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ABSTRACT 

 

The effects of human disturbance are increasing rapidly and can be observed in ecosystems in 

terms of effects on larger organisms. This thesis analyzes three case studies to explore how 

human disturbances affect the environment at the microbial scale.  

The first study examined how land use change affects the structure and diversity of fungal 

communities in Malaysian tropical forests in Borneo. It was clear that α and β-diversity, as 

well as community composition differed across different logging histories (unlogged, once-

logged and twice-logged), and oil palm plantations.  

The second study examined how increasing atmospheric CO2 on the ocean impacts the 

sediment bacterial communities off Vulcano, Italy in the Mediterranean. Bacterial community 

composition changed with increasing CO2, and bacterial diversity increased with higher CO2. 

The globally increasing ocean CO2 can be associated with shifts in sediment bacterial 

community composition, but most of these organisms are resilient.  

The third study compared the effect of both raw and acid treated (functionalized) multi-

walled carbon nanotubes (MWCNTs) on soil bacterial communities, applying different 

concentrations of MWCNTs (0 µg/g, 50 µg/g, 500 µg/g and 5000 µg/g) to a soil microcosm 

system. Bacterial diversity was not affected by either type of MWCNT. However, overall soil 

bacterial community composition for functionalized carbon nanotubes at high concentrations 

were affected. This last study suggests that fMWCNTs may alter microbial community 

composition on the timescale of at least weeks to months. In contrast, it appears that raw 

MWCNTs do not affect soil microbial community composition.  

These different case studies are examples of the ways in which metagenetic studies can help 

recognize the impact of human disturbance on the environment, ultimately enabling us to 

allow effective management decisions in order to protect the environment.   

Keywords: carbon nanotubes; environment; human disturbance; logging; metagenetic; 

microbial community; ocean acidification. 
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GENERAL INTRODUCTION 

 

Humans have long had a diverse range of impacts on nature. Some human activities, such as 

agriculture, have influenced ecosystem processes for thousands of years (Kalis et al. 2003). 

Humans seem to have caused widespread extinctions of large animals from as long as 50,000 

years ago, through over-hunting. However, in recent centuries the human impact has become 

far more pervasive and profound, resulting from an exponential increase in human population 

and vastly intensified industrial and technological activity (Garbuio et al. 2012).  

Many of the impacts of humans on ecological systems can be regarded as ‘disturbances’ –

perturbations whose effects may last over time, sometimes persisting for hundreds or even 

thousands of years (Rykiel 1985 and Zak 1992). Disturbance is in fact also a natural feature 

of all ecosystems, and occurs on a wide range of spatial and time scales (Walker 1999). It is 

becoming increasingly clear that natural disturbance is key to understanding many aspects of 

the structure and function of ecosystems, including nutrient cycling, community composition 

and species diversity.  

Human disturbances have added to the frequency, scales and types of disturbances that affect 

ecosystems. They are as diverse as climate change, fundamental changes in atmospheric and 

ocean composition, pollution by novel man-made chemicals, fires, logging and forest 

clearance for agriculture.  

In order to understand what is happening to the natural world, and what may happen in the 

future, it is necessary to study these anthropogenic disturbances. In this way, we may avoid 

losing more of the world’s diversity and risking collapse of its renewable natural resources.  

The scale is now so great that humans are now noticeably altering fundamental global 

processes. Human activities now dominate natural global nutrient and elemental fluxes, for 

example, sulfur, nitrogen and carbon. Atmospheric CO2 concentrations have been increased 

to about 40% above preindustrial levels (Schlesinger et al. 1997), and there are strong 

indications of climate change as a result of this. Soil calcium levels are declining over large 

areas because of high rates of leaching caused by acidic deposition (Likens et al. 1998). 

Through both active logging and land use change to agriculture, humans have altered land 

ecosystems over huge areas. Moreover, the range and intensity of human environmental 

effects are only likely to intensify over the coming decades (Tilman et al. 2001). 
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Understanding how to live with anthropogenic disturbances, and how to moderate their 

consequences, is an imperative area of research that must take its place alongside 

technological research and development (Botkin et al. 1989).  

 

In this thesis, I would like to present the results and conclusions of several studies I have 

undertaken to understand certain types of human-induced disturbances on the environment. 

So far, many published studies have focused on the human impacts on larger organisms, from 

the scale of insects to large mammals and trees (Madsen and Fox 1995, Sakio 1997, Carney 

and Sydeman 1999, Verhulst et al. 2000, Rodgers and Parker 2003, Stankowich 2008, French 

et al. 2010). In the present work, I studied small organisms using the latest molecular 

techniques. These organisms, including fungi and bacteria, play a vital role in ecosystem 

processes around the world, including the recycling of dead organic material and release as 

available nutrients. They represent a major part of the living biomass and certainly the greater 

part of the diversity of life.  

The approach used here was based on the new metagenetic techniques, which use massively 

parallel DNA sequencing to characterize and categorize living communities (Dupré and 

O’Malley 2007). Three different cases were studied to explore the response to human 

disturbance actions on the environment. First, the impact of selective logging and the 

clearance of tropical forest for different land uses on fungal communities. Logging and the 

conversion of tropical forests to agriculture seem to be two of the most pervasive threats to 

global biodiversity. In the second study, I investigated the impact of increasing atmospheric 

CO2 on the diversity and composition of marine sediment bacterial communities. A shift on 

bacterial community composition and an increase of the diversity with increasing CO2 were 

observed. Finally, I studied the environmental response to the exposure to multi-walled 

carbon nanotubes on soil bacterial community composition, where soil bacteria were 

influenced by the functionalized carbon nanotubes. 



3 

 

OBJECTIVES OF THE STUDY 

 

The objective of the present study is to investigate the effects of human disturbance on 

microbial communities in the environment by studying three cases of human disturbances.  

The following questions will be approached:  

1) Do the diversity and composition of microbial communities vary with respect to human 

disturbance, among habitats receiving different levels of human use?  

2) Does the microbial community vary with soil proprieties such as soil pH, and soil organic 

matter content?  

3) Do habitat types characterized by different degrees of environmental stress and human 

disturbance action interact in their influence on the abundance and composition of microbial 

communities?
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CHAPTER 1: WHAT IS DISTURBANCE? 

 

1.1 Introduction 

In current ecology, disturbance is considered as a worldwide theme (Sousa 1985, Pickett & 

White 1985). Almost every area in the Earth is affect by anthropogenic or natural 

disturbances, regardless to their geographic or climatic characteristics. These disturbances 

can affect the structure or the function of populations and communities in their natural 

ecosystems. Many studies have shown that disturbances are one of the most important 

ecological factors to maintain the heterogeneity and species diversity in the ecosystem 

(Kolasa and Pickett 1991).  

It has been also, demonstrated that human disturbance is an important and widespread factor 

to drive environmental change, from local scale such as pollution, land use change… to 

global scale such as climate change (Acevedo-Whitehouse and Duffus 2009). Most of these 

environmental shifts affect the long-term persistence of natural communities. However, the 

impact of anthropogenic disturbances on individual physiological responses and the resulting 

effects on long-term persistence, and fitness of a species still remains poorly understood 

(Wikelski and Cooke 2006). Understanding these effects is a critical and important to 

efficiently evaluate the decline of a population's risk.  

 

1.2 Definition  

Disturbance is a common phenomenon of many ecosystems that happens at all ecological 

organization levels and at various temporal and spatial scales (Zak 1992). It is often used as 

synonym to stress and perturbation when applied to ecosystem dynamics. It has been 

observed as uncommon, irregular events that cause abrupt structural variations in natural 

communities and move them away from static, near equilibrium conditions. It is a relatively 

discrete happening in time and space, that alter the communities structure and composition, 

and the ecosystem functioning. It can alter the density, the biomass, or the spatial distribution 

of the populations by affecting the availability of resources and substrate, or by changing the 

physical environment (Walker 1999). 

Disturbances are often characterized by the central tendency, the availability and distribution 
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of three aspects: frequency, extend and magnitude. Frequency measures the number of events 

happening per unit of time or the probability of happening. Extent means the physical area 

affected by the disturbance in a given time period. Magnitude includes the intensity which is 

the strength of the disturbing force of an event (e.g. wind speed for hurricanes) and the 

severity which is the consequence of the event (e.g. the number of trees destroyed by passage 

of a hurricane) (Sousa 1985). 

The impact of any disturbance on the ecosystem depends on several factors: the soil, the 

vegetation cover, and the climate characteristics. It depends also on the frequency, the 

magnitude, the extend, and the type of the disturbance. The magnitude of most of 

disturbances varies extensively, although they have almost similar impacts. Intensifying 

physical impacts such as high-intensity may harmfully affect the species richness and soil 

biodiversity (Johansen 1993).  

 

1.3 Types of disturbances 

There are two types of disturbances: it may be natural (non-human) driven by natural 

elements (e.g. earthquake, volcano, erosion, flood, hurricane) or anthropogenic, caused by 

human (e.g. agriculture, logging, transportation, industry). The latter disturbances are usually 

greater in extent than natural disturbances; this might be explained by the broad distribution 

of human. They are also somewhat more severe than natural disturbances, but almost similar 

in frequency (Walker 1999). 

 

1.4 Importance of studying disturbance  

It is important to know about dramatic natural disturbances because they cause destruction of 

the ecosystem and injury to human and damage to the other living organisms. Disturbances 

can also have positive and beneficial effects to organisms such as nutrient recycling, and 

maintenance of species diversity. As a consequence of the exponentially increase of human 

population density, the rate of disturbance arises. Some anthropogenic disturbances are 

broadcasted (e.g. spills of oil, bomb explosions). Yet, more important disturbances that may 

have greater consequences, are receiving less attention for example urbanization, 

industrialization, toxic waste, forests logging. Both natural and anthropogenic disturbances 
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are threatening the globe (Walker, 1999).    

 

1.5 Agents of disturbance 

Both physical and biological processes represent agents of disturbance. The physical 

processes are generally associated with the term of disturbance. For example fires, storms, 

floods, drought, high winds, and landslides. The biological agents of disturbance (White 1979) 

include everything from predation to non-predatory behaviors that accidentally destroy other 

organisms (e.g. digging by mammals and ants in grasslands). In general, the biological and 

physical agents of disturbance have same similar impact in the ecosystem. The timing of 

biological disturbance is generally, associated with more complex set of controls. For 

example, the predation depends on several factors such as the functional, numerical, and 

developmental responses of the predator (Murdoch and Oaten 1975). Consecutively, these 

responses are, also influenced by the physical environment such as the habitat complexity, the 

presence of alternative prey, the availability of prey refuges, and the impact of higher level 

predators and parasites (Sousa 1985).  

 

1.6 Conclusion 

Most of the communities are expected to experience disturbance at some spatial and temporal 

scale. However, its role in the dynamics of population remains mainly ignored, except in 

some temperate regions. This overlooking is due to many reasons; in fact, one of the most 

important causes may be that main disturbances often are repeated at time intervals longer 

that the duration of a research project (Oliver 1981). Therefore, it is always, difficult to 

directly observe the effects of disturbance on the ecosystem. Yet, a long interval repetition of 

a disturbance on the community does not necessary show that the impact is not significant. 

When the organisms that are affected by disturbance have long life, the impact of disturbance 

may persist over time even for thousands of years. In fact, it was demonstrated that 

disturbance may play as an important role as do the biological interactions in the dynamics of 

organisms such as competition and predation, which have got more attention from ecologists. 

The relationship between disturbance and biological processes seems to have a major effect 

on the distribution and organization of communities in their environment (Sousa 1985).  
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CHAPTER 2: THE METAGENOMICS APPROACH 

 

2.1 The basic concepts of metagenomics 

Understanding how microorganisms and/or their genes interact in various environmental 

niches is a major challenge for the environmental microbiology. Nevertheless, in many 

environments, less than 1% of the microorganisms can be cultured with the existing 

technologies. The list of cultured microorganisms may skew microbial diversity assessment 

in nature. Even with the recent success of novel culture methods (Sait et al. 2002, Zengler et 

al. 2002, Stevenson et al. 2004, Binnerup et al. 2008, Nichols et al. 2010), it is still difficult to 

culture most of pertinent microbes in the suitable conditions for their growth. The 

development of culture-independent techniques, which bypass the need for isolation and 

laboratory cultivation of different species, has deeply enhanced environmental 

microbiological studies. Now, these new techniques allow the handling of the bulk genomic 

DNA retrieved from natural microbial communities. This is referred to as metagenomics 

(Handelsman et al. 1998). 

 

Metagenomics is a technology that allows us to obtain various genes or pathway components 

from the whole microbial community, and has led to the accumulating number of DNA data 

sets. Currently, these genome sequences are being exploited for many new biotechnological 

applications (Streit and Schmitz 2004) and for increasing our knowledge of microbial 

ecology (Tyson et al. 2004, Suenaga 2012). Metagenomics is also called environmental 

genomics, community genomics, ecogenomics or microbial population genomics; it consists 

of the genome-based analysis of whole communities of complexly interacting organisms in 

diverse ecological environments. The term ‘metagenome’ was first defined by Jo 

Handelsman and colleagues in 1998 (Handelsman et al. 1998) as the combined genome of the 

entire microbiota of a specific environment (Dupré and O’Malley 2007). Metagenomics 

approaches have been used to understand the structure (gene/species richness and distribution) 

and the functional (metabolic) potential of environmental microbial communities (Suenaga 

2012). 

 

Metagenomics consists of two approaches: sequence-driven and function-driven analysis of 
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uncultured microbiota (Gabor et al. 2007). Functional metagenomics includes screening 

metagenomic libraries for a particular phenotype, e.g. antibiotic production or enzyme 

activity, and then identifying the phylogenetic origin of the cloned DNA (Dinsdale et al. 

2008). On the other hand, sequence-driven approaches include screening clones for the highly 

conserved 16S rRNA genes for identification purposes and then sequencing the whole clone 

to identify other genes of interest, or large-scale sequencing of the complete metagenome to 

examine the phylogenetic anchors in the reconstructed genomes (Riesenfeld et al. 2004, Hoff 

et al. 2008, Sleator et al, 2008). PCR (Polymerase chain reaction) is most commonly used for 

sequence-driven screening of soil DNA (Zhou et al. 2002, Courtois et al. 2003). Both 

approaches require suitable primers and probes that are derived from conserved regions of 

known genes and gene products. This approach has been used to identify phylogenetic 

anchors such as 16S rRNA genes and genes encoding enzymes with highly conserved 

domains such as polyketide synthases, nitrile Hydratases, etc… (Daniel 2005). 

 

2.2 Historical overview of metagenomics 

Because microbes possessed the same genetic material that multi-cellular organisms did, also 

many similar biological processes (including reproductive ones), microbes, especially viruses 

and bacteria were used as tools to understand genetic inheritance. As single-gene studies gave 

way to whole-genome studies in the 1990s, the focus on microbes and microbial knowledge 

to molecular biology was further reinforced, especially as the sequencing of prokaryotes and 

viruses speedily developed. 

Despite genomic studies of individual isolated microbes provided huge amounts of new 

information and understanding to comparative evolutionary biology in particular (Ward and 

Fraser 2005), has so far provided only limited information about uncultured microbial species 

and function (Nelson 2003). A broadening of molecular microbiology’s environmental scope 

has been resulted to remedy this insufficiency. Ecological studies of microbes have 

historically been marginal to both general ecology because of more general tendencies in 

biology and to ordinary microbiology because of the predominance of the pure culture model 

(Costerton 2004). Microbial ecology gains its real disciplinary recognition in the late 1960s. 

This discipline consists in understanding microorganisms in their ecological contexts – 

whatever the method is used – rather than as isolated individuals in artificial environments 
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(Brock 1987). Most of microorganisms live within complex communities (e.g. biofilms) and 

around 99% of prokaryotes are still unculturable under laboratory conditions. Taking an 

environmental approach allowed microbial genomics to extend beyond the sequencing of 

cultured isolated microorganisms to the sequencing of DNA extracted directly from their 

environments (Amann et al. 1995). This move out to sequencing in the natural environments 

largely extended the range of the data collected as well as understandings the species 

biodiversity and their evolution. 

Instead of individual genomes or single gene markers, metagenomics allow us to work with 

big amounts of the DNA collected directly from microbial communities in their natural 

environments in order to investigate biodiversity, functional interactions and evolutionary 

relationships (Dupré et al. 2007). 

 

2.3 The need for metagenomics in studying microbial communities 

Microbiology has traditionally been based on growing microorganisms in pure cultures in the 

laboratory. However, metagenomic information now shows that most microorganisms cannot 

be cultured, and were formerly unknown. This cultivation bottleneck has skewed the 

assessment of microbial diversity and limited our knowledge of the world’s microbial 

communities in the world. Metagenomics provides a relatively unbiased view of microbial 

community structure and of its potential function. Currently, metagenomics is becoming a 

basic technology for understanding the ecology and evolution of microbial ecosystems 

(Hugenholtz and Tyson 2008). 

 

2.4 Soil metagenomics  

Soil is regarded as the most challenging of all natural environments for microbiologists 

(Daniel 2005). In fact, one gram of forest soil is estimated to contain around 4 x 10
7
 

prokaryotic cells (Richter and Markewitz 1995), and one gram of cultivated soils and 

grasslands is expected to contain approximately 2 x 10
9
 prokaryotic cells (Paul and Clark 

1989). The number of distinct prokaryotic genomes has been estimated to range from 2,000 

to 18,000 genomes per gram of soil (Torsvik et al. 1998, Doolittle 1999, Torsvik et al. 2000). 

This number might well be underestimated because of rare and unrecovered species that 
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might have not been included in these analyses (Torsvik et al. 2002). Therefore, the diversity 

of prokaryotic cells present in one gram of soil may exceed that of the known catalogue of 

prokaryotes (16,177 species were listed in the statistics of the taxonomy browser of the 

National Center for Biotechnology Information on January 25
th

 2005). The substantial spatial 

heterogeneity and the complex chemical and biological properties of soil environments may 

contribute to the microbial diversity present in soil samples. 

 

Soil contains mineral particles of different sizes, shapes and chemical characteristics. It also 

contains a variety of soil biota and organic compounds in different stages of decomposition. 

Prokaryotes represent the most abundant organisms in soil, and can form the largest 

component of the soil biomass (Hassink et al. 1993). Soil microorganisms often strongly 

adhere to or adsorb onto soil particles (e.g. sand grains, clay, etc). The metabolism and the 

survival of soil microorganisms strongly depend upon the availability of water and nutrients 

(Daniel 2005).  

To investigate soil microbial diversity and its corresponding gene pool, it is important to 

extend the scale of soil surveys. Direct cultivation or indirect molecular approaches can be 

used to study soil microbial diversity. Cultivation and isolation of microorganisms is the 

traditional method, but as only 1% of the soil bacteria can be cultured using standard 

cultivation methods (Amann et al. 1995, Torsvik et al. 2002), the diversity of microbial 

communities in soil has been mostly unexplored. Recently, new technologies have been 

developed for the DNA sequence analysis of soil microorganisms (Kaeberlein et al. 2002, 

Joseph et al. 2003). Of these new technologies, we cite 454-pyrosequencing and Illumina 

(Daniel 2005). 

 

2.5 Next-generation DNA sequencing methods 

Over the past several years, massively parallel DNA sequencing platforms have become 

fairly widespread, reducing the cost of DNA sequencing, and making the sequencing capacity 

of a major genome center available to any investigator. Next-generation DNA sequencing is 

rapidly developing and has the potential to greatly accelerate biological research, by 

permitting the broad analysis of genomes, which become less expensive and widespread 

(Shendure and Ji 2008). New methods for more efficient and lower cost preparation of 
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sequencing sequence libraries have been developed (Head et al. 2011). Among these 

technologies, we used 454-pyrosequencing and Illumina in the present study.  

 

2.5.1 454-Pyroseqencing 

Pyrosequencing is a technology implemented by Roche’s 454 platform. It was introduced in 

2005 as the first next-generation system on the market, and was successfully commercialized 

(Quince et al. 2009, Liu 2012). It generates a large number of intermediate length DNA reads 

through a massively parallel sequencing-by-synthesis approach (Figure 1). The GS FLX 

implementation generates ~400,000 reads of ~250 base pairs in a single run. In many 

environmental genomics applications of pyrosequencing, DNA is extracted from an entire 

microbial community, and a particular target region bordered by conserved primers is 

amplified by PCR before sequencing. This generates an amplicon dataset, in which every 

read stems from a homologous region, and the sequence variation between the reads reflects 

the phylogenetic diversity in the community (Quince et al. 2009).  
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Figure 1: Roche 454 pyrosequencing (Voelkerding et al. 2009) 

 

 

2.5.2 Illumina (Solexa) 

The Solexa sequencing platform was commercialized in 2006, and in early 2007, the 

company was purchased by Illumina (Liu 2012). This technology is based on sequencing by 

synthesis (SBS) (Ansorge 2009, Liu 2012). It is the most successful and widely adopted next-

generation sequencing technology worldwide. The Illumina sequencing process consists 

firstly of preparation of the library on the lab bench, followed by the cluster amplification, 

sequencing-by-synthesis and image analysis on proprietary instruments. Then, the processing 

of post-sequencing data (Figure 2). A certain amount of bias can be introduced at all three 

stages, which can to some extent distort the apparent community (Aird et al. 2011). 
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Figure 2: Illumina Solexa sequencing (Voelkerding et al. 2009). 

 

 

2.5.3 454-pyroseqencing vs Illumina 

Until recently, EST (Expressed Sequence Tag) sequences were obtained using traditional 

Sanger technology (Wlaschin et al. 2005). Currently, most research groups active in this area 

employ next-generation sequencing technologies including 454 and Illumina (Birzele et al. 

2010, Jacob et al. 2010). 454-pyrosequencing can generate up to 1 Gb of data in a single run, 

creating an average read length of 330 bp and an average error percentage of 4%. A major 

limitation of this technology consists in the resolution of homopolymer regions (Shendure 

and Ji 2008), as well as the high cost, which is around $10 per million bases (Liu 2012). 

Nevertheless, Illumina sequencing can produce up to 90 Gb of data in a single run, producing 

read lengths up to 100 bp, with an average error percentage of 1-1.5% (Shendure and Ji 2008, 
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Hammond et al. 2011) and it costs only $0.07 per million bases (Liu 2012). 

In conclusion, from the next generation sequencing systems described above, the Illumina 

HiSeq 2000 features the biggest output and lowest reagent cost, and the Roche 454 system 

has the longest read length.  

 

2.6 Targeted genes 

2.6.1 16S rRNA gene 

The 16S ribosomal RNA (rRNA) genes (Figure 3) are vital to cellular function and at least 

one copy is found in each prokaryotic genome (Acinas et al. 2004). They are also present in 

all mitochondrial genomes, which have lost most of their ancestral gene content during the 

symbiosis evolutionary history (Gray et al. 1999). Because this is a universal gene, it 

represents an ideal target for phylogenetic studies and taxonomic classification (Woese 1987). 

The ribosomal products of the rRNA genes can fold into a complex, stable secondary 

structure, consisting of stems and loops (Noller 1985). The sequences of some of the loops 

are conservative among almost all bacterial species because of the essential functions 

involved, whereas the features of the supporting structural parts are highly variable and 

specific to one or more classes (Jonasson et al. 2002). Since the invention of the polymerase 

chain reaction (PCR) technique (Bartlett and Stirling 2003), the variable regions, V1–V9, of 

the 16S rRNA genes (rDNAs) have been used for species identification (Wang and Qian 

2009). 

Combined with cloning and sequencing, the application of universal primers for direct PCR 

amplification of diverse 16S genes from total community DNA has generated a huge quantity 

of data, and completely redefined the picture of the diversity of prokaryotic life. As a result of 

direct 16S rRNA gene analysis, soil - which is generally shown to contain a low diversity of 

microorganisms when analyzed using cultivation based techniques - is now, known to be one 

of the most diverse environments for prokaryotic organisms (Jonasson et al. 2002). 16S 

rRNA gene analysis can provide valuable information about microbial community diversity 

and evolution (Steele and Streit 2005). 
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Figure 3: Conserved and hypervariable regions of 16S rRNA gene. 

 

 

2.6.2 ITS region of the fungal ribosomal repeat 

The internally transcribed spacer (ITS) region of the nuclear ribosomal repeat unit is 

considered so far the most commonly sequenced region for queries of fungal systematics and 

taxonomy at and below the genus level (Nilsson et al. 2009). It has been widely used as a 

molecular marker for genus- and species-level identification in ecological and taxonomic 

studies of fungi (Hibbett et al. 2011). It offers high information content and easy 

amplification, and it was recently designated as the official barcode for fungi (Schoch et al. 

2012).  

The internally transcribed spacers (ITS) consist of two highly variable spacers, called ITS1 

and ITS2 which are located between the 18S and the 5.8S subunits and between the 5.8S and 

the 28S subunits respectively (Figure 4). They have been widely used in fungal studies 

because ITS sequences are significantly more variable than the subunit sequences themselves 

(Viaud et al 2000). This rDNA operon exists as multiple copies in genomes, delivering a 

large number of ITS copies per cell (upwards of 250; Nilsson et al. 2009). ITS analysis has 

been used with success to describe soil fungal community composition and species diversity 

(Buchan et al. 2002). 
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Figure 4: Schematic overview of the fungal ITS region  
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CHAPTER 3: THE IMPACT OF LOGGING AND FOREST 

CONVERSION TO OIL PALM ON FUNGAL COMMUNITIES IN 

BORNEO, MALAYSIA 

 

3.1 Introduction 

Tropical forests are one of the world’s most important reservoirs for biodiversity (Whitmore 

1990). They contain an exceptional concentration of the world’s species, but are being 

reduced in area faster than any other ecosystem (Asner et al. 2009). Roughly half of the 

world’s natural extent of tropical forest has been logged or converted to different land uses 

(Wright 2005). Some 403 million hectares of tropical rainforests have been included in 

timber estates and slated for selective logging (Blaser 2011), and between 2000 and 2010, 

approximately 13 million hectares of forest within the tropics were cleared for agricultural 

activities (FAO 2010, Hansen et al. 2008), including oil palm plantations (Morris 2010).  

Anthropogenic disturbances in tropical forests are causing a dramatic decline in global 

biodiversity, and in associated biological processes that maintain the productivity and 

sustainability of ecosystems (Achard et al. 2002). Several studies have shown that selective 

logging does not drastically impact the overall species richness and diversity of tropical forest 

(Berry et al. 2010, Edwards et al. 2011, Gibson et al. 2011, Woodcock et al. 2013), however, 

it has been shown that the impact of selective logging could be anything between fairly mild 

and severe depending on the intensity of logging (Burivalova et al. 2014) with changes in the 

composition of species, as forest-interior specialists decline and edge-tolerant, gap specialists 

increase in abundance (Hamer et al. 2003, Cleary et al. 2007). In contrast, the conversion of 

both primary and logged forest to agricultural land uses has been to shown to have a far 

greater negative impact on biodiversity than does logging. Conversion to agriculture results 

in a major reduction of biodiversity, again across a host of animal and plant taxa (Edwards et 

al. 2010). The conversion of primary and logged forest to agricultural plantations also results 

in a substantial decrease of the functional diversity of tropical ecosystems, with implications 

for the provision of ecosystem functions, whereas logging has lesser impacts on these metrics 

(Baraloto et al. 2012, Edwards et al. 2013). Land use change not only affects plants and larger 

animals, but soil biota as well. Land use change alters soil pH, carbon and nutrient content 
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(McGrath et al. 2001, Murty et al. 2002), causing shifts in soil microbial communities 

(Cornejo et al. 1994, Lauber et al. 2008, Tripathi et al. 2012). 

Fungi constitute as one of the most diverse and dominant groups of organisms in soil, and 

they play important ecological roles in the ecosystem as decomposers, pathogens and plant 

mutualists (Wu et al. 2007, Orgiazzi et al. 2012). Understanding the structure and diversity of 

soil fungal communities is fundamental in identifying their function in the ecosystem and 

their impact on plant communities (Martin et al. 2011). However, minimal work has been 

done in the tropics to assess the effect of land use changes on soil bacterial communities 

(Tripathi et al. 2012, Lee-Cruz et al. 2013), until recently relatively little was known about 

the impacts of tropical land use change on soil fungal communities. Various studies have 

suggested that forest clearance to tree plantations or agricultural crops shifts soil fungal 

communities, which is linked to strong changes in soil properties (Lauber et al. 2008, 

Lupatini 2013). However, previous studies of forest clearance to other forms of agriculture on 

forest fungal communities have mostly been limited to techniques that give relatively low 

taxonomic resolution (i.e. T-RFLP and PCR-DGGE). Nevertheless, a recent study by 

McGuire et al. (2014), which used high throughput sequencing to analyze soil fungal 

communities in Southeast Asian tropical forests in west Malaysia, showed that conversion of 

primary forest to oil palm plantations alters fungal community composition and function, 

whereas primary and logged forests were more similar in composition and nutrient cycling 

potential. However, further studies are needed to understand the impacts of logging cycles on 

soil fungal communities and of the conversion of logged forest to agriculture, since logged 

forests now dominate the tropics (Wright 2005) and are much more likely to be converted to 

agriculture than primary forests (Hansen et al. 2008, Asner et al. 2009).  

 

In this study, we also focused on the rainforests of the Sundaland region, of Southeast Asia, 

about 1,800 km away in east Malaysia (Borneo). Across the Sundaland region, the primary 

forest has been subject to differing degrees of logging intensity. Much of the region’s forest 

(about 50%) has never been logged, while many areas have been subject to one or two 

logging cycles (Wilcove et al. 2013). Also, oil palm is one of the most rapidly expanding 

crops in this region. This provided an opportunity to study the effect of different intensities of 

logging on the soil fungal community and also to evaluate if conversion of forest to oil palm 
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plantation has a stronger impact on soil fungi than logging, as is the case for numerous 

macroscopic taxa. Our objective here was to understand whether land use change has an 

impact on the structure and diversity of fungal communities in the Yayasan Sabah (YS) 

logging concession in Malaysian, Borneo. We compared the fungal communities in forests 

with different logging histories (unlogged, once-logged and twice-logged), and oil palm 

plantations. We examined whether there are differences in α and β-diversity, as well as 

community composition. These results may provide important information for soil 

management policies, and estimation of ecological impact of land use change in this region. 

 

3.2 Materials and Methods 

3.2.1 Study area 

The study area is located within the Yayasan Sabah (YS) logging concession and contiguous 

oil palm plantation areas, in Sabah, Malaysian Borneo (4°58’ N, 117°48’ E) (Figure 5). The 

forests in this area are naturally dominated by valuable timber tree species belonging to the 

family Dipterocarpaceae (Fisher et al. 2011). Due to logging for the wood industry and 

clearance for palm oil plantations, the area of forest in Borneo - as elsewhere in the tropics - 

has been dramatically reduced in recent decades (Gibbs et al. 2010).  

Fieldwork was conducted in the Ulu Segama-Malua Forest Reserve (US-MFR) and adjacent 

oil palm estates in Sabah, Borneo. Some areas of forest were logged between 1970 and 1990, 

and some of these were then re-logged between 2000 and 2007. During the first logging 

rotation, approximately 113 m
3
 per hectare (range 73 m

3
 to 166 m

3
) of commercially valuable 

trees > 0.6 m diameter were extracted. During the second logging rotation, an additional 31 

m
3
 per hectare (range 15 m

3
 to 72 m

3
) of timber were removed (Edwards et al. 2011, Fisher et 

al. 2011). Selectively logged forest in the US-MFR is adjacent to the 45,200 ha Danum Valley 

Conservation Area (DVCA) and Palum Tambun Watershed Reserve, containing large areas of 

unlogged forest (Edwards et al. 2010, Edwards et al. 2011). Oil palm plantations are situated 

to the north and south of the US-MFR, with mature palms of 20 to 30 years old, planted at a 

density of 100 trees per hectare.  
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Figure 5: Location of the sample site in Sabah, Malaysian Borneo. 

 

3.2.2 Soil sampling and DNA extraction 

From September to October 2012, twenty-four transects each of 200 m in length were located 

across four different land uses: unlogged (primary) forests, once-logged and twice-logged 

forests, and oil palm plantations, with six transects per habitat. Within each habitat, distances 

between transects ranged from 500 m to 65 km, whereas across habitats, distances between 

transects ranged from 1 km to 67 km. From each transect, at 50 m intervals, approximately 50 

g from the top 5 cm of soil (excluding the leaf litter layer) was taken in a sterile plastic bag 

using a trowel, giving five samples of soil per transect. The trowels were thoroughly cleaned 

with ethanol between successive transect sampling. All soil samples were then sieved (2 mm) 

in laboratory to homogenize the sample and stored at –20ºC until DNA extraction (Edwards 

et al. 2011). Twenty-four soil DNA extractions (one for each transect) were performed using 

0.3 g of soil, with the Power Soil DNA extraction kit (MO BIO Laboratories, Carlsbad, CA, 

USA) following the directions described by the manufacturer. 
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3.2.3 PCR amplification and pyrosequencing 

Fungal DNA was amplified using ITS primers targeting the internal transcribed spacer (ITS) 

region 1 and 2. Forward primers comprised the 454 Fusion Primer A-adaptor, a specific 

multiplex identifier (MID) barcode, and the ITS1F primer (5’-

CTTGGTCATTTAGAGGAAGTAA-3’) (Gardes and Bruns 1993), while the reverse primer 

was composed of the B-adapter and ITS4 primer (5’-TCCTCCGCTTATTGATATGC-3’) 

(White et al. 1990). Polymerase chain reactions (PCR) were performed in 50 μl reactions 

using the following temperature programs: 95
º
C for 10 min s; 30 cycles of 95

º
C for 30 s, 55

º
C 

for 30 s, 72
º
C for 30 s; and 72

º
C for 7 min. The PCR products were purified using the 

QIAquick PCR purification kit (Qiagen) and quantified using PicoGreen (Invitrogen) 

spectrofluorometrically (TBS 380, Turner Biosystems, Inc. Sunnyvale, CA, USA). 50 ng of 

purified PCR product for each sample were combined in a single tube and sent to Macrogen 

Inc. (Seoul, Korea) for sequencing using 454/Roche GS FLX Titanium Instrument (Roche, 

NJ, USA). 

 

3.2.4 Sequence processing 

Initial quality filtering and denoising were performed following the 454 SOP in the mothur 

pipeline (Schloss et al. 2011). The ITS1 region was verified and extracted using the ITS1 

extractor for fungal ITS sequences (Nilsson et al. 2010). Putative chimeric sequences were 

detected and removed via the Chimera Uchime algorithm contained within mother (Edgar et 

al. 2011). Operational taxonomic units (OTUs) were assigned using the QIIME 

implementation of UCLUST (Edgar 2010), with a threshold of 97% pairwise identity. OTUs 

were classified taxonomically using the classify command in mothur at 80% Naïve Bayesian 

bootstrap cutoff with 1000 iterations against the UNITE database (Abarenkov et al. 2010). 

Ectomycorrhizal (EcM) fungi were determined by matching taxonomy assignments with 

established EcM lineages as determined by recent phylogenetic and stable isotope data 

(Tedersoo et al. 2010).  
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3.2.5 Soil analyses  

Total nitrogen, total carbon, available phosphorous, and pH were measured at the National 

Instrumentation Center for Environmental Management (NICEM, South Korea) based on the 

standard protocol of the SSSA (Soil Science Society of America). 

 

3.2.6 Statistical analysis 

To correct for differences in number of reads, which can bias diversity estimates, all samples 

were rarified to 3,347 reads per sample. To test for effects of land use types on the OTU 

richness and diversity indices, we used a linear model (LM) for normal data or generalized 

linear model (GLM) for non-normal data, considering land use as the major factor. We used 

the same procedure to test whether relative abundance of the most abundant phyla differed 

among different land use types. We also assessed the effect of land use on the relative 

abundance at the order and genus levels within those phyla that showed significant 

differences due to land use. Post-hoc Tukey tests were used for pairwise comparisons. When 

neither a linear nor a generalized linear model fitted the data, we used a Kruskall-Wallis test 

to assess the effect of land use on the relative abundance of fungal taxa, with the Bonferroni 

correction to assess pairwise comparisons.  

To test whether species composition results may have been influenced by pseudoreplication 

within study sites, we used a Mantel test (Mantel Nonparametric Test Calculator 2.0) 

(Liedloff 1999) to compare transect matrices of fungal compositional to geographic distance 

between pairs of transects within a site and between pairs of transects across the entire dataset 

(Ghazoul 2002, Ramage et al. 2013).  

The OTU-based community similarity was calculated by using the Bray-Curtis index 

(Magurran 2004). Non-metric multidimensional scaling (NMDS), to visualize the change in 

species composition across the land use types, was conducted in Primer-E software (Version 

6, Plymouth, UK). Then, we tested the difference among different land use types using an 

analysis of similarity (ANOSIM).  

We measured β-diversity amongst land use types following Anderson et al. (2011), which is 

defined as the variation in community structure without defining a particular gradient or 
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direction. Therefore, we estimated true β-diversity following Whittaker (1960) in Koleff et al. 

2003 for every land use type. In addition, we calculated β-diversity as the average distance 

from each site to the group centroid (Anderson et al. 2011). The betadisper function in R was 

used to test if β-diversity showed any difference between land use types. True β-diversity (i.e. 

𝑆 �̅�⁄ ) for each pair of samples within each of the four land uses was estimated by the 

following equation:  

(2 )/2
S a b c

a b c
 
 


 

Where S is the total number of OTUs in two samples, �̅� is the average number of OTUs for 

both samples, a is the shared OTUs between both samples, b is the OTUs found only in 

sample 1 and c are the OTUs found only in sample 2. To compare true β-diversity among 

land uses, we used a linear model using land use as factor, and sample as random factor to 

control for pseudoreplication, as every sample is used in more than one comparison within 

each land use. Post-hoc Tukey tests were used for pairwise comparisons among different land 

uses.  

 

3.3 Results  

A total of 114,744 quality sequences were obtained from the 24 soil samples, with coverage 

ranging from 3,347-6,456 sequences. After rarifying to 3,347 reads per sample, we obtained a 

total of 80,328 sequences, and of these around 84% sequences were classified up to phylum 

level with a total of 5,327 OTUs (defined at ≥ 97% sequence similarity level). Fungal OTU 

richness (i.e. number of OTUs) was marginally significantly different across land use types 

(F3,24 = 2.98, P = 0.05; Figure 6a), with lowest levels of OTU richness observed in oil palm 

plantations compared to primary and logged forests. Predicted OTU richness calculated using 

the Chao1 estimator was significantly higher in logged forests than oil palm plantations 

(F3,24 = 4.74, P = 0.01; Figure 6b), whereas Shannon index did not show any variation among 

land uses (F3,24 = 1.93, P = 0.15). 
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Figure 6: Diversity indices of the fungal community across different land uses in Sabah, 

Malaysian Borneo. (a) OTU richness and (b) Chao1 index. Pairwise comparisons are shown; 

different letters denote significant differences between groups at P < 0.05. 

 

Soils in different land use types showed changes in physico-chemical properties whereby 

levels of soil total carbon (C), total nitrogen (N) and available phosphorous (P) tended to 

decrease at oil palm plantations (Figure 7). By most measures, oil palm soils had significantly 

lower soil C and N contents compared to forest soils (For C: F3,24 = 5.48, P = 0.006; N: F3,24 = 

4.36, P = 0.01). pH did not show any statistical variations among different land uses. Forest 

soils had lower pH (4.23 ± 0.37) compared to oil palm plantation soils (4.75 ± 0.59).  
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Figure 7: Variation of total carbon and total nitrogen among the soil of different land use 

types in Malaysian, Borneo. 

 

The NMDS plots of pairwise Bray–Curtis dissimilarities showed that fungal communities 

were clustered significantly across land use types (ANOSIM: R = 0.51, P < 0.001; Figure 8). 

Mantel tests showed no effect of distance on the composition of fungal communities across 

different land use types in Borneo (all P > 0.07). The majority of fungal sequences recovered 

in our study belonged to the Basidiomycota and Ascomycota, with relative abundances of 52% 

and 29%, respectively (Figure 9). The basal fungal lineages represented 2%, followed by 

Glomeromycota and Chytridiomycota with less than 1%, and 15% of the detected sequences 

were unclassified (Figure 9). We found a significant change in the relative abundance of the 

two most dominant phyla: Basidiomycota (F3,24 = 4.23, P = 0.01) and Ascomycota (F3,24 = 

4.81, P = 0.01) along different land uses. The abundance of Basidiomycota was greater in the 

unlogged forest, intermediate in the logged forest, and least in the oil palm. Conversely, the 

oil palm plantations had greater abundance of Ascomycota compared to forest soils (Figure 9). 

At the order level, there were significant differences in the relative abundances of the most 

dominant orders (Table 1). The results revealed that the relative abundance of Agaricales, 

Russulales, Thelephorales, Trichosporonales, Sebacinales and Helotiales were significantly 

higher in the forest than oil palm plantations (P < 0.05; Table 1). However, Hypocreales, 

Sporidiobolales and Pleosporales, were more abundant in oil palm plantations than unlogged 

and logged forests (P < 0.05; Table 1).  
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Figure 8: Non-metric multidimensional scaling (NMDS) ordination showing clustering of 

fungal communities among different land uses in Sabah, Malaysian Borneo. 

 

 

Figure 9: Relative abundance of dominant fungal phyla among different land uses in Sabah, 

Malaysian Borneo.  
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Table 1: Comparison of relative abundance of the dominant orders within the phyla Ascomycota and Basidiomycota among land uses
a
. 

 

a
 Only orders for which significant differences were found are shown. 

b
 Effect of land use on relative abundance evaluated by linear or generalized linear model or by the Kruskal-Wallis test (*). 

c
 Pairwise comparisons by post hoc Tukey test for linear/generalized linear models or P values Bonferroni-corrected for Kruskal-Wallis. Differences were considered 

significant at a P value of <0.05. 

Organism F or χ
2b 

 df P Pairwise comparisons
c
 

Ascomycota     

Helotiales 3.67 3, 24 0.02 Once-logged > oil palm 

Hypocreales 5.54 3, 24 0.006 Once-logged/twice-logged/unlogged < oil palm 

Pleosporales 6.42 3, 24 0.003 Once-logged/unlogged < oil palm 

     

Basidiomycota     

Agaricales 10.9 3, 24 0.0001 Once-logged/twice-logged/unlogged > oil palm 

Russulales 11.3 3, 24 0.0001 Unlogged > Once-logged/twice-logged/oil palm 

Sebacinales 11.1* 3 0.01 Unlogged/twice-logged > oil palm 

Sporidiobolales 15.1* 3 0.001 Once-logged/twice-logged/unlogged < oil palm 

Thelephorales 10.0* 3 0.01 Unlogged/twice-logged > oil palm 

Trichosporonales 13.3 3, 24 0.0001 Once-logged/twice-logged/unlogged > oil palm 
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A total of 11,421 sequences belonged to known groups of ectomycorrhizal (EcM) fungi, with 

the EcM fungi representing around 10% (11,421 sequences) of the total detected fungal 

sequences, with 180 OTUs. The relative abundance of EcM sequences was significantly 

different across land use types, with highest and lowest relative abundances observed in 

primary forest (mean relative abundance = 26%) and oil palm plantations (mean relative 

abundance = 0.5%), respectively (X
2
 = 18.04, P < 0.001; Figure 10). From our soil samples, 

we identified 14 genera belonging to EcM fungi with Russula as the most dominant genus 

(65% of total EcM sequences), followed by Tomentella, Sebacina and Lactarius. The relative 

abundance of these four dominant EcM genera combined were significantly higher in forest 

soils compared to oil palm plantations (P < 0.05). For Russula alone, we also found a 

difference in abundance between unlogged (greatest abundance), once-logged (less abundant), 

and twice-logged forest (lowest abundance of Russula) (P < 0.05 in each case).    

The β-diversity, measured as the average distance of all samples to the centroid in each land 

use type, did not show significant difference among land uses (F3,24 = 2.77, P = 0.06). 

However, there was a significant effect of forest conversion to oil palm plantations on fungal 

true β-diversity (i.e. 𝑆 �̅�⁄ ; F3,24 = 3.85, P = 0.01), with oil palm having the lowest true β-

diversity compared to unlogged and logged forests (Figure 11). Logging did not produce any 

significant change in true β-diversity. 
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Figure 10: Relative abundance (means ± SD) of ectomycorrhizal (EcM) fungal sequences 

among different land uses in Sabah, Malaysian Borneo. Pairwise comparisons are shown; 

different letters denote significant differences between groups at P < 0.05. 

 

 

Figure 11: Fungal community true β-diversity (i.e. S α̅⁄ ) among the four land uses in Sabah, 

Malaysian Borneo. Boxes show the lower quartile, the median and the upper quartile. 

Pairwise comparisons are shown; different letters denote significant differences between 

groups at P < 0.05. 
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3.4 Discussion 

Our results showed that fungal OTU richness and Chao1 index differed among land uses. Oil 

palm plantations had lower OTU richness, which can be attributed to the effects of 

anthropogenic intervention and forest conversion. This contrasts with the findings on 

bacterial communities of Lee-Cruz et al. (2013) in the same study site, where they found that 

OTU richness and diversity indices did not differ among land uses, and that α-diversity was 

similar in forests and oil palm plantations.  

We found that the structure of fungal communities differed most fundamentally between 

forests and oil palm plantations. This finding mirrors that of McGuire et al. (2014), who 

found that the community of soil fungi collected across three different land uses in Malaysia 

differed between oil palm plantations and forests. Changes in fungal community composition 

in logged forest and former forest areas could directly impact the functioning of soil 

communities and their ability to provide key ecosystem services, such as decomposition and 

nutrient recycling (Lauber et al. 2008). Given that fertilizer prices are predicted to rise 

dramatically in the coming decades (Piesse and Thirtle 2009), these results suggest that 

improvements in agricultural methods by establishing diversified farms could be necessary 

for sustaining vital soil biodiversity and ecosystem-service values. 

Soils from oil palm plantations showed significantly lower concentrations of total carbon and 

total nitrogen contents than from unlogged and logged forests. This confirms with the 

findings of Murty et al. (2002) and Waldrop et al. (2000) where they detected a decrease of 

carbon and nitrogen content in cultivated soils.    

The abundance pattern of fungal taxa detected here is similar to the soils of the Neotropics, 

and elsewhere, where Basidiomycota and Ascomycota are also the most prevalent groups 

(Gomes et al. 2003, O'Brien et al. 2005, Oros-Sichler et al. 2006, Bridge and Newsham 2009, 

Wubet et al. 2012). The most abundant orders of Basidomycota in the sampled forest areas 

are Russulales, Agaricales, Sporidiobolales, Telephorales, Trichosporonales and Sebacinales. 

They all became less abundant in oil palm plantations compared to primary forest. These 

orders are generally reported to be the most varied and abundant groups of fungi in forests a

round the world (Geml et al. 2009, Geml et al. 2010, Tedersoo et al. 2010), they have also 

been characterized as being lignicolous, saprobic or mycorrhizal, associated with litter 
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decomposition, and they are known to degrade plant-derived cellulose (Kuramae 2013). In o

ur forest plots, the ectomycorrhizal orders Russulales and Telephorales were the most com

mon. Likewise, this pattern has also been found in forests from the Neotropics and 

African tropics (Tedersoo et al. 2010, Smith et al. 2011, Ba et al. 2012). 

The lower abundance of Basidiomycota in oil palm soils may be due to the lack of large 

quantities of coarse woody debris, often derived from roots or branches of forest trees, in oil 

palm plantations. However, it may be worth investigating whether the change in abundance 

of Basidiomycota - and change in their overall community structure - with conversion of 

forest to oil palm may have implications for long term nutrient processing in the oil palm 

soils. Since Basidiomycota, as a group, are often able to break down relatively recalcitrant 

substrates and changes in their abundance and community composition, they might impede 

the nutrient recycling in oil palm soils. Conversely, slower breakdown of recalcitrant organic 

substrates could actually lead to enhanced long term carbon storage in oil palm soils. The 

converse increase in Ascomycota may be seen in terms of the relatively lignin-poor and 

nutrient-rich character of most of the organic matter reaching the soil from roots and leaves of 

oil palm, and from the herbaceous weedy layer that grows under the palms.  

 

We found that both a history of logging, and forest conversion to oil palm plantation, resulted 

in shifts in EcM fungal communities. The most drastic effects were with forest conversion to 

oil palm. However, logging history also had detectable impact on EcM fungi relative 

abundance. Ectomycorrhizas are one of the most important widespread types of mycorrhiza 

in forests of the cool temperate and boreal latitudes (Brearley 2012), and they also form an 

important group and often the dominant ecologically and economically important minority of 

Dipterocarpaceae family trees in tropical Asia (Moyersoen et al. 2001, Haug et al. 2005, 

Natarajan et al. 2005, Peay et al. 2010, Peay et al. 2012).  

The lower abundance of EcM fungi in logged forests might be due to a thinner, more 

incomplete root mat following past logging disturbances. The much lower abundance of EcM 

fungi in oil palm plantation soils could be partly due to the much lower abundance of 

potential host roots (e.g. Dipterocarpaceae which are absent from the palm plantations). Such 

fungi have generally been found to recover slowly from disturbances even though potential 

host plants are present (Tedersoo et al. 2008). Among the detected genera in our study, we 
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found that Russula, Sebacina, Lactarius and Tomentella showed significant impact of land 

use change. Russula was relatively the most abundant EcM genus in our samples: this genus 

has been found to be common on roots of dipterocarp forests, tropical and southern 

hemisphere angiosperm forests (Moyersoen et al. 2001, Riviere et al. 2007, Rodrigues et al. 

2013). 

 

This study also investigated the impacts of land use change on the turnover of fungal 

communities across space (β-diversity), and the results suggest that there is a spatial 

homogenization of fungal communities in oil palm agriculture compared to forest: fungal β-

diversity in oil palm plantations was lower than forest. Habitat conversion to agriculture also 

reduces β-diversity of soil bacteria in Amazonia (Rodrigues et al. 2013). In contrast, across 

the same land use system and sites in Borneo, where we studied, there was actually an 

increase in β-diversity of bacteria with both logging and conversion to oil palm (Lee-Cruz et 

al. 2013). 

There are some caveats that accompany our findings. We worked in only one biogeographic 

region and on only one form of agriculture. It is thus important to replicate this work in other 

logging systems and in other key expanding crops, including soya, sugar cane, and cacao. We 

also did not explicitly demonstrate the impacts of changing fungal composition on soil 

ecosystem functions and services: this is a major knowledge gap, with critical importance to 

the development of sustainable logging and, in particular, agricultural systems in the tropics. 

 

3.5 Conclusion 

The conversion of both primary and logged forest to oil palm drives a change in the overall 

fungal community, including EcM fungi abundance, and an associated decrease in total 

fungal community beta-diversity. This finding invites further studies to investigate the l

ong-term implications of such changes for agricultural sustainability. There was a more s

ubtle long-term impact of logging on fungal communities. Most measurable features of the 

unlogged forest fungal community remained unchanged after logging. However, there 

were significant changes in EcM fungal abundance due to logging, which could have a 

pervasive impact since EcM fungi are thought to play a key role in tree growth and 
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community structure. Despite this, the lack of drastic changes in the overall forest fungal 

community structure following logging strengthens denotes that logged forest is not 

necessarily an irretrievably damaged and drastically altered system, and that protecting 

it from conversion to oil palm may still have considerable conservation benefits.   
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CHAPTER 4: RESPONSES OF BENTHIC BACTERIAL 

COMMUNITIES TO NATURAL CO2 GRADIENT IN THE 

MEDITERRANEAN SEA OFF VULCANO, ITALY 

 

4.1 Introduction  

Covering around 70% of the Earth, marine sediments play a major role in ecosystem 

processes and underpin carbon and nutrient cycling (Widdicombe et al. 2011). They are 

colonized by a vast, but unknown, diversity of microorganisms living in a variety of habitats 

(Munn 2011). Anthropogenic CO2 emissions have lowered the pH of surface waters of the 

world by about 0.1 pH unit and a further global reduction of 0.2 - 0.4 pH units is expected by 

2100 (Caldeira and Wickett 2003). This rate of ocean acidification is, as far as we know, 

unprecedented and is rapidly exposing vast areas of seabed habitats to waters that are 

corrosive to carbonate (Olafsson et al. 2009). 

Despite the importance of benthic microbial communities in global biogeochemical processes, 

our knowledge of their community dynamics is rudimentary and their response to ocean 

acidification remains largely unknown (Allgaier et al. 2008, Liu et al. 2010, Newbold et al. 

2012, Ray et al. 2012, Lindh et al. 2013, Sperling et al. 2013), although mesocosm work is 

broadening our understanding of effects on pelagic microbial communities (Roy et al. 2013). 

Studies on the effects of ocean acidification on marine pelagic microbes have mainly been in 

vitro experiments which have limitations when attempting to scale-up to effects on seawater 

(Krause et al. 2012). Recently, volcanic vents have started to be used as natural laboratories 

to evaluate the consequences of increase in seawater acidity on marine ecosystems in situ, 

revealing tipping-points beyond which seagrass, coral reef and rocky shore systems are 

radically altered due to adverse effects on calcified organisms (Fabricius et al. 2011, Rodolfo-

Metalpa et al. 2011, Kroeker et al. 2013). Kitidis et al. (2011) performed the first field 

investigation of the impact of ocean acidification on sediment bacteria and found that 

although microbial ammonia oxidation was affected by ocean acidification in the water 

column, it was not affected in sediments, perhaps due to buffering within the sediments or 

adaptation of the ammonia oxidizing microbes to high CO2 conditions. 

In recent years, major advances in our understanding of marine microbial diversity and 
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community structure have been driven by advances in molecular techniques (Munn 2011). 

For marine sediments, 16S rRNA genes are now routinely amplified using PCR from nucleic 

acids extracted from the sediment; the PCR products are then cloned and sequenced 

(Hongxiang et al. 2008, Ghosh et al. 2010). A meta-analysis by Hendriks et al. (2010) 

concluded that it is likely that microbes will adapt to ocean acidification by genetic 

modification at the species level as well as by replacement of sensitive species by non or less 

sensitive ones at the community level. Studies of microbes along marine CO2 gradients have 

so far confirmed that the community compositions of resident marine microbiota alter as a 

result of acidification (Johnson et al. 2011, Lidbury et al. 2012). 

Here, we used 454-pyrosequencing of 16S rRNA gene to investigate the effect of a natural 

gradient in seawater pCO2 on sediment bacterial communities off Vulcano in the 

Mediterranean. Our hypothesis was that a pCO2 gradient would cause similar community 

shifts in sedimentary bacterial communities as those recently observed in biofilm grown on 

slides at the same field site (Lidbury et al. 2012). We predicted that significant changes in 

sedimentary bacterial communities would occur due to the direct effects of acidified seawater 

on sediment biota, as well as indirect effects due to documented changes in the biota of 

surrounding habitats (Johnson et al. 2011) which contribute to the supply of organic material 

to the sediment.  

  

4.2 Importance of marine microbes  

Marine microorganisms play a crucial role in aquatic life as primary producers. In contrast, in 

the terrestrial environment, the primary production is provided by higher plants, which are 

large and having longer life; in the oceans the microbes are the primary producers that have 

short life (for only a day or few). Nevertheless, these marine microbial communities are vital 

for the global ecosystems as they produce more than half of the total global oxygen produced 

by photosynthesis. Bacteria and archaea play also an important role by maintaining the 

productivity of the oceans via nutrients recycling that are used by the phytoplankton. 

Moreover, bacteria are involved in ocean biogeochemical processes and controlling the 

productivity in oceans. Understanding the fundamental role of microbes on biogeochemical 

cycles to maintain the oceans productivity is still poor investigated. In fact, it is more 

proficient to measure the chemical result of microbial activity (e.g. release of methane to the 
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atmosphere) than identifying organisms responsible of these biogeochemical processes, since 

that the diversity of ocean microbes using DNA sequencing is recent (Joint et al. 2009). 

 

4.3 Key ecological services provided by marine microbes  

Despite the poor knowledge on the functioning of marine microbes that are involved in the 

biogeochemical process, we know the importance of processes involved in almost all 

environmental services provided by marine microbes.  

The responses of these biogeochemical processes to increases CO2 emissions are still poor 

studied. Thus, the importance of experimental data to statistically predict the shift of 

microbial activity in the oceans (Joint et al. 2009).  

 

Acclimation and/or adaptation 

The next generation sequencing technologies led to a wide knowledge in marine microbial 

diversity. The diversity of microbial communities is huge but the role of these organisms in 

marine environment is still unknown. With the climate change, three possible scenarios are 

expected to happen. Firstly, because of the large diversity of microbial diversity, 

microorganisms always exist to carry out the fundamental marine biogeochemical cycles. In 

fact, community composition may change and tolerant species to environmental variation 

may dominate, but other species which are able to live in news environmental conditions, and 

to carry out certain ecosystem key processes such us nitrogen fixation will be present. Then, 

considering the plasticity of genes and the frequency of gene transfer, it is more than possible 

that most of marine microbial community will develop through acquisition of new genes. 

Consequently, less change on microbial community will be noticed and same dominant 

species will exist. In contrast, their ecological fitness will be adapted to the new 

environmental conditions. The last scenario that may happen at higher CO2 in seawater is the 

loss of species diversity even the destruction of the whole community. This is unlikely, may 

occur to heterotrophic organisms except for some coccolithophore species (with calcareous 

plates), whose calcite coccoliths (external carbonate shell plates) will highly dissolve due to 

the less saturation of calcium carbonate in the oceans. Therefore, ocean acidification has 

more impact on coccolithophores with calcareous plates (Joint et al. 2009).    
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Acclimation 

It is the adjustment of any organism in response to perturbations using existing cell 

mechanism. For this, changes in gene expression without changing the organism’s genetics 

will occur. Acclimation may be achieved for few minutes to hours. It will be hard to precisely 

predict the species acclimation because of the lack of solid and sufficient information about 

either genotype or phenotype of present microbial diversity. 

The identification of natural microbial communities is developing in many marine 

environments. However, species presenting key functional groups are not well described. 

This information on marine microbial communities is essential to monitor and predict the 

ability of species and functional groups to acclimation to environmental variations like 

increasing CO2 or temperature of seawater (Joint et al. 2009).   

  

Adaptation 

It is the adjustment of any organism in response to perturbations using genetic change due to 

natural selection. It may last hundreds of generations. The adaptation rates are faster for 

microorganisms than multi-cellular organisms because of the lateral gene transfer of microbes. 

Climate change may also have an effect on microbial communities due to increasing 

temperature of surface seawater enhancing vertical stratification, declining of nutrient 

supplies, reducing of arctic sea-ice and increasing the occurrence and intensity of storms. 

Most of seawaters are experiencing the effects of these various perturbations such as 

increasing nutrients. As a consequence, the primary production will increase. 

All these mechanisms will affect microbial communities but, it is still unclear how the 

responses of marine microorganisms to increasing CO2 will interact with these alterations 

(Joint et al. 2009).  

 

4.4 Why is ocean acidification an urgent problem? 

Humans have depended on oceans for food over thousands of years. Even today, most of 

largest cities are located on the coastal area. In the few last decades, surface pH seawater is 

decreasing by about 0.1 pH unit, and it is expected to decline by 0.2 to 0.4 by next century. 

This change in pH will definitely cause an alteration of the services provided by oceans to 

humans. The effects of lower pH in seawater will depend on the speed of this variation; if 
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change occurs slowly, organisms can adapt so they are able to grow under these new 

environmental conditions. In addition, over time, the oceans will be buffered using geological 

reactions. However, if the changes happen in a short timescale, the risks of species 

extinctions will increase (Joint et al. 2009). 

 

4.5 Benthic biogeochemistry 

As a result of increasing CO2 and declining seawater pH in the ocean, the carbonate 

saturation would lower significantly in the shallow sea sediment (Andersson et al. 2003). For 

example, in the North Sea, benthic ecosystems may be sensitive to increasing CO2 in 

seawater shallow sea benthic ecosystems (Turley et al. 2006) that are characterized by strong 

geochemical gradients, comprising pH (Fenchel and Riedl 1970). Most of benthic 

communities could adapt to these gradients, but other existing organisms could not (Barnes 

and Hughes 1988). Shallow water is most densely populated, while they are the only species 

that can oxygenate their environment immediately, using ventilated holes for example. They 

have the ability to survive and settle under the redox discontinuity depth (Furukawa 2001). 

The biogeochemical cycles carried out by microbial communities such as nitrification and 

denitrification, even the communities are different between aerobic sediment and anaerobic 

environments. As a consequence, organisms inhabiting these environments are more tolerant 

to pH changes compared to non-holes produces. These bioturbating sediment communities 

change the physical and chemical characteristics of their environment (Rhoads and Young 

1970) and as a result, change in the rate of nutrient fluxes at the sediment/water interface 

(Widdicombe and Austen 1998; Howe et al. 2004) and the maintenance of biodiversity 

(Widdicombe et al. 2000).  

The calcareous organisms may be vulnerably affected by the decrease in carbonate ions. For 

example, sea urchin can survive even at highest CO2 concentrations (550 ppm) which is 

expected to be reached by 2050. Even among these calcareous organisms, the tolerance to pH 

variations depend on the species, for example the echinoderms demonstrated less tolerance to 

pH change than molluscs (Shirayama et al. 2004). The difference in adaptation to pH 

variations lead to the selection of more tolerant species to pH change and thus substantial 

changes in the composition and sediment functioning.    

Pelagic and benthic ecosystems are correlated, even in the deep seas. In shallow waters, up to 
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80% of the nitrogen required by photosynthesis comes from sediment organic matter 

regenerated by microbes. Thus, shifts in the nutrients benthic regeneration via shifts in 

sediment organisms’ structure and their function. As a result, pelagic production could be 

affected. Conversely, changes in the structure and function of microbial communities and the 

primary production could strongly impact the food resources for benthic inhabitants and 

nutrient regeneration (OSPAR commission 2006). 

 

4.6 Materials and methods 

4.6.1 Study site 

Sampling took place on Vulcano Island 25 km off the NE coast of Sicily (Figure 12). Samples 

were collected from Levante Bay, on the north-east side of Vulcano where CO2 from volcanic 

activity is released through vents at 0-10 m depth creating a pH gradient from 5.6 to >8.0 

along the bay (Boatta et al. 2013). The sediment along this pH gradient was deposited during 

a volcanic eruption in 1888-90 (Boatta et al. 2013). Samples were taken at 1 m depth from 

three sites, which had the same salinity, temperature and alkalinity (Figure 12). Site 1 (S1) 

was located outside an area influenced by the vents and had diurnal variations in pH that are 

typical for shallow vegetated habitats (Kerrison et al. 2011), with a minimum pH of 8.08 at 

dawn and a maximum pH of 8.29 at dusk. At Site 2 (S2) plumes of acidified water 

occasionally drove the pH down to 7.76, although this site was regularly flushed with 

ambient normal pH seawater. Site 3 (S3) was closest to the vents and had the widest pH 

variation; point measurements by Johnson et al. (2011) had minimum pH 7.07 although long-

term monitoring revealed an unusual brief minimum of pH 6.6 at this station. Table 2 

summarizes the seawater carbonate chemistry of these stations. 
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Figure 12: Location of sample sites off Vulcano Island, part of the Aeolian island chain, 

northeast Sicily (38°25′N, 14°57′E.
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Table 2: Maximum, median and minimum seawater pH with corresponding carbonate chemistry measurements along a CO2 gradient on 

Vulcano island (Johnson et al. 2011). 

Station  pH.range 

(NBS scale) 

pCO2 

(μatm) 

TA  

(mmol kg
-1

) 

DIC  

(mmol kg
-1

) 

CO3
2-  

(mmol kg
-1

) 

HCO3
-  

(mmol kg
-1

) 

Ωcalcite Ωaragonite 

S1 Max 8.29 331 2.625 2.197 0.32 1.871 7.54 7.97 

 Median 8.21 419  2.233 0.29 1.929 7 4.65 

 Min 8.08 603  2.339 0.22 2.101 5.26 3.77 

S2 Max 8.22 410 2.642 2.23 0.31 1.912 7.38 4.91 

 Median 8.08 592  2.401 0.19 2.193 4.45 2.89 

 Min 7.76 1429  2.512 0.12 2.349 2.96 1.96 

S3 Max 8.1 599 2.736 2.409 0.25 2.14 6.05 4.02 

 Median 7.71 1611  2.656 0.1 2.508 2.28 1.49 

 Min 7.07 7454  2.95 0.02 2.682 0.54 0.35 

Temperature (range 18.6-27.7
o
C), pH (NBS scale) and salinity (=38) were measured on several occasions between September 2009 and October 2010 (n=18). Total 

alkalinity (TA) is point measurement taken on 02/10/10. The remaining parameters were calculated using CO2 SYS program (using the constants of Roy et al. 1993 and 

Dickson for KSO4)
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4.6.2 Marine sediment sampling and DNA extraction 

At each sampling site seven surface sediment samples were taken in May 2011. Each sample 

was taken using a 20 cm diameter cylindrical corer: the top 2 cm of sediment in each core 

was kept for analysis. At each site samples were taken at approximately 0.5 m apart along a 

transect running parallel to the shore at 1 m depth. One sample was retained for granulometry, 

the remainder were stored in sterile tubes at -20
o
C until DNA extraction, carbon and nitrogen 

analyses.  

The marine sediment genomic DNA was extracted from 0.3 g of sediment by using the Power 

Soil DNA extraction kit (MO BIO Laboratories, Carlsbad, CA, USA) following the protocol 

described by the manufacturer. There was an error in labeling the small subsamples that were 

sent from UK to South Korea for DNA extraction, they were not labeled identically to the 

original sediment sample bags that they were taken from, and from which sediment 

parameters were taken. Consequently although pH zone is known for each DNA and 

sediment sample, the correspondence to the exact individual sample for sediment analysis is 

unknown. This precludes relating each sample individually to the sediment parameters in that 

exact sample. Instead, we analyzed 3 sediment samples at random from each pH zone. 

 

4.6.3 PCR amplification and pyrosequencing 

The sediment sample DNA was amplified using primers targeting the V1 to V3 hypervariable 

regions of the bacterial 16S rRNA gene (Unno et al. 2010). Polymerase chain reactions were 

performed in 50 μl reactions under the following conditions: initial denaturation at 94°C for 5 

min, followed by 10 cycles of denaturation at 94°C for 30 s, annealing at 60°C to 55°C with a 

touchdown program for 45 s, and elongation at 72°C for 90 s. This was followed by 

additional 20 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 45 s, and 

elongation at 72°C for 90 s. The PCR products were purified using the QIAquick PCR 

purification kit (Qiagen) and quantified using PicoGreen (Invitrogen) spectrofluorometrically 

(TBS 380, Turner Biosystems, Inc. Sunnyvale, CA, USA). 50 ng of purified PCR product for 

each sample were combined in a single tube and sent to Macrogen Incorporation (Seoul, 

Korea) for sequencing using 454/Roche GS FLX Titanium Instrument (Roche, NJ, USA). 
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4.6.4 Analysis of pyrosequencing data 

The sequence data obtained after pyrosequencing were processed using mothur (Schloss et al. 

2009). Sequences shorter than 200 nt with homo-polymers longer than 8 nt and all reads 

containing ambiguous base calls or incorrect primer sequences were removed. Next, the 

sequences were aligned using mothur (default settings: kmer searching with 8mers and the 

Needleman–Wunsch pairwise alignment method) and the SILVA database (available at 

http://www.mothur.org/wiki/Alignment_database) and further filtered to remove gaps. The 

sequences were then pre-clustered using the mothur implementation of pseudo-single linkage 

pre-clustering algorithm from Huse and colleagues (Huse et al. 2010). Putative chimeric 

sequences were detected and removed via the Chimera Uchime algorithm contained within 

mothur (Edgar et al. 2011) in de novo mode, which first splits sequences into groups and then 

checks each sequence within a group using the more abundant groups as reference. A distance 

matrix was constructed using the average neighbor algorithm at phylogenetic distances of 

0.03 (equivalent to species) in mothur. Pairwise distances between aligned sequences were 

calculated at a 0.97% similarity cutoff and were then clustered into unique operational 

taxonomic units (OTUs). 

All taxonomic classification was performed using mothur’s version of the RDP Bayesian 

classifier, using a RDP training dataset number 9 (available at 

http://www.mothur.org/wiki/RDP_reference_files) normalized to contain six taxonomic 

levels for each sequence at 80% Naïve Bayesian bootstrap cutoff with 1000 iterations.  

 

4.6.5 Statistical processing and analysis of results 

All samples were standardized by random subsampling to 676 sequences per sample using 

the sub.sample command (http://www.mothur.org/wiki/Sub.sample) in mothur. Phylogenetic 

diversity was calculated as Faith’s phylogenetic diversity in mothur by using a maximum-

likelihood (ML) tree inferred from partial 16S rRNA gene sequences of representative OTUs 

using FastTree2 with default settings (Price et al. 2010). OTUs (at 97% similarity), Shannon 

diversity index and rarefaction values were also calculated using the mothur. OTU based 

abundance data was first square-root transformed to build the Bray-Curtis distance matrix 

using the vegdist function in the vegan package of R (Table S1). We performed an NMDS 

http://www.mothur.org/wiki/Alignment_database
http://www.mothur.org/wiki/RDP_reference_files
http://www.mothur.org/wiki/Sub.sample
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plot using the metaMDS function in the vegan package of R (Oksanen et al. 2007). This used 

the Bray-Curtis distance matrix to assess whether bacterial community composition clustered 

according to different pH levels. PERMANOVA analyses and post-hoc t-tests were based on 

9999 random permutations, using type III sums of squares and unrestricted permutation of 

raw data. Kruskall-Wallis tests were performed to assess the effect of pH on relative 

abundance of major phyla. ANOVA test was performed to check the relationship between pH 

and soil properties. PERMANOVA analyses were conducted in Primer 6.1.10. Kruskall-

Wallis and rarefaction curve analysis were performed using R. 

 

4.7 Results  

Where gas bubbling was strongest, the benthic microbial community was clearly affected, as 

the seabed was coated with bacterial mats (Figure 13A). However, we chose sampling sites 

with less extreme levels of pCO2 where bacterial mats were absent and the black volcanic 

sand habitat appeared to be homogenous (Figure 13B).  
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Figure 13: Sediment habitat at 1-m depth in Baia di Levante, Vulcano, May 2011. (A) CO2 

venting area (pH 5.6) showing bacterial mats on the sediment surface. (b) Patch of black 

volcanic sand typical of sites 1–3, surrounded by rock outcrops, anemones, and macroalgae. 

 

 

We obtained 62238 quality sequences in total, which were classified into 1726 operational 

taxonomic units (OTUs) at 97% similarity level. On average, each individual sample was 

represented by 2973 classifiable sequences, with a range of 676 to 4255 sequences per 

sample. Most samples showed no sign of reaching an asymptote in OTU richness among the 

total number of reads available in the rarefaction analysis. This means that to cover the full 

taxonomic diversity, more sequences would be required (Figure 14).   

A 

B 
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Figure 14: Rarefaction curves comparing surface sediment bacterial communities at 1-

mdepthalonga seawater pH gradient caused by volcanic CO2 vents off Vulcano, May 2011. 

 

 

4.7.1 Effect of seawater pCO2 on bacterial community composition  

An NMDS plot reveals a shift in benthic sediment bacterial communities at the three different 

seawater CO2 levels (Figure 15). Most of the samples from each pH zone cluster separately. 

The PERMANOVA test results show that the observed overall community differences among 

pH levels were highly significant (Pseudo-F2,18=1.9635, P(perm)=0.0001) with significance 

between the pair-wise comparisons of the three different pH levels considered (High, Low: 

t=1.6374, P(perm)=0.001; High, Medium: t=1.1605, P(perm)=0.025; Low, Medium: 

t=1.3539, P(perm)=0.0045). 
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Figure 15: NMDS ordination, the low-pH (high CO2) marine sediment bacterial communities 

cluster separately from the communities sampled at medium and high (i.e., normal) pH. 

 

4.7.2 Effect on bacterial community diversity 

Permutational univariate analysis of variance showed that pH change affected neither the 

OTU (‘species’) richness (Pseudo-F2,18=1.9109, P(perm)=0.1672) nor the phylogenetic 

diversity (Pseudo-F2,18=2.9526, P(perm)=0.0684). However, the Shannon Index (Pseudo-

F2,18=3.9597, P(perm)=0.031) revealed that pH significantly affected bacterial diversity, with 

the lower level of bacterial diversity observed at high pH (i.e., ambient pH/pCO2) than the 

low pH (High, Low: t=2.3479, P(perm)=0.0433) sampling site (Figure 16).  
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Figure 16: Marine sediment microbial Shannon Diversity (mean±SE) at different seawater pH 

levels, with high pH being the normal reference conditions (median pCO2 419) and low pH 

corresponding to median pCO2 1611μatm. 

 

4.7.3 Effect of pCO2 on relative abundance of dominant taxa 

The dominant taxon across all sediment samples was Gammaproteobacteria (56%), followed 

by Firmicutes (14%), Bacteroidetes (12%), Alphaproteobacteria (11%), Actinobacteria (4%), 

and Betaproteobacteria (1.3%) respectively (Figure 17, Figure A5). They were, statistically, 

non-significant along the pCO2 gradient (All P>0.1). 

We found 21 genera of Gammaproteobacteria, of which Pseudomonas and Vibrio were 

predominant (Figure 18 and Figure A6) and we found no significant shift in the dominance of 

these bacteria along the pCO2 gradient. However, five genera (Table 3) within the bacterial 

community were significantly affected by the pCO2 gradient. These were Georgenia 

{x
2
(2)=9.63, P=0.008}, Lutibacter {x

2
(2)=7.23, P=0.02}, Photobacterium {x

2
(2)=14.26, 

P=0.0008}, Acinetobacter {x
2
(2)=6.47, P=0.03} and Paenibacillus {x

2
(2)=6.81, P=0.03}. 

Together these genera accounted for less than 5% of the bacterial community sampled.  
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Figure 17: Relative abundance of sediment bacterial classes along a pH gradient in the 

overlying water column,Vulcano,May2011. 

 

 

Figure 18: Relative abundance of dominant marine sediment bacterial taxa at different pH 

levels. 
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Table 3: Classification of the five taxa affected by pH change at different pH levels. 

Taxon Phylum Class Order Family 

Georgenia Actinobacteria Actinobacteria Actinomycetales Bogoriellaceae 

Lutibacter Bacteroidetes Flavobacteria Flavobacteriales Flavobactereaceae 

Photobacterium Proteobacteria Gammaproteobacteria Vibrionales Vibrionaceae 

Acinetobacter Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae 

Paenibacillus Firmicutes Bacilli Bacillales Peanibacillaceae 

 

4.7.4 Relationship between seawater pCO2 and sediment properties 

There was no correlation between seawater pCO2 and the TN (R
2
= -0.16, P=0.67) and TOC 

(R
2
= -0.2, P=0.73) content of the sediment (Table 4). There was also no correlation between 

pH zone and sediment granulometry; all samples were Medium Sand on the Wentworth scale 

(Site 1 mean Φ 1.497, Site 2 mean Φ 1.097, and Site 3 mean Φ 1.210) and were unusual, for 

coastal sediments, in that carbonates were absent.  

 

Table 4: Marine sediment properties: Total organic carbon (TOC) and total nitrogen (TN) 

contents. 

Sample TOC% TN% 

Low pH1 0.29 0.018 

Low pH2 0.16 0.016 

Low pH3 0.28 0.025 

Medium pH1 0.21 0.018 

Medium pH2 0.17 0.012 

Medium pH3 0.25 0.021 

High pH1 0.16 0.014 

High pH2 0.25 0.019 

High pH3 0.37 0.018 
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4.8 Discussion 

Our analyses of sediments along a natural pCO2 gradient (from median 419 - 1611 µatm), 

revealed that the volcanic sand habitat of each of the three pH zones sampled was closely 

similar in composition with no differences in granulometry, carbonate, carbon or nitrogen 

content. In addition, the overlying water column in each of the three zones had no differences 

in salinity, temperature or alkalinity providing a consistent basis for comparison of the effects 

of seawater acidification.  

 

Although significant changes in sediment bacterial community were observed along the 

chosen pCO2 gradient, as revealed by the NMDS plot and Shannon Diversity, the majority of 

major taxa of sediment dwelling bacteria were not significantly affected by the steep 

gradients in seawater pH and carbonate saturation. Changes in sediment bacterial 

communities were obvious to the naked eye at the CO2 vents themselves where Beggiatoa-

like mats carpeted the sediment. In the present study we chose a gradient of pCO2 that was 

representative of the changes that are predicted to occur due to ocean acidification, lacking 

confounding factors such as geothermal heating and the presence of H2S that profoundly 

affect microbial communities (Simmons and Norris 2002, Rusch and Amend 2008, Boatta et 

al. 2013). Gammaproteobacteria were the dominant bacterial type at all the pCO2 levels we 

studied and were also the most abundant bacterial group in a marine volcanic ash layer in the 

Sea of Okhotsk (Inagaki et al. 2003). Gammaproteobacteria are usually the most abundant 

type of bacteria found in marine sediments, often comprising >50% of the microbial 

community and the bulk of the marine sediment bacterial biomass (Ravenschlag 2001, 

Bowman and McCuaig 2003). Of the Gammaproteobacteria at the study site, Pseudomonas 

was the most common, and is generally abundant in marine sediments where they are able to 

use diverse organic compounds as a carbon source and electron donor (Hongxiang et al. 

2008). The genera Georgenia, Lutibacter, Photobacterium, Acinetobacter and Paenibacillus 

were less abundant at our study sites and all of these genera exhibited significant shifts in 

their abundance along the pCO2 gradient. Georgenia is a Gram-positive, non-sporulating and 

motile or non-motile aerobic bacterium, but the growth under anaerobic conditions can also 

occur. Temperature range for growth is 10–37
o
C, with optimum growth at 28–30

o
C. The pH 

range for growth is between 6.5 and 10, with optimum growth at pH 7 (Altenburger 2002, Li 

2007). Lutibacter are Gram-negative and rod-shaped bacteria. They can grow in 
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heterotrophic and aerobic conditions. The growth occurs at 5–30
o
C (optimum 25–30

o
C) and 

at pH values of between 7 and 8 (Choi and Cho 2006, Park et al. 2010). Photobacterium are 

Gram-negative bacteria. They are widely distributed in the marine environment and are 

facultative anaerobes. The pH range for the optimal growth is between 5 and 9 (Nogi et al. 

1998, Farmer and Hickman-Brenner 2006). Acinetobacter are nonmotile, Gram-negative and 

strictly aerobic bacteria. They are ubiquitous organisms (Wagner et al. 1994). Paenibacillus 

is a Gram-positive, facultative anaerobic bacterium. The optimum growth temperature is 28-

30°C, but it grows also at 20°C (Heyndrickx et al. 1996). 

 

Other laboratory and field-based studies have shown detectable effects of CO2 gradients on 

sediment bacterial community composition or activity. Krause et al. (2012) found, using 

seawater acidification studies on sediment in microcosms, that a reduction in pH caused 

major shifts in bacterial community composition that had direct effects on nutrient 

availability and use within the sediment although Kitidis et al. (2011) found that natural 

gradients of CO2 had no significant effect on sediment microbial ammonia oxidation activity. 

Kitidis et al. (2011) suggested that this could be explained by adaptation of the microbial 

communities to high pCO2 or due to interstitial pH buffering that may lessen the impact of 

ocean acidification on life within sediments (Widdicombe et al. 2011).  

 

The relatively subtle shifts we observed in bacterial sediment communities contrast with the 

major shifts seen in benthic foraminifera and biofilms at similar pCO2 levels. Dias et al. (2010) 

and Uthicke et al. (2013) noted remarkable reductions in foraminifera diversity and 

abundance. A significant increase in foraminifera dissolution along gradients of decreasing 

seawater carbonate saturation state at CO2 vents in Italy, Mexico and Papua New Guinea was 

recorded by Dias et al. (2010), Pettit et al. (2013) and Uthicke et al. (2013). Also, Moy et al. 

(2009) document reduced calcification in Southern Ocean planktonic foraminifera and a 

decline in their abundance that correlates with declining carbonate saturation states. 

Successional processes in bacteria and Eukarya communities forming biofilms were also 

strongly affected by seawater CO2 concentration (Lidbury et al. 2012). Johnson et al. (2011) 

observed a change of both the grazing sea urchin and the calcifying macroalgae Padina along 

increasing CO2 gradients in Vulcano, Italy. Moreover, a significant alteration of periphyton 

communities was detected as CO2 concentrations increased; the periphyton community 
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increased at the CO2 enriched sites. This indicates an increase in primary productivity in the 

CO2 enriched area. The reasons for the somewhat muted effects of pCO2 gradients on 

sediment dwelling bacteria in our study, compared with the study of Krause et al. (2012), may 

lie in the differences of the composition of sediments tested. Furthermore, they used 

microcosms whereas we examined natural sediment affected by waves, currents, and macro 

benthic organisms; bioturbation for example will hinder the formation of a surface biofilm. 

The system used in the present study was open offering ample opportunity for the 

colonization by bacterial strains that are tolerant of acidified conditions. In addition, it has 

been present for decades providing more time for bacteria to evolve than has been available 

in manipulative experiments. A study of the microbial communities associated with anemones 

and corals along a volcanic pCO2 gradient did not pick up any significant changes, which 

may be due to acclimation to pH variations, although the host organisms will modify the 

seawater chemistry of their surfaces that might mask any effects of the overlying seawater 

pCO2 gradient (Meron et al. 2012, Meron et al. 2013). 

 

Effects on diversity 

Although ordination analyses showed less profound effects of pCO2 levels on sediment 

bacterial community composition than those revealed in microcosm work by Krause et al. 

(2012), we found that enriched pCO2 sites had a higher Shannon Index, which takes into 

account both the ‘richness’ and ‘evenness’ aspects of diversity (Shannon and Weaver 1948). 

This is in fact the opposite of the findings of Krause et al. (2012) and the predictions by Unno 

et al. 2010) that ocean acidification might cause changes in bacterial community of the 

world’s ocean sediments with a shift towards communities more heavily dominated by a few 

species. It is also similar to that observed by Roy et al. (2013) on pelagic microbes, whereby 

most taxa were unaffected and a few rare taxa increased in abundance with higher CO2. 

Higher bacterial diversity at lower pH sites has been also reported for coastal microbial 

biofilms exposed to lower-than-ambient natural CO2, although not under present ambient 

CO2 conditions (Lidbury et al. 2012). It is unclear why higher CO2 might have increased 

diversity in our study, but have the opposite effect in others. No detailed studies have yet 

been done on the changing ecology and physiology of bacteria in such systems. There are 

certainly some chemical processes in sediment that may be expected to change as the pH 

shifts. For example, accelerated bacterial degradation of polysaccharides by extracellular 
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enzymes may occur in lower pH conditions, and the changes in resource availability may 

bring about community change (Piontek et al. 2010). Increased biofilm EPS (Extracellular 

Polymeric Substances) production with increased polysaccharide degradation in reduced pH 

could also be a cause of the change of community structure and the adjustment of available 

niches (Lidbury et al. 2012). How such changes should produce a shift in diversity, however, 

are presently unclear.  

 

Studies on terrestrial soils generally show lower bacterial diversity as pH declines or 

increases away from neutral (Fierer et al. 2007, Tripathi et al. 2012). The explanation 

favoured in these studies, is that the internal pH of bacterial cells is always near neutral, and 

at higher and lower ambient pH values, high physiological demands are placed on bacterial 

cells which are maintaining their intracellular pH. This may limit niche viability, or the 

possibilities of evolutionary origin of new lineages, into these more physiologically 

demanding environments. It is challenging to measure the pH of pore water within the upper 

layer of marine sediment, as the process of measuring pH strongly perturbs the system. 

Hypothetically, some of these sediment systems could be near neutral pH – in which case as 

in soils, diversity could decline with pCO2 increase. Other systems might be considerably 

above neutral pH, in which case lowering pH though higher pCO2 may bring the sediment pH 

closer to neutral, and thereby increase diversity.  

 

The effects of ocean acidification on sediment microbes are likely to differ between different 

sedimentary environments: we studied sediment that was somewhat unusual in that it lacked 

carbonates and was surrounded by dense stands of macroalgae. The microbes of carbonate 

sediments may be affected differently as corrosive waters begin to dissolve the carbonate. 

Sediment carbonate may act as a buffer, but also its physical loss may profoundly change the 

microscopic pore structure of the sediment. Such buffering effects of sedimentary carbonates 

seem most likely to affect time transgressive responses to a recent increase in pCO2, slowing 

down changes. However, all of these perspectives remain purely hypothetical at present: 

detailed experimental and observational evidence on sediment changes under increased pCO2 

will be necessary for an improved understanding of bacterial community changes.  

 

It is unclear what functional implications shifts in sediment microbial diversity might have 
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for the overall biogeochemical functioning of benthic communities. Some authors have 

claimed that increasing diversity makes ecosystems more resilient to changes (Chapin et al. 

1997), although beyond a minimal low level of diversity the biogeochemical functions of 

communities may well be left unchanged by shifts in diversity, if multiple species can fulfill 

the same ecological role.  

An important outcome of our meta-analysis is that almost all the parameters respond 

differently to ocean acidification amongst previous studies, suggesting the occurrence of 

confounding impacts. Thus, it is necessary to launch of major national and international 

projects on ocean acidification based on different natural CO2 gradients to better constrain the 

large-scale changes expected in response to increases in CO2 emissions and to provide 

available datasets over the coming decades which will lead to more conclusions on the effect 

of ocean acidification on microbial communities. 

 

4.9 Conclusion 

From a global change viewpoint, the response of benthic bacterial diversity to pCO2 

enrichment provides a warning that ocean acidification has the potential to significantly alter 

marine sediment bacterial communities worldwide. Bacterial community composition 

showed detectable shifts with increasing pCO2, and bacterial diversity increased towards 

higher pCO2. Given that these shifts occur, it is possible that the biogeochemical functions of 

marine sediments will also be significantly affected by ocean acidification.  

Firmer conclusions will only be possible after the roles of pCO2 sensitive marine sediment 

bacteria are known, following direct in situ analyses of sediment biogeochemical processes 

conducted, with a range of sediment types tested at a various locations.   
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CHAPTER 5: EFFECTS OF MULTI-WALLED CARBON NANOTUBES 

ON SOIL BACTERIAL COMMUNITIES 

 

5.1 Introduction 

Carbon nanotubes (CNTs) are widely used in novel industrial materials because of their 

particular chemical and physical characteristics (Salvetat et al. 1999, Biercuk et al. 2002, 

Chung et al. 2011). They are currently used for—or under development in—electron emission 

devices, energy storage devices, drug delivery mechanisms, and a range of other engineering 

applications (Derycke et al. 2001, Baughman et al. 2002, Yue et al. 2002, Han et al. 2004, 

Dong et al. 2009, Kim et al. 2010). Global carbon nanotube production is increasing by 

around 25% per year and by 2015 is expected to reach 9300 tons with a production value of 

$1.3 billion (Parish 2011). Nevertheless, there are no strict rules regulating CNTs production, 

usage and release. Consequently, substantial quantities of CNTs could be released into the 

environment with unknown potential to affect the environment and human health (Shrestha et 

al. 2013). The release of CNTs to the environment may occur during the production phase or 

the usage and disposal phases. Direct or indirect exposure pathways to CNTs have rarely 

been studied, and the risks to human health and the general environment are still poorly 

understood (Köhler et al. 2008). To assess the environmental risks presented by CNTs, it is 

important to understand their fate after release (their mobility, reactivity and persistence in 

environmental compartments), and their impact on living organisms (Simon-Deckers et al. 

2009). 

Despite their evident advantages in practical applications, the potential toxicity of CNTs is a 

major concern because of their potential impact in the environment (Poland et al. 2008). 

CNTs’ toxicity has been studied in both in vivo and in vitro, and has been related to various 

factors such as CNTs’ length, type of functionalization, concentration, duration of exposure, 

method of exposure, concentration of the solubilizing agent, and the surfactant used. So far, 

while many studies suggest that CNTs do not show toxicity, certain others suggest that CNTs 

are harmful to human health and the environment. These inconsistencies might be due to 

differences in experimental protocol (Firme and Bandaru 2010). 

Presently, few studies have investigated the impact of CNTs on living organisms in the 
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environment (Nowack and Bucheli 2007, Klaine et al. 2008, Chung et al. 2011). Of those 

studied, only a few have focused on bacteria, despite their ubiquity and key role in ecosystem 

processes. Most ecotoxicological studies that have dealt with their effects on bacteria have 

been conducted only under culture conditions (Ghafari et al. 2008, Kang 2008). For example, 

Kang et al. (2007), demonstrating that the exposure of Escherichia coli to highly purified 

CNT aggregates can lead to cell death. In other studies, it has been shown that CNTs 

dispersed using a range of different surfactants can have antimicrobial properties when 

incubated with bacteria (Liu et al. 2009, Bai et al. 2011). It has been demonstrated that carbon 

nanotubes can also lower soil enzyme activities and microbial biomass when applied to soil 

(Kang et al. 2009, Chung et al. 2011, Jin et al. 2013). 

Soil is likely to be one of the main ultimate recipients of nanomaterial contamination in the 

environment, more so than water and air (Nowack and Bucheli 2007, Klaine et al. 2008, 

Navarro et al. 2008). Soil microbial communities play a vital role in soil ecosystem activities 

such as nutrient cycling, and are known to be susceptible to alteration by heavy metals and a 

range of other chemical agents (Yang et al. 2006, Liu et al. 2009, Madsen, 2011). Therefore, 

it is important to study the impact of CNTs on these living soil systems (Chung et al. 2011, 

Rodrigues et al. 2012, Shrestha et al. 2013). If it were to turn out that CNTs strongly alter the 

composition or functioning of the soil ecosystem, and that the effects persist over the long 

term, precautionary measures for their manufacture, usage and disposal could be necessary.  

Previous studies on CNTs in the soil system have been carried out by Chung et al. (2011) 

who demonstrate that short-term exposure (20 days) to multi-walled CNTs can lower most 

enzymatic activities and overall microbial biomass in soils, at exposures of around 5000 μg 

of MWCNTs per gram of soil. The same group (Jin et al. 2013) has observed similar effect of 

CNTs on soil enzyme activities and microbial biomass at the concentration 300-1000 μg/g but 

using single-walled CNTs (SWCNTs). Another short-term study indicates that SWCNTs may 

alter the structure of activated sludge microbial communities (Goyal et al. 2010). However, 

these studies were limited to describing overall soil processes and only very broad features of 

the bacterial community. They did not study the bacterial community down to a very detailed 

taxonomic level corresponding to the species or genus, and did not follow the effects on the 

soil system for more than 3 weeks. Furthermore, many of the previous studies used untreated 

CNTs, which are known to be hydrophobic, mixing poorly with soils. Only a subset of studies 
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has used the far more easily miscible acid–treated CNTs (functionalized or fCNTs), which are 

also commonly used in industry (Jin et al. 2013), and which seem more likely to interact with 

the soil ecosystem.  

Here we set out to understand the effect of both treated (fMWCNTs) and untreated multi-

walled CNTs on soil bacterial communities at a range of taxonomic levels. We consider shifts 

in both relative abundance and diversity. The relative abundance of certain groups might be 

important because particular taxa are consistently associated with ecological functions in the 

soil, especially at the finer taxonomic level. Diversity may be important because it is widely 

thought that ecosystem resilience is affected by taxonomic diversity (Tilman 1997, Cardinale 

et al. 2002, Elmqvist et al. 2003). 

Furthermore, we continued our experiment for 8 weeks; most of the other studies ran for less 

than 4 weeks (Chung et al. 2011, Jin et al. 2013). Given that soil bacteria are generally 

thought to be slow growing with a high proportion of dormant cells much of the time, a 

longer duration of study was desirable as this would more likely show the relevant shifts in 

ecology. Shrestha et al. (2013) evaluated the impact of MWCNTs on soil microbial 

community structure and functioning in soil over 90 days of exposure and they found no 

effect on soil respiration, enzymatic activities and microbial community composition. 

However, at the highest (MWCNTs) concentration (10,000 mg/kg), shifts in microbial 

community composition and abundance of some bacterial genera were observed.  

Essentially we hypothesize: 

1) That fMWCNTs will have a greater effect on soil bacteria than untreated 

MWCNTs, due to their greater ability to mix with soil water and interact directly 

with bacterial cells. This higher concentration of MWCNTs will also have 

stronger effects. 

2) That given the relatively slow and long-term nature of soil processes, including 

bacterial community shifts, the 8-week timeframe will show a different result 

from the much shorter 2-3 week timeframe used in most previous studies. The 

effect may intensify, as more cells die or are unable to reproduce under the effect 

of the MWCNTs. 

In the present study, we use paired-end Illumina bar-coded sequencing of hypervariable V3 
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region of 16S rRNA gene to investigate the impact of multi-walled carbon nanotubes on soil 

bacteria. 

 

5.2 Structure of carbon nanotubes  

Carbon nanotubes are composed of honey comb lattices and they are built from sp
2
 carbon 

units. Carbon nanotubes (CNTs) are single atom layers of hexagonal carbon rolled up into 

hollow cylinders. They are classified as single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs) (Figure 19). SWCNTs are single-layered 

graphitic cylinders with a diameter ranging from 0.4 to 2 nm and MWCNTs which are 

composed by 2 to 30 concentric cylinders with outer diameters ranging between 2 and 100 

nm (Paradise and Goswami 2007).   

 

Figure 19: Illustration of single-walled carbon nanotube (SWCNT) and Multi-walled carbon 

nanotube (MWCNT) (Vidu et al. 2014). 

Depending on how the graphitic walls of carbon nanotube are rolled together they can have 

various shapes resulting in an armchair, zigzag or chiral shapes (Figure 20). The unit cells of 

carbon nanotubes determine these different shapes by the chiral vector given by the following 
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equation: Ch = nâ1 + mâ2 where nâ1 and mâ2 are unit vectors in the two-dimensional 

hexagonal lattice, and n and m are integers. The chiral angle (angle between Ch and â1) is 

another important parameter. When n = m and the chiral angle is 30°, the shape is armchair. 

When m = 0 or n = 0 and the chiral angle is 0°, the nanotube has zigzag type. When the chiral 

angle is between 0° and 30°, the nanotube is known as chiral carbon nanotube (Paradise and 

Goswami 2007). 

 

 

Figure 20: Illustrations of the atomic structure of a zigzag, a chiral, and an armchair carbon 

nanotube (Zhang and Zhao 2009). 

 

Different types of carbon nanotubes have same properties. However, their electrical 

conductivity is different and these structural differences can have profound effects. For 

example, all armchair nanotubes (i.e., where m = n) have truly metallic electrical conductivity. 

In contrast, the other types of carbon nanotubes are essentially semiconducting.  
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Since nanotubes with different n and m are molecularly distinct, it is possible that different 

types of carbon nanotubes may exist according to their chemical proprieties, although at 

present, all produced nanotubes have random mixture (Paradise and Goswami 2007). 

 

5.3 Properties of carbon nanotubes 

Carbon nanotubes have been attracting wide interest because of their unique structures and 

particular electronic, mechanical, thermal, and optical properties. Because of the carbon–

carbon sp
2
 covalent bonds and the fact that each carbon nanotube is one supramolecule, 

carbon nanotubes have high stiffness and axial strength (Popov 2004). Tensile strength 

measures the force that an object can resist without tearing apart. The tensile strength of 

carbon nanotubes is approximately 100 times greater than that of steel of the same diameter. 

Carbon nanotubes are not only strong but are also elastic which means it takes a lot of force 

to bend a nanotube. Atomic force microscopes were used to physically push nanotubes 

around and observe their elastic properties. The transmission electron microscopes (TEM) 

evaluations showed that the bonds in the atomic lattice did not break when a nanotube is 

bended or condensed (Dresselhaus et al. 1996). Carbon nanotubes are also lightweight, with a 

density about one quarter that of steel. Moreover, they are able to well conduct heat and cold 

because of their high thermal conductivity proprieties; their thermal conductivity is predicted 

to be more than 10 times that of silver. To conduct heat, metals depend upon the movement of 

electrons, but carbon nanotubes conduct heat by the vibration of the covalent bonds holding 

the carbon atoms together. The stiffness of the covalent bonds helps the transmission of this 

vibration throughout the nanotube, providing very good thermal conductivity (Paradise and 

Goswami 2007). 
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5.4 Applications of carbon nanotubes 

5.4.1 Peptide delivery by carbon nanotubes 

Carbon nanotubes were used as a template to present bioactive peptides to the immune 

system (Pantarotto et al. 2003a). To test the delivery of peptide using CNTs, a B-cell epitope 

of the foot-and mouth disease virus (FMDV) was covalently attached to the amine groups 

present on CNTs, using a bifunctional linker. The peptides attached to the CNTs adopt the 

appropriate secondary structure for recognition by specific monoclonal and polyclonal 

antibodies. The immunogenic features of peptide-CNTs conjugates were then evaluated in 

vivo (Pantarotto et al. 2003b). Immunization of mice with FMDV peptide-nanotube 

conjugates showed higher antibody responses compared to the free peptide. Using CNTs as 

potential novel vaccine delivery tools was confirmed by interaction with the complement. 

The complement is the part of the human immune system that is composed of a series of 

proteins responsible for recognizing, clearing and killing pathogens, apoptotic or necrotic 

cells and foreign materials (Bianco et al. 2005).  

 

5.4.2 Cellular uptake of carbon nanotubes  

Only small molecules are allowed to pass through cell membranes. Nutrient uptake and any 

communication between the cells and their environments are conducted through the plasma 

membrane via different biological mechanisms. Oxygen, carbon dioxide, water, and small 

hydrophobic or nonpolar molecules can diffuse over the plasma membrane due to their 

concentration gradients. Small molecules such as ions and amino acids cross the plasma 

membrane through the active transport system of integral membrane protein pumps or ion 

channels (Luo 2004); however nanoscale hydrophilic biomacromolecules enter the cell via 

endocytosis. Nanoparticles such as carbon nanotubes, fullerene, and quantum dots, could be 

transported into various types of cells such as endothelial cells, pulmonary epithelia, 

intestinal epithelia, alveolar macrophages, other macrophages, and neuron cells (Bianco et al. 

2005). The main cellular uptake pathways of nanoparticles are summarized in the table 5 and 

figure 21. Endocytosis is an active transport in which a cell takes in objects by enclosing 

them in vesicles or vacuoles pinched off from its cytoplasmic membrane. The known 

endocytotic processes are mostly through phagocytosis, pinocytosis, and caveolae-dependent 
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or clathrin-mediated endocytosis (Murakami et al. 2004, Shi et al. 2004, Yinghuai et al. 2005). 

Phagocytosis is mainly conducted by specialized mammalian cells such as monocytes, 

macrophages, and neutrophils to engulf solid particles having diameters > 750 nm by the cell 

membrane to form an internal phagosome. Smaller particles with diameters ranging from a 

few to several hundred nanometers are transported into cell by pinocytosis or 

macropinocytosis.  

 

 

Table 5: Description of the main cellular uptake processes of nanoparticles (Zhao et al. 2011). 

 

Uptake pathway Description 

Clathrin-mediated endocytosis Clathrin-coated vesicles containing plasma 

membrane proteins with receptor sites 

specific to the NPs being internalized 

 

The receptors are recycled to the plasma 

membrane 

 

An energy-dependent manner 

 

Up to 100–150 nm 

Caveolae-dependent endocytosis Caveolae, small flask-shape pits in the 

membrane, consisting of the cholesterol-

binding protein caveolin 

 

Up to 200–500 nm 

Pinocytosis/ Macropinocytosis Cell-drinking, nonspecific 

 

0.5–5 μm in diameter for 

Macropinocytosis 

Phagocytosis Internalization of whole large particles, 

neutrophils and macrophagocyte 
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Figure 21: Schematic of the known pathways for intracellular uptake of nanoparticles (Zhao 

et al. 2011). 

 

Cellular uptake of carbon nanotubes was confirmed by Dai and colleagues (Shi et al. 2004, 

Shi and Dai 2005) who used oxidized CNTs in further studies to covalently link fluorescein 

or biotin, allowing for a biotin–avidin complex formation with fluorescent streptavidin. 

Carbon nanotubes tagged with a fluorescent agent were easily tracked into the cell using 

epifluorescence and confocal microscopy (Pantarotto et al. 2004). They could also be 

observed inside the cells using transmission electron microscopy (TEM). Some carbon 

nanotubes were identified at the cell membrane during the process of translocation. The 

conformation of CNTs perpendicular inside the cell during uptake suggested a mechanism 

similar to nano needles, which could perforate and diffuse through the lipid bilayer of plasma 

membrane without killing the cell. Dynamic simulation studies have demonstrated that 

amphiphilic nanotubes can theoretically traverse artificial lipid bilayers via a similar 

mechanism. Recently, an efficient in vitro nano penetration called nanotube spearing was also 

proposed by Cai et al. (2005). Weismann et al. suggested another way to observe CNTs inside 

the cell using near-infrared fluorescence (Cherukuri et al. 2004). They indicated that 
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macrophage cells were able to ingest significant amounts of nanotubes; and no toxic effect 

was observed (Bianco et al. 2005). 

 

5.4.3 Nucleic acid delivery by carbon nanotubes 

Several cationic systems are being examined for the delivery of nucleic acids to cells (Luo 

2004, Schmidt-Wolf and Schmidt-Wolf 2003). Ammonium-functionalized CNTs were also 

investigated to form supramolecular complexes with nucleic acids through electrostatic 

interactions. These tests were carried out to improve gene transfer and expression (Dean et al. 

2005). The macromolecular cationic nature of functionalized carbon nanotubes has been used 

to condense plasmid DNA (Singh et al. 2005) like any non-viral vector (i.e. liposomes, 

cationic polymers, microparticles and nanoparticles). In order to investigate the possibility of 

CNTs as gene transfer vectors, plasmid DNA pCMV-Bgal expressing b-galactosidase was 

adsorbed on fCNTs carrying ammonium groups. Both single- and multi-walled cationic CNTs 

are able to form stable complexes, characterized by electron microscopy (TEM and SEM), 

surface plasmon resonance, electrophoresis and fluorescence dye exclusion. Gene transfer 

tests demonstrated that fCNTs has obvious effect on the expression of b-galactosidase 

following the formation of the complexes (Singh et al. 2005). It was also shown that the level 

of gene expression was five to ten times higher than that of DNA alone. Recently, the 

effectiveness of using fCNTs for DNA transfer was improved by covalent modification of the 

external walls of the tubes with polyethyleneimine (PEI). PEI-grafted MWCNTs complexed 

and delivered plasmid DNA to different cell types; but, the levels of luciferase expression 

were same as PEI alone (Bianco et al. 2005). 

Other studies revealed that cationic carbon nanotubes are able to condense short 

oligodeoxynucleotide (ODN) sequences and improve their immune stimulating activity, using 

same approach. Carbon nanotubes were also used to deliver non-encoding RNA polymers 

into cells (Bianco et al. 2005).  

The hybrids showed insignificant toxicity as found by monitoring cell growth. Since CNTs 

can form stable complexes with nucleic acids, this opens the way to diverse applications of 

CNTs including gene therapy, and genetic vaccination.  
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5.4.4 Drug delivery with carbon nanotubes  

Nowadays, carbon nanotubes are highly researched in drug delivery and biosensing methods 

for disease treatment and health monitoring. Carbon nanotube technology has shown to have 

the potential of using fCNTs as vehicles for the delivery of small drug molecules; this is due 

to the ability of fCNTs to penetrate into the cells (Pantarotto et al. 2004). Carbon nanotubes 

are able to carry one or more therapeutic agents with recognition capacity, optical signals for 

imaging and/or specific targeting. This is an important and essential advantage, for example 

in the treatment of cancer and different types of infectious diseases (Ferrari 2005).  

The antibiotic connected to the nanotubes did not show any toxicity effect while penetrating 

into mammalian cells compared to the antibiotic incubated alone. In addition, amphotericin B 

linked to CNTs conserved its high antifungal activity against diverse pathogens, including 

Candida albicans, Cryptococcus neoformans and Candida parapsilosis. Thus, functionalized 

carbon nanotubes represent a new and emerging technique of drug delivery into various 

mammalian cells. Despite no cytotoxicity of these CNTs conjugates was detected in vitro, it 

will be necessary to assess their metabolism, biodistribution and clearance from the body 

(Bianco et al. 2005). 

 

5.5 Materials and methods 

5.5.1 Soil sampling 

Soil samples were collected in June 2013 from an overgrown flowerbed on Seoul National 

University campus, which is located in the Gwanak Mountain area, south of Seoul. This 

sampling site was selected because it represents a typical and widespread type of soil (slightly 

acidic sandy loam) in South Korea. The upper 10 cm of soil was sieved and thoroughly 

mixed in a sterile container. The soil was divided into pots containing 200 g soil each. Soil 

pH was measured using a soil pH meter (Hanna Instruments HI 99121N Direct Soil pH 

Meter). Soil pH was around 6.1 and it contained 10.4% clay, 18.4% silt and 71.2% sand. Soil 

texture and organic matter content were measured at National Instrumentation Center for 

Environmental Management (NICEM, South Korea) following the standard protocol of SSSA 

(Soil Science Society of America). 
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5.5.2 Preparation and characterization of MWCNTs 

Pure commercial MWCNTs were purchased from Hanwha Nanotech, Republic of Korea. 

Two forms of CNTs were used in the present experiment: raw and functionalized forms of 

MWCNTs. The powder MWCNTs were not treated, but used in the form received from the 

manufacturer because this is a form that microorganisms are most likely to encounter if there 

is an accidental release from a manufacturing facility. The functionalized MWCNTs are more 

commonly used during fabrication processes of commercial products, so would more likely 

be released at those sites (Jin et al. 2013). 

Two functionalisation approaches are used to modify carbon nanotubes (Figure 22). CNTs 

can be acid-treated using strong acids (this oxidized form was used in the present study), 

resulting in the reduction of their length while generating carboxylic groups, which increase 

their dispersibility in aqueous solutions. In addition, functionalized carbon nanotubes (fCNTs) 

can be linked to various active molecules, including peptides, proteins, nucleic acids and 

other therapeutic agents (Bianco et al. 2005). 

Another type of functionalization is to functionalize the CNTs using an a-amino acid and an 

aldehyde. This type of fCNTs possesses high solubility in a large range of solvents. By 

carefully choosing the reactants, it is possible to modulate solubility in organic solvents or 

aqueous solutions, if the reactants are carefully chosen (Georgakilas et al. 2002). CNTs 

carrying ammonium groups (Figure 22b) are very soluble in water and have been exploited 

for their potential in the delivery of therapeutic molecules. 
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Figure 22: Functionalization of carbon nanotubes. Carbons nanotubes can be (a) acid-treated 

generate carboxylic groups at the terminal parts, or (b) reacted with amino acid derivatives 

and aldehydes (Bianco et al. 2005). 

 

The MWCNTs were functionalized (fMWCNTs) by attaching carboxyl groups (-COOH) to 

their surfaces using acidic solutions (Park et al. 2010). A mixture of H2SO4:HNO3=3:1 (v:v) 

were added to the raw MWCNTs at room temperature (Osorio et al. 2008). The mixture was 

bath sonicated for 24h, followed by vacuum filtration through 0.22 μm Millipore Teflon 

membrane (JGWP04700). Then, the membrane was thoroughly washed using deionized (DI) 

water, and was immersed in DI water according to established protocols (Kim et al. 2005). 

The MWCNTs were then dried overnight in the oven at 60°C. 

 

5.5.3 Characterization of MWCNTs 

MWCNTs were characterized using Energy-Filtering transmission electron microscopy (EF-

TEM: LIBRA 120, Carl Zeiss, Germany) and field-emission scanning electron microscopy 

(FE-SEM: S-4800, Hitachi, Japan). These techniques were effective in characterizing the 

internal structure (diameter and wall number) of MWCNTs. Raman spectra were taken to 

determine the diameter distribution using LabRam Aramis (Horiba Jobin-Yvon, France). 

The metal components in the MWCNTs are less than 5% in weight. They have been analyzed 
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by the manufacturer (Hanwha Nanotech, Republic of Korea) and are aluminum, iron, and 

molybdenum. 

 

5.5.4 Soil incubation 

The soil was divided into plastic self-draining pots containing 200 g soil each, to give 3 

replicates to be exposed to each concentration of raw MWCNTs or fMWCNTs. The 

concentrations of MWCNTs applied to soil were 0 (DI water only), 50, 500, and 5000 µg/g 

soil. The soils were then well mixed to ensure homogenity before incubation in a BOD 

incubator at 25°C for 8 weeks. The pots were not covered to allow free gas exchange to the 

soil microbial community. The positions of replicate pots of different treatments were 

randomized and randomly interchanged each week. Soil moisture was adjusted to 60% water 

holding capacity. Soil moisture content was maintained by weighing the pots twice a week 

and adjusting to initial weight by regular addition of DI water. Samples of 3 g of soil were 

collected from each pot, at different time points (0, 2, and 8 weeks), to be used for DNA 

extraction.  

 

5.5.5 DNA extraction and sequencing 

The soil DNA was extracted from 0.3 g of the mixed 3 g sample of soil, using the Power Soil 

DNA extraction kit (MO BIO Laboratories, Carlsbad, CA, USA) following the protocol 

described by the manufacturer. DNA isolated from each sample was amplified using primers 

338F (5=-XXXXXXXXGTACTCCTACGGGAGGCAGCAG-3=) and 533R 

(5=TTACCGCGGCTGCTGGCAC-3=), targeting the V3 hypervariable regions of the 

bacterial 16S rRNA gene (the X sequence denotes a barcode sequence) (Huse et al. 2008). 

The Polymerase chain reactions (PCR) were carried out under the following thermal profile: 

denaturation at 94°C for 2 min, followed by 25 cycles of amplification at 94°C for 30 s, 57°C 

for 30 s and 72°C for 30 s, followed by a final extension of 72°C for 5 min. PCR products 

were analyzed by electrophoresis in 1% agarose gels and were purified using Wizard SV Gel 

and PCR Clean-up System (Promega, USA). The paired-end sequencing was performed at 

Kim lab incorporation (Yonsei University, Seoul), using a paired 150-bp HiSeq 2000 
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sequencing system (Illumina) according to the manufacturer’s instructions. Library 

preparation, sequencing and initial quality filtering were performed as described previously 

(Zhou et al. 2011). 

 

5.5.6 Quantitative PCR analysis 

Relative abundance of bacterial subunit rRNA gene copies was quantified using quantitative 

PCR (qPCR). Standard curves were created using a 6-fold serial dilution (10
-2

 to 10
-7

) of a 

plasmid containing a full-length copy of the Escherichia coli 16S rRNA gene, to estimate 

bacterial relative abundance. qPCR assays were conducted in 48-well plates. Each 10 μl 

reaction contained 5 μl of reaction mixture (2X Real-Time PCR Smart mix), 0.5 μl of 

forward and reverse primers (Eub 338 and Eub 518), and DNA-free water. PCR conditions 

were 2 min at 50°C, and 15 min at 95°C, followed by 40 cycles of 95°C for 60 s, 53°C for 30 

s and 72°C for 45 s. Melting curve analyses was performed to confirm that the amplified 

products were of the appropriate size. Each plate included triplicate reactions per DNA 

sample. 

 

5.5.7 Data analysis 

The sequenced data were processed using the mothur platform (Schloss et al. 2009). Illumina 

sequencing data was pair-assembled using pandaseq (Masella et al. 2012) with an assembly 

quality score of 0.9, which is the most stringent option to reduce errors. Next, the sequences 

were aligned against the EzTaxon-aligned reference (Chun et al. 2007). Sequences were 

denoised using the ‘pre.cluster’ command in mothur, which applies a pseudo-single linkage 

algorithm with the goal of removing sequences that are likely due to pyrosequencing errors 

(Huse et al. 2010). Putative chimeric sequences were detected and removed via the Chimera 

Uchime algorithm contained within mother (Schloss et al. 2011). The taxonomic 

classification was performed using mothur’s version of the RDP Bayesian classifier, using 

EzTaxon-e database for each sequence at 80% Naïve Bayesian bootstrap cutoff with 1000 

iterations.  
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5.5.8 Statistical analysis 

To perform the statistical analysis, all samples were standardized by random subsampling to 

4,073 sequences per sample using the sub.sample command 

(http://www.mothur.org/wiki/Sub.sample) in mother. To assess the relationship between soil 

bacteria richness/diversity and CNTs concentration, as well as with time incubation, the 

number of OTUs and other diversity indices were calculated using mothur’s platform 

(Schloss et al. 2009). 

To test the effect of CNTs on bacterial community, we performed an analysis of similarity 

(ANOSIM) with pairwise Bray–Curtis distance as response variable and CNTs concentration, 

time incubation, and CNTs form as factors. We used a non-metric multidimensional scaling 

plot (NMDS) using the Bray-Curtis dissimilarities in Primer 6 to visualize the clustering of 

bacterial community composition. To test the effect of MWCNTs on bacterial community, we 

performed an analysis of similarity (ANOSIM) with pairwise Bray-Curtis distance as the 

response variable and MWCNTs concentration, time incubation and form as factors. We used 

a non-metric multidimensional scaling plot (NMDS) using the weighted UniFrac distance to 

visualize the clustering of bacterial community composition. We performed multiple 

regression analysis in R software package 2.15.2 using linear model (LM) for normal data, 

and a generalized linear model (GLM) for non-normal data to compare the relative 

abundance of detected phyla among different treatments, the richness and the diversity with 

MWCNTs concentrations and incubation time. To test whether bacterial abundance (qPCR) is 

correlated with fMWCNTs and raw MWCNTs across different sampling time, we performed 

regression analysis using linear functions in SigmaPlot. 

 

5.6 Results 

A total of 2,568,331 quality bacterial sequences were obtained from the 63 samples, with an 

average of 40,767 sequences per soil sample and with coverage ranging from 4,760 to 

219,775 reads per sample. 

 

http://www.mothur.org/wiki/Sub.sample
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5.6.1 MWCNTs characterization 

The characterization of MWCNTs based on FE-SEM (Figure 23A) and EF-TEM (Figures 

23B, 23C) images showed that the average diameter was around 13.4 nm and the number of 

walls was 11 in average. The size of CNTs is an important factor in toxicological studies. In 

fact, the interactions between carbon nanotubes and living cells decreased with the size 

increase (Kang et al. 2008).  

Raman spectrum showed that the D-band/G-band ratio was approximately 1.305 and this 

result showed that defects have been generated from pristine MWCNT which D-band/G-band 

ratio is 1.087 (Figure 23D). 
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Figure 23: Characterization of multi-walled carbon nanotubes (MWCNTs) used in the study. 

(A) Field-emission scanning electron microscope (FE-SEM) image of the MWCNTs. (B,C) 

Energy-filtering transmission electron microscope (EF-TEM) images of the MWCNTs. (D) 

Raman spectrum of the MWCNTs. 
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5.6.2 Effect of MWCNTs on bacterial community diversity 

The effect of multi-walled carbon nanotubes (MWCNTs) on bacterial community diversity 

and richness was evaluated using diversity indices. Bacterial richness (i.e. number of OTUs) 

showed a marginal difference among different treatments (F1,63 = 4.03, P = 0.04). Among the 

different α-diversity indices, only Chao and Ace indices were marginally affected by 

MWCNTs between the different treatments (Chao F1,63 = 4.02, P = 0.04; Ace, F1,63 = 4.53, P = 

0.03; Shannon X
2
(3) = 2.62, P = 0.45; and Simpson, X

2
(3) = 1.71, P = 0.63).  

The multiple regression analyses showed that the concentration of fMWCNTs showed a high 

correlation with OTUs richness and Chao index, whereas raw MWCNTs added to soil did not 

show any significant effect. In contrast, time was significantly correlated with OTUs richness 

and diversity for the two MWCNTs forms. Considering time and MWCNTs concentration 

together, there was an important correlation for OTUs richness and diversity indices, but only 

for acid-treated MWCNTs (Table 6). 

 

5.6.3 Effect of MWCNTs on bacterial community composition 

OTUs community composition did, however, differ between different concentrations of 

fMWCNTs but not of raw MWCNTs for Bray-Curtis dissimilarities (fMWCNTs, R = 0.24, P 

= 0.001). NMDS plots showed a clustering of soil samples according to MWCNTs 

concentrations; nevertheless samples from soil with highest concentration of fMWCNTs 

showed a greater dissimilarity in their bacterial community composition compared to soil 

treated with raw MWCNTs (Figure 24). 

Considering the variation of the bacterial community over time, the NMDS plot showed a 

clustering of the soils sampled at different sampling time according to different MWCNTs 

concentrations used in this experiment for fMWCNTs, but not for raw MWCNTs (Figure 25); 

an ANOSIM test confirmed this result as indicated by the test results (Table 7). 

 



75 

 

 

Figure 24: NMDS of Bray-Curtis Index of bacterial community composition in relation to (A) 

fMWCNTs and (B) raw MWCNTs concentrations applied to soil among the different 

treatments. 
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Figure 25: NMDS of weighted UniFrac indices of bacterial community composition in 

relation to MWCNTs concentrations applied to soil over time (at T = 0 weeks, 2 weeks, and 8 

weeks). 
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Table 6: Multiple regression between richness (OTUs) and diversity indices with CNTs 

concentrations and incubation time for both acid treated (fMWCNTs) and raw MWCNTs. 

 

fMWCNTs  OTUs 

(R
2
=0.54

***
) 

Shannon 

(R
2
=0.53

***
) 

Simpson 

(R
2
=0.58

***
) 

Chao 

(R
2
=0.52

***
) 

Intercept 1.745e
+03***

 6.5520
***

 7.585e
-02***

 6086.9
***

 

Time -4.144e
+01***

 -5.808e
-02**

 3.330e
-03**

 -229.7
***

 

CNTs conc -1.599e
-02

 -2.563e
-05

 7.721e
-07

 -0.1159 

Time*CNTs conc -8.115e
-03

 -1.394e
-05*

   1.460e
-06**

 -0.0195 

Raw 

MWCNTs 

 OUTs 

(R
2
=0.83

***
) 

Shannon 

(R
2
=0.86

***
) 

Simpson 

(R
2
=0.76

***
) 

Chao 

(R
2
=0.75

***
) 

Intercept 1.815e
+03***

 6.6820
***

 -5.4760
***

 6.390e
+03***

 

Time -6.114e
+01***

 -8.951e
-02***

 1.283e
-01***

 -3.197e
+02***

 

CNTs conc -8.303e
-04

 1.250e
-05

 -4.735e
-05

 -1.071e
-01

 

Time*CNTs conc -1.711e
-03

 -3.182e
-06

 1.027e
-05

 -6.929e
-03

 

Significance level is shown at 
***

P ≤ 0.001, 
**

 P ≤ 0.01, and 
*
 P ≤ 0.05.  

 

 

Table 7: ANOSIM results for weighted UniFrac dissimilarity over time. 

Form of 

MWCNTs 

0 weeks 2 weeks 8 weeks 

R value P value R value P value R value P value 

fMWCNTs 0.21 0.015 0.66 0.006 0.72 0.003 

Raw MWCNTs 0.10 0.07 -0.015 0.63 0.27 0.3 
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5.6.4 Effect of MWCNTs on bacterial community abundance 

Overall, the most abundant phyla were Proteobacteria with 29% of the sequences, followed 

by Acidobacteria with around 20%, Actinobacteria (15%), and to a lesser degree, Chloroflexi 

(9%), Bacteroidetes (7%), Gemmatimonadetes (3%), TM7 (3%), and less than 2% for 

Planctomycetes, Armatimonadetes, Cyanobacteria, Nitrospirae and Verrucomicrobia; around 

4% of the sequences were unclassified.  

Of the most abundant phyla, we found significant differences in relative abundance between 

different concentrations of fMWCNTs except for Proteobacteria, Actinobacteria, Chloroflexi, 

and Bacteriodetes (Figure 26). The multiple regression analyses showed that time and 

fMWCNTs together have an effect on soil bacteria (Table 8). However, the samples treated 

with raw MWCNTs showed less correlation with both time and concentration for some phyla 

(Table 8 and Figure 26). Consequently, the fMWCNTs showed a more highly significant 

change in the relative abundance of the dominant detected phyla. 
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Figure 26: Bacterial composition of the most abundant phyla among different concentrations 

of fMWCNTs and raw MWCNTs over time (at T = 0 weeks, 2 weeks and 8 weeks).
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Table 8: Multiple regression between the relative abundance of the dominant bacterial phyla and with the concentration and incubation time of 

fMWCNTs and raw MWCNTs. 

 

fMWCNTs  Acidobacteria 

(R
2
=0.51

***
) 

Proteobacteria 

(R
2
=0.46

***
) 

Actinobacteria 

(R
2
=0.20

*
) 

Bacteroidetes 

(R
2
=0.06) 

Chloroflexi 

(R
2
=0.55

***
) 

Intercept 17.2028
***

 34.8423
***

 17.2211
***

 5.0180
***

 8.7270
***

 

Time 1.1080
**

 -1.1033
***

 -0.6582 3.304e
-01*

 2.502e
-01* 

  

CNTs conc -0.0005 -0.0019
***

 0.0009 7.732e
-05

 -1.746e
-04

 

Time*CNTs conc -0.0003
**

 0.0001 0.0001 -5.961e
-05

 -1.706e-
04***

 

Raw MWCNTs  Acidobacteria 

(R
2
=0.58

***
) 

Proteobacteria 

(R
2
=0.31

**
) 

Actinobacteria 

(R
2
=0.40

***
) 

Bacteroidetes 

(R
2
=0.50

***
) 

Chloroflexi 

(R
2
=0.01) 

Intercept 4.0410
***

 3.093e
+01***

 1.733e
+01***

 5.1920
***

 9.9320
***

 

Time 1.802e
-01***

 -9.371e-01
***

 -9.190e
-01***

 6.627e
-01***

 -2.775e
-02

 

CNTs conc 7.403e
-05

 -5.010e
-04

 -5.049e
-04

 3.126e
-04

 -7.906e
-05

 

Time*CNTs conc -1.699e
-05

 2.102e
-04*

 1.245e
-04

 -7.143e
-05

 -3.151e
-05

 

Significance level is shown at 
***

P ≤ 0.001, 
**

 P ≤ 0.01, and 
*
 P ≤ 0.05. 
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Changes in the relative abundance of the predominant bacterial genera in response to 

exposure to fMWCNTs and raw MWCNTs are illustrated in Figure 27 using a heat map. The 

most abundant OTU across the various soil replicates/treatments was classified under the 

genus Blastocatella (Acidobacteria) represented by 5.6% of the total reads. This genus 

significantly decreased in abundance in the highest treatments with fMWCNTs at 2 weeks, 

but later in the experiment its abundance increased by the final time of sampling at 8 weeks. 

However, raw MWCNTs did not have any detectable effect on OTU relative abundances. 

Overall, even fMWCNTs did not have profound effects on the soil bacterial community, even 

though effects were detectable. Shifts in bacterial abundance were observed only for 

fMWCNTs with the greatest changes observed at highest concentrations (5000 µg/g).  

For all the qPCR assays, there was a linear relationship between the log of the plasmid DNA 

copy number and the calculated threshold cycle value across the different concentration range 

(R
2
 > 94 in all cases). The bacterial abundance, as determined using qPCR, did not show any 

correlation with fMWCNTs or raw MWCNTs across different concentrations.  
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Figure 27: The heat map showing the relative abundances of the most abundant genera at 

different MWCNTs concentrations applied to soil over time (at T = 0 weeks, 2 weeks, and 8 

weeks). The numbers written on Y-axis indicate the concentration of MWCNTs (1: 0 µg/g, 2: 

50 µg/g, 3: 500 µg/g, 4: 5000 µg/g of fMWCNTs and 5: 50 µg/g, 6: 500 µg/g, 7: 5000 µg/g 

of raw MWCNTs), and the letters indicate the replicates. 
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5.7 Discussion  

In our study, we had predicted that MWCNTs would significantly alter the soil bacterial 

community and its diversity. Yet during the two month-long experiment, we found no 

differences in diversity as a result of exposure to either raw or fMWCNTs. Nevertheless, 

fMWCNTs showed an effect on bacterial community composition detected using NMDS. 

Raw MWCNTs did not show any effect on bacterial composition.  

However, a taxonomic breakdown of the reads obtained showed that significant effects on the 

relative abundance of some major bacterial taxa were present, even though these did not 

clearly show up on the NMDS. Most of these effects were seen only for the fMWCNTs, not 

the raw MWCNTs. The effect was also only evident for the highest fMWCNT concentration. 

Changes in the structure and abundance of the soil bacterial community in response to 

MWCNTs exposure have been observed in previous studies (Goyal et al. 2010, Shrestha et al. 

2013). Our results showed that soils treated with fMWCNTs exhibited shifts in bacterial 

community abundance for different MWCNTs concentrations at both of the sampling times 

(2 weeks and 8 weeks). The relative abundance of the most common bacterial phyla was 

affected by the presence of fMWCNTs and showed different responses to exposure of 

fMWCNTs. The abundance of Proteobacteria, and TM7 was comparatively higher in the 

highest fMWCNTs treatment, while there was decrease in Chloroflexi at the highest 

concentration of fMWCNTs. Acidobacteria, Bacteriodetes and Gemmatimonadetes showed a 

decrease at highest concentration of fMWCNTs then increased over time (8 weeks), whereas 

Actinobacteria increased at highest concentration of fMWCNTs, then later decreased. 

These findings suggest that the exposure of soil to fMWCNTs could in fact impact carbon 

cycling by altering the microbial community (Rodrigues et al. 2010). Actinobacteria are 

important in the biogeochemical cycle of carbon in soils (Bradford et al. 2002, Zhou et al. 

2004). In particular, they play a major role in the degradation of cellulolytic and 

hemicellulolytic compounds in soils (Freeman et al. 2009, Yousuf et al. 2012). Acidobacteria 

are ubiquitous and among the most abundant bacterial phyla in soil (Janssen 2006): their 

relative abundance is generally negatively correlated with soil carbon availability (Fierer et al. 

2007). The Chloroflexi are commonly found in soils, also playing an important role in the 

biogeochemical cycle of carbon and the CO2 dynamics in soils (Freeman et al. 2009, Yousuf 

et al. 2012, Yousuf et al. 2012). Such changes in bacterial abundance may be explained in 
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terms of a shift of microbial community towards bacterial species that are more tolerant of 

the effects of fMWCNTs and the decline of less tolerant species (Shi et al. 2002, Vivas et al. 

2008, Yergeau et al. 2012). 

Despite the evident effects of exposure to fMWCNTs, overall it appears from our experiment 

that the soil bacterial community is quite resilient to the environmental perturbation caused 

by high concentrations of fMWCNTs. The community largely recovers from exposure to 

fMWCNTs by 8 weeks. It also appears that the soil bacterial community is resistant to 

perturbation from raw MWCNTs, with almost no observed influence on bacterial community.  

The observed lack of response to raw CNTs generally matches previous findings for 

untreated nanotubes and other carbon-based new materials (Nannipieri et al. 2003, Johansen 

et al. 2008). For instance Khodakovskaya et al. (2013), observed no impact on soil bacterial 

diversity of MWCNTs added by watering into soil at concentrations up to 200 g/ml. Other 

studies on the impact of a carbon-based nanomaterial, C60 fullerene by Chung et al. (2011) 

and Tong et al. (2007) demonstrated no effect of toxicity on soil bacterial diversity even at 

1000 mg/kg concentration.  

However, some studies have shown toxin-like effects of raw CNTs in cultures. Rodrigues et 

al. (2012) found that raw CNTs can negatively affect soil bacterial diversity. In fact, they 

observed a major effect of single-walled carbon nanotubes on the soil bacterial community 

after only 3 days of exposure, and then bacterial diversity recovered after 14 days’ of 

exposure. If this is the case, the lack of an observed effect from raw CNTs after 2 weeks may 

be due to the system having already recovered from an initial perturbation. MWCNTs are 

chemically extremely inert, especially in relation to biological processes (Park et al. 2010), 

and this could be one of the possible reasons that we did not find any effect of MWCNTs on 

soil bacterial communities. 

Why do fMWCNTs cause a shift in the soil bacterial community? fMWCNTs are acidic in 

nature: pure fMWCNTs after thorough washing have a pH of around 3, due to carboxyl 

groups that cover their surface. Our measurements of soil pH showed that pH was around 4 at 

2 weeks for the highest fMWCNTs concentration, two units lower than the control without 

nanotubes, and around 5.5 at 8 weeks. There is abundant evidence that pH is crucial to 

bacterial community structure (Fierer and Jackson 2006, Lauber et al. 2008, Rousk et al. 
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2010); in fact, pH seems to be the strongest factor of all in structuring soil bacterial 

communities on a global scale (Hartman et al. 2008, Tripathi et al. 2012). Thus, it is no 

surprise that fMWCNTs caused significant changes in soil bacterial communities. One might 

hypothesize that fMWCNTs effects might decrease or even disappear on a time scale of 

months as their acidity becomes neutralized. Longer-term studies are warranted to confirm if 

this is indeed the case. Aside from the overall bacterial community, it will also be important 

to examine effects on biogeochemical processes, such as carbon and nitrogen cycling, in 

fMWCNTs contaminated soils.  

Further detailed investigations and longer exposure period on the effects of multi-walled 

carbon nanotubes are needed to determine if these changes are permanent beyond the 

incubation time (8 weeks in the present study), and if there will be changes in soil metabolic 

capacity and soil organic matter dynamics. 

 

5.8 Conclusion 

The overall picture is rather weak but there are still detectable responses from fMWCNTs, 

combined with the lack of any clear observable effects from the raw MWCNTs. This gives a 

generally reassuring picture in terms of the effects of MWCNTs on the soil environment. 

Even though high concentrations were used here, MWCNTs apparently did not have 

profound effects on soil bacterial communities. 
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GENERAL CONCLUSIONS 

 

Human actions on the environment are likely to cause significant shifts in microbial 

communities. As with larger organisms, the extent of this effect will depend on the 

dimension and magnitude of the changes occurring (Tilman and Lehman 2001). 

In the present work, three different case studies were carried out to investigate the 

consequences of human disturbance in the environment. The results suggest that human 

activities drive changes in microbial community composition and diversity. The first 

study case here shows that logging the expansion of agricultural land (oil palm 

plantations in our study) in tropical forests resulted in a shift in microbial communities. 

This study allows us to conclude that the conversion of tropical forest to oil palm leads 

to a change in the fungal community composition and a decrease in fungal diversity. 

Moreover, logging produced significant changes in fungal community composition, 

lasting for decades after the logging event itself occurred. Thus, conservation strategies 

may be necessary to protect the fungal biodiversity of unlogged and logged forests. Our 

work was conducted in only one geographic region and on only one form of agriculture. 

Thus, long-term studies will be necessary to elucidate if the changes in soil fungal 

community composition observed here between forests and oil palm plantations are an 

intermediate disturbance effect or a more permanent one. Future studies should also 

focus on functional changes associated with changes in soil microbial communities.  

A significant alteration of marine sediment bacterial communities was detected as CO2 

concentrations increased due to anthropogenic CO2 emissions. Ocean acidification led 

to changes in bacterial community of the ocean sediments.  In fact, marine species 

which may be especially vulnerable have little possibility to adapt, but some species 

which may exist in different forms e.g. with and without carbonate shells may shift 

towards communities more tolerant to this disturbance. Ecosystems are likely to change 

but in yet unpredictable ways. Marine sediment bacterial community composition 

showed significant changes with increasing CO2, and bacterial diversity increased CO2 

enriched sites. These shifts could be explained by the possibility that the 

biogeochemical functions of marine sediments could also be significantly affected by 
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ocean acidification.  

Ocean acidification is fundamentally irreversible phenomenon. It will take thousands of 

years for ocean chemistry to return to initial condition (i.e., the ocean chemistry at pre-

industrial times which is about 200 years ago). Thus, the only truly effective way to 

minimize the risk of large-scale and long term changes to the oceans is to reduce 

atmospheric carbon dioxide emissions. If action is not taken now, ocean acidification 

may cause widespread disruption to marine ecosystems and a massive decline of 

biodiversity. Moreover, researchers need to collaborate quickly and make a standardized 

research protocol to survey the ocean acidification and how oceans around the world are 

changing. This will lead to make governmental policies to reduce the cause and effects 

of ocean acidification by promoting for alternative fossil-free energy sources such as 

wind power.  

Finally, concerning the impact of carbon nanotubes on the environment, little is known 

about the fate and behavior of these synthetic nanomaterials in the ecosystem, and 

suitable methods to assess their risks are still in the development stage. Here, in the 

present study case, soils treated with functionalized carbon nanotubes exhibited changes 

in bacterial community. This change is explained by the shift of microbial community to 

species more tolerant to pollution by nanoparticles. In spite of the evident effects of 

exposure to functionalized carbon nanotubes, it appears that that microbial community 

could recover over time and that the soil is resistant to the environmental perturbation 

caused by carbon nanotubes and especially perturbations caused by non-treated carbon 

nanotubes where almost no impact on microbial community was observed.  

Functionalized carbon nanotubes are more toxic to the environment than raw carbon 

nanotubes because of their acidic nature. In fact, pH seems to be one of the most 

important factors in structuring soil microbial communities. This is why observed 

significant changes in soil microorganisms caused by exposure to functionalized carbon 

nanotubes are not surprising.  

Further investigations and longer exposure period on the impact of carbon nanotubes in 

the environment are needed to assess their potential risk when these nonmaterials are in 

use. Full life cycle evaluation and analysis for all difference applications should be 
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conducted with constant attention. In addition, long-term studies are required to 

determine delayed impacts of environmental exposure to nanoparticles and to help find 

possible adaptive mechanisms. More studies on bioaccumulation, as well as on the 

interaction of these nanoparticles with other elements in the environment are also 

needed. 

The human disturbance cases treated in this study suggest that the consequences of 

human activities on Earth are something we face now and something confined to the 

future. Anthropogenic changes in the environment are likely to cause significant loss of 

biodiversity, leaving many niches empty and creating communities dominated by 

tolerant species to disturbance. The study cases described above provide examples of 

themes and methodologies, which can be used for many future studies to explore human 

effects on the living world. All these ongoing perturbations are accelerating in many 

cases. Thus, these changes should be monitored and be taken as a warning of future 

intensification. By understanding how species are affected by human activities, it may 

be possible to provide effective and useful management decisions.   
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APPENDIX 

 

Figure A1: Species accumulation curve of fungal overall community (dotted lines, 95% CI for 

unlogged forest) in Malaysian, Borneo. 

Figure A2:  β-diversity (average distance to group centroid) of fungal overall community 

among different land uses in Malaysian, Borneo. 

Figure A3: Rarefaction curves comparing soil fungal communities across different land use 

types in Malaysian, Borneo. 

Figure A4: The heat map showing the relative abundances of the most abundant genera at 

different pH levels off Vulcano, Italy. 

Figure A5: Relative abundance of the main phyla of sediment bacterial classes at different pH 

levels off Vulcano, Italy. 

Figure A6: Relative abundance of dominant benthic marine sediment genera at different pH 

levels off Vulcano, Italy. 

Figure A7: Relative abundance (means ± SD) of the most abundant phyla among different 

concentrations of fMWCNTs applied to soil samples. 

Figure A8: Relative abundance (means ± SD) of the most abundant phyla among different 

concentrations of raw MWCNTs applied to soil samples. 

 

Table A1: Soil characterizations and properties in Malaysian, Borneo. 

Table A2: Bray-Curtis distance matrix of marine samples off Vulcano, Italy. 

Table A3: Phylotype richness (OTUs) and diversity indices using mothur platform (Schloss et al. 

2009) calculated for fungal samples of Malaysian, Borneo. 

Table A4: Phylotype richness (OTUs) and diversity indices using mothur platform (Schloss et al. 

2009) calculated for bacterial marine samples of Italy. 
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Table A5: Phylotype richness (OTUs) and diversity indices using mothur platform (Schloss et al. 

2009) calculated for bacteria for carbon nanotube samples. 
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Figure A1: Species accumulation curve of fungal overall community (dotted lines, 95% CI for 

unlogged forest) in Malaysian, Borneo. 
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Figure A2:  β-diversity (average distance to group centroid) of fungal overall community 

among different land uses in Malaysian, Borneo. 
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Figure A3: Rarefaction curves comparing soil fungal communities across different land use 

types in Malaysian, Borneo. 
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Figure A4: The heat map showing the relative abundances of the most abundant genera at 

different pH levels off Vulcano, Italy. 
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Figure A5: Relative abundance of the main phyla of sediment bacterial classes at different pH 

levels off Vulcano, Italy. 
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Figure A6: Relative abundance of dominant benthic marine sediment genera at different pH 

levels off Vulcano, Italy. 
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Figure A7: Relative abundance (means ± SD) of the most abundant phyla among different 

concentrations of fMWCNTs applied to soil samples. 
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Figure A8: Relative abundance (means ± SD) of the most abundant phyla among different 

concentrations of raw MWCNTs applied to soil samples.



126 

 

Table A1: Soil characterizations and properties in Malaysian, Borneo. 

sample Site land use Lattitude Longitude C N C/N P 

T41 BRL UL 5.02092 117.752 3.421 0.344 9.94477 28.66 

T13 Tembaling UL 4.9498 117.807 2.877 0.246 11.6951 18.19 

T14 Tembaling UL 4.95909 117.804 3.203 0.322 9.9472 32.89 

T17 Elephant Ridge UL 4.97136 117.786 5.359 0.323 16.5913 17.82 

T54 Takala UL 5.02156 117.79 3.629 0.443 8.19187 25.58 

T55 Takala UL 5.02812 117.787 3.767 0.287 13.1254 24.44 

T20 Danum 1L 1L 4.97052 117.816 2.623 0.283 9.26855 24.07 

T12 Danum 1L 1L 4.96495 117.821 3.137 0.303 10.3531 21.3 

T38 MBP 1L 5.09517 117.646 4.487 0.265 16.9321 28.39 

T63 
West Ulu-

Segama 
1L 5.07986 117.706 4.714 0.345 13.6638 22.57 

T64 
West Ulu-

Segama 
1L 5.08484 117.708 2.101 0.255 8.23922 21.24 

T45 INFAPRO 1L 4.98051 117.865 5.083 0.309 16.4498 37.28 

T46 INFAPRO 1L 4.98554 117.86 4.533 0.35 12.9514 38.77 

T28 N Benta 2L 4.92604 117.949 6.143 0.505 12.1644 16.24 

T34 West Malua 2L 5.09316 117.636 4.904 0.359 13.6602 30.71 

T35 West Malua 2L 5.09575 117.63 5.046 0.308 16.3831 38.02 

T52 Mid Benta 2L 4.9334 117.981 3.651 0.2888 12.642 6.66 

T60 East Malua 2L 5.08979 117.681 3.717 0.273 13.6154 25.03 

TDB N Benta 2L 4.93717 117.947 2.484 0.135 18.4 14.33 

T71 Danum OP OP 5.08372 117.776 2.298 0.199 11.5477 118.03 

T72 Danum OP OP 5.07999 117.783 3.442 0.232 14.8362 103.52 

T73 Dumpas East OP 4.49215 117.773 0.936 0.098 9.55102 16.64 

T74 Dumpas East OP 4.49784 117.781 1.386 0.147 9.42857 69.88 

T75 Dumpas West OP 4.49018 117.724 1.467 0.161 9.1118 14.46 

T76 Dumpas West OP 4.49794 117.727 2.271 0.274 8.28832 16.64 
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Table A2: Bray-Curtis distance matrix of marine samples off Vulcano, Italy. 

  H1 H10 H2 H3 H4 H5 H6 L1 L2 L3 L4 L7 L8 L9 M1 M2 M3 M4 M7 M8 M9 

H1 0 0.7515 0.6574 0.6309 0.6835 0.6754 0.6507 0.8254 0.7444 0.7226 0.7014 0.7421 0.7502 0.8145 0.696 0.6069 0.6738 0.6754 0.613 0.6797 0.6732 

H10 0.7515 0 0.764 0.7842 0.7293 0.7046 0.74593 0.9488 0.7972 0.83309 0.7114 0.8487 0.8565 0.9109 0.8085 0.7501 0.8067 0.763 0.7622 0.6956 0.7783 

H2 0.6574 0.764 0 0.6781 0.7293 0.7117 0.70342 0.7792 0.7196 0.73689 0.7563 0.7797 0.7872 0.8031 0.753 0.7343 0.6914 0.6923 0.6982 0.7335 0.7298 

H3 0.6309 0.7842 0.6781 0 0.6029 0.632 0.63713 0.7699 0.6252 0.71987 0.6852 0.7178 0.7918 0.7581 0.6264 0.6094 0.5845 0.6351 0.664 0.6934 0.6872 

H4 0.6835 0.7293 0.7293 0.6029 0 0.6212 0.66778 0.8692 0.6907 0.76735 0.6779 0.7646 0.8159 0.8204 0.695 0.6394 0.6954 0.6992 0.7051 0.6946 0.7317 

H5 0.6754 0.7046 0.7117 0.632 0.6212 0 0.65958 0.8762 0.6692 0.78416 0.5666 0.7664 0.7873 0.8301 0.7107 0.6793 0.6721 0.6681 0.6161 0.6257 0.7021 

H6 0.6507 0.7459 0.7034 0.6371 0.6678 0.6596 0 0.8558 0.7054 0.70232 0.7066 0.7175 0.757 0.7544 0.7036 0.6939 0.6802 0.7137 0.6611 0.6566 0.7054 

L1 0.8254 0.9488 0.7792 0.7699 0.8692 0.8762 0.85585 0 0.648 0.70528 0.8204 0.7283 0.6946 0.7747 0.8442 0.8543 0.7265 0.7512 0.7602 0.8127 0.7847 

L2 0.7444 0.7972 0.7196 0.6252 0.6907 0.6692 0.70542 0.648 0 0.61571 0.5959 0.624 0.6723 0.7071 0.6974 0.6963 0.6041 0.6659 0.6609 0.6742 0.7102 

L3 0.7226 0.8331 0.7369 0.7199 0.7674 0.7842 0.70232 0.7053 0.6157 0 0.7416 0.7118 0.7066 0.6972 0.7413 0.7336 0.6577 0.6921 0.7184 0.7451 0.6907 

L4 0.7014 0.7114 0.7563 0.6852 0.6779 0.5666 0.70659 0.8204 0.5959 0.74162 0 0.6937 0.7174 0.7951 0.7164 0.6761 0.7039 0.6882 0.6388 0.4953 0.6523 

L7 0.7421 0.8487 0.7797 0.7178 0.7646 0.7664 0.71754 0.7283 0.624 0.71178 0.6937 0 0.5848 0.5991 0.7053 0.7106 0.6883 0.7168 0.7108 0.6962 0.6903 

L8 0.7502 0.8565 0.7872 0.7918 0.8159 0.7873 0.75698 0.6946 0.6723 0.70664 0.7174 0.5848 0 0.652 0.7264 0.7534 0.7198 0.7375 0.6845 0.6693 0.7167 

L9 0.8145 0.9109 0.8031 0.7581 0.8204 0.8301 0.75437 0.7747 0.7071 0.69721 0.7951 0.5991 0.652 0 0.7351 0.7896 0.7229 0.7794 0.7373 0.814 0.7492 

M1 0.696 0.8085 0.753 0.6264 0.695 0.7107 0.70356 0.8442 0.6974 0.74128 0.7164 0.7053 0.7264 0.7351 0 0.627 0.6172 0.678 0.7047 0.7399 0.6799 

M2 0.6069 0.7501 0.7343 0.6094 0.6394 0.6793 0.69392 0.8543 0.6963 0.73364 0.6761 0.7106 0.7534 0.7896 0.627 0 0.6526 0.6359 0.6625 0.6971 0.6648 

M3 0.6738 0.8067 0.6914 0.5845 0.6954 0.6721 0.68025 0.7265 0.6041 0.65767 0.7039 0.6883 0.7198 0.7229 0.6172 0.6526 0 0.6511 0.6742 0.7324 0.7161 

M4 0.6754 0.763 0.6923 0.6351 0.6992 0.6681 0.71367 0.7512 0.6659 0.6921 0.6882 0.7168 0.7375 0.7794 0.678 0.6359 0.6511 0 0.5715 0.6827 0.6555 

M7 0.613 0.7622 0.6982 0.664 0.7051 0.6161 0.66106 0.7602 0.6609 0.71838 0.6388 0.7108 0.6845 0.7373 0.7047 0.6625 0.6742 0.5715 0 0.5734 0.6342 

M8 0.6797 0.6956 0.7335 0.6934 0.6946 0.6257 0.65665 0.8127 0.6742 0.74507 0.4953 0.6962 0.6693 0.814 0.7399 0.6971 0.7324 0.6827 0.5734 0 0.6612 

M9 0.6732 0.7783 0.7298 0.6872 0.7317 0.7021 0.70544 0.7847 0.7102 0.69073 0.6523 0.6903 0.7167 0.7492 0.6799 0.6648 0.7161 0.6555 0.6342 0.6612 0 
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Table A3: Phylotype richness (OTUs) and diversity indices using mothur platform (Schloss et al. 

2009) calculated for fungal samples of Malaysian, Borneo. 

Label Sample OTUs Coverage Shannon Simpson Chao Ace 

0.03 T12 420 0.932 3.525 0.138 757.513 1077.994 

0.03 T13 465 0.936 4.465 0.052 733.786 928.406 

0.03 T14 517 0.922 4.455 0.042 884.645 1207.638 

0.03 T17 217 0.964 3.057 0.099 440.125 618.048 

0.03 T20 580 0.915 4.640 0.063 980.693 1275.542 

0.03 T28 597 0.911 5.044 0.024 1080.033 1418.047 

0.03 T34 768 0.889 5.575 0.012 1247.965 1596.610 

0.03 T35 576 0.920 4.998 0.026 960.710 1159.724 

0.03 T38 372 0.946 3.752 0.106 655.983 639.398 

0.03 T41 195 0.969 2.231 0.311 319.558 574.929 

0.03 T45 425 0.940 4.275 0.039 685.269 908.010 

0.03 T46 421 0.937 4.215 0.048 781.742 971.079 

0.03 T52 322 0.946 3.203 0.145 692.227 883.452 

0.03 T54 368 0.948 3.517 0.112 576.562 753.311 

0.03 T55 302 0.951 3.406 0.092 583.875 860.861 

0.03 T60 483 0.930 4.622 0.030 846.480 1038.127 

0.03 T63 686 0.906 5.363 0.015 1060.659 1090.374 

0.03 T64 382 0.939 3.620 0.092 729.508 962.140 

0.03 T71 281 0.966 3.425 0.129 433.442 420.022 

0.03 T72 404 0.952 4.490 0.035 593.851 586.582 

0.03 T73 151 0.977 1.633 0.467 249.276 387.239 

0.03 T74 411 0.950 4.502 0.035 622.881 616.366 

0.03 T75 114 0.986 2.082 0.243 153.808 173.298 

0.03 T76 383 0.945 4.124 0.045 627.000 836.010 

0.03 TDB 314 0.950 3.427 0.086 599.313 817.055 
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Table A4: Phylotype richness (OTUs) and diversity indices using mothur platform (Schloss et al. 

2009) calculated for bacterial marine samples of Italy. 

Label Sample OTUs Coverage Shannon Simpson Chao Ace 

0.03 H1 133 0.968 2.547 0.161 202.194 300.819 

0.03 H3 212 0.940 2.487 0.279 503.667 628.970 

0.03 H4 163 0.951 2.652 0.157 413.143 698.382 

0.03 L1 185 0.952 3.436 0.062 341.484 511.820 

0.03 L2 178 0.950 2.856 0.152 426.182 591.379 

0.03 L3 160 0.958 2.759 0.168 296.714 416.498 

0.03 L4 120 0.966 2.539 0.168 285.667 283.691 

0.03 M1 136 0.964 2.468 0.188 294.333 360.894 

0.03 M2 134 0.961 2.625 0.145 336.500 439.516 

0.03 M3 212 0.942 3.209 0.116 446.194 592.436 

0.03 M4 167 0.951 2.859 0.131 412.286 619.812 
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Table A5: Phylotype richness (OTUs) and diversity indices using mothur platform (Schloss 

et al. 2009) calculated for bacteria for carbon nanotube samples. 

Label Sample OTUs Coverage Shannon Simpson Chao Ace 

0.03 1a0 1835 0.683 6.623 0.005 6212.764 10913.902 

0.03 1a2 1560 0.739 6.293 0.007 4863.720 9332.252 

0.03 1a8 1424 0.774 5.843 0.022 4111.582 7454.387 

0.03 1b0 1841 0.674 6.680 0.004 6834.437 13323.640 

0.03 1b2 1643 0.700 6.343 0.009 5791.757 11529.212 

0.03 1b8 1409 0.768 5.987 0.012 4499.081 8142.639 

0.03 1c0 1708 0.701 6.490 0.007 5708.938 10557.558 

0.03 1c2 1654 0.699 6.383 0.006 5952.436 11380.930 

0.03 1c8 1386 0.774 5.975 0.011 4435.242 8687.427 

0.03 2a0 1669 0.711 6.459 0.007 5156.548 10507.573 

0.03 2a2 1572 0.726 6.241 0.009 5275.777 10791.858 

0.03 2a8 1491 0.764 6.084 0.011 4555.961 8050.250 

0.03 2b0 1861 0.664 6.650 0.005 6929.087 13590.504 

0.03 2b2 1591 0.735 6.276 0.008 4632.282 7978.023 

0.03 2b8 1535 0.753 6.111 0.010 4778.823 9231.853 

0.03 2c0 2014 0.637 6.780 0.004 7432.000 15308.325 

0.03 2c2 1557 0.734 6.271 0.009 4657.781 8624.268 

0.03 2c8 1438 0.788 6.126 0.009 3549.627 5463.768 

0.03 3a0 1823 0.673 6.618 0.005 7106.742 13257.584 

0.03 3a2 1610 0.723 6.299 0.009 4945.103 10161.432 

0.03 3a8 1535 0.750 6.198 0.010 4659.492 9051.868 

0.03 3b0 1890 0.666 6.701 0.004 6877.890 11988.274 

0.03 3b2 1620 0.727 6.409 0.007 4745.377 8909.136 

0.03 3b8 1668 0.721 6.339 0.007 5613.789 11263.814 

0.03 3c0 1992 0.624 6.820 0.004 7278.457 15562.456 

0.03 3c2 1627 0.716 6.309 0.009 5140.332 10289.763 

0.03 3c8 1629 0.727 6.384 0.006 5166.144 9011.779 

0.03 4a0 2066 0.627 6.971 0.002 7155.689 14045.242 
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0.03 4a2 1134 0.813 5.510 0.020 3625.417 6533.844 

0.03 4a8 1142 0.823 5.466 0.026 3238.938 6343.324 

0.03 4b0 1961 0.652 6.865 0.003 6374.971 11974.658 

0.03 4b2 1120 0.845 5.580 0.017 2788.520 4713.197 

0.03 4b8 1139 0.827 5.584 0.022 3173.773 5618.617 

0.03 4c0 1923 0.655 6.839 0.003 6234.581 12169.005 

0.03 4c2 1210 0.801 5.541 0.021 4047.462 7684.659 

0.03 4c8 1166 0.820 5.592 0.027 3533.077 6052.980 

0.03 5a0 1966 0.635 6.844 0.003 6976.297 13015.972 

0.03 5a2 1793 0.695 6.484 0.007 6136.634 12446.102 

0.03 5a8 1434 0.770 6.001 0.010 4288.343 8381.565 

0.03 5b0 1935 0.654 6.848 0.003 6403.763 12062.008 

0.03 5b2 1600 0.732 6.379 0.006 4906.051 8157.400 

0.03 5b8 1408 0.781 6.024 0.010 4024.966 6943.876 

0.03 5c0 1985 0.628 6.874 0.003 7728.483 14712.379 

0.03 5c2 1665 0.716 6.475 0.006 4879.114 9051.762 

0.03 5c8 1339 0.829 6.070 0.009 2917.918 4464.832 

0.03 6a0 1905 0.653 6.825 0.003 6748.702 13113.650 

0.03 6a2 1704 0.705 6.533 0.005 5495.990 10116.559 

0.03 6a8 1417 0.785 5.970 0.011 3584.991 6621.277 

0.03 6b0 2010 0.633 6.894 0.003 7400.712 13786.964 

0.03 6b2 1666 0.713 6.456 0.006 6053.156 9609.314 

0.03 6b8 1424 0.774 6.004 0.010 4271.759 7736.150 

0.03 6c0 1911 0.646 6.826 0.003 6906.005 13677.514 

0.03 6c2 1617 0.718 6.384 0.007 5678.000 10209.564 

0.03 6c8 1556 0.751 6.228 0.008 4709.157 8108.672 

0.03 7a0 1748 0.729 6.644 0.004 4922.449 8309.901 

0.03 7a2 1682 0.698 6.483 0.006 5429.591 10495.742 

0.03 7a8 1327 0.808 5.799 0.018 3258.689 5506.428 

0.03 7b0 1937 0.659 6.840 0.003 6254.447 12594.229 

0.03 7b2 1691 0.731 6.516 0.005 4505.259 8477.458 

0.03 7b8 1426 0.804 6.046 0.013 3449.572 5792.030 
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0.03 7c0 1932 0.656 6.821 0.003 7125.446 13602.570 

0.03 7c2 1798 0.687 6.564 0.005 6043.455 12424.282 

0.03 7c8 1308 0.829 5.959 0.011 2894.222 4468.460 
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