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Abstract 

We are living in the era of climate change which becomes more complicated 

whenever some new environmental issue emerges only to get linked with this already 

existing challenge. Engineered nanoparticle (NP) contamination is of such issue which 

may become a major environmental problem under some circumstances in the decades to 

come. NP-based technologies have proven themselves useful and have the potential for 

greater promise, but they could become more than a nuisance. Unfortunately, very 

limited information is available on the environmental impacts of NPs in general and soil 

in particular. In this thesis, I examined the impact of NPs on soil microbial communities 

and by trying to avoid the presence of existing NPs I used soil from arctic regions. To 

examine the effect of another anthropogenic change on the same soil, I investigated the 

impacts of freeze-thaw cycles (FTCs). This thesis demonstrated that Ag-NPs and Cu-NPs 

cause a shift in microbial communities. The use of culture-dependent and culture-

independent assessment techniques for microbial communities inspired the development 

of a toxicity indicator. This tool assigned the highest toxicity index to Ag-NPs and a low 

toxicity to SiO2-NPs. Supporting in vitro studies confirmed that Bradyrhizobium 

canariense was particularly sensitive towards Ag-NPs. Further analysis showed that a 

mixture of Ag-, Cu-, and SiO2-NPs were toxic. FTCs were also a significant stress; they 

had a differential impact upon soil communities derived from different arctic sites. My 

results suggest that the impact of climate change at high latitudes may not be predictable. 

Finally, I used a FTC regime shown not have an impact on low arctic sites and compared 

two different concentrations of Ag-NPs and Ag-microparticles and validated the higher 

toxicity impact of Ag-NPs on both bacterial and fungal communities. Taken together, 
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these findings represent an initial attempt to try to understand the impacts of two stresses 

attributable to human activities on arctic soils, soils that are crucial to the health of our 

planet. 
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Chapter 1 

General Introduction and Literature Review 

 

1.1 Anthropogenic impacts on the arctic 

 Every organism on the planet interacts with the environment and humans are no 

exception. Like any other living organisms, mankind obviously depends upon ecosystems 

for their basic needs like food, water, air and shelter. But resources are limited and ever 

increasing human population consistently put pressure on their surroundings. With 

greater technological advances we have a great power to explore and exploit these 

resources. Unfortunately, in many cases the more advanced the technology, the greater 

the power to modify and impact the environment. In fact, being the most dominating 

species, we have explored most of the earth and have brought more changes to its 

environment than any other species. Modifications of the global environment by 

anthropogenic activities have now become quite apparent. Major environmental changes 

brought about by human activities are climate change, environmental pollution (air, 

water, land and soil), species extinction, deforestation, melting of glaciers, resource 

depletion and ocean acidification, to name a few. Climate change has undoubtedly 

become one of the biggest global challenges which is linked to global warming. There is 

also widespread consensus among the scientific community that greenhouse gases are the 

consequence of anthropogenic activities (IPCC 2007; Stern 2006). The arctic is the 
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harbinger of environmental change and also plays key role in that change. Any change 

brought in the arctic environment, whether rise in temperature or pollution, will have 

global consequences. Although the arctic is remote and lacks dense human populations, it 

is still vulnerable to environmental stresses originating in distant regions. It is suspected 

that contaminants are present in all regions of the arctic environment and its ecosystems. 

Most of these contaminants come from source areas outside of the region. Contaminants 

can be transported to the arctic by the air, oceans and rivers. Several of the world largest 

rivers flow into the Arctic Ocean, transporting contaminants from agricultural and 

industrial areas within their basins. Once in the arctic, contaminants can be taken up in 

the food chains, especially the marine food chains. In fact, many persistent organic 

pollutants have an affinity for lipids and concentrate in fatty tissues and organs where 

they can be biomagnified in food webs, when predators consume the contaminant loads 

taken up by their prey. It is unknown what impact climate change will have on 

contaminant pathways in the arctic, and indeed what effect combined types of various 

anthropogenic stresses will have on the arctic ecosystem. 

 

1.2 Why the arctic? 

The arctic is important for global climate not only due to their albedo-effect but 

also because arctic soils serve as a store-house of carbon. It is concerning that the arctic is 

warming faster than the rest of the world (Lawrence et al., 2008). Arctic regions also 

offer great economic opportunities for oil and gas, metal mining and fishing industries, 
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and as a result, human activities have greatly increased for economic, strategic and social 

reasons. The arctic may be especially vulnerable to anthropomorphic changes due to the 

harsh climate, remoteness in case of spills and lack of resources for protection (Lissauen 

& Murphy 1978). Although there are many human activities that could have an impact on 

high latitude soils, I have chosen two to address in my thesis: A) the likelihood of 

engineered nanoparticles (NPs)-mediated ecological change, since tonnes of these are 

manufactured for use in a host of consumer goods and processes, and B) the likelihood of 

freeze-thaw stress resulting in ecological changes, since these abiotic stresses have been 

linked to climate change. Both these studies are timely: NP-contamination has recently 

been drawing attention of toxicologists and climate change remains one of the most 

widely and intensively debated topics. I consider it is important to examine the responses 

to these stresses at a juncture when the tools for monitoring such changes have just been 

made more available and while these anthropogenic stresses are just beginning to have 

their impact in the arctic.  

 

1.3 Industrial pollution and the threat of manufactured nanoparticles 

As indicated previously, arctic regions are experiencing increased human 

activities due to economic opportunities, and some of these, such as tourism, mineral 

extraction and hydrocarbon exploration are likely the direct result of climate change. 

Amongst other materials and pollutants that will be released into the arctic region, 

engineered NPs are a new concern. NP-mediated technology has great promise for gas 
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and oil recovery at more inaccessible sites (Bell 2004) and also for remediation of 

contaminated sites and water (Phu et al., 2009). Already one pilot remediation study is 

being conducted on the Alaskan coast (Karn et al., 2009). Soil remediation involves 

injection of NPs below the surface of the ground. For example, zero-valent iron NPs are 

effective for subsurface remediation of chlorinated compounds and other pollutants 

(Zhang 2003; Tungittiplakorn et al., 2005). Although effective, such activities would 

enable the release of NPs into the aquatic environment. Study has shown that silver NPs 

can cause a shift in microbial community derived from natural water (Das et al., 2012). 

Therefore, manufactured NPs are fast emerging as a new class of pollutants due to their 

extensive applications. The activities associated with these possible contaminants will 

pose an additional threat to the relatively pristine arctic ecosystem, but the legacy of any 

ecosystem stress mediated by the NPs themselves may also linger.  

NPs are defined by their size, with at least one dimension less than 100 nm. 

Although viruses and volcanic ash are examples of naturally-produced NPs, the 

technological advancements required for their industrial manufacture were developed in 

the late 1980s and thus manufactured NPs represent new, potential pollutants. They are 

frequently manufactured from metals (e.g. Ag, Cu, Pd, Si, TiO2, and Au) or are carbon 

based (e.g. fullerenes and carbon nanotubes). NPs are used in a variety of consumer 

goods and industrial processes as a result of their unique thermal, tensile and electrical 

properties. As mentioned, NPs have applications in water purification and soil 

remediation (Phu et al., 2009; Tungittiplakorn et al., 2005; Tungittiplakorn et al., 2004; 
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Xu & Zhao 2007) and for energy extraction (Bell 2004) but they can also enter the 

environment indirectly both as airborne particles and through waste water treatments. 

Millions of tonnes of NPs are currently manufactured yearly (Simonet & Valćarcel 2009) 

with every expectation that this production will continue to increase. In fact, 

manufactured NPs are expected to become a trillion dollar industry before 2020 (Singh et 

al., 2006). It is inevitable that NPs of different types will find their way into the 

environment from a plethora of sources. How will the natural biota respond to individual 

or the combined dosages of distinct NPs?   

NPs, being small with a large surface area and the ability to produce reactive 

oxygen species (ROS) could put soil microbes under stress or even kill them (Xu et al., 

2012). It has been proposed that NPs can cause mechanical damage to bacterial cell 

membranes either because of their smaller size or via ROS-mediated damage. Since 

many NPs have anti-microbial activity, NPs have the potential to change soil 

communities (Hänsch  & Emmerling 2010). It is surprising to me that this has not been 

conclusively demonstrated in previous literature. Because of their geographic isolation, 

arctic regions have been previously afforded some protection from anthropogenic 

pollution, but climate change will make these areas more accessible through ship traffic 

and industrial activity. Additionally, NPs can also be transported through winds and 

currents to distant locations. After release into water and soil, by inadvertent discharge or 

transport, due to their industrial applications (Bell 2004; Savage et al., 2005; Li et al., 

2006; Lv et al., 2009 ), the known slow degradation of many pollutants in arctic 
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ecosystems (Poland et al., 2003) may result in the persistence of NPs in arctic soils for 

some time. Although it is known that NPs can agglomerate or aggregate once released 

into the environment (Mackay et al., 2006; Murdock et al., 2008; Jiang et al., 2009), the 

presence of high concentrations of humic substances often found at high latitudes could 

stabilize NPs and presumably extend their environmental half-life (Hyung et al., 2007; 

Saleh et al., 2008; Zhang et al., 2009; Fang et al., 2009).  

 There are many types of NPs, all of which can differ from their corresponding 

bulk particles. Due to their composition and small size silver NPs have biocidal activity 

against all classes of microorganisms including bacteria (Sondi & Salopek-Sondi 2004; 

Kim et al., 2007), fungi (Panáček et al., 2009), algae (Miao et al., 2009) and protozoa 

(Matveeva et al., 2006), and as a consequence they are used in a wide range of consumer 

goods including textiles, medical devices, packaging and sprays (Buzea et al., 2007). 

Copper NPs are used in industrial processes as coatings and lubricants and in batteries, 

inks and plastics. They are also biocidal (Cioffi et al., 2005). In contrast, although silica 

NPs are used in medical devices and electronics, they are also found naturally and 

therefore may be relatively benign (Liang et al., 2005). Using standardized biochemical, 

physiological and microbiological as well as newer molecular analyses, the effects of 

NPs can be examined. My choice of arctic soils for these particular studies was initially 

driven by the realization that it is less likely that soil distant from large human 

settlements would already be contaminated. However, the presence of humic acid in these 
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soils that would prevent NPs-agglomeration, and the importance that the arctic has in the 

global carbon cycle were factors that kept my focus on this landscape.  

1.4 Climate change and freeze-thaw stress 

Annual freezing and thawing of soils are common events in arctic ecosystems. 

However, climate change and associated global warming due to industrialization with the 

impact of greenhouse gas emissions, milder winters are predicted in high and middle 

latitude regions due to climate change scenarios (IPCC 2001). These changes will likely 

prolong the seasonal length of these temperature conditions. It is likely that this will have 

an impact on the composition and functioning of soil microbial communities and 

consequently on the overall ecosystem.  

 Soil CO2 flux associated with thawing conditions is characteristic of a wide range 

of ecosystems such as forested regions (Skogland et al., 1988), temperate peatland 

(Bubier et al., 2002) and tundra (Mikan et al., 2002). Freezing and thawing of soils has 

been reported to result in an increase in microbial respiration (Soulides & Alison 1961; 

Ivarson & Sowden 1970; Ross 1972). I consider that mechanically, the process of 

freezing and thawing could be extremely detrimental to microbial communities. 

However, resilient microbes may have evolved a number of adaptations including 

increased osmolyte production, specialized proteins and changed membrane structure 

(Wilson & Walker 2010) to name but a few. This adaptation would help counter the 

challenges posed by freeze-thaw stress. Increased microbial activity following freeze-

thaw is believed to be caused by nutrients released into the soil by killed and lysed 
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microbes (Morley et al., 1983). Indeed, cell damage from freezing and subsequent 

thawing has been attributed to the 10-40 fold increase in soil concentrations of simple 

sugars and free amino acids (Ivarson & Sowden 1970). The changes introduced to soil by 

freeze-thaw cycles (FTC) also include the disruption of soil aggregates and the release of 

easily decomposable organic matter (Schimel & Clein 1996), which may further enhance 

the activities of freeze-thaw survivors. Koponen and Martikainen (2004) suggested that 

the denitrifying population may benefit more from this extra nutrient load than the overall 

heterotrophic microbial community. However, contradictory results showing both 

increases and decreases in freeze-thaw related N2O emission peaks have been reported 

(Chen et al., 1995; Priemé & Christensen 2001).  

As well, the effects of FTCs on methanogens are poorly studied irrespective of the 

fact that arctic regions are largest reserve of methane on the earth. In addition, the 

response of the archaea community to global warming is relatively unknown, and hence it 

is crucial to explore this area. Apart from the release of CO2, FTCs have been shown to 

reduce the numbers of culturable bacteria in the soil (Morley et al., 1983) as well as the 

number of fungal propagules (Biderbeck & Campbell 1971). Although an important 

study showed that a single FTC could kill up to 50% of the microbial biomass (Soulides 

& Alison 1961; Skogland et al., 1988), other reports indicated that there was no effect on 

microbial biomass after several FTCs (Grogan et al., 2004; Sharma et al., 2006). In this 

regard it is important to note that bacteria and fungi could respond differently to FTCs as 

they have distinct morphology, growth strategies and ecological niches in the 
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environment (Boer et al., 2005). Moreover, freeze-thaw studies that ‘lump’ microbes 

together, cannot differentiate between archaeal, fungal and bacterial activities.  

Even less is known about the vulnerability of geographically-distinct microbial 

communities to FTCs. Consequently, possible shifts in microbial community structure 

following FTCs should be examined by methodologies discriminatory enough to 

distinguish between freeze-thaw vulnerable and freeze-thaw survivors. These consortia in 

turn should be correlated with physiological parameters. As mentioned, of the many 

studies performed to test the effects of FTC on soils, there is a conspicuous lack of 

consensus among the published results. Soils have either shown very pronounced effects 

(Wang & Bettany 1994, Sulkava & Huhta 2003) or relatively mild effects (Grogan et al., 

2004; Sjursen et al., 2005). While some inconsistencies among studies may be due to 

methodological differences, others may depend on soil type and the relevance of the 

experimental FTC regimes to naturally occurring FTC observations. As a result, the 

number of cycles, the frequency, the freezing rate, freezing temperature, techniques used 

for microbial characterization, and other such factors may influence the outcome. Thus it 

is crucial to undertake an investigation that mimics natural arctic freeze-thaw conditions. 

The recent accessibility of modern molecular analytical tools could allow a more 

comprehensive examination of the effect anthropogenically-tied FTC on arctic soils. 
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1.5 Thesis Objectives 

The overall objective of this thesis was to examine the response of arctic soil 

microbial communities to two anthropogenic stresses, NP exposure as result of our 

increasing dependence on this technology, and changes in freeze-thaw regimes thought to 

result from climate change. There is a possibility that NPs may not disrupt the soil 

systems at all or have only a very modest impact on their community especially when 

previous studies have shown equivocal results after adding nanomaterials to soil (see 

Chapter 2). However, arctic soils, which are rich in organic matter and high humic acid 

content may respond differently and show some effect to this particular type of stress. 

Similarly, there is no common consensus among researchers on freeze-thaw effects on 

microbial communities of arctic soils (see Chapter 4). The aforementioned facts 

underscore the importance of study of NPs as well as freeze-thaw stress on arctic soils. 

My hypothesis is that both these stresses will have an impact on the soil community 

resulting in a shift in community richness and evenness. In order to examine the impact 

of these abiotic stresses to the soil I have used various techniques such as community 

level physiological profiling (CLPP), phospholipid fatty acid analysis (PLFA), 

polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) and 

pyrosequencing of rRNA genes so that I have used both culture-dependent and culture-

independent techniques. I know of few other studies that employ all of these methods to 

the same experimental problems simultaneously. I also tried to be flexible in replacing 

less-responsive analysis with more-informative methods. 
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In the second chapter of this thesis, I report the testing of the toxicity of silver, 

copper and silica dioxide NPs on a high arctic soil microbial community using a variety 

of techniques. My goal was to determine if NP-treated soil resulted in disrupted microbial 

communities. I followed these observations by in vitro studies to confirm the phenotype 

of a NP-susceptible plant-beneficial bacterium. Further, I attempted to advance the field 

by the development of a community toxicity indicator, which could be used to assess the 

impact of NPs on any soil sample. This chapter has been published as: Kumar, N., Shah, 

V., & Walker, V. K. (2011). Perturbation of an arctic soil microbial community by metal 

nanoparticles. Journal of hazardous materials,190, 816-822. 

In the third chapter of the thesis, I explored the possibility that in natural 

environments microbes could encounter more than one type of NP. Therefore, I studied 

the impact of a combination of three different NPs, silver, copper and silica dioxide on 

high arctic microbial community. Again I used culture-dependent and culture-

independent assessments. Although, already a complex system, results of combining NPs 

suggested their potential to disrupt microbial communities. This chapter has been 

published as: Kumar, N., Shah, V., & Walker, V. K. (2012). Influence of a nanoparticle 

mixture on an arctic soil community. Environmental Toxicology and Chemistry,31, 131-

135. 

The fourth chapter of my thesis addresses the climate change driven freeze-thaw 

stress on arctic soil communities. In this study, I included three distinct sites, the high 

arctic soils used in chapter 2 and 3 as well as low arctic and mid-arctic soil sampling 
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sites. Laboratory simulated freeze-thaw experiments investigated if FTC impacts would 

be different depending on the geographical origin of the soil microbial communities. It 

was my attempt to ascertain if it would be possible to predict the impact of coming 

climate change on microbial communities. This chapter also included a more detailed 

perspective on impacts of freeze-thaw events on soil microbes which augments the 

“Introduction & Literature review chapter”, so to reduce repetition. This chapter has been 

published as: Kumar, N., Grogan, P., Chu, H., Christiansen, C. T., & Walker, V. K. 

(2013). The Effect of Freeze-Thaw Conditions on Arctic Soil Bacterial Communities. 

Biology, 2, 356-377. 

The fifth chapter of the thesis addresses both my goals to investigate 

anthropogenic mediated change in a single experiment. Stresses rarely come singly, and 

in this chapter I tried to mimic natural arctic conditions after ‘pollution type’ NP 

contamination. In addition I asked several questions including: (a) would silver 

nanoparticles (Ag-NPs) and microparticles (Ag-MPs) differentially impact a soil 

microbial community? (b) What is the impact of increasing the concentration of Ag-NPs 

and Ag-MPs to near lethal levels, and (c) What is the effect on fungal communities? This 

chapter has not been published. 

The sixth chapter of my thesis summarizes the results and insights from my 

experiments in this thesis: It offers my model for the interaction of anthropogenic 

changes in the arctic and suggestions for future research. This chapter will not be 

published. 
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Together, these six chapters examine and give an overview of the impacts of two 

anthropomorphic stresses on arctic soil microbial communities. Studies on NPs toxicity 

on soil microbes have just gained momentum and my findings in this field should serve 

as basis of many future experiments. Impacts of freeze-thaw study also bring out 

important information on differential stress response of microbial community from three 

different arctic sites which should interest the climate scientists. It is my hope that overall 

this thesis will attract a wide range of readers. 
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Chapter 2 

Perturbation of an arctic soil microbial community by metal 

nanoparticles 

 

2.1 Abstract 

 Technological advances allowing routine nanoparticle (NP) manufacture have 

enabled their use in electronic equipment, foods, clothing and medical devices. Although 

some NPs have antibacterial activity, little is known about their environmental impact 

and there is no information on the influence of NPs on soil in the possibly vulnerable 

ecosystems of polar regions. The potential toxicity of 0.066% silver, copper or silica NPs 

on a high latitude (> 78 °N) soil were determined using community level physiological 

profiles (CLPP), fatty acid methyl ester (FAME) assays and DNA analysis, including 

sequencing and denaturing gradient gel electrophoresis (DGGE). The results of these 

different investigations were amalgamated in order to develop a community toxicity 

indicator, which revealed that of the three NPs examined, silver NPs could be classified 

as highly toxic to these arctic consortia. Subsequent culture-based studies confirmed that 

one of the community-identified plant-associating bacteria, Bradyrhizobium canariense, 

appeared to have a marked sensitivity to silver NPs. Thus, NP contamination of arctic 

soils particularly by silver NPs is a concern and procedures for mitigation and 

remediation of such pollution should be a priority for investigation. 
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2.2 Introduction 

The arctic is important since it helps moderate temperatures, stores 10-15% of 

global carbon and contributes significantly to world’s renewable resources (Field et al., 

2007; McGuire, et al., 2009). However, energy and mineral extraction along with tourism 

has made this region susceptible to anthropogenic contaminants at a time when the 

effects of climate change in arctic ecosystems are not fully understood. This is 

exacerbated by global atmospheric circulation patterns that transport contaminants from 

more southerly regions of the northern hemisphere (Landers et al., 1995). Amongst the 

many pollutants of concern, manufactured nanoparticles (NPs) are relatively new with 

unknown environmental consequences. NPs have a plethora of applications in food, 

electronics and industrial processes, but increased use will be inevitably linked to release 

in water and soil. Once released, it is unknown how NPs will influence microbial 

biodiversity, particularly at high latitudes.  

Perturbations of soil microbial consortia can have significant consequences for 

ecosystems and soil microbial consortia are influenced by and also affect plant growth 

(Davidson & Janssens 2006). In turn, plant competition can alter landscape species 
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composition (Anand et al., 2003; Balser & Firestone 2005; Chapin et al., 2009). 

Considering the critical role of soil and the millions of tonnes of NPs manufactured 

yearly (Simonet & Valćarcel 2009), surprisingly, we are aware of only five published 

reports on the effect of NPs on terrestrial microbial communities. Carbon (fullerene) NPs 

were reported to either have no effect on soil communities (Tong et al., 2007) or a 

significant impact (Johansen et al., 2008), whereas metal NPs had a possible negative 

influence (Shah & Belozerova 2008; Hänsch  & Emmerling 2010).  

In the current study we have investigated the influence of manufactured silver, 

copper and silica NPs on arctic soil microbial diversity. Silver NPs have biocidal activity 

against all classes of microorganisms including bacteria (Sondi & Salopek-Sondi 2004; 

Kim et al., 2007), fungi (Panáček et al., 2009), algae (Miao et al., 2009) and protozoa 

(Matveeva et al., 2006), and as a consequence they are used in a wide range of consumer 

goods including textiles, medical devices, packaging and sprays (Buzea et al., 2007). 

Copper NPs are used in industrial processes as coatings and lubricants and in batteries, 

inks and plastics. They are also biocidal (Cioffi et al., 2005). In contrast, although silica 

NPs are used in medical devices and electronics, they are also found naturally and 

therefore may be relatively benign (Liang et al., 2005).   

 

 

 



 

25 

 

2.3 Material and Methods 

2.3.1 Soil sampling  

We considered it important to use soils that were unlikely to have been previously 

exposed to manufactured NPs. Accordingly, soil samples were collected in July 2008 

from the top 2-5 cm from three adjacent sites with no permanent habitation, situated at 

Alexandra Fjord, Ellesmere Island, Nunavat, Canada (78.87660N and 75.77760W). 

Sampling sites were at 30 m elevation with the soils characterized as granitic, sandy and 

peaty. This area is a “high arctic oasis” with the tundra vegetation dominated by sedges 

(Carex spp. and C. aquatilis), cotton grass (Eriophorum trisle) and arctic willow (Salix 

arctia) (G. Henry, per. com.). Soil was transported in insulated boxes with ice packs and 

stored at -20 ºC until processed. Debris including visible roots was removed using gloves 

and sterile forceps before compositing prior to experimentation.  

 

2.3.2.2 Soil chemical analysis  

Standard protocols were used for metal analysis (EPA SW-846 method 6010 

protocol), nitrate and nitrite (EPA 300.0 Rev. 2.1 protocol), total phosphorus (SM18-21 

4500-PE), and total organic carbon (SM 18-21 5310B (00)). Soil pH was determined 

using a soil-to-water
 
ratio of 1:5 with a glass electrode.  

 

2.3.3 Nanoparticles and microcosms:   

Powdered NPs as well as Ag microparticles (MPs) were obtained from MK nano 

(Mississauga, ON), all at  99.8% purity with an average particle size of 20 nm for Cu 
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and Ag NPs, 15 nm for SiO2 NPs and 10 µm for Ag MPs. Particle sizes were 

independently assessed using electron microscopy. Each NP was mixed with soil (25 g) 

for 15 min to give a final NP concentration of 0.066% (w/w) in order to mimic 

‘pollution-type’ contamination as previously described (Shah & Belozerova 2008; Shah 

et al., 2010). After thorough mixing, batches of each NP type were combined to give 100 

g soil and mixed again (15 min). Control soils were treated identically but without NP 

addition. All soils were packed in 218 ml polypropylene containers fitted with sampling 

ports (Qubit Systems, Kingston, ON), and incubated for 176 days at room temperature 

(mean ~ 23 C).  Temperature and relative humidity of the microcosms were monitored 

using sensors and maintained between 80-85% with sterile distilled water (sDW). 

 

2.3.4 Microbial community level physiological profiles (CLPP) and fatty acid methyl 

ester (FAME) analysis 

Microbial CLPP was assessed in triplicate using Biolog® Ecoplates (Biolog®, 

Hayward, CA). Control and NP-treated soils (1 g) were suspended in sDW (9 ml) and 

vortexed for 5 min before being allowed to settle (15 min). Individual ecoplate wells 

were inoculated with the soil suspensions (150 μl), which had been diluted 10-fold, and 

incubated at 25°C for 72 h. The absorption measured as optical density (OD) at 590 nm 

was recorded using a 96-well plate reader (Spectra max Plus 384, Molecular Devices, 

Sunnyvale, CA).  

Fatty acids were extracted from soil samples (3 g) using a standard protocol 

(Sasser 1990) and analyzed by Microbial ID (Newark, DE). 
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2.3.5 DNA isolation, microbial community survey and PCR-denaturing gradient gel 

electrophoresis (DGGE) 

To preferentially analyze viable bacteria and reduce the probability of polymerase 

chain reaction (PCR) amplification of DNA from dead or moribund cells, the soil 

samples were treated with the nucleic acid cross-linker ethidium monoazide (EMA) 

(Rudi et al., 2005; Pisz et al., 2007). In brief, EMA was added to soil (0.4 g) in a 15 ml 

polypropylene tube, vortexed for 5 sec and incubated in the dark for 5 min. 

Photoactivation was accomplished by placing the sample tubes 20 cm from a 500 W 

tungsten light (UL Portage Worklight; Canadian Tire, Kingston, ON) for 60 sec and 

DNA was subsequently extracted from the soil using PowerSoil™ DNA isolation kits 

(MO BIO Laboratories, Carlsbad, CA). In order to survey communities in control and Ag 

NP-treated soils, DNA samples (500 ng) were subjected to pyrosequencing analysis 

(Margulies et al., 2005) using a 454 Sequencing System (Roche 454 Life Sciences) at 

Genome Québec (Montreal, QC).  

Amplification of the variable V3 to V5 regions of bacterial 16S rRNA gene was 

accomplished by PCR using the consensus primers GC-338f (Øverås et al., 1997) and 

907r (Lane et al., 1985). Template (1 µl DNA) was added to 0.2 mM of each dNTP, 5 µl 

of 10 X PCR buffer, 4 µl MgCl2, 0.2 µM each primer, 1 U of Taq polymerase, as 

recommended by the reagent supplier (Fermentas Canada Inc, Burlington, ON), and sDW 

(final volume of 50 µl). After denaturation (2 min at 94° C), PCR was carried out by 35 

cycles of 30 sec at 94 °C, 30 sec at 50 °C and 30 sec at 68 °C with a final 1 min extension 
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at 68 °C. The concentration and size (629 bp) of the products were assessed by 

electrophoresis (1% agarose gels). In order to compare amplified DNA from NP-treated 

and control soils, PCR-DGGE (Muyzer et al., 1993) was done by first separating 

amplified DNA on 6% (w/w) polyacrylamide (acrylamide: bisacrylamided (37.5:1)) gels. 

A D-Code universal mutation detection system (BIO-RAD Laboratories, Hercules, CA) 

was used with a denaturing gradient of 2.8-4.2 M urea and 16-24% formamide in running 

buffer (40 mM Tris-acetate, 1 mM EDTA) at 65 V, 60 °C for 20 h. Gels were stained 

with SYBR Green (Invitrogen, Burlington, ON) and scanned with Chemi Genius, Bio 

Imaging System (Syngene, Cambridge, UK). PCR-DGGE analysis was conducted in 

triplicate for each soil treatment.  

To identify individual parent bacteria, specific DNA bands were cut from the 

acrylamide gel. After washing twice with sDW (1 ml), a fragment (<1 mm
3
) of each band 

was used as a template for PCR, as described. After amplification and repeated DGGE, 

co-mobility with amplified DNA obtained directly from the soils was assured. PCR 

products representing single bands were purified using the Qiagen Inc. kit (Mississauga, 

ON) and cloned using the Topo® TA Cloning® kit (Invitrogen). Sequencing in both 

directions using vector primers followed by Codon Code Aligner and BLAST 

(http://blast.ncbi.nlm.nih.gov) analysis, enabled putative identification.  

 

 

 

http://blast.ncbi.nlm.nih.gov/
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2.3.6 Toxicity studies of selected cultured bacterial strains to Ag NPs and 

microparticles  

The susceptibility of particular bacterial cultures to Ag particles was assessed 

using viability assays. Bradyrhizobium canariense was obtained from American Type 

Culture Collection (Manassas, VA) as ATCC® BAA-1002
TM

. Since B. canariense could 

not be cultured on solid agar after NP exposure, growth was estimated in triplicate for 

each strain, using the most probable number (MPN) method. B. canariense was 

cultivated for three days at 30 C in 100 ml modified yeast extract mannitol medium 

supplemented with 50 µg/ml Ag NPs or Ag MPs (to a final concentration of 0.005%). 

Cultures were serially diluted to 10
-9

, with five aliquots (30 µl) of each sample in the 

dilution series transferred to a 96-well tissue culture plate (Sarstedt, Germany) containing 

270 µl growth media per well and incubated at 30 ºC. A Pseudomonas borealis culture 

(Wu et al., 2009), originating from the arctic, was cultured as previously described and 

MPN determined as indicated. 

  

2.3.7 Data analysis  

To evaluate CLPP, the average of the three independent ODs obtained using each 

substrate was employed for calculations. Values of control wells were subtracted and 

occasional negative numbers were set to zero. Diversity richness was assessed by the 

number of substrates with OD > 0.25. The Shannon diversity index (H) was calculated 

using the formula H = -  pi ln pi where pi is the proportion of the color development of 

the ith well divided by the total color development of all wells in a plate. ODs < 0.25 
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were set as 0, thus allowing for the incorporation of richness into the calculation of H 

(Derry et al., 1998).  

The mean percent area of the identified peaks in FAME chromatograms was used 

for analysis with diversity richness calculated using peaks with an area > 1% of the total. 

Again, when peak areas were low (<1%), they were set at 0. A formula, analogous to that 

used for CLPP analysis, was used to calculate H values where pi , in this case, represented 

the proportion of the peak area of the ith peak divided by the total peak areas.  

For the community survey, each read was subjected to BLAST search against the 

small rRNA database (http://www.arb-silva.de) and short or ambiguous sequences were 

removed. Similarity for each read and taxonomy was determined using the “fetch 

taxonomic representation” and “summarize taxonomy” functions in the galaxy genomics 

pipeline (http://main.g2.bx.psu.edu; (Goecks et al., 2010; Blankenberg et al.,2010)) 

followed by a paired t-test. A phylogenetic tree of microbial community at the genus-

level was also constructed with 16S rRNA sequencess obtained from control soil and Ag 

NP treated soil. Scans of the stained gels obtained after PCR-DGGE were analyzed after 

rolling disc background subtraction (setting 9) using Quantity One image analysis 

software, version 4.6.7. (BioRad Laboratories). Bands were detected using a sensitivity 

value of 66 with no noise filter with a minimum density set at 1% (with the shoulder 

sensitivity and size scale at 5.00 and 3, respectively). Band pattern comparison was 

achieved using the software’s match option and a position tolerance value of 0.5%. 

Statistical calculations on band numbers were similar to those described for the FAME 
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analysis. For all three biochemical analyses, the standard deviation for the obtained data 

did not exceed 10% for any point.  

 

2.3.8 Calculation of a microbial community toxicity (MCT) indicator  

Differences in the CLPP, FAME and DGGE profiles were compiled after 

obtaining p - values using Students’ t-test for independent samples, with significant 

differences in values set at p < 0.05 (Statistica 8.0, StatSoft, Tulsa, OK, USA). In order to 

compile the results for each of the microbial community assessment tools (CLPP, FAME 

and PCR-DGGE), a total MCT indicator is proposed as follows; MCT values were 

calculated using equation 1.  

 

                                        MCT25 = TB + TF + TD   …… (1) 

 

Where TB is the CLPP toxicity indicator, TF
 
is FAME toxicity indicator and TD

 
is the 

PCR-DGGE toxicity indicator. The formulae for each of the three indicators are given in 

equations 2 to 4. 

TB = 
S

s
    …… (2) 

Where s = number of substrates whose responses in NP-treated soil plates differ from 

control by > 25% and S = number of substrates with ODs > 0.25 in one or both the 

sample types compared. Since control and experimental data must differ by more than 

25% to be considered different, the subscript 25 appears in the MCT25 indicator. 
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TF  = 
A

a
      …… (3) 

Where a = number of peaks whose areas in NP-treated soil differ from controls by > 25% 

and A = number of peaks having peak areas of > 1% in chromatograms from one or both 

of the sample types compared. 

TD =  
B

b
   …… (4) 

Where b = number of bands that are present only in controls or NP-treated soils and B = 

total number of bands compared. It is important to note that while calculating TD, the 

presence or absence of a band, rather than the band intensity, was used.   

 

2.4 Results 

2.4.1 Soil characterization  

Chemical analysis of the soil samples showed the presence of metals within 

ranges typical for uncontaminated soils including Al (11 g/kg), Ca (3.5 g/kg), Fe (21 

g/kg), K (0.9 g/kg) and Mg (5 g/kg). The concentrations of Ag and Cu were close to the 

lower detection limit (1.6 10
-3 

g/kg). As is characteristic of many northern soils (Oechel 

& Vourlitis 1995), they were rich in organic carbon (18.8 g/kg) with low inorganic N 

content (3 10
-3 

g/kg). The soil pH was 5.6.  

 

 

 



 

33 

 

2.4.2 Microbial community analyses  

Physiological profiles were used to assess if there were changes in the culturable 

microbial consortia after exposure to the NPs. The diversity of substrate utilization, 

reflected as mean absorbance compared to untreated control soils, was reduced to 16% in 

Ag NP-treated soil, and to 40% and 52% in Cu and SiO2 NP-treated soil-derived cultures, 

respectively (Table 2.1). Of the 31 different CLPP substrates tested, 13 were not 

metabolized appreciably (OD < 0.25). Of the remaining 18 substrates, 14 were utilized in 

untreated soils, with 12 and 11 substrates utilized by cultures derived from the Cu and 

SiO2 NP-treated soils, respectively. Only three substrates, mannitol, pyruvic acid methyl 

ester and galacturonic acid, were used by Ag NP-exposed soils. Indeed, there was a 

significant difference in Ag and Cu NP-treated soils compared to untreated controls and 

each other (p < 0.05; Fig. 2.1), but the modest reduction in substrate utilization between 

SiO2 NP-treated soils and controls was not statistically significant (p > 0.05). The 

Shannon diversity index (H) did not vary significantly between controls and the SiO2 or 

Cu NP-treated samples (Table 2.1), but in Ag NP-treated soils, the H value showed a 

decrease to more than 50%, indicating a significant change in the culturable microbial 

population.  

The absolute number of identified peaks with areas representing >1% in the 

FAME chromatograms increased marginally in all the NP-treated samples compared to 

untreated controls (Table 2.1) but this was not statistically different (p > 0.05). If assessed 

by peak area richness or H values, the soils were similar (Table 2.1). However, when 
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only the major fatty acid (FA) peaks were compared, there were differences between the 

controls and NP-treated soils including the absence of some FA signatures (Fig. 2.2). In 

all the NP-treated soils, the striking lack of FA21:1w6c, which was the most prominent 

peak in controls appeared to be compensated by the appearance of several saturated FAs 

(such as C9:00, C10:00, C13:00, 17:1w7c and 15:0 ISO 

2OH/16:1w6c/16:1w6c/15i2OH). For other FAs, there were marked differences between 

NP treatments, such as the 19:1 w8t peak, which represented 11% of the total in Cu-

treated soil, but was insignificant (<1%) in Ag and SiO2 NP-treated samples (Fig. 2.2).  

A DNA community survey of control and Ag NP-treated soil suggested that these 

NPs could significantly impact this microbial population. Ag NP treatment reduced the 

recovery of 16S sequences an average of 44% (range: 13-70%) assigned to 5/6 of the 

major orders (Solirubrobacterales, Actinomycetales, Rhizobiales, Acidobacteriales and 

Clostridiales). A relative increase (4% vs. 9%) in the proportion of recovered sequences 

was found after treatment only in the Bacillales. PCR-DGGE analysis also showed that 

Ag NP treatment resulted in changes in microbial DNAs. Software analysis of the gels 

revealed approximately 30 major and minor bands in control and the NP-treated soil 

samples. The relatively few major DNA bands (Fig. 2.4) indicated that only a small 

proportion of the consortia were sufficiently abundant for visualization after PCR-

amplification. Although some of the bands remained after treatment, differences were 

consistently seen in 18/30, 10/27, and 15/30 bands in Ag, Cu, and SiO2-treated soils, 

respectively (Table 2.1). When DGGE bands of interest (see Fig. 2.4) were repeatedly 
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excised, PCR-amplified and cloned, 10 different sequences were obtained. Of these, half 

were ambiguous but five unique sequences designated 1, 2, 3, 4, and 5 (Fig. 2.4) were 

used for sequence searches. Three could not be positively identified (Table 2.2) since 

they were most similar to uncultured soil bacteria, but one of these (band 4) was 

tentatively designated as an unculturable Firmicutes bacterium (95% identity). Band 5 

was prominent in Ag NP-treated soils and showed limited similarity to Luteibacter 

rhizovicinus (92% identity). In contrast, band 3, which appeared in all samples except 

those from Ag NP treatments, was putatively identified as Bradyrhizobium canariense 

(99% identity).  

Since the DNA analysis pointed to the sensitivity of B. canariense to Ag NPs, an 

independent assessment of the growth of this species in the presence of Ag NPs as well as 

Ag MPs was carried out. Compared to control cultures, the presence of Ag NPs reduced 

the growth of B. canariense by 8 orders of magnitude (mean MPNs were 1.3 x 10
8
 

cells/ml vs. 6 cells/ml). The larger particles, Ag MPs, reduced growth 4 orders of 

magnitude (mean MPNs 2.4 x 10
4
 cells/ml). In contrast, a P. borealis strain, originally 

isolated from arctic soil and used as an additional control, showed little Ag NP-mediated 

growth reduction (mean MPNs were 1.6 x 10
8
 cells/ml vs. 4.8 x10

7
 cells/ml). 

 

2.5 Discussion 

A survey of the community using pyrosequencing and subsequent analysis of the 

rRNA sequences showed that of the 6 major orders, only the Bacillales showed an 
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increase in the relative number of sequences after treatment with Ag NPs (Fig. 2.3). 

Perhaps this is not surprising considering that this order is characterized by known spore-

formers, which survive under extreme conditions, and is also consistent with previous 

observations showing that several metal oxide NPs had little impact on spores in culture 

(Haggstrom et al., 2010). However, with that one exception, every major order, together, 

showed an overall 44% decrease in the relative number of recovered sequences. Indeed, 

as a direct result of this perturbation of the microbial population, representatives of more 

minor orders were more apparent after Ag NP treatment (Fig. 2.3). To further assess the 

effect of all three different NPs on arctic soil, PCR-DGGE analysis was carried out. Since 

routine DGGE analysis may not always reliably distinguish DNAs amplified from non-

viable versus viable organisms, the DNA intercalator, EMA, was used to bind to free 

DNA, as well as DNA present in cells with compromised cell membranes. When 

preferential amplification of DNA from viable bacteria was done, DGGE profiles became 

noticeably distinct and the calculated TDs demonstrated an impact associated with each 

NP treatment, especially for Ag NPs (Fig. 2.4, Table 2.1). As might be expected for arctic 

soils, the majority of cloned sequences from the DGGE bands represented unidentified, 

unculturable microbes.  

Although perturbations of the communities were seen using these different assays, 

we believed that a more robust overall assessment could be obtained by developing an 

integrated toxicity measure. Traditionally, Minimal Inhibitory Concentration (MIC) 

values are used for antimicrobial agents with MIC25 designating a killing of 25% of 
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microbes. Analogously, our proposed MCT values allow a comparison of the effect of 

contaminants on microbial communities with MCT25, indicating that each data point for 

the calculations differed by 25% from the controls, providing a balance between over- 

and under-sensitivity of the reported toxicity. We further propose that values in the top 

75% of the range be classified as potentially highly toxic, 50% - 75% have low toxicity, 

and that values below this range be regarded as non-toxic by these assays. Therefore, 

since the calculated MCT25 for SiO2 NPs, Cu NPs and Ag NPs were 2.12, 2.18 and 2.46, 

respectively, on a scale of 3, both Cu NPs and SiO2 NPs would be placed in the category 

of ‘low toxicity’. Although we initially surmised that SiO2 NPs with the lowest toxicity 

would not perturb soils, in fact, culture-based toxicity tests (Jiang et al., 2009) have 

shown their impact on microbes. In contrast, Ag NPs at value of 2.46 have a MCT25 index 

> 2.25 and thus are potentially ‘highly toxic’, certainly warranting further study.   

The striking Ag NP-mediated disappearance of a DGGE band with 99% identity 

to B. canariense, a Gram negative nitrogen-fixing symbiotic bacterium (Vinuesa et al., 

2005), suggested a vulnerability to Ag NPs, and this was confirmed by culture. Taking 

into account the concentrations used in these in vitro experiments, the growth of B. 

canariense was reduced by 8 orders of magnitude in the presence of Ag NPs and was a 

million times more susceptible than controls. Our in vitro experiments also showed that 

much of this toxicity was mediated by nanosized Ag since the same concentrations of Ag 

MPs were considerably less effective in reducing growth. These observations of Ag NP 

toxicity validate not only the DGGE results and the pyrosequencing data showing a 
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reduction in the number of sequences assigned to Rhizobiales, an order characterized by 

plant symbionts and nitrogen fixers, but also our contention, based on the MCT25 index, 

that Ag NP shows high toxicity to this arctic soil.  

The mechanisms by which NPs alter community structure are not yet understood. 

However, since DGGE banding patterns were different only after treatment of the DNA 

with the EMA cross linker, we can assume that susceptible microbes died or at least 

suffered membrane damage when exposed to NPs. In addition, B. canariensis was unable 

to divide in the presence of even low Ag NP concentrations. Less susceptible microbes 

presumably continued to divide and thus changed the overall community structure. Taken 

together, these results support a mechanism of toxicity involving mechanical injury 

and/or reactive oxygen species damage similar to the reproductive failure and oxidative 

stress reported in Ag NP-exposed soil nematodes (Roh et al., 2009).  

 

2.6 Conclusion 

We cannot help but be concerned since if nitrogen fixing Bradyrhizobium species 

are susceptible to Ag NPs, we wonder about the impact to biogeochemical cycles and to 

the arctic ecosystem in particular. Despite the high humic acid content, which may make 

arctic soils especially vulnerable (35), when we initiated these experiments we were 

uncertain about the amount of toxicity of NPs to microbial communities in soil. Even 

though Ag NPs have proved bactericidal in cultures, we suspected that any toxicity might 

be mitigated once NPs enter the soil. To our dismay and concern, the present 
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investigation suggests otherwise. Indeed, little is known about the impact of 

manufactured NPs on the environment and previously there has been no published data 

on the influence of NPs in the fragile, yet globally crucial ecosystems of polar regions. 

Our culture-independent and -dependent assessments, once amalgamated, produced a 

newly developed toxicity indicator that showed that all NPs had some consortial impact 

with Ag NPs being the most toxic, underscoring our disquiet for the future contamination 

of arctic soils. We thus urge other researchers to assist us in the study of NP toxicity, 

particularly in high latitude soils  
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Table 2.1 Microbial community properties and calculation of MCT25 indices for soils 

treated with 0.066% (w/w) copper, silver or silica nanoparticles. 

Parameters Control Cu Ag SiO2 

CLPP         

Mean optical density 0.63 0.24 0.10 0.33 

p – value (T-test for independent samples)  0.01 0.0007 0.07 

Shannon Diversity Index (H) 2.52 2.41 0.96 2.27 

Substrate richness 14 12 3 11 

# substrates having optical density of 0.25 in one or both the 

samples being compared (S) 

 18 14 15 

# substrates utilized in NP-treated soils differing from controls 

by 25% (s) 

 16 14 11 

TB  (s/S)  0.88 1.00 0.73 

FAME     

Mean peak area 13680 9560 12160 10300 

p – value (T-test for independent sample)  0.88 0.78 0.89 

Shannon Diversity Index (H) 2.21 2.40 2.55 2.42 

Peak area richness  18 19 20 19 

# peaks having an area of >1% in the compared 

chromatograms (A) 

 28 29 28 

Number of peaks with areas in NP-treated soils differing from 

controls by >25% (a) 

 26 25 25 

TF  (a/A)                0.92 0.86 0.89 

PCR-DGGE     

p – value (T-test for independent sample)  0.48 0.38 0.11 

Shannon Diversity Index (H) 2.91 2.92 2.96 2.97 

Band richness 23 20 18 22 

# bands compared present in > 3/ 4 gels (B)  27 30 30 

#  bands unique to one sample in > 3/ 4 gels (b)  10 18 15 

TD  0.37 0.6 0.5 

MCT25  2.17 2.46 2.12 
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Table 2.2 Putative identification of the amplified DNAs originating from bands derived 

from the DGGE analysis and their closest identity to known ribosomal RNA gene 

sequences, including their associated accession numbers from the National Center for 

Biotechnological Information. 

Band 

No. 

No. of 

nucleotides 
Accession  Closest identity 

Query 

coverage 

Maximum 

identity 

1 585 bp EF018383.1 Uncultured 

Crenotrichaceae 

bacterium clone 

Amb_16S_762  

98% 92% 

2 564 bp EF664816.1 Uncultured alpha 

proteobacterium clone 

GASP-MB1W2_H11 

16S 

100% 92% 

3 563 bp FJ390904.1 Bradyrhizobium 

canariense strain 

SEMIA 928 

100% 99% 

4 563 bp EF073550.1 Uncultured Firmicutes 

bacterium clone GASP-

WB1W1_H08 16S  

100% 95% 

5 565 bp AB272380.1 Luteibacter 

rhizovicinus strain: 1-

O-9  

100% 92% 
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                       C                                                                                                 D 

 

Figure 2.1 Mean relative utilization of 6 groups of substrates by cultures derived from soils that 

were untreated (A) or treated with Cu NPs (B), Ag NPs (C) and SiO2 NPs (D). Only groups of 

substrates showing substantial utilization (OD > 0.25) are shown. 
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Figure 2.2 Peak areas of fatty acids (FAs) in nanoparticle-treated soils relative to the FA 

concentrations in untreated soils. Soils were treated with Cu, Ag, or SiO2 (Si) NPs for 

176 days with FAs determined as described in methods. A logarithmic plot, rather than a 

table, facilitates the interpretation of changes. FAs are named according to standard 

nomenclature but abbreviated where appropriate and listed from top to bottom as: FA 

9:00,10:00, 13:00, 12:0 3OH, 14:1 w11c, 15:1 ISO F, 16:1 w3c, 16:1 w8c, 17:1 w3c, 
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w6c/12:2w6c/12:0anteiso, 19:1 w7c/19:1 w9t/19:1 w9t/19:1 w7c, 19:1 w6c /19:0 

cyclo/19:0 cyclo w9c/19:1, 20:1 w7c/20:1 w9t/20:1 w9t/20:1 w7c, 15:0 ISO 

2OH/16:1w6c/16:1 w6c / 15i2OH, 17:1 ISO I/ANTEI B/17:1 ANTEISO B/i I, 18:1 w9t, 

Unknown 20.241 "C" 
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Figure 2.3 Stacked bar representation of 16S rRNA gene sequence association to orders 

in control and 0.066% silver nanoparticle-treated soils. Less abundant, but still >1%, 

orders are (in order) starting from the light green bar (at 0.8), Acidithiobacillales, 

Chlorobiales, Elusimicrobiales, Enterobacteriales, Erysipelotrichales, Nautiliales, 

Planctomycetales, Rubrobacterales, Syntrophobacterales and Thermoanaerobacterales.  

Sequences were assigned to orders after analysis with galaxy genomics tools 

(http://main.g2.bx.psu.edu) 
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Figure 2.4 Representative PCR-DGGE profiles of control and NP-treated soils showing 

the position and band numbers of the amplified DNAs that were excised from the gels for 

subsequent cloning and sequencing. The gel contains samples from control (C) as well as 

Cu NP (Cu), Ag NP (Ag) and SiO2 NP (Si) -treated soils.   
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Chapter 3 

Influence of nanoparticle mixture on an arctic soil community 

 

3.1 Abstract 

There is a growing interest in understanding not only the impact of individual 

nanoparticles (NPs) on ecosystems but also the effect of NP mixtures. In the present 

study the impact of a combination of three different NPs, silver, copper and silica (all at 

0.022% to make the final concentration 0.066%; w/w) on an arctic microbial community 

was investigated. After addition of the NPs, soil microcosms were incubated for 176 days 

and subsequent estimates of microbe diversity were obtained using culture-dependent and 

culture-independent assessments. The treated soil appeared to show a reduction in the 

ability to utilize carbohydrate and amino acid substrates, and as well demonstrated an 

altered pattern of major fatty acid peaks. Polymerase chain reaction-denaturing gradient 

gel electrophoresis showed consistent differences in the pattern of predominant rRNA 

gene sequences. Although this is an initial investigation of soil contaminated with mixed 

NPs, these results demonstrate that even at the relatively modest concentrations used, 

such pollutants have the potential to disrupt microbial communities.   

Keywords: Mixed nanoparticles, Arctic soil, Microbial community 
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3.2 Introduction 

Nanoparticles (NPs) are used in a variety of consumer goods and industrial 

processes as a result of their unique thermal, tensile and electrical properties. 

Nanoparticles also have application in water purification and soil remediation (Phu et al., 

2009; Xu and Zhao 2007; Tungittiplakorn et al., 2004; Tungittiplakorn et al., 2004), and 

in addition, have proposed uses for energy extraction in deeper and more remote 

locations (Bell 2004). As a result, millions of tonnes of NPs are currently manufactured 

yearly (Simonet & Valćarcel 2009) with every expectation that production will continue 

to increase. Considering these many applications, it is curious that very few studies have 

investigated the influence of NPs on microbial biodiversity in situ (Shah 2010; Kumar et 

al., 2011). This is vital since it is well known that any change in soil community structure 

can have significant consequences for ecosystems including plant growth (Davidson & 

Janssens 2006). In particular, we are not aware of any studies that describe the effect of 

simultaneous exposure of different NPs on soil diversity and yet individual types of NPs 

will likely find their way into the environment from a plethora of sources and the natural 

biota will necessarily respond to the combined dosage of distinct NPs.   

Polar ecosystems are of particular concern because of their role in natural 

elemental cycles. Previously their geographic isolation has afforded some protection from 

anthropogenic pollution, but global warming will make these areas more accessible to 

ship traffic and industrial activity. Nanoparticles could be released into water and soil, 

not only by inadvertent discharge, but also because as indicated, NPs have applications 
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for groundwater purification, pollutant remediation, as well as oil and gas recovery (Bell 

2004; Savage & Diallo 2005; Li et al., 2006; Lv et al., 2009). Compounded with the 

increased opportunity for contamination, the degradation of many pollutants is low in 

these ecosystems (Poland 2003).  Although the persistence of NPs in arctic soils is 

unknown, NPs can agglomerate or aggregate once released into the environment (Mackay 

et al., 2006; Murdock et al., 2008; Jiang et al., 2009). However, the presence of high 

concentrations of humic substances often found at high latitudes could stabilize NPs and 

presumably extend their environmental half-life, with properties that may differ from 

their bulk forms (Hyung et al., 2007; Saleh et al., 2008; Zhang et al., 2009; Fang et al., 

2009). Previously, individual silver, copper and silica NPs have shown various degrees of 

toxicity or no effect in cultures derived from mid-latitude soils (Sondi & Salopek-Sondi 

2004; Kim et al., 2007; Cioffi et al., 2005; Ruparelia et al., 2008). Here we report an 

initial investigation of the influence of a mixture of silver, copper and silica NPs on the 

microbial diversity present in an arctic soil.  

 

3.3 Material and Methods 

3.3.1 Soil and treatments 

Soils were collected from Alexandra Fjord, Ellesmere Island, Nunavat, Canada 

(78.8766, -75.7760) far from permanent settlement by Greg Henry (University of British 

Columbia) as part of the International Polar Year initiative. This area is known as a high 

arctic oasis with vegetation such as sedges, cotton grass and arctic willow. Given the 
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current challenges of assessing the presence of NPs in situ, this remote site was selected 

to reduce the probability of previous NP exposure. Soil samples (top 2 to 5 cm of the 

surface) from three adjacent sites and treated, sorted, composited and chemically 

analyzed using standard protocols for metals (EPA SW-846 method 6010 protocol), 

nitrates and nitrites (EPA 300.0 Rev. 2.1 protocol), as well as total organic carbon (SM 

18-21 5310B (00)). Soil microbial biomass C and N were determined by the chloroform 

fumigation-direct extraction method (Brookes et al., 1985) and calculated as previously 

described (Jonasson et al., 1996; Chu & Grogan 2010). Soil pH was determined using a 

soil to water
 
ratio of 1:5 with glass electrode. Humic acid content was determined by 

Loring Laboratories Alberta Ltd., Calgary, AB.  

Powdered silver, copper and silica NPs (MK nano, Mississauga, ON), with an 

average particle size of 15-20 nm were mixed with soil so that each individual NP type 

was at a concentration of 0.022% (w/w), with a final total NP concentration of 0.066% 

(w/w), as previously described (Shah & Belozerova 2008). Microcosms contained 100 g 

soil, NP-treated or untreated (controls) and they were maintained at room temperature 

(mean ~ 23 C) with humidity (80-85%) monitored every 7 to 10 d by a gas-flow 

sampling system (50 ml per min and 1 ppm resolution; Qubit Systems).  

3.3.2 Community analyses  

At the termination of the 176 d incubation period, soil samples were subjected to 

analysis. Community level physiological profiles (CLPP) were assessed using Biolog 

ecoplate assays (Biolog®), conducted at 25 C for 72 h on soil samples (diluted 100-fold 
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with distilled water) and analyzed as recommended by the manufacturer.  To evaluate 

CLPP, the mean optical density (OD) of three independent cultures was obtained for each 

substrate, values of control wells were subtracted and negative numbers were set to zero. 

Diversity richness was then assessed by the number of substrates with mean ODs > 0.25. 

The Shannon diversity index (H) was calculated using the formula pipiH ln , 

where pi is the proportion of the color development of the ith well divided by the total 

color development of all wells in a plate. Optical densities < 0.25 were set as 0, allowing 

for the incorporation of richness into the calculation of H (Derry et al., 1998). 

Fatty acid methyl ester (FAME) analysis followed the protocol described by 

Sasser (1990) and chromatograms were prepared by Microbial ID. Fatty acid (FA) peaks 

were identified according to retention time and calculated as a percentage of the total 

peak area. The mean percent area of the identified peaks was used for analysis with 

diversity richness calculated using peaks with an area > 1% of the total. Low peak areas 

(<1%) were set at 0. A formula, analogous to that used for CLPP analysis, was used to 

calculate H values where pi , in this case, represented the proportion of the peak area of 

the ith peak divided by the total peak areas. 

Molecular analysis of the community was done by polymerase chain reaction- 

denaturing gradient gel electrophoresis (PCR-DGGE). In order to reduce the probability 

of analyzing DNA derived from dead cells, the samples were first treated with ethidium 

monoazide bromide (Pisz et al., 2007) and DNA was then extracted using the 

PowerSoil™ DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA). Amplification of 



 

58 

 

the partial rRNA gene sequences used forward (GC-338f) and reverse (907r) primers 

(Øverås et al., 1997; Lane et al., 1985) as previously described (Chu et al., 2007). After 

initial inspection of the products (629 bp) on 1% agarose gel, amplified DNAs were 

separated on 6% (w/w) polyacrylamide (acrylamide: bisacrylamided (37.5:1)) gels, using 

a denaturing gradient of 2.8-4.2 M urea and 16-24% formamide in 40 mM Tris-Acetate, 1 

mM EDTA at 65 V, 60° C for 20 h. Gels were stained with SYBR Green (Invitrogen, 

Burlington, ON), scanned with Chemi Genius, Bio Imaging System (Syngene, 

Cambridge, UK) and analyzed using Quantity One image analysis software, version 

4.6.7. (Bio-Rad, Hercules, CA) as previously described (Kumar et al., 2011). Statistical 

calculations on band numbers were similar to those described for the FAME analysis. For 

all three biochemical analyses, the standard deviation for the obtained data did not exceed 

10% for any point.  

 

3.4 Results and Discussion 

Although little is known about the impact of manufactured NPs on any soil, Shah 

and Belozerova (2008) failed to find evidence of significant negative effects using 

individual lead, gold, copper and silica NPs on microorganisms present in a temperate 

climate soil. The highest NP concentration they tested in their experiments was 0.066% 

(w/w), and thus this concentration was used as the total for the mixture of NPs in the 

present study. As is characteristic of arctic soils, collected soil samples were rich in 

organic carbon (18.8 g/kg) and humic acid (14%) with low inorganic N content (3 10
-3 
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g/kg). The soil had Ag and Cu concentrations lower than the detection limit (<1.6 10
-3 

g/kg) and a pH of 5.6 as previously described (Kumar et al., 2011). 

After treatment with the mixed NPs, total microbial carbon was reduced from 

1299 + 98 mg/kg in controls to 689 + 54 mg/kg (p < 0.05), and microbial nitrogen was 

reduced from 153 + 28 mg/kg dry soil to 67 + 8 mg/kg (p < 0.05). Similar observations 

have been seen in soils contaminated with 0.005 - 0.08% bulk Cu (Bogomolov et al., 

1996), where microbial biomass was significantly decreased. This suggests that in our 

experiments the microbial load decrease was associated with the mixture of low levels of 

NPs, including Cu NP.  

A total of 31 different substrates were tested with the culture-dependent Biolog® 

ecoplates, but since 13 were not used appreciably (OD < 0.25) they were not included in 

the CLPP diversity calculations. Of the remaining 18 substrates, 14 were significantly 

(ODs > 0.25) metabolized by control soil and 16 were metabolized by NP-treated soil 

(Table 3.1). Generally, the utilization of substrates in the carbohydrate and amino acid 

categories were the most reduced after NP treatment. Despite these obvious differences, 

however, the Shannon diversity index at 2.5 and 2.6 did not vary significantly between 

the control and NP-treated soil, respectively (Table 3.2).   

The culture-independent, fatty acid profiles of control and treated soils showed 

striking differences with more than half of the total fatty acids (using a reporting limit of 

1% of the total) present in only one sample (Table 3.3). Compared to control soil, the 

peak area representing Gram-positive signature fatty acid (15:1 ISO; (Cavigelli et al., 
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1995)) in treated soil was found to be above 1% cut-off.  However, marker for Gram-

negative bacteria (23:0 3OH; (Cavigelli et al., 1995)) showed reductions to below 1% of 

the total peak area, suggesting that these types with a thinner cell wall and the general 

inability to form spores may be more susceptible to NP-mediated toxicity. Acidobacteria, 

Alphaproteobacteria, Betaproteobacteria, Actinobacteria and Bacteroidetes generally 

predominate arctic soils (Chu et al., 2010), and only Actinobacteria is Gram-positive. 

Therefore, if Gram-negative species are more susceptible, then the striking changes in 

individual fatty acid peak areas after mixed NP treatment would not be surprising. 

Notwithstanding these results, similar to the CLPP data, the Shannon diversity index for 

the entire FAME analysis did not vary significantly between control and NP-treated soil 

at 2.2 and 2.4, respectively (Table 3.2).  

The other culture-independent assessment, PCR-DGGE analysis, clearly showed 

differences in the banding patterns of several of the most abundant rRNA gene sequence 

fragments (Fig. 3.1). Analysis of the gel scans indicated that there were eight bands in 

control samples not seen after treatment with the mixed NPs, and there appeared to be 

nine bands that were unique to the mixed NPs (Table 3.2). Even though the majority of 

the bands were shared, many of these showed differences in relative intensity consistent 

with a shift in the abundance of the bacteria encoding these DNA sequences.  

Together, the carbon, nitrogen, CLPP, FAME and PCR-DGGE analyses suggest 

that when susceptible microbes were exposed to the mixed NPs used here, there was a 

modest shift in the community so that over time more resilient organisms, possibly such 
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as spore formers (Haggstrom et al., 2010), could proliferate due to reduced competition 

from more susceptible species. Overall then, the structure of microbial community was 

perturbed. Supportive evidence includes the NP-mediated increase in the population of 

microbes that utilized γ-hydroxybutyric acid, glycogen, D-cellobiose and D-malic acid, 

the increased proportion of 19:1 w8t and 21:0 ISO fatty acids and the appearance of nine 

unique bands in the scanned gels from the DGGE analysis (Table 3.1 and 3.2, Fig. 3.1). 

Microbes with these characteristics would not have been sufficiently numerous in the 

original soil samples to be included in our analysis.  

Our results are consistent with the literature on the antimicrobial activity of silver 

NPs in culture experiments and the influence of silver, copper and silica NPs on the 

growth of microorganisms in soils (Kumar et al., 2011; Hänsch & Emmerling 2010; Shah 

et al., 2010; Fred et al., 2010).  We speculate that some of these organisms that are 

resistant to bulk metals could also be resilient to metal NPs, but there may be others that 

are particularly susceptible to nano-sized metals. Thus the direct effect of NPs on a soil 

microbial community would depend on the complexity of the population.  Previously we 

have shown that copper and silica NPs were only moderately toxic, with silver NPs being 

highly toxic to arctic soil communities (Kumar et al., 2011), all at a 3-fold higher 

concentration than that used in the present experiment. Therefore we show that NP 

mixtures even at individually lower concentrations have an impact on this consortium. Of 

course, we cannot discount possible indirect effects of NPs on the soil including a 
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diminished ability to cope with natural and anthropogenic stress. This is obviously an 

avenue of future investigation. 
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Table 3.1 Mean substrate utilization, where optical density (OD) > 0.25 in either control 

or treatment, in controls and soils treated with mixed-NPs. 

Substrate  

Category Substrate 

Control 

OD
a
 

Mixed 

Nanoparticles 

OD
a
 

Total  

(OD Control/ 

OD Mixed) 

Carbohydrate D-cellobiose min 0.30 

3.57/1.07 
D-galactonic acid Y-lactone 1.27 min 

D-mannitol 1.82 0.41 

N-acetyl-D-glucosamine 0.48 0.36 

Amino acids glycyl-L-glutamic acid 0.33 min 

6.21/3.09 
L-arginine 1.26 1.35 

L-asparagine 2.53 0.97 

L-serine 2.09 0.77 

Carboxylic 

acid 

D-galacturonic acid 2.27 1.94 

4.86/4.37 

D-glucosaminic acid 1.07 0.30 

D-malic acid min 0.45 

pyruvic acid methyl ester 1.52 1.20 

γ-hydroxybutyric acid min 0.48 

Polymer glycogen min 0.28 

1.50/1.81 Tween 40 0.83 0.79 

Tween 80 0.67 0.74 

Phenolic 

compound 

4-hydroxy benzoic acid 
1.57 0.42 1.57/0.42 

Amine Putrescine 1.01 0.40 1.01/0.40 

 

a
 Values that are <0.25 are designated as minimal (min) utilization 
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Table 3.2 Summary of the microbial community properties for the control and mixed NP 

- treated soil obtained by soil carbon, nitrogen community level physiological profile 

(CLPP), fatty acid methyl ester (FAME) and polymerase chain reaction-denaturing 

gradient gel electrophoresis (PCR-DGGE) analyses.   

Assays Parameters Control Mixed 

Nanoparticles 

Carbon Total microbial carbon assessed (mg/kg) 1299 689 

Nitrogen Total microbial nitrogen assessed (mg/kg) 153 67 

 CLPP Mean optical density (at 590 nm) 0.63 0.38 

Shannon Diversity Index (H) 2.52 2.59 

Substrate richness 14 16 

Number of substrates utilized only in one sample 

(OD >0.25) 

2 4 

FAME 

 

Mean peak area 13680 11900 

Shannon Diversity Index (H) 2.21 2.35 

Peak area richness  18 17 

Number of fatty acids only present in one sample 

(>1%) 

11 10 

 PCR-

DGGE 

Number of bands present  37 38 

Number of unique bands present in only one 

sample  

8 9 
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Table 3.3 Peak area (%) of the major fatty acids obtained by Fatty acid methyl ester 

(FAME) analysis of the control and mixed-nanoparticles treated soils
a
 

Fatty acids
b
 

Control 
Mixed-NP 

treated 

9:00 0.0 1.4 

10:00 0.0 1.2 

12:00 4.9 4.4 

13:00 0.0 1.1 

16:00 0.0 1.1 

10:0 3OH 3.0 3.5 

13:0 ANTEISO 1.4 1.7 

15:1 ISO F 1.4 0.0 

17:1 w7c 0.0 1.2 

17:1 w8c 1.1 0.0 

19:1 w8t 0.0 9.7 

21:0 ISO 0.0 14.0 

21:1 w6c 33.3 0.0 

22:1 w3c 0.0 3.2 

22:1 w5c 1.4 0.0 

23:0 3OH 3.7 0.0 

C12 Primary Alcohol 1.4 0.0 

C21 Primary Alcohol 2.7 0.0 

C23 Primary Alcohol 0.0 1.3 

C9 Dicarboxylic acid 18.3 20.8 

Sebacic(C10 dicarbox 1.9 3.1 

Suberic (C8 dicarbox 8.5 4.7 

19:1 w7c/19:1 w9t/19:1 w9t/19:1 w7c 3.7 0.0 
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a
 The total % peak area does not equal 100% because minor peaks are not described (See 

methods) 

b
 Fatty acids are named according to standard nomenclature but abbreviated where 

appropriate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20:1 w7c/20:1 w9t/20:1 w9t/20:1 w7c 1.2 0.0 

12:0 ALDE/ Unknown 10.928 1.2 0.0 

15:0 ISO 2OH/16:1w6c/16:1 w6c / 15i2OH 0.0 1.2 

17:1 ISO I/ANTEI B/17:1 ANTEISO B/i I 1.6 0.0 

Unknown 21.252 "C" 4.0 8.3 
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Figure 3.1 Representative polymerase chain reaction-denaturing gradient gel electrophoresis 

(PCR-DGGE) profiles of control and mixed NP-treated soils, where C1, C2 and C3 are control 

replicates and T1, T2 and T3 are mixed NP treatment replicates. The presence of extra bands or 

an increase in band intensity (dark arrows) and the absence or reduction of band intensity (light 

arrows) is indicated for the mixed NP-treated soil. 
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Chapter 4 

The effect of freeze-thaw conditions on arctic soil bacterial communities 

 

4.1 Abstract 

Climate change is already altering the landscape at high latitudes. Permafrost is 

thawing, the growing season is starting earlier, and, as a result, certain regions in the 

arctic may be subjected to an increased incidence of freeze–thaw events. The potential 

release of carbon and nutrients from soil microbial cells that have been lysed by freeze-

thaw transitions could have significant impacts on the overall carbon balance of arctic 

ecosystems, and therefore on atmospheric CO2 concentrations. However, the impact of 

repeated freezing and thawing with the consequent growth and recrystallization of ice on 

microbial communities is still not well understood. Soil samples from three distinct sites, 

representing Canadian geographical low arctic, mid-arctic and high arctic soils were 

collected from Daring Lake, Alexandra Fjord and Cambridge Bay sampling sites, 

respectively. Laboratory-based experiments subjected the soils to multiple freeze-thaw 

cycles for 14 days based on field observations (0 °C to −10 °C for 12 h and −10 °C to 0 

°C for 12 h) and the impact on the communities was assessed by phospholipid fatty acid 

(PLFA) methyl ester analysis and 16S ribosomal RNA gene sequencing. Both data sets 

indicated differences in composition and relative abundance between the three sites, as 

expected. However, there was also a strong variation within the two high latitude sites in 
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the effects of the freeze-thaw treatment on individual PLFA and 16S-based phylotypes. 

These site-based heterogeneities suggest that the impact of climate change on soil 

microbial communities may not be predictable a priori; minor differential susceptibilities 

to freeze-thaw stress could lead to a “butterfly effect” as described by chaos theory, 

resulting in subsequent substantive differences in microbial assemblages. This 

perspectives article suggests that this is an unwelcome finding since it will make future 

predictions for the impact of on-going climate change on soil microbial communities in 

arctic regions all but impossible. 

Keywords: climate change; arctic soils; freeze-thaw; phylogenetic composition; fatty 

acids; bacteria; chaos theory 

 

4.2 Introduction 

4.2.1 Will climate change stress arctic soil communities, and what are the likely ecological 

impacts? 

Although low temperatures in the arctic result in vast tracts of frozen ground or 

permafrost, the temperature of the soil is ameliorated by an insulating snow pack. As a 

result, snow depth and timing of first snow accumulation are important for the survival of 

subnivean life (Olsson et al., 2003; Brooks et al., 2011). Prior to snow accumulation in 

autumn, and during the spring melt, dynamically fluctuating air temperatures are 

common and can result in freeze-thaw cycle (FTC) events in surface soils. Such freeze-



 

77 

 

thaw fluctuations are of ecological interest because of their possible impacts on soil 

microbial communities, soil carbon and nutrient transformations, as well as plant 

productivity (Sulkava & Huhta 2003; Grogan et al., 2004; Yanai et al., 2004; Sharma et 

al., 2006; Schimel et al., 2007;  Henry 2007). In a changing climate, the arctic is expected 

to undergo substantial warming with a projected increase in average air temperature of 4–

8 °C during this century (ACIA 2005; IPCC 2007). Although this may impact all seasons, 

our particular interest is in earlier spring warming, as well as the potential decrease in 

snow cover that together may result in more FTC incidents (Groffman et al., 2001). 

Climate change scenarios also predict increased variability in climate, with greater 

amplitude fluctuations in air temperature and precipitation, which may further enhance 

the frequency of soil FTCs (IPCC 2007; Kattsov et al., 2005). 

Freeze-thaw events have been linked to declines in soil microbial biomass carbon 

(Brooks 1998; Schimel & Clein 1996; Larsen et al., 2002), a proxy for microbial 

community size. In extreme cases, FTCs have been associated with microbial dieback of 

40–60% (Yanai et al., 2004; Larsen et al., 2007; Christiansen et al., 2012). Even a single 

FTC can cause the death of up to 50% of microbes (Soulides & Allison 1961). 

Nevertheless, there is conspicuous lack of consensus among studies on the effects of 

FTCs on soil microbial biomass and activities (Henry 2007) with other reports showing a 

subtle or insignificant impact (e.g., (Grogan et al., 2004; Sharma et al., 2006; Lipson & 

Monson 1998; Buckeridge et al., 2010)). Some apparent inconsistencies between 

experiments could be attributed to the methods or the analysis, but others may depend on 
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soil type and the severity of the experimental FTC regimes compared to naturally 

occurring FTCs. Both regional and landscape topographic location may be critical since 

they determine local climate. As a result, soils derived from sites subjected to “harsh and 

changing environmental conditions” would be expected to contain a relatively high 

abundance of indigenous FTC-resistant species (Männistö et al., 2009). In consequence, 

perhaps arctic soils from such locations will show little impact from any additional 

freeze-thaw stresses related to climate change. 

Soils subjected to freeze-thaw regimes may release labile carbon and nutrients 

from lysed microbial cells and this has been associated with short-term peak respiratory 

pulses of N2O and CO2 (Sharma et al., 2006; Schimel & Clein 1996; Skogland et al., 

1988; Herrmann & Witter 2002). A single FTC resulted in respiratory losses accounting 

for up to 15% of microbial biomass carbon (Skogland et al., 1988). Potentially, then, 

FTCs could have a significant impact on tundra carbon balance. Indeed, Schimel and 

colleagues (2007) calculated that a freeze-thaw event could release carbon to the 

atmosphere corresponding to as much as 25% of the net annual primary production in an 

Alaskan tussock tundra region. Although release of more carbon will further exacerbate 

climate change, freeze-thaw induced microbial loss is crucial for arctic nutrient 

dynamics. Arctic vegetation growth is strongly limited by nutrient availability (Shaver & 

Chapin 1980) in part due to strong microbial immobilization of soil nutrients (Jonasson et 

al., 1999). Therefore, the release of microbial nitrogen and phosphorus from microbial 

cells that were lysed by FTCs could stimulate plant production and, hence, carbon uptake 
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from the atmosphere. This would help to counteract the CO2 release associated with lysis-

enhanced respiration. Overall, since the carbon to nutrient ratio of plants is higher than 

that of microbes or soil (Shaver et al., 1992), FTCs could eventually contribute to a net 

decrease in atmospheric CO2 concentration. However, this prediction is critically 

dependent on plants being able to acquire the released nutrients at the time of microbial 

lysis (Edwards & Jefferies 2010). To date, there is little evidence for this except for 

evergreen shrubs or perennial sedges in the arctic spring freeze-thaw period, and for 

graminoids in the early autumn (Edwards & Jefferies 2010; Grogan & Jonasson 2003; 

Larsen et al., 2012). If valid, however, FTC-mediated nutrient release could then 

ultimately shift plant community structure in favor of functional groups that can best 

capitalize on pulses of these liberated molecules. Nutrients released from FTC-lysed 

microbial cells that are not taken up by plants, may be acquired by surviving soil 

microbes, leached downslope, or lost to the atmosphere via dentrification (for nitrogen 

only). 

Similar to FTCs, the drying and subsequent rewetting of soils may strongly affect 

microbes due to the rapidly changing osmotic potentials (Schimel et al., 2007). During a 

rewetting event, microorganisms release cytoplasmic nutrients, constituting up to 60% of 

the microbial biomass carbon (Bottner 1985; Kieft et al., 1987), resulting in short-term 

pulses of enhanced CO2 release and nutrient availability (e.g. (Kieft et al., 1987; Clein & 

Schimel 1994; Fierer & Schimel 2003)). CO2 release and changes in microbial 

community composition following rewetting are usually less pronounced in soils 
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frequently exposed to fluctuations in soil water potential in situ (e.g. (Kieft et al., 1987; 

Fierer & Schimel 2003; Franzluebbers et al., 2004)). Again, this suggests that community 

adaptations for stress resistance are shaped by local climate history. While 

drying/rewetting events have been principally addressed in relation to episodic rainfall, 

arctic soils are often subjected to the combination of freeze-thaw and drying-rewetting 

stresses in late winter (Jefferies et al., 2010). Added to these stresses, in late winter, arctic 

soils are dried by sublimation due to the increase in sunlight, particularly in soils without 

much snow cover and adjacent to darker vegetation and roots, which can adsorb solar 

radiation (Jefferies et al., 2010). As warmer air temperatures initiate above ground, snow 

and ice melt, with water percolating down into the frozen soil through these sublimed 

crevices, soil pores, frost-induced cracks, and dendritic channels (Kane & Stein 1983; 

Marsh & Woo 1984; Kane et al., 2001). 

4.2.2 Freeze-thaw: survival of the fittest, or an assemblage of defenses? 

Temperature changes can be challenging to microbial communities. Low 

temperatures and FTCs can affect protein structure and function, membrane fluidity and 

be associated with cellular damage due to the impact of oxidative and osmotic stresses 

(Mazur 1966; Mazur 1984). Internal ice formation is largely avoided in situ, but the 

protective effect of an increase in cellular solute concentration (Mazur 1966) can itself 

result in damage, as can thawing leading to rapid changes in osmotic potential. External 

ice formed at low rates of cooling consists of large ice crystals (Deal 1970), which are 

potentially harmful. During prolonged periods near 0 °C, or during freeze-thaw, ice 
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recrystallization can result in still larger ice crystals that may contribute to further 

damage. Despite these many challenges, psychrophiles and psychrotolerant microbes 

have developed a range of physiological adaptations to survive freeze stress, allowing 

them to remain active at, and below, freezing conditions (Mikan et al., 2002; Panikov et 

al., 2006; Casanueva et al., 2010; Wilson & Walker 2010). At subzero temperatures, 

microbial activity is controlled by the availability of unfrozen water films on soil 

particles (Oquist et al., 2009; Tilston et al., 2010), and by substrate limitations (Clein & 

Schimel 1995). Adaptations include metabolic adjustments (Schimel & Mikan 2005), and 

may involve a switch from the utilization of carbon-rich litter during thaw periods to the 

recycling of nitrogen-rich internal products as well as dead microbes during freeze 

intervals (Clein & Schimel 1995; Michaelson & Ping 2003; Schimel et al., 2004). 

Different isolates show strikingly different susceptibilities to FTCs. For example, 

Chryseobacterium sp. C14 showed no loss of viability after 48 FTCs, resulting in a level 

of recovery that was three orders of magnitude higher than more vulnerable strains 

(Walker et al., 2006). This species conferred some benefit to other isolates, 

demonstrating that experiments investigating the effect of FTCs and spring runoff should 

utilize assemblages, rather than individual isolates. Consortia containing cooperative 

species could be relatively resilient when faced with the multiple stresses associated with 

seasonal changes. This could partially explain the little impact seen in response to freeze-

thaw stress in several studies, as well as a more marked effect in others (e.g., (Sharma et 

al., 2006) vs. (Larsen et al., 2002)). Whether FTCs are the cause or not, it is now fairly 
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well established that the active microbial soil community changes seasonally, resulting in 

distinct summer and winter arctic (McMahon et al., 2011), subarctic (Monson et al., 

2006), and alpine (Schadt et al., 2003; Lipson & Schmidt 2004) ecosystems. Generally, 

fungi dominate the tundra in winter and to a lesser degree in summer when bacterial 

abundance rises in the relatively warm soils (Schadt et al., 2003; Lipson et al., 2002). 

Such seasonal assemblage shifts could reflect differential stress susceptibility or the 

capacity to have a vulnerability complemented by other members of the consortium. If 

the enhanced resilience of soil microbial communities to FTCs can indeed be attributed to 

adaptation to a particular local climate associated with a geographic region (Männistö et 

al., 2009), this prompts us to consider that arctic soils from climatically distinct locations 

could then show substantial variation in their responses to FTCs related to climate 

change. It was this speculation that prompted us to undertake a small, but multi-spatial 

scale analysis; we report our results as part of this perspectives article in order to 

underscore the need for further investigation. 

 

4.3 Experimental section: the effect of simulated freeze-thaw cycles on latitudinally 

distinct soils 

We hypothesized that rapid temperature changes that result in soil freeze-thaw 

fluctuations could alter soil microbial diversity. Evidence for multiple FTCs was apparent 

at a low arctic site (Figure 4.1) and we speculated that the FTCs seen at this geographic 

location could serve as a proxy for the impact of more extreme future climate change at 
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higher latitudes. A recent analysis of climatic trends over the past ~50 years across 

Canada (albeit largely but not entirely based on data from relatively southerly weather 

stations) indicates that the frequency of soil FTCs is generally higher at sites with 

relatively warm mean annual air temperatures (i.e., at lower latitudes), and especially in 

relatively warm and dry winters (Henry 2008). Furthermore, these data suggest that 

climate change will increase the frequency of soil FTCs at most sites over the next 50 

years (Henry 2008). Accordingly, we sampled replicate soils from three distinct sites in 

the Canadian low, mid- and high arctic and used spring air and soil temperature data 

collected in situ at the low arctic location as the basis for FTC treatment of soils from all 

three sites. As indicated, we present our perspective on the effect of freeze-thaw events 

on soil microbes, and show the results of our biochemical analyses on the impact of 

freeze-thaw events on these three geographically distant assemblages. 

 

4.3.1 Soil collection sites, freeze-thaw regime and respiration monitoring 

Soil samples were collected in triplicate from three different sites in the Canadian 

Arctic: Daring Lake, Cambridge Bay, and Alexandra Fjord representing the low (64°52' 

N 111°35' W), mid- (69°11' N 104°45' W), and high arctic (78°53' N 75°47' W), 

respectively. Some soil biochemical and climatic variables for these sites are listed in 

Table 4.1. At each site, soils were obtained from three separate but similar locations (20–

100 m apart) close to the top of exposed ridges where soil freeze-thaw fluctuations are 
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most likely because of thin or absent snow cover. Samples of the top 2–3 cm of the soil 

organic layer were taken in spring (Daring Lake) and summer (the higher latitude sites) 

and shipped to our lab within several days and stored at −20 °C until processed (Chu et 

al., 2011). Ideally, soils would be subjected to FTCs immediately, but climate-prescribed 

seasonal differences in the collection dates, transport availability to remote sites, and the 

requirement to randomize the microcosms in the experimental apparatus dictated 

otherwise. The Daring Lake site was on top of a wind-exposed upland esker consisting of 

dry heath soils with a dominant vegetation of lichens Cladina sp., and dwarf shrubs, 

Ledum decumbens, Betula glandulosa, and Empetrum nigrum. Shrub cover at the 

Cambridge Bay site was dominated by Dryas integrifolia, with some sedges Carex sp., 

willows Salix sp. and mosses. The Alexandra Fjord soils were collected from a high 

arctic oasis with vegetation mainly consisting of sedges Eriophorum sp., Carex sp. and 

arctic willow, Salix arctica. 

After thawing, obvious roots and stones were quickly removed by hand prior to 

biochemical analysis. Triplicates were composited, packed in sealed polypropylene 

containers (100 g soil in each of three 218 mL containers for each site), and subjected to 

multiple freeze-thaw temperature fluctuations. In order to use temperatures that were 

consistent with the low arctic site, we examined temperature records of the soil (2 cm 

depth into the soil organic layer) and air temperatures (40 cm above the ground surface) 

from the Daring Lake weather station (Figure 4.1). Since the exposed sites did not have 

the benefit of insulating snow cover, we made the assumption that the temperature of the 
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top centimeters of soil would be the same as the air temperature. Indeed, records show 

that the likelihood of freeze-thaw diminishes greatly with depth from the soil surface 

down into the deeper soil horizons, and that soil FTCs may occur in either spring or fall. 

Climate change may eventually shift climates northwards so that the mid- and high arctic 

sites experience conditions more similar to current temperature patterns at the low arctic 

site (Schadt et al., 2003). Therefore, we exposed soil from all three sites to a 14-day 

treatment period of the same temperature regime. This approximated the air temperatures 

just above the snow surface observed at the low-arctic site in the 2005 field season (i.e., 

oscillating from −10 °C to 0 °C and back once per day; Figure 4.1). We connected the 

soil containers to a CO2 detector, a gas switcher and a computer for data acquisition 

(Qubit Systems, Kingston, ON) in order to monitor microcosm respiration throughout the 

incubation period. 

4.3.2 Soil phospholipid fatty acid and DNA analyses 

Each of the triplicate soil samples from each site was subjected to phospholipid 

fatty acid (PLFA) analysis. Fatty acid methyl esters were extracted as described using the 

Microbial Identification System (Microbial ID Inc. (MIDI), Newark, DE) as previously 

cited (Sasser 1990; Klose et al., 2006). Briefly, soil samples (3 g) were saponified (100 

°C in 3 mL 3.75 M NaOH in 50% methanol, 30 min), methylated (80 8C in 6 mL of 6 M 

HCl in 54% for 10 min), extracted (in 3 mL of a mix of equal volumes of methyl-tert-

butyl ether/hexane for 10 min), and washed (1.2% NaOH for 5 min). This procedure and 

the gas chromatography of the resulting esters were conducted by Keystone Labs, 
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Edmonton, AB. Only those fatty acids that were the most abundant (>1% of 

chromatographic peak areas for either control or treated samples) were considered for 

analysis. The total average peak area for the triplicate samples and controls were 

converted to ratios of PFLA peak areas in the experimental series over their 

corresponding controls to facilitate comparisons between untreated and treated soils. This 

was done because the focus of these experiments was not to describe the fatty acid 

composition at each site in detail but determine if FTCs would perturb PLFA profiles. 

DNA was extracted using a soil isolation kit (PowerSoil™ DNA Isolation Kit, 

MO BIO Laboratories, Carlsbad, CA) as per the manufacturer’s instructions. Polymerase 

chain reaction denaturing gradient gel electrophoresis (PCR-DGGE) was conducted as 

previously described (Kumar et al., 2011) except that the DNA was not treated with 

ethidium monoazide. PCR-DGGE was performed three or more times on each sample to 

ensure reproducibility of the gel patterns. 

For pyrosequencing, DNA was extracted from all 18 soil samples (controls and 

FTC-treated for each of the three geographic regions). The DNA samples were quantified 

using a Nanodrop spectrophotometer (NanoDrop-1000, Thermo Fisher Scientific, 

Wilmington, DE). After multiple initial PCR and agarose gel analyses (Kumar et al., 2011), 

all subsequent procedures were performed at the Research and Testing Laboratory (RTL: 

Lubbock, TX) with tag-encoded FLX amplicon pyrosequencing (TEFAP) performed in 

accordance with established protocols (Dowd  et al., 2008; Ishak et al., 2011). Bacterial 

primers Gray28F (5'-TTTGATCNTGGCTCAG-3') and Gray519r (5'-
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GTNTTACNGCGGCKGCTG-3') were used to amplify ∼500 bp fragments spanning the 

V1 to V3 hypervariable regions of the bacterial 16S ribosomal RNA (rRNA) genes. 

Initial generation of the sequencing library used a one-step PCR with a total of 30 cycles, 

a mixture of Hot Start and HotStar high fidelity Taq polymerases, and amplicons 

originating and extending from the 28F primer. Analysis utilized a Roche 454 FLX 

instrument with Titanium reagents based on RTL protocols 

(http://www.researchandtesting.com/). After sequencing, all failed sequence reads, low 

quality sequence ends and tags and primers were removed, with non-bacterial rRNA gene 

sequences and chimeras removed using B2C2 (Gontcharova et al., 2010) as previously 

described (Bailey et al., 2010). To identify the bacteria in the remaining sequences, 

sequences were denoised, assembled into clusters and compared with 16S bacterial 

sequences curated at the National Center for Biotechnology Information (NCBI) using a 

distributed MegaBLAST .NET algorithm (Dowd et al., 2005). Using RDP ver 9 (Cole et 

al., 2009) to determine quality and the .NET and C# analysis pipeline, the MegaBLAST 

outputs were compiled, validated and further analyzed as previously described (Bailey et 

al., 2010). These were subsequently used for sequence identity (percent of total length 

query sequence aligned with a given database sequence) and validated using taxonomic 

distance methods, and classified at the appropriate taxonomic levels based upon standard 

conventions. Specifically, 16S rRNA gene sequences with 90% or more base pair identity 

with existing sequences in the database were resolved at the family level. Similarly, those 

http://www.researchandtesting.com/
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sequences with scores between 85–90% were resolved at the order level, 80–85% at the 

class level and 77–80% at the phylum level (Bailey et al., 2010).  

4.3.3 Community responses of freeze-thaw stresses in microcosms: Results 

When subjected to the alternating temperature cycles, probes inserted into the 

microcosm cores showed that temperatures of −10 °C and 0 °C were achieved, and ice 

crystals or water vapor were visible on the outer surface of the microcosms in the 

appropriate distinct cycling periods. There were no overall differences between the CO2 

levels derived from the soil microcosms originating from the different geographic regions 

and therefore these nine profiles are not shown here. Nevertheless, respiration monitoring 

was consistent with FTCs, showing alternating periods of no detectible CO2 flux 

followed by a modest burst of CO2 as the soil thawed (not shown). This could reflect 

either physical release of trapped gas, carbon mineralization of solutes from microbes 

that were lysed by the freeze-thaw treatment, or simply more favorable temperatures (at 

thaw) for microbial activity. However, these alternatives were not investigated for this 

study. After the two-week incubation period, there were again no significant differences 

in the total cumulative respiration between microcosms or in respiration rates compared 

to the beginning of the experiment. 

The impact of FTCs on the soil community profiles was further examined using 

three additional culture-independent methods: fatty acid analysis, PCR-DGGE and 16S 

rRNA gene sequencing. Although downstream PLFA analysis may not be recommended 

in experiments that subject soils to temperature variations that can result in changes to 
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membrane lipids (Suutari & Laakso 1994), each of the experimental microcosms was 

treated in the same way. Using relative FA abundance gives a measure of the FTC-

mediated impact rather than an assessment of the community profile per se. As expected, 

fatty acid profiles in untreated soils differed in richness and composition among sites. For 

example, the Daring Lake soils contained 17 different signatures with relative abundance 

≥1%, while the Cambridge Bay and Alexandra Fjord soils had 25 and 24 signatures, 

respectively (Fig. 4.2). FTC-treatment had a differential effect on the soils, depending 

upon their origin and the particular fatty acid. Overall, fungal-associated fatty acids (e.g., 

18:2 ω6,9c and 18:1 ω9c; but note that 18:1 ω9c may be an unreliable fungal signature 

since it is found in certain Solirubrobacterales (Singleton et al., 2003; Kim et al., 2007), 

did not appear to show dramatic changes in response to FTCs, as suggested by 

observations in previous studies indicating that fungi tend to dominate winter soils 

(Schadt et al., 2003; Lipson et al., 2002). Overall, however, since PLFA composition 

varied among the sites it was difficult to determine additional general trends. In 

Alexandra Fjord soil samples, for example, a fatty acid indicative of the Gram-positive 

Actinobacteria of the order Actinomycetales (18:0 10-methyl, tuberculostearic acid) 

increased 15.8-fold after freeze-thaw treatment. Indeed, the ratio of the abundance of 

individual fatty acids before and after the freeze-thaw treatment most readily showed the 

overall response patterns. The Daring Lake soils appeared relatively resilient to FTCs 

since only 18% (3/17) of the most abundant fatty acids showed >10% increase or 

decrease in the abundance ratio. In contrast, the FTC-mediated impact on PLFAs was 
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much greater for the more northerly sites with substantive changes in 56% (14/25) and 

33% (8/24) of the fatty acids derived from Cambridge Bay and Alexandra Fjord soils, 

respectively. Furthermore, the range of ratio changes (i.e., the magnitude of increase or 

decrease in response to the FTC treatment) varied least among the Daring Lake soils 

(0.8–1.4) and most among the more northerly sites (Cambridge Bay: 0.5–1.4 and 

Alexandra Fjord: 0.8–1.8, excepting one signature that increased almost 16-fold). 

Although each of the microcosms containing soil derived from the same site had 

identical banding patterns using PCR-DGGE analysis of the 16S ribosomal RNA genes, 

and were distinct from the banding patterns obtained from different sites, there were no 

clear, regular differences in band patterns after FTCs (not shown). Unlike the dramatic 

changes in DGGE community profiles that are evident after more stressful treatments 

(e.g., nanoparticle exposure, (Kumar et al., 2011) and ultraviolet radiation (Paulino-Lima 

et al., 2012)), our results initially suggested, similar to others (Sharma et al., 2006), that 

FTCs did not appear to radically shift bacterial community structure in a predictable, 

consistent way. 

Due to the challenge in interpreting the modest and seemingly inconsistent 

changes we observed in the electropherograms, 16S rRNA gene sequencing was 

undertaken so that any differences in the relative abundance of specific community 

members could be better quantified. As has been documented in other studies, DNA 

sequence analysis is a sensitive technique (e.g., (Chu et al., 2011; Collins et al., 2012). 

Because each sample was limited to a survey of 3,000 bacterial sequence reads, we 
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focused on bacterial phylogenetic community structure at the order taxonomic level, and 

found clear differences among sites both in richness (number of orders) and evenness 

(relative abundances of the orders). For example, the Daring Lake soils contained 

bacteria that were classified using a cut-off level of an abundance ≥1%, into 16 different 

orders, while the Cambridge Bay and Alexandra Fjord bacteria were grouped into 26 and 

20 orders, respectively (Fig. 4.3). Solirubrobacterales, Rhizobiales, Nitrosomonadales 

and Acidobacteriales dominated the Daring Lake community. At the higher latitudes, 

Rhizobiales also dominated along with Rhodospirilalles (Cambridge Bay) and 

Actinomycetales (Alexandra Fjord). Soil bacterial community structure at sites similar to 

ours across the arctic appears to be strongly influenced by soil pH (Chu et al., 2011). 

Since soil pH varied across the sites investigated here (4.3, 5.6 and 6.6), our results 

suggest that even at the order taxonomic level, pH may have a strong influence on tundra 

soil bacterial community structure. 

Perhaps most surprisingly, the effect of FTCs on the phylogenetic composition 

differed depending on the originating site (Fig. 4.3 and 4.4). After freeze-thaw treatment, 

the overall abundance of the major orders from the Daring Lake site did not appear to 

change. This was apparent even when the data was mined for abundance at the Family 

level (not shown). Similarly, the same proportion of “minor” orders (<1%) was found 

both prior to and after FTCs in the low arctic microcosms. In striking contrast, profiles 

from the higher latitude soils appeared to be more perturbed by FTCs. In particular, 

Cambridge Bay soils initially showed a very high level of diversity with “minor” orders 



 

92 

 

making up over 38% of the mean phylogenetic profile (Fig. 4.3). However, this level of 

diversity was reduced to less than 15% after freeze-thaw treatments. Alexandra Fjord 

soils were not as diverse, with minor groups making up 10% of the profile, which was 

reduced to 7% after FTCs. In the higher latitude soils the abundant orders also showed an 

impact by FTCs, with contrasting patterns in the direction and magnitude of abundance 

changes in response to the treatment (Fig. 4.3 and 4.4). For example, in the Cambridge 

Bay soils the Nitrosomonadales, Acidomicrobiales, Actinomycetales, 

Gemmatimonadales, Sphingobacteriales, Rhizobiales, and Solirubrobacterales were all 

increased at least twofold as a result of the freeze-thaw treatment, while the 

Rhodospirilalles and the Halanaerobiales were reduced by at least a factor of two. By 

contrast, in the Alexandra Fjord freeze-thaw-treated microcosms, the mean relative 

abundance of Rhodospirilalles increased approximately 10-fold. The Gram-positive 

Lactobacillales appeared only after FTCs in the Alexandra Fjord soil (Fig. 4.3 and 4.4). 

Thus, changes in the relative proportions of orders were clearly seen in the higher latitude 

samples, but perhaps just as significant, the sample variation, as shown by the error bars 

was striking (Fig. 4.4).Therefore, there seems to be a clear distinction on the impact of 

FTCs in the higher latitude soils compared to the Daring Lake site. 
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4.4 Discussion and Conclusions 

4.4.1 Implications of the microcosm investigations 

The frequency of FTCs in arctic environments is predicted to increase as a 

consequence of climate change (IPCC 2007; Kattsov et al., 2005). Recordings of soil 

temperature fluctuations in late winter-early spring and in the autumn at our low arctic 

site showed multiple freeze-thaw events (Fig. 4.1), which may well foreshadow future 

conditions at higher latitudes. Thus, we used these temperature fluctuations to design 

freeze-thaw stress conditions for soils collected at three latitudinally distinct sites, 

ranging from the Canadian low to high arctic. Under FTC conditions and at temperatures 

fluctuating around 0 °C, ice recrystallization can be very damaging to cell membranes 

(Casanueva et al., 2010), and this, coupled with the osmotic stress from solute 

concentration changes due to ice and snowmelt, may ultimately result in cell death 

(Franzluebbers et al., 2000). Although, as previously indicated, some psychrophiles and 

psychrotolerant species contain antifreeze proteins and osmoprotectants that shield both 

themselves and others in the consortium from such stresses (Mazur 1966; Walker et al., 

2006; Mackey 1984; Xu et al., 1998; Raymond & Fritsen 2001; Gilbert et al., 2004; 

Wilson et al., 2012), many microorganisms die despite these adaptations (Jefferies et al., 

2010; Lipson & Schmidt 2004). 

PCR-DGGE profiles showed some modest changes in banding pattern, but it was 

not until the effects of FTC were examined in the communities by pyrosequence and fatty 

acid analysis that the differential impact on soils from the different sites was apparent. 
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The bacterial assemblage from the low arctic Daring Lake site was relatively unperturbed 

by FTCs, as clearly evident from the phylogenetic composition. Here, we observed no 

change in the relative abundance of any of the major soil bacterial orders or Families 

after FTC treatment and no obvious loss of diversity. This suggests a strong microbial 

community resilience (at these taxonomic levels) to the imposed environmental stress. 

Soils were deliberately sampled on relatively exposed ridges where FTCs are likely 

because of absent or very limited snowcover and full exposure to dynamic air 

temperature fluctuations. As well, because the Daring Lake site is situated at a lower 

latitude, it could be expected to undergo more FTCs than the more northerly sites (Schadt 

et al., 2003). Since the freeze-thaw experimental regime was based on temperature 

fluctuations measured in late winter and spring at this general location (Fig. 4.1), it is 

perhaps not surprising (Männistö et al., 2009) that indigenous soil microbes were 

relatively well adapted to survive these conditions. Similarly, hardy Antarctic bacterial 

communities have been reported to be relatively unresponsive across a range of FTC 

treatments varying in intensity (Yergeau & Kowalchuk 2008). In effect, the Daring Lake 

site, like other arctic and Antarctic environments that frequently experience freeze-thaw 

challenges, would be expected to be inhabited by stress-tolerant bacteria (Männistö et al., 

2009; Yergeau & Kowalchuk 2008). 

Contrary to the FTC-tolerant microbial assemblage from the low arctic site, mid- 

and high arctic soil communities appeared to be more affected by FTCs. In these higher 

latitude soils many of the major fatty acids showed a marked change; 56% and 33% of 
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the fatty acids from the Cambridge Bay and Alexandra Fjord sites, respectively, showed 

more than a 10% change in abundance after freeze-thaw treatment, compared to 18% for 

the Daring Lake community. Pyrosequencing analysis revealed a similar trend with 

changes in the overall abundance of the bacterial orders present prior to FTC treatment. 

The Alexandra Fjord soils were impacted by FTCs as evidenced by a decline in overall 

bacterial diversity in the minor orders (10% to 7%), coupled with notable shifts in 

phylogenetic diversity. For example, after freeze-thaw treatments, there was an increased 

relative abundance of Lactobaccillales, Rhodospiralles, and Rhodobacterales, all of which 

have been reported from the Antarctic, or high arctic ice shelves and soils (Teixeira et al., 

2010; Bottos et al., 2008; Deslippe et al., 2005), suggesting that species within these 

groups may have low temperature adaptations. Nevertheless, the range of abundance 

values varied between microcosm replicates, thereby indicating that there was a lack of 

consistency in the magnitude of these increases. It is possible, then, that not only methods 

and analysis, but also a variable biological response, may underlie the apparent 

discrepancies between previously published studies (Henry 2007; Brooks 1998; Schimel 

& Clein 1996; Larsen et al., 2002; Larsen et al., 2007; Christiansen et al., 2012; Soulides 

& Allison 1961; Lipson & Monson 1998; Buckeridge et al., 2010; Männistö et al., 2009) 

on the impact of FTCs. 

For the mid-arctic site, the most notable shift in community structure was the 

dramatic decrease in the diversity contributed by minor orders; this dropped more than 

half (38% to 15%) after FTCs (Fig. 4.3), with some major orders then appearing to make 
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up more of the phylogenic composition. This striking reduction in diversity is similar to 

the results of FTC selection on cultured enrichments, which ultimately resulted in the 

recovery of microbes that were characterized by the production of osmolytes and 

inhibitors of ice recrystallization (Walker et al., 2006; Wilson et al., 2012). As significant 

as the reduction of diversity, however, was the high variation seen in the three replicate 

microcosms for this site compared to the relatively small variation in the Daring Lake 

soils (Fig. 4.4). To illustrate, the FTC-mediated decrease in abundance of Rhodospiralles 

and Halanaerobiales in Cambridge Bay soils was affiliated with error bars spanning 

almost an order of magnitude. Thus, species within these orders are likely susceptible to 

FTC-mediated conditions, but the magnitude of this vulnerability could have been 

mitigated in a particular microcosm by the concurrent freeze-thaw selection of a chance 

group of beneficial, commensal species. These latter species may be part of the orders 

present in low abundance. In this regard, it would be of interest to increase the number of 

sequence reads so that minor groups could be more accurately enumerated, as well as to 

replicate each microcosm a dozen or more times to determine if any patterns in this 

apparent unpredictability emerge. Overall, however, the observed variation between 

microcosms derived from the high latitude soils strongly suggests that FTC effects on 

microbial community composition and relative abundance may not be absolutely 

predictable and that stochastic influences may play a significant role in the outcome. 

Taken together, we speculate that soil microbes collected at the mid and high 

arctic sites were not strongly selected in situ for community adaptations to FTCs, 
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compared to the Daring Lake site. Perhaps because of differences in local climate, 

whereby the more northerly sites typically experience fewer FTCs (Schadt et al., 2003), 

both the higher latitude sites were noticeably impacted by freeze-thaw treatments. In 

particular, Cambridge Bay microcosms showed an overall reduction in diversity. The 

question then becomes: to what extent do disturbed consortia function differently 

compared to the original community? Bacteria are some of the most abundant and diverse 

organisms on earth (Whitman et al., 1998), and our knowledge of community structure 

and its linkages to microbial biogeochemical activity is severely limited. For instance, 

studies on the temperature response of arctic and Antarctic microbial communities report 

not only variations in bacterial species, but highly divergent changes in the gene 

expression of the major functional genes such as nifH, nosZ and amoA involved in the 

soil nitrogen cycle (Deslippe et al., 2005; Yergeau et al., 2008; Walker et al., 2008; 

Lamb et al., 2011). In this case then, it is very difficult to predict directional effects of 

climate warming on nitrogen cycling by the community as a whole, and likewise, more 

generally, for all other critical biogeochemical processes. Furthermore, changes in 

microbial composition may not affect ecosystem process rates if the post-disturbed 

community (with a different composition/structure) contains taxa that are functionally 

equivalent to those that were previously abundant in the pre-disturbed community 

(Schimel & Gulledge 1998). Likewise, new taxa in the post-disturbed community may 

function differently, but still maintain pre-disturbance community process rates. In 

summary, the inherent genetic variability and potential for rapid acclimation and 
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adaptation in soil bacterial communities undoubtedly plays an important role in retaining 

a full range of ecosystem functions even after such environmental stress. 

 

 

4.4.2 Implications for predictions on the effect of climate change 

It is undoubtedly a challenge to predict directional shifts in arctic bacterial 

communities in response to climate change. However, what makes this difficult task 

virtually impossible is the evidence of stochastic variation that we have reported here. 

Since different microbes can employ very different tactics to evade or mitigate the impact 

of FTCs, including the synthesis of specialized proteins, the maintenance of a fluid 

membrane, the production of osmolytes and even commensal or mutualistic relationships, 

to mention just a few, it is perhaps no wonder that every microcosm which was exposed 

to novel or at least unusual freeze-thaw treatments resulted in a different community 

structure. We initially hypothesized that soils from higher latitudinal sites might be 

especially vulnerable to soil temperature changes recorded at the low arctic site, as a 

proxy to predict the effect of future climate change. Even if one argues that the climatic 

histories with respect to FTCs for each site were not that different, the fundamental point 

is that our data clearly show strong differences in the variability of freeze-thaw responses 

among sites. We now speculate that we might not have needed to collect samples at such 

vast distances. A similar variable response may well have been obtained using soils 
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collected from different topographical locations at a single site if those locations varied in 

FTC history as a selective force on the bacterial community. We further hypothesize that 

if indeed the soil communities at the Daring Lake site had been “pre-selected” for 

relatively high numbers and amplitudes of FTCs over countless seasons, then our results 

together provide an explanatory mechanism for the pattern of responses. 

We propose that freeze-thaw fluctuations are not near-catastrophic stresses, but 

can exert a sufficiently strong selective pressure to allow resource distribution and 

community adaptation. Adaptation in our microcosms, which harbored communities 

approximating 10
10

 individuals (Banerjee & Siciliano 2011) and numbering more than 

10
4
 different species is perhaps, in retrospect, not surprisingly a product of stochastic, 

chaotic mechanisms. A “butterfly effect,” as defined by chaos theory (Lorenz 1963), 

results when slight initial disturbances can give rise to larger differences in a subsequent 

state. In our case, we posit that minor perturbations in our microcosm communities gave 

rise to unique species assemblages in each “non-adapted” microcosm derived from the 

higher latitude soils. The consequence of these observations is rather sobering; 

regretfully, we must submit that the effect of climate change on arctic soils may be 

inherently unpredictable. 
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Table 4.1 Comparison of some soil biochemical and climatic variables including pH, 

organic layer (org layer) depth, soil carbon and nitrogen, mean annual temperature (AT), 

mean growing season temperature (GST), average annual precipitation (AP), snow depth, 

and average number of days above 0 °C for the three sites, Daring Lake (DL), Cambridge 

Bay (CB) and Alexandra Fjord (AF). 

Site pH 

Org 

layer 

(cm) 

Soil 

C 

(%) 

Soil 

N 

(%) 

Soil P 

(ppm) 

AT 

(°C) 

GST 

(°C) 

AP 

(mm) 

Snow 

depth 

(cm) 

Days 

above 0 

°C 

DL
1 

4.3 2–5 20 0.7 21 –9
 

10
 

150 29 127 

CB
2 

6.6 5–6 24 1.4 7 –14 6 140 31 79 

AF
3 

5.6 NA 12 0.8 4 –15 3 250 NA ~65 

 

1
 data from this study and Chu et al., 2010 (60), with climatic data from Bob Reid, Department of 

Indian and Northern Affairs, Water Resources Division, NWT; note that the days above 0 °C is 

reported as the diel average temperature above 0 °C. 
2
 data from Chu et al., (2010), with climatic 

data from the National Climate Data and Information Archive, Environment Canada (1971–

2000); note that the days above 0 °C is reported as the minimum diel temperature above 0 °C.
3
 

data from Chu et al., (2010), with climatic data averaged from Labine (1994) and Rayback and 

Henry (2006), with days above 0 °C reported as “frost-free days” for Quttinirpaaq National Park, 

Ellesmere Island (Environment Canada); NA, indicates that the information is not currently 

available. 
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Figure 4.1 Temperatures in the air (40 cm above the ground surface) and in the soil (2 

cm depth) at two locations at least 2 m apart beneath birch hummock tundra vegetation at 

the Daring Lake site. Temperatures were measured in the spring (2005) with dates as 

indicated on the X-axis. Data were collected every 30 min using copper-constantan 

thermocouples and a datalogger. 
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Figure 4.2 Mean ratios of the most abundant fatty acids (>1% of chromatographic peak 

areas) from low arctic (Daring Lake), mid arctic (Cambridge Bay) and high arctic 

(Alexandra Fjord) soils, both before and after daily freeze-thaw treatments for 14 days. 

Freeze-thaw-treated (n = 3) /untreated (n = 3) are represented along with standard errors 

(lines on the bars), with no change in mean abundance after treatment indicated by 1. 

Increases and decreases relative to mean control values are shown as bars with mean 
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values >1 or <1, respectively. Fatty acids are named according to standard nomenclature 

but abbreviated where appropriate and represent from bottom to top as: 9:00, 10:00, 11:0 

iso, 10:0 3OH, 12:00, 13:0 iso, 13:0 anteiso, 12:1 3OH, 14:0 iso, 14:00, 15:0 iso, 15:0 

anteiso, 14:0 3OH/16:1 iso I, 16:0 N alcohol, 16:1 w7c/16:1 w6c, 16:1 w6c/16:1 w7c, 

16:00, 16:0 2OH, unknown 16.586, 17:0 10-methyl, 17:1 anteiso A, 17:1 w7c, 18:3 w6c 

(6,9,12), 18:2 w6 9c/18:0 ante, 18:1 w9c, 18:1 w7c, 18:1 w5c, 18:00, 19:1 w11c/19:1 

w9c, 19:0 cyclo w10c/19w6, 17:0 2OH, 18:0 10-methyl TBSA, 20:0 iso, 20:00 (the value 

for 18:0 10-methyl TBSA in Alexandra Fjord soil was 15.8 with a standard error of 1.62). 
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Figure 4.3 
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Figure 4.3 Cont. 

 

Figure 4.3 Bacterial phylogenetic composition within the soil assemblages of Daring 

Lake, Cambridge Bay and Alexandra Fjord, both before (control; C), and after multiple  

freeze-thaw cycles (FTC). Sequence identity was established after pyrosequencing of the 

16S rRNA genes, classified into orders, and the means of those with ≥1% abundance (for 

either treatment or control groups) presented as discrete categories, with groupings of less 

abundant orders shown as “Others.” 
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Figure 4.4 
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Figure 4.4 Cont. 

 

 

 

Figure 4.4 The effect of the freeze-thaw treatment on the relative abundance of each of 

the bacterial orders (with those with ≥1% abundance for either treatment or control 

groups shown) in the soils from Daring Lake, Cambridge Bay and Alexandra Fjord. Data 

are ratios of the mean abundance before and after freeze-thaw treatment, with no change 

in the mean abundance in the order after treatment indicated by 1. Increases and 

decreases relative to control values are shown as bars with mean values >1 or <1, 

respectively. Standard errors of the means are shown as lines on the bars. Sequences were 
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obtained in triplicate for all controls and treatment samples. However, caution must be 

used in examining the FTC-treated Alexandra Fjord microcosms since one of the isolated 

DNA samples could not be optimally pyrosequenced; only operational taxonomic units 

representing the most abundant orders were reported in one of the three replicates and, 

therefore, this particular file set was not considered in the analysis. 

  



 

123 

 

Chapter 5 

Effect of silver nanoparticles and microparticles on bacterial and fungal 

communities in a lower arctic 

 

5.1 Abstract 

Despite some progress in the toxicological studies of nanoparticles (NPs) a huge 

gap exists between the potential NPs impacts on the environment and the understanding 

of the mechanism of toxicity. The impact of two different concentrations (0.066% and 

6.6%) of silver-NPs and silver microparticles (MPs) were tested in a microcosm of low 

arctic soil. Effects on bacterial and fungal communities were determined by using 

phospholipid fatty acid analysis, polymerase chain reaction-denaturing gradient gel 

electrophoresis and DNA sequencing. Results of these biochemical and molecular 

analyses showed that Ag-NPs shifted the bacterial community more than the Ag-MPs. 

Overall silver treatment (Nps and MPs) affected Gram-positive bacteria somewhat more 

than Gram-negative bacteria, and the fungal community was less affected than bacteria. 

One fungus in particular showed an increase in relative abundance and this genus is 

known for its antioxidant properties. This study adds to our existing concerns over the 

impact of Ag-NPs on the environment.  

 

Keywords: Nanoparticles, Microparticles, Arctic, PLFA, PCR-DGGE, DNA sequencing 
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5.2 Introduction 

Nanotoxicology seems to be emerging as a new sub-discipline of NPs-based 

technology. However, it has not been able to dampen the ever-growing list of NPs-based 

consumer products 

(http://www.nanotechproject.org/inventories/consumer/analysis_draft/). According to the 

most updated inventory list, there are 1317 consumer products in which NPs have been 

used in one form or another 

(http://www.nanotechproject.org/inventories/consumer/analysis_draft/). Moreover, it 

does not count numerous other potential NPs-based products under development that are 

ready for release. It is well known that NPs possess an enormous potential to overcome 

technological challenges and we have every reason to believe that they are here to stay. 

This possibility makes the ongoing release of NPs into environment undisputable.  On the 

other hand, NPs have been shown to be toxic to various forms of life, including microbes. 

Therefore, concerns about the unregulated use of NPs at industrial level seem legitimate. 

Among various NPs in use, silver nanoparticles (Ag-NPs) are becoming increasingly 

popular as antimicrobial agents.  

Silver or silver-based compounds are known to be toxic to microbes in their bulk 

form (Slawson et al., 1992; Zhao & Stevens 1998). When Ag-NPs are used, microbes 

have greater surface area of sliver to interact with, possibly increasing the antimicrobial 

properties of Ag-NPs. Though Ag-NPs have found many uses as a substitute for 

http://www.nanotechproject.org/inventories/consumer/analysis_draft/
http://www.nanotechproject.org/inventories/consumer/analysis_draft/
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antimicrobials, the mode of action of this metal on microbes is not fully understood. 

While toxicity of NPs may be influenced by their shape, size and surface areas, they also 

have the tendency to aggregate. In principle, dispersed particles should exhibit increased 

microbial toxicity over their bulk counterparts in aggregate form. What makes the 

nanotoxicological study of Ag-NPs trickier is that silver is also known to be toxic in a 

bulk form. It is not known if Ag-NPs are significantly more toxic to microbes than bigger 

silver particles (microparticles), or if aggregated Ag-NPs become less toxic once they 

enter the environment.  The presence of various other metals, compounds or partially 

decomposed substances in the soil may also change their fate and hence the toxicity level 

of Ag-NPs. For example, it has been shown that humic acid can interact with NPs and 

change their behavior (Chen & Elimelech 2007). To examine this conundrum we are 

reporting the effect of Ag-NPs and silver microparticles (Ag-MPs) on the bacterial and 

fungal populations of arctic soil.  

 

5.3 Material and Methods 

5.3.1 Soil samples  

Soil samples were collected from under birch hummock tundra vegetation during 

August, 2009 from Daring Lake (64°52'N, 111°35'W) in central Northwest Territories, 

Canada. Soil samples were collected away from human settlement to minimize the 

chance of manufactured NPs exposure to the soil. The collection site was from birch 

hummock areas characterized by the presence of 10–30 cm high hummocks and 
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deciduous dwarf birch (Betula glandulosa) shrubs that attain ∼10–30% of the areal 

coverage. The remaining cover consisted mostly of ericaceous shrubs (Andromeda 

polifolia L., Vaccinium vitis-idaea, Vaccinium uliginosum, Ledum decumbens), sedges, 

mosses, lichens, and herbs (Rubus chamaemorus L.) (Chu & Grogan 2010). After 

collection as previously described (Kumar et al., 2013), the soil was transported with 

freezer packs and stored at -20 °C till further processed. Before experimentation, frozen 

soil was removed from storage and distinguishable small debris, roots and pebbles were 

removed.  

5.3.2 Nanoparticles and microparticles  

The average particle size and purity of silver nanoparticles were 20 nm and 99.9% 

respectively. Transmission electron microscopy and dynamic light scattering showed an 

actual particle size range of 24-47 nm (Philbrook et al., 2011). Average particle size and 

purity of the silver microparticles were 3 µm and 99.9% respectively. Nanoparticles and 

microparticles were obtained in powder form from MK nano (Mississagua, ON). 

5.3.3 Soil respiration 

The uniformly mixed soil samples were divided into 6, 110 g aliquots, 

maintaining the temperature at 0 °C by the use of a sterilized tub over a salt-ice mixture 

in a 4 °C incubator. Two concentrations of Ag-NPs, at 0.066% and 6.6% (w/w), were 

thoroughly mixed with two of the soil samples by dividing and mixing them in four 

blocks separately prior to final mixing for 15 min. For convenience, these were 

designated as concentrations of low and high Ag-NPs (Ag-NPL and Ag-NPH, 
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respectively). The lowest concentration was chosen based previous reports of NP levels 

that would mimic ‘pollution-type’ contamination (Shah & Belozerova 2008; Shah et al., 

2010). After though mixing the soil was packed into sealed polypropylene containers 

(218.5 ml; Qubit Systems, Kingston, ON) prepared by washing with 70% ethanol, 

followed with a 95% ethanol rinse, and plugged with autoclaved glass wool. In an 

analogous procedure, containers with two concentrations of Ag-MPs, 0.066% and 6.6% 

(w/w) were prepared and designated as low and high levels of Ag-MPs (Ag-MPL and 

Ag-MPH, respectively). Control soils were treated to the same mechanical mixing 

process without any MP or NP addition and either autoclaved (2 x 120 °C for 20 min) or 

not. A further respiration negative control was prepared by packing 125 g of autoclaved 

white quartz sand (-50+70 mesh, Aldrich Chemicals) into a similarly prepared 

polypropylene container. To mimic seasonal changes, all microcosms were subjected to a 

program of temperature changes that were modeled on the winter to summer 

temperatures at the soil collection site (Kumar et al., 2013). The microcosms and controls 

were first moved from 0 °C to -18 °C and incubated at the lower temperature for 14 days 

to mimic winter temperatures at the soil-air interface. They were then incubated at 0 °C 

for 12 h followed by -18 °C for 12 h, for 14 cycles to model the winter to spring thaw 

period, and finally incubated at 15 °C for the remainder of the experiment. All 

incubations and respiration monitoring were done in the dark. 

Temperature of the microcosms and control containers were monitored using 

sensors fitted into ports sealed into the container tops. Total soil respiration at 1 ppm 
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resolution was assessed using pumped air, regulated by a gas flow controller (Qubit 

Systems), at 50 mL min
-1

 and circulated through the chambers. The gas was sampled 

sequentially with a gas switcher in real time using an infared CO2 analyzer (Qubit 

Systems) and the data was captured by computer. Differential respiration was obtained by 

subtraction of the signal from the autoclaved quartz sand from the measured CO2. In 

order to use the equipment for other experiments, respiration from the microcosms was 

not continually monitored, but assessed on a near-continuous basis during the freeze-thaw 

cycling period and periodically after transfer to 15 °C when the equipment was available, 

at least every 2-3 weeks throughout the incubation period. 

5.3.4 Soil Fatty acid methyl ester (FAME) profiling 

Soil samples were analyzed in triplicate by Keystone Labs (Edmonton, AB). Soil 

(3 g) samples were used for extracting the fatty acids with the detailed protocol for 

extraction and analysis as described in Sasser (1990). 

5.3.5 DNA extraction  

Earlier we reported using a DNA cross-linker in order to reduce the probability of 

nucleic acid recovery from dead or dying microorganisms (Kumar et al., 2011). In this 

method the soil was subjected to ethidium monoazide bromide (EMA) treatment prior to 

DNA extraction using a method described by Rudi et al., (2005) and Zola et al., (2007). 

Briefly, EMA was added to 400 mg of soil in a 15 ml polypropylene tube, vortexed for 

5 sec, incubated in the dark for 5 min, and then photoactivated by placing the sample 

tubes 20 cm away from a 500 W light (400–700 nm, UL Portage Worklight; Canadian 
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Tire, Kingston, ON) for 60 sec. After EMA treatment, DNA was extracted from the soil 

using PowerSoil™ DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA) as per the 

manufacturer’s instructions. 

5.3.6 Polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis 

(DGGE)   

Bacterial 16S rRNA gene sequences were amplified using the primer pairs 338f 

(5′-ACTCCTACGGGAGGCAGCAG-3′) with a GC clamp (Ovreas et al., 1997) and 907r 

(5′-CCGTCAATTCCTTTRAGTTT-3′) (Lane et al., 1985). Fungal 18S rRNA gene 

sequences were amplified using primer pairs FF390 (5′-CGATAACGAACGAGACCT-

3′) and FR1(5′AICCATTCAATCGGTAIT-3′) with GC clamp (Vainio & Hantula 2000).  

All amplifications were performed with a Techne TC-3000 thermocycler (Barloworld 

Scientific, Burlington, NJ). Polymerase chain reaction mixtures were prepared with 0.2 

mM of each dNTP, 5 μL of 10×PCR buffer, 2.0 mM MgCl2, 0.2 μM each primer, 1.0 U 

of Taq polymerase (all reagents from Fermentas Canada Inc, Burlington, ON), and 1 μL 

DNA template, in a final volume of 50 μL. For bacteria and fungi PCRs, amplification 

was started at 95°C for 10 min and followed by 35 cycles of 1 min at 95°C, 1 min at 

50°C, and 1 min at 72°C (or 1.5 min for fungal PCR); followed by final extension of 5 

min at 72°C (or 10 min for fungal PCR). The PCR products were checked by 1% agarose 

gel electrophoresis, and were then separated using DGGE with a D-Code universal 

mutation detection system (Bio-Rad, Hercules, CA) according to manufacturer’s 

recommendations. Bacterial amplified DNAs were separated on 6% (w/w) 
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polyacrylamide gels with a denaturing gradient of 40 to 60% (100% denaturant contains 

7 M urea and 40% formamide) and the fungal PCR products were separated on 8% (w/w) 

gels with denaturing gradients of 25 to 55%. Equal concentrations of amplified DNA 

(300 ng) were loaded onto DGGE gels and electrophoresed in 1x Tris-acetate-EDTA 

buffer at 60°C and 65 V for 20 h (16 h for the fungal samples), stained with 1:10,000 

SYBR Green I (Invitrogen, Burlington, ON) and scanned using a ChemiGenius scanner 

(Syngene, Cambridge, UK). PCR-DGGE was performed multiple times on two 

independently isolated DNA samples to ensure the reproducibility of the gel patterns. 

5.3.7 454-Pyrosequencing and data analysis  

Extracted DNA samples (taken from two regions of each microcosm) were 

quantified using a Nanodrop spectrophotometer (NanoDrop-1000; Thermo Fisher Scientific, 

Wilmington, DE) and used for pyrosequencing.  All pyrosequencing procedures were 

performed at the Research and Testing Laboratory (Lubbock, TX). Tag-encoded FLX 

amplicon pyrosequencing (TEFAP) were performed as described previously (Dowd et 

al., 2008; Ishak et al., 2011). Bacterium-biased primers Gray28F (5’-

TTTGATCNTGGCTCAG-3’) and Gray519r (5’-GTNTTACNGCGGCKGCTG-3’) were 

used to amplify ∼500-bp fragments spanning the V1 to V3 hypervariable regions of the 

bacterial 16S rRNA gene. Fungus-biased primers SSUFungiF (5’-

TGGAGGGCAAGTCTGGTG-3’) and SSUFungiR (5’-

TCGGCATAGTTTATGGTTAAG-3’) were employed to amplify ∼400-bp fragments. 

Initial generation of the sequencing library used a one-step PCR with a total of 30 cycles, 
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a mixture of Hot Start and HotStar high fidelity taq polymerases, and amplicons 

originating and extending from the 28F for bacterial diversity and 515F for fungal 

diversity.  Tag-encoded FLX amplicon pyrosequencing analyses utilized Roche 454 FLX 

instrument with Titanium reagents, titanium procedures performed at the Research and 

Testing Laboratory (Lubbock, TX) based upon RTL protocols 

(www.researchandtesting.com). After sequencing, all failed sequence reads, low quality 

sequence ends and tags and primers were removed and sequences’ collections depleted of 

any non-bacterial or non-fungal ribosome sequences and chimeras using B2C2 

(Gontcharova et al., 2010) as previously described (Bailey et al., 2010). To identify the 

bacteria or fungi in the remaining sequences, sequences were denoised, assembled into 

clusters and queried using a distributed MegaBLAST  .NET algorithm (Dowd et al., 

2005) against a database of high quality 16s bacterial or 28s fungal sequences derived 

from National Center for Biotechnology Information (NCBI). Database sequences were 

characterized as high quality based upon similar criteria utilized by RDP ver 9 (Cole et 

al., 2009). Using a .NET and C# analysis pipeline the resulting MegaBLAST outputs 

were compiled, validated using taxonomic distance methods, and data reduction analysis 

performed as described previously (Bailey et al., 2010). Based upon the above 

MegaBLAST derived sequence identity (percent of total length query sequence which 

aligns with a given database sequence) and validated using taxonomic distance methods, 

bacteria and fungi were classified at the appropriate taxonomic levels based upon the 

following criteria. Sequences with identity scores, to known or well characterized 16S 

http://www.researchandtesting.com/
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sequences, greater than 97% identity (<3% divergence) were resolved at the species level, 

between 95% and 97% at the genus level, between 90% and 95% at the family and 

between 85% and 90% at the order level , 80 and 85% at the class and 77% to 80% at 

phyla. After resolving based upon these parameters, the percentage of each bacterial and 

Fungal ID were individually analyzed for each sample providing relative abundance 

information within and among the individual samples based upon relative numbers of 

reads within each. Evaluations presented at each taxonomic level, including percentage 

compilations represent all sequences resolved to their primary identification or their 

closest relative (Bailey et al., 2010). 

 

5.4 Results 

5.4.1 Soil respiration 

As expected, microcosm respiration varied according to the temperature. No 

CO2 was detected during ‘winter’ conditions (-18 °C), but during the ‘spring’ period of 

24 h cycles of -18 °C to 0 °C, there was a diel periodicity to CO2 flux when soil 

temperatures approached 0 °C (Fig. 5.1, inset). This was likely due to the release of 

trapped gas in the icy soil, or alternatively low microbial respiration at the higher 

temperatures. Once the microcosms were moved to the ‘summer’ temperature of 15 °C, 

CO2 was detected in all of the containers with the exception of the autoclaved quartz 

sand, used as an equipment control. Autoclaved soil had a very low background 

differential respiration that was at just detectable at 10 ppm throughout the 71 day period 
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at 15 °C (Fig. 5.1). Three treatment groups showed respiration rates that were lower than 

the mean respiration of the untreated, control soil (230 ppm); Ag-NPL, Ag-NPH, and Ag-

MPH microcosms showed mean CO2 levels of 128, 55 and 60 ppm, respectively. The 

Ag-MPH treatment group showed the highest differential respiration rate at 330 ppm. By 

the end of the monitoring period there was some visual evidence of fungal growth in all 

the silver-treated microcosms, with none seen in the untreated control soil, nor in the 

autoclaved soil. 

5.4.2 Fatty acid analysis 

The chromatogram obtained after fatty acid analysis showed 73 different fatty 

acid peaks in untreated and Ag-NP/MP treated soils. Of these, 37 fatty acids representing 

an abundance >0.5% mol% are graphically represented (Table 5.1; Fig. 5.2). For the most 

part, the absolute fatty acid biomass of the treated soils did not show much change. Ag-

NP and Ag-MP treated soils at either high or low concentrations showed varying degree 

of change with respect to control. The relative abundance of Gram positive indicators 

(15:0 iso, 15:0 anteiso, 16:0 iso, 17:0 anteiso, Sum In Feature 9 (16:0 10-methyl), 18:0 

10-methyl, TBSA, Sum In Feature 6 (19:1 ω11c/19:1 w9c) and 20:0 iso) of Ag-NPL, Ag-

NPH, Ag-MPL and Ag-MPH were reduced to 17%, 19%, 16% and 22% respectively, 

compared to the 29% in control.  Signature fatty acids for Gram negative (Sum In Feature 

3a (16:1 ω7c/16:1 ω6c), 16:1 2OH, 17:0 cyclo, Sum In Feature 8 (18:1 ω7c), Sum In 

Feature 2 (14:0 3OH/16:1 iso I) and 18:1 ω5c) bacteria also decreased in all treatment 

groups however, these changes were more modest than those for Gram positive. Lipid 
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markers for Actinomycetes, however, showed a marked decrease from 6.6 mol% in 

control to 1.8%, 2.2%, 1.9% and 1.4% in Ag-NPL, Ag-NPH, Ag-MPL and Ag-MPH 

treatment groups, respectively. Interestingly, all treatment groups irrespective of size and 

concentration of silver particles, demonstrated an increase in the relative abundance of 

fungal lipid biomarkers’ (18:3 ω6c (6,9,12), Sum In Feature 5b (18:2 ω6,9c/18:0 ante) 

and 18:1 ω 9c). There were 8 saturated lipids and 12 unidentified lipids whose relative 

proportion in treatment soils showed minor increases or no changes relative to the 

control. 

5.4.3 Community DNA analysis 

The impact of Ag-NPs and Ag-MPs on bacterial communities was assessed by 

PCR-DGGE of whole soil DNA using bacterial primers for the V3 region of 16S rDNA. 

When compared with the control soil, Ag-NPL and Ag-NPH appear to have a greater 

influence on the soil than Ag-MPL and Ag-MPH treatments. Control and Ag-MPH 

treated soil showed a large number of undistinguished minor bands with few major bands 

(Fig. 5.3). Ag-NPs treated soil, irrespective of NP concentration, showed a loss of minor 

bands (red box ‘B’) as compared to untreated controls while major bands (red box ‘C’) 

remained largely unperturbed. When PCR-DGGE analysis was done with 18S rDNA 

primers, a large number of major and minor fungal bands in gel scans of control as well 

as treatment groups were seen. Most of the dominant bands (red box A, B, C, D and E) in 

treatment groups remained unaffected as compared to control, irrespective of types and 

concentration of silver particles, indicating a robust community (Fig. 5.4). However, 
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emergence of one new major band in Ag-NPL treatment and couple of minor bands in 

Ag-NPH treatment showed that the introduction of NPs did inflict some impact on the 

community structure. 

Pyrosequencing of 16S rDNA was used to examine the relative abundance of 

bacterial communities at the order level. DNA sequencing revealed the variation in both 

richness (number of orders) and evenness (relative abundance of orders), among the 

control and treatment soils when a cut off level of >0.5% abundance was employed. For 

instance, bacteria present in control soil were grouped into 25 different orders with 

relative abundance of >0.5%, while bacteria from Ag-NPL, Ag-NPH, Ag-MPL and Ag-

MPH were grouped into 7, 14, 10 and 19 orders respectively (Fig. 5.5). Actinomycetales 

was the most dominant (18%) order in control soil followed by Acidobacteriales (14%), 

Rhizobiales (12%) and Sphingobacteriales (10%). Acidobacteriales (45%) and 

Nitrosomandales (40%) constituted the bulk of the community in Ag-NPL soil followed 

by Burkholderiales (7%). The most abundant three orders for Ag-NPH treated soil were 

Burkholderiales (25%), Rhodospirillales (16%) and Actinomycetales (13%). 

Acidobacteriales (35%) and Actinomycetales (28%) made up more than 60% of the 

relative abundance in Ag-MPL treated soil while top two orders present in Ag-MPH soils 

were Rhodospirillales (32%) and the order associated with the phyla OP10, more recently 

known as the phyla Armatimonadetes (13%). It was noticeable that relative abundance of 

bacteria were relatively more evenly distributed in all samples except for the Ag-NPL 
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treated soil in which two orders, Acidobacteriales and Nitrosomandales, accounted for 

85%. 

Pyrosequencing analysis was also performed to determine the relative abundance 

of the fungal communities using 18S rDNA primers. Also, sequencing data was analysed 

to genus level as opposed to order level in bacteria. When a >0.5% cut off for relative 

abundance was used, control and treatment soil displayed similarity in richness (number 

of genera) but differences in evenness (relative abundance of genera). The number of 

genera in control, Ag-NPL, Ag-NPH, Ag-MPL and Ag-MPH was 34, 35, 36, 34 and 36 

respectively. Chalara (45%), Eleutheromyces (10%), Crinula (9%), Phaeomoniella (6%) 

and Dactylaria (4%) made up about 74% of the total genera present in control soil. The 

top five genera in the Ag-NPL treated soil were Cordyceps (27%), Isaria (19%), 

Verticillium (14%), Chalara (5%) and Didymostilbe (5%) which together constituted 

about 70% of the total. A large proportion (92%) of fungal abundance was made up by 

Cordyceps (60%), Phialocephala (22%), Isaria (5%), Elaphocordyceps (3%) and 

Didymostilbe (2%) in Ag-NPH treated soil. The major genera in Ag-MPL treated soils 

were Chalara (43%), Didymostilbe (31%), Potebniamyces (3%), Myrothecium (3%) and 

Isaria (3%) while that in Ag-MPH treated soil were Mortierella (29%), Chalara (15%), 

Oidium (13%), Crinula (5%) and Endogone (3%) constituting about 83% and 65% of 

relative abundance of the total fungal genus respectively. 
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5.5 Discussion 

5.5.1 Effect of Ag-NP and Ag-MP on bacterial communities 

Out of 37 fatty acids reported, 8 Gram-positive and 6 Gram-negative lipid 

markers were reduced in relative abundance after treatment with Ag-NP and Ag-MP 

irrespective of their concentration. It was also prominent that Gram-positive indicators, 

particularly Actinomycetes, were more affected than the Gram-negative signatures due to 

treatment (Fig. 5.2). The most distinguishing feature between Gram-positive and Gram-

negative bacteria is their cell wall that protects them from mechanical and chemical 

damage. It might have been expected that Gram-positive bacteria, having more robust 

cell wall due to their thicker peptidoglycan layer, would have been less affected than the 

Gram-negative bacteria which have thinner peptidoglycan layer. For example, Sinha et 

al., (2011) found the toxicity of Ag-NP towards Bacillus subtilis significantly less than 

the Enterobacter sp. and these authors attributed this phenomenon to the presence of the 

thicker peptidoglycan layer in B. subtilis. However, contrary evidence has also been 

reported: the lipopolysaccharides of the outer membrane of Gram-negative bacteria have 

been suggested to provide resistance against NPs explaining their greater tolerance to Ag-

NPs than Gram positive bacteria (Brayner et al., 2006; Yoon et al., 2007; Ruparelia et al., 

2008). It is not known how NPs exert their toxic effects. One possible mode of toxicity of 

NPs has been suggested by creation of pit (mechanically) in the bacterial cell wall and the 

generation of free radicals as reactive oxygen species (Sondi & Salopek-Sondi 2004; Kim 
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et al., 2007; Soenen et al., 2011; Nel et al., 2009). However, all of the experiments 

reported above were conducted with pure bacterial cultures where the interaction between 

bacteria and NPs is likely much greater than in microcosm studies. I suggest that free 

bacteria-NP interactions could be more limited, which in turn could reduce the 

probability of mechanical damage due to direct contact with NP. Therefore the advantage 

of having thicker peptidoglycan layer in Gram-positive cells would be neutralized. On the 

other hand, presence of lipopolysaccharides in Gram-negative bacterial cell wall 

increases the negative charge on them which would mitigate the damage caused by 

negatively-charged reactive oxygen species (ROS). Therefore, these observations are 

consistent with the suggestion that ROS-mediated nanotoxicity could be major cause of 

the reduction in Gram-positive bacteria in our microcosm study. 

Bacterial PCR-DGGE of whole soil DNA revealed a large number of lighter 

bands present in control and Ag-MPH treated soil suggesting a higher diversity while Ag-

NP treated soil had much simpler banding patterns with only a few major bands (Fig. 

5.3). It has been previously shown that soil communities exposed to toxicant stress can 

have a simpler banding pattern, indicating their low diversity due to selective growth or 

enrichment of dominant species (Sigler & Turco 2002; Shi et al., 2002). It is likely that 

the introduction of Ag-NPs affected the susceptible bacteria causing the shift in the 

community. Over time, robust members of the community flourished at the expense of 

more susceptible ones which are then seen as much brighter bands (richness) in DGGE 

profile. It was interesting to note that the DGGE profile of Ag-MPH treated soil did not 
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show this effect and resembled more closely the DGGE profile of control soil. PCR-

DGGE techniques only target the bacteria of dominant group. If all member of the 

community were more or less equally impacted due to Ag-MPH then evenness would 

appear similar to control even though their absolute number had decreased. This is likely 

since the mean respiration of the MPH microcosm was only 26% of that of the control 

untreated soil (Fig. 5.1). Although the 16S rDNA based PCR-DGGE technique has been 

frequently used to investigate the changes in soil microbial community (Friedrich et al., 

1997), it has certain limitations and therefore using a combination of analysis techniques 

including respiration profiles is more informative.  

For further in-depth analysis, pyrosequencing of 16S rDNA was performed and 

characterization was done at the order level with cut off level of 0.5% relative abundance. 

Our pyrosequencing results showed that number of orders was reduced from 25 in control 

to 7, 14, 10 and 19 in Ag-NPL, Ag-NPH, Ag-MPL and Ag-MPH treated soil 

respectively. Changes in relative abundance (evenness) of the orders clearly suggested 

shift in bacterial community depending upon the treatment (Fig. 5.4; Appendix 1). For 

instance, the relative abundance of Actinomycetales in the Ag-NPL treatment was 

severely affected, which was also evident in the fatty acid analysis. Acidobacteriales, in 

contrast, showed an increase in relative abundance in the Ag-NPL microcosm which 

suggests their resilience. In fact, one of the member bacteria of this group, Geothrix 

fermentan, is known for using metal electron acceptors (Nevin & Lovely 2000), and thus 

it can be speculated that they may have some mechanism to counter the toxicity of metal 
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nanoparticles as well. Rhodospirillales was another member that showed resilience to Ag-

NP or Ag-MP toxicity. Unfortunately not much information is available on members of 

this group of bacteria that could explain their resistance to toxicity. Another noticeable 

outcome was decrease in relative abundance of Rhizobiales in all treatment groups. 

Members of this group are nitrogen-fixing, beneficial bacteria whose susceptibility to 

NPs has been previously reported (Mishra & Kumar 2009; Kumar et al., 2011) and 

results of this study further confirm this effect. 

5.5.2 Effect of Ag-NP and Ag-MP on fungal communities  

The accumulated mole% of fungal lipid marker increased in all treatment groups 

indicating the increase in their relative abundance overall. However, looking at the 

individual fungal markers, it is clear that there was differential effect on different groups. 

For example, the relative abundance of 18:1 ω 9c lipid biomarker increased from 4% to 

12%, 7%, 11% and 7% in Ag-NPL, Ag-NPH, Ag-MPL and Ag-MPH respectively. In 

contrast, the 18:3 ω6c (6,9,12) indicator decreased in all treatment group except Ag-MPH 

when compared with the relative abundance in the control. My results indicate that fungi 

may not be as sensitive to Ag-NP toxicity as bacteria. In fact, certain fungi may have 

flourished on dead microbes which should not be surprising as fungi are known to be 

opportunistic organisms. This increase in fungi may also explain the increase in 

respiration seen after Ag-MPL treatment (Fig. 5.1). Although few reports are available 

showing toxicity of Ag-NPs on fungi, most of them are done on yeast (Panacek et al., 

2009; Nasrollahi et al., 2011; Monteiro et al., 2012b) which have thinner pectin layer in 
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their cell walls compared to many other soil fungi or “molds” and therefore they would 

have less protection from NP-inflicted toxicity. Also, none of the previous studies on 

fungi have been carried out in microcosms where fungal-NPs interaction could be more 

limited than in liquid culture. 

In contrast to the bacterial PCR-DGGE results, fungal PCR-DGGE did not show 

any dramatic changes in their profile due to Ag-NP or Ag-MP treatments. Most major 

bands maintained their position and intensity (Fig. 5.4). The appearance of one new 

major band and few minor bands likely indicates the emergence of more tolerant group of 

fungi. The fungal PCR-DGGE profile further supports the fatty acid results and I 

speculate that the new band that appeared in the DGGE profile (shown by red arrow in 

Fig. 5.4) represents the same fungus which resulted in the relative increased abundance of 

the 18:1 ω 9c lipid biomarker in fatty acid profile.  

Fungal pyrosequencing based on 18S rDNA was used to analyze the fungal 

community. Here, it should be noted that based on sequencing data fungi were identified 

at the genus level since there were fewer identified genera in each order compared to the 

bacterial analyses. Fungal 18s rDNA sequencing data revealed that richness of the 

community remained unperturbed due to Ag-NP or Ag-MP treatment. However, a change 

in the relative abundance of a few members depicted some shifts in the community. One 

of the most interesting outcomes of this result is the emergence of Cordyceps and Isaria 

as dominant members in Ag-NPL or Ag-NPH treatment groups. Members of this genus 

have been well known for their antioxidant and a number of medicinal properties 
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(Yamaguchi et al., 2000; Jiang et al., 2005; Ahn et al., 2008). I postulate that the 

antioxidant properties of Cordyceps and Isaria helped them survive the Ag-NP-induced 

oxidative threat and they flourished over time and dominated over other members who 

did not have such mechanisms to resist oxidative stress. This suggests that NPs may 

induce oxidative stress but the larger silver particles do not. Again, the pyrosequncing 

data appears to reflect our fatty acid and PCR-DGGE results in which selection of new 

(resilient) members were reflected. Overall, it was seen that Ag-NPs inflicted more 

toxicity than Ag-MPs to arctic soil communities. Both, bacteria and fungi were affected 

by Ag-NP toxicity but later appeared to be less impacted than the prokaryotes.    
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Table 5.1 Relative abundance of Gram positive, Gram negative, actinomycetes and fungi 

based on mean mol% of signature fatty acid markers profile of control untreated (Cont) 

and treated soils: silver nanoparticles at 0.066% (w/w; NPL) and 6.6% (w/w; NPH) 

concentrations, and silver microparticles at 0.066% (w/w; MPL) and 6.6% (w/w; MPH) 

concentrations.  

 
Gram positive Gram negative Actinomycetes Fungi 

 
mean        s.e.

1
 mean       s.e. mean          s.e. mean       s.e. 

Cont 22.2         5.6 9.3           3 6.6              4.7 13.8        6.3 

NPL 15.1         0.8 7.2          0.8 1.8              0.6 19.8        1.6 

NPH 16.5         0.8 8             0.5 2.2              0.3 15.1        0.8 

MPL 13.5         0.8 8.2          0.7 1.9              0.2 22.6        1.8 

MPH 20.1         1.5 8.1          0.6 1.4              0.7 15.5        2.5 

 

1
Standard errors (s.e.) are indicated. 
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Figure 5.1 Rate of respiration in terms of differential CO2 (ppm) production throughout 

the incubation period. The inset shows days 1-14. AS: Autoclaved soil; CS: control soil 

without nanoparticles or microparticles; MPL: soil treated with silver microparticles at 

0.066% (w/w); MPH: soil treated with silver microparticles at 6.6% (w/w); NPL: soil 

treated with silver nanoparticles at 0.066% (w/w) and NPH: soil treated with silver 

nanoparticles at 6.6% (w/w). Autoclaved quartz sand was used as the negative control to 

obtain differential CO2. 
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Figure 5.2 Relative amounts (mol%) of signature fatty acid markers and common 

unnamed fatty acids profile of control untreated (Cont) and treated soils: silver 

nanoparticles at 0.066% (w/w) (NPL) and 6.6% (w/w) (NPH) concentrations, and silver 

microparticles at 0.066% (w/w) (MPL) and 6.6% (w/w) (MPH) concentrations. The bars 

represent the means of three independent fatty acid assessments and the standard errors. 

The fatty acids are grouped according to their associated categories. “Non-signature” 

fatty acids are indicated as saturated or unnamed. 

 

 

 

 

 

 

 

 

 

 

 

 



 

153 

 

 

 

 

Figure 5.3 Representative PCR-DGGE profiles of control untreated (Cont) and treated: 

silver nanoparticles at 0.066% (w/w) (NPL) and 6.6% (w/w) (NPH) concentrations, and 

silver microparticles at 0.066% (w/w) (MPL) and 6.6% (w/w) (MPH) concentrations. 

Bands represent the migrating positions of the amplified bacterial 16S rDNAs. Brighter 

and lighter bands are highlighted by red boxes A, B, C and D. 

 

Cont     NPL      NPH      MPL       MPH 
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Figure 5.4 Representative PCR-DGGE profiles of control untreated (Cont) and treated: 

silver nanoparticles at 0.066% (w/w) (NPL) and 6.6% (w/w) (NPH) concentrations, and 

silver microparticles at 0.066% (w/w) (MPL) and 6.6% (w/w) (MPH) concentrations. 

Bands represent the migrating positions of the amplified fungal 18S rDNAs. Brighter and 

lighter bands are highlighted by red boxes A, B, C and D to facilitate comparisons. New 

bands, not shared by other community DNAs are shown by red arrows. 
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Figure 5.5 Bacterial phylogenetic composition within the Daring Lake soil at the order 

level. Samples include soil without NPs or MPs treatment (Cont), soil with 0.066% NPs 

(NPL), soil with 6.6% NPs (NPH), soil with 0.066% MPs (MPL) and soil with 6.6% MPs 

(MPH). Sequence identity was determined after pyrosequencing of the partial 16S rRNA 

genes, classified into orders, and the means of those with >0.5% abundance (for either 

treatment or control groups) presented in separate categories, with groupings of less 

abundant orders shown as ‘Others’. Groupings of these orders are shown in Appendix 1. 
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Figure 5.6 Fungal phylogenetic composition within the Daring Lake soil at the genus 

level. Samples include soil without NPs or MPs treatment (Cont), soil with 0.066% NPs 

(NPL), soil with 6.6% NPs (NPH), soil with 0.066% MPs (MPL) and soil with 6.6% MPs 

(MPH). Sequence identity was determined after pyrosequencing of the partial 18S rRNA 
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genes, classified into genus, and the means of those with >0.5% abundance (for either 

treatment or control groups) presented in separate categories, with groupings of less 

abundant genus shown as ‘Others’. 
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Chapter 6 

General Discussion 

Although the human population of the arctic is currently very low, this may 

change during this century. We have witnessed significant increase in economic 

importance of this region in the past few decades. Economic development has also 

brought substantial increases in various activities such as energy exploration and 

extraction, transportation, telecommunication lines, industrial and engineering facilities 

etc. Like any other geographical location, fast and uninhibited progress in this region will 

not happen without adverse environmental impacts which could be further aggravated by 

the effects of climate change (Williams 1986; Smith & McCarter 1997). The arctic 

symbolizes the global sensitivity to climate change. Temperature rise in this region has 

been reported to be two to three times higher than global mean surface temperature 

increase over the past 150 years (Post et al., 2009). It is well-understood that temperature 

can modify the chemistry of a number of contaminants and hence their toxicities. Two 

very elaborate scientific reviews (ACIA 2004; AMAP 1998) pertaining to climate change 

and contaminants are available and it appears that arctic is more vulnerable to both these 

types of stresses than any other parts of the world. Contaminants alone should be by far 

the less threatening issue than the climate change, but if the major physical pathways of 

contaminants are examined (Fig. 6.1), and we consider how climate change would likely 

interact with them the combined impacts are worrisome. There is no doubt that a 

significant component of risk to arctic ecosystems can be attributed to contaminants 
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(Macdonald et al., 2003). Therefore, it is opportune to conduct research in these two 

areas with reference to each other as contaminants not only get affected by climate but 

they can also serve as tracers of change (Macdonald et al., 2005). This interlinking of two 

current global challenges formed the basis of my thesis. A long list of contaminants have 

already entered the arctic (Macdonald et al., 2005) and the rate at which nanotechnology 

is advancing there is every reason to fear that nanoparticles will also get access to this 

relatively pristine environment sooner or later. I chose this new class of contaminant to 

study their impacts in arctic ecosystem to gather more knowledge against this potential 

new threat to the ecosysystem. Prediction of increased freeze-thaw events in arctic due to 

climate change made inclusion of these experiments relevant also to nanoparticles 

pollution. In both these microbial community shifts were used as proxy to monitor 

stresses. Freeze-thaw phenomena were thought cause shifts in microbial communities and 

therefore, if the impacts of NPs on arctic microbial community are to be studied, then the 

perspective of climate change on top of these contaminants cannot be ignored.  

In the second chapter of this thesis I examined whether silver, copper and silica 

dioxide nanoparticles have any effect on soil microbes. I used the culture-dependent 

technique, CLPP, and culture-independent techniques such as PLFA, PCR-DGGE and 

pyrosequencing. Together these assays showed that NPs had some impact on arctic soil 

microbes with silver NPs showing the maximum impact. Since nanoparticle toxicity 

studies on soil microbes are still in their infancy, there are very few reports available on 

them. Overall my results agreed with some reports (Johansen et al., 2008; Shah & 
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Belozerova 2008; Hänsch & Emmerling 2010), while they differed from one study that 

showed no effect of NPs on soil microbial communities (Tong et al., 2007). There could 

be several reasons why my results and that of Tong et al. (2007) did not agree. One 

reason could be simply because they used carbon NPs (fullerene-C60). The exact 

mechanism of NP-mediated toxicity against various bacteria is not been completely 

understood. However, there are various theories on why the action of nanoparticles on 

microbes causes toxicity (Fig. 6.2). Also, the behavior of NPs greatly varies due to their 

type, shape, size and surface area. One important factor that can cause the NPs to behave 

differently is their tendency to aggregate and reduce their toxicity. However, humic acid 

and fulvic acid may help NPs to stay dispersed rather than aggregate (Chen & Elimelech 

2007). Since the arctic soils used in this thesis had a high humic content, it is possible 

that it helped stabilize the NPs and resulted in a greater toxicity on microbial community. 

The toxicity indicator deduced by taking the results of culture-dependent and culture-

independent together showed that silver NPs to be more toxic than copper and silica 

dioxide NPs which should not be surprising as silver has known to be toxic in bulk from 

since ancient times. However, it validates that our proposal of developing a new toxicity 

indicator that has the potential to measure the NPs toxicity realistically. Including more 

than one method to calculate this toxicity indicator makes it more robust. In addition to a 

general observation on toxicity, however, my results also showed that at least one plant-

beneficial bacterium was relatively more sensitive to silver NPs which open future 

avenues for further investigation. 
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In the next chapter, a mixture of silver, copper and silica dioxide NPs were tested 

for their toxicity on arctic soil microbial community using CLPP, PLFA and PCR-DGGE 

techniques. The idea behind this experiment was that in a natural environment microbes 

may encounter more than one type of NPs at the same time. Therefore it was interesting 

to see if NPs have synergistic effect or if they mitigate each other’s impacts when applied 

in combination. The results of this study showed modest shifts in community. It should 

also be noted that previously we had shown that copper and silica NPs were only 

moderately toxic, with silver NPs being highly toxic to arctic soil communities at a three-

fold higher individual concentration than the concentrations used in this experiment. 

Although synergistic antibacterial activity of silver NPs and antibiotics have been tested 

(Li et al., 2005; Shahverdi et al., 2007), to the best of my knowledge this is the only such 

mixed NPs experiment conducted so far. To have a better understanding of impacts of 

such mixtures, such experiments definitely warrant future investigation.  

 

In chapter four of this thesis I tested the hypothesis that rapid temperature changes 

causing freeze-thaw fluctuations modeled on actual recorded data can alter soil microbial 

diversity. To accomplish this, soil samples collected from three different arctic locations, 

Daring Lake (low arctic), Cambridge Bay (mid-arctic) and Alexandra Fjord (high arctic) 

were subjected to laboratory simulated freeze-thaw conditions. After PLFA, PCR-DGGE 

and pyrosequencing analysis, our results showed that effect of freeze-thaw events on the 
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phylogenetic composition was different among the sites depending on their origins. 

Major bacterial orders from the lower arctic did not show much change due to freeze-

thaw stress while there were clear changes in relative abundance of microbes recorded in 

soils from higher latitudes. Since the temperature fluctuations imposed on all soils in this 

experiment were based on the temperature data measured in late winter and spring at 

Daring Lake location, it is possible that indigenous soil microbes of Daring Lake were 

relatively well adapted to survive this stress. Similar findings about tolerant Antarctic 

bacterial communities have been previously reported. Some soils were relatively 

unperturbed across a wide range of freeze-thaw fluctuations (Yergeau & Kowalchuk 

2008). Our results prompted the prediction that the Daring Lake site is inhabited by 

freeze-thaw stress-tolerant bacteria. Our finding that soil community of higher latitudes 

were more severely affected due to freeze-thaw suggests that they were not so well 

adapted to this particular stress. This observation makes sense as it is known that freeze-

thaw events are less frequent at more northerly sites (Schadt et al., 2003). A descriptive 

review by Henry et al. (2007) highlights various studies and impact of freeze-thaw on 

different soils, and the variable methods used for their analyses. Our results of the within 

treatment variable biological response provides a new prospective to explain the 

discrepancies among the published literature. 

 

In the fifth chapter of this thesis, I reported that an order of prominent soil Gram-

positive bacteria was decreased in abundance after Ag-NPs treatment. This observation 
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fuels the current debate on whether Gram-positive bacteria are more sensitive to NP 

treatment or conversely it is Gram-negative bacteria that are more susceptible. 

Contradictory published reports use more than one theory to explain the respective 

differential susceptibility. In comparative NP toxicity studies, the thicker peptidoglycan 

layer and lipopolysaccharides of Gram-positive and Gram-negative bacterial cell wall 

respectively, were presented to explain tolerance to NPs (Ruparelia et al., 2008; Sinha et 

al., 2011). If NPs exert toxicity by direct contact or indirectly through releasing free 

radicals then it is possible to see differential impacts on Gram-positive or Gram-negative 

cell walls. In general, Gram-positive bacteria should protect themselves better from 

damage caused by direct contact of NPs due to their rigid cell-wall and Gram-negative 

bacteria should be protected better from chemical damage by free radicals due to their 

polysaccharides. Since the mobility of NPs in soil matrix would be relatively limited as 

compared to their mobility in liquid medium, I believe that the mode of bacterial damage 

would be more likely via free radicals than direct contact. In this situation, Gram-

negative bacteria would be in an advantageous situation over Gram-positive bacteria and 

therefore later group showed more adverse impact than the former group. This 

investigation also showed again that, representative of Rhizobiales were reduced relative 

to other bacterial orders. We had previously obtained this result in soil derived from a 

high arctic site (Chapter 2) indicating that these results are applicable to Rhizobiales 

derived from vast distances. 
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 Chapter 5 also explored the impact of Ag-NPs on fungi. This is the first study of 

this kind in these eukaryotes. My results of PLFA, PCR-DGGE and pyrosequencing on 

the fungal community showed that they were not as much affected as bacteria. It appears 

that fungi have mechanisms to resist nanoparticles not shared by bacteria. It also raises 

the question, is pectin in the fungal cell wall somewhat responsible for their protection 

against NPs stress? Interestingly, after Ag-NPs treatment, fungal genera known for their 

antioxidant properties emerged as dominant members of the community. Being 

opportunistic organisms they may have even flourished on microbial death caused by Ag-

NPs. If they preferentially preyed on Gram-positive bacteria, this could also explain the 

overall decline in that group. These are questions for future studies. 

 

Overall, the objective of this thesis was to examine the impact of two 

anthropogenic stresses, NPs contamination and freeze-thaw stresses, on arctic soil 

microbial communities. Microbes are known to have remarkable adaptive quality in 

general while soil microbes can also maintain robust community function. My results 

suggest that NPs have the potential to shift the soil microbial community in arctic which 

are in agreement with many other studies done in culture (not in microcosms as was done 

in this thesis) that have shown NPs to be toxic. On the other hand, previous reports on the 

impact of freeze-thaw cycles on soil microbial communities are mixed. Here I showed 

that the latitudinal positions of the tested soils appeared to be an important determining 

factor for freeze-thaw susceptibility. The soil community that had been previously 
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exposed to the same stress showed more resistance than the previously unexposed soils 

based on their latitudinal positions. 

As previously mentioned in this thesis, although the arctic is remote from the 

southern, more highly-populated world, it is still vulnerable to environmental 

stresses originating in this distant region. I argue that the potential of NP-based 

technology to be highly effective in oil and gas recovery (Bell 2004) and remediation of 

contaminated sites (Phu et al., 2009) will increase the probability of NP release into the 

arctic environment. Keeping that prediction as a backdrop, it is relevant that my studies 

showed the marked sensitivity of Bradyrhizobium canariense to silver-NPs. These are 

known plant-associated nitrogen-fixers in the arctic region. However, the genus 

Bradyrhizobium is not the only nitrogen fixer in arctic as Rhizobium, Azorhizobium, 

cyanobacteria and some fungi also perform the same function in the ecosystem. In fact, 

cyanobacteria have been found to be major nitrogen fixers in sedge meadow of the 

Canadian arctic (Jordan et al., 1978; Henry & Svoboda 1986). Therefore, the sensitivity 

of B. canariense towards the NPs may not at first appear to threaten to cause major 

changes in overall ecological function in the arctic, but it certainly would change the 

internal dynamics where role of one player may be taken over by another. Additionally, 

my results showed that fungi were not as impacted by the presence of NPs in arctic soil 

and may even proliferate relative to some bacterial species. Therefore it is possible that in 

the scenario of NPs contamination, prolonged dominance of fungi population could 

prevail. What could be the impact of these changes to ecological function in the arctic? Is 
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there any possibility that over a period of time such accumulated modest changes would 

turn into more visible and significant change? Yes, these studies with their high 

concentrations of NPs, at first instance may not appear to be an obvious major threat to 

the arctic ecosystem, but only long term monitoring will eventually decide if there is any 

significant change in ecological function of such regions. In this case, I would argue on 

the side of caution; we should not deliberately contaminate this region.  

Future avenues of investigations  

This thesis presents some key findings which improve our understanding on how 

arctic soil community would react to NPs and freeze-thaw stress yet there are several 

questions that stem from it. For example, the characterization of NPs in soil, including 

their interactions with various soil components would determine the fate, movement and 

behavior of the NPs after entering into soil. Also, it is important to investigate the various 

organic or inorganic components present in the environment that help stabilize the NPs 

that may augment their overall impacts on environmental microbes. My studies showed 

varying degree of impact of NPs on soil microbial community. Therefore, selection for 

NP-sensitive and NP tolerant microorganisms and determination of mechanisms for their 

sensitivity or tolerance would further predict the directional change which NPs 

contamination may cause to microbial communities. The environment seldom encounters 

one contamination at a time and studies on the synergistic effects of NP mixtures along 

with other distinct contaminants would give a more realistic picture. Microbes are known 

for their remarkable adaptability and it would be important to know whether strategies 
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employed by microbes to counter one kind of stress is instrumental in resisting another 

stress (e.g. does exopolysaccharide production in microbes after freeze-thaw stress 

change their susceptibility to NPs?).  By choosing the soil samples from three different 

locations I showed that freeze-thaw stress can have variable impacts upon soil microbes 

originating from different sites and climates. Therefore, it would be only logical to study 

the differential impacts of freeze-thaw cycles on soil microbial communities by 

increasing the number of soil sampling sites with much greater climatic variations.  

Finally, much progress has been made on NPs toxicity and even freeze-thaw 

investigation since I started my thesis about 5 years ago.  However, my work is the 

solitary piece of information on influence of NPs in the arctic. Also, the finding on 

freeze-thaw investigations gives a novel perspective on this topic. Therefore, it is my 

belief that this thesis makes an important contribution to both these fields. 
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Figure 6.1 The major physical pathways that transport contaminants to the arctic (Taken 

from Macdonald et al., 2005). 

 



 

169 

 

 

 

 

 

Figure 6.2 Possible mechanisms of toxicity of nanoparticles against bacteria (Taken from 

Klaine et al., 2008). 

 

 

 

 

 

 

 

 

 



 

170 

 

Literature Cited 

ACIA (Arctic Climate Impact Assessment) (2004), Impacts of a Warming Arctic—Arctic 

Climate Impact Assessment Overview Report, Cambridge Univ. Press, New York 

AMAP (Arctic Monitoring and Assessment Programme). 1998. AMAP Assessment 

Report:Arctic Pollution Issues. Oslo, Norway. 

Bell, M. R. (2004). A case for nanomaterials in the oil and gas exploration and 

production business. Paper presented at the International Congress of 

Nanotechnology (ICNT), 7-10. 

Chen, K. L., & Elimelech, M. (2007). Influence of humic acid on the aggregation kinetics 

of fullerene (C60) nanoparticles in monovalent and divalent electrolyte solutions. 

Journal of Colloid and Interface Science, 309, 126-134.  

Hänsch, M., & Emmerling, C. (2010). Effects of silver nanoparticles on the microbiota 

and enzyme activity in soil. Journal of Plant Nutrition and Soil Science, 173, 554-

558.  

Henry, G. H., & Svoboda, J. (1986). Dinitrogen fixation (acetylene reduction) in high 

arctic sedge meadow communities. Arctic and Alpine Research, 181-187. 

Henry, H. A. (2007). Soil freeze–thaw cycle experiments: Trends, methodological 

weaknesses and suggested improvements. Soil Biology and Biochemistry, 39, 

977-986.  

Johansen, A., Pedersen, A. L., Jensen, K. A., Karlson, U., Hansen, B. M., Scott‐

Fordsmand, J. J., & Winding, A. (2008). Effects of C60 fullerene nanoparticles on 



 

171 

 

soil bacteria and protozoans. Environmental Toxicology and Chemistry, 27, 1895-

1903.  

Jordan, D. C., McNicol, P. J., & Marshall, M. R. (1978). Biological nitrogen fixation in 

the terrestrial environment of a high Arctic ecosystem (Truelove Lowland, Devon 

Island, NWT). Canadian Journal of Microbiology, 24(6), 643-649. 

Klaine, S. J., Alvarez, P. J., Batley, G. E., Fernandes, T. F., Handy, R. D., Lyon, D. Y., . . 

. Lead, J. R. (2008). Nanomaterials in the environment: Behavior, fate, 

bioavailability, and effects. Environmental Toxicology and Chemistry, 27, 1825-

1851.  

Li, P., Li, J., Wu, C., Wu, Q., & Li, J. (2005). Synergistic antibacterial effects of β-lactam 

antibiotic combined with silver nanoparticles. Nanotechnology, 16, 1912.  

Macdonald, R. W., Harner, T., & Fyfe, J. (2005). Recent climate change in the arctic and 

its impact on contaminant pathways and interpretation of temporal trend data. 

Science of the Total Environment, 342, 5-86.  

Macdonald, R., Mackay, D., Li, Y., & Hickie, B. (2003). How will global climate change 

affect risks from long-range transport of persistent organic pollutants? Human and 

Ecological Risk Assessment, 9, 643-660.  

Phu, N., Phong, P., Chau, N., Luong, N., Hoang, L., & Hai, N. (2009). Arsenic removal 

from water by magnetic Fe1− x Cox Fe2O4 and Fe1− y Niy Fe2O4 nanoparticles. 

Journal of Experimental Nanoscience, 4, 253-258. 



 

172 

 

Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V., Christensen, T. R., 

Elberling, B., . . . Høye, T. T. (2009). Ecological dynamics across the arctic 

associated with recent climate change. Science, 325, 1355-1358.  

Ruparelia, J. P., Chatterjee, A. K., Duttagupta, S. P., & Mukherji, S. (2008). Strain 

specificity in antimicrobial activity of silver and copper nanoparticles. Acta 

Biomaterialia, 4, 707-716.  

Schadt, C. W., Martin, A. P., Lipson, D. A., & Schmidt, S. K. (2003). Seasonal dynamics 

of previously unknown fungal lineages in tundra soils. Science, 301, 1359-1361.  

Shah, V., & Belozerova, I. (2009). Influence of metal nanoparticles on the soil microbial 

community and germination of lettuce seeds. Water, Air, and Soil Pollution, 197, 

143-148.  

Shahverdi, A. R., Fakhimi, A., Shahverdi, H. R., & Minaian, S. (2007). Synthesis and 

effect of silver nanoparticles on the antibacterial activity of different antibiotics 

against Staphylococcus aureus and Escherichia coli. Nanomedicine: 

Nanotechnology, Biology and Medicine, 3, 168-171.  

Sinha, R., Karan, R., Sinha, A., & Khare, S. (2011). Interaction and nanotoxic effect of 

ZnO and ag nanoparticles on mesophilic and halophilic bacterial cells. 

Bioresource Technology, 102, 1516-1520.  

Smith, E. A., & McCarter, J. (1997). Contested arctic: Indigenous peoples, industrial 

states, and the circumpolar environment University of Washington Press. Seattle, 

156 pp. 



 

173 

 

Tong, Z., Bischoff, M., Nies, L., Applegate, B., & Turco, R. F. (2007). Impact of 

fullerene (C60) on a soil microbial community. Environmental Science & 

Technology, 41, 2985-2991.  

Williams, P. J. (1986). Pipelines & permafrost. Science in a Cold Climate, Carleton 

University Press, Don Mills, Ontario, 129 pp.  

Yergeau, E., & Kowalchuk, G. A. (2008). Responses of antarctic soil microbial 

communities and associated functions to temperature and freeze–thaw cycle 

frequency. Environmental Microbiology, 10, 2223-2235. 

 

 

  



 

174 

 

Chapter 7 

Summary of data chapters 

 

Chapter 2. 

1. NPs in general and Ag-NPs in particular can be toxic to arctic microbial 

communities. 

2. The developed toxicity indicator, based on combining culture-dependent and 

culture-independent methods, can be an effective tool to assess NPs toxicity. 

3. Bradyrhizobium canariense was found to be highly sensitive to Ag-NPs toxicity. 

 

Chapter 3. 

1. NPs, when mixed together, can still maintain their toxicity to a soil microbial 

community. 

2. NPs even at a concentration less than that estimated for “pollution-type” levels 

have the ability to shift the community of soil microbes. 

 

Chapter 4.   

1. Freeze-thaw cycle stress can shift the microbial community of arctic soils which 

do not routinely experience similar cycles. 

2. The intra-treatment variability seen in the high latitude soils may explain the 

conspicuous lack of consensus in the published literature.  
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Chapter 5.  

1. Ag-NPs inflict more toxicity than Ag-MPs to arctic soil communities, showing 

that size does matter. 

2. Although both, bacteria and fungi are affected by Ag-NP toxicity, the former 

appeared to show more impacted than the eukaryotes. 

3. The impact of Ag-NPs toxicity as assessed by biochemical and molecular 

analyses appeared not to be dose-dependent, at least at concentrations > 

“pollution-type levels. 
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Appendix I 

The following table was made using the pyrosequencing data (orders) for bacterial 

species reported in Chapter 5.  

 

Table A1: Relative abundance of Gram positive, Gram negative, actinomycetes and 

Gram positive/negative based on pyrosequencing of the 16S rRNA genes with control 

untreated (Cont) and treated soils: silver nanoparticles at 0.066% (w/w; NPL) and 6.6% 

(w/w; NPH) concentrations, and silver microparticles at 0.066% (w/w; MPL) and 6.6% 

(w/w; MPH) concentrations. 

 

 
Gram positive Gram negative Actinomycetes Gram +/- 

 
mean        s.e.

1
 mean       s.e. mean          s.e. mean       s.e. 

Cont 3.7         1.7 75.4           48 17               14 3.3         0.1 

NPL 0.2         0.1 98              69 0.6              0.3 1.4         0.6 

NPH 7.6         2.6 77.5          41.8 13              4.9 4.1         0.3 

MPL 0.2         0.1 71.4           24 28             16.5 1.4         0.5 

MPH 6.9         1.7 80             10 10              1.4 3.7         0.3 

 

1
Standard errors (s.e.) are indicated. 

 


