease in N losses via leaching. As mentioned previously, nitrate is the 

most mobile form of nitrogen and is easily lost into waterways. 

Overall, there is no clear answer regarding the effects of nanofertilizers and 

biochar on the soil microbial community. Many studies have observed both increases and 

decreases in the abundance of N-cycling functional genes. The difference in observations 

is mainly due to the soil type as well as soil characteristics such as pH, CEC, and C 

content. In the referenced studies, pH was identified as having the largest effect in N-

cycling functional gene abundances while C content was identified as having the largest 
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effect on overall microbial abundance (16S rRNA). Additionally, biochar varies greatly in 

carbon base (e.g. wood vs. rice husk) and method of preparation, which in turn alters the 

overall characteristics of the biochar.  

The results of this study revealed that GNP had the largest impact on the 

abundance of some N-cycling genes, namely nirS, nosZ, and amoA. The abundance of all 

of these genes greatly increased over time. The increase in abundance may be attributed 

to the structure of GNP which had a particle size of 2-10 nm thick and a diameter of 2-7 

µm. The specific surface area (SSA) of GNP was 20-40 m2 g-1 which is the second lowest 

SSA of the treatments tested. A comparable treatment was GNA, although it had a 

different preparation method and was described to be highly disordered. These reasons 

may be why GNA did not have a greater effect on the soil microbial community. As for 

rGO, it had the largest effect on overall microbial abundance with a decrease in 16S 

rRNA abundance greater than 60%. The rGO treatment also resulted in an increase in 

nirK abundance as well as a decrease in abundance of all other N-cycling genes. Reduced 

graphene oxide was the treatment that had the greatest impact on the increase of nirK 

abundance. Biochar also had a large impact on nirK abundance. The results of the present 

study revealed that nirK increased in abundance after the addition of BC while others 

reported an decrease in nirK abundance. It was also found that BC significantly decreased 

the abundance of nifH and no other studies could be found to support this finding. As for 

the other N-cycling genes, BC had very little effects on their abundance. It appears that 

rGO and BC had similar effects across N-cycling genes which may be due to their similar 

characteristics. As mentioned previously, BC is the closest analogue to nanofertilizers, 

and although these treatments vary in particle size, their zeta potential in both soil and 
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water is very similar. In addition, rGO was found to have the largest SSA among the 

nanofertilizers (180 m2 g-1) compared to BC with a much higher SSA (~400 m2 g-1). 

Given the results presented in this study, it appears that rGO and BC impart similar 

effects on the microbial community, whereas GNP had the most significant impact 

overall. 

 The study presented here is novel in its approach. The study of nanofertilizers is a 

relatively new avenue of research and little has been published in terms of determining 

their effects on the soil microbial community. Current studies emphasize the microbial 

community as a whole via testing of 16S rRNA rather than focusing on other functional 

genes. In order to gain more insight into the relationship between the soil microbial 

community and nanofertilizer amendments, more research and testing must be conducted. 

The methodology outlined in this study should be carried out on a variety of soils, 

particularly those that are commonly used for agricultural applications in order to 

compile more specific data. In addition to controlled lab tests, there should be field tests 

to account for the uncontrolled field conditions that are more likely to occur in real-world 

situations. Having this data would be incredibly beneficial in real-world applications if 

this technology is to be seriously considered for applications in agriculture. Furthermore, 

to determine the toxicity of these materials on the soil microbial communities, 

community sequencing should be conducted. Community sequencing could provide 

insight into how the community composition changes with the addition of these 

substances. It would also prove beneficial to test these nanofertilizers with plant subjects 

rather than bare soil samples. By incorporating plants, further scrutiny can be applied 

toward plant-microbe interactions and how those relationships change with the addition 
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of these materials. However, if bare soil studies were to continue, it is recommended 

using soil cores, rather than gathering and mixing topsoil. By utilizing soil cores, the soil 

microbial community is able to stay intact for a more accurate representation of results. 
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