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Abstract 

This dissertation presents a framework to improve bioremediation of soils 

polluted with polycyclic aromatic hydrocarbons (PAHs).  PAHs are of great concern 

because they are recalcitrant and toxic.  PAHs enter the environment from a variety of 

sources such as incomplete combustion and coal tar distillation.  The PAHs focused on 

in this dissertation have polluted soils as a result of creosote-based wood treatment 

operations that took place at Holcomb Creosote and Atlantic Wood Industries, Inc. 

(AWI) both of which are now classified as Superfund sites. There are numerous sites 

analogous to these two Superfund sites throughout the world which have been polluted 

through similar wood-treatment operations, as creosote was once industry’s foremost 

wood preservative.   

 There is room for existing PAH treatment options, which are mainly physical 

and chemical in nature, to be expanded to include more sustainable options.  Commonly 

used technologies include excavation, in situ stabilization, and soil washing.  

Historically, bioremediation strategies relying on bacteria to transform pollutants have 

been challenged by the tight sorption of heavy- and middle-weight PAHs to soils, as this 

restricts aqueous phase transport required for bacterial degradation.  Multiple studies 

have demonstrated fungi to be capable of degrading these inaccessible pollutants and 

other mixtures of hydrophobic pollutants (mycoremediation).  Yet, when fungi have 

been introduced to polluted soils (mycoaugmentation), they have not been able to 
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outcompete the native microbiota long enough to degrade the contaminants of concern 

over the long term.   It is possible that a thorough characterization of the indigenous 

fungi at a given site may provide some insights into the development of targeted in situ 

mycoremediation strategies.   

Although incorporating site microbes has been generally acknowledged as 

important for some time, the techniques enabling thorough assessment of microbial 

ecosystems are relatively new.  Consequently, little is known about PAH-associated 

microbiomes in general, and even less is known about PAH-associated fungal 

communities. The work presented in this dissertation aims to address this knowledge 

gap by leveraging recent advances in high-throughput sequencing technology to design 

and validate targeted mycoremediation strategies.  To this end, the overarching goal of 

this dissertation was to develop and test a framework for incorporating native fungi into 

a bioremediation strategy to expand such sustainable remediation options to sites where 

they have not been relevant in the past.   

In the first aim of this dissertation research, advances in high-throughput 

sequencing were used to identify potential biostimulation targets in soils moderately 

polluted with PAHs. The next generation sequencing (NGS) platform, Illumina, was 

utilized to sequence the large sub-unit (LSU) gene commonly used as a marker gene in 

fungal community studies.  Relationships were examined between concentrations of 

over 31 different polycyclic aromatic hydrocarbons and the pollutant-associated 
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communities to test whether there were any fungi capable of tolerating high levels of 

these toxic contaminants. In this aim, fungal genera were identified that contained 

species closely related to known PAHs and petroleum hydrocarbon degraders.  In all, 

this work identified 32 targets for biostimulation, based on Spearman rank correlations 

between prevalence and mid- and high-molecular weight PAHs.  Ascomycetes were 

found to have higher levels of diversity than any other phylum in this subset of 

biostimulation targets.  These data suggest that ascomycete fungi are more likely to be 

present in heavily polluted soils than basidiomycete fungi (which had previously been 

subjects of much interest). Overall, this work illustrates that polluted soils harbor fungal 

biostimulation targets, specifically within Ascomycota. 

The second aim of this thesis research was to use the precision bioremediation 

assessment in highly polluted soils and then to evaluate a range of amendments with the 

goal of identifying strategies to stimulate the fungal communities that dominate these 

PAH-associated fungal communities.  Here we applied the approach we fine-tuned in 

the first aim to the AWI soils, as these soils have some of the highest documented PAH-

concentrations.  Again, Ascomycota were found to be more prevalent in these soils, so an 

isolate obtained from AWI was used to compare alternative stimulation techniques 

between three substrates they are known to grow on: chitin, cellulose, and wood. We 

used anthracene degradation as a proxy for PAH degradation, which we monitored in 

sacrificial simplified bioreactors responding to the three amendments. T. harzianum is 
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also known to have enzymes which degrade PAHs, but it is unknown which ecological 

role uses those enzymes, and thus which ecological role we should promote.  T. 

harzianum was grown in the presence of chitin, cellulose, and wood as substrates in 

liquid culture with anthracene.   Chitin was found to stimulate the highest anthracene 

removal, with a 0.1% (w/v) amendment resulting in ~93% degradation.  While ~13% less 

than chitin, 1% (w/v) cellulose was also found to stimulate ~46% more anthracene 

degradation than wood, which had no improvement over the abiotic losses (~33% on 

average).  This is notable because the “go to” method for stimulating fungi in the past 

has been wood supplements.  This work provided insight into alternative stimulation 

strategies to target specific ecological roles that may better degrade PAHs in situ. 

For the third and final aim of this dissertation research, the two most promising 

amendments were added with and without Trichoderma harzianum spores to test several 

mycoremediation treatment strategies in soil bioreactors and compare them with a (no 

carbon added) nutrient stimulation treatment.  Pollutants were added as aged Atlantic 

Wood Industries soil delivering aged pollutants.  Triplicate reactors from each treatment 

were sequenced at time zero, after two weeks, and after one month.  At each sampling 

time, RNA was extracted, converted to cDNA, and submitted to Illumina MiSeq library 

preparation targeting the LSU region for fungal community analysis in addition to the 

V4 region of the 16S rDNA for bacterial community analysis.  Statistical analyses using 

DESeq2 identified responders among the groups of reactors subjected to the different 
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biostimulation treatments.  Taxa from both the fungal and the bacterial communities 

responded differentially to the amendments. Fungi were found to comprise the majority 

of the significant responders.  This work also found that mycoaugmented strains were 

not successful in establishing themselves as prominent members of the active 

community. This represents one of the earliest studies to directly measure 

mycoaugmentation failure. These data propose a hypothesis about functional 

redundancy inhibiting establishment of augmented fungi as already established fungi 

outcompete them for freshly added nutrients. Over 90% degradation was observed over 

the course of one month regardless of treatment-interestingly, the highest degradation 

was found in the nutrient amendment (no carbon added) treatment.  These results show 

similar degradation across the soil bioreactors, yet different microbial growth, which 

supports the hypothesis that there is community-level functional redundancy and 

multiple metabolic food webs that result in the observed pollutant degradation.  

Overall, this dissertation work demonstrates how significant advances in 

sequencing technology can be implemented in design and monitoring stages of 

bioremediation. This work also suggests that significant advances could be possible 

through the application of targeted metatranscriptomic analysis. Through incorporating 

such insights as described in this dissertation, this research brings the field of 

bioremediation one step closer to successfully engineering microbiomes to degrade 

contaminants of concern.  
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1. Introduction 

Soils and sediments throughout the world are contaminated with polycyclic 

aromatic hydrocarbons (PAHs) to levels that threaten human health and that of the 

environment. Much of this contamination is a result of historic creosoting operations 

when staggering volumes of creosote were used in the wood treatment industry. It has 

been estimated that during years of peak operation, 454,000 metric tons were consumed 

by the US sector of the global industry (Mattraw Jr and Franks 1986). Unfortunately, 

during that time there were numerous instances of creosote being improperly contained 

and then directly releasing waste creosote into soils and surface waters.  

Creosote is classified as a dense non-aqueous phase liquid (DNAPL). Once 

creosote enters soils, it seeps down through the unsaturated zone into the groundwater 

table, migrates parallel to the groundwater table along the groundwater gradient, and its 

constituents partition into the aqueous phase for as long as the DNAPL is in contact with 

it (Mattraw Jr and Franks 1986). Past efforts to remediate PAH-contaminated soils and 

sediments have relied mainly on physico-chemical treatment approaches, however 

bioremediation is considered to be a more desirable treatment approach as it often has a 

smaller carbon-footprint and is more cost effective (SURF 2009). In general, 

bioremediation strategies rely on living systems to stabilize or degrade contaminants in 

an environmentally responsible manner that is also cost effective. In situ bioremediation 

is often considered to be more desirable than ex situ bioremediation because it does not 
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require excavation of contaminated media. There are two main approaches to these 

bioremediation designs, 1) bioaugmentation, which involves adding foreign microbes 

with documented degradation capacity to a site, and 2) biostimulation, which involves 

altering environmental conditions to speed the rate at which existing biological 

processes result in pollutant degradation. In situ bioremediation has been used 

successfully to reduce petroleum hydrocarbon contamination (Boopathy, Shields, and 

Nunna 2012) and chlorinated aliphatics (Semprini and McCarty 1991), but lower-than-

expected efficiency has been observed when used for treating PAH-contaminated soils 

due to low-bioavailability of PAHs and low nutrient-status of these soils (Viñas et al. 

2005). 

1.1 Problem Definition 

Most bioremediation research targeting PAHs conducted to date has focused on 

strategies that utilize bacterial consortia in various configurations. Some work has also 

considered fungal candidates; however, those investigations have involved culturing 

fungi and augmenting them into the contaminated media.  While useful for many 

contaminants and site-environments, these approaches neglect to involve fungi already 

established in situ that are site adapted and may have relevant degradation abilities.  

Since fungal establishment among the native microbiota is a common obstacle to in situ 

performance of exogenous fungi (Harms, Schlosser, and Wick 2011), a better 

understanding of the site-specific fungal ecosystem would provide valuable insights into 
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both what fungi are available to target with biostimulation and the types of fungi that 

have adapted to site-conditions. While isolate degradation screens offer valuable 

information about contaminant degradation possibilities, they give limited information 

on what is actually happening in situ, when the isolate interacts with other microbes and 

the contaminants in the environment. For instance, an organism’s genome may contain a 

multitude of degradation pathways, but those genes may not be expressed under site 

conditions (Dass et al. 1995).  Therefore, developing an understanding of the ecological 

dynamics at a site over time is critical to the successful deployment of properly 

optimized bioremediation technologies. Thus, this dissertation work takes advantage of 

recent advances in next-generation sequencing (NGS) to provide ecosystem-level 

insights for the development of fungal bioremediation (mycoremediation) of PAHs. 

1.2 Objectives 

The overall goal of this dissertation work was to incorporate ecological insights 

from next-generation sequencing to design precision bioremediation treatment strategies 

that consider native fungal systems. The overarching hypothesis driving my doctoral 

research was that native fungal processes can be stimulated to express enzymes capable 

of attacking hydrophobic heavy molecular weight PAHs, converting them into 

metabolites that are more accessible by the microbial community at large. The following 

objectives describe the initial steps towards design a framework integrating NGS 

insights into an expanded precision bioremediation strategy.  
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The specific objectives were to: 

1. Establish a method for considering native fungal ecosystems in assessing 

biostimulation strategies for PAH contaminated soils; 

2. Use ecological information to inform mycostimulation strategies that improve 

PAH degradation in a model isolate from a phylum representative of PAH 

contaminated soils;  

3. Verify whether ecologically designed mycoremediation treatment strategies 

contribute to ecological differences and enhanced degradation in a more realistic 

treatment scenario. 

 1.3 Research Hypotheses and Approach 

This doctoral work represents one of the first studies to focus on the 

fungal microbiomes associated with polluted soils. This dissertation utilizes NGS 

as a tool for assessing fungal communities in PAH contaminated media and 

incorporates the resulting metagenomic/metatranscriptomic data into the 

development and monitoring of mycostimulation strategies.   

First, fungal biostimulation potential was assessed by using the Illumina 

MiSeq platform to perform targeted analysis of the fungal large subunit (LSU) 

rDNA (Johansen et al. 2016). Then a bioinformatic analysis was designed to answer 

the questions of whether certain fungi were enriched under higher PAH levels, as 
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selective pressures have been observed by pollutants on fungal communities 

elsewhere (Colpaert 2008).  The bioinformatic approach combined various 

databases together in order to identify fungal taxa and then Spearman rank 

correlations to identify mycostimulation candidates (defined as positively 

associated with mid- and heavy- weight PAHs). This analysis also was able to test 

whether these fungi included close relatives to known PAH degraders. Soils have 

previously been shown to contain PAH degraders (Boonchan, Britz, and Stanley 

2000, Potin, Veignie, and Rafin 2004, Qasemian et al. 2012, Zheng and Obbard 

2003), but relatively little work has been performed using culture-independent 

techniques. Furthermore, the role of phylogenetic relatedness was considered, 

since closely related fungi share more genes. A portion of the bioinformatic 

analysis was dedicated to constructing a dendrogram in order to consider the role 

of phylogenetic relatedness (Letunic and Bork 2016).  

Secondly, the Atlantic Wood Industries, Inc. (AWI) Superfund site was 

sampled in order to test whether fungi would be able to tolerate higher levels of 

PAH contamination, as these PAHs are mutagenic (Klaassen 2007).  We used 

targeted metagenomics once again to determine whether fungi could be detected 

in soils with high levels of PAH contamination as associations between 
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environmental factors, physiology, and enzyme expression have been observed 

in the past (Mukherjee et al. 2013, Steindorff et al. 2012, Vieira, Coelho, 

Steindorff, de Siqueira, Silva Rdo, et al. 2013, Dass et al. 1995, Bischof, Ramoni, 

and Seiboth 2016, Limon et al. 2001). In order to discern whether these 

associations could identify targets that would respond to ecologically-informed 

stimulation by degrading PAHs, an isolate was grown in the presence of various 

carbon amendments matching the ecological niches it occupied and anthracene 

degradation was monitored via gas chromatography combined with electron 

impact mass spectroscopy).  

Finally, the most promising of the amendments were assessed in terms of 

biological effectiveness and pollutant degradation efficacy in microcosms 

designed to better mimic realistic soil conditions. To this end, soils were obtained 

from AWI that contained weathered mixtures of PAHs and subjected to 

mycostimulation and mycoaugmentation treatment strategies. Samples were 

collected periodically and the active bacterial and fungal communities were 

characterized using amplicon based metatranscriptomic analysis of the 16S and 

28S rRNA transcripts, respectively. The targeted metatranscriptomic analyses 

were combined with chemical analyses using a bioinformatic analysis (Callahan 
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et al. 2016, McMurdie and Holmes 2013) to identify positive and negative 

responders (Love, Huber, and Anders 2014) as well as elucidate the most 

promising treatment alternatives.   

  



8 

 

2. Literature Review 

2.1 Heavy PAH 

 PAHs are chemicals that share conjugated doubly-bonded carbon rings. PAHs 

have been measured at many locations throughout the world.  In the US alone, PAHs are 

found at more than 600 sites which have been placed on the US Environmental Protection 

Agency’s National Priorities List (ATSDR 1996).  Although volcanic activity and forest 

fires have introduced PAHs into our environment naturally, anthropogenic sources have 

been a major driver in increasing global PAH concentrations.  PAHs are released as a 

result of incomplete combustion, as byproducts of petroleum goods production, through 

use as wood preservatives, or during the production of pharmaceuticals, dyes, plastics, or 

pesticides (ATSDR 1996).   Heavy PAHs are a subset of PAHs that consist of three or 

more rings.  They are generally the slowest to degrade and are particularly problematic as 

they are known to be toxic to humans and wildlife (ATSDR 1996).  The cytochrome 

P450 (CYP) gene set in humans codes for oxidative enzymes and is activated by PAHs.  

Figure 1: The "bay region" indicated on benzo(a)pyrene and chrysene 
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Toxicity often results when a few PAH metabolites of parent compounds with a bay 

region (Figure 2) attach to DNA (Xue and Warshawsky 2005).  

Heavy PAHs have intrinsic properties that make them difficult to treat. Uniform 

treatment efforts are confounded because heavy PAHs are often used in mixtures with 

lower molecular weight PAHs.  Molecular weight increases as the number of conjugated 

rings increases.  More energy is needed to volatilize the heavier PAHs which in turn 

decreases their volatility. In general, PAH aqueous solubility decreases as PAH 

molecular weight increases due to the same thermodynamic challenges that restrict 

volatility. Low aqueous solubility limits bioavailability to bacteria relied on in traditional 

bioremediation strategies (Furuno et al. 2012, Wick et al. 2006).  Bioavailability is also 

described by the organic carbon-water partitioning coefficient, Koc. A low Koc suggests 

that the compound does not sorb strongly to soils and that it is more bioavailable to 

organisms living in the pore water and aqueous environment.  In addition to being 

unavailable to most bacteria, heavy PAH are chemically stable.  A particularly useful 

metric of stability is ionization potential.   Ionization potential, in reference to pollutants, 

is a measure of the energy required to remove an electron from the molecule, which 

begins degradation. Enzymes can also be classified by their ionization potentials (a.k.a. 

redox potential or ionization energy), which describe their oxidation capability.  If an 

enzyme’s ionization potential is equal to or greater than that of a compound, evidence 

suggests that it can oxidize that compound. The range of ionization potentials possessed 

by various PAHs cause difficulty in treating mixtures of PAH such as creosote. Often, 
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organisms possessing enzymes capable of degrading the less-stable compounds leave the 

more-stable compounds behind.  Thus, it is important to encourage growth of organisms 

that degrade the more stable compounds in order to speed bioremediation of mixtures of 

heavy PAHs. 

Table 1: Physical properties leading to recalcitrance of selected PAHs 

Name & Structure KH, atm-
m3/mol 
(Protection 
2014) 

Aqueous 
Solubility, 
mg/L 
(Protection 
2014) 

Koc, L/kg  
(Protection 
2014) 

Ionization Potential, eV 
(Cavalieri et al. 1983) 

Naphthalene

 

4.83E-04 3.10E+01 2.00E+03 8.13  

Anthracene 

 

6.50E-05 4.34E-02 2.95E+04 7.43  

Phenanthrene 

 

2.30E-05 1.10E+00 2.65E+04 8.19  

Pyrene 

 

1.10E-05 1.35E-01 1.05E+05 7.50  

Benzo[a]pyrene 

 

1.13E-06 1.62E-03 1.02E+06 7.23  

(Cavalieri et al. 1983) Determined via charge-transfer complex data with chloranil 
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2.2 Remediation Strategies 

Historically, remediation of heavy PAHs and similar recalcitrant compounds has 

been limited to physical containment methods.  In particular, excavation has been a 

common remediation approach to heavy PAH-contaminated soils and sediments.  

Excavation involves removing all media contaminated above an accepted standard and 

transporting it off-site for further treatment or disposal in a hazardous waste landfill. 

Stabilization and solidification are also commonly employed. Stabilization involves 

mixing contaminated media with a binding compound such as cement until the compound 

forms insoluble complexes with the contaminant. Solidification also involves restricting 

contaminant migration, but does so by encapsulating contaminants (USEPA 2012). Low 

permeability materials are desired for encapsulating contaminants.  Often the materials 

that are used in solidification also stabilize, and the two techniques are commonly 

referred to together. Physical treatment is still employed in many cases as bacterial 

degradation of PAHs remain slow, especially for the heavier PAHs.  

2.3 Mycoremediation 

Bioremediation traditionally relies on bacteria to transform aqueous contaminants 

into innocuous compounds.  However, there are many scenarios where expanding to draw 

on fungi can increase bioremediation’s relevance.  For example, situations where 

nutrients are scarce and heterogeneously distributed may be better suited for fungi than 

bacteria(Dowson, Rayner, and Boddy 1988, Leitao et al. 2011, Mancera-López et al. 
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2008, Tuisel et al. 1990).  In addition, various fungi have been shown to break down 

different classes of contaminants often encountered in the field ranging from pesticides to 

polychlorinated biphenyls (Gramss, Voigt, and Kirsche 1999). Mechanisms of action 

have not been thoroughly investigated in all fungi and every PAH but the interaction 

likely involves primary oxidation by either lignin peroxidase (LiP), manganese 

peroxidase (MnP), various oxidases (copper radical oxidase, ferroxidase, etc.), laccase, or 

cellobiose dehydrogenase (CDH), followed by secondary oxidation by sulfotransferases, 

glucuronidases, or epoxide hydrolase (Cerniglia and Sutherland 2010). Beyond enzymes, 

other fungal cell function and properties including methylation and transmembrane redox 

potential have been shown to mediate biodegradation.  As many of the genes encoding 

these enzymes are known, genomics can be leveraged to determine if those functions are 

present in a given soil environment.  Detailed descriptions of most known enzymes exist 

in online databases including enzyme.expasy.org  and www.brenda-enzymes.org.  

Most studies have focused on the role of basidiomycete and ascomycete fungi in 

rotting wood and plant pathogenesis. Much of the attention for wood rotting 

basidiomycete fungi was sparked by their persistence in rotting utility poles despite 

creosote coatings (Wang and Zabel 1990).  Ligninolytic basidiomycetes largely rely on 

LiP and MnP.  Both enzymes are extracellular and are used by ligninolytic fungi to break 

down wood.  These enzymes are known to be non-specific and likely evolved to enable 

fungi to attack a wide range of wood polymers.  A fortuitous side effect of their non-

specificity is that these enzymes enable basidiomycetes to degrade other wood-analogue 
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compounds which are structurally similar to wood, including heavy PAHs (Barr and Aust 

1994).  Many studies have been performed on white-rot fungi including Trametes 

versicolor and Phanerochaete chrysosporium and now attention has spread to other 

wood-rotting (i.e., saprobic, basidiomycete), soil-inhabiting (i.e., terriculous, 

ascomycete), and basal fungi.  A description of the systems most well-studied is provided 

below. 

2.3.1 Lignin Peroxidase  

LiP targets lignin, the protective polymer component of wood, and is the driver 

behind the interest in white-rot fungi.  LiP degrades lignin analogues by initiating free-

radical oxidations. LiP has been shown to oxidize compounds with ionization potentials 

greater than 1.4 V (Piontek, Smith, and Blodig 2001).  LiP functions using a traditional 

peroxidase catalytic mechanism, cycling the iron (Fe) core from Fe4+  to Fe3+ while 

generating reactive free-radicals (Cameron, Timofeevski, and Aust 2000).  Hydrogen 

peroxide returns LiP’s Fe3+ core to Fe4+ and is generated through other mechanisms 

discussed later.  LiP has been shown to degrade a wide range of substrates because the 

enzyme does not necessitate direct contact with the intended substrates and thus can act 

in a non-discriminatory fashion (Barr and Aust 1994). 

2.3.2 Manganese Peroxidase 

MnP also breaks down lignin analogues via free-radical oxidations. Some 

basidiomycete fungi produce both LiP and MnP, while others only produce MnP (Riley 
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et al. 2014). MnP and LiP have the same metallic core structure, and traditional 

peroxidase function, and share 43% of their amino acid identity (Sundaramoorthy et al. 

1994). However, MnP oxidizes divalent manganese (Mn2+) and then trivalent manganese 

degrades compounds oxidatively.  MnP has also been shown to reductively degrade 

contaminants.  Trivalent manganese can transform hydroquinones into semiquinone 

radicals that then reduce contaminants (Barr and Aust 1994).  LiP is capable of this 

transformation as well (Rasmussen et al. 1995). Veratryl alchohol (VA) and divalent 

manganese are present naturally in wood and bark.  These are well established 

physiological substrates for LiP and MnP and are oxidized respectively to VA+ and Mn3+ 

(Cameron, Timofeevski, and Aust 2000).  

Another basidiomycete enzyme similar to MnP and LiP is versatile peroxidase 

(VP).  VP has both manganese peroxidase and lignin peroxidase properties.  It is known 

to oxidize phenols, hydroquinones, and dyes of both low and high redox potentials 

because of multiple binding sites within the VP structure (Heinfling et al. 1998, 

Camarero et al. 1999).   

2.3.3 Cellobiose dehydrogenase 

CDH is another enzyme which is secreted by some basidiomycetes and 

ascomycetes when given cellulose as a carbon source (Karapetyan et al. 2006).  CDH 

contains flavin adenine dinucleotide (FAD), a key electron carrier involved in microbial 

respiration, as well as a heme group and can be oxidized to catalyze the reduction of 

many electron acceptors.  CDH produces the hydrogen peroxide involved in lignin 
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degradation by LiP and MnP in basidiomycetes.  The free radicals produced from CDH, 

specifically hydroxyl radicals, have been shown to degrade polyacrylate polymers.  CDH 

can also reduce 2,4,6-trinitrotoluene and hexahydro-1,2,5-trinitro-1,3,5-triazine (RDX) as 

well as initiate the degradation of many other compounds (Cameron, Timofeevski, and 

Aust 2000).  This enzyme uses either oxygen or ferric iron as the electron acceptor, 

suggesting that mycostimulation using oxygen or ferric iron may be possible.   

2.3.4 Epoxide hydrolase & cytochrome P450 oxidases 

Studies comparing Basidiomycota and Ascomycota show that epoxide hydrolase 

and cytochrome P450 are often involved in pollutant degradation processes. Non-

ligninolytic fungi use cytochrome P450 and epoxide hydrolase for initial oxidation, 

however these transformations are selective.  Although diverse enzymes break down 

heavy PAHs into different products, these metabolites have generally been found to be 

less toxic than products of human metabolism. For example, species belonging to the 

Aspergillus, Penicillium and Cunninghamella genera use cytochrome P450 

monooxygenases to transform PAHs to arene oxides that can either be rearranged to form 

phenols or can be transformed via epoxide hydrolase into a trans-dihydrodiol.  Overall 

dihydrodiols are less reactive than their parent compound and thus are less toxic (2008).  

These trans-dihydrodiols and phenols can be methylated or transformed into sulfates, 

glucosides, glucuronides or xylosides (Cerniglia and Sutherland 2010, Rafin, de Foucault, 

and Veignie 2013). These products are less hydrophobic than their parent compounds and 

do not have the same reactivity with DNA and other biomolecules which decreases their 
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predicted toxicity. Metagenomics can be useful in identifying cytochrome P450 near 

epoxide hydrolase genes to quickly detoxify alkene epoxides and most arene oxide 

intermediates (2008).   

2.3.5 Laccase 

Laccase is different from MnP and LiP because it is found in many organisms 

across various taxa. Whereas MnP and LiP are only found in basidiomycetes, laccase is 

found in ascomycetes, bacteria and plants.  Laccase is also an extracellular enzyme 

similar to MnP and LiP, but it contains a copper core.  Laccase behaves as a phenol 

oxidase, reducing oxygen as it oxidizes phenolic substrates.  However, studies have 

shown that non-phenolic lignin model compounds can also be oxidized by laccase in the 

presence of a suitable redox mediator (Cameron, Timofeevski, and Aust 2000).  The high 

conservation of laccase across taxa means that if ecogenomics reveal organisms in the 

same genus as ones that produce laccase, it is highly likely that they will also produce 

laccase. 

2.3.6 Non-Enzymatic Fungal Mechanisms 

 Intrinsic fungal properties including methylation and transmembrane redox 

potential are likely shared among both basidiomycetes and ascomycetes.  These 

properties have been shown to mediate pollutant transformations. Methylation transforms 

intermediate hydroquinones formed by other enzyme interactions into a substrate for 

further oxidation.  For example, one study observed methylation conversion of 2, 4-
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dichlorophenol intermediate into a substrate for LiP or MnP.  The LiP or MnP pathway 

then leads to ring fission (Valli and Gold 1991).  Studies documenting this level of detail 

are rare in ascomycetes.  However, methylated hydroquinones have been observed to 

support ascomycete growth (Middelhoven 1993).  Methylation may transform 

hydroquinone versions of PAHs.  

2.4 Next Generation Sequencing in Mycoremediation  

Until recently, fungal studies have been limited to cultivable organisms 

representing 4-6 percent of all fungi (Hawksworth 1991).  This has limited the degree to 

which mycoremediation can be assessed and optimized, therefore a wider distribution of 

mycoremediation strategies in the field have been limited, and successes and failures 

unattributed to fungal establishment (Baldrian 2008). However, culture-based studies 

have demonstrated that ligninolytic white-rot basidiomycete fungi as well as non-

ligninolytic fungi are well suited to degrade a wide range of organic pollutants (Rafin, de 

Foucault, and Veignie 2013, Harms, Schlosser, and Wick 2011).  

 Now, next generation sequencing (NGS) technology is available that is capable 

of producing sequences for any gene or transcript in massive quantities.  NGS and the 

bioinformatics that go with it have grown to a point that they now allow fungal 

community identification and can discern genetic upregulation in response to different 

treatments.  Amplicon surveys and metagenomic, DNA-based approaches can assess soil 

communities based on their genetic content.  These approaches suggest identity at the 

genus or species level and can lead to conclusions about what proteins and enzymes a 
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community is capable of producing.  Metatranscriptomic, RNA-based approaches can 

assess soil microorganisms as they respond to environmental changes by transcribing 

DNA into RNA that they next will translate into proteins and enzymes.  Assessing this 

activity and pairing it with contaminant degradation will lead to a mechanistic 

understanding of mycoremediation. These two types of approaches are important to 

integrate because they inform initial design and the successive optimization steps 

necessary in a successful mycoremediation scheme. 
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3. Investigating the Mycobiome of the Holcomb 
Creosote Superfund Site 

3.1 Introduction 

The Holcomb Creosote Superfund Site was placed on the United States 

Environmental Protection Agency’s National Priorities List in 2012 due to high levels of 

polycyclic aromatic hydrocarbons (PAHs) soil contamination which resulted from 

creosote wood treatment operations from the 1950s up to 2009 (USEPA 2016). While we 

focus our attention in the present study on this 80-acre site located in Yadkinville, North 

Carolina, it is important to acknowledge that creosote was once the wood treatment 

industry’s preservative of choice in the United States and abroad until quite recently. 

Although creosote usage is now banned, creosote was the most widely used wood 

preservative in the United States as recently as 2002 (ATSDR 2002). Improper 

containment and disposal of creosote during wood treatment operations has led to the 

contamination of soils, groundwater, surface water, and sediments with PAHs in many 

locations across the United States. In fact, estimates have reported of approximately 700 

sites across the US where wood preservation operations have been conducted (Mueller, 

Chapman, and Pritchard 1989).  

Creosote is mainly composed of PAHs, a class of well characterized, yet difficult 

to treat chemicals. This class of chemicals is known for their carcinogenicity, 

teratogenicity, and/or acute toxicity  (ATSDR 2013). PAHs are particularly difficult to 
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remediate because they tend to have low solubility and bioavailability (Hatheway 2002, 

Williamson, Loehr, and Kimura 1998). These characteristics become more amplified for 

heavier PAHs, making those even more challenging to remediate (Crampon et al. 2014). 

As a result, PAH pollution in soil is commonly remedied using physical methods that 

rely on excavation and transfer to a hazardous waste landfill. However, more 

sustainable methods of soil treatment employing microbial bioremediation have been 

shown to be promising for the treatment of PAHs. In particular, because bioremediation-

centered treatment often occurs in situ, it requires minimal site disturbance and tends to 

be more cost effective than alternative treatments (Kahn, Husain, and Hejazi 2004) . 

However, biological treatment approaches are not widely used mainly due to the lack of 

fundamental understanding and control of in situ microbial communities at these sites 

(Eggen 1999, Potin, Veignie, and Rafin 2004, Wang et al. 2012, Wang et al. 2014, van 

Herwijnen et al. 2006, Rafin, de Foucault, and Veignie 2013, Rosales, Pazos, and 

Sanroman 2013, Atagana, Haynes, and Wallis 2006b).  

While a significant number of studies have focused on the bacterial degradation 

of PAHs (Andreoni et al. 2004, Colombo et al. 2011, Crampon et al. 2014, Liu et al. 2010), 

only a relatively small number of studies have focused on fungal degradation. Several 

fungi have been identified from nearly every phylum within the Fungi domain that are 

capable of degrading pollutants with varying physico-chemical characteristics including 

pesticides, dyes, and even explosives (Cameron, Timofeevski, and Aust 2000, Harms, 
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Schlosser, and Wick 2011). In particular, a substantial amount of research has been 

carried out on basidiomycetes, a fungal phylum known to produce powerful oxidative 

enzymes with a capacity to degrade many pollutants such as chlorinated aliphatics, 

PAHs, and dioxins (Dowson, Boddy, and Rayner 1989, Boddy and Abdalla 1998, 

Abdalla and Boddy 1996, Dowson, Rayner, and Boddy 1988, Dowson, Rayner, and 

Boddy 1986, Donnelly and Boddy 1998, Paszczynski, Huynh, and Crawford 1986, 

Balachandra Dass and Adinarayana Reddy 1990, Dass et al. 1995, Cameron, 

Timofeevski, and Aust 2000, Marco-Urrea and Reddy 2012). Ironically, much of this 

work began after fungi damaged creosote-treated utility poles with an interest in 

identifying strategies for limiting their growth (Wang and Zabel 1990, Morrell and Zabel 

1985). Much of the previous fungal bioremediation work presented in the literature has 

focused almost exclusively on white-rot fungi, including Trametes versicolor, Pleurotus 

ostreatus, and Phanaerochaete chrysosporium (Camarero et al. 1999, Cameron, Timofeevski, 

and Aust 2000, Hiscox et al. 2010, Paszczynski, Huynh, and Crawford 1986, Piontek, 

Smith, and Blodig 2001, Tuisel et al. 1990, Andersson et al. 2000, Okparanma et al. 2011). 

In general, fungal bioaugmentation strategies have failed when applied to field 

conditions with the most commonly cited hypothesis that the indigenous microbiota 

outcompeted the exogenously supplied white-rot fungi, prohibiting them from 

establishing after they were introduced to the sites (Harms, Schlosser, and Wick 2011, 

Lladó et al. 2015).  
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In contrast to bioaugmentation that focuses on adding target microorganisms to 

a static environment, biostimulation is another in situ bioremediation treatment strategy 

that aims to alter the physico-chemical environment to enhance the growth of targeted 

microorganisms. This approach typically involves adding carbon or other nutrient 

sources to sites in order to facilitate the growth of targeted microorganisms with the goal 

of stimulating the growth and/or activity of indigenous microorganisms capable of 

degrading the pollutants of interest. Biostimulation has been widely used to promote 

bacterial bioremediation for a wide range of contaminants. For example, Semprini and 

McCarthy (1991) describe adding acetate to promote the growth of iron-reducing 

bacteria to encourage degradation of RDX while Williams et al. (2011) targeted 

methanotrophic bacteria by alternating methane and oxygen additions to encourage 

degradation of chlorinated aliphatics in the subsurface. Fungi-focused biostimulation 

treatment strategies have been implemented to promote overproduction of the 

extracellular promiscuous lignolytic enzymes of white-rot fungi via the addition of 

lignocellulosic substrates such as woodchips, pine bark, barley or straw (Zafra et al. 

2016, Atagana, Haynes, and Wallis 2006a). However, much of the fungal research has 

been non-targeted and no work has attempted to match biostimulation strategy to 

specific indigenous fungi found at a given site or even indigenous fungal trophic groups 

other than wood saprobes.  
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Metagenomic analyses (described in Chapter 2) provide a unique opportunity for 

exploring the fungal microbiome (a.k.a., mycobiome) of polluted soil and identifying 

fungal taxa which may be particularly promising biostimulatory targets (Czaplicki et al. 

2016). In particular, fungi may be promising targets as they often represent the majority 

of soil biomass (Wardle 2002) and previous culture-based studies have shown them to 

be resilient against many pollutants (Cerniglia and Sutherland 2010). By incorporating 

culture-independent metagenomic approaches into the bioremediation assessment 

framework, the entire microbial community can be examined at various taxonomic 

levels, and in combination with site-specific chemical characterization (i.e., pollutant 

measurements), insights may be revealed as to which pollutants shape the microbial 

community structure. To date, there are only a limited number of studies that have 

taken this approach for mycoremediation (Lladó et al. 2015). Thus, the overall objective 

of this chapter was to characterize the mycobiome in soils with a gradient of PAH 

contamination with the intention of identifying novel fungal genera for 

mycoremediation. Specifically, this work aimed to determine associations between fungi 

and particular contaminants.   
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3.2 Materials and methods 

3.2.1 Field Sampling 

Soils were sampled from the locations shown in Figure 2 at the Holcomb 

Creosote Superfund site in Yadkinville, NC (Global Positioning System (GPS) 

coordinates included in Table 2). These locations were selected because they were likely 

to have had extended exposure to high levels of PAHs. The selected sampling locations 

were located directly behind and downhill from the former wood-treatment process 

area. Multiple soil samples were collected at a depth of 18-24 inches from the five 

locations because the top layer of contaminated-soils was excavated as part of an 

 

Figure 2: Annotated Google map of sampling locations at 
Holcomb Creosote 
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emergency action. During sampling, four repeated soil grabs ranging from 0.75 to 1 L 

were collected with a stainless-steel auger kit and placed in a sterile glass container. 

These four soil grabs were then homogenized using a sterile stainless-steel trowel.  

Once homogenized, they were placed into 10 mL amber vials for chemical 

analysis (I-Chem, Thermo Scientific, Waltham, MA), and 50 mL falcon tubes (VWR, 

Radnor, PA) for genomic analysis. Before and between sampling locations, auger 

buckets were decontaminated with deionized water and 70% ethanol. Samples were 

stored at 4°C during transport then stored at -80°C until DNA extraction.  

Table 2: GPS coordinates of sampling locations 

Location Latitude Longitude 

1 36.15789 -80.67516 

2 36.15791 -80.67519 

3 36.15789 -80.67519 

4 36.15796 -80.6752 

5 36.15788 -80.67516 

 

3.2.2 Chemical Characterization 

The soil samples were analyzed for the presence of 31 PAHs and moisture 

content by Duke’s Superfund Analytical Chemistry Core Facility according to the 

method described in Appendix A. Briefly, PAHs were extracted from sub-samples of 
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approximately 0.25 g wet-weight soil using accelerated solvent extraction and then 

purified using alumina. Following purification, the PAHs were analyzed via gas 

chromatography combined with electron impact mass spectrometry as described in 

Appendix A and in previous publications (Clark et al. 2013, Czaplicki et al. 2016).  

Vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, arsenic, 

selenium, silver, cadmium, lead, and uranium) were obtained through microwave-

assisted digestion of the samples in concentrated nitric acid. The extracts were then 

diluted in a mixture of 2% HNO3/0.5% HCl (v/v) and subsequent analysis via 

inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7900) operated under 

helium and hydrogen reaction gas modes. Acid extraction efficiency was verified by 

simultaneous extraction of a certified standard reference material (NIST SRM 2709a San 

Joaquin soil).  

 

3.2.3 DNA Extraction  

The PowerSoil Powerlyzer DNA extraction kit (MO BIO Laboratories, Inc., 

Carlsbad, California) was used to extract DNA from nine samples from each location to 

account for soil heterogeneity. The manufacturer’s extraction protocol was followed 

with the two following modifications: 1) the recommended mass for extraction was 

increased from 0.25 g to between 0.3-0.4 g in accordance to previous optimization of 
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extraction from PAH soils and 2) 400-450 µL of phenol-chloroform-isoamyl alcohol 

(25:24:1) (Sigma Aldrich, St. Louis, MO) was added before the bead beating step to 

improve the separation between the PAHs and the DNA. Bead beating lysis was 

performed using a Minibeadbeater 16 (Biospec Products, Bartlesville, Oklahoma) for 20 

seconds. Eluted DNA concentrations were obtained using dsDNA BR reagents and the 

Qubit® 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA). After extraction, DNA 

was stored at -20°C until further analysis.  

 

3.2.4 Targeted metagenomics library preparation 

Illumina libraries were prepared targeting the large subunit ribosomal RNA gene 

region (LSU). Many studies do not target the LSU region because it is not variable 

enough to attain species-level information. However, here it was deemed a better choice 

than the highly variable alternative, the internal transcribed spacer (ITS) region, as the 

ITS region may have yielded a larger number of sequences that may have been 

unalignable to known fungi as compared to the LSU target (Nilsson, Kristiansson et al. 

2008). Because we anticipated finding novel taxa in the polluted soils, we chose to focus 

our efforts on this conserved gene to improve our ability to classify the identified fungi. 

The LSU gene library preparation followed a two-step PCR protocol similar to 

methods published elsewhere (Johansen et al. 2016). Primers were modified for use in 
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this protocol by Dr. Greg Bonito and generously donated by the Vilgalys lab for use in 

this study. When compared to one-step methods, this method has been shown to be 

more reproducible and less prone to biases introduced by barcoded primers (Berry et al. 

2011). The first step in constructing this library consisted of introducing a random 

frameshift by using modified versions of the LR3 (5’-CCGTGTTTCAAGACGGG-3’) 

(Vilgalys and Hester 1990) and LR0R (5’-ACCCGCTGAACTTAAGC-3’) (Moncalvo, 

Wang, and Hseu 1995) primers during PCR amplification. Between one and six random 

bases were added to the primers to generate templates with 1-6 base frameshifts and 

improve base-call quality as suggested by Lundberg (2013). In all, 9 frameshift PCRs 

were performed for each location. The 25 µL frameshift reactions consisted of 0.16 mM 

dNTPs, 0.4 µM frameshifted LR3 and LR0R, 10X PCR buffer (QIAGEN, Hilden, 

Germany), 1.3 µM MgCl2 (QIAGEN, Hilden, Germany), 2.5 µg bovine serum albumin 

(New England Biolabs, Ipswich, Massachusetts), 1.25 U Taq Polymerase (QIAGEN, 

Germany) and molecular biology grade water to volume. Frameshift PCR conditions 

consisted of an initial denaturing step at 95°C for 10 minutes, 25 cycles of denaturing for 

1 minute at 95°C, annealing for 1 minute at 55.3°C, and extending for 90 seconds at 72°C, 

with a final extension of 10 minutes at 72 °C. PCR reactions were carried out on an 

Applied Biosystems 2720 thermal cycler (Foster City, California). Triplicate amplicon 

products were pooled by sample origin (nine PCRs combined into three sample pools 

per location). Primer dimers and unincorporated reagents were removed from pooled 
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replicates using the Agencourt AmpureXP PCR purification kit (Beckman Coulter, 

Indianapolis, Indiana) before indexing. Cleaned products served as template for 

triplicate 30 µL reaction volumes containing 0.2 µM forward primer (5’-

ATGATACGGCGACCACCGAGATCTACACGCCTCCCTCGCGCCATCAGAGATGTG

-3’), 0.16 mM dNTPs, 12 µg bovine serum albumin (New England Biolabs, Ipswich, 

Massachusetts), 7 µL product, 0.75 U Taq Polymerase (QIAGEN, Hilden, Germany), 10X 

buffer, 0.25 µM index primer (5’-

CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXGTGACTGGAGTTCAGACGTG

TGCTC-3’), and water to volume. Index PCR conditions consisted of an initial 

denaturing step at 95°C for 9 minutes, 5 cycles of denaturing at 95 °C for 1 min, 

annealing at 63°C for 1 minute, and extending at 72°C for 1 min 20 s, with a final 

extension at 72 °C for 10 min. Triplicate products were pooled and cleaned again before 

sequencing (Agencourt Ampure XP kit). The libraries were sequenced by the Duke 

Center for Genomic and Computational Biology on the Illumina MiSeq platform 

(Illumina, San Diego, California).  

 

3.2.5 LSU sequences quality filtering and operational taxonomic unit grouping 

Initial quality filtering using QIIME was performed to remove sequences with 

average quality below Q20. Adapter and primer sequences were removed using 
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CutAdapt (Bittinger et al. 2010). Sequences were truncated at 200 bp with a maximum 

total of expected errors of 1 using expected error filtering in the USEARCH algorithm 

version 8.1.1756 (Edgar and Flyvbjerg 2015). QIIME was used to remove singletons, 

dereplicate the sequences, and remove de novo chimeras. The USEARCH algorithm was 

used to cluster sequences at 97% similarity into operational taxonomic units (OTUs). The 

fungal LSU training set 11 was used as a reference when using the uchime_ref algorithm 

in USEARCH v8.1.1756 to remove chimeras. OTUs were classified into respective phyla, 

classes, orders, families, and genera using both a SILVA-based and an RDP-based 

method (Wang et al. 2007, Yilmaz et al. 2013). Ultimately, the SILVA-based method 

classified more OTUs as fungal, via BLAST algorithm in QIIME against a database 

constructed from fungal sequences from SILVA (release 126) (Pruesse et al. 2007, Quast 

et al. 2013, Yilmaz et al. 2013). The resulting taxonomy classification was downloaded 

and format-streamlined using a text editor (additional details in Supplementary 

Information). QIIME was used to add format-streamlined taxonomy and sample 

metadata to the OTU table. Non-fungal OTUs were removed using QIIME. The 

remaining OTUs were used for biostatistical analysis. Core microbiomes were calculated 

for each pollutant level based on presence in all replicates. A dendrogram was generated 

with the phyloT online tool (phylot.biobyte.de) based on the significant correlations 

revealed by Spearman correlations  (Wei and Simko 2016, Dixon 2003). Annotation was 
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carried out in the interactive tree of life (Letunic and Bork 2016). The tree is accessible at 

http://itol.embl.de/shared/lmc58. 

 

3.2.6 Library rarefaction and statistical analysis 

The library was rarefied to the minimum number of reads via QIIME to 

accurately assess α- and β-diversity as well as perform statistical analysis. Briefly, 

QIIME was used to create ten iterations of rarefaction to the minimum sequencing depth 

attained by a replicate and calculate Shannon α-diversity. Shannon α-diversity metrics 

were calculated in addition to Good's Coverage for each iteration of each replicate in the 

rarefied dataset after exclusion of non-fungal OTUs.  Nonmetric multidimensional 

scaling (NMDS) and ANOSIM (999 permutations) were used to measure β-diversity. 

QIIME was used to test significance between Bray-Curtis groupings via ANOSIM. The R 

package “Vegan” was used to generate Bray-Curtis indices, while the “corrplot” 

package was used to generate and visualize correlations between OTUs and pollutants 

(Wei and Simko 2016, Dixon 2003). Strongly positive significant correlations with 

Spearman’s rank correlation coefficient between 0.8 and 1 were presumed to be taxa that 

increase in prevalence with increasing pollutant levels and may be potential 

biostimulation targets. Initial analysis of variance (ANOVA) and the underlying 

assumptions were assessed using basic statistics in R. If assumptions for parametric tests 
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(ANOVA and Tukey’s Honestly Significant Difference test) were not met, nonparametric 

analogs (Kruskal Wallis test, Dunn test) were used to determine significant differences 

between pollutant concentrations via the “dunn.test” package in R (Dinno 2017).  

3.3 Results and Discussion 

3.3.1 Chemical Characterization 

Total PAH concentrations in the soil ranged from 307 ± 29 ng/g dry weight at 

Location 1 to 26,196 ± 3533 ng/g at Location 5 (Figure 3). The nonparametric analog to 

Tukey’s Honestly Significant Difference test (a.k.a, the Dunn Test) was used to 

determine which pairwise comparisons were significantly different. The sum of PAH 

concentrations at all locations sampled were found to be above what would be expected 

in typical urban soils, even those at the lowest total PAH concentration (Location 1). 

Others have reported that PAH concentrations in urban locations usually do not exceed 

210 ng/g in soils (Wilson and Jones 1993, Srogi 2007, Wang et al. 2004). PAH levels at the 

Holcomb Creosote Superfund site reach levels almost 100-fold higher than these 

previously reported urban levels. However, the PAH concentrations encountered at 

Holcomb Creosote are considered moderate relative to other PAH sites around the 

world (Di Giulio and Clark 2015). The PAHs concentrations are orders of magnitude less 

than levels in sediments impacted by the wood-treatment industry along the Elizabeth 

River, and much closer to PAH levels found in other industrial sediments outside 
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Corpus Christi or Corsica, France (Di Giulio and Clark 2015) or in highly trafficked 

railway yards (Wiłkomirski et al. 2011). The top 5 PAHs (by mass) at Holcomb Creosote 

were found to be mid- and high-molecular weight PAHs: anthracene (three rings), 

fluoranthene (four rings, including one five-membered), benzo(b)fluoranthene (four 

rings), chrysene (four rings), and pyrene (four rings). These top 5 PAHs represented 54, 

52, 54, 45, and 55% of the total PAHs measured at Locations 1-5, respectively. Typical 

top 5 PAHs in creosote that meets the standard for American Wood Protection 

Association standard creosote P1 are naphthalene (2 rings), phenanthrene(3-rings), 

acenaphthene (3 rings, including one five-membered), fluoranthene (four rings, 

including one five-membered), and fluorene (three rings, including one five-membered) 

(Melber, Kielhorn, and Mangelsdorf 2004). The shift away from the lighter, original, top 

5 PAHs suggests that some weathering has occurred. Using Kruskal-Wallis tests, we 

determined that there were differences in the proportion of individual PAH components 

relative to the total across the locations sampled (detailed list of pollutants and 

comparisons in Appendix A). Individual PAH concentration profiles varied between 

sampling location which is not surprising as soils are known to have heterogeneous 

distributions of physical properties (ITRC 2012) and creosote undergoes transformations 

in soils (Crampon et al. 2014). Similarly, Kruskal-Wallis tests suggest that metals profiles 

also vary by sampling location (Figure 3). Dunn tests revealed metals concentrations 

(Table 4) were also patchily dispersed in the soils.  
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Figure 3: Mean concentrations of PAHs (left) and metals (right) from Locations 1-5. 
Error bars reflect standard deviation (N=3) and letters on the total pollutant levels 

indicate significant similarities (as defined by Dunn Test p ≤0.05).  
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Table 3: Average and Standard Deviations (N=3) of PAH concentrations (ng/g) 
in Locations Sampled (<MDLs interpreted as zeroes)  

 Location 1 Location 2 Location 3 Location 4 Location 5 

PAH Avg SD Avg SD Avg SD Avg SD Avg SD 

1-methylnaphthalene 0.4 0.7 1.5 1.6 4.3 0.5 10.0 4.5 15.4 4.4 

1-methylphenanthrene 6.5 5.6 25.8 7.1 70.8 7.9 100.4 16.4 245.5 61.4 

1,2-Benzanthracene 24.7 7.5 227.9 77.8 998.1 138.1 1398.4 396.0 1455.5 202.0 

1,2-benzofluorene 8.4 1.8 225.0 59.0 546.1 63.0 751.9 201.7 990.3 206.6 

2-methylphenanthrene 0.0 0.0 13.5 20.1 13.8 3.4 19.3 5.2 85.0 9.6 

2,6-
dimethylnaphthalene 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 12.1 5.0 

3-methylcholanthrene 0.0 0.0 4.3 2.9 13.4 1.3 23.1 11.7 28.2 3.4 

3,4-benzofluorene 0.0 0.0 16.7 4.0 90.8 1.5 145.0 25.6 176.2 32.9 

Acenaphthene 0.0 0.0 7.0 6.2 30.7 3.9 76.5 10.7 48.6 5.0 

Acenaphthylene 17.0 4.0 128.0 15.6 189.9 18.0 964.2 32.6 570.1 47.3 

Anthracene 32.7 3.0 244.9 56.8 680.7 68.3 880.1 102.1 2165.3 285.5 

Benzo(a)fluoranthene 3.2 0.1 56.1 11.1 119.5 16.1 263.0 84.7 331.2 42.6 

Benzo(a)pyrene 9.5 2.6 185.2 45.4 430.0 68.3 1016.9 210.2 1022.1 166.7 

Benzo(b)chrysene 0.0 0.0 8.2 7.0 38.1 6.1 84.9 18.8 122.0 21.3 

Benzo(b)fluoranthene 47.1 2.8 422.7 124.
5 

1095.1 173.8 1966.7 699.1 2940.2 420.1 

Benzo(c)phenanthrene 4.6 3.3 46.4 12.9 184.8 18.4 230.7 64.9 441.9 66.2 

Benzo(e)pyrene 24.6 1.5 215.6 63.6 471.8 73.5 886.4 303.9 1291.7 259.5 

Benzo(g,h,i)perylene 4.7 4.2 76.4 18.0 197.4 25.2 359.3 91.9 677.2 184.7 

Benzo(k)fluoranthene 16.5 1.8 142.0 17.9 417.0 69.8 760.9 241.0 1063.1 211.1 

Carbazole 3.8 3.3 24.4 5.0 97.5 12.8 70.1 19.3 505.0 47.5 

Chrysene 30.7 5.7 328.0 77.6 1077.4 150.1 1549.6 250.7 2448.8 279.5 

Dibenzo(a,h)anthracene 0.0 0.0 25.6 4.8 62.3 6.6 125.4 44.3 223.0 30.6 

Dibenzo(a,j)anthracene 0.0 0.0 22.6 6.8 59.5 10.2 126.9 26.4 240.0 45.9 

Dibenzo(a,l)pyrene 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2 1.9 

Dibenzofuran 0.0 0.0 0.0 0.0 17.3 4.2 19.9 17.3 72.9 9.0 

Dibenzothiophene 0.0 0.0 3.0 0.8 9.6 1.1 14.1 3.9 37.7 2.7 

Fluoranthene 24.9 0.6 291.9 18.9 1206.6 183.2 1258.5 230.7 3295.1 617.8 

Fluorene 0.0 0.0 14.0 2.7 46.6 3.1 99.6 29.2 124.1 20.5 

Indeno(1,2,3-c,d)pyrene 15.7 3.7 114.1 28.0 265.7 30.3 548.4 79.3 949.6 146.4 

Naphthalene 0.0 0.0 2.7 2.7 14.9 8.8 12.9 2.2 36.8 6.0 

Perylene 0.0 0.0 67.8 16.0 141.4 21.0 317.8 86.8 332.3 45.4 

Phenanthrene 0.0 0.0 79.5 116.
8 

117.7 15.6 148.3 47.3 532.4 67.9 

Picene 0.0 0.0 14.9 5.5 34.4 3.7 74.8 15.6 136.7 22.0 
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Pyrene 29.2 7.1 626.6 134.
1 

1435.1 204.6 1441.2 349.6 3545.6 436.1 

Retene 3.3 5.7 9.0 5.2 10.6 3.0 25.2 9.0 31.7 1.0 

 

 

Table 4: Average and Standard Deviations (N=3) of Metals Concentrations (ppm) in 
Locations Sampled (<MDLs interpreted as zeroes) 

 Location 1 Location 2 Location 3 Location 4 Location 5 
Metal Avg SD Avg SD Avg SD Avg SD Avg SD 
Arsenic 2.97 0.14 1.62 0.17 1.79 0.17 2.60 0.51 3.86 0.63 

Cadmium 0.02 0.00 0.05 0.01 0.03 0.00 0.04 0.02 2.67 0.44 

Chromium 19.12 0.97 30.13 3.15 35.28 3.58 26.75 1.67 33.78 3.37 

Cobalt 13.95 0.40 4.29 0.41 5.26 0.38 9.45 1.76 7.81 0.38 

Copper 7.98 0.26 14.96 0.98 15.35 0.59 12.20 0.88 26.50 2.26 

Iron 14435.55 618.08 33752.15 2260.40 34034.21 1356.29 24996.81 2248.52 52981.49 12755.64 

Lead 30.73 0.44 34.27 3.52 38.82 1.94 33.19 3.19 61.02 5.13 

Manganese 424.18 36.77 180.76 17.84 192.62 2.12 419.31 103.22 312.83 20.83 

Nickel 8.99 0.21 8.63 1.09 11.03 1.37 9.70 0.56 15.42 1.18 

Selenium 0.30 0.01 0.40 0.03 0.36 0.02 0.38 0.02 0.48 0.06 

Silver 0.03 0.00 0.02 0.00 0.01 0.00 0.04 0.01 0.03 0.00 

Uranium 0.49 0.01 0.68 0.07 0.78 0.08 0.61 0.03 0.76 0.03 

Vanadium 33.29 1.26 73.28 7.52 73.09 3.03 60.04 4.97 68.60 3.86 

Zinc 26.63 0.44 28.81 2.28 31.39 1.19 32.31 6.68 362.72 93.30 
 

     
           

3.3.2 Trends in α and β diversity 

The Shannon diversity were not significantly different within replicate samples 

(p > 0.05), but were different (p ≤ 0.05) between locations (Figure 4). This index provides 

a measure of species diversity within a community.  This finding of similarity within 

replicates suggests that the number of different types of fungi within the soil replicates 

are similar at a given sampling location. However, considering marginally significant 
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differences (p ≤ 0.10) between locations, diversity appears to increase between the low-

polluted soils and the medium to medium-high polluted soils, but then drops down in 

the most polluted soils.  Good’s coverage ranged from 0.964 to 0.982 in our samples 

suggesting that our samples reflect more than 96% of the species diversity.  Together, 

these findings suggest that even in the presence of high levels of metals and PAHs, 

fungal diversity is not significantly adversely impacted suggesting that a range of fungi 

exist which are not inhibited by these contaminants and may be optimal targets for 

mycoremediation. This finding was somewhat surprising considering that creosote has 

been previously used as a fungicide (Kent 1998) and thus we expected that diversity 

would sharply decrease with increasing PAH concentration. In fact, previous studies 

have shown that several fungal strains including Aspergillus nomius (Zafra, Absalón, and 

Cortés-Espinosa 2015) and even Phanaerochaete chrysosporium are inhibited by PAHs at 

higher concentrations while others have shown susceptible to high levels of heavy metal 

pollution (Colpaert 2008, Colpaert et al. 2004) . In contrast, even though our data do not 

suggest that the indigenous fungi are capable of degrading PAHs, our data suggest that 

some fungi can adapt to high concentrations of PAHs on the time scale of decades. These 

data echo the results of a long-term study of fungal and bacterial communities 

inhabiting aged PAH and heavy metal contaminated soils (Bourceret et al. 2016). This 

suggests that diversity may be increased now relative to what it was when the creosote 

spills happened. 
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Figure 4: Mean Shannon diversity values across locations sampled. Error bars 
represent standard deviation over three replicates, letters designate marginally 

significant differences (p≤0.10). 

 

NMDS was employed to compare community differences among the different 

soil samples based on Bray Curtis dissimilarity (Figure 5). Greater distances between the 

clustering of points representing the sampling locations suggests that the communities 

are more similar to others within the location than they are from replicates from other 

locations. The differences were also confirmed by ANOSIM (R2 =0.9896; p=0.001). These 

β-diversity metrics illustrate that the replicates behave as replicates, in that they are 

more similar to each other than to those belonging to other sampling locations. The lack 

of clustering along a total PAH vector suggests that total pollutant level does not drive 

the community diversity differences, but rather that there is a more complex mechanism 
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at play.  For example, the fungal communities within the PAHs gradient may also be 

responding to different nutrient or plant influences as in a similar study.  Bourceret et al 

(2016) found that fungal communities were also impacted by nutrients, plant proximity, 

and soil pH.   

 

 

Figure 5: NMDS projection of dissimilarity between Location 1 (light blue), 
Location 2 (yellow), Location 3 (orange), Location 4 (red), and Location 5 (pink). 

(Stress = 0.0516) 

  

3.3.3 OTU-PAH Associations  

In total, 737 OTUs were identified with 573 OTUs classified as fungi while the 

remaining 164 OTUs were not found to belong to the fungal kingdom based on the 

SILVA database. While within the same order of magnitude, the total number of OTUs 
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is slightly lower than what has been previously documented for fungal communities in 

polluted soils in another study where 771 OTUs associated with the fungal kingdom 

were reported in a metal contaminated site (Op De Beeck et al. 2015). Without 

substantial comparison of metadata between sites, it is near impossible to pinpoint the 

specific cause for this difference, as many other external factors including moisture 

content (Talley, Coley, and Kursar 2002), soil nutrients (Koorem et al. 2014), and soil 

type (Abdalla and Boddy 1996, Procter et al. 2014) may contribute to this difference 

beyond differences in contaminant profile between sites. Although RDP Classifier was 

also used in this data analysis, more OTUs were assigned by the SILVA database, so 

subsequent analyses used the SILVA-classified fungal OTUs.  

Microbial community structure changes can be elucidated by examining OTU-

grouping by phylum. Analysis of the top 30 most prevalent OTUs reveals which fungal 

phyla dominate under varying contamination loading. Six major groupings of fungi 

were found at the Holcomb Creosote Superfund Site including Basidiomycota, 

Ascomycota, Chytridiomycota, Glomeromycota, Neocallimastigomycota, Cryptomycota, and 

zygomycete fungi. Ascomycota, in particular, appear to have become enriched with 

increasing pollutant concentration (Figure 6). This suggests that the ascomycete fungi 

may outcompete other fungi in soils contaminated with high PAH levels.  
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Figure 6: Relative abundance of top 30 OTUs grouped by phylum (N=3): 
Basidiomycota in blue-teal, Ascomycota in purples, Chytridiomycota in yellows, 

Glomeromycota in reds, Neocallimastigomycota in pinks, Cryptomycota in greens, 
and zygomycete fungi in greys. OTUs not in the top 30 are grouped together in white 

with a black outline. 

 

3.3.4 Implications for Mycoremediation 

Most mycoremediation treatment strategies which have been implemented in the 

field to date have focused on either biostimulating or bioaugmenting wood rotting 

basidiomycete fungi (Walter et al. 2005, Kiikkila et al. 2001, Okparanma et al. 2011, 

Eggen 1999). The focus on basidiomycetes stems from their successful application in 

laboratory reactors, however these strategies have not translated to field applications  

(Andersson et al. 2000, Baldrian 2008). Herein, we provide evidence that ascomycete 
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may, in fact, outcompete basidiomycetes under field conditions with high PAH and 

metal concentrations, suggesting that future mycoremediation treatment strategies may 

be more successful if they target ascomycetes.   

As fungi possessing diverse metabolic functions are grouped together into phyla, 

a more robust determination of the relationship between specific OTUs and pollutants 

may further help elucidate which fungal OTUs to target. Figure 7 illustrates this analysis 

on the first 100 OTUs, the remainder can be found in Appendix A. These Spearman 

correlations revealed significant (p ≤ 0.05) positive associations (Spearman coefficient 

0.8-1) between mid to heavy PAHs and 32 OTUs belonging to 16 ascomycete genera, 

seven basidiomycete genera, two zygomycete fungi, two belonging to Chytridiomycota, 

and one relatively unknown subphylum, the Aphelida (Figure 7). These data further 

reinforce the notion that individual ascomycete genera have been more successful than 

basidiomycetes at surviving under high levels of PAH pollution. This finding provides 

motivation to examine the relationship of ascomycetes with PAHs and not only 

examining the degradative abilities of these genera but also to further fully 

metagenomically characterize all of the functional genes in the community rather than 

focusing solely on the taxonomically informative genes.  

Combing the rich basidiomycete mycoremediation literature gives clues about 

the degradation potential of the basidiomycete OTUs with positive associations to the 

mid to high molecular weight PAHs at Holcomb Creosote. In all, there were statistically 
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significant (p ≤ 0.05) positive associations (Spearman coefficient 0.8-1) between the 

heavier PAHs and eleven OTUs clustered closely with basidiomycete genera including 

four within the Pucciniomycotina, four within the Tremellales, and one in each of 

Sporidiobolales, and Cantharellales. Four of these genera contain previously characterized 

PAH degraders. One Tremellales OTU aligned most closely with Cryptococcus laurentii 

RY1, closely related to Cryptococcus albidus, known to degrade PAHs with three or more 

rings (Cerniglia and Sutherland 2010). The Cantharellales OTU aligned closely with 

Minimedusa polyspora, also known to degrade PAHs with three or more rings (Cerniglia 

and Sutherland 2010). The Sporidiobolales OTU aligned most closely with Rhodotorula 

glutinis ATCC 204091, which has been observed to degrade phenanthrene, pyrene, and 

anthracene. One agaric OTU was related to Lentinus polychrous, whose relative, Lentinus 

tigrinus, is known to degrade PAHs with three or more rings (Cerniglia and Sutherland 

2010). Because of their positive associations to higher molecular-weight PAHs as well as 

their close relationship with fungal degraders, these fungi may be good targets for 

mycostimulation. Furthermore, their stimulation could be achieved using existing 

basidiomycete-centered mycostimulation techniques. The additional OTUs which were 

significantly associated with mid- and heavy PAHs but have not been previously 

characterized for PAH biodegradation (i.e. the four Pucciniomycotina OTUs associated 

with Betula nana and Selaginella moellendorffii,) may be good targets for further study as 

they may represent novel PAH degradation pathways.  
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However, perhaps the best targets for biostimulation are the dominant fungi, the 

ascomycetes, because they are already established in the soil-a major obstacle for the 

successful implementation of bioaugmentation (Harms, Schlosser, and Wick 2011, 

Baldrian 2008). All of the 16 ascomycete OTUs exhibiting significant (p ≤ 0.05) positive 

associations (Spearman coefficient 0.8-1) with mid- to high-molecular weight PAHs 

belonged to the Pezizomycotina clade and each OTU represented a unique genus. Several 

of these OTUs’ genera contain species known to degrade PAHs. Botrytis cinerea, known 

to degrade PAHs with three or more rings (Cerniglia and Sutherland 2010), was the 

nearest relative to one of the Helotiales OTUs. An OTU in the Chaetothyriales, was found 

to be closely related to Phialophora verrucosa. The Phialophora genus contains Phialophora  

alba and Phialophora hoffmanii which have both previously been found to degrade PAHs 

with more than three rings (Cerniglia and Sutherland 2010). Another OTU was found to 

be most closely related to Fusarium verticillioides. Many other fungi belonging to the 

Fusarium genus have been shown to degrade PAHs with three or more rings using 

various pathways (F. culmorum, F. dimerum, F. lateritum, F. merismoides, F. oxysporum, F. 

solani and F. subglutinans)(Cerniglia and Sutherland 2010). In particular, F. solani was 

able to grow on pyrene as sole carbon source. Other studies found it to partially 

transform benzo(a)pyrene into b(a)p 1,6- and 3,6-quinones while another found 

complete mineralization (Rafin et al., 2000; Veignie et al., 2002). Another OTU was most 
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closely related to Colletotrichum graminicola. Another species within the Colletotrichum 

genus, C. dematium, has been shown to oxidize fluorine to 9-fluorenol and 9-fluorenone 

(Garon et al 2000). Another OTU was found to be closely related to Byssochlamys 

spectabilis which has an asexual state which has a close relative Paecilomyces lilacinus 

known to degrade PAHs with three or more rings (Rafin, de Foucault, and Veignie 

2013). An OTU closely related to Penicillium verucosum is in the same genus as P. 

brevicompactum, P. canescens, P. chrysogenum, P. frequentans,, P. janczewskii, P. janthinellum, 

P. lividum, P montanense, P. notatum, P. ochrochloron, P. piceum, P. restrictum, P. 

simplicissimum, P. spinulosum, P. terrestre, and P. vermiculatum that all are known to 

degrade PAHs with three or more rings (Cerniglia and Sutherland 2010). Furthermore, 

one OTU belonged to Exophiala, a genus known for degrading toluene and ethylbenzene 

(Gunsch et al. 2006, Estevez, Veiga, and Kennes 2005). Finally, three OTUs belonging to 

Scedosporium, Hirsutella, and Nectria were represented in the top 30 OTUs but no close 

relative has been characterized as a PAH degrader suggesting these genera may be good 

targets for follow up studies, particularly if found in other PAH polluted soils.  

The other OTUs which had significant associations to mid and high molecular 

weight PAHs but belonged to other phyla outside the Ascomycota and Basidiomycota have 

scarcely been studied for bioremediation. Only one of the remaining OTUs was related 

to a previously characterized PAH degrader. One OTU was classified as most closely 

related to Mucor racemosus. Other species within this genus have been shown to degrade 
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PAHs with varying molecular weights including Mucor circinelloide, Mucor genevensis, 

Mucor ramosissimus and Mucor racemosus var sphaerosporus (Da Silva et al 2003, Boonchan 

et al 2000, Su et al 2006, Ravelet et al 2001 a, b).  

 

Finally, it is interesting to note that the dendrogram of negatively correlated 

genera does not mirror the dendrogram of positively correlated genera (Figure 8). 

Dendrograms illustrate phylogenetic relationships by showing fungi as leaves of 

Figure 8: The dendrogram of negatively correlated genera (left) and 
positively correlated genera (right), with the exception of one higher-level 
grouping, Pucciniomycotina, which was not classified at the genus level. 

Basidiomycete fungi are displayed in blue, ascomycete fungi in green, 
Mucoromycota fungi in red (previously Zygomycota), Zoopagomycota in grey 

(previously Zygomycota), and chytrid fungi in yellow.  
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branches that meet at points representing their hypothetical last common ancestors. 

Therefore, those that diverged more recently are closely related and have short branches 

while those that diverged earlier have longer branches (Gregory 2008). Since there are 

many closely related positively correlated genera, more than there are negatively 

correlated genera, the right dendrogram branches differently than the left dendrogram.  

This lack of mirroring suggests that phylogenetic relatedness plays a role in these heavy 

PAH associations. The negative correlations are more evenly spread across phyla: one 

OTU belongs to a genus within Chytridiomycota (Gromochytrium), three zygomycete fungi 

(Mortierella within the phylum Mucoromycota, Entomophthora within the phylum 

Zoopagomycota), three to Ascomycota (Paracoccidiodes, Pneumocystis, Passalora), two to 

Basidiomycota (Inonotus, and a genus of the Tremellales that associates with Selaginella 

moellendorffii) and two belonging to lesser studied fungal clades (Kuzuhaea and 

Amoeboaphelidium). This finding may suggest that legacy PAH pollution acts as a 

selective pressure towards fungi that are resistant to PAHs, consistent with another 

study in the literature (Bourceret et al. 2016). 

3.4 Conclusions 

Many fungi are known to degrade PAHs from creosote despite properties that 

make them recalcitrant to microbes. The work presented in this chapter serves as an 

example of how metagenomic approaches are promising for identifying 

mycostimulation and even possibly mycoaugmentation targets. Several significant 
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positive associations were detected between OTUs and mid- and high-molecular weight 

PAHs, the most recalcitrant creosote components and the ones most challenging to 

remediate. Amongst these, many OTUs were closely related to taxa that have previously 

been identified as PAH degraders. In particular, Ascomycota were identified as the best 

choices for biostimulation targets because they were the most diverse phylum and were 

also resistant to PAHs. In fact, there were nearly three times more positive correlations 

as compared to negative correlations, suggesting that creosote-tolerance is more 

common than creosote-sensitivity in the fungal community. Future work is needed to 

increase specificity of taxa as the best feasible identification is genus-level, and enzymes 

can vary from species to species and habitat to habitat; a shotgun metagenomic 

approach would elucidate both taxa and function. More research is also needed to 

identify biostimulation strategies which target this group, since the persistence of such 

high levels suggests that these fungi are tolerating, not metabolizing, PAHs under site 

conditions.  

  



50 

 

4. Evaluating the Mycostimulation Potential of Select 
Carbon Amendments for the Degradation of a Model 
PAH by an Ascomycete Strain Enriched from a 
Superfund Site  

4.1 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are a class of legacy pollutants 

currently found at 155 active Superfund sites (US EPA, 2017).  Of these, 83% have soils, 

sediments or solid waste contaminated with PAHs.  PAHs are particularly recalcitrant to 

degradation, especially as they weather over time (Crampon et al. 2014).   In general, 

sustainable treatment technologies including bioremediation tend to be difficult to 

implement especially for heavy PAHs often causing site managers to resort to physico-

chemical treatment such as excavation,  ex situ treatment and landfilling (SURF 2009).   

Most bioremediation studies targeted at PAHs have focused on bacteria which 

tend to have narrow degradative abilities limited to a few pathways (Cerniglia and 

Sutherland 2010) and are restricted to continuous, water-filled pathways for 

independent movement throughout soil.  By contrast, fungi have evolved numerous 

promiscuous enzymatic systems (many of which can act on PAHs) and fungi have the 

ability to grow in the pores between soil particles (Wick et al. 2006).  The fact that some 

of these enzymes are extracellular is particularly attractive as many PAHs, especially 

heavier PAHs, are extremely hydrophobic and their diffusive transport across cell 

membranes is very slow. These enzymatic systems have evolved primarily to increase 
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the breadth of plant materials fungi can use as food sources, however these enzymatic 

systems can be nonspecific enough to also act on PAHs (Cameron, Timofeevski, and 

Aust 2000, Anastasi, Tigini, and Varese 2013).  Research on white-rot fungi suggests that 

degradation mechanisms can involve multiple enzymes (Cameron, Timofeevski, and 

Aust 2000), thus, it is important to include the fungi producing these enzymes in a 

remediation strategy, not just an extracellular enzyme. Several fungal phyla have been 

shown to take advantage of enzymatic substrate promiscuity, leading fungi to either 

transform these pollutants cometabolically or to metabolize them by incorporating 

intermediates in their growth cycles (Boonchan, Britz, and Stanley 2000). In fact, several 

research groups have demonstrated the involvement of multiple promiscuous enzyme 

systems in the face of particularly stressful conditions (Cameron, Timofeevski, and Aust 

2000, Miles and Chang 1997, Dowson, Rayner, and Boddy 1988, Tuisel et al. 1990, 

Mancera-López et al. 2008, Leitao et al. 2011).  Lade et al. (2012) showed synergistic 

relationships can develop between fungi and bacterial degraders where fungi initiate 

degradation using their non-specific enzymatic systems and then bacteria carry the 

degradation forward. Fungi with hydrophilic filaments have also been shown to 

conduct bacterial degraders throughout the network, aiding in dispersal and resulting in 

better biodegradation than in the absence of their filaments (Kohlmeier et al. 2005, 

Warmink et al. 2011).  Additionally, some fungi have been observed to overcome 

hydrophobic limitations on PAH transport, actively transporting PAHs over the range of 
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centimeters (Schamfuß et al. 2013).  From all these studies, it is clear that fungi may be 

particularly well suited to initiate the degradation of particularly recalcitrant 

contaminants.  Thus, they may be key players to involve in sustainable bioremediation 

treatment strategies.  

 In previous work (Chapter 3), we found that fungi belonging to the phylum 

Ascomycota were especially numerous in the higher polluted soils at the moderately 

contaminated Holcomb Creosote Superfund site.  Analysis of the top 30 most prevalent 

operational taxonomic units (OTUs) revealed that Ascomycota appeared to be enriched 

with increasing pollutant concentration.  In fact, the diversity of ascomycete fungi was 

also seen to increase at the site, reflected in the finding that there were nearly twice as 

many ascomycete fungi identified to be significantly positively associated with mid- and 

high-molecular weight PAHs.  It was interesting to note that the dendrogram of 

negatively correlated genera did not reflect that of the positively correlated genera, 

which suggested that phylogenetic relatedness plays a role in heavy PAH associations.  

Our findings also suggested that fungi able to tolerate these soils were present in the site 

at nearly three times the amount of fungi that were sensitive (negatively correlated).  

Taken together, our previous work suggested that ascomycete fungi may outcompete 

other fungi in soils contaminated with high concentrations of PAHs and that these fungi 

may be optimal targets for mycostimulation. 
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Herein, we sought to identify a fungal strain resistant to high PAH 

concentrations and test various lineage-targeted mycostimulation treatment approaches.  

In particular, we leveraged the previously developed amplicon based metagenomic 

approach to scan soil DNA from one of the most polluted PAH contaminated sites in the 

world (Di Giulio and Clark 2015)  to: 1) determine whether fungi could be detected in 

soils saturated with PAHs; 2) ascertain which lineages these fungi belong to; 3) isolate a 

model fungus from the site;  and 4) test a range of amendments to identify the most 

promising mycostimulation strategy on a model PAH.   In addition, gene expression 

assays were developed to monitor the expression of several enzyme families with 

putative activities towards PAHs. 

 

4.2 Methods 

4.2.1 Field Sampling and Processing 

Samples were collected from the Atlantic Woods Industries (AWI) Superfund 

Site. AWI operated a creosote wood-treatment plant from 1926-1992 in Portsmouth VA 

(Figure 9). Handling and improper containment of creosote resulted in the 

contamination of approximately 48 acres of industrialized waterfront and sediments to 

varying extents (USEPA 2007).  Remediation efforts at AWI have focused on excavation 

and in situ stabilization; processes which are expensive, draw heavily on resources, have 
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a large carbon footprint, and expose workers to carcinogens (SURF 2009).  Highly 

contaminated soils were excavated from the area surrounding a sewer junction which 

had historically carried PAHs, directly into the Elizabeth river (Czaplicki et al. 2016).  

These soils were temporarily placed on site before they were ultimately contained in 

accordance with the chosen in situ stabilization remedy.  

Figure 9: Map of Atlantic Wood Industries, Inc. Superfund site 

 

Samples were collected from four piles previously excavated from the sewer 

junction during an emergency action event. Approximately 50 g of soils were collected 
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from the surface of each pile using fresh nitrile gloves sterilized with 70% ethanol.  

Samples were collected in 20 mL amber glass vials (I-Chem, Thermo Scientific, Waltham, 

MA). Visual inspection of the soils revealed differences in color, which suggested 

varying levels of creosote saturation in the piles.  Samples were stored on ice during 

transport to the laboratory, where they were subsequently stored at -20 °C until further 

processing. Each sample was subjected to biological analysis and chemical analysis 

using the same methods previously described in Chapter 3. Briefly, MoBio’s PowerSoil 

Powerlyzer DNA extraction kit was used to extract DNA from the samples, with an 

added 400-450 µL 25:24:1 phenol-chloroform-isoamylalcohol before bead beating lysis, 

which was carried out for a duration of 20 seconds on a MiniBeadbeater 16 (Biospec 

Products, Bartlesville OK).  DNA concentrations were verified by DNA fluorometry 

(Qubit, Thermo Fisher Scientific, Waltham, MA).  

The ribosomal large sub-unit (LSU) was targeted and amplified incorporating the 

recommendations of Lundberg et. al. (Lundberg et al. 2013) following the protocol 

described elsewhere (Johansen et al. 2016).  Briefly, this protocol used the same primers 

LR3 and LR0R modified by Dr. Greg Bonito for use in the Illumina MiSeq-based 

protocol described in Chapter 3.  The PCR protocol involved initial denaturation at 95 °C 

for 10 minutes followed by 25-30 cycles of 1 minute at 95 °C, 1 minute at 55.3 °C, and 90 

seconds at 72 °C, with a final extension of 10 minutes at 72 °C, followed by an indexing 

reaction. Indexing consisted of 95 °C for 10 minutes, 5 cycles at 95 °C for 1 minute, 63 °C 
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for 1 minute, 72 °C for 1 min 20s, and 72 °C for 10 minutes. The University of North 

Carolina’s High-Throughput Sequencing Facility carried out amplicon cleaning, size 

selection and purification using magnetic beads. Quantification was carried out using a 

LabChip® GX and normalized libraries were pooled via robotic workstation (Tecan, 

Männedorf, Switzerland) before performing paired-end 2 x 300 bp sequencing on an 

Illumina® MiSeq instrument. The resulting sequences were processed using CutAdapt, 

USEARCH, and QIIME (Martin 2012, Bittinger et al. 2010, Edgar and Flyvbjerg 2015). 

Once the sequences were processed for length and quality, fungi were categorized into 

their respective phyla, classes, orders, families, and genera using the Ribosomal 

Database Project’s Classifier LSU training set 11 (Wang et al. 2007). 

 

4.2.2 Isolation of a Model Fungus from the Ascomycota Phylum  

Approximately 0.5-1 g of soil was plated on potato-dextrose agar (VWR, Radnor, PA) 

and incubated at ~20°C until growth was visible (~2-5 days).  Soils were also diluted 10-

800 fold and plated on Rose Bengal agar (BD, Franklin Lakes, NJ). Phenotypically 

distinct colonies were transferred to fresh potato-dextrose agar plates and pure cultures 

were confirmed by DNA sequencing. Approximately 13 distinct ascomycete and 

zygomycete strains were isolated. One of the isolates belonging to the Ascomycota 

phylum was chosen for further study based on availability of a full genome, sporulation 
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capacity, and zone of clearing observed after plating on Rose Bengal agar.  Spore 

suspensions were obtained by rinsing mature cultures with basal medium (containing 5 

g/L (NH4)2SO4, 2.5 g/L MgSO4·7H2O, 20 mg/L CaCl2·2H2O, 1.0g/L KH2PO4, 1.01 mg/L 

MnSO4·H2O, 0.24 mg/L Na2MoO4·2H2O, 0.10 mg/L NiCl2·6H2O, 0.17 mg/L CuCl2·2H2O, 

1.36 mg/L FeSO4·7H2O, 0.24 mg/L CoCl2·6H2O and 0.58 mg/L ZnSO4·7H2O) and 

centrifuging at speeds greater than 10,000xg in microfuge tubes (Eppendorf, Hamburg, 

Germany) (Gunsch 2004).  

4.2.3 Amendment Materials and Degradation Experimental Design 

Degradation experiments were carried out in 20 mL borosilicate glass vials with 

solid top fluoropolymer resin-lined screw caps (I-Chem 200 Series, Thermo Scientific, 

Waltham, MA).  Reactors were set up to test the influence of three amendments 

(cellulose, chitin, and wood substrates) supplied at two different concentrations (0.1% 

and 1% w/v) on the degradation of anthracene introduced at three concentrations (0.4 

mg/L, 4mg/L, and 40 mg/L). Anthracene was selected as the model PAH as it tends to be 

pervasive at PAH contaminated sites and has been well studied previously 

(Müncnerová and Augustin 1994, Krivobok et al. 1998, Czaplicki et al. 2016). Carbon 

amendments were selected to mimic the substrates used by fungi in natural ecosystems. 

Chitin powder (Alfa Aesar, USA) was selected to mimic cell walls of fungi, simulating 

the conditions of a parasitic ecological role. Cellulose (microcystalline cellulose powder 
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97-102%, MP Biomedicals, USA) was chosen as a proxy for natural organic material 

under mostly bulk soil saprobic conditions. Wood flour (Brown wood flour, System 

Three, USA) was selected for baseline comparison purposes as wood has been 

commonly used historically for fungal biostimulation.  Powdered amendment substrates 

were used to eliminate any biases based on surface area differences as well as to ensure 

adequate anthracene recovery in analytical methods.  

To prepare the 4 mg/L stock anthracene solution, 80 mg of anthracene (Sigma-

Aldrich, St. Louis, MO) was dissolved in 20 mL of acetone, which was serially diluted 

ten-fold to prepare two more stock solutions (0.4 mg/L, and 0.04 mg/L anthracene). A 

Hamilton syringe was sterilized over a flame, heated to red hot, allowed to cool and 

then rinsed thrice in acetone before adding 50 µL of the stocks to the bottom of the glass 

vials so each contained either 200, 20, or 2 ng. Reactors containing a range of anthracene 

were set up to ensure inhibitory levels were not reached. Each amendment was added in 

either a 0.1 or 1% w/v ratio in basal medium and autoclaved prior to inoculum addition.  

Five mL of basal medium and 107 fungal spores were added to the reactors in a laminar 

hood. Vials were sealed using sterile cotton plugs to ensure sterile conditions were 

maintained throughout reactor set up and incubation.  Nine reactors were prepared for 

most treatment conditions for each of four timepoints: four replicates for all biological 

conditions and five for chemical analysis except for controls, which had three replicates.  
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4.2.4 Biological and Chemical Anthracene Degradation Analysis 

Four reactors were sacrificed at each sampling time point for biological analysis 

while five reactors were used for most chemical analyses. The sampling timepoints 

consisted of: 1) day zero; 2) after growth was first sufficient to be observed by the eye (6 

days); 3) when most of the reactors had grown spores into mats (15 days); and 4) after 

the mats had matured (30 days). At each sampling time, 2 mL of cells were split between 

two 2 mL microfuge tubes (Eppendorf, Hamburg Germany). Cell pellets were obtained 

by centrifuging the tubes for ten minutes at 10,000xg. The supernatant was removed 

from the pellets before they were submerged in 500 µL RNAlater ® (Sigma-Aldrich, St. 

Louis, MO). The pellets were stored at -80°C until RNA was extracted. The mid-level 

anthracene reactors (nominally 20 ng) from the start and the end of the experiment were 

subjected to anthracene analysis (via liquid-liquid extraction and accelerated solvent 

extraction followed by analysis via gas chromatography with detection by mass 

spectrometry). 

 The fungal pellet was washed twice by adding 1 mL of molecular biology grade 

water, centrifuging at 10,000xg and decanting the supernatant to remove the RNA Later 

solution.  RNA was extracted from the resulting cell pellets using the FastRNA SPIN Kit 

for Yeast (MP Biomedicals, USA) and the MiniBeadbeater 16 (Biospec Products, USA) 

per the manufacturer’s instructions. Following extraction, RNA concentrations were 
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measured via fluorescence using the Qubit BR RNA kit (Invitrogen™ Thermo Fisher 

Scientific, Waltham, MA). RNA concentrations above 200 µg/mL were further diluted as 

to not exceed the maximum recommended RNA concentrations for cDNA synthesis.  

The TurboDNAse free kit (Ambion™, Thermo Fisher Scientific, Waltham, MA) was used 

to remove DNA from the RNA samples per the manufacturer’s routine treatment 

protocol. The High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

USA) was then used to synthesize cDNA from the RNA according to the manufacturer’s 

instructions.  cDNA was stored at -20˚C until analysis.  Briefly, 2 µL 10X RT Buffer, 2 µL 

10X RT Random Primers, 0.8 µL 25X dNTP Mix (100mM), 1 µL MultiScribe® Reverse 

Transcriptase (50U/ µL), and 4.2 µL nuclease free water were mixed and added to 10 µL 

cleaned RNA on ice to prepare each cDNA reverse transcription reaction. Reverse 

transcription conditions of 25°C for 10 minutes, then 37°C for 120 min, then 85°C for 5 

min were carried out on a T100 Thermocycler (Bio-Rad, Hercules, CA).  The resulting 

cDNA was stored at -20°C until qPCR analysis. 

Gene expression assays were developed for genes classified as homologous 

according to the Carbohydrate Active Enzymes database (http://www.cazy.org/) 

(Lombard, Golaconda Ramulu et al. 2014). In particular, we focused on genes within the 

glycoside hydrolase family 7 (cellulase and hemicellulase activity), glycoside hydrolase 

family 18 (chitinase activity), and glycoside hydrolase family 33 (chitinase and cellulase 

activity lacking a substrate-binding site), as well as adherence to hydrophobic surfaces 
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(qid74, a proxy for hydrophobins).  The glycoside hydrolase 7 (GH 7) assay (Table 5) was 

derived from a previously published primer set originally used to amplify genes coding 

for cellobiohydrolases expressed in soils (Edwards, Upchurch, and Zak 2008). The 

glycoside hydrolase 18 (GH 18) primer set was developed by aligning sequences from 

closely related species to the chosen isolate (i.e. T. virens, T. atroviridi with T. harzianum 

CBS 226.95 v1.0) using the Mycocosm portal to find sequence homology within the GH 

18 locus (Grigoriev et al. 2012, Nordberg et al. 2014). Primers were designed with 

redundancy to complement the identified conserved sequence homology that spanned 

between 100 and 150 bp in order to account for strain-strain differences. Primer sets for 

chitinase 33, were chosen because it is a chitinase that lacks a substrate-binding domain 

and has been shown to be involved in mycoparasitism (Limon et al. 2004, Vieira, Coelho, 

Steindorff, de Siqueira, Silva, et al. 2013). The primer set for qid74 was selected because it 

was shown to mediate hydrophobic surface attachment during mycoparasitism (Vieira, 

Coelho, Steindorff, de Siqueira, Silva Rdo, et al. 2013).  For quantification purposes, each 

target was normalized to the 18S gene using previously published methods (Chemidlin 

Prévost-Bouré et al. 2011). All qPCR assays were performed on a LightCycler 96 

thermocycler (Roche Diagnostics, Indianapolis, IN). The qPCR reactions were performed 

in a total reaction volume of 20 µL using a QuantiTect SYBR Green assay (cycling 

conditions and reaction mixtures described in Appendix B). Relative quantification of 

target gene expression levels were subjected to one-way ANOVA in qBase Plus to 
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ascertain statistical significance (Hellemans et al. 2007). Significance analyses for 

degradation experiments were carried out using basic stats in R and the BSDA package 

(Arnholt and Evans 2017). 

Table 5: Primers used in gene expression assays. 

Name Primer (F/R) Sequence 

GH 7 Forward 5'-ACC AAY TGC TAY ACI RGY AA-3' 

Reverse 5’-GCY TCC CAI ATR TCC ATC-3' 

GH 18 Forward 5’-GTC GAC GTA CTT CTT GAT AA-3'  

Reverse 5’-AAC TTC GGC TTG ACT ATG-3' 

Chitinase 33 Forward  5’-TGG AGC TCA ACA GGC GCT GC-3'  

Reverse 5’-ACG-ACG-GCA-CTG-CCA-AAG-GG-3' 

qid74 Forward 5’-CAG AAG AAG TGC GTG TGC AAC AAG-3'  

Reverse 5’-AGC TAG CAT CTT TGC CGC AGT TTG-3' 

18S Forward 5’-CGA TAA CGA ACG AGA CCT-3' 

Reverse 5’-AIC CAT TCA ATC GGT AIT-3’ 
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4.3 Results and Discussion 

4.3.1 Fungi Detected in AWI Soils 

Total PAHs in the soils sampled ranged from 180-18,400 ppm (Figure 10). The 

highest PAH level here is about 100-fold greater than the highest concentrations 

previously reported in Di Giulio et al. (2015) who documented PAH concentrations at 

AWI to range from 740-1730 ppm (Di Giulio and Clark 2015).  These levels are perhaps 

not surprising given the context that called for the emergency removal action. PAHs 

were flowing through saturated soils into a sewer junction, which then poured directly 

into the Elizabeth River.  During sampling, it was evident that creosote had pooled at 

the bottom of the pit, post excavation, suggesting that there were still PAHs saturating 

the soils at the time of excavation. Creosote moves vertically through porous media 

driven by gravity and soil pore capillary action (Huling and Weaver 1991). It also 

spreads horizontally, due to capillary action, but over time tends to become less of a 

continuous mass, becoming isolated in hotspots of high concentration (Huling and 

Weaver 1991). Thus, the gradient sampled here reflects this pollutant heterogeneity. The 

top five PAHs in these soils were phenanthrene (3 rings), fluoranthene (3 rings with one 

five-carbon ring), acenapthene (two rings with an ethylene bridge), fluorene (two rings 

with one five-carbon ring) and pyrene (4 rings). 
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It has been estimated that there were 700 wood preservation operations in the 

US, up through 1988. In 1986, estimates of active creosoting operations numbered 

between 415 and 550 in the US alone, which consumed about 454,000 metric tons of 

creosote in one year (Mattraw Jr and Franks 1986). In a fashion that mirrors how AWI 

contaminated the Elizabeth river, creosoting works have contaminated sediments and 

water in Pensacola Bay, FL conducted by stormwater drainage pipes and shallow 

groundwater (Mattraw Jr and Franks 1986).   

  

Figure 10: PAHs measured at AWI. Error bars represent standard deviations 
(N=6) 

  Fungi detected in Sample 1 were split equally between Ascomycota and 

unclassified fungi (in light grey) with a smaller amount of Chytridiomycota (in white) 

and Basidiomycota (Figure 11).  As this is the closest contaminant load to Holcomb 

Creosote soils, it was expected to be almost entirely ascomycete fungi. The trend of 
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Ascomycota being more likely to be associated with high-PAH samples is exhibited 

by the more prevalent phyla detected in sampling locations 2 and 3. The fungi from 

Sample 4 fall mostly within Basidiomycota with secondary prevalence of Ascomycota. 

The phylum-level grouping is informative because it suggests that fungal 

biostimulation strategies which target members of Basidiomycota may not match up 

with the most prevalent members of the fungal community, at least based on the 

fungi detected in AWI’s contaminated media sampled.  Discrepancies between the 

trends observed here and in chapter 3 could be due to differences in sampling 

coverage of the community, since the fungal community for each sample from AWI 

had much fewer reads than the fungal communities associated with Holcomb 

Creosote’s sampling locations. In addition, discrepancies could be attributed to site-

specific properties such as co-contaminants, soil structure (Procter et al. 2014), 

historic plant landscaping (Ellouze et al. 2014), nutrient availability (Fujimura and 

Egger 2012), or to a lesser extent, seasonality (Pereira e Silva et al. 2012), factors 

which have all been documented to affect soil fungal community structure.  Since so 

many site-specific properties can affect the fungal communities that inhabit these 

Superfund sites, more substantial metadata should be obtained in the future. 

Regardless, the fact that these fungi were even detected under such high pollutant 

levels is remarkable.  
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Figure 11: Phyla detected in AWI Samples 

4.3.2 Choice of Model Fungus for Mycostimulation Tests 

Notable fungal isolates cultured here belonged to the Mortierella (based on 

phenotypic characteristics), Penicillium, Bionectria, and Trichoderma genera. Not 

surprisingly, these mostly fell into the Ascomycota phylum.  However, most of what is 

known regarding fungal degradation of PAHs has been from studies carried out on 

white-rot basidiomycete fungi, some of which have been found to degrade a variety of 

pollutants including pesticides, explosives, preservatives, and dyes (Cameron, 

Timofeevski et al. 2000, Levin, Viale et al. 2003, Hiscox, Baldrian et al. 2010).  These 

contaminants exhibit a range of chemical structures including multiple aromatic rings 

Unclassified	
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(e.g., PAHs such as benzo(a)pyrene and anthracene), chlorinated substituted aromatic 

rings (e.g. dioxins and polychlorinated biphenyls), and long chain petroleum 

hydrocarbons such as hexadexanes (Barr and Aust 1994, Kanaly and Hur 2006).  

Exudates from white rot fungi have been thoroughly studied and the literature includes 

various surveys of lignolytic and non-lignolytic oxidoreductase enzymes and their 

respective degradative potential towards various contaminants. Basidiomycete fungi use 

their wood-degrading mechanisms to degrade pollutants in a way that might be 

analogous to mechanisms employed by ascomycete fungi in pollutant degradation. For 

instance, filamentous fungi have evolved mechanisms of attachment to hydrophobic 

surfaces (via hydrophobins) in order to parasitize plants or other fungi (Seidl et al. 2009, 

Askolin et al. 2006, Linder et al. 2005).  These same mechanisms have also been shown to 

be active when challenged with non-living hydrophobic surfaces such as Teflon and to 

be upregulated during heavy-metal bioremediation (Gadd 1994, Linder, Szilvay et al. 

2005, Puglisi, Faedda et al. 2012, Cacciola, Puglisi et al. 2015, Jiang, Liu et al. 2015).   

Ascomycete fungi have also been shown to degrade a considerable range of 

pollutants (Harms, Schlosser et al. 2011) and, in previous work, we found that they 

dominate in moderately polluted PAH soils (Chapter 3), yet they have not been well 

characterized for mycoremediation application.  Some of our isolates were closely 

related to species with known degradation capacity although relatively little is known 

about the degradative pathways in ascomycete fungi. Penicillium janthinellum has been 
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shown to degrade pyrene to 1-pyrenol and pyrenequinones (Launen, Pinto, and Moore 

1999).   Bionectria sp., Trichoderma sp. and Penicillium sp. have been seen to solubilize 

benzo[a]pyrene (Rafin, de Foucault, and Veignie 2013), Bionectria sp. in particular, have 

been shown to degrade it. Cerniglia and coauthors present a review where they indicate 

that many ascomycete fungi, including our isolates, degrade PAHs (Cerniglia and 

Sutherland 2010).  Harms and coauthors suggest that internal processes involving 

nitroreductases, and transferases may also play roles in degrading organic contaminants 

such as PAHs (Harms, Schlosser, and Wick 2011).  Ecological roles of fungi have also 

been proposed to determine which mechanisms are used in bioremediation, finding 

saprotrophic fungi to have hydrolases and miscellaneous carbohydratases that may play 

also play a role in hydrophobic pollutant degradation (Anastasi, Tigini, and Varese 

2013).  

Because ascomycete fungi have been relatively mechanistically unstudied and 

found to contain numerous potential biostimulation candidates, we chose to focus on the 

phylum Ascomycota.  Specifically, we chose to subject the isolate Trichoderma harzianum 

to further studies because it has an ability to sporulate under stressful conditions, is 

ubiquitous in soils, has ecological flexibility (Mukherjee et al. 2013) and a completely 

sequenced genome. T. harzianum can assume various ecological roles including parasitic 

in the presence of certain nematodes and fungi as well as saprotrophic in the presence of 

organic material in bulk soil and wood (Druzhinina, Seidl-Seiboth et al. 2011, 
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Waghunde, Shelake et al. 2016). In addition, the genome of T. harzianum CBS 226.95 v1.0 

contains a range of genes which may be useful for degrading PAHs including 73 genes 

that have chitinase activity, 15 genes that have cellulase activity, and 8 genes that encode 

hydrophobins (Grigoriev, Nordberg et al. 2012, Nordberg, Cantor et al. 2014).   

 

4.3.3 Evaluation of Mycostimulation Treatment Strategies  

Chitin and cellulose amendments positively stimulated the degradation of 

anthracene by T. harzanium while the wood flour had no stimulatory effect (Figure 12). 

Approximately 29-33% of the anthracene was degraded in the abiotic controls 

suggesting volatilization may have occurred over the course of the experiment.  The 

wood treatments did not stimulate anthracene degradation significantly over the control 

(p>0.05). This result is consistent with the limitations observed in previous wood-based 

mycostimulation tests in polluted soils (Baldrian 2008) and also explains the persistence 
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of woodchips in contaminated media also piled on the site where samples were collected 

(Czaplicki et al. 2016).  
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Figure 12: Anthracene degradation observed in treatments. Error bars 
represent standard error (N=3) while brackets represent significantly different 

degradation within amendment type (p<0.05) 
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We visually observed growth on wood (data not shown), so we had expected to see 

upregulation of genes involved in cellulose degradation (i.e., GH7) as cellulose is one of 

the polymers in wood (Barbi et al. 2014, Ritter and Fleck 1924). However, the cellulose in 

wood is bound to a lignin matrix (Ritter and Fleck 1924), which may explain why less 

degradation was observed.  Expression of the GH7 gene associated with the GH7 

enzyme family was not upregulated (Figure 13).  This either suggests that alternate 

pathways were used to support growth on wood, such as cytP450 monooxygenases 

(Druzhinina, Shelest, and Kubicek 2012), or that samples were collected at a time when 

GH7 was not active.    

 

Figure 13: Average relative expression data suggests that no significant 
differences can be inferred based on the 95% confidence intervals indicated by error 

bars. 

  

In the cellulose treatments, both the 0.1 and 1% cellulose amendments stimulated 

more degradation than the control (p ≤ 0.05).  In fact, this treatment (64 ± 6% and 79 ± 

 a)                                  b)                  c) 
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9%, for the 0.1 and 1%, respectively) stimulated more than twice the degradation of the 

abiotic control (~29%). The degradation observed in the 1% cellulose treatment was not 

significantly higher (p > 0.05) than that observed in the 0.1% reactors.  This finding is of 

note because a large portion of the organic materials typically entering soils consist of 

cellulose (von Lützow et al. 2007, Schnecker et al. 2016).  This suggests that the organic 

material composition should be examined when considering adding more cellulose to 

PAH-polluted soils, as it may impact the amount of cellulose that would need to be 

amended. Again, we had expected to see upregulation in the GH7 gene, but none was 

observed.  As there are up to 15 different genes which have been shown to be used by 

pathways degrading cellulose, it is possible that the wrong gene was targeted here 

(Grigoriev et al. 2012, Nordberg et al. 2014).  Also, some cellulase enzymes have been 

shown to exhibit broad substrate promiscuity because they lack binding sites to 

recognize parts of cellulose (Limon et al. 2001), while other cellulases have multiple 

binding sites (Carrard et al. 2000). To account for potential upregulation of such 

promiscuous genes, we targeted an additional gene known to bind cellulose: chitinase33 

(Limon et al. 2004), however no upreguation was observed for that gene as well.    

The greatest substrate promiscuity was observed in the 0.1% chitin amendment 

where 93 ± 3% of the anthracene was degraded.  By contrast, only 53% anthracene 

degradation was observed in the presence of 1% chitin.  These data suggest a potential 

explanation for why PAHs persist in soils containing known chitin degraders: substrates 
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such as chitin in the bulk soil may inhibit use of PAHs as substrates.   One potential 

explanation for the high degradation seen in the 0.1% chitin is that there was not enough 

carbon supplied to sustain the fungus alone, causing it to resort to anthracene as a 

supplementary carbon source to incorporate into its metabolism. This high level of 

degradation is consistent with other instances of metabolic degradation.  In one study, 

over 90% degradation was observed when ascomycetes relied on anthracene for sole 

carbon source (Krivobok et al. 1998). Anthracene degradation may be a direct 

consequence of the overexpression of genes involved in chitin degradation which may 

also attack anthracene when insufficient chitin is provided (Anastasi, Tigini, and Varese 

2013).  We anticipated to detect upregulation with assays targeting GH18 and 

chitinase33 because these enzymes have been shown to bind to chitin (Lienemann et al. 

2009, Mach et al. 1999).  Furthermore, we expected upregulation in qid74 because it aids 

attachment to hydrophobic surfaces (Askolin et al. 2006), a first step in modifying the 

surface (Huang et al. 2015, Linder et al. 2005).  Additionally, qid74 and has been shown 

to be involved in pollutant coping mechanisms (Puglisi et al. 2012, Takahashi et al. 2005), 

yet none of these genes were significantly upregulated at the times sampled and 

therefore we cannot draw any meaningful conclusion regarding mechanisms for this 

study. In T. harzianum, there are 73 genes that could potentially be stimulated by chitin 

(Grigoriev et al. 2012, Nordberg et al. 2014) and any of those genes could lead to 

anthracene degradation. Interestingly, others have shown that T. harzianum can produce 
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inhibitory substances in an attempt to protect its personal food source from other 

microbial invaders (Anastasi, Tigini, and Varese 2013). Fungal inhibitory substances 

have also been shown to enhance PAH degradation (Tornberg and Olsson 2002, 

Baldrian 2006). However, in the absence of any competitors, T. harzianum may have only 

produced inhibitory substances under extremely limited conditions, and not under the 

1% chitin treatment scenario. This may explain why a lower anthracene removal was 

observed herein. Finally, the fact that we were unable to capture changes in gene 

expression, likely because alternate pathways were employed, suggests that an 

alternative method that captures differences across the whole transcriptome should be 

used to obtain mechanistic pathway information. In the future, perhaps methods such as 

subtractive library hybridization (Vieira, Coelho, Steindorff, de Siqueira, Silva Rdo, et al. 

2013) performed on tRNA or RNAseq would be better suited to identify targets for 

subsequent gene expression studies.   

5. Conclusions 

In the mid to mid-high PAH concentration samples, ascomycete fungi were 

found to represent the majority of detected fungi.  This finding builds on 

characterizations of the moderate PAH-associated mycobiomes from the previous 

chapter to suggest that ascomycete fungi may be major players in the resilient portions 

of PAH-associated communities. Herein, we went on to identify amendments based on 

typical ecological roles of ascomycetes which could be used to implement 
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mycostimulation strategies.  Both chitin and cellulose amendments were shown to 

promote anthracene degradation in T. harzanium with the 0.1% chitin amendment 

resulting in over 90% removal of anthracene. We were unsuccessful at identifying the 

specific enzymes using our relative quantitation RT-QPCR strategy and suggest that 

future study may need to use a metatranscriptomic approach in order to better 

characterize which degradation pathways are upregulated. Additionally, our findings 

from the chitin treatment suggest that amount of amendment have an effect on 

responding pathways. We suggest that these amendment limitations may be overcome if 

soil organic matter composition is considered during the treatment design phase. 

Additionally, we suggest that considering the ecological roles indigenous fungi can 

fulfill helps to inform more effective stimulation strategies. Further research is needed to 

determine better estimates of requirements of specific strains as well as whether the 

trends observed here translate to more realistic soil systems.  
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5. Testing Lineage-targeted Biostimulation Strategy in 
Aged-Pollutant Soils 

5.1 Introduction 

Ascomycetes have been shown to dominate the fungal community at the 

Holcomb Creosote and Atlantic Woods Superfund sites. In previous work, we found 

that a subset of ascomycete taxa was significantly positively correlated with mid and 

high-molecular weight PAHs suggesting these fungi may be adapted to these high 

contamination levels and thus may be optimal targets for bioremediation. Yet, despite 

the identification of taxa closely related to known PAH degraders at heavily polluted 

sites, PAHs persist, suggesting these fungi are unable to actively degrade PAHs under 

the existing environmental conditions.  Several factors may prevent these native fungi 

from participating in PAH biodegradation, including: (a) a lack of the degradative genes 

of their close phylogenetic relatives known to degrade PAHs; (b) they may be dormant 

under existing conditions; (c) a lack of active mechanisms with suitable substrate 

promiscuity with PAHs. In the previous chapter, Trichoderma harzianum was shown to be 

able to degrade anthracene, a model mid-molecular weight PAH, in a batch reactor 

system.  Through the introduction of a range of carbon amendments, we were able to 

stimulate anthracene degradation via different pathways with differing efficacy. In 

particular, chitin and cellulose amendments stimulated more anthracene biodegradation 

than the traditional wood-based stimulation method. Herein, we investigated whether 
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mycostimulation and mycoaugmentation strategies could be translated to a more 

complex system using similar amendments and fungal strains.  The treatment strategies 

were tested on a PAH contaminated soil obtained from the Atlantic Wood Industries 

Superfund Site. Experiments presented in the present chapter integrate the analytical 

methods applied in earlier chapters (next generation sequencing with chemical analysis) 

except that the next generation sequencing methods were applied to RNA as opposed to 

DNA as to focus the analysis on the active fraction of the community.  By focusing on 

RNA, the specific fungi that are actively stimulated by the amendments can be 

identified.  In addition, this allows for assessing whether augmented ascomycete fungi 

are able to establish themselves among the other native microbiota, a known limitation 

in previous mycoremediation work aimed at basidiomycete fungi (Andersson et al. 2000, 

Harms, Schlosser, and Wick 2011).    

	

5.2 Methods 

5.2.1 Aged-PAH Degradation Experiments 

Soil reactors consisted of 20 mL clear borosilicate vials (I-Chem 200 Series, 

Thermo Scientific, Waltham, MA). Each reactor contained 5 g of soil and 2.7 mL basal 

medium.  The basal medium contained 5 g/L (NH4)2SO4, 2.5 g/L MgSO4·7H2O, 20 mg/L 

CaCl2·2H2O, 1.0g/L KH2PO4, 1.01 mg/L MnSO4·H2O, 0.24 mg/L Na2MoO4·2H2O, 0.10 

mg/L NiCl2·6H2O, 0.17 mg/L CuCl2·2H2O, 1.36 mg/L FeSO4·7H2O, 0.24 mg/L CoCl2·6H2O 
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and 0.58 mg/L ZnSO4·7H2O (Gunsch 2004). The soil mixture was prepared by blending 

soils from the Atlantic Wood Industries Superfund site with characterized clean soils 

obtained from a forested site in Tennessee using an immersion mixer (Hamilton Beach, 

Glen Allen VA). The treatment conditions tested included soil with: 1) chitin; 2) 

cellulose; 3) chitin with 107  T. harzanium spores; 4) cellulose with 107  T. harzanium 

spores; 5) no amendment. Chitin and cellulose were amended at 1% w/v as these 

concentrations were found to previously stimulate anthracene biodegradation in 

aqueous reactor seeded with T. harzanium (Chapter 4).  Each reactor was sealed with a 

solid top fluoropolymer resin-lined screw caps lined with aluminum foil. All treatments 

were prepared in triplicate.  Reactors were sacrificed at three distinct timepoints: 1) 

immediately at the start of the experiment (t=0); 2) after two weeks; and 3) after one 

month. At each sampling time, the soil samples were homogenized and subsampled for 

biological and chemical analysis.  Samples intended for biological analysis were stored 

in cryogenic storage vials (Corning, Corning, NY ) at -80°C until RNA could be extracted 

while samples intended for chemical analysis were stored in their original vials at –20°C.  

 

5.2.2 Chemical Characterization 

The soil samples were analyzed for the presence of 31 PAHs and moisture 

content by Duke’s Superfund Analytical Chemistry Core Facility according to the 
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method described in Appendix A.  Briefly, PAHs were extracted from sub-samples of 

approximately 0.25 g wet-weight soil using accelerated solvent extraction and then 

purified using alumina.  Following purification, the PAHs were analyzed via gas 

chromatography/mass spectrometry as described in Appendix A and in previous 

publications (Clark et al. 2013, Czaplicki et al. 2016).  Triplicate measurements for each 

treatment were obtained at each timepoint. Statistical analyses were carried out using 

basic stats in R and the BSDA package (Arnholt and Evans 2017). 

 

5.2.3 Biological analysis 

5.2.3.1 RNA Extraction, DNAse Treatment, and cDNA Synthesis 

RNA was extracted using the RNeasy PowerSoil Total RNA Kit from 1 g of soil 

per the protocol recommended by the manufacturer (QIAGEN, Hilden, Germany). RNA 

concentrations were determined using the Qubit BR RNA kit (Invitrogen™ Thermo 

Fisher Scientific, Waltham, MA).  Total RNA concentrations ranged from ~70-400 ng/µL.  

DNA was removed from the samples prior to cDNA synthesis. To this end, 0.5 µg RNA 

per 20 µL synthesis reaction was treated enzymatically using the TURBO DNA-free™ 

kit (Ambion, Austin, TX) following the manufacturer’s treatment protocol.  cDNA was 

synthesized using the High Capacity cDNA Reverse Transcription kit (Applied 

Biosystems, Foster City, CA). By using cDNA, instead of DNA, we are focusing on the 

physiologically active fungi instead of the possibly dormant portions of the community. 



80 

 

5.2.3.2 Large Subunit Library Preparation  

A three step PCR was performed to prepare libraries from cDNA to target the 

fungal LSU region. As the LSU is a transcribed region and ITS is not a template for 

cDNA, the LSU region was our choice of marker gene.  The PCR reaction contained 2-4 

µL cDNA, 0.16 mM each nucleotide (Bioline, Taunton, MA), 25 µg bovine serum 

albumin (New England Biolabs, Ipswich, MA), 10X buffer (Qiagen, Hilden, Germany), 

1.3 µM MgCl2 (Qiagen, Hilden, Germany), 0.4 µM  of LR3 (5’-

CCGTGTTTCAAGACGGG-3’)  and LR0R (5’-ACCCGCTGAACTTAAGC-3’) (Cubeta et 

al.), 1.25 U Taq Polymerase (Qiagen, Hilden, Germany) and water to 25 µL total reaction 

volume. PCR enrichment conditions consisted of an initial denaturing step at 95°C for 10 

min, 10 cycles of denaturing at 95°C for 1 minute, annealing at 55°C for 1 minute, 

extending at 72°C for 1 min 30 s, and a final extension step at 72°C for 10 minutes.  

Triplicate PCR reactions were pooled and used as template for the frameshift reaction.  

A frameshift reaction was used as it has been shown to improve Illumina sequencing by 

increasing the diversity in the pool which in turn has been shown to improve Illumina 

base calling (Lundberg et al. 2013).  Between 8 and 18 µL served as template for the 

frameshift reaction, which included frameshift primers and identical contents to the 

enrichment cocktail described previously.  Frameshift PCR conditions were identical to 

that used for the enrichment PCR, except the cycle number was increased from 10 to 15.  

Following the frameshift PCR step, amplicons were cleaned using the Agencourt 
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AMPureXP PCR Purification kit (Beckman Coulter, Brea, CA) using a bead to amplicon 

ratio of 0.6. The purified products were then used as template for the indexing reaction.  

The indexing PCR mixture consisted of 0.16 mM each nucleotide (Bioline, Taunton, 

MA), 0.2 µM forward primer  (5’-

ATGATACGGCGACCACCGAGATCTACACGCCTCCCTCGCGCCATCAGAGATGTG

-3’), 12 µg bovine serum albumin (New England Biolabs, Ipswich, MA), 10X buffer 

(Qiagen, Hilden, Germany), 0.25 µM  index primer (5’-

CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXGTGACTGGAGTTCAGACGTG

TGCTC-3’), 0.75U Taq Polymerase (Qiagen, Hilden, Germany), 10-20 µL of template and 

water to a 30 µL final volume. All primers and their sequences were generously donated 

from Dr. Rytas Vilgalys. Indexing PCR conditions consisted of an initial denaturing step 

at 95°C for 10 min, 11 cycles of denaturing at 95°C for 1 minute, annealing at 62°C for 1 

min 30 s, extending at 72°C for 1 min 30 s, and a final extension at 72°C for 10 minutes.  

5.2.3.3 16S Bacterial Library Preparation 

A two-step PCR was performed to prepare the 16S bacterial libraries. The first PCR 

reaction consisted of 5X OneTaq buffer (New England Biolabs, Ipswich, MA), 1.25 µL 

cDNA, 0.2 µM frameshifted primers targeting the V4 region (515f: 5′-

GTGCCAGCMGCCGCGGTAA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) 

(Lundberg et al. 2013, Caporaso et al. 2011), 0.625 U OneTaq Polymerase (New England 

Biolabs, Ipswich, MA), and water to a 25 µL volume. Frameshift conditions consisted of 
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an initial denaturing step at 95°C for 10 min, 20 cycles of denaturing at 95°C for 1 

minute, annealing at 55°C for 1 minute, extending at 68°C for 1 min, and a final 

extension at 68°C for 10 minutes. Ten µL of the frameshift reaction served as the 

template for the indexing reaction. Indexing PCR conditions consisted of an initial 

denaturing step at 95°C for 10 min, 5 cycles of denaturing at 95°C for 1 minute, 

annealing at 63°C for 1 minute, extending at 68°C for 1 min, and a final extension at 68°C 

for 10 minutes.  PCR amplicons were pooled and cleaned before sequencing (Agencourt 

AMPureXP PCR Purification kit) as described previously.  

5.2.3.4 Processing Sequencing Data 

Adapter and primer sequences were removed from the raw data via CutAdapt 

(Martin 2012). QIIME was then used to split the FASTQ file by sample (Bittinger et al. 

2010).  DADA2’s machine learning based algorithm was used to correct Illumina 

sequenced amplicon errors from each sample, infer sequence variants (SV), and identify 

chimeras (Callahan et al. 2016). This high-resolution equivalent of an operational 

taxonomic unit (OTU) table enables better classification because it classifies all possible 

ribosomal sequences. It has been shown to identify more real variants and pass fewer 

erroneous sequences when tested against multiple mock communities (Callahan et al. 

2016).  The RDP training set 11 (Wang et al. 2007) was formatted for DADA2 (Czaplicki 

2017), and taxonomy was subsequently assigned using DADA2.  
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5.2.3.5 Community Analysis 

The R packages phyloseq (version 1.20.0), ggplot2 (version 2.2.1), and DESeq2 

(version 1.16.1) were used to perform community analysis.  Sample metadata was added 

to the bacterial and fungal libraries in phyloseq and samples were removed that did not 

have adequate read counts (McMurdie and Holmes 2013). Phyloseq was also used to 

generate a dataset that merged the bacterial and fungal libraries together for differential 

analysis via DESeq2 (Love, Huber, and Anders 2014). Constrained ordinations, alpha 

diversity analyses, and normalized (variance-corrected) relative abundances were 

calculated via Phyloseq and DESeq2 (McMurdie and Holmes 2014). DESeq2 was used to 

calculate the differential abundance (log2-foldchange in adjusted abundance of each 

sequence variant) for each treatment. The p-values were adjusted by the BH (Benjamini 

and Hochberg) correction method and an adjusted p-value of ≤0.05 served as a threshold 

for defining significantly different responders.  

5.3 Results and Discussion 

5.3.1 Microbial Community Response 

5.3.1.1 Overall Structural Trends 

The Shannon diversity reflects the number of types of active responders in the fungal 

and bacterial communities. Fungal diversity was found to significantly decrease (p≤ 

0.05) between time zero and the two-week sampling timepoints, while bacterial diversity 

experienced an increase (p=0.028) between the 2- and 4-week sample points (Figures 
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14A, 14B).  The fungal diversity in the control reactors were slightly higher than that 

associated with the cellulose and chitin (p= 0.091, and p=0.057, respectively).  In contrast, 

the bacterial diversity did not vary across the treatments (p>0.1). Mycoaugmentation 

status did not have any significant effect on the diversity in either bacterial or fungal 

responders; an expected finding, since we were adding a single organism to a 

community of many. Together, these findings suggest that the number of different 

fungal responders decreased both over time and in the reactors that had amendments, 

while the number of different bacterial responders increased over time but did not vary 

significantly in the reactors that had amendments. Shannon diversity indices for bacteria 

exceeded those for fungi regardless of treatment throughout the experiment (Figure 

14A, 14B).  These data suggest that in all the treatments, the fungal community is 

simplifying over time while the bacterial community becomes more complex.  A 

possible explanation for this observed phenomenon is that fungi may be degrading the 

parent PAHs into a broad range of intermediate metabolites each of which may be 

broken down by different bacterial taxa. The diversity of food sources may lead to 

increased bacterial diversity; as bacteria respond to influx of new metabolites and 

deplete them, they may produce metabolites suitable for more types of bacterial 

responders.  These metabolite food webs have been documented elsewhere in the 

microbial ecology (Ruess and Chamberlain 2010) and bioremediation literature (Ritalahti 

et al. 2006, Jacques et al. 2008).  In previous work, Boer et al.(2005) showed that soil 
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organic carbon influences soil microbial diversity dynamics and alters the relative 

abundance of specific taxa of fungi to bacteria.  Louis et al. (2016) have shown that this 

phenomenon applies to soils that have been amended with additional carbon sources as 

well . In that same study, Louis and co-workers took a data-mining approach to show 

that bacterial and fungal diversity indexes are linked to native soil organic material use.  

They went on to conclude that community composition, rather than the microbial 

diversity, better predicts the use of amended substrates. In fact, they showed that fungal 

diversity to be negatively correlated with native carbon assimilation while bacterial 

diversity is directly correlated with that carbon assimilation.  Using this same rationale 

herein, the fungal diversity dynamics may be suggestive of an early increase in native 

carbon assimilation while the bacterial diversity dynamics may be suggestive of a later 

increase in native carbon assimilation.  
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Figure 14: Comparison of the Shannon alpha diversity index between sample 
groups in fungal communities (left) and bacterial communities (right).  Samples were 

pooled by time (a, b), amendment-based stimulation approach (c,d), and 
mycoaugmentation strategy (e,f). The upper and lower boundaries of the box plot 

illustrate the 25th and 75th percentiles with the median as a solid line within the plot.  
The upper and lower whiskers show the 10th and 90th percentiles with outlier marked 

outside.  Box plots annotated with the same letter are not significantly different (t-
test, p<0.05)  

 

Correspondence analysis reflects differences between all the reactors sampled 

while accounting for compositional differences (Figures 15A-D). Constraining the first 

axis by time reveals that time explains more than twice the amount of differences 

b 



87 

 

observed in the bacterial responders (~13%) as compared to the fungal community (6%) 

(Figures 15C, 15D).  The clustering of the time zero samples in both fungal and bacterial 

communities at the start suggests that there was a relatively similar set of taxa, distinct 

from that which follows as the degrading communities emerged, further reinforcing that 

the soil used to seed the reactors was well homogenized. Relative to the augmentation 

reactors, amendment type exhibited more distinct clustering (Figures 15C, 15D) 

corroborating the alpha diversity finding that amendment type affected the 

communities more than augmentation status, although the analysis here suggested that 

treatment affects bacterial and fungal communities similarly (accounting for ~9 and 7% 

of the differences in the bacterial and fungal communities, respectively).  This finding is 

consistent with the previously described study where community composition was 

shown to be linked to amended soil organic carbon assimilation (Louis et al. 2016). 

However, since augmentation did not have an effect and was also on this axis, we expect 

to see this axis describing a small amount of the variation. Regardless, these relatively 

low percentages together with a lack of distinct clustering observed in the 

mycostimulation correspondence analyses (Figure 15 A-D) suggest that the active 

portions of the community were only weakly affected by the treatment strategies. 

A lack of clustering by augmentation status along the x-axis mirrors the finding 

from alpha diversity. The augmentation strategy does not have a significant effect on the 

bacterial (Figure 15C) or fungal (Figure 15D) responders.   The results obtained in our 
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study mirrors past mycoaugmentation studies.  Earlier studies examined degradation in 

sterile and non-sterile soils augmented with exogenous degraders (Gramss, Voigt, and 

Kirsche 1999), devised strategies to incorporate woody baits to encourage basidiomycete 

soil colonization (Dowson, Rayner, and Boddy 1986, Dowson, Rayner, and Boddy 1988), 

examined interactions with bacteria (Andersson et al. 2000), attempted to re-isolate 

augmented fungi after some time had passed in order to improve efficacy of augmented 

strategies.  All of these creative approaches to encourage successful establishment of 

augmented fungi were motivated by documented powerhouse degraders’ failure to 

compete with the native microbiota.  After analyzing more than a dozen augmentation 

studies, Mallon et al. (2015) observed that a common reason why native communities 

resist invasion by augmented strains is high levels of diversity. Here, we directly 

measured the responding community to find that this was the case, in one of the first 

studies to focus on the fate of augmented ascomycete fungi in a bioremediation context.  
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Figure 15: Time constrained correspondence analysis (CCA) of bacterial (A) and 
fungal (B) portions of the community and treatment constrained (C),(D). (controls= , 

cellulose mycostimulation= , chitin mycostimulation= , mycoaugmented 
cellulose= , and mycoaugmented chitin= , teal =day 0, orange=2 weeks, purple=4 

weeks) 

 At the phylum level, the bacterial responders are mostly Proteobacteria which 

represent ~60% of the overall bacterial community regardless of treatment or time 

(Figure 16).  At time zero, the remaining active members belonged to the Actinobacteria, 

Planctomycetes, and Acidobacteria phyla. After two weeks, the Planctomycetes were 
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replaced by Bacteroidetes which fluctuate throughout the rest of the experiment along 

with the Acidobacteria albeit to a lesser degree.   In a broad DNA analysis of 13,001 clones 

obtained from Oklahoma prairie soils, Spain et al. (2009) found that Proteobacteria are 

commonly the most abundant phylum. Several bacterial PAH- and PAH-metabolite 

degraders have been identified here that are classified as Proteobacteria.  Here, we found 

20 different sequence variants (SVs) classified as Pseudomonas spp., a genus which has 

documented degradation capacity towards anthracene, fluoranthene and pyrene  (Wald 

et al. 2015), 10 SVs classified as Phenylobacterium spp. which have shown to degrade 

anthraquinone elsewhere (Rodgers-Vieira et al. 2015), and 8 SVs classified as 

Chitinophaga spp. which have been shown enriched in chlorinated-PAH degrading 

microcosms (PCBs) (Weiland-Bräuer et al. 2017).  

 

In contrast, the dominant fungal phyla varied depending on the treatment and 

time (Figure 16).  Most often, Ascomycota dominated the fungal responders: in the first 

two times sampled, with secondary amounts of Basidiomycota, but in some treatments, 

unclassified fungi (as in the chitin reactors at the 2 and 4-week sampling points) or 

Basidiomycota (as in a few chitin and cellulose reactors at the 4-week sampling point) 

were the active phyla.  This is surprising, because we intended to target Ascomycota with 

the stimulation treatments. These findings can be explained either through ecological 
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succession (Ascomycota alter conditions so they are amenable for growth of other phyla) 

or that ecological niches are shared between Ascomycota and other fungi.  

Figure 16: Phylum-level Classification of Bacterial (top) and Fungal 
(bottom) Responders in biological replicates grouped by treatment. Control 

reactors are indicated by “Ctrl”, Chitin-based Stimulation by “Chit-S”, 
Mycoaugmented Chitin by “Chit-A”, Cellulose-based Stimulation by “Cell-S”, 

and Mycoaugmented Cellulose by “Cell-A”. 



92 

 

 

5.3.1.2 Differences in Membership due to Treatments and Time 

We used the Phyloseq-DESeq2 method originally developed by Love et al. (2014), 

implemented through phyloseq (McMurdie and Holmes 2013) to assess differences in 

bacterial and fungal taxa.  The strength of this method is that is can more effectively 

normalize microbiome count data through the use of a statistical mixture model that 

accounts for heteroscedasticity (a weakness of drawing conclusions from on simple 

proportions) while maintaining all the data one would discard by rarefying, thus 

enabling sensitivity to rare taxa (McMurdie and Holmes 2014, Love, Huber, and Anders 

2014).  Rare taxa are often drivers of key functions (Jousset et al. 2017), and losses in rare-

taxa can affect pollutant degradation efficacy (Dell'Anno et al. 2012). The statistical 

mixture model addresses problems inherent in many microbiome studies which are 

caused by sequencing samples of different sizes and taxa counts varying more than 

expected (McMurdie and Holmes 2014). This approach has been previously tested and 

verified on the Global Patterns dataset (Caporaso et al. 2011).   Using these data, the 

authors show that their method successfully adapts models designed for gene 

expression studies, producing fewer false positives than alternative methods (McMurdie 

and Holmes 2014).  Using a similar approach herein, we were able to combine the 

bacterial and fungal analyses to not only examine significant differences by phylum 
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(intra-kingdom), but also to begin inferring inter-kingdom interactions from which taxa 

appear together. 

At time zero, the active communities only differed by a handful of taxa, almost 

all bacteria (Figure 17).  Of the taxa that were significantly different, negative responders 

to chitin-based biostimulation at day zero suggest there were slightly more 

Caulobacterales and Capnodiales present in the control, while the negative cellulose-based 

biostimulation responders indicates higher levels of Xanthomonadeles, Rhizobiales and 

Caulobacterales in the control. The positive responders to the cellulose-based 

biostimulation were the Sphingomondales and Pleosporales SVs suggesting that the 

cellulose stimulation treatments had a “head start” in terms of Pleosporales and 

Sphingomonadales.   

All the taxonomic differences observed at time zero disappear in the 

mycostimulation treatment after two weeks (Figure 17).  At this timepoint, the fungal 

responders outnumber the bacterial responders in both the chitin- and cellulose-based 

mycostimulation treatments.  This echoes the alpha-diversity finding that fungal 

communities were more affected by the amendments than bacterial communities at two 

weeks.  This finding is not surprising because from an ecological standpoint, 

fluctuations in resource availability has the capacity to destabilize existing communities 

and make them more likely to reach a new equilibrium community (Li and Stevens 

2012).  There were significantly more fungal positive responders in the cellulose versus 
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the chitin treatment with nearly three times more positive Ascomycota responders in the 

cellulose treatment. Positive and negative fungal responders were evenly distributed in 

the chitin treatment with the majority of Ascomycota responders showing negative 

response to the treatment relative to the control.  Positive responders in the chitin-based 

treatment included two zygomycete taxa that were unclassified at the phylum level, 

(two sequence variants (SVs) matched Mortierella spp. (NCBI BLAST)), now classified as 

a member of the phylum Mucoromycota (Spatafora et al. 2016) Proteobacteria (assigned to 

the Cellvibrio sp.), and only two ascomycetes.  The Mortierella spp. are known to share 

ecological niche with Trichoderma spp. having the ability to grow in bulk soils and off of 

insect exoskeletons (Grigoriev et al. 2012).  Thus, their response to chitin amendment is 

not surprising. In fact, more than ten-fold increases were seen in Cellvibrio sp. and 

Mortierella sp. following chitin addition which improved yield in a study of lettuces 

(Debode et al. 2016).  Here we saw 225-fold increases in response to chitin addition. This 

finding suggests that, at least in the short term, we were able to stimulate lineages with 

particular ecological roles as intended. Interestingly, the bacterial positive responders to 

chitin-based treatment were from a different phylum than those responding to the 

cellulose-based treatment (Bacillales order, SVs belonging to the Paenibacillus sp.).  

Bacteria belonging to the Paenibacillus genus are known to degrade naphthalene (Daane 

et al. 2002), have been found in PAH degrading consortia in the environment (Das and 

Kazy 2014), and are known to use fungi to enhance motility (Ingham et al. 2011). 
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Members of the Paenibacillus genus and Pseudomonad genera have been observed in 

microbial consortia found to enhance mycoremediation by augmented white-rot fungi 

(Federici et al. 2007).  

The effect of the cellulose-based mycostimulation strategy wears off by the four-

week timepoint (Figure 17) at which time only a handful of fungi and no bacteria were 

identified as positive responders. In contrast, the chitin-based strategy still promoted the 

growth of similar taxa to the positive responders identified at the two-week time point 

(Pseudomonadales and an unclassified Mortierella sp.). These findings suggest that 

cellulose-based treatment is capable of high-levels of stimulation over a short period of 

time while chitin-based treatment is capable of lower-levels of stimulation over longer 

periods of time. The positive bacterial responder belonged to the Proteobacteria phylum 

(previously Cellvibrio sp.) and was identified as a Pseudomonas sp.  The Pseudomonas 

genus is known to contain many important PAH degraders which are found to be 

enriched in the presence of high-molecular weight PAH degradation (Folwell, 

McGenity, and Whitby 2016).  



 

 

 

Figure 17: Significantly different (p<0.05) Sequence Variants grouped by order Error bars represent standard error. Fungal 
phyla are indicated by greens (Chytridiomycota=yellow-green, Basidiomycota=light green, Ascomycota=medium green, 

zygomycete fungi, Mucoromycota and Zoopagomycota=dark green) while bacterial phyla are indicated by pinks 
(Firmicutes=light pink, Proteobacteria= medium pink) 
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The mycoaugmentation strategy did not result in positive Trichoderma sp. 

responders in either the chitin- or the cellulose-amended reactors (Figure 18). These data 

suggest that T. harzanium did not compete effectively with the other indigenous fungi 

found in these soils.  This result mirrors that observed with the CCA analysis described 

earlier. It is possible that the T. harzianum spores never germinated or that our sampling 

scheme did not capture effectively the time period where they positively responded.  

The presence of fungal responders sharing their ecological niche (i.e. Mortierella sp.) 

point to competition being a likely explanation.  Further experiments would be needed 

to determine if either of these hypotheses are correct. Hypocreales genera were the most 

substantial positive responder in the mycoaugmented chitin reactors after two weeks.   

Surprisingly, even in the absence of the large number of positive fungal responders 

observed in the cellulose mycostimulation treatment, the mycoaugmented cellulose 

treatment had significantly more Pseudomonadales similar to that observed in the chitin-

mycostimulation strategy.  The presence of this genus in both reactors at this point in 

time suggests similarities between these two treatment conditions metabolite profiles. 

After 4 weeks, neither treatment showed significantly more T. harzianum than the 

non-augmented controls. The mycoaugmented cellulose only enriched one ascomycete-a 

distant relative of Auxarthron sp. or Malbranchea sp. (closest relative via NCBI blast).   The 

mycoaugmented chitin reactors had more basidiomycete fungi, but were overall mostly  



 

 

  

Figure 18: Significantly different (p<0.05) Sequence Variants grouped by Order in Chitin and Cellulose-based 

Mycoaugmentation Treatment Relative to the Non-Augmented Control.  Error Bars Represent Standard Error. Fungal 

groupings are Indicated by Greens (Chytridiomycota=yellow-green, Basidiomycota=light green, 

Ascomycota=medium green, zygomycete fungi=dark green) while Bacterial Phyla are Indicated by Pinks 

(Firmicutes=light pink, Proteobacteria= medium pink) 

116 



99 

 

similar to the chitin mycostimulated reactors.  The mycoaugmented cellulose 

reactors had significantly fewer responding taxa than the cellulose mycostimulation 

reactors  

5.3.2 Pollutant Degradation 

Over 90% total PAH reduction was achieved in our reactors over the four-week 

treatment period (Figure 19). This suggests that the differences in microbial responders 

discussed in the previous section had some degree of community-level functional 

redundancy that allowed the communities to all reach similar magnitudes of final 

pollutant levels. However, there were significant differences among some of the treated 

reactors. The control reactor attained 91% reduction in total PAHs, while the 

mycoaugmented chitin treatment attained the next greatest reduction with 83% removal.  

The next largest reduction was observed in the chitin-based mycostimulation treatment 

and the mycoaugmented cellulose treatment, which both reached just over 79% 

reductions in total PAH. The lowest removal was observed in the cellulose-based 

stimulation treatments, at nearly 79% (this summary data is in Appendix C).   These 

results agree with our two-week finding from shared prevalence of Pseudomonadales that 

hinted at similar metabolic profiles between the mycoaugmented cellulose and the 

chitin-based stimulation treatments. This finding, together with the total PAH 

degradation data, suggests that mycoaugmentation with chitin was more successful 
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than mycoaugmentation with cellulose.  This is consistent with larger observations that 

the more invader-specific the added nutrient is, the higher success of invasion.  Since 

cellulose is common in typical inputs to the soil organic material pool (von Lützow et al. 

2007, Schnecker et al. 2016), more organisms are likely to degrade it. Although the 

augmented reactors did not have sustained participation by the introduced T. harzianum, 

it is possible that it still affected the community, a possibility acknowledged by the 

augmentation literature (Mallon, Elsas, and Salles 2015). 

Although the levels in the chitin stimulation reactors appear to be significantly 

lower than the others and the observed microbial community diversity suggest that a 

shift occurs here correlates with increased carbon assimilation, these results were 

compromised by contamination, so no significant differences can be drawn from the 

two-week analytical data.   
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Figure 19: Total PAH concentrations significantly decreased in amended-
reactors as well as non-amended reactors over the course of 4 weeks. Error bars 
represent standard deviations. Different lowercase letters indicate significant 

(p≤0.05) differences according to Welch-modified two sample t-tests.   
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At the start, the top PAHs were mid and heavy weight in molecular structure.  

However, each of these were also reduced remarkably. In particular, the PAH with the 

highest starting concentration, phenanthrene, was degraded by ~98%.  Furthermore, 

other sharp reductions were observed in the remaining top PAHs regardless of 

molecular weight and treatments (Figure 20).    

 

These data provide some explanation for the taxonomic shifts observed in the 

fungal responding community.  Since Basidiomycota are more likely to be selected against 

than Ascomycota and PAH levels have been reduced to ~10 percent of their original levels 

in just as Basidiomycota emerge as a main player, evidence points to Basidiomycota rising 

after other fungi and bacteria participate in reducing contaminant levels.  These 
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Figure 20: Top 6 PAH concentrations significantly decreased after 4 
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pollutant data also can help explain earlier shifts towards unclassified fungi. Since the 

unclassified fungi and Ascomycota preceded Basidiomycota and statistical analyses 

regarding these reactors reveal that these unclassified fungi contain known chitin-

degraders, it is likely that this shift is due to shared ecological niches between the 

ascomycete and unclassified fungi. 

 When we take these results into consideration along with the lack of bacterial 

responders, it appears that our treatments may not have increased degradative 

efficiency.  However, other studies agree that maintaining diversity, rather than 

selecting specific degraders, is valuable. Dell’Anno et al. (2012) studied degradation of 

hydrocarbons during bioremediation of contaminated sediments and found that 

strategies that could sustain high levels of bacterial diversity rather than select for 

specific taxa may significantly increase the efficiency of degradation. When looking at 

this through an ecological lens, the high diversity enables the bacterial community to 

utilize a range of resources and maintaining proportions allows them to use these 

resources at a high rate (Mallon, Elsas, and Salles 2015).  

Interestingly, there was no impact of amendment-based mycostimulation or 

mycoaugmentation at four weeks on the overall observed pollutant degradation 

compared to the no-amendment, no-added fungi treatment. This may be because the 

native microbial community more effectively used the added nutrients and amendments 

than the added T. harzianum. Perhaps the 1% chitin and cellulose amendments added 



103 

 

too much of each carbon source, so that in addition to the naturally present chitin and 

cellulose in the clean soils, the net chitin and cellulose reached levels that were slightly 

inhibitory to degradation. These data suggest that diluting aged PAHs using fresh soil 

and supplementing with nutrients via the basal medium used here may have been 

sufficient for stimulating degradation. This suggests that the native communities 

responded to the influx of nutrients and natural organic matter present in the starting 

soils. Therefore, a strategy to test in the future may be simply tilling in clean soil and 

adding nutrients.   

5.4 Concluding Remarks and Future Work 

This work demonstrates that fungi can be stimulated to achieve high levels of 

degradation, even in real soils with weathered and complex mixtures of high molecular 

weight PAHs.  The tested augmentation strategy failed to work in establishing our 

desired fungus.  

Amendments were somewhat successful in shaping the community with 

cellulose yielding the highest impacts in terms of positive ascomycete responders after 2 

weeks. However, in this case, the simple addition of basal medium and fresh organic 

material in the form of fresh soil was sufficient in promoting greater than 90% PAH 

degradation. Investigating the ecological roles of the responding communities revealed 

taxa with overlapping ecological niches which suggested that the microbial community 

did not need T. harzianum in order to appropriately respond to the influx of nutrients.  
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All in all, microbial ecological data suggest that the right community evolved faster in 

some of the mycostimulated treatments.  However, more frequent chemical analyses are 

needed in order to confirm direct association between amendment treatment strategy 

and resulting PAH degradation.  Future work should focus on obtaining metabolite 

profiles in addition to those of the parent compounds. Also, these results suggest that 

there is potential for site-specific “stimulation cocktails” which contain missing chitin or 

cellulose absent from the natural organic matter found in the site, along with missing 

micronutrients.  
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6. Conclusions and Engineering Significance 
This dissertation work advances our understanding of how fungi can be utilized 

to improve PAH bioremediation efficacy by: 1) characterizing indigenous fungal taxa 

that prevail at heavily PAH contaminated Superfund sites and may be optimal 

biostimulatory targets; 2) identifying carbon amendments which can stimulate PAH 

degradation in a model ascomycete and; 3) validating PAH bioremediation treatment 

strategy in reactors seeded with soil from a Superfund site. The key findings and 

engineering significance are summarized below. In addition, future directions for this 

work are also discussed. 

6.1 Establish a Method for Considering Native Fungal 

Ecosystems in Assessing Biostimulation Strategies for PAH 

Contaminated Soils  

Native site fungal ecologies contain fungi closely related to known PAH 

degraders. Specifically, OTUs were identified among the ideal mycostimulation 

candidates that were close relatives to the following PAH degrading fungi: Cryptococcus 

sp., Minimedusa sp., Rhodotorula sp., Lentinus sp., Botrytis sp., Phialophora sp., Fusarium 

sp., Colletotrichum sp., Paecilomyces sp., Penicillium sp., Mucor sp. Through this method, 

we found that ascomycete fungi often dominate fungal communities in PAH 

contaminated soils and thus may represent optimal targets for mycostimulation 

treatment approaches. There were nearly twice as many ascomycetes were significantly 

positively associated with mid- and heavy-weight PAHs as compared to 
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basidiomycetes. Members of the fungal phylum Ascomycota were found to be enriched 

under high PAH levels (up to 26,193 ng/g).   Furthermore, there were almost three times 

as many types of fungi positively associated with the site's PAHs as there were fungi 

that were negatively associated.  These data suggest that PAHs may act as a selective 

pressure that encourages fungal communities to develop that equipped with the ability 

to tolerate or otherwise persist (reflected in DNA) despite legacy contamination.  

Ascomycetes were also observed to maintain greater diversity than basidiomycetes 

among positively associated fungi.  This finding suggests that they represent a larger 

pool of abilities than basidiomycetes associated with the site, and thus may be easier to 

target. 

6.2 Use Ecology to Inform Mycostimulation Strategies and 

Determine Whether They Improve PAH degradation in a Model 

Isolate from a Phylum Representative of PAH Contaminated 

Mycobiomes 

Alternate ecological-based strategies designed to mimic chitin and cellulose 

degradation promoted better degradation than the typical wood biostimulation strategy. 

Specifically, the chitin treatment based on 0.1% chitin stimulated 93% degradation of 

anthracene while the 0.1 and 1% cellulose reactors resulted in approximately 71% 

degradation on average (neither cellulose treatment was significantly greater).  All of 

these were significantly higher than the losses due to abiotic processes. In contrast, 
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neither the 0.1% nor the 1% wood stimulated significantly higher anthracene 

degradation than the abiotic control.  

6.3 Verify that Ecologically-designed Mycoremediation 

Treatment Strategies Contribute to Ecological Differences and 

Enhanced Degradation in a More Realistic Treatment Scenario 

Amendment-based biostimulation succeeds in causing ecological-niche specific 

enrichments in the responding fungal community. There was a trade-off between 

magnitude of stimulation and length of stimulation effect.  The cellulose-based 

biostimulation strategy provoked more ascomycete fungi in the short term.  In contrast, 

fewer taxa responded to chitin-based biostimulation but this strategy was still 

promoting responses in the fungal community after a month. This may suggest that 

chitin amendment has the capacity to provoke long-term structural changes. When we 

looked into whether these changes translated to enhanced degradation of weathered real 

contaminants, we found that in situ bioremediation of weathered PAHs can be 

stimulated by augmenting with clean soil and adding a simple nutrient solution 

The degradation data revealed that over 90% of the complex, weathered mixture 

of PAHs was degraded in the timespan of one month in the control reactors stimulated 

with nutrient medium alone. This was followed in effectiveness by mycoaugmented 

chitin which achieved 83% removal. This treatment was then followed by both the 

chitin-based biostimulation strategy and the mycoaugmented cellulose treatment with 
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just over 79% degradation. These were followed ever so slightly by cellulose-based 

biostimulation, which had just under 79% degradation.   These included heavy and mid 

weight PAHs that have been challenging for bacteria to degrade alone.   

6.4 Recommendations and Future Work  

Future work should focus on detailing the chitin and cellulose proportions of 

naturally occurring organic matter so that site-specific mixtures can be amended in 

order to promote desired fungal taxa. Another hypothesis worth further study is 

whether ecologically-informed strategies enrich their target groups regardless of their 

baseline levels, as differing soils are known to have different kinds of fungal phyla in 

them and react to stimuli differently (Procter et al. 2014). This suggests that it may be 

possible for our ecologically-targeted methods to enhance degradation in soils where the 

baseline composition of fungi is different than that of the soils used here. Future work 

might also benefit the field of bioremediation by focusing on determining economic 

advantages to sampling and sequencing soils in order to ultimately develop a cost-

effective yet representative picture of the polluted mycobiome.  As these methods are 

molecular in nature, the soils can be collected at the same time as ones needed to 

chemically characterize the site. Future work should focus on determining mechanisms 

of substrate promiscuity during degradation of PAHs.  Additional PAHs and fungi 

should be tested also.  Devising cost-effective ways of tracing how the fungi interact 
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with pollutants would benefit these kinds of studies greatly: i.e. finding alternatives to 

stable isotope probing and metabolomics.  

6.5 Engineering Significance 

This work served as a model for how NGS can be incorporated into monitoring 

of environmental microbiomes to identify impacts on the fungal and bacterial portions 

of the community. This dissertation aimed to expand bioremediation’s use of fungal 

degradation abilities in order to expand the sites suitable for bioremediation, and lessen 

the financial and environmental cost associated with supporting alternative expensive 

approaches This work illustrates how a better understanding of pollutant-related 

mycobiomes provides key insights to design strategies to effectively utilize fungi.  In this 

dissertation, we have found evidence that challenges the long-held view of 

basidiomycetes as the only fungi worth targeting (as they have shaped fungal 

bioremediation strategies for years).   

 It is anticipated that this demonstration of assessing biostimulation potential 

through taxonomic inference will be followed up with future studies that incorporate 

whole genome information.  Ideally, the Good’s Coverage values would be 1 and one 

could reconstruct individual genomes from site metagenomes within each polluted soil 

sampled.  This level of characterization requires much more sequencing depth than was 

obtained here, but sequencing costs are expected to fall in the near future enough to 

make this economically feasible to accomplish.  In arriving at this conclusion, we 
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demonstrated the usefulness in incorporating NGS approaches to sequencing the 

polluted environment to devise targeted biostimulation strategies.  This framework can 

be used for assessing biostimulation to target other taxa as well as in the context of other 

pollutants and polluted media.  This has the potential to expand biostimulation 

assessments to draw on the abilities of fungi. 
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Appendix A: Supplementary Information for Chapter 3 
Protocol for Analysis of Polynuclear Aromatic Hydrocarbons in Soil and Sediment 

Table A1: Protocol for Analysis of Polynuclear Aromatic Hydrocarbons in Soil 
and Sediment  

Purpose 
This procedure is intended for the analysis of 31 polynuclear aromatic hydrocarbons 
(PAHs) listed in Table 1 in soil and sediment using accelerated solvent extraction, 
alumina clean-up, and analysis by gas chromatography combined with electron 
impact mass spectrometry (GCEIMS).  This method uses deuterium-labeled PAHs as 
internal standards for quantitation and as surrogates to assess analyte recovery 

Sample Collection and Storage 
Sample size will depend on sample PAH concentrations; however, wet 

samples are typically 5-10 g and dry samples are typically 1-5 g.  Avoid exposure to 
exhaust fumes and cigarette smoke during sample collection, being sure to use pre-
cleaned glass or metal sampling tools for collection.   

Sediment samples should be stored in pre-cleaned amber glass containers 
with lids lined with PTFE and stored at -20°C.   
Preparation of Samples for Analysis  

Materials Used for Analysis: 

• Anhydrous	 sodium	 sulfate	
(Na2SO4;	CAS	7757-82-6)		

• Copper	turnings	(EM	Sciences)		
• Acetone	(CH3)2CO,	CAS	67-64-1)		
• Hexane	(C6H14,	CAS	110-54-3)		
• Hydrochloric	acid	(HCl,	CAS	7647-
01-0)		

• Aluminum	foil		
• Aluminum	weighing	dishes		
• Metal	spatula		
• Glass	centrifuge	tubes		
• PTFE	frits	for	SPE	tubes		
• Activated	silica		
• Agate	mortar	and	pestle		
• Glass	6	mL	solid	phase	extraction	
(SPE)	tubes	

• Glass	beakers	as	needed	
• Glass	transfer	pipettes,	pre-baked	at	450°C	
for	4	h	and	stored	in	aluminum	foil		

• Glass	waste	containers		
• Glass	luer-tip	syringe	0.45	µm	PTFE	filters	
100	 µL	 glass	 pipette	 sleeves	 for	 fixed-
volume	pipette		

• PAH	 calibration	 mix	 stock	 (described	 in	
Table	1)		

• Deuterated	 PAH	 internal	 standard	 mix	
(described	in	Table	2)		

• Deuterated	 PAH	 surrogate	 standard	 mix	
(described	in	Table	3)		

• Amber	 glass	 1.8	 mL	 autosampler	 vials	
(Agilent,	5181-3376)		

• Autosampler	 vial	 caps	 (Agilent,	 5181-
1215)		

Equipment Required  
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• Sonicator	and	probe	
• Centrifuge	Nitrogen	manifold	(NEVAP2)	
• Calibrated	100	µL	fixed-volume	pipettes	GC/MS	(Agilent	7890A/5975C)		
• Solid	phase	extraction	manifold	Speedvac		
• Vortexer		

Sample Preparation   
1. Remove samples from refrigeration and allow them to come to room temperature.  
Make sure sample is completely homogenized before proceeding.   
2. Rinse a metal weighing spatula with acetone and hexane, allow to dry completely, 
and place on clean aluminum foil.  
3. Place a small amount (e.g., dime to nickel size) of Na2SO4  in an aluminum weigh 
dish.  
4. Place the dish on a balance and tare it.  
5. Using the metal spatula, weigh 0.05 – 2.0 g wet or dry sediment onto the Na2SO4 
and record wet weight.  Amount of soil/sediment used will depend on expected 
levels of PAHs in the sample. 
 6. Transfer the sample and all Na2SO4 to an agate mortar.  
7. Grind sample to a fine powder adding more Na2SO4 as necessary.  
8. Add 100 µL of the deuterated PAH surrogate mix.  Record concentration, initials, 
and date of preparation of the stock.  
9. Transfer powder to a clean glass centrifuge tube.  
10. Clean the mortar and pestle thoroughly with acetone and hexane before 
processing the next sample.    
11. Prepare blanks (Na2SO4 only) in triplicate with each sample set.  
12. Prepare one SRM 1941b (0.25 g) with each sample set in the same manner as 
samples.  
13. Optional: prepare one matrix spike by grinding a portion of Na2SO4, adding to a 
glass centrifuge tube and spiking with 100 µL of the deuterated PAH surrogate mix 
and 100 µL of the PAH calibration mix.  Record the concentration, initials, and date of 
preparation of all stocks.  
14. Prepare one QAQC with each sample set by adding 100 µL of the deuterated PAH 
surrogate mix to a labeled GC autosampler vial.  If a matrix spike is included with the 
sample set, also spike the QAQC with 100 µL of the PAH calibration mix.  
15. Add 4 mL 1:1 acetone: hexane to all samples, blanks, SRM, and matrix spikes.  
16. Vortex 10 seconds to mix.  
17. Place the tube in a beaker of ice and sonicate for 5 min at 20% amplitude.  Be sure 
to use hearing protection.  
18. Centrifuge at 3000 x g for 3 min.  
19. Transfer supernatant to a clean labeled glass test tube.  
20. Repeat steps 6-10 two more times for a total of three extractions.  

Sulfur removal  
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1. In the hood, prepare a beaker of 25% HCl. Prepare approximately 10 mL per 
sample.  
2. Rinse a pair of forceps with hexane, and use them to transfer copper turnings to the 
HCl solution.  Allow about 2-3 inches of copper turnings per sample, and be sure to 
fully immerse the turnings in the HCl solution.  
3. After 1 minute, remove the copper turnings and shake gently to remove excess HCl 
solution. Recommend a DI rinse between HCl and organic solvent  
4. Quickly transfer the copper turnings into a beaker of hexane.  
5. Using forceps and scissors rinsed with hexane, and cut about 2-3 inches of turnings 
and place in the sample.  Note:  sulfur sequestration by the copper increases with 
temperature and time.  If the sample turns the copper black during further sample 
processing, more copper turnings must be added to the sample.  
6. Concentrate the samples under reduced pressure using a SpeedVac concentrator to 
approximately 500 µL (about 13-14 min), rinsing the sides of the test tubes 3 times 
with hexane.  
Sample Clean-up by Silica Solid Phase Extraction 
1. Prepare silica SPEs by placing a PTFE frit in a 6 mL glass SPE tube.  Add 0.5 g clean 
silica and add approximately 1 cm Na2SO4 on top.  
2. Set up SPE tubes on the SPE manifold.  
3. Condition the tubes with 6 mL hexane and allow hexane to pass through the tube.  
4. Place a clean labeled glass test tube under each SPE tube to collect all eluate.  
5. Using a glass transfer pipette, add the sample extract to the SPE. 
 6. Rinse the sample vessel with 1-2 mL hexane and add rinse to the SPE.  
7. Add 6 mL hexane to the SPE.  
8. Concentrate the samples under reduced pressure to approximately 500 µL using a 
SpeedVac concentrator.  
9. If samples contain particulates: Attach a 0.45 µm PTFE membrane filter to a glass 
luer-tip syringe and rinse with hexane. Transfer the sample to the syringe using a 
glass transfer pipette. Rinse the vial with approximately 200 µL hexane and add to 
the syringe. Filter the sample into a labeled amber glass autosampler vial.  
10. If samples contain no particulates, use a glass pipette to transfer to a labeled 
amber glass autosampler vial.  
11. Add 100 µL of mass-labeled PAH internal standard mix to all samples, blanks, 
SRM and QAQCs.  
12. If necessary, adjust volume in the vials to at least 0.5 mL with hexane.  
13. Cap securely and store at -20°C in a vial box labeled with initials, date and sample 
set number until analysis by GC/MS.  
Sample Analysis  

Materials Required  
• Agilent	HP-5MS	column:	30	m	length	x	250	µm	ID	x	0.25	µm	film	thickness		
• Hexane	(CAS	110-54-3)		

Equipment Required 
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• Agilent	7890A	gas	chromatograph	(GC)		
• Agilent	 5975C	 mass	 selective	 detector	 (MSD)	 with	 electron	 ionization	 (EI)	
source	

A.4.2.1 Instrumental Conditions  
1. Front Injector  
 Syringe Size 10 µL Injection Volume  2 µL Solvent A (DCM) pre-injection 

washes: 3 Solvent A (DCM) post-injection washes: 3 Solvent A Volume: 8 µL Solvent 
B (hexane) pre-injection washes: 3 Solvent B (hexane) post-injection washes: 3 Solvent 
B Volume:  8 µL  

 2. PTV Inlet  
 Gas: helium Mode: pulsed splitless Temperature:  250 °C Pressure: 10.121 psi 

Total flow : 504.3 mL/min Septum purge flow:  3 mL/min Gas saver:    20 mL/min 
after 2 min Injection pulse pressure: 15 psi until 38 min Purge flow to split vent:  500 
mL/min at 5 min  

 3. Oven (may change slightly with addition of more PAHs)  
 40 °C for 0.6 min 10 °C/min to 300 °C for 18 min Run time:  44.6 min Column 

flow: 1.3 mL/min Transfer line: 280 °C  
 4. MSD  (likely to change with addition of more PAHs)  
 Source: EI Source temperature: 230 °C Quadrupole temperature: 150 °C 

Solvent delay: 5 min Selected Ion Monitoring (SIM):    
Window 1:  5-14.50 min Ions: 102,115,128, 134, 136, 139, 141, 142, 150, 152, 154, 

156, 163, 166, 167, 168   
 Window 2:  14.50-19.50 min Ions: 139, 163, 166, 167, 168, 174, 176, 178, 184, 

188, 189, 192   
 Window 3:  19.50-25.00 min Ions: 165, 192, 200, 202, 206, 208, 212, 215, 216, 

219, 226, 228, 234   
Window 4:  25.00-38.90 min Ions: 150, 232, 250, 252, 260, 264, 268, 274, 276, 

278, 298, 300, 302, 312, 316   
Standards, Blanks, and Quality Control samples 

PAH calibration standards: 
 Five concentrations of PAH calibration standards will be included with each 

set of samples.  Table 1 provides the list of PAHs included in the mix.  Table 4 
describes the preparation of standards that cover a range from 0-200 ng of each 
compound.  However, standards covering a different range can be prepared 
depending on sample requirements. Should include concentration range of standards. 
It is preferable for the five standards to span a range of 1.0 ng/mL to 1.0 ug/mL.     

  
PAH internal standards:  

Five deuterated PAHs will be included as internal standards.  These are 
described in Table 2, and include D8-naphthalene, D10-phenanthrene, D10-pyrene, 
D12-benzo(a)pyrene and D14-dibenzo(a,i)pyrene.  
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PAH Surrogate Quantification Standards:  
 Five concentrations of PAH surrogate standards will be included with each 

set of samples to assess surrogate recoveries from the sample preparation. Four 
deuterated PAHs will be used as surrogates including D10-2-methylnaphthalene, 
D10-fluorene, D10-fluoranthene and D12-perylene, and D12-indeno(1,2,3-c,d)pyrene. 
(Table 3). Table 5 describes the preparation of standards that cover a range from 0-200 
ng of each compound.    
 
Blanks: 

 Three blanks will be included with each set of samples and processed exactly 
as the samples are processed.  

 
Quality Control and SRM Samples:  

At least one NIST-certified standard reference material (SRM) will be 
included in each sample set.  For sediments, SRM 1941b will be used.  Additional 
quality control may also include one matrix spike (addition of a known amount of a 
mixed PAH calibration stock) with each sample set.      

 
 
 

 
Protocol A1: Bioinformatic Pipeline for Holcomb Creosote 

**Note: Output has been included in bold font, right justified, code has been 

italicized.  

 Step one: separate project sequences from the run  

This step uses the mapping file, the list of barcodes, and the output to sieve project 

sequences from the rest and perform initial minimum quality filtering based on average 

Q scores. Output is a directory named "Read1" containing histograms, sequences 

(seqs.fastq, seqs.fna, seqs.qual), and a log.  

The barcodes file is reverse complemented and the sequences are 10 bases long, so we'll 
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change the bc1_len to 10 and eliminate the –rev_comp_mapping_barcodes yet keep the 

quality score threshold at 20 to give:   

split_libraries_fastq.py -i /home/lauren/Desktop/101515_MiSeq/Read1.fastq -m 

/home/lauren/Desktop/101515_MiSeq/HalcombMappingrevc.txt -b 

/home/lauren/Desktop/101515_MiSeq/barcodes.fastq --store_qual_scores --

store_demultiplexed_fastq --barcode_type 10 -o /home/lauren/Desktop/101515_MiSeq/Read1 -q 

20   

from the log, we see this worked:  

  
Result summary (after quality filtering)   

Median sequence length: 251.00   
2B 13335   
3C 8085   
4C 5723   
2A 5414   
3A 5255   
4A 4693   
5A 4585   
1C 4435   
1B 4209   
2C 4159   
1A 3674   
4B 3331   
5C 3152   
3B 2743   
5B 2427   

  
  

Total number seqs written 75220  
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Create a corollary for Read2 for comparison purposes in order to determine 

which set of sequences to carry out analyses 

                                                                                                                   

split_libraries_fastq.py -i /home/lauren/Desktop/101515_MiSeq/Read2.fastq -m 

/home/lauren/Desktop/101515_MiSeq/HalcombMappingrevc.txt -b 

/home/lauren/Desktop/101515_MiSeq/barcodes.fastq --store_qual_scores --

store_demultiplexed_fastq --barcode_type 10 -o Read2 -q 20   

Quality filter results   
Total number of input sequences: 963606   

Barcode not in mapping file: 868838   
Read too short after quality truncation: 41540   

Count of N characters exceeds limit: 0   
Illumina quality digit = 0: 0   

Barcode errors exceed max: 0   
  
  

Result summary (after quality filtering)   
Median sequence length: 251.00   

2B 8729   
3C 5415   
4C 4099   
3A 3927   
2A 3923   
5A 3607   
1C 3296   
2C 3170   
4A 3098   
1A 2866   
1B 2829   
5C 2417   
4B 2186   
3B 1971   
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5B 1695   
  
  

Total number seqs written 53228  
Note that Read 2 has 21,992 sequences less than Read 1, with the same median length so 

carry forward with analysis using Read 1 only.  

Step two: remove adapters & primers from your sequences      

Use cut adapt to sort the file by gene regions and remove final primer sequences  

First trim the LR3 primer+adapter from sequences    

  

/home/lauren/cutadapt/cutadapt-1.4.2/bin/cutadapt -g CCGTGTTTCAAGACGGG -e 0.1 --

discard-untrimmed --match-read-wildcards 

/home/lauren/Desktop/101515_MiSeq/Read1/seqs.fastq> 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR3_seqs.fastq   

output  
Maximum error rate: 10.00%   

No. of adapters: 1   
Processed reads: 75220   

Processed bases: 18760212 bp (18.8 Mbp)   
Trimmed reads: 4334 (5.8%)   

Trimmed bases: 15807 bp (0.0 Mbp) (0.08% of total)   
Too short reads: 0 (0.0% of processed reads)   
Too long reads: 0 (0.0% of processed reads)   

Total time: 1.42 s   
Time per read: 0.019 ms   

  
  

=== Adapter 1 ===   
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Adapter 'CCGTGTTTCAAGACGGG', length 17, was trimmed 4334 times.   
  
  

No. of allowed errors:   
0-9 bp: 0; 10-17 bp: 1   

  
  

Overview of removed sequences   
length count expect max.err error counts   

3 3599 1175.3 0 3599   
4 582 293.8 0 582   

5 96 73.5 0 96   
6 12 18.4 0 12   

7 1 4.6 0 1   
9 3 0.3 0 0 3   

10 1 0.1 1 0 1   
11 4 0.0 1 0 4   

45 1 0.0 1 1   
49 1 0.0 1 0 1   

50 1 0.0 1 1   
51 3 0.0 1 2 1   
52 4 0.0 1 3 1   
53 6 0.0 1 3 3   
54 2 0.0 1 1 1   
55 2 0.0 1 0 2   
56 4 0.0 1 2 2   

59 1 0.0 1 1   
60 2 0.0 1 2   
61 2 0.0 1 2   
62 1 0.0 1 1   
63 1 0.0 1 1   
64 1 0.0 1 1   
67 1 0.0 1 1   
68 1 0.0 1 1   
69 1 0.0 1 1   

83 1 0.0 1 0 1   
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and LR0R from sequence with  

/home/lauren/cutadapt/cutadapt-1.4.2/bin/cutadapt -g ACCCGCTGAACTTAAGC -e 
0.1 --discard-untrimmed --match-read-wildcards 
/home/lauren/Desktop/101515_MiSeq/Read1/seqs.fastq> 
/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_seqs.fastq   

Output  
Maximum error rate: 10.00%   

No. of adapters: 1   
Processed reads: 75220   

Processed bases: 18760212 bp (18.8 Mbp)   
Trimmed reads: 75017 (99.7%)   

Trimmed bases: 2201411 bp (2.2 Mbp) (11.73% of total)   
Too short reads: 0 (0.0% of processed reads)   
Too long reads: 0 (0.0% of processed reads)   

Total time: 1.48 s   
Time per read: 0.020 ms   

  
  

=== Adapter 1 ===   
  
  

Adapter 'ACCCGCTGAACTTAAGC', length 17, was trimmed 75017 times.   
  
  

No. of allowed errors:   
0-9 bp: 0; 10-17 bp: 1   

  
  

Overview of removed sequences   
length count expect max.err error counts   

3 4 1175.3 0 4   
12 1 0.0 1 0 1   

16 3 0.0 1 3   
17 2 0.0 1 2   

18 4 0.0 1 2 2   
19 3 0.0 1 2 1   
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20 4 0.0 1 3 1   
21 8 0.0 1 5 3   
22 9 0.0 1 6 3   
23 7 0.0 1 5 2   

24 15 0.0 1 14 1   
25 27 0.0 1 19 8   

26 276 0.0 1 137 139   
27 13922 0.0 1 13436 486   
28 13199 0.0 1 12784 415   
29 12550 0.0 1 12073 477   
30 12612 0.0 1 12088 524   
31 11331 0.0 1 10426 905   
32 11009 0.0 1 10682 327   

33 27 0.0 1 15 12   
34 1 0.0 1 1   
35 1 0.0 1 1   
36 1 0.0 1 1   
37 1 0.0 1 1   

Step three: Generate quality statistics  

Generate a quality file for quality check purposes, output is a folder containing .fna and 

.qual files. The above -F option is very important as it maintains the whole header, not 

just the sample label.    

convert_fastaqual_fastq.py -c fastq_to_fastaqual -f 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR3_seqs.fastq -o 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR3_fastafiles -F  

convert_fastaqual_fastq.py -c fastq_to_fastaqual -f 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_seqs.fastq -o 

/home/lauren/Desktop/101515_MiSeq/Read1/BLtrimmedR1_LR0R_fastafiles -F  
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Step four: trim based on quality histograms **optional                                   

Back in QIIME check quality for each region (average Q). Output is a folder 

containing quality histograms. Quality filtering has progressed to an expected-error-

rate-based approach so this step is just to visualize the quality of the run.   

Here, we performed quality histograms on trimmed sequences and raw 

sequences   

 quality_scores_plot.py -q 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR3_fastafiles/trimmedR1_LR3_seqs.q

ual -o 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR3_fastafiles/trimmedR1_LR3_qualit

y_histograms   

Suggested nucleotide truncation position (None if quality score average did 

not fall below the minimum score parameter): None   

quality_scores_plot.py -q 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/trimmedR1_LR0R_se

qs.qual -o 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/trimmedR1_LR0R_qu

ality_histograms   

Suggested nucleotide truncation position (None if quality score average did 

not fall below the minimum score parameter): None   
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Step five: trim based on expected error rate   

Undertake quality control for each region based on step four using expected error 

filtering (recommended by usearch documentation). This project's Q quality scores are 

great up through 251 bp. The lower standard deviation starts dropping around q25 at 

200 bp Identifying chimeric otus is recommended post OTU picking. usearch now 

recommends filtering base on the expected number of errors instead of average 

quality..cite Edgar & Flyvbjerg 2015 on describing error filtering .   

The below truncates at 200 bp and a max total expected errors of 1, keeping 90% of the 

sequences:   

/home/lauren/qiime_software/usearch8 -fastq_filter 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_seqs.fastq -fastq_trunclen 

200  -fastaout 

/home/lauren/Desktop/101515_MiSeq/Read1/filteredee1_200_trimmedR1_LR0R_seqs.fasta   

usearch v8.1.1756_i86linux32, 4.0Gb RAM (8.1Gb total), 4 cores   
(C) Copyright 2013-15 Robert C. Edgar, all rights reserved.   

http://drive5.com/usearch   
  
  

Licensed to: lauren.czaplicki@gmail.com   
  
  

00:00 32Mb 100.0% Filtering, 90.3% passed   
75017 FASTQ recs (75.0k)   

2303 Short recs discarded (<200)   
4949 Low qual recs discarded (expected errs > 1.00)   

67765 Converted (67.8k, 90.3%)   
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 Step six: dereplicate sequences  

Back in QIIME, commence OTU picking process. First, create a file without 

replicated sequences. The -sizeout option causes the cluster size to be included in the 

label.  

/home/lauren/qiime_software/usearch8 -derep_fulllength 
/home/lauren/Desktop/101515_MiSeq/Read1/filteredee1_200_trimmedR1_LR0R_seqs.fa

sta -fastaout 
/home/lauren/Desktop/101515_MiSeq/Read1/sized_filteredee1_200_trimmedR1_LR0R_

seqs.fasta -sizeout   
usearch v8.1.1756_i86linux32, 4.0Gb RAM (8.1Gb total), 4 cores   

(C) Copyright 2013-15 Robert C. Edgar, all rights reserved.   
http://drive5.com/usearch   

Licensed to: lauren.czaplicki@gmail.com   
00:00 37Mb 0.1% Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/filteredee1_200_trimmedR1_L00:01 
43Mb 23.7% Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/filteredee1_200_trimmedR1_L00:01 
55Mb 100.0% Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/filteredee1_200_trimmedR1_LR0R_seqs.f
asta   

00:01 55Mb 67765 seqs, 18406 uniques, 14787 singletons (80.3%)   
00:01 55Mb Min size 1, median 1, max 8109, avg 3.68   

00:01 55Mb 100.0% Writing   
00:01 51Mb 0.0% Writing 

/home/lauren/Desktop/101515_MiSeq/Read1/sized_filteredee1_200_trimm00:01 51Mb 
100.0% Writing 

/home/lauren/Desktop/101515_MiSeq/Read1/sized_filteredee1_200_trimmedR1_LR0R
_seqs.fasta   

  

Step seven: remove singletons   
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/home/lauren/qiime_software/usearch8 -sortbysize 

/home/lauren/Desktop/101515_MiSeq/Read1/sized_filteredee1_200_trimmedR1_LR0R_seqs.

fasta -minsize 2 -fastaout 

/home/lauren/Desktop/101515_MiSeq/Read1/derep_sized_filteredee1_200_trimmedR1_LR0R

_seqs.fasta   

usearch v8.1.1756_i86linux32, 4.0Gb RAM (8.1Gb total), 4 cores   
(C) Copyright 2013-15 Robert C. Edgar, all rights reserved.   

http://drive5.com/usearch   
Licensed to: lauren.czaplicki@gmail.com   

00:00 37Mb 0.1% Reading 
/home/lauren/Desktop/101515_MiSeq/Read1/sized_filteredee1_200_trimm00:00 44Mb 

100.0% Reading 
/home/lauren/Desktop/101515_MiSeq/Read1/sized_filteredee1_200_trimmedR1_LR0R

_seqs.fasta   
00:00 10Mb Getting sizes   

00:00 11Mb Sorting 3619 sequences   
00:00 11Mb 100.0% Writing output   

  
 

Step eight: Cluster OTUs (and remove chimeras)  
Cluster output from step ten into OTUs, the output is a representative set 

(repset) without de novo chimeras.   
/home/lauren/qiime_software/usearch8 -cluster_otus 

/home/lauren/Desktop/101515_MiSeq/Read1/derep_sized_filteredee1_200_trimmedR1
_LR0R_seqs.fasta -otus 

/home/lauren/Desktop/101515_MiSeq/Read1/OTUS_derep_sized_filteredee1_200_trim
medR1_LR0R_seqs.fasta   

usearch v8.1.1756_i86linux32, 4.0Gb RAM (8.1Gb total), 4 cores   
(C) Copyright 2013-15 Robert C. Edgar, all rights reserved.   

http://drive5.com/usearch   
Licensed to: lauren.czaplicki@gmail.com   

00:01 49Mb 100.0% 738 OTUs, 42 chimeras (1.2%)   
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this step removes de novo chimeras but may miss other chimeras that aren't mixtures of 

the sequences dominating the dataset.  Use a reference chimera check too based on the 

fungal LSU training set from RDP (download training set 11 gene from 

http://sourceforge.net/p/rdp-

classifier/activity?page=0&limit=100#53bc20ffe88f3d66275374c1)   

/home/lauren/qiime_software/usearch8 -uchime_ref 

/home/lauren/Desktop/101515_MiSeq/Read1/OTUS_derep_sized_filteredee1_200_trimmedR

1_LR0R_seqs.fasta -db 

/home/lauren/rdp_classifier_2.8/LSUtrainingset11/fungiLSU_train_012014.fa -minh 1.0 -

strand plus -nonchimeras 

/home/lauren/Desktop/101515_MiSeq/Read1/nochimeras_OTUS_derep_sized_filteredee1_20

0_trimmedR1_LR0R_seqs.fasta -threads 24  

usearch v8.1.1756_i86linux32, 4.0Gb RAM (8.1Gb total), 4 cores  

(C) Copyright 2013-15 Robert C. Edgar, all rights reserved.  

http://drive5.com/usearch  

  

Licensed to: lauren.czaplicki@gmail.com  

  

00:00  37Mb    0.1% Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/OTUS_derep_s00:00  40Mb  100.0% 
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Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/OTUS_derep_sized_filteredee1_200_trim

medR1_LR0R_seqs.fasta  

00:00  40Mb    0.1% Reading 

/home/lauren/rdp_classifier_2.8/LSUtrainingset11/fun00:00  59Mb  100.0% Reading 

/home/lauren/rdp_classifier_2.8/LSUtrainingset11/fungiLSU_train_012014.fa  

00:00  26Mb    0.1% Masking                                                     00:01  26Mb  100.0% 

Masking  

00:01  27Mb  100.0% Word stats  

00:01  27Mb  100.0% Alloc rows  

00:02  85Mb  100.0% Build index  

  

WARNING: Max OMP threads 4  

  

00:06 133Mb  100.0% Search 1/738 chimeras found (0.1%)  

00:06 133Mb  100.0% Writing 737 non-chimeras        

  

Step nine: label OTUs w/ numbers  

Commence making the OTU table from the no chimera file using some python 

script - move to where this is.   
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python fasta_number.py 

/home/lauren/Desktop/101515_MiSeq/Read1/nochimeras_OTUS_derep_sized_filteredee1_20

0_trimmedR1_LR0R_seqs.fasta > 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochimeras_OTUS_derep_sized_filter

edee1_200_trimmedR1_LR0R_seqs.fasta   

Step ten: map original quality filtered reads back onto OTUs  

Back in QIIME, map replicated sequences back onto the OTUs  

/home/lauren/qiime_software/usearch8 -usearch_global 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/trimmedR1_LR0R_s

eqs.fna -db 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochimeras_OTUS_derep_sized_filter

edee1_200_trimmedR1_LR0R_seqs.fasta -strand plus -id .97 -uc 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/readmap_nochimer

as_trimmedR1_LR0R_seqs.uc   

usearch v8.1.1756_i86linux32, 4.0Gb RAM (8.1Gb total), 4 cores  

(C) Copyright 2013-15 Robert C. Edgar, all rights reserved.  

http://drive5.com/usearch  

  

Licensed to: lauren.czaplicki@gmail.com  
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00:00  37Mb    0.1% Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochi00:00  40Mb  100.0% 

Reading 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochimeras_OTUS_derep_size

d_filteredee1_200_trimmedR1_LR0R_seqs.fasta  

00:00 6.4Mb    0.1% Masking                                                     00:00 6.4Mb  100.0% 

Masking                                       

00:00 7.2Mb  100.0% Word stats  

00:00 7.2Mb  100.0% Alloc rows  

00:00 7.7Mb  100.0% Build index  

00:01  74Mb  100.0% Searching trimmedR1_LR0R_seqs.fna, 94.5% matched  

  

   

Step eleven: Make OTU table  

Modify uc2otu and call it uc2otu_mod.py in the same folder as the other 

drive5.py scripts per Mike Robeson's suggestion so that the GetSampleId miniprogram 

looks as below:  

  

def GetSampleId(Label):   

    SampleID = Label.split()[0].split('_')[0]    
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    return SampleID   

    die.Die("barcodelabel= not found in read label '%s'" % Label)   

  

then run the following script:  

/drive5_py$ python /home/lauren/drive5_py/uc2otutab_mod2.py 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/readmap_nochimer

as_trimmedR1_LR0R_seqs.uc > 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/mod_nochimeras_ot

utable_newmethod.txt  

  

 Step twelve: convert OTU table to biom format   

 biom convert --table-type="otu table" -i 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/mod_nochimeras_otut

able_newmethod.txt -o 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/mod_nochimeras_otut

able_newmethod.biom   

Step thirteen: Add SampleMetadata to OTU table  

Add sample metadata linking sample IDs to locations and ultimately to PAH 

Profile/treatment.   

Create an excel file containing metadata. 
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Save this as a tab delineated file, HolcombSampleMetadata.txt 

 biom add-metadata -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/mod_nochimeras_o

tutable_newmethod.biom' -o  

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/mod1_nochimeras_

otutable_newmethod.biom' -m 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --observation-header 

SampleID,Order,TotPAH,Background,Cr,Ni,Cu,Zn,As,Ag,Cd,Pb 

Step fourteen: build local database for taxonomic assignments  

Use SILVA reference sequences to assign taxonomy from a more comprehensive 

database as follows (per Mike Robeson's suggestions here: 

(https://github.com/mikerobeson/Misc_Code/tree/master/SILVA_to_RDP ) 

Briefly: 

(1) Navigate to https://www.arb-silva.de/browser/  

(2) Select LSU r126 as the database, and SILVAref as the taxonomy.   

(3) Choose Eukaryota, then Opisthokonta, followed by Nucletmycea and finally 

select Fungi. 

(4) Click the "add to cart" button in the Fungi window. 
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(5) This should have 2469 sequences in the cart. Download as FASTA without 

gaps as a .tar.gz archive 

(6) extract this file to " /home/lauren/SILVAref/" 

(7) Check the fasta format and "clean" any mistakes via QIIME 

 clean_fasta.py -f '/home/lauren/SILVAref/arb-silva.de_2016-09-

16_id368647_tax_silva.fasta' -o '/home/lauren/SILVAref'  

(8) Build taxonomy and raw fasta files from the sequence data  

A) copy and paste prep_silva_data.py python script and save it as such 

B) use the script in the terminal: 

python '/home/lauren/drive5_py/prep_silva_data.py' 

'/home/lauren/SILVAref/arb-silva_filtered.fasta' 

'/home/lauren/SILVAref/SILVArefTaxonomy.txt' 

'/home/lauren/SILVAref/SILVArefSeqs.fasta'   

(9) Filter out non-ASCII characters from the taxonomy file 

A)Download the parse_nonstandard_chars.py script from the link in github and 

save it as such in the same folder as the previous script  

B) Use the script in the terminal: 

python '/home/lauren/drive5_py/parse_nonstandard_chars.py' 

'/home/lauren/SILVAref/SILVArefTaxonomy.txt'>'/home/lauren/SILVAref/RDP_SILVAr

efTaxonomy.txt'  
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(10) Prep the corrected taxonomy file for RDP  

A) Copy and paste the prep_silva_taxonomy_file.py from github and save it as 

such 

B) Use the script in the terminal  

python '/home/lauren/drive5_py/prep_silva_taxonomy_file.py' 

'/home/lauren/SILVAref/RDP_SILVArefTaxonomy.txt' 

'/home/lauren/SILVAref/FullRDP_SILVArefTaxonomy.txt'  

(11) Pick otus for 97% similarity via QIIME (can pick these for 99 and 94% at a 

later time if needed) 

pick_otus.py -i '/home/lauren/SILVAref/SILVArefSeqs.fasta' -o 

'/home/lauren/SILVAref/97_OTUs/' -s .97 -m usearch61 

(12) Pick representative set via QIIME 

 pick_rep_set.py -i '/home/lauren/SILVAref/97_OTUs/SILVArefSeqs_outs.txt' -f 

'/home/lauren/SILVAref/SILVArefSeqs.fasta' -o 

'/home/lauren/SILVAref/97_OTUs/SILVA_97_repset.fna'  

(13) Remove the OTU ID labels from the representative sequences file so that 

they match the tax file IDs created earlier. 

A)Download the  fix_fasta_labels.py script from the link in github and save it as 

such in the same folder as the previous script  

B) Use the script in the terminal: 
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python '/home/lauren/drive5_py/fix_fasta_labels.py' 

'/home/lauren/SILVAref/97_OTUs/SILVA_97_repset.fna' 

'/home/lauren/SILVAref/97_OTUs/RDPready_SILVA_97_repset.fna'  

Step fifteen: Assign taxonomy to representative sequences  

 Assign taxonomy using the Blast method. 132 of 737 OTUs did not have known fungal 

sequences (~18%)  

assign_taxonomy.py -i 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochimeras_OTUS_derep_sized_filteredee

1_200_trimmedR1_LR0R_seqs.fasta -r 

'/home/lauren/SILVAref/97_OTUs/RDPready_SILVA_97_repset.fna' -t 

'/home/lauren/SILVAref/FullRDP_SILVArefTaxonomy.txt' -m blast -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

SILVA_assigned_taxonomy'  

Step sixteen: Build this taxonomy info into the OTU table 

Add a header file to the assigned taxonomy OTU file as below 

#OTUid[tab]taxonomy[tab]Evalue[tab]RefdbID  

Then add this taxonomy as observational metadata  

biom add-metadata --sc-separated taxonomy,Evalue,RefdbID --observation-header 

OTUid,taxonomy,Evalue,RefdbID --observation-metadata-fp 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/
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SILVA_assigned_taxonomy/number_nochimeras_OTUS_derep_sized_filteredee1_200_trimmed

R1_LR0R_seqs_tax_assignments.txt' -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/mod1_nochimeras_ot

utable_newmethod.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

SILVA_assigned_taxonomy/SILVARef_tax_mod1_nochimeras_otutable_newmethod.biom' 

 

Step seventeen: Group replicate samples together in order of PAH concentration  

Sort this new table in order of PAHs 

sort_otu_table.py -i 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/S

ILVA_assigned_taxonomy/SILVARef_tax_mod1_nochimeras_otutable_newmethod.biom -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

SILVARef_Ordered.biom' -m 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt'  -s TotPAH  

Step eighteen: Remove nonfungi OTUs and representative fasta sequences 

Use the following script to remove OTUs that aren't fungi 

filter_taxa_from_otu_table.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/
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SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

Fungi_SILVARef_Ordered.biom' --metadata_field taxonomy -p D_0__Eukaryota 

Then remove these from the representative set of sequences 

filter_fasta.py -f 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochimeras_OTUS_derep_sized_filteredee

1_200_trimmedR1_LR0R_seqs.fasta -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min/FungalRepSet_SILVARef_Ordered.fasta' -b 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

Fungi_SILVARef_Ordered.biom' 

Step nineteen: Construct a phylogeny by importing core microbiome fasta sequences  

 compute_core_microbiome.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

SILVACoreUnrarefied/Lvl1' --mapping_fp 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --valid_states "Order:1" --min_fraction_for_core 1  
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filter_fasta.py -f 

/home/lauren/Desktop/101515_MiSeq/Read1/number_nochimeras_OTUS_derep_sized_filteredee

1_200_trimmedR1_LR0R_seqs.fasta -o 

'/home/lauren/arb/Lvl1core_Fungi_SILVARef_Seqs.fasta' -b 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

SILVACoreUnrarefied/Lvl1/core_table_100.biom'  

 

Step twenty: Rarefy OTU table for α and beta diversity and Spearman correlations 

First identify the minimum number of reads for our fungal OTUs by converting 

the fungi only biom file to a txt file and counting the total reads/replicate.  

biom convert -i 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/F

ungi_SILVARef_Ordered.biom -o 

/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/F

ungi_SILVARef_Ordered.txt --header-key taxonomy --table-type="BIOM table" --process-obs-

metadata taxonomy –b 

The minimum number of reads across the replicates was 1786 reads, so rarefy the table 

to 1786.  

single_rarefaction.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/
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Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -d 1786  

 

Compute core fungal microbiome for spearman correlations 

compute_core_microbiome.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core1_ordered/' --mapping_fp 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --valid_states "Order:1" 

compute_core_microbiome.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core2_ordered/' --mapping_fp 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --valid_states "Order:2" 
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compute_core_microbiome.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core3_ordered/' --mapping_fp 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --valid_states "Order:3" 

compute_core_microbiome.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core4_ordered/' --mapping_fp 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --valid_states "Order:4" 

compute_core_microbiome.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core5_ordered/' --mapping_fp 
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'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' --valid_states "Order:5" 

Combine these into a single file, representing OTUs present in 100% of the 

replicates 

cat 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core1_ordered/core_otus_100.txt' 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core2_ordered/core_otus_100.txt' 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core3_ordered/core_otus_100.txt' 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core4_ordered/core_otus_100.txt' 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core5_ordered/core_otus_100.txt' > 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2minFungi/core_100_ordered.txt' 

 

 Then paste numeric pollutant metadata in columns next to this data.   

Step twenty-one: examine coverage bias  
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create multiple rarefactions to make it easy to compare α- diversity to each other 

and make plots later 

Multiple_rarefactions.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

multiple_rarefactions_Fungi_SILVARef_Ordered/ ' -m 10 –x 1790  

multiple_rarefactions.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Ordered.biom' -o ' -m 10 -x 1510 -s 10 -n 2  

Step twenty-two perform diversity analyses on several iterations of the rarefied fungal 

OTU tables    

Shannon α- diversity metrics, good's coverage is the estimated sample coverage 

(grouped by increasing PAH, but not renamed in increasing order of PAH 

concentration) Shannon is the most appropriate for these data. 

Generate 10 iterations of this same rarefaction depth 

multiple_rarefactions.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

Fungi_SILVARef_Ordered.biom' -o 
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'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

multiple_rarefactions_Fungi_SILVARef_Ordered/ ' -m 1786 -x 1786 -s 1 -n 10 

Perform Shannon α- diversity on multiple rarefied OTU tables and collate 

them. 

alpha_diversity.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

multiple_rarefactions_Fungi_SILVARef_Ordered/ ' -m shannon -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

1786_Fungi_SILVARef_shannon_rarefied/' 

collate_alpha.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

1786_Fungi_SILVARef_shannon_rarefied/' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

1786_Fungi_SILVARef_shannon_collated_alpha/'   

compare_alpha_diversity.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

1786_Fungi_SILVARef_shannon_collated_alpha/shannon.txt' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min/1786_Fungi_SILVARef_shannon_alpha_comparisons/' -m 
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'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/

HolcombSampleMetadata.txt' -c Order,TotPAH,Background,Cr,Ni,Cu,Zn,As,Ag,Cd,Pb -p none 

 

Create bray curtis on rarefied to 1786 biom file sorted for fungi only via silva's 

database*** done in the below 

 beta_diversity.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min_Fungi_SILVARef_Ordered.biom' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min/nmds_rarefied21786_Fungi_silvaref' -m bray_curtis 

Perform nonmetric multidimensional scaling ordination and plot this in R 

nmds.py -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min/nmds_rarefied21786_Fungi_silvaref/bray_curtis_rarefied2min_Fungi_SILVARef_O

rdered.txt' -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsortedfiles/r

arefied2min/nmds_rarefied21786_Fungi_silvaref/nmds.txt' 

Perform ANOSIM on biom file sorted for fungi then rarefied to 1786 
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Compare categories via ANOSIM, 

(Order,TotPAH,Background,Cr,Ni,Cu,Zn,As,Ag,Cd,Pb) First check grouping 

significance by level of pollution  

 compare_categories.py --method anosim -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min/nmds_rarefied21786_Fungi_silvaref/bray_curtis_rarefied2min_Fun

gi_SILVARef_Ordered.txt' -m 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/HolcombSampleMetadata.txt' -c Order -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min/nmds_rarefied21786_Fungi_silvaref/anosim_pollutantorder/' 

 Then check grouping significance based on TotPAH level.  Notice, ANOSIM 

interprets the numerical values reflecting total PAH concentration as categories, 

not continuous variables.  Thus, it only suggests whether these are similar or not.  

 compare_categories.py --method anosim -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min/nmds_rarefied21786_Fungi_silvaref/bray_curtis_rarefied2min_Fun

gi_SILVARef_Ordered.txt' -m 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/HolcombSampleMetadata.txt' -c TotPAH -o  
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'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min/nmds_rarefied21786_Fungi_silvaref/anosim_totpah/' 

Check grouping significance of background versus polluted soils. 

compare_categories.py --method anosim -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min/nmds_rarefied21786_Fungi_silvaref/bray_curtis_rarefied2min_Fun

gi_SILVARef_Ordered.txt'  -m 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/HolcombSampleMetadata.txt' -c Background -o 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min/nmds_rarefied21786_Fungi_silvaref/anosim_background/' 

 

Step twenty-three: Create input to correlation plot in excel by copying and 

pasting all environmental data 

Then extract the OTUs/"genera" from the 

rarefied2min_Fungi_SILVARef_Ordered.biom file. First convert to txt via 

biom convert -i 

'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min_Fungi_SILVARef_Ordered.biom' -o 
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'/home/lauren/Desktop/101515_MiSeq/Read1/trimmedR1_LR0R_fastafiles/ISMEHCsort

edfiles/rarefied2min_Fungi_SILVARef_Ordered.txt'  -b --header-key taxonomy 

Then average the relative abundances between the three replicates and 

paste them in a similar format to the table earlier and paste the phyla and 

taxonomy in the remaining columns. 

***handoff to R-Script 
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Remaining Corrplots
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Kruskal-Wallis Tests 

Kruskal-Wallis rank stochastic dominance values (Χ2), all were 
significant (p<=0.05), with Dunn's z-test approximation corrected for ties in the 

data, and the associated unadjusted one-sided p-values (P). Bolded text 
indicates significance. 

PAHs 

Comparisons Χ2 Z P 

1 – 2 13.50 -0.82 0.2057 
1 – 3 13.50 -1.64 0.0502 
2 – 3 13.50 -0.82 0.2057 
1 – 4 13.50 -2.46 0.0069 
2 – 4 13.50 -1.64 0.0502 
3 – 4 13.50 -0.82 0.2057 
1 – 5 13.50 -3.29 0.0005 
2 – 5 13.50 -2.46 0.0069 
3 – 5 13.50 -1.64 0.0502 
4 – 5 13.50 -0.82 0.2057 

Vanadium  
Comparisons Χ2 Z P 

1 - 2 10.90 -2.46 0.0069 
1 - 3 10.90 -2.83 0.0023 
2 - 3 10.90 -0.37 0.3575 
1 - 4 10.90 -0.91 0.1807 
2 - 4 10.90 1.55 0.0603 
3 - 4 10.90 1.92 0.0276 
1 - 5 10.90 -2.01 0.0223 
2 - 5 10.90 0.46 0.3240 
3 - 5 10.90 0.82 0.2057 
4 - 5 10.90 -1.10 0.1367 

Chromium 
Comparisons Χ2 Z P 

1 - 2 11.63 -1.83 0.0339 
1 - 3 11.63 -3.01 0.0013 
2 - 3 11.63 -1.19 0.1177 
1 - 4 11.63 -0.91 0.1807 
2 - 4 11.63 0.91 0.1807 
3 - 4 11.63 2.10 0.0179 
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1 - 5 11.63 -2.46 0.0069 
2 - 5 11.63 -0.64 0.2614 
3 - 5 11.63 0.55 0.2919 
4 - 5 11.63 -1.55 0.0603 

Manganese 
Comparisons Χ2 Z P 

1 - 2 11.43 2.56 0.0053 
1 - 3 11.43 2.28 0.0112 
2 - 3 11.43 -0.27 0.3921 
1 - 4 11.43 0.09 0.4636 
2 - 4 11.43 -2.46 0.0069 
3 - 4 11.43 -2.19 0.0142 
1 - 5 11.43 1.00 0.1577 
2 - 5 11.43 -1.55 0.0603 
3 - 5 11.43 -1.28 0.1006 
4 - 5 11.43 0.91 0.1807 

Iron 
Comparisons Χ2 Z P 

1 - 2 12.90 -1.92 0.0276 
1 - 3 12.90 -2.19 0.0142 
2 - 3 12.90 -0.27 0.3921 
1 - 4 12.90 -0.82 0.2057 
2 - 4 12.90 1.10 0.1367 
3 - 4 12.90 1.37 0.0855 
1 - 5 12.90 -3.29 0.0005 
2 - 5 12.90 -1.37 0.0855 
3 - 5 12.90 -1.10 0.1367 
4 - 5 12.90 -2.46 0.0069 

Cobalt 
Comparisons Χ2 Z P 

1 - 2 12.90 3.29 0.0005 
1 - 3 12.90 2.46 0.0069 
2 - 3 12.90 -0.82 0.2057 
1 - 4 12.90 1.10 0.1367 
2 - 4 12.90 -2.19 0.0142 
3 - 4 12.90 -1.37 0.0855 
1 - 5 12.90 1.37 0.0855 
2 - 5 12.90 -1.92 0.0276 
3 - 5 12.90 -1.10 0.1367 
4 - 5 12.90 0.27 0.3921 
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Nickel 
Comparisons Χ2 Z P 

1 - 2 11.70 0.09 0.4636 
1 - 3 11.70 -1.83 0.0339 
2 - 3 11.70 -1.92 0.0276 
1 - 4 11.70 -1.00 0.1577 
2 - 4 11.70 -1.10 0.1367 
3 - 4 11.70 0.82 0.2057 
1 - 5 11.70 -2.74 0.0031 
2 - 5 11.70 -2.83 0.0023 
3 - 5 11.70 -0.91 0.1807 
4 - 5 11.70 -1.73 0.0414 

Copper 
Comparisons Χ2 Z P 

1 - 2 12.90 -1.92 0.0276 
1 - 3 12.90 -2.19 0.0142 
2 - 3 12.90 -0.27 0.3921 
1 - 4 12.90 -0.82 0.2057 
2 - 4 12.90 1.10 0.1367 
3 - 4 12.90 1.37 0.0855 
1 - 5 12.90 -3.29 0.0005 
2 - 5 12.90 -1.37 0.0855 
3 - 5 12.90 -1.10 0.1367 
4 - 5 12.90 -2.46 0.0069 

Zinc 
Comparisons Χ2 Z P 

1 - 2 11.23 -1.00 0.1577 
1 - 3 11.23 -2.01 0.0223 
2 - 3 11.23 -1.00 0.1577 
1 - 4 11.23 -1.55 0.0603 
2 - 4 11.23 -0.55 0.2919 
3 - 4 11.23 0.46 0.3240 
1 - 5 11.23 -3.20 0.0007 
2 - 5 11.23 -2.19 0.0142 
3 - 5 11.23 -1.19 0.1177 
4 - 5 11.23 -1.64 0.0502 

Arsenic 
Comparisons Χ2 Z P 

1 - 2 12.57 2.10 0.0179 
1 - 3 12.57 1.64 0.0502 
2 - 3 12.57 -0.46 0.3240 
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1 - 4 12.57 0.46 0.3240 
2 - 4 12.57 -1.64 0.0502 
3 - 4 12.57 -1.19 0.1177 
1 - 5 12.57 -1.00 0.1577 
2 - 5 12.57 -3.10 0.0010 
3 - 5 12.57 -2.65 0.0041 
4 - 5 12.57 -1.46 0.0721 

Selenium 
Comparisons Χ2 Z P 

1 - 2 11.70 -2.19 0.0142 
1 - 3 11.70 -1.00 0.1577 
2 - 3 11.70 1.19 0.1177 
1 - 4 11.70 -1.83 0.0339 
2 - 4 11.70 0.37 0.3575 
3 - 4 11.70 -0.82 0.2057 
1 - 5 11.70 -3.20 0.0007 
2 - 5 11.70 -1.00 0.1577 
3 - 5 11.70 -2.19 0.0142 
4 - 5 11.70 -1.37 0.0855 

Silver 
Comparisons Χ2 Z P 

1 - 2 10.57 1.19 0.1177 
1 - 3 10.57 2.10 0.0179 
2 - 3 10.57 0.91 0.1807 
1 - 4 10.57 -0.55 0.2919 
2 - 4 10.57 -1.73 0.0414 
3 - 4 10.57 -2.65 0.0041 
1 - 5 10.57 -0.46 0.3240 
2 - 5 10.57 -1.64 0.0502 
3 - 5 10.57 -2.56 0.0053 
4 - 5 10.57 0.09 0.4636 

Cadmium  
Comparisons Χ2 Z P 

1 - 2 12.03 -2.28 0.0112 
1 - 3 12.03 -1.28 0.1006 
2 - 3 12.03 1.00 0.1577 
1 - 4 12.03 -1.37 0.0855 
2 - 4 12.03 0.91 0.1807 
3 - 4 12.03 -0.09 0.4636 
1 - 5 12.03 -3.29 0.0005 
2 - 5 12.03 -1.00 0.1577 
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3 - 5 12.03 -2.01 0.0223 
4 - 5 12.03 -1.92 0.0276 

Lead 
Comparisons Χ2 Z P 

1 - 2 12.43 -1.37 0.085
5 

1 - 3 12.43 -2.37 0.008
8 

2 - 3 12.43 -1.00 0.157
7 

1 - 4 12.43 -1.19 0.117
7 

2 - 4 12.43 0.18 0.427
6 

3 - 4 12.43 1.19 0.117
7 

1 - 5 12.43 -3.29 0.000
5 

2 - 5 12.43 -1.92 0.027
6 

3 - 5 12.43 -0.91 0.180
7 

4 - 5 12.43 -2.10 0.017
9 

Uranium 
Comparisons Χ2 Z P 

1 - 2 11.37 -1.83 0.0339 
1 - 3 11.37 -2.65 0.0041 
2 - 3 11.37 -0.82 0.2057 
1 - 4 11.37 -0.91 0.1807 
2 - 4 11.37 0.91 0.1807 
3 - 4 11.37 1.73 0.0414 
1 - 5 11.37 -2.83 0.0023 
2 - 5 11.37 -1.00 0.1577 
3 - 5 11.37 -0.18 0.4276 
4 - 5 11.37 -1.92 0.0276 

Metals    
Comparisons Χ2 Z P 
1 – 2 12.9 -1.92 0.0276 
1 – 3 12.9 -2.19 0.0142 
2 – 3 12.9 -0.27 0.3921 
1 – 4 12.9 -0.82 0.2057 
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2 – 4 12.9 1.10 0.1367 
3 – 4 12.9 1.37 0.0855 
1 – 5 12.9 -3.29 0.0005 
2 – 5 12.9 -1.37 0.0855 
3 – 5 12.9 -1.10 0.1367 
4 – 5 12.9 -2.46 0.0069 
1-
Methylnaphth
alene 

   

Comparisons Χ2 Z P 
1 – 2 12.86 -0.46 0.32 
1 – 3 12.86 -1.47 0.07 
2 – 3 12.86 -1.01 0.16 
1 – 4 12.86 -2.38 0.01 
2 – 4 12.86 -1.92 0.03 
3 – 4 12.86 -0.92 0.18 
1 – 5 12.86 -3.02 0.00 
2 – 5 12.86 -2.57 0.01 
3 – 5 12.86 -1.56 0.06 
4 – 5 12.86 -0.64 0.26 
2,6-
Dimethylnaph
thalene 

   

Comparisons Χ2 Z P 
1 – 2 13.80 0.00 0.50 
1 – 3 13.80 0.00 0.50 
2 – 3 13.80 0.00 0.50 
1 – 4 13.80 0.00 0.50 
2 – 4 13.80 0.00 0.50 
3 – 4 13.80 0.00 0.50 
1 – 5 13.80 -2.94 0.00 
2 – 5 13.80 -2.94 0.00 
3 – 5 13.80 -2.94 0.00 
4 – 5 13.80 -2.94 0.00 
4 – 5 13.80 -2.94 0.00 
Acenaphthyle
ne 

   

Comparisons Χ2 Z P 
1 – 2 13.50 -0.82 0.21 
1 – 3 13.50 -1.64 0.05 
2 – 3 13.50 -0.82 0.21 
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1 – 4 13.50 -3.29 0.00 
2 – 4 13.50 -2.46 0.01 
3 – 4 13.50 -1.64 0.05 
1 – 5 13.50 -2.46 0.01 
2 – 5 13.50 -1.64 0.05 
3 – 5 13.50 -0.82 0.21 
4 – 5 13.50 0.82 0.21 
Acenaphthene    
Comparisons Χ2 Z P 
1 – 2 13.36 -0.55 0.29 
1 – 3 13.36 -1.52 0.06 
2 – 3 13.36 -0.97 0.17 
1 – 4 13.36 -3.18 0.00 
2 – 4 13.36 -2.63 0.00 
3 – 4 13.36 -1.66 0.05 
1 – 5 13.36 -2.35 0.01 
2 – 5 13.36 -1.80 0.04 
3 – 5 13.36 -0.83 0.20 
4 – 5 13.36 0.83 0.20 
Dibenzofuran    
Comparisons Χ2 Z P 
1 – 2 11.67 0.00 0.50 
1 – 3 11.67 -1.44 0.07 
2 – 3 11.67 -1.44 0.07 
1 – 4 11.67 -1.44 0.07 
2 – 4 11.67 -1.44 0.07 
3 – 4 11.67 0.00 0.50 
1 – 5 11.67 -2.89 0.00 
2 – 5 11.67 -2.89 0.00 
3 – 5 11.67 -1.44 0.07 
4 – 5 11.67 -1.44 0.07 
Fluorene    
Comparisons Χ2 Z P 
1 – 2 12.93 -0.82 0.20 
1 – 3 12.93 -1.65 0.05 
2 – 3 12.93 -0.82 0.20 
1 – 4 12.93 -2.84 0.00 
2 – 4 12.93 -2.02 0.02 
3 – 4 12.93 -1.19 0.12 
1 – 5 12.93 -2.93 0.00 
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2 – 5 12.93 -2.11 0.02 
3 – 5 12.93 -1.28 0.10 
4 – 5 12.93 -0.09 0.46 
Dibenzothiop
hene 

   

Comparisons Χ2 Z P 
1 – 2 13.13 -0.82 0.20 
1 – 3 13.13 -1.83 0.03 
2 – 3 13.13 -1.01 0.16 
1 – 4 13.13 -2.29 0.01 
2 – 4 13.13 -1.47 0.07 
3 – 4 13.13 -0.46 0.32 
1 – 5 13.13 -3.30 0.00 
2 – 5 13.13 -2.47 0.01 
3 – 5 13.13 -1.47 0.07 
4 – 5 13.13 -1.01 0.16 
Phenanthrene    
Comparisons Χ2 Z P 
1 – 2 10.61 -1.11 0.13 
1 – 3 10.61 -1.52 0.06 
2 – 3 10.61 -0.41 0.34 
1 – 4 10.61 -1.80 0.04 
2 – 4 10.61 -0.69 0.24 
3 – 4 10.61 -0.28 0.39 
1 – 5 10.61 -3.18 0.00 
2 – 5 10.61 -2.07 0.02 
3 – 5 10.61 -1.66 0.05 
4 – 5 10.61 -1.38 0.08 
Anthracene    
Comparisons Χ2 Z P 
1 – 2 13.50 -0.82 0.21 
1 – 3 13.50 -1.64 0.05 
2 – 3 13.50 -0.82 0.21 
1 – 4 13.50 -2.46 0.01 
2 – 4 13.50 -1.64 0.05 
3 – 4 13.50 -0.82 0.21 
1 – 5 13.50 -3.29 0.00 
2 – 5 13.50 -2.46 0.01 
3 – 5 13.50 -1.64 0.05 
4 – 5 13.50 -0.82 0.21 
Carbazole    
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Comparisons Χ2 Z P 
1 – 2 13.23 -0.82 0.21 
1 – 3 13.23 -2.37 0.01 
2 – 3 13.23 -1.55 0.06 
1 – 4 13.23 -1.73 0.04 
2 – 4 13.23 -0.91 0.18 
3 – 4 13.23 0.64 0.26 
1 – 5 13.23 -3.29 0.00 
2 – 5 13.23 -2.46 0.01 
3 – 5 13.23 -0.91 0.18 
4 – 5 13.23 -1.55 0.06 
2-
Methylphenan
threne 

   

Comparisons Χ2 Z P 
1 – 2 10.95 -1.11 0.13 
1 – 3 10.95 -1.34 0.09 
2 – 3 10.95 -0.23 0.41 
1 – 4 10.95 -1.98 0.02 
2 – 4 10.95 -0.88 0.19 
3 – 4 10.95 -0.64 0.26 
1 – 5 10.95 -3.18 0.00 
2 – 5 10.95 -2.07 0.02 
3 – 5 10.95 -1.84 0.03 
4 – 5 10.95 -1.20 0.12 
Fluoranthene    
Comparisons Χ2 Z P 
1 – 2 12.83 -0.82 0.21 
1 – 3 12.83 -2.01 0.02 
2 – 3 12.83 -1.19 0.12 
1 – 4 12.83 -2.10 0.02 
2 – 4 12.83 -1.28 0.10 
3 – 4 12.83 -0.09 0.46 
1 – 5 12.83 -3.29 0.00 
2 – 5 12.83 -2.46 0.01 
3 – 5 12.83 -1.28 0.10 
4 – 5 12.83 -1.19 0.12 
Pyrene    
Comparisons Χ2 Z P 
1 – 2 12.83 -0.82 0.21 
1 – 3 12.83 -2.10 0.02 
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2 – 3 12.83 -1.28 0.10 
1 – 4 12.83 -2.01 0.02 
2 – 4 12.83 -1.19 0.12 
3 – 4 12.83 0.09 0.46 
1 – 5 12.83 -3.29 0.00 
2 – 5 12.83 -2.46 0.01 
3 – 5 12.83 -1.19 0.12 
4 – 5 12.83 -1.28 0.10 
1,2-
Benzofluorene 

   

Comparisons Χ2 Z P 
1 – 2 12.70 -0.82 0.21 
1 – 3 12.70 -1.73 0.04 
2 – 3 12.70 -0.91 0.18 
1 – 4 12.70 -2.56 0.01 
2 – 4 12.70 -1.73 0.04 
3 – 4 12.70 -0.82 0.21 
1 – 5 12.70 -3.10 0.00 
2 – 5 12.70 -2.28 0.01 
3 – 5 12.70 -1.37 0.09 
4 – 5 12.70 -0.55 0.29 
3,4-
Benzofluorene 

   

Comparisons Χ2 Z P 
1 – 2 13.13 -0.82 0.20 
1 – 3 13.13 -1.65 0.05 
2 – 3 13.13 -0.82 0.20 
1 – 4 13.13 -2.66 0.00 
2 – 4 13.13 -1.83 0.03 
3 – 4 13.13 -1.01 0.16 
1 – 5 13.13 -3.11 0.00 
2 – 5 13.13 -2.29 0.01 
3 – 5 13.13 -1.47 0.07 
4 – 5 13.13 -0.46 0.32 
Benzo(c)phen
anthrene 

   

Comparisons Χ2 Z P 
1 – 2 12.90 -0.82 0.21 
1 – 3 12.90 -1.92 0.03 
2 – 3 12.90 -1.10 0.14 
1 – 4 12.90 -2.19 0.01 
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2 – 4 12.90 -1.37 0.09 
3 – 4 12.90 -0.27 0.39 
1 – 5 12.90 -3.29 0.00 
2 – 5 12.90 -2.46 0.01 
3 – 5 12.90 -1.37 0.09 
4 – 5 12.90 -1.10 0.14 
Retene    
Comparisons Χ2 Z P 
1 – 2 11.25 -0.64 0.26 
1 – 3 11.25 -1.01 0.16 
2 – 3 11.25 -0.37 0.36 
1 – 4 11.25 -2.47 0.01 
2 – 4 11.25 -1.83 0.03 
3 – 4 11.25 -1.46 0.07 
1 – 5 11.25 -2.74 0.00 
2 – 5 11.25 -2.10 0.02 
3 – 5 11.25 -1.74 0.04 
4 – 5 11.25 -0.27 0.39 
1,2-
Benzanthracen
e 

   

Comparisons Χ2 Z P 
1 – 2 12.03 -0.82 0.21 
1 – 3 12.03 -1.83 0.03 
2 – 3 12.03 -1.00 0.16 
1 – 4 12.03 -2.74 0.00 
2 – 4 12.03 -1.92 0.03 
3 – 4 12.03 -0.91 0.18 
1 – 5 12.03 -2.83 0.00 
2 – 5 12.03 -2.01 0.02 
3 – 5 12.03 -1.00 0.16 
4 – 5 12.03 -0.09 0.46 
Chrysene    
Comparisons Χ2 Z P 
1 – 2 13.50 -0.82 0.21 
1 – 3 13.50 -1.64 0.05 
2 – 3 13.50 -0.82 0.21 
1 – 4 13.50 -2.46 0.01 
2 – 4 13.50 -1.64 0.05 
3 – 4 13.50 -0.82 0.21 
1 – 5 13.50 -3.29 0.00 
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2 – 5 13.50 -2.46 0.01 
3 – 5 13.50 -1.64 0.05 
4 – 5 13.50 -0.82 0.21 
Benzo(b)fluor
anthene 

   

Comparisons Χ2 Z P 
1 – 2 13.23 -0.82 0.21 
1 – 3 13.23 -1.73 0.04 
2 – 3 13.23 -0.91 0.18 
1 – 4 13.23 -2.37 0.01 
2 – 4 13.23 -1.55 0.06 
3 – 4 13.23 -0.64 0.26 
1 – 5 13.23 -3.29 0.00 
2 – 5 13.23 -2.46 0.01 
3 – 5 13.23 -1.55 0.06 
4 – 5 13.23 -0.91 0.18 
Benzo(k)fluor
anthene 

   

Comparisons Χ2 Z P 
1 – 2 13.03 -0.82 0.21 
1 – 3 13.03 -1.64 0.05 
2 – 3 13.03 -0.82 0.21 
1 – 4 13.03 -2.65 0.00 
2 – 4 13.03 -1.83 0.03 
3 – 4 13.03 -1.00 0.16 
1 – 5 13.03 -3.10 0.00 
2 – 5 13.03 -2.28 0.01 
3 – 5 13.03 -1.46 0.07 
4 – 5 13.03 -0.46 0.32 

Benzo(a)fluoranthene    
Comparisons Χ2 Z P 
1 – 2 13.03 -0.82 0.21 
1 – 3 13.03 -1.64 0.05 
2 – 3 13.03 -0.82 0.21 
1 – 4 13.03 -2.65 0.00 
2 – 4 13.03 -1.83 0.03 
3 – 4 13.03 -1.00 0.16 
1 – 5 13.03 -3.10 0.00 
2 – 5 13.03 -2.28 0.01 
3 – 5 13.03 -1.46 0.07 
4 – 5 13.03 -0.46 0.32 
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Benzo(e)pyrene    
Comparisons Χ2 Z P 
1 – 2 13.23 -0.82 0.21 
1 – 3 13.23 -1.73 0.04 
2 – 3 13.23 -0.91 0.18 
1 – 4 13.23 -2.37 0.01 
2 – 4 13.23 -1.55 0.06 
3 – 4 13.23 -0.64 0.26 
1 – 5 13.23 -3.29 0.00 
2 – 5 13.23 -2.46 0.01 
3 – 5 13.23 -1.55 0.06 
4 – 5 13.23 -0.91 0.18 
Benzo(a)pyren
e 

   

Comparisons Χ2 Z P 
1 – 2 12.83 -0.82 0.21 
1 – 3 12.83 -1.64 0.05 
2 – 3 12.83 -0.82 0.21 
1 – 4 12.83 -2.83 0.00 
2 – 4 12.83 -2.01 0.02 
3 – 4 12.83 -1.19 0.12 
1 – 5 12.83 -2.92 0.00 
2 – 5 12.83 -2.10 0.02 
3 – 5 12.83 -1.28 0.10 
4 – 5 12.83 -0.09 0.46 
Perylene    
Comparisons Χ2 Z P 
1 – 2 12.93 -0.82 0.20 
1 – 3 12.93 -1.65 0.05 
2 – 3 12.93 -0.82 0.20 
1 – 4 12.93 -2.84 0.00 
2 – 4 12.93 -2.02 0.02 
3 – 4 12.93 -1.19 0.12 
1 – 5 12.93 -2.93 0.00 
2 – 5 12.93 -2.11 0.02 
3 – 5 12.93 -1.28 0.10 
4 – 5 12.93 -0.09 0.46 
3-
Methylcholant
hrene 

   

Comparisons Χ2 Z P 
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1 – 2 13.60 -1.65 0.05 
1 – 3 13.60 -2.47 0.01 
2 – 3 13.60 -0.82 0.20 
1 – 4 13.60 -0.82 0.20 
2 – 4 13.60 0.82 0.20 
3 – 4 13.60 1.65 0.05 
1 – 5 13.60 -3.30 0.00 
2 – 5 13.60 -1.65 0.05 
3 – 5 13.60 -0.82 0.20 
4 – 5 13.60 -2.47 0.01 
Dibenzo(a,j)an
thracene 

   

Comparisons Χ2 Z P 
1 – 2 13.60 -0.82 0.20 
1 – 3 13.60 -1.65 0.05 
2 – 3 13.60 -0.82 0.20 
1 – 4 13.60 -2.47 0.01 
2 – 4 13.60 -1.65 0.05 
3 – 4 13.60 -0.82 0.20 
1 – 5 13.60 -3.30 0.00 
2 – 5 13.60 -2.47 0.01 
3 – 5 13.60 -1.65 0.05 
4 – 5 13.60 -0.82 0.20 
Dibenzo(a,h)a
nthracene 

   

Comparisons Χ2 Z P 
1 – 2 13.60 -0.82 0.20 
1 – 3 13.60 -1.65 0.05 
2 – 3 13.60 -0.82 0.20 
1 – 4 13.60 -2.47 0.01 
2 – 4 13.60 -1.65 0.05 
3 – 4 13.60 -0.82 0.20 
1 – 5 13.60 -3.30 0.00 
2 – 5 13.60 -2.47 0.01 
3 – 5 13.60 -1.65 0.05 
4 – 5 13.60 -0.82 0.20 
Benzo(b)chrys
ene 

   

Comparisons Χ2 Z P 
1 – 2 13.60 -0.82 0.20 
1 – 3 13.60 -1.65 0.05 
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2 – 3 13.60 -0.82 0.20 
1 – 4 13.60 -2.47 0.01 
2 – 4 13.60 -1.65 0.05 
3 – 4 13.60 -0.82 0.20 
1 – 5 13.60 -3.30 0.00 
2 – 5 13.60 -2.47 0.01 
3 – 5 13.60 -1.65 0.05 
4 – 5 13.60 -0.82 0.20 
Picene    
Comparisons Χ2 Z P 
1 – 2 13.60 -0.82 0.20 
1 – 3 13.60 -1.65 0.05 
2 – 3 13.60 -0.82 0.20 
1 – 4 13.60 -2.47 0.01 
2 – 4 13.60 -1.65 0.05 
3 – 4 13.60 -0.82 0.20 
1 – 5 13.60 -3.30 0.00 
2 – 5 13.60 -2.47 0.01 
3 – 5 13.60 -1.65 0.05 
4 – 5 13.60 -0.82 0.20 
Indeno(1,2,3-
c,d)pyrene 

   

Comparisons Χ2 Z P 
1 – 2 13.50 -0.82 0.21 
1 – 3 13.50 -1.64 0.05 
2 – 3 13.50 -0.82 0.21 
1 – 4 13.50 -2.46 0.01 
2 – 4 13.50 -1.64 0.05 
3 – 4 13.50 -0.82 0.21 
1 – 5 13.50 -3.29 0.00 
2 – 5 13.50 -2.46 0.01 
3 – 5 13.50 -1.64 0.05 
4 – 5 13.50 -0.82 0.21 
Benzo(g,h,i)pe
rylene 

   

Comparisons Χ2 Z P 
1 – 2 13.50 -0.82 0.21 
1 – 3 13.50 -1.64 0.05 
2 – 3 13.50 -0.82 0.21 
1 – 4 13.50 -2.46 0.01 
2 – 4 13.50 -1.64 0.05 
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3 – 4 13.50 -0.82 0.21 
1 – 5 13.50 -3.29 0.00 
2 – 5 13.50 -2.46 0.01 
3 – 5 13.50 -1.64 0.05 
4 – 5 13.50 -0.82 0.21 
Dibenzo(a,l)p
yrene 

   

Comparisons Χ2 Z P 
1 – 2 8.57 0.00 0.50 
1 – 3 8.57 0.00 0.50 
2 – 3 8.57 0.00 0.50 
1 – 4 8.57 0.00 0.50 
2 – 4 8.57 0.00 0.50 
3 – 4 8.57 0.00 0.50 
1 – 5 8.57 -2.31 0.01 
2 – 5 8.57 -2.31 0.01 
3 – 5 8.57 -2.31 0.01 
4 – 5 8.57 -2.31 0.01 
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Pollutant Levels 

 Location	1	 Location	2	 Location	3	 Location	4	 Location	5	

PAH	 Avg	 SD	 Avg	 SD	 Avg	 SD	 Avg	 SD	 Avg	 SD	

1-methylnaphthalene	 0.4	 0.7	 1.5	 1.6	 4.3	 0.5	 10.0	 4.5	 15.4	 4.4	

1-methylphenanthrene	 6.5	 5.6	 25.8	 7.1	 70.8	 7.9	 100.4	 16.4	 245.5	 61.4	

1,2-Benzanthracene	 24.7	 7.5	 227.9	 77.8	 998.1	 138.1	 1398.4	 396.0	 1455.5	 202.0	

1,2-benzofluorene	 8.4	 1.8	 225.0	 59.0	 546.1	 63.0	 751.9	 201.7	 990.3	 206.6	

2-methylphenanthrene	 0.0	 0.0	 13.5	 20.1	 13.8	 3.4	 19.3	 5.2	 85.0	 9.6	

2,6-dimethylnaphthalene	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 12.1	 5.0	

3-methylcholanthrene	 0.0	 0.0	 4.3	 2.9	 13.4	 1.3	 23.1	 11.7	 28.2	 3.4	

3,4-benzofluorene	 0.0	 0.0	 16.7	 4.0	 90.8	 1.5	 145.0	 25.6	 176.2	 32.9	

Acenaphthene	 0.0	 0.0	 7.0	 6.2	 30.7	 3.9	 76.5	 10.7	 48.6	 5.0	

Acenaphthylene	 17.0	 4.0	 128.0	 15.6	 189.9	 18.0	 964.2	 32.6	 570.1	 47.3	

Anthracene	 32.7	 3.0	 244.9	 56.8	 680.7	 68.3	 880.1	 102.1	 2165.3	 285.5	

Benzo(a)fluoranthene	 3.2	 0.1	 56.1	 11.1	 119.5	 16.1	 263.0	 84.7	 331.2	 42.6	

Benzo(a)pyrene	 9.5	 2.6	 185.2	 45.4	 430.0	 68.3	 1016.9	 210.2	 1022.1	 166.7	

Benzo(b)chrysene	 0.0	 0.0	 8.2	 7.0	 38.1	 6.1	 84.9	 18.8	 122.0	 21.3	

Benzo(b)fluoranthene	 47.1	 2.8	 422.7	 124.5	 1095.1	 173.8	 1966.7	 699.1	 2940.2	 420.1	

Benzo(c)phenanthrene	 4.6	 3.3	 46.4	 12.9	 184.8	 18.4	 230.7	 64.9	 441.9	 66.2	

Benzo(e)pyrene	 24.6	 1.5	 215.6	 63.6	 471.8	 73.5	 886.4	 303.9	 1291.7	 259.5	

Benzo(g,h,i)perylene	 4.7	 4.2	 76.4	 18.0	 197.4	 25.2	 359.3	 91.9	 677.2	 184.7	

Benzo(k)fluoranthene	 16.5	 1.8	 142.0	 17.9	 417.0	 69.8	 760.9	 241.0	 1063.1	 211.1	

Carbazole	 3.8	 3.3	 24.4	 5.0	 97.5	 12.8	 70.1	 19.3	 505.0	 47.5	

Chrysene	 30.7	 5.7	 328.0	 77.6	 1077.4	 150.1	 1549.6	 250.7	 2448.8	 279.5	

Dibenzo(a,h)anthracene	 0.0	 0.0	 25.6	 4.8	 62.3	 6.6	 125.4	 44.3	 223.0	 30.6	

Dibenzo(a,j)anthracene	 0.0	 0.0	 22.6	 6.8	 59.5	 10.2	 126.9	 26.4	 240.0	 45.9	

Dibenzo(a,l)pyrene	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 2.2	 1.9	

Dibenzofuran	 0.0	 0.0	 0.0	 0.0	 17.3	 4.2	 19.9	 17.3	 72.9	 9.0	

Dibenzothiophene	 0.0	 0.0	 3.0	 0.8	 9.6	 1.1	 14.1	 3.9	 37.7	 2.7	

Fluoranthene	 24.9	 0.6	 291.9	 18.9	 1206.6	 183.2	 1258.5	 230.7	 3295.1	 617.8	

Fluorene	 0.0	 0.0	 14.0	 2.7	 46.6	 3.1	 99.6	 29.2	 124.1	 20.5	

Indeno(1,2,3-c,d)pyrene	 15.7	 3.7	 114.1	 28.0	 265.7	 30.3	 548.4	 79.3	 949.6	 146.4	

Naphthalene	 0.0	 0.0	 2.7	 2.7	 14.9	 8.8	 12.9	 2.2	 36.8	 6.0	

Perylene	 0.0	 0.0	 67.8	 16.0	 141.4	 21.0	 317.8	 86.8	 332.3	 45.4	

Phenanthrene	 0.0	 0.0	 79.5	 116.8	 117.7	 15.6	 148.3	 47.3	 532.4	 67.9	

Picene	 0.0	 0.0	 14.9	 5.5	 34.4	 3.7	 74.8	 15.6	 136.7	 22.0	

Pyrene	 29.2	 7.1	 626.6	 134.1	 1435.1	 204.6	 1441.2	 349.6	 3545.6	 436.1	
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Retene	 3.3	 5.7	 9.0	 5.2	 10.6	 3.0	 25.2	 9.0	 31.7	 1.0	
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Appendix B. Supplemental Information for Chapter 4 
Anthracene Degradation Summary Statistics 

   0 weeks 4 weeks 
 Avg 

Degradation 
SE Mean SD Mean SD 

Abiotic 
Wood  

33.2% 9.7% 16.55833 3.117688 11.0645 1.178656 

0.1% Wood 43.8% 4.3% 19.62333 0.999467 11.03087 0.407694 

1% Wood 21.1% 7.2% 18.79333 1.755059 14.83448 0.738781 

Abiotic 
Cellulose 

29.2% 8.0% 18.98667 2.063621 13.44111 1.25044 

0.1% 
Cellulose 

63.8% 6.1% 19.76667 0.922189 7.149382 1.341251 

1% Cellulose 79.2% 8.7% 15.58667 2.125896 3.236975 1.744015 

Abiotic 
Chitin 

36.5% 9.6% 17.845 3.43741 11.32937 1.572559 

0.1% Chitin 92.7% 2.7% 20.88667 0.379781 1.533917 0.319119 

1% Chitin 53.2% 4.7% 21.49667 0.22723 10.06574 0.987706 
 

Statistics for comparison of anthracene degradation   

Comparison t-statistic Degrees of freedom p-value N 

Abiotic wood, 0.1% wood -1.7304 2.7568 0.19 3 

Abiotic wood, 1% wood 1.7349 3.6906 0.1638 3 

0.1% wood, 1% wood 4.6883 3.2657 0.01514 3 

Abiotic cellulose, 0.1% 

cellulose 

-5.957 3.7381 0.00493 3 
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Abiotic cellulose, 1% 

cellulose 

-7.3274 3.9722 0.001897 3 

0.1% cellulose, 1% cellulose -2.5104 3.5837 0.07326 
 

3 

Abiotic chitin, 0.1% chitin -9.761 2.3144 0.006257 3 

Abiotic chitin, 1% chitin -2.7061 2.9067 
 

0.07597 
 

3 

0.1% chitin, 1% chitin 12.622 
 

3.1904 0.000787
2 

3 
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QPCR Assays Details 

For the GH 7 assay, primers were added to a final concentration of 0.5 µM, 500 

ng T4 Gene32 Protein (New England Biolabs, Ipswich, MA) 2X QuantiTect SYBR Green 

PCR Master Mix (QIAGEN, Hilden, Germany) and 2 µL of cDNA dilution. The GH 7 

reaction conditions consisted of 95°C for 15 minutes, followed by 40 cycles of 

denaturation at 94°C for 30 seconds, annealing at 55°C for 1 minute, elongation at 72°C 

for 30 seconds followed by fluorescence collection after 15 seconds at 81°C. For the GH 

18 assay, the reaction mixture contained 1 µM each primer, 500 ng T4 Gene32 Protein 

(New England Biolabs, Ipswich, MA) 2X QuantiTect SYBR Green PCR Master Mix 

(QIAGEN, Hilden, Germany) and 2 µL of cDNA dilution. GH 18 reaction conditions 

consisted of 95°C for 15 minutes, followed by 40 cycles of denaturation at 94°C for 30 

seconds, annealing at 55°C for 1 minute, elongation at 72°C for 30 seconds followed by 

fluorescence collection. For the Chitinase 33 assay, the reaction mixture contained 0.5 µM 

each primer, 500 ng T4 Gene32 Protein (New England Biolabs, Ipswich, MA) 2X 

QuantiTect SYBR Green PCR Master Mix (QIAGEN, Hilden, Germany) and 2 µL of 

cDNA dilution. The chitinase 33 reaction conditions consisted of 95°C for 15 minutes, 

followed by 40 cycles of denaturation at 94°C for 15 seconds, annealing at 57°C for 30 

seconds, elongation at 72°C for 30 seconds followed by fluorescence collection. For the 

qid74 assay, the reaction mixture contained 0.5 µM each primer, 500 ng T4 Gene32 

Protein (New England Biolabs, Ipswich, MA) 2X QuantiTect SYBR Green PCR Master 
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Mix (QIAGEN, Hilden, Germany) and 2 µL of cDNA dilution. The qid74 reaction 

conditions consisted of 95°C for 15 minutes, followed by 40 cycles of denaturation at 

94°C for 15 seconds, annealing at 57°C for 30 seconds, elongation at 72°C for 30 seconds 

followed by 81°C for 15 seconds and fluorescence collection. For the 18S assay, the 

reaction mixture contained 1 µM each primer, 500 ng T4 Gene32 Protein (New England 

Biolabs, Ipswich, MA) 2X QuantiTect SYBR Green PCR Master Mix (QIAGEN, Hilden, 

Germany) and 2uL of cDNA dilution. The 18S reaction conditions consisted of 95°C for 

15 minutes, followed by 40 cycles of denaturation at 94°C for 30 seconds, annealing at 

55°C for 1 minute, elongation at 72°C for 30 seconds followed by fluorescence collection 

after 15 seconds at 81°C.  For each assay, a melting curve analysis was obtained by 

adding a final step of 60 seconds at 95°C followed by 55°C for 30 seconds, then 

continuously collecting fluorescence during the ramp up to 95°C.  qPCR reactions were 

performed in triplicate for each sample, including non-reverse transcribed controls and 

no template controls, as well as a standard curve determined from serial dilution of a 

sample showing high expression as shown by low crossing point (Cp) values.   
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Appendix C. Supplemental Information for Chapter 5 
Biological analysis pipeline 

1) separate project sequences from the run 

Using QIIME v 1.9, from a terminal (I used UBUNTU 16.04) 

>split_libraries_fastq.py -i /home/lauren/Desktop/61717_MiSeq/Read1.fastq -m 

/home/lauren/Desktop/61717_MiSeq/Task3Mappingrevc.txt -b 

/home/lauren/Desktop/61717_MiSeq/Read2.fastq --store_qual_scores --store_demultiplexed_fastq --

barcode_type 10 --rev_comp_mapping_barcodes -o /home/lauren/Desktop/61717_MiSeq/Read1revc -q 

20   

This code threw an error that prompted me to look in the barcodefile. I found the barcodes 
were actually only 8 bases long. So, I needed to trim the last two bases from the mapping file 
barcodes (we know it's the last two and not the first two or one from each side because I did a 
ctrl-f on the first 100 barcodes with the mapfile and matched a barcode to the first 8 of the 
mapfile) 
 
The fastq file has a sequence line and a qual line and each base must have a quality score 
assigned to it. Thus, these lines must be equal lengths when viewed in a monotype font. Check 
the last ten lines using tail 
lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > tail barcodes.fastq>tail10bc.txt 

lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > tail Read2.fastq>tail10R2.txt 

lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > tail Read1.fastq>tail10R1.txt 

About tail10R1.txt…There are many more bases than qual scores in the last sample, so create a 
copy of Read1.fastq without this last read using head (per 
http://linux.101hacks.com/unix/head	) 
lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > head -n -4 Read1.fastq>fixedRead1.fastq 

The file tail10R2 has some sequences and no qual scores at all, so create a copy of Read2.fastq 
without this last read using head 
lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > head -n -2 Read2.fastq>fixedRead2.fastq 
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Generate new tail files to check the ends  
lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > tail fixedRead1.fastq>fixedtail10R1.txt 

lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > tail fixedRead2.fastq>fixedtail10R2.txt 

Fixedtail10R1.txt and fixedtail10R2.txt end on a matched quality score! Now zip up the 
originals so they don't take up space. Now look at the last few lines of the barcodes.fastq file to 
make sure it ends on a matched quality score. It does. Try split_libraries again  
lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > split_libraries_fastq.py -i 

/home/lauren/Desktop/61717_MiSeq/fixedRead2.fastq -o Read2 -b 

/home/lauren/Desktop/61717_MiSeq/barcodes.fastq --store_qual_scores --barcode_type 8 --

store_demultiplexed_fastq -m /home/lauren/Desktop/61717_MiSeq/Task3Mappingrevc8bc.txt -q 19 

Retroactively placed files generated from these scripts in the Fungi R1 and R2 folders. Now, 
generate files for Bacterial mapping file with: 
lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > split_libraries_fastq.py -i 

/home/lauren/Desktop/61717_MiSeq/fixedRead1.fastq -o Bacteria/Read1 -b 

/home/lauren/Desktop/61717_MiSeq/barcodes.fastq --store_qual_scores --barcode_type 8 --

store_demultiplexed_fastq -m /home/lauren/Desktop/61717_MiSeq/BacteriaMappingrevc8bc.txt -q 19 

lauren@Carmen:~/Desktop/61717_MiSeq$  qiime > split_libraries_fastq.py -i 

/home/lauren/Desktop/61717_MiSeq/fixedRead2.fastq -o Bacteria/Read2 -b 

/home/lauren/Desktop/61717_MiSeq/barcodes.fastq --store_qual_scores --barcode_type 8 --

store_demultiplexed_fastq -m /home/lauren/Desktop/61717_MiSeq/BacteriaMappingrevc8bc.txt -q 19 

Retroactively placed files generated from these scripts in the Bacteria R1 and R2 folders 

2) remove adapters & primers from sequences     

 Use cut adapt to sort the file by gene regions and remove final primer sequences  

Trim the LR3 primer+adapter from R2 sequences for fungi 
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> cutadapt -g CCGTGTTTCAAGACGGG -e 0.1 --discard-untrimmed --match-read-wildcards 

'/media/lauren/96BA-19E6/R2Fungi/seqs.fastq' > /media/lauren/96BA-

19E6/R2Fungi/R2_LR3_seqs.fastq 

This results in the following output: 

This is cutadapt 1.9.1 with Python 2.7.12 

Command line parameters: -g CCGTGTTTCAAGACGGG -e 
0.1 --discard-untrimmed --match-read-wildcards 
/media/lauren/96BA-19E6/R2Fungi/seqs.fastq 

Trimming 1 adapter with at most 10.0% errors in single-end 
mode ... 

Finished in 6.63 s (11 us/read; 5.58 M reads/minute). 

  

=== Summary === 

  

Total reads processed:                 617,177 

Reads with adapters:                   523,213 (84.8%) 

Reads written (passing filters):       523,213 (84.8%) 

  

Total basepairs processed:   158,013,261 bp 

Total written (filtered):    119,741,333 bp (75.8%) 

  

=== Adapter 1 === 
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Sequence: CCGTGTTTCAAGACGGG; Type: regular 5'; 
Length: 17; Trimmed: 523213 times. 

  

No. of allowed errors: 

0-9 bp: 0; 10-17 bp: 1 

  

Overview of removed sequences 

length    count    expect    max.err    error counts 

3    2250    9643.4    0    2250 

4    77    2410.8    0    77 

5    12    602.7    0    12 

8    6    9.4    0    6 

9    21    2.4    0    3 18 

10    1    0.6    1    0 1 

11    9    0.1    1    6 3 

12    7    0.0    1    2 5 

13    9    0.0    1    4 5 

14    5    0.0    1    3 2 

15    15    0.0    1    11 4 

16    12    0.0    1    6 6 

17    28    0.0    1    17 11 

18    26    0.0    1    21 5 

19    48    0.0    1    28 20 
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20    64    0.0    1    36 28 

21    106    0.0    1    80 26 

22    246    0.0    1    161 85 

23    1120    0.0    1    368 752 

24    92198    0.0    1    89674 2524 

25    92712    0.0    1    90012 2700 

26    89455    0.0    1    86864 2591 

27    87593    0.0    1    85052 2541 

28    80197    0.0    1    77715 2482 

29    76776    0.0    1    74689 2087 

30    194    0.0    1    102 92 

31    11    0.0    1    11 

32    1    0.0    1    0 1 

33    3    0.0    1    3 

34    1    0.0    1    1 

35    3    0.0    1    3 

38    3    0.0    1    3 

39    1    0.0    1    1 

42    1    0.0    1    1 

44    2    0.0    1    2 

Now remove R1's LROR by executing the following: 
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>cutadapt -g ACCCGCTGAACTTAAGC -e 0.1 --discard-untrimmed --match-read-wildcards  

'/media/lauren/96BA-19E6/R1Fungi/seqs.fastq' >  '/media/lauren/96BA-

19E6/R1Fungi/R1_LROR_seqs.fastq' 

This is cutadapt 1.9.1 with Python 2.7.12 

Command line parameters: -g ACCCGCTGAACTTAAGC -e 
0.1 --discard-untrimmed --match-read-wildcards 
/media/lauren/96BA-19E6/R1Fungi/seqs.fastq 

Trimming 1 adapter with at most 10.0% errors in single-end 
mode ... 

Finished in 12.44 s (11 us/read; 5.32 M reads/minute). 

  

=== Summary === 

  

Total reads processed:               1,103,362 

Reads with adapters:                   992,627 (90.0%) 

Reads written (passing filters):       992,627 (90.0%) 

  

Total basepairs processed:   324,577,749 bp 

Total written (filtered):    262,624,182 bp (80.9%) 

  

=== Adapter 1 === 

  

Sequence: ACCCGCTGAACTTAAGC; Type: regular 5'; 
Length: 17; Trimmed: 992627 times. 
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No. of allowed errors: 

0-9 bp: 0; 10-17 bp: 1 

  

Overview of removed sequences 

length    count    expect    max.err    error counts 

3    1499    17240.0    0    1499 

4    386    4310.0    0    386 

5    92    1077.5    0    92 

6    16    269.4    0    16 

7    1    67.3    0    1 

9    9    4.2    0    6 3 

10    7    1.1    1    2 5 

11    13    0.3    1    4 9 

12    12    0.1    1    11 1 

13    8    0.0    1    6 2 

14    15    0.0    1    12 3 

15    17    0.0    1    12 5 

16    25    0.0    1    22 3 

17    33    0.0    1    22 11 

18    66    0.0    1    56 10 

19    62    0.0    1    39 23 

20    91    0.0    1    50 41 
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21    119    0.0    1    90 29 

22    176    0.0    1    137 39 

23    201    0.0    1    168 33 

24    318    0.0    1    217 101 

25    502    0.0    1    312 190 

26    3597    0.0    1    1574 2023 

27    161580    0.0    1    156261 5319 

28    167304    0.0    1    161702 5602 

29    174227    0.0    1    168394 5833 

30    181288    0.0    1    175450 5838 

31    163097    0.0    1    157483 5614 

32    137436    0.0    1    133783 3653 

33    323    0.0    1    169 154 

34    16    0.0    1    12 4 

35    12    0.0    1    10 2 

36    17    0.0    1    13 4 

37    13    0.0    1    13 

38    9    0.0    1    7 2 

39    10    0.0    1    9 1 

40    10    0.0    1    10 

41    2    0.0    1    1 1 

42    5    0.0    1    4 1 

43    1    0.0    1    1 
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44    1    0.0    1    1 

45    2    0.0    1    2 

46    2    0.0    1    2 

50    1    0.0    1    1 

52    2    0.0    1    2 

53    1    0.0    1    1 

55    1    0.0    1    1 

62    1    0.0    1    1 

72    1    0.0    1    1 

For Bacteria, remove 515f primer from R1Bacteria via  

>cutadapt -g GTGCCAGCMGCCGCGGTAA -e 0.1 --discard-untrimmed --match-read-wildcards 

'/media/lauren/96BA-19E6/R1Bacteria/seqs.fastq' > '/media/lauren/96BA-

19E6/R1Bacteria/R1_515F_seqs.fastq' 

This is cutadapt 1.9.1 with Python 2.7.12 

Command line parameters: -g GTGCCAGCMGCCGCGGTAA 
-e 0.1 --discard-untrimmed --match-read-wildcards 
/media/lauren/96BA-19E6/R1Bacteria/seqs.fastq 

Trimming 1 adapter with at most 10.0% errors in single-end 
mode ... 

Finished in 15.40 s (15 us/read; 4.11 M reads/minute). 

  

=== Summary === 
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Total reads processed:               1,055,839 

Reads with adapters:                   140,813 (13.3%) 

Reads written (passing filters):       140,813 (13.3%) 

  

Total basepairs processed:   310,694,790 bp 

Total written (filtered):     37,915,730 bp (12.2%) 

  

=== Adapter 1 === 

  

Sequence: GTGCCAGCMGCCGCGGTAA; Type: regular 5'; 
Length: 19; Trimmed: 140813 times. 

  

No. of allowed errors: 

0-9 bp: 0; 10-19 bp: 1 

  

Overview of removed sequences 

length    count    expect    max.err    error counts 

3    13860    16497.5    0    13860 

4    3624    4124.4    0    3624 

5    833    1031.1    0    833 

6    38    257.8    0    38 

7    30    64.4    0    30 

8    2    16.1    0    2 
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9    1    4.0    0    1 

10    3    1.0    1    0 3 

11    7    0.3    1    1 6 

12    28    0.1    1    27 1 

13    1    0.0    1    0 1 

14    2    0.0    1    1 1 

15    4    0.0    1    2 2 

16    7    0.0    1    3 4 

18    2    0.0    1    2 

19    3    0.0    1    2 1 

20    15    0.0    1    9 6 

21    13    0.0    1    9 4 

22    21    0.0    1    16 5 

23    21    0.0    1    13 8 

24    16    0.0    1    13 3 

25    21    0.0    1    14 7 

26    38    0.0    1    28 10 

27    62    0.0    1    47 15 

28    410    0.0    1    213 197 

29    22109    0.0    1    21290 819 

30    21243    0.0    1    15829 5414 

31    20004    0.0    1    16077 3927 

32    20361    0.0    1    19662 699 
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33    19933    0.0    1    18913 1020 

34    18042    0.0    1    17461 581 

35    52    0.0    1    41 11 

36    2    0.0    1    2 

37    1    0.0    1    1 

39    1    0.0    1    1 

41    1    0.0    1    1 

43    1    0.0    1    1 

51    1    0.0    1    1 

Now remove 806R from bacterial R2 with  
cutadapt -g GGACTACHVGGGTWTCTAAT -e 0.1 --discard-untrimmed --match-read-wildcards 
'/media/lauren/96BA-19E6/R2Bacteria/seqs.fastq' > '/media/lauren/96BA-
19E6/R2Bacteria/R2_806R_seqs.fastq'	 

This is cutadapt 1.9.1 with Python 2.7.12 

Command line parameters: -g GGACTACHVGGGTWTCTAAT 
-e 0.1 --discard-untrimmed --match-read-wildcards 
/media/lauren/96BA-19E6/R2Bacteria/seqs.fastq 

Trimming 1 adapter with at most 10.0% errors in single-end 
mode ... 

Finished in 9.82 s (17 us/read; 3.63 M reads/minute). 

  

=== Summary === 

  

Total reads processed:                 594,713 

Reads with adapters:                   118,269 (19.9%) 

Reads written (passing filters):       118,269 (19.9%) 
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Total basepairs processed:   152,416,795 bp 

Total written (filtered):     27,625,205 bp (18.1%) 

  

=== Adapter 1 === 

  

Sequence: GGACTACHVGGGTWTCTAAT; Type: regular 5'; 
Length: 20; Trimmed: 118269 times. 

  

No. of allowed errors: 

0-9 bp: 0; 10-19 bp: 1; 20 bp: 2 

  

Overview of removed sequences 

length    count    expect    max.err    error counts 

3    8712    9292.4    0    8712 

4    716    2323.1    0    716 

5    121    580.8    0    121 

6    83    145.2    0    83 

7    210    36.3    0    210 

12    2    0.0    1    2 

18    2    0.0    1    0 2 

19    2    0.0    1    1 1 

20    4    0.0    2    3 1 
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21    1    0.0    2    0 1 

22    9    0.0    2    7 1 1 

23    10    0.0    2    9 0 1 

24    14    0.0    2    10 2 2 

25    36    0.0    2    20 3 13 

26    300    0.0    2    104 164 32 

27    19031    0.0    2    15230 3562 239 

28    16093    0.0    2    13684 2217 192 

29    18076    0.0    2    16626 1368 82 

30    18498    0.0    2    12920 4615 963 

31    18749    0.0    2    16678 2030 41 

32    17551    0.0    2    16317 1199 35 

33    44    0.0    2    18 26 

34    2    0.0    2    1 1 

35    1    0.0    2    1 

38    1    0.0    2    1 

39    1    0.0    2    1 

3) Split fastq files into individual samples and put in separate folders for input 

into DADA2  

qiime > python '/home/lauren/qiime/ ' -i '/media/lauren/96BA-19E6/R1Bacteria/R1_515F_seqs.fastq' -o 

'/media/lauren/96BA-19E6/R1BacteriaSamps/' --file_type fastq  
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python '/home/lauren/qiime/split_sequence_file_on_sample_ids.py' -i '/media/lauren/96BA-

19E6/R2Bacteria/R2_806R_seqs.fastq' -o '/media/lauren/96BA-19E6/R2BacteriaSamps/' --file_type 

fastq  

python '/home/lauren/qiime/split_sequence_file_on_sample_ids.py' -i '/media/lauren/96BA-
19E6/R1Fungi/R1_LROR_seqs.fastq' -o '/media/lauren/96BA-19E6/R1FungiSamps/' --file_type 
fastq  

qiime > python '/home/lauren/qiime/split_sequence_file_on_sample_ids.py' -i '/media/lauren/96BA-

19E6/R2Fungi/R2_LR3_seqs.fastq' -o '/media/lauren/96BA-19E6/R2FungiSamps/' --file_type fastq  

4) Import these into DADA2 in R (reference R script) 
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Statistics table for welch modified two-sample t-tests shown in figure 10 

Comparison t-statistic Degrees of freedom p-value N 

Cellulose t=0, chitin t=0 4.2941 3.8136 0.01408 3 

Cellulose t=0, control t=0 -1.482 3.1584 0.2305 3 

Chitin t=0, control t=0 -4.5631 3.6005 0.01315 3 

Cell-A t=4wk, cell-S t=4wk -0.7775 3.3043 0.4887 3 

Cell-A t=4wk, chit-A 

t=4wk 

16.93 3.9991 7.149e-05 3 

Cell-A t=4wk, chit-S 

t=4wk 

11.013 3.9982 0.0003874 3 

Chit-A t=4wk, chit S 

t=4wk 

-5.6489 3.9946 0.004857 3 

Cell-A t=4wk, ctrl t=4wk 26.349 3.1396 8.636e-05 3 

Chit-A t=4wk, ctrl t=4wk 5.6776 3.1687 0.009321 3 

Chit-S t=0, cell=S t=4wk -11.13 2.0204 0.007693 3 

 

Total PAH   T=0 weeks T=4 weeks 

 Avg deg SE Mean SD Mean SD 
Cell-S 78.9% 0.02% 312203.9 20597.32 65815.31 3027.113 
Cell-A 79.4% 0.02% 312203.9 20597.32 64224.27 1843.666 
Chit-S 79.4% 0.02% 230376.5 25789.82 47465.21 1883.704 
Chit-A 83.1% 0.02% 230376.5 25789.82 38932.91 1815.469 

Control 90.8% 0.01% 348035.9 36462.59 32089.08 1031.107 

 



190 

 

 
Works Cited 

2008. Casarett and Doull's toxicology [electronic resource] : the basic science of poisons. Edited 
by Louis J. Casarett, John Doull, Curtis D. Klaassen and Inc ebrary, Casarett & 
Doull's toxicology. New York: McGraw-Hill. Toxic effects of plants / Stata Norton 
-- Unit VI: Environmental toxicology -- Air pollution / Daniel L. Costa -- 
Ecotoxicology / Richard T. Di Giulio and Michael C. Newman -- Unit VII: 
Applications of toxicology -- Food toxicology / Frank N. Kotsonis and George A. 
Burdock -- Analytic/forensic toxicology / Alphonse Poklis -- Clinical toxicology / 
Louis R. Cantilena Jr. -- Occupational toxicology / Peter S. Thorne. 

Toxic responses of the kidney / Rick G. Schnellmann -- Toxic responses of the respiratory 
system / Hanspeter R. Witschi ... et al. -- Toxic responses of the nervous system / 
Virginia C. Moser ... et al. -- Toxic responses of the ocular and visual system / 
Donald A. Fox and William K. Boyes -- Toxic responses of the heart and vascular 
system / Y. James Kang -- Toxic responses of the skin / Robert H. Rice and 
Theodora M. Mauro -- Toxic responses of the reproductive system / Paul M.D. 
Foster and L. Earl Gray Jr. -- Toxic responses of the endocrine system / Charles C. 
Capen -- Unit V: Toxic agents -- Toxic effects of pesticides / Lucio G. Costa -- 
Toxic effects of metals / Jie Liu, Robert A. Goyer, and Michael P. Waalkes -- Toxic 
effects of solvents and vapors / James V. Bruckner, S. Satheesh Anand, and D. 
Alan Warren -- Health effects of radiation and radioactive materials / Naomi H. 
Harley -- Properties and toxicities of animal venoms / John B. Watkins, III --^ 

Unit I: General principles of toxicology -- History and scope of toxicology / Michael A. 
Gallo -- Principles of toxicology / David L. Eaton and Steven G. Gilbert -- 
Mechanisms of toxicity / Zoltán Gregus -- Risk assessment / Elaine M. Faustman 
and Gilbert S. Omenn -- Unit II: Disposition of toxicants -- Absorption, 
Distribution, and excretion of toxicants / Lois D. Lehman-McKeeman -- 
Biotransformation of xenobiotics / Andrew Parkinson and Brian W. Ogilvie -- 
Toxicokinetics / Danny D. Shen- Unit III: Non-organ-directed toxicity -- Chemical 
carcinogens / James E. Klaunig and Lisa M. Kamendulis -- Genetic toxicology / R. 
Julian Preston and George R. Hoffmann -- Developmental toxicology / John M. 
Rogers and Robert J. Kavlock -- Unit IV: Target organ toxicity -- Toxic responses 
of the blood / John C. Bloom and John T. Brandt -- Toxic responses of the 
immune system / Norbert E. Kaminski ... et al. -- Toxic responses of the liver / 
Hartmut Jaeschke --^. 



191 

 

Abdalla, Saleh H. M., and Lynne Boddy. 1996. "Effect of soil and litter type on 
outgrowth patterns of mycelial systems of Phanerochaete velutina."  FEMS 
Microbiology Ecology 20 (3):195-204. doi: http://dx.doi.org/10.1016/0168-
6496(96)00032-3. 

Anastasi, Antonella, Valeria Tigini, and Giovanna Cristina Varese. 2013. "The 
Bioremediation Potential of Different Ecophysiological Groups of Fungi." In 
Fungi as Bioremediators, edited by Ebrahim Mohammadi Goltapeh, Younes 
Rezaee Danesh and Ajit Varma, 29-49. Berlin, Heidelberg: Springer Berlin 
Heidelberg. 

Andersson, B. E., L. Welinder, P. A. Olsson, S. Olsson, and T. Henrysson. 2000. "Growth 
of inoculated white-rot fungi and their interactions with the bacterial community 
in soil contaminated with polycyclic aromatic hydrocarbons, as measured by 
phospholipid fatty acids."  Bioresource Technology 73 (1):29-36. doi: 
http://dx.doi.org/10.1016/S0960-8524(99)00134-0. 

Andreoni, V., L. Cavalca, M. A. Rao, G. Nocerino, S. Bernasconi, E. Dell'Amico, M. 
Colombo, and L. Gianfreda. 2004. "Bacterial communities and enzyme activities 
of PAHs polluted soils."  Chemosphere 57 (5):401-412. doi: 
10.1016/j.chemosphere.2004.06.013. 

Basic Statistics and Data Analysis 1.2.0 (Package), CRAN. 

Askolin, S., M. Linder, K. Scholtmeijer, M. Tenkanen, M. Penttila, M. L. de Vocht, and H. 
A. Wosten. 2006. "Interaction and comparison of a class I hydrophobin from 
Schizophyllum commune and class II hydrophobins from Trichoderma reesei."  
Biomacromolecules 7 (4):1295-301. doi: 10.1021/bm050676s. 

Atagana, Harrison Ifeanychukwu, R. J. Haynes, and F. M. Wallis. 2006a. "Fungal 
Bioremediation of Creosote-Contaminated Soil: A Laboratory Scale 
Bioremediation Study Using Indigenous Soil Fungi."  Water, Air, & Soil Pollution 
172 (1-4):201-219. doi: http://dx.doi.org/10.1007/s11270-005-9074-x. 

Atagana, HarrisonIfeanychukwu, R. J. Haynes, and F. M. Wallis. 2006b. "Fungal 
Bioremediation of Creosote-Contaminated Soil: A Laboratory Scale 
Bioremediation Study Using Indigenous Soil Fungi."  Water, Air, and Soil Pollution 
172 (1-4):201-219. doi: 10.1007/s11270-005-9074-x. 

ATSDR. 1996. Polycyclic Aromatic Hydrocarbons (PAHs). 



192 

 

ATSDR. 2002. Public Health Statement-Creosote. 

ATSDR. 2013. Polycyclic Aromatic Hydrocarbons (PAHs) How Do PAHs Induce 
Pathogenic Changes? 

Balachandra Dass, S., and C. Adinarayana Reddy. 1990. "Characterization of 
extracellular peroxidases produced by acetate-buffered cultures of the lignin-
degrading basidiomycete Phanerochaete chrysosporium."  FEMS Microbiology 
Letters 69 (3):221-224. doi: 10.1111/j.1574-6968.1990.tb04233.x. 

Baldrian, P. 2006. "Fungal laccases - occurrence and properties."  FEMS Microbiol Rev 30 
(2):215-42. doi: 10.1111/j.1574-4976.2005.00010.x. 

Baldrian, Petr. 2008. "Wood-inhabiting ligninolytic basidiomycetes in soils: Ecology and 
constraints for applicability in bioremediation."  Fungal Ecology 1 (1):4-12. doi: 
http://dx.doi.org/10.1016/j.funeco.2008.02.001. 

Barbi, Florian, Claudia Bragalini, Laurent Vallon, Elsa Prudent, Audrey Dubost, 
Laurence Fraissinet-Tachet, Roland Marmeisse, and Patricia Luis. 2014. "PCR 
Primers to Study the Diversity of Expressed Fungal Genes Encoding 
Lignocellulolytic Enzymes in Soils Using High-Throughput Sequencing."  PLoS 
One 9 (12). doi: 10.1371/journal.pone.0116264 

http://dx.doi.org/10.1371/journal.pone.0116264. 

Barr, David P., and Steven D. Aust. 1994. "Mechanisms White Rot Fungi Use to Degrade 
Pollutants."  Environmental Science & Technology 28 (2):78A-87A. doi: 
10.1021/es00051a724. 

Berry, David, Karim Ben Mahfoudh, Michael Wagner, and Alexander Loy. 2011. 
"Barcoded Primers Used in Multiplex Amplicon Pyrosequencing Bias 
Amplification."  Applied and Environmental Microbiology 77 (21):7846-7849. doi: 
10.1128/AEM.05220-11. 

Bischof, Robert H., Jonas Ramoni, and Bernhard Seiboth. 2016. "Cellulases and beyond: 
the first 70 years of the enzyme producer Trichoderma reesei."  Microbial Cell 
Factories 15:106. doi: 10.1186/s12934-016-0507-6. 

Bittinger, Kyle, Frederic D. Bushman, J. Gregory Caporaso, Elizabeth K. Costello, Noah 
Fierer, Julia K. Goodrich, Jeffrey I. Gordon, Gavin A. Huttley, Scott T. Kelley, Rob 
Knight, Dan Knights, Jeremy E. Koenig, Justin Kuczynski, Ruth E. Ley, Catherine 



193 

 

A. Lozupone, Daniel McDonald, Brian D. Muegge, Antonio Gonzalez Pena, Meg 
Pirrung, Jens Reeder, Joel R. Sevinsky, Jesse Stombaugh, Peter J. Turnbaugh, 
William A. Walters, Jeremy Widmann, Tanya Yatsunenko, and Jesse Zaneveld. 
2010. "QIIME allows analysis of high-throughput community sequencing data."  
Nature Methods 7:335+. 

Boddy, Lynne, and Saleh H. M. Abdalla. 1998. "Development of Phanerochaete velutina 
mycelial cord systems: effect of encounter of multiple colonised wood resources."  
FEMS Microbiology Ecology 25 (3):257-269. doi: http://dx.doi.org/10.1016/S0168-
6496(97)00100-1. 

Boer, Wietse de, Larissa B. Folman, Richard C. Summerbell, and Lynne Boddy. 2005. 
"Living in a fungal world: impact of fungi on soil bacterial niche development⋆."  
FEMS Microbiology Reviews 29 (4):795-811. doi: 10.1016/j.femsre.2004.11.005. 

Boonchan, Sudarat, Margaret L. Britz, and Grant A. Stanley. 2000. "Degradation and 
Mineralization of High-Molecular-Weight Polycyclic Aromatic Hydrocarbons by 
Defined Fungal-Bacterial Cocultures."  Applied and Environmental Microbiology 66 
(3):1007-1019. 

Boopathy, R., S. Shields, and S. Nunna. 2012. "Biodegradation of crude oil from the BP 
oil spill in the marsh sediments of southeast Louisiana, USA."  Appl Biochem 
Biotechnol 167 (6):1560-8. doi: 10.1007/s12010-012-9603-1. 

Bourceret, A., A. Cebron, E. Tisserant, P. Poupin, P. Bauda, T. Beguiristain, and C. 
Leyval. 2016. "The Bacterial and Fungal Diversity of an Aged PAH- and Heavy 
Metal-Contaminated Soil is Affected by Plant Cover and Edaphic Parameters."  
Microb Ecol 71 (3):711-24. doi: 10.1007/s00248-015-0682-8. 

Callahan, Benjamin J., Paul J. McMurdie, Michael J. Rosen, Andrew W. Han, Amy Jo A. 
Johnson, and Susan P. Holmes. 2016. "DADA2: High-resolution sample inference 
from Illumina amplicon data."  Nat Meth 13 (7):581-583. doi: 10.1038/nmeth.3869 

http://www.nature.com/nmeth/journal/v13/n7/abs/nmeth.3869.html#supplementary-
information. 

Camarero, S., S. Sarkar, F. J. Ruiz-Duenas, M. J. Martinez, and A. T. Martinez. 1999. 
"Description of a versatile peroxidase involved in the natural degradation of 
lignin that has both manganese peroxidase and lignin peroxidase substrate 
interaction sites."  J Biol Chem 274 (15):10324-30. 



194 

 

Cameron, M. D., S. Timofeevski, and S. D. Aust. 2000. "Enzymology of Phanerochaete 
chrysosporium with respect to the degradation of recalcitrant compounds and 
xenobiotics."  Applied Microbiology & Biotechnology 54 (6):751-758. 

Caporaso, J. Gregory, Christian L. Lauber, William A. Walters, Donna Berg-Lyons, 
Catherine A. Lozupone, Peter J. Turnbaugh, Noah Fierer, and Rob Knight. 2011. 
"Global patterns of 16S rRNA diversity at a depth of millions of sequences per 
sample."  Proceedings of the National Academy of Sciences 108 (Supplement 1):4516-
4522. doi: 10.1073/pnas.1000080107. 

Carrard, Géraldine, Anu Koivula, Hans Söderlund, and Pierre Béguin. 2000. "Cellulose-
binding domains promote hydrolysis of different sites on crystalline cellulose."  
Proceedings of the National Academy of Sciences 97 (19):10342-10347. doi: 
10.1073/pnas.160216697. 

Cavalieri, E. L., E. G. Rogan, R. W. Roth, R. K. Saugier, and A. Hakam. 1983. "The 
relationship between ionization potential and horseradish peroxidase/hydrogen 
peroxide-catalyzed binding of aromatic hydrocarbons to DNA."  Chem Biol 
Interact 47 (1):87-109. 

Cerniglia, C. E., and J. B. Sutherland. 2010. "Degradation of Polycyclic Aromatic 
Hydrocarbons by Fungi." In Handbook of Hydrocarbon and Lipid Microbiology, 
edited by KennethN Timmis, 2079-2110. Springer Berlin Heidelberg. 

Chemidlin Prévost-Bouré, Nicolas, Richard Christen, Samuel Dequiedt, Christophe 
Mougel, Mélanie Lelièvre, Claudy Jolivet, Hamid Reza Shahbazkia, Laure 
Guillou, Dominique Arrouays, and Lionel Ranjard. 2011. "Validation and 
Application of a PCR Primer Set to Quantify Fungal Communities in the Soil 
Environment by Real-Time Quantitative PCR."  PLoS ONE 6 (9):e24166. doi: 
10.1371/journal.pone.0024166. 

Clark, Bryan W., Ellen M. Cooper, Heather M. Stapleton, and Richard T. Di Giulio. 2013. 
"Compound- and Mixture-Specific Differences in Resistance to Polycyclic 
Aromatic Hydrocarbons and PCB-126 among Fundulus heteroclitus 
Subpopulations throughout the Elizabeth River Estuary (Virginia, USA)."  
Environmental Science & Technology 47 (18):10556-10566. doi: 10.1021/es401604b. 

Colombo, M., L. Cavalca, S. Bernasconi, and V. Andreoni. 2011. "Bioremediation of 
polyaromatic hydrocarbon contaminated soils by native microflora and 
bioaugmentation with Sphingobium chlorophenolicum strain C3R: A feasibility 



195 

 

study in solid- and slurry-phase microcosms."  International Biodeterioration & 
Biodegradation 65 (1):191-197. doi: 10.1016/j.ibiod.2010.11.002. 

Colpaert, Jan V. 2008. "Chapter 11 Heavy metal pollution and genetic adaptations in 
ectomycorrhizal fungi."  British Mycological Society Symposia Series 27:157-173. doi: 
http://dx.doi.org/10.1016/S0275-0287(08)80053-7. 

Colpaert, Jan V., Ludo A. H. Muller, Marc Lambaerts, Kristin Adriaensen, and Jaco 
Vangronsveld. 2004. "Evolutionary adaptation to Zn toxicity in populations of 
Suilloid fungi."  New Phytologist 162 (2):549-559. doi: 10.1111/j.1469-
8137.2004.01037.x. 

Crampon, M., F. Bureau, M. Akpa-Vinceslas, J. Bodilis, N. Machour, F. Le Derf, and F. 
Portet-Koltalo. 2014. "Correlations between PAH bioavailability, degrading 
bacteria, and soil characteristics during PAH biodegradation in five diffusely 
contaminated dissimilar soils."  Environmental Science and Pollution Research 21 
(13):8133-8145. doi: 10.1007/s11356-014-2799-6. 

Cubeta, MA, E Echandi, T Abernethy, and R Vilgalys. "Characterization of anastomosis 
groups of binucleate Rhizoctonia species using restriction analysis of an 
amplified ribosomal RNA gene." 

Czaplicki, Lauren. 2017. RDP LSU taxonomic training data formatted for DADA2  
(trainingset 11). 

Czaplicki, Lauren M., Ellen Cooper, P. Lee Ferguson, Heather M. Stapleton, Rytas 
Vilgalys, and Claudia K. Gunsch. 2016. "A New Perspective on Sustainable Soil 
Remediation—Case Study Suggests Novel Fungal Genera Could Facilitate in situ 
Biodegradation of Hazardous Contaminants."  Remediation Journal 26 (2):59-72. 
doi: 10.1002/rem.21458. 

Daane, L. L., I. Harjono, S. M. Barns, L. A. Launen, N. J. Palleroni, and M. M. Haggblom. 
2002. "PAH-degradation by Paenibacillus spp. and description of Paenibacillus 
naphthalenovorans sp. nov., a naphthalene-degrading bacterium from the 
rhizosphere of salt marsh plants."  International Journal of Systematic and 
Evolutionary Microbiology 52 (1):131-139. 

Das, R., and S. K. Kazy. 2014. "Microbial diversity, community composition and 
metabolic potential in hydrocarbon contaminated oily sludge: prospects for in 
situ bioremediation."  Environmental Science and Pollution Research 21 (12):7369-
7389. doi: 10.1007/s11356-014-2640-2. 



196 

 

Dass, S. B., C. G. Dosoretz, C. A. Reddy, and H. E. Grethlein. 1995. "Extracellular 
proteases produced by the wood-degrading fungus Phanerochaete 
chrysosporium under ligninolytic and non-ligninolytic conditions."  Arch 
Microbiol 163 (4):254-8. 

Debode, J., C. De Tender, S. Soltaninejad, C. Van Malderghem, A. Haegeman, I. Van der 
Linden, B. Cottyn, M. Heyndrickx, and M. Maes. 2016. "Chitin Mixed in Potting 
Soil Alters Lettuce Growth, the Survival of Zoonotic Bacteria on the Leaves and 
Associated Rhizosphere Microbiology."  Front Microbiol 7:565. doi: 
10.3389/fmicb.2016.00565. 

Dell'Anno, A., F. Beolchini, L. Rocchetti, G. M. Luna, and R. Danovaro. 2012. "High 
bacterial biodiversity increases degradation performance of hydrocarbons during 
bioremediation of contaminated harbor marine sediments."  Environ Pollut 
167:85-92. doi: 10.1016/j.envpol.2012.03.043. 

Di Giulio, Richard T., and Bryan W. Clark. 2015. "The Elizabeth River Story: A Case 
Study in Evolutionary Toxicology."  Journal of toxicology and environmental health. 
Part B, Critical reviews 18 (6):259-98. doi: 10.1080/15320383.2015.1074841. 

Dinno, Alexis. 2017. Package 'dunn.test'. 

Dixon, Philip. 2003. "VEGAN, A Package of R Functions for Community Ecology."  
Journal of Vegetation Science 14 (6):927-930. doi: 10.2307/3236992. 

Donnelly, Damian P., and Lynne Boddy. 1998. "Repeated damage results in polarised 
development of foraging mycelial systems of Phanerochaete velutina."  FEMS 
Microbiology Ecology 26 (2):101-108. doi: http://dx.doi.org/10.1016/S0168-
6496(98)00025-7. 

Dowson, C. G., Lynne Boddy, and A. D. M. Rayner. 1989. "Development and extension 
of mycelial cords in soil at different temperatures and moisture contents."  
Mycological Research 92 (4):383-391. doi: http://dx.doi.org/10.1016/S0953-
7562(89)80181-9. 

Dowson, C. G., A. D. M. Rayner, and Lynne Boddy. 1988. "Foraging patterns of Phallus 
impudicus, Phanerochaete laevis and Steccherinum fimbriatum between 
discontinuous resource units in soil."  FEMS Microbiology Letters 53 (5):291-298. 
doi: http://dx.doi.org/10.1016/0378-1097(88)90486-7. 



197 

 

Dowson, Chris G., Alan D. M.  Rayner, and Lynne  Boddy. 1986. "Outgrowth Patterns of 
Mycelial Cord-forming Basidiomycetes from and between Woody Resource 
Units in Soil."  Journal of General Microbiology 132 (1):203-211. doi: 
10.1099/00221287-132-1-203. 

Druzhinina, Irina S., Ekaterina Shelest, and Christian P. Kubicek. 2012. "Novel traits of 
Trichoderma predicted through the analysis of its secretome."  Fems Microbiology 
Letters 337 (1):1-9. doi: 10.1111/j.1574-6968.2012.02665.x. 

Edgar, Robert C., and Henrik Flyvbjerg. 2015. "Error filtering, pair assembly and error 
correction for next-generation sequencing reads."  Bioinformatics. doi: 
10.1093/bioinformatics/btv401. 

Edwards, Ivan P., Rima A. Upchurch, and Donald R. Zak. 2008. "Isolation of Fungal 
Cellobiohydrolase I Genes from Sporocarps and Forest Soils by PCR."  Applied 
and Environmental Microbiology 74 (11):3481-3489. doi: 10.1128/AEM.02893-07. 

Eggen, T. 1999. "Application of fungal substrate from commercial mushroom production 
- Pleuorotus ostreatus - for bioremediation of creosote contaminated soil."  
International Biodeterioration & Biodegradation 44 (2-3):117-126. doi: 10.1016/s0964-
8305(99)00073-6. 

Ellouze, Walid, Ahmad Esmaeili Taheri, Luke D. Bainard, Chao Yang, Navid Bazghaleh, 
Adriana Navarro-Borrell, Keith Hanson, and Chantal Hamel. 2014. "Soil Fungal 
Resources in Annual Cropping Systems and Their Potential for Management."  
BioMed Research International 2014:531824. doi: 10.1155/2014/531824. 

Estevez, E., M. C. Veiga, and C. Kennes. 2005. "Biodegradation of toluene by the new 
fungal isolates Paecilomyces variotii and Exophiala oligosperma."  J Ind Microbiol 
Biotechnol 32 (1):33-7. doi: 10.1007/s10295-004-0203-0. 

Federici, Ermanno, Vanessa Leonardi, Maria A. Giubilei, Daniele Quaratino, Roberta 
Spaccapelo, Alessandro D'Annibale, and Maurizio Petruccioli. 2007. "Addition of 
allochthonous fungi to a historically contaminated soil affects both remediation 
efficiency and bacterial diversity."  Applied Microbiology and Biotechnology 77 
(1):203-11. doi: http://dx.doi.org/10.1007/s00253-007-1143-1. 

Folwell, Benjamin D., Terry J. McGenity, and Corinne Whitby. 2016. "Biofilm and 
Planktonic Bacterial and Fungal Communities Transforming High-Molecular-
Weight Polycyclic Aromatic Hydrocarbons."  Applied and Environmental 
Microbiology 82 (8):2288-2299. doi: 10.1128/aem.03713-15. 



198 

 

Fujimura, Kei E., and Keith N. Egger. 2012. "Host plant and environment influence 
community assembly of High Arctic root-associated fungal communities."  
Fungal Ecology 5 (4):409-418. doi: http://dx.doi.org/10.1016/j.funeco.2011.12.010. 

Furuno, S., S. Foss, E. Wild, K. C. Jones, K. T. Semple, H. Harms, and L. Y. Wick. 2012. 
"Mycelia Promote Active Transport and Spatial Dispersion of Polycyclic 
Aromatic Hydrocarbons."  Environmental Science & Technology 46 (10):5463-5470. 
doi: 10.1021/es300810b. 

Gramss, Gerhard, Klaus-dieter Voigt, and Brigitta Kirsche. 1999. "Degradation of 
polycyclic aromatic hydrocarbons with three to seven aromatic rings by higher 
fungi in sterile and unsterile soils."  Biodegradation 10 (1):51-62. doi: 
http://dx.doi.org/10.1023/A:1008368923383. 

Gregory, T. Ryan. 2008. "Understanding Evolutionary Trees."  Evolution: Education and 
Outreach 1 (2):121-137. doi: 10.1007/s12052-008-0035-x. 

Grigoriev, Igor V., Henrik Nordberg, Igor Shabalov, Andrea Aerts, Mike Cantor, David 
Goodstein, Alan Kuo, Simon Minovitsky, Roman Nikitin, Robin A. Ohm, Robert 
Otillar, Alex Poliakov, Igor Ratnere, Robert Riley, Tatyana Smirnova, Daniel 
Rokhsar, and Inna Dubchak. 2012. "The Genome Portal of the Department of 
Energy Joint Genome Institute."  Nucleic Acids Research 40 (D1):D26-D32. doi: 
10.1093/nar/gkr947. 

Gunsch, C. K., K. A. Kinney, P. J. Szaniszlo, and C. P. Whitman. 2006. "Quantification of 
homogentisate-1,2-dioxygenase expression in a fungus degrading ethylbenzene."  
Journal of Microbiological Methods 67 (2):257-265. doi: 10.1016/j.mimet.2006.03.018. 

Gunsch, Claudia Kneller. 2004. "Linking gene expression to performance in a fungal 
vapor-phase bioreactor treating ethylbenzene." 3144382 Ph.D., The University of 
Texas at Austin. 

Harms, H., D. Schlosser, and L. Y. Wick. 2011. "Untapped potential: exploiting fungi in 
bioremediation of hazardous chemicals."  Nat Rev Microbiol 9 (3):177-92. doi: 
10.1038/nrmicro2519. 

Hatheway, Allen W. 2002. "Geoenvironmental protocol for site and waste 
characterization of former manufactured gas plants; worldwide remediation 
challenge in semi-volatile organic wastes."  Engineering Geology 64 (4):317-338. 
doi: http://dx.doi.org/10.1016/S0013-7952(01)00097-7. 



199 

 

Hawksworth, D. L. 1991. "The fungal dimension of biodiversity: magnitude, 
significance, and conservation."  Mycological Research 95 (6):641-655. doi: 
http://dx.doi.org/10.1016/S0953-7562(09)80810-1. 

Heinfling, Annette, Francisco Javier Ruiz-Dueñas, Marı́a J. Martı́nez, Matthias 
Bergbauer, Ulrich Szewzyk, and Angel T. Martı́nez. 1998. "A study on reducing 
substrates of manganese-oxidizing peroxidases from Pleurotus eryngii and 
Bjerkandera adusta."  FEBS Letters 428 (3):141-146. doi: 
http://dx.doi.org/10.1016/S0014-5793(98)00512-2. 

Hellemans, Jan, Geert Mortier, Anne De Paepe, Frank Speleman, and Jo Vandesompele. 
2007. "qBase relative quantification framework and software for management 
and automated analysis of real-time quantitative PCR data."  Genome Biology 8 
(2):R19. doi: 10.1186/gb-2007-8-2-r19. 

Hiscox, J., P. Baldrian, H. J. Rogers, and L. Boddy. 2010. "Changes in oxidative enzyme 
activity during interspecific mycelial interactions involving the white-rot fungus 
Trametes versicolor."  Fungal Genet Biol 47 (6):562-71. doi: 
10.1016/j.fgb.2010.03.007. 

Huang, Ying, Gulijimila Mijiti, Zhiying Wang, Wenjing Yu, Haijuan Fan, Rongshu 
Zhang, and Zhihua Liu. 2015. "Functional analysis of the class II hydrophobin 
gene HFB2-6 from the biocontrol agent Trichoderma asperellum ACCC30536."  
Microbiological Research 171:8-20. doi: 
http://dx.doi.org/10.1016/j.micres.2014.12.004. 

Huling, S.G., and J.W. Weaver. 1991. Dense nonaqueous-phase liquids. Ground-water 
issue. ; Environmental Protection Agency, Ada, OK (United States). Robert S. 
Kerr Environmental Research Lab. 

Ingham, Colin J., Oren Kalisman, Alin Finkelshtein, and Eshel Ben-Jacob. 2011. 
"Mutually facilitated dispersal between the nonmotile fungus Aspergillus 
fumigatus and the swarming bacterium Paenibacillus vortex."  Proceedings of the 
National Academy of Sciences of the United States of America 108 (49):19731-19736. 

ITRC, Interstate Technology & Regulatory Council. 2012. "Incremental Sampling 
Methodology." Interstate Technology & Regulatory Council, Incremental 
Sampling Methodology Team, Last Modified 02/2012, accessed 08/31/2017. 
http://www.itrcweb.org/ism-1/2_2_Soil_Heterogeneity_and_Variation.html. 



200 

 

Jacques, Rodrigo J. S., Benedict C. Okeke, Fatima M. Bento, Aline S. Teixeira, Maria C. R. 
Peralba, and Flavio A. O. Camargo. 2008. "Microbial consortium 
bioaugmentation of a polycyclic aromatic hydrocarbons contaminated soil."  
Bioresource Technology 99 (7):2637-2643. doi: 
http://dx.doi.org/10.1016/j.biortech.2007.04.047. 

Johansen, Renee B., Peter Johnston, Piotr Mieczkowski, George L.W. Perry, Michael S. 
Robeson, Bruce R. Burns, and Rytas Vilgalys. 2016. "A native and an invasive 
dune grass share similar, patchily distributed, root-associated fungal 
communities."  Fungal ecology 2016 v.23:pp. 141-155. doi: 
10.1016/j.funeco.2016.08.003. 

Jousset, Alexandre, Christina Bienhold, Antonis Chatzinotas, Laure Gallien, Angelique 
Gobet, Viola Kurm, Kirsten Kusel, Matthias C. Rillig, Damian W. Rivett, Joana F. 
Salles, Marcel G. A. van der Heijden, Noha H. Youssef, Xiaowei Zhang, Zhong 
Wei, and W. H. Gera Hol. 2017. "Where less may be more: how the rare 
biosphere pulls ecosystems strings."  ISME J. doi: 10.1038/ismej.2016.174. 

Kahn, Faisal I, Tahir Husain, and Ramzi Hejazi. 2004. "An overview and analysis of site 
remediation technologies."  Journal of Environmental Management (71):95-122. 

Karapetyan, K. N., T. V. Fedorova, L. G. Vasil’chenko, R. Ludwig, D. Haltrich, and M. L. 
Rabinovich. 2006. "Properties of neutral cellobiose dehydrogenase from the 
ascomycete Chaetomium sp. INBI 2-26(–) and comparison with basidiomycetous 
cellobiose dehydrogenases."  Journal of Biotechnology 121 (1):34-48. doi: 
http://dx.doi.org/10.1016/j.jbiotec.2005.06.024. 

Kent, C. 1998. Basics of Toxicology: Wiley. 

Kiikkila, Oili, Jonna Perkiomaki, Matthew Barnette, John Derome, Taina Pennanen, Esa 
Tulisalo, and Hannu Fritze. 2001. "In Situ Bioremediation Through Mulching of 
Soil Polluted by a Copper Nickel Smelter."  Journal of Environmental Quality 30 
(4):1134-1143. doi: 10.2134/jeq2001.3041134x. 

Klaassen, Curtis D. 2007. Casarett and Doull's Toxicology: The Basic Science of Poisons. 
Edited by Inc ebrary, TCasarett & Doull's toxicology. New York: McGraw-Hill. 
Toxic effects of plants / Stata Norton -- Unit VI: Environmental toxicology -- Air 
pollution / Daniel L. Costa -- Ecotoxicology / Richard T. Di Giulio and Michael C. 
Newman -- Unit VII: Applications of toxicology -- Food toxicology / Frank N. 
Kotsonis and George A. Burdock -- Analytic/forensic toxicology / Alphonse 



201 

 

Poklis -- Clinical toxicology / Louis R. Cantilena Jr. -- Occupational toxicology / 
Peter S. Thorne. 

Toxic responses of the kidney / Rick G. Schnellmann -- Toxic responses of the respiratory 
system / Hanspeter R. Witschi ... et al. -- Toxic responses of the nervous system / 
Virginia C. Moser ... et al. -- Toxic responses of the ocular and visual system / 
Donald A. Fox and William K. Boyes -- Toxic responses of the heart and vascular 
system / Y. James Kang -- Toxic responses of the skin / Robert H. Rice and 
Theodora M. Mauro -- Toxic responses of the reproductive system / Paul M.D. 
Foster and L. Earl Gray Jr. -- Toxic responses of the endocrine system / Charles C. 
Capen -- Unit V: Toxic agents -- Toxic effects of pesticides / Lucio G. Costa -- 
Toxic effects of metals / Jie Liu, Robert A. Goyer, and Michael P. Waalkes -- Toxic 
effects of solvents and vapors / James V. Bruckner, S. Satheesh Anand, and D. 
Alan Warren -- Health effects of radiation and radioactive materials / Naomi H. 
Harley -- Properties and toxicities of animal venoms / John B. Watkins, III --^ 

Unit I: General principles of toxicology -- History and scope of toxicology / Michael A. 
Gallo -- Principles of toxicology / David L. Eaton and Steven G. Gilbert -- 
Mechanisms of toxicity / Zoltán Gregus -- Risk assessment / Elaine M. Faustman 
and Gilbert S. Omenn -- Unit II: Disposition of toxicants -- Absorption, 
Distribution, and excretion of toxicants / Lois D. Lehman-McKeeman -- 
Biotransformation of xenobiotics / Andrew Parkinson and Brian W. Ogilvie -- 
Toxicokinetics / Danny D. Shen- Unit III: Non-organ-directed toxicity -- Chemical 
carcinogens / James E. Klaunig and Lisa M. Kamendulis -- Genetic toxicology / R. 
Julian Preston and George R. Hoffmann -- Developmental toxicology / John M. 
Rogers and Robert J. Kavlock -- Unit IV: Target organ toxicity -- Toxic responses 
of the blood / John C. Bloom and John T. Brandt -- Toxic responses of the 
immune system / Norbert E. Kaminski ... et al. -- Toxic responses of the liver / 
Hartmut Jaeschke --^. 

Kohlmeier, S., T. H. Smits, R. M. Ford, C. Keel, H. Harms, and L. Y. Wick. 2005. "Taking 
the fungal highway: mobilization of pollutant-degrading bacteria by fungi."  
Environ Sci Technol 39 (12):4640-6. 

Koorem, Kadri, Antonio Gazol, Maarja Öpik, Mari Moora, Ülle Saks, Annika Uibopuu, 
Virve Sõber, and Martin Zobel. 2014. "Soil Nutrient Content Influences the 
Abundance of Soil Microbes but Not Plant Biomass at the Small-Scale."  PLOS 
ONE 9 (3):e91998. doi: 10.1371/journal.pone.0091998. 



202 

 

Krivobok, S., E. Miriouchkine, F. Seigle-Murandi, and J. L. Benoit-Guyod. 1998. 
"Biodegradation of Anthracene by soil fungi."  Chemosphere 37 (3):523-530. doi: 
http://dx.doi.org/10.1016/S0045-6535(98)00067-8. 

Lade, Harshad S., Tatoba R. Waghmode, Avinash A. Kadam, and Sanjay P. Govindwar. 
2012. "Enhanced biodegradation and detoxification of disperse azo dye Rubine 
GFL and textile industry effluent by defined fungal-bacterial consortium."  
International Biodeterioration & Biodegradation 72 (0):94-107. doi: 
http://dx.doi.org/10.1016/j.ibiod.2012.06.001. 

Launen, L. A., L. J. Pinto, and M. M. Moore. 1999. "Optimization of pyrene oxidation by 
Penicillium janthinellum using response-surface methodology."  Applied 
microbiology and biotechnology 51 (4):510-515. 

Leitao, A L , C Garcia-Estrada, R V Ullan, S F  Guedes, P Martin-Jimenez, B Mendes, and 
J F Martin. 2011. "Penicillium chrysogenum var. halophenolicum, a new 
halotolerant strain with potential in the remediation of aromatic compounds in 
high salt environments."  Microbiological Research 167 (2):79-89. 

Letunic, I., and P. Bork. 2016. "Interactive tree of life (iTOL) v3: an online tool for the 
display and annotation of phylogenetic and other trees."  Nucleic Acids Res 44 
(W1):W242-5. doi: 10.1093/nar/gkw290. 

Li, Wei, and M. Henry H. Stevens. 2012. "Fluctuating resource availability increases 
invasibility in microbial microcosms."  Oikos 121 (3):435-441. doi: 10.1111/j.1600-
0706.2011.19762.x. 

Lienemann, M., H. Boer, A. Paananen, S. Cottaz, and A. Koivula. 2009. "Toward 
understanding of carbohydrate binding and substrate specificity of a glycosyl 
hydrolase 18 family (GH-18) chitinase from Trichoderma harzianum."  
Glycobiology 19 (10):1116-26. doi: 10.1093/glycob/cwp102. 

Limon, M. C., M. R. Chacon, R. Mejias, J. Delgado-Jarana, A. M. Rincon, A. C. Codon, 
and T. Benitez. 2004. "Increased antifungal and chitinase specific activities of 
Trichoderma harzianum CECT 2413 by addition of a cellulose binding domain."  
Appl Microbiol Biotechnol 64 (5):675-85. doi: 10.1007/s00253-003-1538-6. 

Limon, M. C., E. Margolles-Clark, T. Benitez, and M. Penttila. 2001. "Addition of 
substrate-binding domains increases substrate-binding capacity and specific 
activity of a chitinase from Trichoderma harzianum."  FEMS Microbiol Lett 198 
(1):57-63. 



203 

 

Linder, Markus B., Géza R. Szilvay, Tiina Nakari-Setälä, and Merja E. Penttilä. 2005. 
"Hydrophobins: the protein-amphiphiles of filamentous fungi."  FEMS 
Microbiology Reviews 29 (5):877-896. doi: 10.1016/j.femsre.2005.01.004. 

Liu, H., C. Yang, Y. Tian, G. Lin, and T. Zheng. 2010. "Screening of PAH-degrading 
bacteria in a mangrove swamp using PCR-RFLP."  Mar Pollut Bull 60 (11):2056-61. 
doi: 10.1016/j.marpolbul.2010.07.013. 

Lladó, S., S. Covino, A. M. Solanas, M. Petruccioli, A. D’annibale, and M. Viñas. 2015. 
"Pyrosequencing reveals the effect of mobilizing agents and lignocellulosic 
substrate amendment on microbial community composition in a real industrial 
PAH-polluted soil."  Journal of Hazardous Materials 283:35-43. doi: 
http://dx.doi.org/10.1016/j.jhazmat.2014.08.065. 

Louis, Benjamin P., Pierre-Alain Maron, Safya Menasseri-Aubry, Amadou Sarr, Jean 
Lévêque, Olivier Mathieu, Claudy Jolivet, Philippe Leterme, and Valérie Viaud. 
2016. "Microbial Diversity Indexes Can Explain Soil Carbon Dynamics as a 
Function of Carbon Source."  PLOS ONE 11 (8):e0161251. doi: 
10.1371/journal.pone.0161251. 

Love, Michael I., Wolfgang Huber, and Simon Anders. 2014. "Moderated estimation of 
fold change and dispersion for RNA-seq data with DESeq2."  Genome Biology 15 
(12):550. doi: 10.1186/s13059-014-0550-8. 

Lundberg, Derek S., Scott Yourstone, Piotr Mieczkowski, Corbin D. Jones, and Jeffery L. 
Dangl. 2013. "Practical innovations for high-throughput amplicon sequencing."  
Nature Methods 10:999+. 

Mach, Robert L., Clemens K. Peterbauer, Kathrin Payer, Sylvia Jaksits, Sheridan L. Woo, 
Susanne Zeilinger, Cornelia M. Kullnig, Matteo Lorito, and Christian P. Kubicek. 
1999. "Expression of Two Major Chitinase Genes of Trichoderma atroviride (T. 
harzianum P1) Is Triggered by Different Regulatory Signals."  Applied and 
Environmental Microbiology 65 (5):1858-1863. 

Mallon, Cyrus Alexander, Jan Dirk van Elsas, and Joana Falcão Salles. 2015. "Microbial 
Invasions: The Process, Patterns, and Mechanisms."  Trends in Microbiology 23 
(11):719-729. doi: 10.1016/j.tim.2015.07.013. 

Mancera-López, M. E., F. Esparza-García, B. Chávez-Gómez, R. Rodríguez-Vázquez, G. 
Saucedo-Castañeda, and J. Barrera-Cortés. 2008. "Bioremediation of an aged 
hydrocarbon-contaminated soil by a combined system of biostimulation–



204 

 

bioaugmentation with filamentous fungi."  International Biodeterioration & 
Biodegradation 61 (2):151-160. doi: http://dx.doi.org/10.1016/j.ibiod.2007.05.012. 

Marco-Urrea, Ernest, and C. A. Reddy. 2012. "Degradation of Chloro-organic Pollutants 
by White Rot Fungi." In Microbial Degradation of Xenobiotics, edited by Shree Nath 
Singh, 31-66. Berlin, Heidelberg: Springer Berlin Heidelberg. 

Martin, M. 2012. "Cutadapt removes adapter sequences from high-throughput 
sequencing reads."  Bioinformatics in Action 17 (1):10-12. doi: citeulike-article-
id:11851772. 

Mattraw Jr, Harold C., and Bernard J. Franks. 1986. Movement and fate of creosote waste 
in ground water, Pensacola, Florida; U.S. Geological Survey toxic waste-ground-
water contamination program. In Water Supply Paper. 

McMurdie, P. J., and S. Holmes. 2013. "phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data."  PLoS One 8 
(4):e61217. doi: 10.1371/journal.pone.0061217. 

McMurdie, Paul J., and Susan Holmes. 2014. "Waste Not, Want Not: Why Rarefying 
Microbiome Data Is Inadmissible."  PLOS Computational Biology 10 (4):e1003531. 
doi: 10.1371/journal.pcbi.1003531. 

Melber, C., J. Kielhorn, and I Mangelsdorf. 2004. Coal tar creosote. In Concise 
International Chemical Assessment Document. Geneva: World Health Organization. 

Middelhoven, W. J. 1993. "Catabolism of benzene compounds by ascomycetous and 
basidiomycetous yeasts and yeastlike fungi. A literature review and an 
experimental approach."  Antonie Van Leeuwenhoek 63 (2):125-144. 

Miles, Philip G, and Shu-Ting Chang. 1997. Mushroom Biology: Concise Basics and Current 
Developments. Singapore: World Scientific Publishing Co. Pte. Ltd. 

Moncalvo, Jean-Marc, Hsi-Hua Wang, and Ruey-Shyang Hseu. 1995. "Phylogenetic 
Relationships in Ganoderma Inferred from the Internal Transcribed Spacers and 
25S Ribosomal DNA Sequences."  Mycologia 87 (2):223-238. doi: 10.2307/3760908. 

Morrell, J. J., and R. A. Zabel. 1985. "Wood Strength and Weight Losses Caused by Soft 
Rot Fungi Isolated from Treated Southern Pine Utility Poles."  Wood and Fiber 
Science 17 (1):132-143. 



205 

 

Mueller, James G., Peter J. Chapman, and P. Hap Pritchard. 1989. "Creosote-
contaminated sites. Their potential for bioremediation."  Environmental Science & 
Technology 23 (10):1197-1201. doi: 10.1021/es00068a003. 

Mukherjee, Prasun K., Benjamin A. Horwitz, Alfredo Herrera-Estrella, Monika Schmoll, 
and Charles M. Kenerley. 2013. "Trichoderma Research in the Genome Era."  
Annual Review of Phytopathology 51 (1):105-129. doi: 10.1146/annurev-phyto-
082712-102353. 

Müncnerová, D., and J. Augustin. 1994. "Fungal metabolism and detoxification of 
polycyclic aromatic hydrocarbons: A review."  Bioresource Technology 48 (2):97-
106. doi: http://dx.doi.org/10.1016/0960-8524(94)90195-3. 

Nordberg, H., M. Cantor, S. Dusheyko, S. Hua, A. Poliakov, I. Shabalov, T. Smirnova, I. 
V. Grigoriev, and I. Dubchak. 2014. "The genome portal of the Department of 
Energy Joint Genome Institute: 2014 updates."  Nucleic Acids Res 42 (Database 
issue):D26-31. doi: 10.1093/nar/gkt1069. 

Okparanma, R. N., J. M. Ayotamuno, D. D. Davis, and M. Allagoa. 2011. 
"Mycoremediation of polycyclic aromatic hydrocarbons (PAH)-contaminated oil-
based drill-cuttings."  African Journal of Biotechnology 10 (26):5149-5156. 

Op De Beeck, Michiel, Bart Lievens, Pieter Busschaert, Francois Rineau, Mark Smits, Jaco 
Vangronsveld, and Jan V. Colpaert. 2015. "Impact of metal pollution on fungal 
diversity and community structures."  Environmental Microbiology 17 (6):2035-
2047. doi: 10.1111/1462-2920.12547. 

Paszczynski, A., V. B. Huynh, and R. Crawford. 1986. "Comparison of ligninase-I and 
peroxidase-M2 from the white-rot fungus Phanerochaete chrysosporium."  Arch 
Biochem Biophys 244 (2):750-65. 

Pereira e Silva, Michele C., Armando Cavalcante Franco Dias, Jan Dirk van Elsas, and 
Joana Falcão Salles. 2012. "Spatial and Temporal Variation of Archaeal, Bacterial 
and Fungal Communities in Agricultural Soils."  PLOS ONE 7 (12):e51554. doi: 
10.1371/journal.pone.0051554. 

Piontek, K., A. T. Smith, and W. Blodig. 2001. "Lignin peroxidase structure and 
function."  Biochem Soc Trans 29 (Pt 2):111-6. 

Potin, Olivier, Etienne Veignie, and Catherine Rafin. 2004. "Biodegradation of polycyclic 
aromatic hydrocarbons (PAHs) by Cladosporium sphaerospermum isolated from 



206 

 

an aged PAH contaminated soil."  FEMS Microbiology Ecology 51 (1):71-78. doi: 
http://dx.doi.org/10.1016/j.femsec.2004.07.013. 

Procter, Andrew C., J. Christopher Ellis, Philip A. Fay, H. Wayne Polley, and Robert B. 
Jackson. 2014. "Fungal Community Responses to Past and Future Atmospheric 
CO2 Differ by Soil Type."  Applied and Environmental Microbiology 80 (23):7364-
7377. doi: 10.1128/aem.02083-14. 

Protection, New Jersey Department of Environmental. 2014. Chemical Properties Table. 

Pruesse, Elmar, Christian Quast, Katrin Knittel, Bernhard M. Fuchs, Wolfgang Ludwig, 
Jörg Peplies, and Frank Oliver Glöckner. 2007. "SILVA: a comprehensive online 
resource for quality checked and aligned ribosomal RNA sequence data 
compatible with ARB."  Nucleic Acids Research 35 (21):7188-7196. doi: 
10.1093/nar/gkm864. 

Puglisi, Ivana, Roberto Faedda, Vincenzo Sanzaro, Angela R. Lo Piero, Goffredo Petrone, 
and Santa O. Cacciola. 2012. "Identification of differentially expressed genes in 
response to mercury I and II stress in Trichoderma harzianum."  Gene 506 (2):325-
330. doi: http://dx.doi.org/10.1016/j.gene.2012.06.091. 

Qasemian, Leila, Christophe Billette, Daniel Guiral, Emilie Alazard, Magalie Moinard, 
and Anne-Marie Farnet. 2012. "Halotolerant laccases from Chaetomium sp., 
Xylogone sphaerospora, and Coprinopsis sp. isolated from a Mediterranean 
coastal area."  Fungal Biology 116 (10):1090-1098. doi: 
http://dx.doi.org/10.1016/j.funbio.2012.08.002. 

Quast, Christian, Elmar Pruesse, Pelin Yilmaz, Jan Gerken, Timmy Schweer, Pablo 
Yarza, Jörg Peplies, and Frank Oliver Glöckner. 2013. "The SILVA ribosomal 
RNA gene database project: improved data processing and web-based tools."  
Nucleic Acids Research 41 (D1):D590-D596. doi: 10.1093/nar/gks1219. 

Rafin, Catherine, Bruno de Foucault, and Etienne Veignie. 2013. "Exploring 
micromycetes biodiversity for screening benzo[a]pyrene degrading potential."  
Environmental Science and Pollution Research International 20 (5):3280-9. doi: 
http://dx.doi.org/10.1007/s11356-012-1255-8. 

Rasmussen, S. J., N. Chung, A. Khindaria, T. A. Grover, and S. D. Aust. 1995. 
"Reductions catalyzed by a quinone and peroxidases from Phanerochaete 
chrysosporium."  Archives of Biochemistry and Biophysics 320 (2):243-249. doi: 
10.1016/0003-9861(95)90006-3. 



207 

 

Riley, Robert, Asaf A. Salamov, Daren W. Brown, Laszlo G. Nagy, Dimitrios Floudas, 
Benjamin W. Held, Anthony Levasseur, Vincent Lombard, Emmanuelle Morin, 
Robert Otillar, Erika A. Lindquist, Hui Sun, Kurt M. LaButti, Jeremy Schmutz, 
Dina Jabbour, Hong Luo, Scott E. Baker, Antonio G. Pisabarro, Jonathan D. 
Walton, Robert A. Blanchette, Bernard Henrissat, Francis Martin, Dan Cullen, 
David S. Hibbett, and Igor V. Grigoriev. 2014. "Extensive sampling of 
basidiomycete genomes demonstrates inadequacy of the white-rot/brown-rot 
paradigm for wood decay fungi."  Proceedings of the National Academy of Sciences 
111 (27):9923-9928. doi: 10.1073/pnas.1400592111. 

Ritalahti, Kirsti M., Benjamin K. Amos, Youlboong Sung, Qingzhong Wu, Stephen S. 
Koenigsberg, and Frank E. Löffler. 2006. "Quantitative PCR Targeting 16S rRNA 
and Reductive Dehalogenase Genes Simultaneously Monitors Multiple 
Dehalococcoides Strains."  Applied and Environmental Microbiology 72 (4):2765-
2774. doi: 10.1128/aem.72.4.2765-2774.2006. 

Ritter, G. J., and L. C. Fleck. 1924. "Determination of Cellulose in Wood."  Industrial & 
Engineering Chemistry 16 (2):147-148. doi: 10.1021/ie50170a017. 

Rodgers-Vieira, Elyse A., Zhenfa Zhang, Alden C. Adrion, Avram Gold, and Michael D. 
Aitken. 2015. "Identification of Anthraquinone-Degrading Bacteria in Soil 
Contaminated with Polycyclic Aromatic Hydrocarbons."  Applied and 
Environmental Microbiology. doi: 10.1128/aem.00033-15. 

Rosales, E., M. Pazos, and M. A. Sanroman. 2013. "Feasibility of Solid-State Fermentation 
Using Spent Fungi-Substrate in the Biodegradation of PAHs."  Clean-Soil Air 
Water 41 (6):610-615. doi: 10.1002/clen.201100305. 

Ruess, Liliane, and Paul M Chamberlain. 2010. "The fat that matters: soil food web 
analysis using fatty acids and their carbon stable isotope signature."  Soil Biology 
and Biochemistry 42 (11):1898-1910. 

Schamfuß, Susan, Thomas R. Neu, Jan Roelof van der Meer, Robin Tecon, Hauke Harms, 
and Lukas Y. Wick. 2013. "Impact of Mycelia on the Accessibility of Fluorene to 
PAH-Degrading Bacteria."  Environmental Science & Technology 47 (13):6908-6915. 
doi: 10.1021/es304378d. 

Schnecker, Jörg, Werner Borken, Andreas Schindlbacher, and Wolfgang Wanek. 2016. 
"Little effects on soil organic matter chemistry of density fractions after seven 
years of forest soil warming."  Soil Biology and Biochemistry 103:300-307. doi: 
http://dx.doi.org/10.1016/j.soilbio.2016.09.003. 



208 

 

Seidl, V., L. Song, E. Lindquist, S. Gruber, A. Koptchinskiy, S. Zeilinger, M. Schmoll, M. 
Martínez, J. Sun, I. Grigoriev, A. Herrera-Estrella, S. E. Baker, and C. P. Kubicek. 
2009. "Transcriptomic response of the mycoparasitic fungus Trichoderma 
atroviride to the presence of a fungal prey."  BMC Genomics 10. doi: 10.1186/1471-
2164-10-567. 

Semprini, Lewis, and Perry L. McCarty. 1991. "Comparison Between Model Simulations 
and Field Results for In-Situ Biorestoration of Chlorinated Aliphatics: Part 1. 
Biostimulation of Methanotrophic Bacteria."  Ground Water 29 (3):365-374. doi: 
10.1111/j.1745-6584.1991.tb00527.x. 

Spain, Anne M., Lee R. Krumholz, and Mostafa S. Elshahed. 2009. "Abundance, 
composition, diversity and novelty of soil Proteobacteria."  ISME J 3 (8):992-1000. 
doi: http://www.nature.com/ismej/journal/v3/n8/suppinfo/ismej200943s1.html. 

Spatafora, J. W., Y. Chang, G. L. Benny, K. Lazarus, M. E. Smith, M. L. Berbee, G. Bonito, 
N. Corradi, I. Grigoriev, A. Gryganskyi, T. Y. James, K. O'Donnell, R. W. 
Roberson, T. N. Taylor, J. Uehling, R. Vilgalys, M. M. White, and J. E. Stajich. 
2016. "A phylum-level phylogenetic classification of zygomycete fungi based on 
genome-scale data."  Mycologia 108 (5):1028-1046. doi: 10.3852/16-042. 

Srogi, K. 2007. "Monitoring of environmental exposure to polycyclic aromatic 
hydrocarbons: a review."  Environmental Chemistry Letters 5 (4):169-195. doi: 
10.1007/s10311-007-0095-0. 

Steindorff, A. S., R. N. Silva, A. S. G. Coelho, E. F. Noronha, and C. J. Ulhoa. 2012. 
"Trichoderma harzianum expressed sequence tags for identification of genes 
with putative roles in mycoparasitism against F. solani."  Biol Control 61. doi: 
10.1016/j.biocontrol.2012.01.014. 

Sundaramoorthy, M, K Kishi, M H Gold, and T L Poulos. 1994. "The crystal structure of 
manganese peroxidase from Phanerochaete chrysosporium at 2.06-A resolution."  
Journal of Biological Chemistry 269 (52):32759-32767. 

SURF, U. S. Sustainable Remediation Forum. 2009. "Sustainable remediation white 
paper—Integrating sustainable principles, practices, and metrics into 
remediation projects."  Remediation Journal 19 (3):5-114. doi: 10.1002/rem.20210. 

Takahashi, T., H. Maeda, S. Yoneda, S. Ohtaki, Y. Yamagata, F. Hasegawa, K. Gomi, T. 
Nakajima, and K. Abe. 2005. "The fungal hydrophobin RolA recruits polyesterase 



209 

 

and laterally moves on hydrophobic surfaces."  Molecular Microbiology 57 
(6):1780-1796. doi: 10.1111/j.1365-2958.2005.04803.x. 

Talley, Sharon M., Phyllis D. Coley, and Thomas A. Kursar. 2002. "The effects of weather 
on fungal abundance and richness among 25 communities in the Intermountain 
West."  BMC Ecology 2 (1):7. doi: 10.1186/1472-6785-2-7. 

Tornberg, Karin, and Stefan Olsson. 2002. "Detection of hydroxyl radicals produced by 
wood-decomposing fungi."  FEMS Microbiology Ecology 40 (1):13-20. doi: 
http://dx.doi.org/10.1016/S0168-6496(02)00200-3. 

Tuisel, H., R. Sinclair, J. A. Bumpus, W. Ashbaugh, B. J. Brock, and S. D. Aust. 1990. 
"Lignin peroxidase H2 from Phanerochaete chrysosporium: purification, 
characterization and stability to temperature and pH."  Arch Biochem Biophys 279 
(1):158-66. 

USEPA. 2007. Atlantic Wood Industries, Inc Record of Decision. edited by Mid Atlantic 
Superfund. 

USEPA. 2012. A Citizen's Guide to Solidification and Stabilization. edited by Office of 
Solid Waste and Emergency Response: United States Environmental Protection 
Agency. 

USEPA. 2016. "EPA Superfund Program: Holcomb Creosote Co, Yadkinville, NC." Last 
Modified July 5, 2016, accessed July 5. 
https://cumulis.epa.gov/supercpad/cursites/csitinfo.cfm?id=0402724. 

Valli, K., and M. H. Gold. 1991. "Degradation of 2,4-dichlorophenol by the lignin-
degrading fungus Phanerochaete chrysosporium."  J Bacteriol 173 (1):345-52. 

van Herwijnen, R., B. Joffe, A. Ryngaert, M. Hausner, D. Springael, H. A. J. Govers, S. 
Wuertz, and J. R. Parsons. 2006. "Effect of bioaugmentation and supplementary 
carbon sources on degradation of polycyclic aromatic hydrocarbons by a soil-
derived culture."  Fems Microbiology Ecology 55 (1):122-135. doi: 10.1111/j.1574-
6941.2005.00001.x. 

Vieira, P. M., A. S. Coelho, A. S. Steindorff, S. J. de Siqueira, N. Silva Rdo, and C. J. 
Ulhoa. 2013. "Identification of differentially expressed genes from Trichoderma 
harzianum during growth on cell wall of Fusarium solani as a tool for 
biotechnological application."  BMC Genomics 14:177. doi: 10.1186/1471-2164-14-
177. 



210 

 

Vieira, Pabline Marinho, Alexandre Siqueira Guedes Coelho, Andrei Stecca Steindorff, 
Saulo José Linhares de Siqueira, Roberto do Nascimento Silva, and Cirano José 
Ulhoa. 2013. "Identification of differentially expressed genes from Trichoderma 
harzianum during growth on cell wall of Fusarium solani as a tool for 
biotechnological application."  BMC Genomics 14:177-177. doi: 10.1186/1471-2164-
14-177. 

Vilgalys, R., and M. Hester. 1990. "Rapid genetic identification and mapping of 
enzymatically amplified ribosomal DNA from several Cryptococcus species."  
Journal of Bacteriology 172 (8):4238-4246. 

Viñas, Marc, Jordi Sabaté, María José Espuny, and Anna M. Solanas. 2005. "Bacterial 
Community Dynamics and Polycyclic Aromatic Hydrocarbon Degradation 
during Bioremediation of Heavily Creosote-Contaminated Soil."  Applied and 
Environmental Microbiology 71 (11):7008-7018. doi: 10.1128/AEM.71.11.7008-
7018.2005. 

von Lützow, Margit, Ingrid Kögel-Knabner, Klemens Ekschmitt, Heinz Flessa, Georg 
Guggenberger, Egbert Matzner, and Bernd Marschner. 2007. "SOM fractionation 
methods: Relevance to functional pools and to stabilization mechanisms."  Soil 
Biology and Biochemistry 39 (9):2183-2207. doi: 
http://dx.doi.org/10.1016/j.soilbio.2007.03.007. 

Wald, Jiri, Miluse Hroudova, Jan Jansa, Blanka Vrchotova, Tomas Macek, and Ondrej 
Uhlik. 2015. "Pseudomonads Rule Degradation of Polyaromatic Hydrocarbons in 
Aerated Sediment."  Frontiers in Microbiology 6:1268. doi: 
10.3389/fmicb.2015.01268. 

Walter, Monika, Kirsty Boyd-Wilson, Lawrence Boul, Chris Ford, Derek McFadden, Bob 
Chong, and James Pinfold. 2005. "Field-scale bioremediation of 
pentachlorophenol by Trametes versicolor."  International Biodeterioration & 
Biodegradation 56 (1):51-57. doi: http://dx.doi.org/10.1016/j.ibiod.2005.05.003. 

Wang, C.J., and R.A. Zabel. 1990. Identification manual for fungi from utility poles in the 
eastern United States: American Type Culture Collection. 

Wang, Cuiping, Haibin Liu, Jing Li, and Hongwen Sun. 2014. "Degradation of PAHs in 
soil by Lasiodiplodia theobromae and enhanced benzo[a]pyrene degradation by 
the addition of Tween-80."  Environmental Science and Pollution Research 21 
(18):10614-10625. doi: 10.1007/s11356-014-3050-1. 



211 

 

Wang, Guangdi, Howard W. Mielke, V. A. N. Quach, Chris Gonzales, and Qiang Zhang. 
2004. "Determination of Polycyclic Aromatic Hydrocarbons and Trace Metals in 
New Orleans Soils and Sediments."  Soil and Sediment Contamination: An 
International Journal 13 (3):313-327. doi: 10.1080/10588330490445349. 

Wang, Qiong, George M. Garrity, James M. Tiedje, and James R. Cole. 2007. "Naïve 
Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New 
Bacterial Taxonomy."  Applied and Environmental Microbiology 73 (16):5261-5267. 
doi: 10.1128/AEM.00062-07. 

Wang, Shuozhi, Nobuhiko Nomura, Toshiaki Nakajima, and Hiroo Uchiyama. 2012. 
"Case study of the relationship between fungi and bacteria associated with high-
molecular-weight polycyclic aromatic hydrocarbon degradation."  Journal of 
Bioscience and Bioengineering 113 (5):624-630. doi: 
http://dx.doi.org/10.1016/j.jbiosc.2012.01.005. 

Wardle, David A. 2002. Communities and ecosystems: linking the aboveground and 
belowground components. Vol. 34: Princeton University Press. 

Warmink, J. A., R. Nazir, B. Corten, and J. D. van Elsas. 2011. "Hitchhikers on the fungal 
highway: The helper effect for bacterial migration via fungal hyphae."  Soil 
Biology and Biochemistry 43 (4):760-765. doi: 
http://dx.doi.org/10.1016/j.soilbio.2010.12.009. 

Visualization of a Correlation Matrix 0.77 (Package), CRAN. 

Weiland-Bräuer, Nancy, Martin A. Fischer, Karl-Werner Schramm, and Ruth A. Schmitz. 
2017. "Polychlorinated Biphenyl (PCB)-Degrading Potential of Microbes Present 
in a Cryoconite of Jamtalferner Glacier."  Frontiers in Microbiology 8:1105. doi: 
10.3389/fmicb.2017.01105. 

Wick, Lukas Y., Rita Remer, Birgit Würz, Jana Reichenbach, Sebastian Braun, Franziska 
Schäfer, and Hauke Harms. 2006. "Effect of Fungal Hyphae on the Access of 
Bacteria to Phenanthrene in Soil."  Environmental Science & Technology 41 (2):500-
505. doi: 10.1021/es061407s. 

Wiłkomirski, B., B. Sudnik-Wójcikowska, H. Galera, M. Wierzbicka, and M. Malawska. 
2011. "Railway transportation as a serious source of organic and inorganic 
pollution."  Water, Air, & Soil Pollution 218 (1):333-345. doi: 10.1007/s11270-010-
0645-0. 



212 

 

Williams, K. H., P. E. Long, J. A. Davis, M. J. Wilkins, A. L. N'Guessan, C. I. Steefel, L. 
Yang, D. Newcomer, F. A. Spane, L. J. Kerkhof, L. McGuinness, R. Dayvault, and 
D. R. Lovley. 2011. "Acetate Availability and its Influence on Sustainable 
Bioremediation of Uranium-Contaminated Groundwater."  Geomicrobiology 
Journal 28 (5-6):519-539. doi: 10.1080/01490451.2010.520074. 

Williamson, D. G., R. C. Loehr, and Y. Kimura. 1998. "Release of chemicals from 
contaminated soils."  Soil and Sediment Contamination 7 (5):543-558. 

Wilson, S. C., and K. C. Jones. 1993. "Bioremediation of soil contaminated with 
polynuclear aromatic hydrocarbons (PAHs): a review."  Environ Pollut 81 (3):229-
49. 

Xue, Weiling, and David Warshawsky. 2005. "Metabolic activation of polycyclic and 
heterocyclic aromatic hydrocarbons and DNA damage: A review."  Toxicology and 
Applied Pharmacology 206 (1):73-93. doi: 
http://dx.doi.org/10.1016/j.taap.2004.11.006. 

Yilmaz, Pelin, Laura Wegener Parfrey, Pablo Yarza, Jan Gerken, Elmar Pruesse, 
Christian Quast, Timmy Schweer, Jörg Peplies, Wolfgang Ludwig, and Frank 
Oliver Glöckner. 2013. "The SILVA and “All-species Living Tree Project (LTP)” 
taxonomic frameworks."  Nucleic Acids Research. doi: 10.1093/nar/gkt1209. 

Zafra, German, Angel E. Absalón, and Diana V. Cortés-Espinosa. 2015. "Morphological 
changes and growth of filamentous fungi in the presence of high concentrations 
of PAHs."  Brazilian Journal of Microbiology 46 (3):937-941. doi: 10.1590/S1517-
838246320140575. 

Zafra, German, Todd D. Taylor, Angel E. Absalón, and Diana V. Cortés-Espinosa. 2016. 
"Comparative metagenomic analysis of PAH degradation in soil by a mixed 
microbial consortium."  Journal of Hazardous Materials 318:702-710. doi: 
http://dx.doi.org/10.1016/j.jhazmat.2016.07.060. 

Zheng, Z., and J. P. Obbard. 2003. "Oxidation of polycyclic aromatic hydrocarbons by 
fungal isolates from an oil contaminated refinery soil."  Environ Sci Pollut Res Int 
10 (3):173-6. 

 

  



213 

 

Biography 
Lauren Czaplicki D’Antonio received her M.S. from Duke University and her 

B.S. in Environmental Engineering from The Ohio State University.  She is passionate 

about finding more sustainable ways to mitigate human impacts on the environment 

and inspiring others to do so.  During her time at Duke, she served as the Leadership 

Chair for PhD Plus, a Pratt initiative.  She has also been affiliated with Rethinking 

Regulation at Duke.  She enjoys outreach activities, science communication, and hiking 

with her family.   


