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ABSTRACT  

BIODEGRADATION AND MOLECULAR ANALYSIS OF 1,4-DIOXANE AND OTHER 

ORGANIC CONTAMINANTS IN SOILS USING METAGENOMIC TOOLS  

 

By 

 

Vidhya Ramalingam 

 

 Historically, 1,4-dioxane, a potential human carcinogen, was used as a stabilizer in 1,1,1-

trichloroethane (1,1,1-TCA) formulations and is now frequently detected at chlorinated solvent 

contaminated sites. Bioremediation has emerged as an effective strategy to treat 1,4-dioxane. 

However, the distribution of 1,4-dioxane degrading species across various environmental 

samples is generally unknown. Additionally, 1,4-dioxane contamination typically occurs in 

groundwater under highly reducing conditions. There is a significant knowledge gap and a lack 

of information on the susceptibility of 1,4-dioxane to biodegradation under such reducing 

conditions. The success of organic contaminant bioremediation is often linked to the abundance 

of functional genes present in the soil that are associated with the degradation process. Although 

some information exists on the presence of these genes in contaminated soils, there is limited 

knowledge on the presence and diversity of these genes in uncontaminated soils. To address all 

these knowledge gaps, a series of studies were conducted.   

 The first study aims at identifying which 1,4-dioxane degrading functional genes are 

present in soil communities and which genera may be using 1,4-dioxane and/or metabolites to 

support growth across different microbial communities. For this, laboratory sample microcosms 

and abiotic control microcosms (containing media) were inoculated with four uncontaminated 

soils and sediments from two contaminated sites. The sample microcosms were amended with 

1,4-dioxane thrice and live control microcosms were treated in the same manner, except 1,4-



 

 

dioxane was not added. Biodegradation was observed and whole genome shotgun sequencing 

was carried out. Although some degraders previously linked to 1,4-dioxane degradation were 

detected, Nocardioides, Gordonia and Kribbella were found to be potentially novel degraders. 

The functional genes associated with 1,4-dioxane demonstrated three genes were present at 

higher relative abundance values, including Rhodococcus sp. RR1 prmA, Rhodococcus jostii 

RHA1 prmA and Burkholderia cepacia G4 tomA3.  

The second study is focused on anaerobic biodegradation of 1,4-dioxane. The potential 

for 1,4-dioxane biodegradation was examined using multiple inocula and electron acceptor 

amendments. Compound specific isotope analysis (CSIA) was used to further investigate 

biodegradation in a subset of the microcosms. DNA was extracted from microcosms exhibiting 

1,4-dioxane biodegradation for microbial community analysis using 16S rRNA gene amplicon 

high throughput sequencing. 1,4-dioxane biodegradation was most commonly observed in the 

nitrate amended and no electron acceptor treatments. However, it is important to note that the 

degradation was slow (approximately one year).  

 The third study examines a set of genes associated with organic contaminant degradation 

in four uncontaminated (agricultural) soils. The abundance and diversity of benA, bph, dbfA, 

dxnA, etnC, etnE, ppaH, npaH, vcrA, xenA, xenB and xplA were investigated using protein 

sequences from the Functional Gene Pipeline and Repository (FunGene). The phylogenetic trees 

created indicate many genera may potentially be associated with each gene including 

Pseudomonas, Rhodococcus, Mycobacterium and Nocardioides. From these, some strains are 

well studied and are known to be involved in the biodegradation of organic contaminants and 

others are potentially new genera that may be associated with the biodegradation of the targeted 

group of contaminants. 
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Chapter 1 Introduction 

 

Chlorinated solvents have been used in industrial applications for many decades. Often, solvent 

stabilizers are used to prevent the degradation or breakdown of these chlorinated solvents (Mohr 

et al. 2010a). The cyclic ether 1,4-dioxane (1,4-diethylene dioxide) is a solvent stabilizer and is 

also formed as an undesired by-product in some industrial processes (Adams et al. 1994; 

Mahendra and Alvarez-Cohen 2005; Parales et al. 1994; Son et al. 2009). It is commonly 

detected at sites contaminated with chlorinated compounds owing to its wide usage as a solvent 

stabilizer for 1,1,1-trichloroethane (TCA) (Adamson et al. 2015). The degreasing formulations of 

TCA and TCA-based solvents may contain up to 8% 1,4-dioxane (Grimmett and Munch 2009). 

1,4-Dioxane is also present in some household and industrial products including paints, 

varnishes, resins, lacquers, oils, dyes, waxes, insecticides, aircraft deicing fluids, antifreeze and 

fumigants (Anderson et al. 2012; Mohr et al. 2010a; USEPA 2017).  

 

1,4-Dioxane has been classified as a possible human carcinogen (B2) by the International 

Agency for Research on Cancer and a probable human carcinogen (Group 2B) by the USEPA 

based on inadequate evidence of human studies but sufficient experimental evidence on animal 

studies (IARC 1999; USEPA 2017; Zenker et al. 2003). The classification was due to increased 

incidences of gall bladder carcinomas in guinea pigs and nasal carcinomas in rats (ATSDR 

2012). The first research study on hepatocarcinogenecity of 1,4-dioxane in rats was published in 

1935 (Argus et al. 1965). Thus, there is enough evidence in the existing literature pointing to a 

critical need for remediation of 1,4-dioxane. 
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1.1 Biodegradation of 1,4-Dioxane  

A major challenge in treating 1,4-dioxane is its chemical characteristics. It is highly miscible in 

water and tends to contaminate water supplies. It has low vapor pressure, low octanol-water 

partition coefficient and high solubility. Hence, it is challenging to treat using carbon adsorption 

or air stripping (USEPA 2017). Treatments using hydrogen peroxide, ozone, UV light, sonication 

are possible (Adams et al. 1994; Coleman et al. 2007; Son et al. 2009; Stefan and Bolton 1998). 

However, these ex-situ treatment processes are expensive.  

 

Early reports in 1970-1980s indicated 1,4-dioxane as a recalcitrant compound showing high 

resistance to biodegradation (Alexander 1973; Klečka and Gonsior 1986). This compound was 

tested for biodegradation in sewage cultures for up to a year. The experiment was designed with 

1,4-dioxane concentrations varying from 100 to 900 mg/L. There was no removal of 1,4-dioxane 

in the samples (Klečka and Gonsior 1986).  This led to conclusions of 1,4-dioxane being non-

biodegradable.  

 

A research study conducted in Germany in the late 1980s focused on the enrichment and 

isolation of bacterial strains that could grow on aliphatic cyclic ethers including 1,4-dioxane, 

tetrahydrofuran (THF) and 1,3-dioxalane. A Rhodococcus strain (strain 219) was identified as 

being capable of degrading 1,4-dioxane (Bernhardt and Diekmann 1991). This strain was 

selected for enrichment because of its fast growth in minimal, complex media in addition to its 

ability to degrade 1,4-dioxane. The THF and 1,4-dioxane degrading ability was not impacted 

during the growth on complex media. At concentrations higher than 10 mM THF, the lag phase 
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prolonged and growth rate reduced. However, as the growth phase ended, there was no THF or 

1,4-dioxane detected (Bernhardt and Diekmann 1991).  

  

The first pure culture capable of 1,4-dioxane degradation was isolated in 1994 when Parales et 

al. identified a strain that could degrade 1,4-dioxane aerobically by using it as a sole source of 

carbon and energy (Parales et al. 1994). In that study, a pure culture of a nocardioform 

Actinomycete capable of sustained growth on 1,4-dioxane was developed. This strain showed the 

ability to mineralize 1,4-dioxane. The organism designated as CB1190 could degrade 1,4-

dioxane to CO2 with no organic products other than biomass. This was later identified as 

Pseudonocardia dioxanivorans CB1190 (Mahendra and Alvarez-Cohen 2005).  

 

There exists a significant knowledge gap in anaerobic biodegradation of 1,4-dioxane. In fact, to 

date, there is only one published study documenting anaerobic biodegradation of 1,4-dioxane 

(Shen et al. 2008). The authors reported biodegradation when Fe(III)-EDTA was introduced as 

electron acceptor.  However, the microbes/microbial community responsible for biodegradation 

were never identified. This represents a major knowledge gap because 1,4-dioxane is commonly 

found at anaerobic chlorinated solvent contaminated sites. 

 

1.2 Other Organic Contaminants and Functional Genes 

A multitude of organic contaminants are observed at contaminated sites apart from 1,4-dioxane 

discussed above. These include Polycyclic Aromatic Hydrocarbons (PAHs), dioxins, vinyl 

chloride, chlorinated compounds, munition related contaminants including RDX and TNT and 

often a mixture of one or more of these (Giusti 2009; Haritash and Kaushik 2009; Hawari et al. 
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2000; Hunkeler et al. 2005; Soclo et al. 2000; Tuppurainen et al. 1998; Weber et al. 2008). One 

method of studying the organic contaminant degradation potential in native soils would be 

through the analysis of functional genes present in the soils. Often, the functional gene 

abundance correlates with the degradation potential (Li et al. 2014; Mattes 2018). An effective 

way to analyze biodegradation and genes associated with biodegradation is through next 

generation sequencing.  

 

1.3 Next Generation Sequencing Techniques 

The traditional culture techniques can only reveal a small proportion of the microbial community 

in an environmental sample since about 99% of prokaryotes in the environment cannot be grown 

in growth media (Fang et al. 2013; Schloss and Handelsman 2005). DNA sequencing overcomes 

this limitation and enables the study of microbial population without culturing requirements. The 

DNA sequencing approach increased in popularity after the introduction of Sanger sequencing 

(Sanger et al. 1977). In the following years, faster sequencing techniques were developed, 

including the two next generation sequencing methods that were used in this dissertation work : 

1) 16S ribosomal RNA amplicon sequencing (chapter 3) and 2) whole genome shotgun 

sequencing (chapter 2 and 4).  

 

The 16S rRNA amplicon sequencing is based on the phylogenetically informative gene 16S, 

which is ubiquitous in bacterial populations. In this method, the 16S rRNA region is amplified 

using primers that can recognize the highly conserved region. Typically, the analysis can yield 

data at phyla and genera level but holds less precision at the species level (Ranjan et al. 2016).  
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Whole genome shotgun sequencing, unlike 16S rRNA amplicon sequencing, provides a more 

global overview of the microbial community (Chen and Pachter 2005; Venter et al. 2004). In this 

method, random strands of DNA sequences are re-assembled with regions of overlap. This 

permits a more thorough phylogenetic analysis along with the ability to study the functional 

genes. It also has the potential to uncover new genes that may have diverged too far from the 

known genes to be amplified by PCR (Chen and Pachter 2005).  

 

1.4 Dissertation Outline and Objectives 

The overall objective of this dissertation is to examine aerobic and anaerobic 1,4-dioxane 

biodegradation in soils along with functional genes involved in biodegradation of organic 

contaminants using metagenomic analysis. The dissertation work is described in the chapters 

below: 

 

Chapter 2: This chapter (published : Ramalingam V, Cupples A (2020) Enrichment of novel 

Actinomycetales and the detection of monooxygenases during aerobic 1,4-dioxane 

biodegradation with uncontaminated and contaminated inocula. Applied Microbiology and 

Biotechnology) details the biodegradation experiments conducted with 1,4-dioxane using soils 

and sediments. The experiment was conducted with inocula collected from agricultural soils, 

river sediments and contaminated sediments. The microcosms were spiked with 1,4-dioxane and 

aerobic biodegradation was observed in microcosms spiked with 1,4-dioxane and the nucleic 

acid was extracted. The metagenomes were analyzed using whole genome shotgun sequencing 

(Illumina HiSeq 4000), MG-RAST, STAMP, Trimmomatic, DIAMOND, and MEGA7.  

The key objectives of this chapter were: 
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1. To identify which 1,4-dioxane degrading functional genes are present across different 

microbial communities.  

2. To determine which genera may be using 1,4-dioxane and/or metabolites to support growth. 

The research focused on laboratory microcosms inoculated with four uncontaminated soils 

and sediment samples from two 1,4-dioxane contaminated sites. 

 

Chapter 3: This work (published : Ramalingam V, Cupples A (2020). Anaerobic 1,4-Dioxane 

Biodegradation and Microbial Community Analysis in Microcosms Inoculated with Soils or 

Sediments and Different Electron Acceptors. Applied Microbiology and Biotechnology) 

examines the anaerobic biodegradation of 1,4-dioxane using different electron acceptors. For this 

study, microcosms were established with different inocula (soils or sediments) and various 

electron acceptor amendments (nitrate, iron-EDTA/humic acid, sulfate and no amendment). 

Additionally, compound specific isotope analysis (CSIA) was used to determine changes in 

13C/12C ratios in a subset of the samples. The work is novel as it is the first to document the 

frequency of 1,4-dioxane biodegradation over a range of redox conditions and inocula types and 

provides critical evidence for the feasibility of anaerobic 1,4-dioxane bioremediation. A 16S 

rRNA amplicon sequencing approach was utilized along with CSIA, Mothur and STAMP 

software. 

The key objectives of this chapter were: 

1. Determine the susceptibility of 1,4-dioxane to biodegradation under anaerobic conditions 

using inocula from contaminated and uncontaminated sites. 

2. Use Compound Specific Isotope Analysis (CSIA) to determine changes in 13C/12C ratios in 

some samples. 
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3. Compare the anaerobic biodegradation potential of 1,4-dioxane with different electron 

acceptors. 

 

Chapter 4: This chapter (Ramalingam V, Cupples A Analysis of Biodegradation Genes with 

Shotgun Sequencing in Uncontaminated Agricultural Soils), explores a set of biodegradation 

genes using protein sequences downloaded from the Functional Gene Pipeline and Repository 

(FunGene). Although previous studies have examined these biodegradation genes in 

contaminated environmental samples, limited information is available on the presence and 

abundance of these genes in uncontaminated / agricultural soils. Agricultural soils are known to 

possess a diverse microbial community both phylogenetically and functionally. The genes were 

analyzed using whole genome shotgun sequencing data, Trimmomatic, DIAMOND, RStudio, 

EstimateS and MEGA X.  

The key objectives of this chapter were: 

1. Examine the presence of a set of biodegradation genes associated with organic contaminant 

degradation in four uncontaminated (agricultural) soils. 

2. Compare the relative abundance and diversity of benA, bph, dbfA, dxnA, etnC, etnE, ppaH, 

npaH, vcrA, xenA, xenB and xplA in soils. 

 

Chapter 5: The conclusions of this dissertation are outlined in this chapter along with the 

direction for future work.  
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Chapter 2 Enrichment of Novel Actinomycetales and the Detection of Monooxygenases during 

Aerobic 1,4-Dioxane Biodegradation with Uncontaminated and Contaminated Inocula 

 

2.1 Abstract 

1,4-dioxane, a co-contaminant at many chlorinated solvent sites, is a problematic groundwater 

pollutant because of risks to human health and characteristics which make remediation 

challenging. In situ 1,4-dioxane bioremediation has recently been shown to be an effective 

remediation strategy. However, the presence/abundance of 1,4-dioxane degrading species across 

different environmental samples is generally unknown. Here, the objectives were to identify 

which 1,4-dioxane degrading functional genes are present and which genera may be using 1,4-

dioxane and/or metabolites to support growth across different microbial communities. For, this 

laboratory sample microcosms and abiotic control microcosms (containing media) were 

inoculated with four uncontaminated soils and sediments from two contaminated sites. The 

sample microcosms were amended with 1,4-dioxane three times. Live control microcosms were 

treated in the same manner, except 1,4-dioxane was not added. 1,4-dioxane decreased in live 

microcosms with all six inocula, but not in the abiotic controls, suggesting biodegradation 

occurred. A comparison of live sample microcosms and live controls (no 1,4-dioxane) indicated 

nineteen genera were enriched following exposure to 1,4-dioxane, suggesting a growth benefit 

for 1,4-dioxane biodegradation. The three most enriched were Mycobacterium, Nocardioides, 

Kribbella (classifying as Actinomycetales). There was also a higher level of enrichment for 

Arthrobacter, Nocardia and Gordonia (all three classifying as Actinomycetales) in one soil, 

Hyphomicrobium (Rhizobiales) in another soil, Clavibacter (Actinomycetales) and Bartonella 

(Rhizobiales) in another soil and Chelativorans (Rhizobiales) in another soil. Although 
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Arthrobacter, Mycobacterium and Nocardia have previously been linked to 1,4-dioxane 

degradation, Nocardioides, Gordonia and Kribbella are potentially novel degraders. The analysis 

of the functional genes associated with 1,4-dioxane demonstrated three genes were present at 

higher relative abundance values, including Rhodococcus sp. RR1 prmA, Rhodococcus jostii 

RHA1 prmA and Burkholderia cepacia G4 tomA3. Overall, this study provides novel insights 

into the identity of the multiple genera and functional genes associated with the aerobic 

degradation of 1,4-dioxane in mixed communities.  

 

2.2 Introduction 

1,4-dioxane, a probable human carcinogen (DeRosa et al. 1996), was commonly used as a 

stabilizer in 1,1,1-trichloroethane formulations and is now frequently detected at sites where the 

chlorinated solvents are present (Adamson et al. 2015; Adamson et al. 2014b; ATSDR 2012; 

Mohr et al. 2010a). For example, 1,4-dioxane was found at 195 sites in California with 95% 

containing one or more of the chlorinated solvents (Adamson et al. 2014b). 1,4-dioxane has been 

classified as a probable carcinogen (Group 2B) by the U.S. EPA and a possible human 

carcinogen (B2) by the International Agency for Research on Cancer based on animal studies 

(IARC 1999; USEPA 2017). No federal maximum contaminant level for 1,4-dioxane in drinking 

water has been established (EPA 2017), however, several states have set low advisory action 

levels (e.g. California, Florida, Michigan and North Carolina have levels <5 ppb). A major 

challenge to 1,4-dioxane remediation concerns chemical characteristics that result in migration 

and persistence (Adamson et al. 2015; Mohr et al. 2010a). A low organic carbon partition 

coefficient (log KOC = 1.23) and Henry’s Law Constant (5 X 10-6 atm. m3mol-1), make traditional 

remediation methods such as air stripping or activated carbon largely ineffective (Mahendra and 



14 

Alvarez-Cohen 2006; Steffan et al. 2007; Zenker et al. 2003). Ex-situ oxidation methods 

including ozone and hydrogen peroxide (Adams et al. 1994) or hydrogen peroxide and ultraviolet 

light (Stefan and Bolton 1998) have been commercially applied, however these can be expensive 

at high concentrations (Steffan et al. 2007).  

 

Many bacteria have been linked to the aerobic metabolic and co-metabolic degradation of 1,4-

dioxane. Currently, Pseudonocardia dioxanivorans CB1190 (Parales et al. 1994), Rhodococcus 

ruber 219 (Bock et al. 1996), Pseudonocardia benzennivorans B5 (Kämpfer and Kroppenstedt 

2004), Mycobacterium sp. PH-06 (Kim et al. 2008), Afipia sp. D1, Mycobacterium sp. D6, 

Mycobacterium sp. D11, Pseudonocardia sp. D17 (Sei et al. 2013a), Acinetobacter baumannii 

DD1 (Huang et al. 2014a), Rhodanbacter AYS5 (Pugazhendi et al. 2015b), Xanthobacter flavus 

DT8 (Chen et al. 2016a) and Rhodococcus aetherivorans JCM 14343 (Inoue et al. 2016a) are 

known to degrade 1,4-dioxane metabolically. A large number of microorganisms are known to 

co-metabolically degrade this contaminant. For example, Pseudonocardia 

tetrahydrofuranoxydans sp. K1 (Kohlweyer et al. 2000), Pseudonocardia sp. ENV478 (Vainberg 

et al. 2006), Rhodococcus ruber T1, Rhodococcus ruber T5 (Sei et al. 2013a), Rhodococcus 

ruber ENV 425 (Steffan et al. 1997a), Rhodococcus RR1 (Stringfellow and Alvarez-Cohen 

1999), Flavobacterium sp. (Sun et al. 2011a), Mycobacterium vaccae (Burback and Perry 1993), 

Mycobacterium sp. ENV 421 (Masuda et al. 2012b), Pseudomonas mendocina KR1 (Whited and 

Gibson 1991), Ralstonia pickettii PKO1 (Kukor and Olsen 1990), Burkholderia cepacia G4 

(Nelson et al. 1986), Methylosinus trichosporium OB3b (Whittenbury et al. 1970b), 

Pseudonocardia acacia JCM (Inoue et al. 2016a) and Pseudonocardia asaccharolytica JCM 

(Inoue et al. 2016a) are among those linked to co-metabolic degradation of 1,4-dioxane. Co-
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metabolic 1,4-dioxane degradation has previously been reported with growth supporting 

substrates such as tetrahydrofuran, methane, propane, toluene, ethanol, sucrose, lactate, yeast 

extract and 2-propanol (Burback and Perry 1993; Hand et al. 2015; Kohlweyer et al. 2000; 

Mahendra and Alvarez-Cohen 2006; Vainberg et al. 2006).  

 

The initiation of 1,4-dioxane biodegradation has been associated with various groups of soluble 

di-iron monooxygenases (SDIMOs) (He et al. 2017). Monooxygenases are enzymes that 

facilitate bacterial oxidation through the introduction of oxygen. SDIMOs have been classified 

into 6 groups based on their preferred substrate and sequence similarity (Coleman et al. 2006). 

SDIMOs associated with metabolic and co-metabolic 1,4-dioxane degradation include [as 

summarized in (He et al. 2017)] Burkholderia cepacia G4 tomA3 (Group 1) (Mahendra and 

Alvarez-Cohen 2006; Newman and Wackett 1995), Pseudomonas pickettii PKO1 tbuA1 (Group 

2) (Fishman et al. 2004; Mahendra and Alvarez-Cohen 2006), Pseudomonas mendocina KR1 

tmoA (Group 2) (Mahendra and Alvarez-Cohen 2006; Yen et al. 1991), Methylosinus 

trichosporium OB3b mmoX (Group 3) (Mahendra and Alvarez-Cohen 2006; Oldenhuis et al. 

1989), Pseudonocardia dioxanivorans CB1190 prmA (Group 5) (Parales et al. 1994; Sales et al. 

2013; Sales et al. 2011), Pseudonocardia tetrahydrofuranoxydans K1 thmA (Group 5) (Kampfer 

et al. 2006; Thiemer et al. 2003), Pseudonocardia sp. strain ENV478 thmA (Group 5) (Masuda et 

al. 2012a), Rhodococcus sp. strain YYL thmA (Group 5)(Yao et al. 2009), Rhodococcus jostii 

RHA1 prmA (Group 5) (Hand et al. 2015; Sharp et al. 2007), Rhodococcus sp. RR1 prmA 

(Group 5) (Sharp et al. 2007), Mycobacterium sp. ENV421 prmA (Group 6) (Masuda 2009) and 

Mycobacterium dioxanotrophicus PH-06 prmA (Group 6) (He et al. 2017).  
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As the success of natural attenuation or biostimulation often depends on the population of native 

degraders present at the contaminated site, several studies have developed methods targeting 

these functional genes (Gedalanga et al. 2014; He et al. 2018; Li et al. 2013a; Li et al. 2013b). 

For example, methods have been developed for the functional genes associated with 

Pseudonocardia and Mycobacterium (Deng et al. 2018a; Gedalanga et al. 2014; He et al. 2017). 

Another study focused specifically on detecting functional genes of four 1,4-dioxane degraders 

(Pseudonocardia dioxanivorans CB1190, Pseudonocardia sp. strain ENV478, Pseudonocardia 

tetrahydrofuranoxydans K1, Rhodococcus sp. strain YYL). A larger number of functional genes 

were investigated with microarray-based technology (GeoChip 4.0) and denaturing gradient gel 

electrophoresis (Li et al. 2013b). More recently, high throughput shotgun sequencing was used to 

evaluate the presence of the functional genes listed above in impacted and non-impacted 

groundwater (Dang et al. 2018). This approach has the added advantage of enabling taxonomic 

as well as functional analysis of microbial communities. The current study adopted a similar 

approach to examine the microbial communities involved in 1,4-dioxane degradation in 

contaminated and uncontaminated sediment and soil inoculated microcosms. 

 

In the current study, the objectives were 1) to identify which 1,4-dioxane degrading functional 

genes are present across different microbial communities and 2) to determine which genera may 

be using 1,4-dioxane and/or metabolites to support growth. The research focused on laboratory 

microcosms inoculated with four uncontaminated soils and sediment samples from two 1,4-

dioxane contaminated sites. The media selected for the experiments followed the approach used 

to enrich Pseudonocardia dioxanivorans CB1190 from industrial sludge (Parales et al. 1994). 

The work is novel as it combines taxonomic and functional data to generate a more complete 
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picture of the multiple microorganisms and genes linked to 1,4-dioxane degradation in mixed 

communities. 

 

2.3 Methods 

2.3.1 Chemicals and Inocula  

1,4-dioxane was purchased from Sigma-Aldrich (MO, USA) with 99.8% purity. All stock 

solutions and dilutions were prepared using DI water. The agricultural samples were collected 

from two locations on the campus of Michigan State University, East Lansing, Michigan (herein 

called soils F and G) and two locations at the Kellogg Biological Station, Hickory Corners, 

Michigan (soils 1 and 2). The contaminated site samples were obtained from California 

(contaminated with trichloroethene, 1,1-dichloroethene and 1,4-dioxane, herein called C7A) and 

Maine (contaminated with traces of 1,4-dioxane, herein called M10A). All samples were stored 

in the dark at 6 °C until use.   

 

2.3.2 Experimental Setup, DNA Extraction, 1,4-Dioxane Analysis 

Laboratory microcosms were established with soil or sediment (5g wet weight) and 25 mL of 

media in 30 mL serum bottles. For each of the six inocula (four uncontaminated soils or two 

contaminated sediments), the experiment design included triplicate sample microcosms, 

triplicate live control microcosms and triplicate abiotic control microcosms (autoclaved daily for 

three consecutive days). The triplicate live control microcosms were treated in the same manner 

as the sample microcosms except no 1,4-dioxane was added. This treatment was included to 

enable comparisons to the microbial communities exposed to 1,4-dioxane. Following the 

approach used to enrich Pseudonocardia dioxanivorans CB1190 from industrial sludge, each 
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liter of the final media contained 100 mL of a buffer stock [K2HPO4 (32.4 g/L), KH2PO4 (10 

g/L), NH4Cl (20 g/L)] and 100 mL of a trace metal stock [nitrilotriacetic acid (disodium salt) 

(1.23 g/L), MgSO4.7H2O (2 g/L), FeSO4.7H2O (0.12 g/L), MnSO4.H2O (0.03 g/L), ZnSO4.7H2O 

(0.03 g/L) and CoCl2.6H2O (0.01 g/L)] (Parales et al., 1994). The nitrilotriacetic acid (within the 

trace metal stock solution) represents an additional carbon source. The live sample microcosms 

were re-spiked with 1,4-dioxane two additional times.   

 

A GC/MS with Agilent 5975 GC/single quadrupole MS (Agilent Technologies, CA, USA) 

equipped with a CTC Combi Pal autosampler was used to determine 1,4-dioxane concentrations. 

Sterile syringes (1 mL) and needles (22 Ga 1.5 in.) were used to collect samples (0.7 mL) from 

each microcosm. The samples were filtered (0.22 µm nylon filter) before being injected into an 

amber glass vial (40 mL) for GC/MS analysis. A method was developed to analyze 1,4-dioxane 

using solid phase micro extraction (SPME). The SPME fiber was inserted in the headspace of the 

vial and exposed to the analyte for 1 minute before being injected into the GC for thermal 

desorption. The fiber coating can adsorb the analytes in the vapor phase. Splitless injection was 

executed and the vials were maintained at 40 °C.  The SPME fiber assembly involved 50/30µm 

Divinylbenzene/ Carboxen/ Polydimethylsiloxane (DVB/CAR/PDMS) and 24 Ga needle for 

injection. The initial oven temperature was 35 °C and was programmed to increase at a rate of 20 

°C/min to 120 °C. Once it reached 120 °C, it increased at a rate of 40 °C/min to 250 °C, which was 

maintained for 3 min. A VF5MS column was used with helium as the carrier gas in constant flow 

mode at a flow rate of 1 ml/min. The conditioning of the SPME fiber was at 270 °C for 60 min at 

the beginning of each sequence.   

 



19 

DNA was extracted from the soil inoculated sample microcosms and live control microcosms 

(1.2 mL and 0.4 g soil) using QIAGEN DNeasy PowerSoil kit as per the manufacturer’s 

instructions. The QIAGEN DNeasy Powermax Soil kit was used to extract DNA from the 

microcosms inoculated with the two contaminated sediments. For this, the entire content of each 

microcosm was sacrificed for DNA extraction. The DNA concentrations were determined using 

QUBIT dsDNA HS kit. The DNA extracts with the highest DNA yields were selected for 

shotgun sequencing.  

 

2.3.3 Library Preparation, Sequencing, MG-RAST and DIAMOND analysis 

Twenty-six samples were submitted for library generation and shotgun sequencing to the 

Research Technology Support Facility Genomics Core at Michigan State University. Libraries 

were prepared using the Takara SMARTer ThruPLEX DNA Library Preparation Kit following 

manufacturer's recommendations. Completed libraries were QC’d and quantified using a 

combination of Qubit dsDNA HS and Agilent 4200 TapeStation HS DNA1000 assays. Eight 

samples did not generate libraries of sufficient concentration for sequencing and were removed 

from further analysis. The remaining eighteen libraries were pooled in equimolar amounts for 

multiplexed sequencing. The pool was quantified using the Kapa Biosystems Illumina Library 

Quantification qPCR kit and loaded onto one lane of an Illumina HiSeq 4000 flow cell. 

Sequencing was performed in a 2x150 bp paired end format using HiSeq 4000 SBS reagents. 

Base calling was done by Illumina Real Time Analysis (RTA) v2.7.7 and output of RTA was 

demultiplexed and converted to FastQ format with Illumina Bcl2fastq v2.19.1.  
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The Meta Genome Rapid Annotation using Subsystem Technology (MG-RAST) (Meyer et al. 

2008) version 4.0.2. was used for the taxonomic analysis of the metagenomes. The processing 

pipeline involved merging paired end reads, SolexaQA (Cox et al. 2010) to trim low-quality 

regions and dereplication to remove the artificial duplicate reads. Gene calling was performed 

using FragGeneScan (Rho et al. 2010). For the taxonomic profiles, the best hit classification at a 

maximum e-value of 1e−5, a minimum identity of 60% and a minimum alignment length of 15 

against the ReqSeq database (Pruitt et al. 2005) were used. MG-RAST ID numbers and 

sequencing data have been summarized (Table 2.1) and the datasets are publicly available on 

MG-RAST. The number of sequences generated post quality control per sample was 4.7 ± 2.0 

million (ranging from ~1.2 to ~11 million) and the average length was 237.3 ± 2.9 bp (averages 

ranging from 233 to 243 bp). 
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Table 2.1. Summary of sequencing information processed by MG-RAST 

ID Name 
Upload: bp 

Count 

Upload: 

Sequences 

Count 

Artificial 

Duplicate 

Reads: 

Sequence 

Count 

Post QC: bp 

Count 

Post QC: 

Sequences 

Count 

Post QC: 

Mean 

Sequence 

Length bp 

mgm4846244.3 C7A_6_S10_L001_R 928,461,523 3,828,893 730,886 745,308,161 3,067,261 243 ± 33  

mgm4842040.3 SF_2_S3_L001_R 1,249,466,781 5,278,200 741,761 1,057,029,663 4,469,282 237 ± 36  

mgm4846245.3 SF_3_S6_L001_R 1,497,947,613 6,267,333 1,045,636 1,227,596,223 5,142,267 239 ± 35  

mgm4846246.3 SF_4_S8_L001_R 698,047,178 2,986,100 484,606 572,423,699 2,454,542 233 ± 36  

mgm4846247.3 SF_5_S11_L001_R 1,455,181,423 6,244,496 875,408 1,226,035,914 5,268,011 233 ± 37  

mgm4846248.3 SF_6_S13_L001_R 1,276,229,786 5,446,704 791,730 1,069,530,685 4,570,187 234 ± 36  

mgm4846291.3 SG_1_S15_L001_R 362,019,482 1,517,474 232,203 300,578,338 1,261,641 238 ± 35  

mgm4841972.3 SG_3_S17_L001_R 1,237,320,023 5,151,224 739,217 1,042,837,451 4,346,084 240 ± 34  

mgm4841973.3 SG_4_S1_L001_R 1,183,825,731 4,906,054 779,630 975,862,599 4,048,734 241 ± 34  

mgm4842102.3 SG_6_S4_L001_R 1,097,936,207 4,598,102 612,987 933,115,160 3,911,767 239 ± 35  

mgm4841974.3 ST1_2_S7_L001_R 1,722,580,822 7,248,808 1,205,707 1,409,132,207 5,932,625 238 ± 35  

mgm4846290.3 ST1_3_S9_L001_R 687,193,817 2,855,664 394,713 580,636,546 2,415,127 240 ± 35  

mgm4842023.3 ST1_4_S12_L001_R 1,720,695,830 7,269,781 1,124,424 1,433,388,134 6,053,609 237 ± 35  

mgm4842024.3 ST1_6_S14_L001_R 1,165,586,999 4,879,142 683,336 983,135,037 4,119,069 239 ± 35  

mgm4842104.3 ST2_1_S16_L001_R 3,144,582,833 13,429,024 2,172,387 2,579,894,248 11,026,268 234 ± 36  

mgm4842103.3 ST2_3_S18_L001_R 1,274,658,549 5,369,262 727,123 1,080,887,053 4,557,307 237 ± 35  

mgm4842107.3 ST2_5_S2_L001_R 1,622,482,462 6,854,685 982,861 1,362,403,381 5,762,840 236 ± 35  

mgm4842106.3 ST2_6_S5_L001_R 1,463,433,476 6,249,417 846,173 1,252,082,629 5,349,932 234 ± 36  

 

 QC – Quality Control  
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The MG-RAST data files were downloaded and analyzed in Microsoft Excel 2016, STAMP 

(Statistical Analyses of Metagenomic Profiles, software version 2.1.3.) (Parks et al. 2014) and 

MEGAN6 (version 6.11.7) (Huson et al. 2016). STAMP was used to detect differences in the 

relative proportions of the taxonomic profiles between the live controls (no 1,4-dioxane) and the 

samples for each soil. This analysis included Welch’s two sided t-test for two groups (samples 

and live controls) (p<0.05) to generate extended error bar figures for each soil. The same 

Welch’s test was performed to compare the profiles of all samples (n= 9) to all live controls (n= 

8). MEGAN6 was used to generate two phylograms. One phylogram illustrates the eighteen 

metagenomes classified to the Class Level. The other phylogram represents the most common 

genera (ranked by average relative abundance, then selected if average values >0.5%) across all 

metagenomes. 

 

The relative abundance of 1,4-dioxane degrading functional genes was determined using the 

alignment tool DIAMOND (double index alignment of next-generation sequencing data) 

(Buchfink et al. 2015). Specifically, reads aligning to the twelve genes previously associated 

with aerobic degradation (metabolic and co-metabolic) of 1,4-dioxane, as summarized previously 

(He et al. 2017), were determined. First, low quality sequences and Illumina adapters sequences 

were removed using Trimmomatic in the paired end mode (Bolger et al. 2014). The two paired 

output files were used for gene alignments in DIAMOND. Following alignment, the DIAMOND 

files were analyzed within Excel, which included combining the data from the two paired files 

and deleting duplicated data. The sort function was used to select reads that exhibited an identity 

of ≥ 60% and an alignment length ≥ 49 amino acids. For each gene, the relative abundance 
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values were calculated using the number of aligned reads divided by the total number of 

sequences for each sample (determined by Trimmomatic).  

 

The above analysis indicated two functional genes (Rhodococcus jostii RHA1 prmA and 

Rhocodoccus sp. prmA) were dominant in the soil and sediment metagenomes. Therefore, 

BLASTP 2.9.0+ (Altschul et al. 1997) (protein-protein BLAST) from the NCBI website was 

used to search for similar protein sequences to these two genes. The sequences obtained (>94.8% 

similar to the two query sequences) were used to create a phylogenetic tree in MEGAN7 using 

the Maximum Likelihood method (Jones et al. 1992; Kumar et al. 2016). 

 

2.4 Results 

2.4.1 Biodegradation of 1,4-Dioxane  

The concentration of 1,4-dioxane declined in all of the live microcosms (inoculated with all four 

uncontaminated soils and with two contaminated site sediments), but not in the abiotic controls, 

indicating biological removal (Figure 2.1). All of the live microcosms, except M10A 

(contaminated site soil), demonstrated >50% removal in 1,4-dioxane in approximately 40 days. 

Following the initial biodegradation of the chemical, the microcosms were reamended with 1,4-

dioxane twice. A steady depletion of 1,4-dioxane occurred in all four agricultural soils and the 

two contaminated site soil samples after each reamendment, while no removal was noted in the 

corresponding abiotic controls. However, limited biodegradation (only one replicate decreased) 

was observed for soil F after the last amendment. Overall, between approximately 220 and 245 

days was required to reduce the majority of the amended 1,4-dioxane. 
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Figure 2.1. Average 1,4-dioxane concentrations (mg/L) in triplicate samples and abiotic controls with 

different inocula, including four agricultural soils and sediments from two contaminated sites (bars 

represent standard deviations). 1,4-dioxane was reamended to the samples microcosms twice 

(arrows). 
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2.4.2 Taxonomic Analysis of Metagenomes 

Although DNA was extracted from all microcosms and live controls (no 1,4-dioxane), in some 

cases insufficient DNA was extracted (and was not submitted for library generation) or did not 

generate libraries of sufficient concentration for sequencing. Unfortunately, this included all 

DNA extracts for the microcosms inoculated with sediment from one of the two 1,4-dioxane 

contaminated sites (M10A three samples and three live controls). Also, only one sample from the 

other contaminated site (C7A) generated enough DNA for sequencing. Overall, eighteen libraries 

were sequenced, which included two samples and two live controls for each soil (except soil F 

which included three samples) and one sample from one contaminated site (C7A). 

 

The phylogenetic analysis of the eighteen soil and sediment metagenomes indicated the majority 

of the microorganisms classified within the classes Acidobacteria, Alpha-, Beta-, Gamma-, 

Deltaproteobacteria, Actinobacteria, Bacilli and Clostridia (Appendix Figure 2.9). The most 

abundant genera, averaged across all metagenomes, included Candidatus Solibacter, 

Bradyrhizobium, Mesorhizobium, Burkholderia, Pseudomonas, Stenotrophomonas, 

Xanthomonas, Mycobacterium and Streptomyces (Appendix Figure 2.10). The relative 

abundance (%) of the most abundant genera (25 most abundant) for each soil analyzed separately 

is also shown (Appendix Figure 2.11). The most abundant genera in all four soils were similar 

and included Xanthomonas, Streptomyces, Mesorhizobium, Bradyrhizobium and Burkholderia. 

In contrast, Pseudomonas, Rhodococcus, Arthrobacter, Mycobacterium and Corynebacterium 

were the most abundant genera in the contaminated site microcosms.  
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2.4.3 Genera Associated with 1,4-Dioxane Degradation  

The metagenomes of the samples were compared to the live controls (no 1,4-dioxane) to 

determine which genera were positively influenced by 1,4-dioxane degradation. First, all of the 

samples (n=9) were compared to all of the live controls (n=8) (Figure 2.2). Overall, fifteen 

genera were statistically significantly enriched in the live samples compared to the controls. The 

greatest differences between the means were noted for Mycobacterium (0.304%, p=0.0029), 

followed by Nocardioides (0.127%, p=0.023), and Kribbella (0.079%, p=0.017). The trends 

suggest these genera are obtaining a growth benefit from the presence of 1,4-dioxane. The 

relative abundance of these genera in the contaminated site microcosm is also shown (Figure 

2.2B, insert). Except for Ureaplasma, the enriched genera all classify within the order 

Actinomycetales (Table 2.2).  
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Figure 2.2. Extended error bar plot illustrating genera statistically significantly different in relative 

abundance (Welch's two sided t-test, p <0.05) between the samples (n=9) and the live controls (no 1, 4-

dioxane, n=8) following 1,4-dioxane degradation (A). The symbols to the left of the dashed line (yellow) 

indicate a higher relative abundance in the samples compared to the controls and the symbols to the right 

(blue) indicate the reverse. A comparison of the relative abundance values (%) for the genera enriched in 

the samples is also shown in a box plot format (B). The insert illustrates the relative abundance of these 

enriched genera in the contaminated site sample (C7A) with a different y-axis scale. 
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Table 2.2. Classification of genera statistically significantly enriched (p<0.05) in the samples compared to 

the controls (no 1,4-dioxane) following the degradation of 1,4-dioxane in all soils collectively 

and when the soils were analyzed individually. The last column also illustrates the difference in 

means between the controls and the samples for each genera. Genera in bold were identified in 

the BLASTP search as containing genes similar to Rhodococcus jostii RHA1 prmA and 

Rhocodoccus sp. prmA (as discussed in the results section for the functional gene analysis). 

Phylum Class Order Family Genus 

Difference 

in Means 

(%) 

All Soils: All samples (n=9) compared to all controls (n=8) 

Actinobacteria Actinobacteria  Actinomycetales Mycobacteriaceae Mycobacterium 0.304 

Actinobacteria Actinobacteria  Actinomycetales Nocardioidaceae Nocardioides 0.127 

Actinobacteria Actinobacteria  Actinomycetales Nocardioidaceae Kribbella 0.079 

Actinobacteria Actinobacteria  Actinomycetales Pseudonocardiaceae Amycolatopsis 0.042 

Actinobacteria Actinobacteria  Actinomycetales Cellulomonadaceae Cellulomonas 0.035 

Actinobacteria Actinobacteria  Actinomycetales Actinosynnemataceae Actinosynnema 0.027 

Actinobacteria Actinobacteria  Actinomycetales Beutenbergiaceae Beutenbergia 0.025 

Actinobacteria Actinobacteria  Actinomycetales Sanguibacteraceae Sanguibacter 0.023 

Actinobacteria Actinobacteria  Actinomycetales Pseudonocardiaceae Saccharomonospora 0.019 

Actinobacteria Actinobacteria  Actinomycetales Promicromonosporaceae Xylanimonas 0.018 

Actinobacteria Actinobacteria  Actinomycetales Glycomycetaceae Stackebrandtia 0.015 

Actinobacteria Actinobacteria  Actinomycetales Gordoniaceae Gordonia 0.014 

Actinobacteria Actinobacteria  Actinomycetales Nocardioidaceae Aeromicrobium 0.011 

Actinobacteria Actinobacteria  Actinomycetales Tsukamurellaceae Tsukamurella 0.008 

Tenericutes Mollicutes Mycoplasmatales Mycoplasmataceae Ureaplasma 0.0002 

Soil 1: Samples (n=3) compared to controls (n=2) 

Actinobacteria Actinobacteria  Actinomycetales Microbacteriaceae Clavibacter 0.017 

Proteobacteria Alphaproteobacteria Rhizobiales Bartonellaceae Bartonella 0.010 

Soil 2: Samples (n=2) compared to controls (n=2) 

Actinobacteria Actinobacteria  Actinomycetales Micrococcaceae Arthrobacter 0.276 

Actinobacteria Actinobacteria  Actinomycetales Nocardiaceae Nocardia 0.049 

Actinobacteria Actinobacteria  Actinomycetales Gordoniaceae Gordonia 0.019 

Actinobacteria Actinobacteria  Actinomycetales Micrococcaceae Kocuria 0.017 

Actinobacteria Actinobacteria  Actinomycetales Brevibacteriaceae Brevibacterium 0.015 

Actinobacteria Actinobacteria  Actinomycetales Micrococcaceae Rothia 0.005 

Firmicutes Erysipelotrichi Erysipelotrichales Erysipelotrichaceae Erysipelothrix 0.0005 

Soil F: Samples (n=2) compared to controls (n=2) 

Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Hyphomicrobium 0.033 

Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae Acetobacter 0.003 

Firmicutes Negativicutes Selenomonadales Veillonellaceae Veillonella 0.002 

Soil G: Samples (n=2) compared to controls (n=2) 

Proteobacteria Alphaproteobacteria Rhizobiales Phyllobacteriaceae Chelativorans 0.055 
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The metagenomes of the samples and controls were also compared for each soil individually. 

Two (Clavibacter, Bartonella) and seven genera (Arthrobacter, Nocardia, Gordonia, Kocuria, 

Brevibacterium, Rothia, Erysipelothrix) were statistically significantly enriched in the samples 

compared to the controls in soils 1 and 2, respectively (Figure 2.3). Three genera 

(Hyphomicrobium, Acetobacter, Veillonella) and one genus (Chelativorans) were statistically 

significantly enriched in the samples compared to the controls in soils F and G, respectively 

(Figure 2.4). Seven of the thirteen listed above classify within the Actinomycetales (Table 2.2). 

The differences between the means (for the individual soil analysis) were the highest (≥0.033%) 

for Arthrobacter, Nocardia, Hyphomicrobium and Chelativorans (Table 2.2). The relative 

abundance of the thirteen enriched genera in the samples compared to the controls (for the 

individual soil analysis) and for the contaminated site sample is shown (Figure 2.5). The 

contaminated site sample is shown with a different scale as it involved higher relative abundance 

values compared to the other microcosms (Figure 2.5 insert). Both Arthrobacter and Nocardia 

have relative abundance values of >1% in the contaminated site sample. 
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Figure 2.3. Extended error bar plots illustrating genera statistically significantly different in relative 

abundance (Welch's two sided t-test, p <0.05) between the samples and the live controls following 1,4-

dioxane degradation in soil 1 (A) and 2 (B). The symbols  to the left of the dashed line (in yellow) 

indicate a higher relative abundance in the samples compared to the controls and the symbols to the right 

(in blue) indicate the reverse. 
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Figure 2.4. Extended error bar plots illustrating genera statistically significantly different in relative 

abundance (Welch's two sided t-test, p <0.05) between the samples and the live controls following 1,4-

dioxane degradation in soil F (A) and soil G. The symbols to the left of the dashed line (in yellow) 

indicate a higher relative abundance in the samples compared to the controls and the symbols to the right 

(in blue) indicate the reverse.  
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Figure 2.5. Summary of the relative abundance of statistically significantly enriched genera in the samples 

compared to the controls (no 1,4-dioxane) for soils 1, 2, F and G. The insert illustrates the relative 

abundance of these genera in the contaminated site sample (C7A) with a different scale on the y-axis. 
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2.4.4 Relative Abundance of Genera Associated with 1,4-dioxane Biodegradation  

The metagenomes were also investigated to determine the relative abundance (%) of fifteen 

genera previously associated with metabolic or co-metabolic 1,4-dioxane degradation (Figure 

2.6). All except Pseudonocardia and Rhodanbacter were present in the samples and controls. 

Burkholderia, Mycobacterium, Pseudomonas and Rhodococcus were present at the highest 

relative abundance levels (0.84-2.45%). Only Mycobacterium was statistically significantly 

(p<0.05) enriched in the samples compare to the live controls. Pseudonocardia and 

Rhodanbacter were also absent in the contaminated site sample (Figure 2.6, insert). In the 

contaminated site metagenome, the four most abundant genera were Pseudomonas (49.0%), 

Rhodococcus (5.9%), Mycobacterium (3.9%) and Nocardia (1.2%). The contaminated site 

sample indicates a 25-fold higher relative abundance in Pseudomonas and almost a 6-fold higher 

relative abundance in Rhodococcus compared to the samples from agricultural sites.  
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Figure 2.6. Relative abundance (%) of genera associated with metabolic and co-metabolic degradation of 

1,4-dioxane in live controls (n=8) and samples (n=9) in four soils and one contaminated site sample 

(C7A). The value "a" indicates a significant differ difference (p<0.05) in a two tailed student's  t-test 

between the samples and controls. The insert illustrates the same data with a different y-axis. 



35 

2.4.5 Genes Associated with 1,4-Dioxane Degradation 

The reads aligning to the genes previously associated with 1,4-dioxane degradation were 

determined using DIAMOND and the data were analyzed using Excel. Only the reads with ≥ 

60% identity for ≥ 49 amino acids were included in the analysis. Among the twelve genes 

previously associated with 1,4-dioxane degradation, the majority were present in all the samples 

including the contaminated site sample (Figure 2.7).  
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Figure 2.7. Relative abundance (%) of reads aligning  (≥60% identity for ≥ 49 amino acids) to genes previously associated with 

the metabolic and co-metabolic degradation of 1,4- dioxane in Soil F and C7A (A), Soil G (B), Soil 1 (C) and Soil 2 (D). 
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The analysis demonstrates a uniform trend of higher relative abundance values for Rhodococcus 

sp. RR1 prmA and Rhodococcus jostii RHA1 prmA in all four agricultural samples and the 

contaminated site sample compared to the other genes. The contaminated site sample 

demonstrates more than twice the relative abundance of these two genes compared to the 

samples from the agricultural sites. A high relative abundance of Burkholderia cepacia G4 

tomA3 was also noted in all of the samples, with higher abundance (10-fold increase) in the 

contaminated site sample compared to other agricultural samples (Figure 2.7). Only six and 

eleven metagenomes contained reads aligning with Methylosinus trichosporium OB3b touA and 

Pseudomonas pickettii PKO1 tbuA1, respectively. Seven functional genes (Pseudomonas 

mendocina KR1 tmoA, Rhodococcus sp. YYL thmA, Pseudonocardia sp. ENV478 thmA, 

Mycobacterium sp. ENV421 prmA, Pseudonocardia tetrahydrofuranoxydans thmA, 

Pseudonocardia dioxanivorans CB1190 thmA, Mycobacterium dioxanotrophicus PH-06 prmA) 

were present in between fourteen and eighteen metagenomes. All four soils generated similar 

trends for the functional genes and no statistically significant differences were noted between the 

live controls and samples. The contaminated site sample generated the same trend for the three 

most abundant genes. 

 

Following the discovery of the dominance of Rhodococcus jostii RHA1 prmA and Rhodococcus 

sp. RR1 prmA in the soil metagenomes, a BLASTP search was performed to find the closest 

matching sequences in the NCBI database. The matching protein sequences, with number of 

microorganisms shown in parenthesis, belonged to the genera Rhodococcus (60), Kribbella (16), 

Gordonia (10), Mycolicibacterium (10), Mycobacterium (8), Nocardia (7), Nocardioides (6), 

Hoyosella (3), Intrasporanqium (2), Millisia (1), Cryptosporangium (1) and Acidobacteria (1). 
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Interestingly, five of these genera (Mycobacterium, Nocardioides, Kribbella, Gordonia and 

Nocardia) were enriched in the samples compared to the live controls (as discussed above, Table 

2.2). A phylogenetic tree was generated to illustrate the evolutionary relationships between the 

two query sequences and the enriched genera (Figure2.8). Rhodococcus jostii RHA1 prmA 

clustered closest to Nocardia sequences and Rhodococcus sp. RR1 prmA clustered closest to 

Kribbella sequences. 
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 WP 004023476.1 methane monooxygenase Gordonia terrae
 WP 064570876.1 methane monooxygenase Gordonia sp. LAM0048

 WP 086537065.1 methane monooxygenase Gordonia lacunae
 WP 055475573.1 methane monooxygenase Gordonia sp. HS-NH1

 WP 078113347.1 methane monooxygenase Gordonia sp. IITR100
 WP 124710714.1 methane monooxygenase Gordonia sp. MMS17-SY073

 WP 035755187.1 hypothetical protein partial Gordonia sp. CNJ-863
 WP 010844609.1 methane monooxygenase Gordonia terrae

 WP 014927754.1 methane monooxygenase Gordonia sp. KTR9
 WP 068914364.1 MULTISPECIES: methane monooxygenase Mycobacteriaceae
 WP 083737310.1 methane monooxygenase Mycobacterium sp. MS1601

 WP 024452650.1 MULTISPECIES: methane monooxygenase Mycobacteriaceae
 WP 064946235.1 methane monooxygenase Mycobacterium sp. 852013-50091 SCH5140682

 WP 015305469.1 methane/Phenol/Toluene hydroxylase Mycobacterium sp. JS623
 WP 073678486.1 methane monooxygenase Mycobacterium sp. SWH-M5

 WP 029114610.1 methane monooxygenase Mycobacterium sp. URHB0044
 WP 056549349.1 methane monooxygenase Mycobacterium sp. Root135

 WP 079927259.1 methane monooxygenase Mycobacterium sp. AT1
 WP 062967587.1 methane monooxygenase Nocardia africana

 ABG92277.1 propane monooxygenase hydroxylase large subunit Rhodococcus jostii RHA1
 WP 040859495.1 methane monooxygenase Nocardia niigatensis

 WP 104393229.1 methane monooxygenase Nocardia nova
 WP 137354583.1 methane monooxygenase Nocardia farcinica
 WP 060592213.1 MULTISPECIES: methane monooxygenase Nocardiaceae

 WP 067892310.1 methane monooxygenase Nocardia vaccinii
 WP 067682594.1 methane monooxygenase Nocardia miyunensis

 WP 040832629.1 methane monooxygenase Nocardia jiangxiensis
 ADM83577.1 propane monooxygenase hydroxylase large subunit partial Rhodococcus sp. RR1

 WP 131354020.1 methane monooxygenase Kribbella pittospori
 WP 131515078.1 methane monooxygenase Kribbella sp. YM53

 WP 132216463.1 methane monooxygenase Kribbella sp. VKM Ac-2572
 WP 133801845.1 methane monooxygenase Kribbella sp. VKM Ac-2527

 WP 134124421.1 methane monooxygenase Kribbella sp. VKM Ac-2570
 WP 118927321.1 methane monooxygenase Nocardioides immobilis

 WP 056709823.1 MULTISPECIES: methane monooxygenase Nocardioides
 WP 068109085.1 methane monooxygenase Nocardioides dokdonensis

 WP 133983166.1 methane monooxygenase Kribbella sp. VKM Ac-2575
 WP 112238483.1 methane monooxygenase Kribbella sp. NEAU-SW521

 WP 130449335.1 methane monooxygenase Kribbella soli
 WP 134111636.1 methane monooxygenase Kribbella sp. VKM Ac-2573

 WP 137259177.1 methane monooxygenase Kribbella sp. NEAU-THZ 27
 WP 131347102.1 methane monooxygenase Kribbella soli
 WP 134132823.1 methane monooxygenase Kribbella sp. VKMAc-2574

 WP 131464091.1 methane monooxygenase Kribbella sp. YM55
 WP 130387702.1 methane monooxygenase Kribbella sp. VKM Ac-2569
 WP 133788668.1 methane monooxygenase Kribbella sp. VKM Ac-2571
 WP 131296532.1 methane monooxygenase Kribbella sindirgiensis
 WP 134011351.1 methane monooxygenase Kribbella sp. VKM Ac-2566

Gordonia 

Mycobacteriu

m 
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Nocardia 
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sp. RR1 

Nocardioides 

. 

Figure 2.8. Phylogenetic tree of Rhodococcus jostii RHA1 prmA and Rhocodoccus sp. prmA and BLASTP 

results (>94.8% similar to the two query sequences). Only genera that were enriched following 1,4-dioxane 

degradation (compared to the controls) are shown (Table 2). The evolutionary history was inferred by using 

the Maximum Likelihood method based on the Jones-Taylor-Thornton (JTT) matrix-based model. The tree 

with the highest log likelihood (-2731.06) is shown. Initial tree(s) for the heuristic search were obtained 

automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated 

using a JTT model, and then selecting the topology with superior log likelihood value. The tree is drawn to 

scale, with branch lengths measured in the number of substitutions per site. The analysis involved 48 amino 

acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 439 

positions in the final dataset. Evolutionary analyses were conducted in MEGA7 
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2.5 Discussion 

The remediation of sites contaminated with 1,4-dioxane is challenging because of the physical 

and chemical properties of this chemical (Mohr et al. 2010a). Although bioremediation can be a 

viable option at some sites, it is still unclear which microorganisms and functional genes are 

linked to 1,4-dioxane degradation in mixed communities.  

 

To address this knowledge gap, the current study identified which genera could obtain a growth 

benefit from 1,4-dioxane biodegradation. For this, the sample microcosms were supplied with 

media and 1,4-dioxane and the live control microcosms were supplied with the same media, but 

no 1,4-dioxane. Consequently, an increase in the relative abundance of any microorganism 

between the samples and live controls could be attributed to the presence of 1,4-dioxane. From 

this, a reasonable hypothesis would be that the enriched microorganisms are being exposed to 

growth supporting substrates from 1,4-dioxane degradation. Here, nineteen genera increased in 

abundance following 1,4-dioxane degradation compared to the live controls (no 1,4-dioxane). 

The three most enriched across all four soils were Mycobacterium, Nocardioides, Kribbella (all 

classifying as Actinomycetales). There was also a higher level of enrichment for Arthrobacter, 

Nocardia and Gordonia (Actinomycetales), Hyphomicrobium (Rhizobiales), Clavibacter 

(Actinomycetales) and Bartonella (Rhizobiales) and Chelativorans (Rhizobiales) in individual 

soils.  

 

There are at least two hypotheses on why these genera increased in abundance in 1,4-dioxane 

amended samples compared to the live controls. One hypothesis being that these microorganisms 

are obtaining a growth benefit from consuming 1,4-dioxane biodegradation products. Several 
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studies have examined 1,4-dioxane biodegradation pathways (Grostern et al. 2012; Huang et al. 

2014a; Kim et al. 2009; Mahendra et al. 2007; Sales et al. 2013; Vainberg et al. 2006). A study 

with Pseudonocardia dioxanivorans CB1190 provided evidence that carbon from 1,4-dioxane 

enters central metabolism via glyoxlate (Grostern et al. 2012). In contrast, Pseudonocardia sp. 

strain ENV478 produces 2-hydroxyethoxyacetic acid (HEAA) as a terminal product of 1,4-

dioxane biodegradation (Vainberg et al. 2006). Conversely, 1,4-dioxane biodegradation by 

Pseudonocardia dioxanivorans CB1190 (metabolic 1,4-dioxane degrader), Mycobacterium 

vaccae JOB5, Pseudomonas mendocina KR1, Pseudonocardia tetrahydrofuranoxydans K1 (co-

metabolic 1,4-dioxane degraders) produced HEAA transiently, but the chemical did not 

accumulate. They identified ethylene glycol, glycolic acid, glyoxylic acid and oxalic acid as 1,4-

dioxane biodegradation intermediates by these isolates (Mahendra et al. 2007). Others have also 

identified ethylene glycol (Huang et al. 2014a; Kim et al. 2009), oxalic acid (Huang et al. 2014a) 

and ethane-1,2-diol (Kim et al. 2009) during 1,4-dioxane degradation. The enriched genera may 

have benefited from funneling these degradation intermediates into central metabolism. 

A second hypothesis being that the enriched genera are responsible for both the initial attack on 

1,4-dioxane and for the consumption of degradation products. Evidence for this concerns the 

similarity of genes belonging to the enriched genera (Mycobacterium, Nocardioides, Kribbella, 

Nocardia and Gordonia) to Rhodococcus jostii RHA1 prmA and Rhodococcus sp. RR1 prmA (as 

shown in the phylogenetic tree). Although Rhodococcus jostii RHA1 and Rhodococcus sp. RR1 

co-metabolically degrade 1,4-dioxane, the enriched genera may also contain genes downstream 

in the pathway enabling growth on 1,4-dioxane. Arthrobacter did not contain genes similar to the 

Rhodococcus strains, although others have reported that Arthrobacter (ATCC 27779) can co-

metabolically degrade 1,4-dioxane (Chu et al. 2009). Arthrobacter, Mycobacterium and 
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Nocardia have previously been linked to 1,4-dioxane degradation (Chu et al. 2009; Lan et al. 

2013; Masuda 2009), whereas Nocardioides, Gordonia and Kribbella are potentially novel 

degraders. Certain species of Gordonia  such as G. terrae are known to aid in degrading certain 

chemicals, including ethyl tertiary butyl ether (ETBE) metabolically, methyl tertiary butyl ether 

(MTBE) co-metabolically (Hernandez-Perez et al. 2001) as well as long chain hydrocarbons 

(Kubota et al. 2008). Overall, both hypotheses in this work suggests many genera (almost all 

classifying with the Actinomycetales) are likely involved in the degradation of 1,4-dioxane 

and/or 1,4-dioxane metabolites in the soil microcosms studied.  

 

In the current study, reads from all of the 1,4-dioxane degrading function genes were observed in 

soil metagenomes. Consistent with the current study, others have detected SDIMOs from the 

majority (five from six groups) of SDIMO groups (Li et al. 2013b) . In that research, the authors 

examined Arctic groundwater impacted by 1,4-dioxane using high-throughput microarrays and 

denaturing gradient gel electrophoresis and found an enrichment of thmA-like genes near the 

source zone (Li et al. 2013b). Also similar to the current work, a 1,4-dioxane degrading consortia 

contained a high percentage of group five SDIMOs (Rhodococcus jostii RHA1 prmA and 

Rhodococcus sp. RR1 prmA are group five SDIMOs), although the specific genes were not 

determined (He et al. 2018). Another study noted a correlation between dxmA/thmA (designed 

based on Rhodococcus sp. YYL thmA, Pseudonocardia sp. ENV478 thmA, Pseudonocardia 

tetrahydrofuranoxydans K1 thmA and Pseudonocardia dioxanivorans CB1190 thmA) and the 

amount of 1,4-dioxane degraded in groundwater inoculated microcosms (Li et al. 2013a). These 

genes were also present in the soil metagenomes (between fourteen and sixteen) of the current 

study.  
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Recently, shotgun sequencing was used to examine 1,4-dioxane degrading genes in groundwater 

from multiple chlorinated solvent sites (previously bioaugmented with SDC-9) (Dang et al. 

2018). From the twelve genes examined, only six were found in the groundwater metagenomes. 

The six included the three most abundant genes in the current study; Rhodococcus sp. RR1 

prmA, Rhodococcus jostii RHA1 prmA and Burkholderia cepacia G4 tomA3. From these, the 

Rhodococcus genes were both found in a only small number of metagenomes (~18%) and B. 

cepacia G4 tomA3 was found in the majority (~68%). The occurrence of the three genes in both 

studies could suggest their importance across different environments (soil vs. groundwater, 

aerobic vs. oxygen depleted). Unlike the current study, the groundwater metagenomes contained 

high relative abundance values for Methylosinus trichosporium OB3b touA (up to 0.0031%) 

followed by Pseudomonas mendocina KR1 tmoA (up to 0.00022%) and Pseudomonas pickettii 

PKO1 tbuA1 (up to 0.0013%). The different results between the two studies are likely due to 

variations in the conditions (redox potential, carbon availability, nutrient availability, soil vs. 

groundwater) from which the samples were obtained.  

 

In summary, several key findings highly relevant for 1,4-dioxane bioremediation were generated 

here. Shotgun sequencing enabled both taxonomic and functional analyses to be performed on 

multiple mixed microbial communities. Multiple genera classifying (including novel and 

previously identified degraders) within the Actinomycetales were enriched during 1,4-dioxane 

degradation and may be associated with growth linked 1,4-dioxane degradation.  

The three most enriched were Mycobacterium, Nocardioides, Kribbella (classifying as 

Actinomycetales). There was also a higher level of enrichment of other genera in individual soils. 

The current research found that both previously reported genera as well as novel genera (e.g. 
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Nocardioides, Gordonia and Kribbella) were linked to 1,4-dioxane degradation. However, it is 

unknown if these microorganisms are benefiting from the complete degradation of the chemical 

or from the consumption of 1,4-dioxane degradation products, such as HEAA, ethylene glycol, 

glycolic acid, glyoxylic acid or oxalic acid. Finally, all of the functional genes associated with 

1,4-dioxane were found in the soil and sediment metagenomes. Reads aligning to Rhodococcus 

jostii RHA1 prmA and Rhodococcus sp. RR1 prmA illustrated the highest relative abundance 

values and were present in all eighteen metagenomes. Future research should be directed towards 

similar molecular analyses of groundwater and sediment samples from 1,4-dioxane contaminated 

sites as well as comparisons to 1,4-dioxane removal rates for propane amended samples. 
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Figure 2.9. Phylogram (created with MEGAN6, version 6.11.7) illustrating the relative abundance and classification (Class Level) of all 

bacteria across all metagenomes (samples and controls). 
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Figure 2.10. Phylogram (created with MEGAN6, version 6.11.7) illustrating the most abundant genera (ranked by average relative abundance, then 

selected if average relative abundance >0.5%) across all metagenomes (samples and controls). 
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Figure 2.11. The twenty-five most common genera (by relative abundance, %), ranked by the averages 

of the samples and controls, in soil 1 (A), soil 2 (B), soil F (C), soil G (D) and the contaminated site 

sediment 7A (E). 
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Chapter 3 Anaerobic 1,4-Dioxane Biodegradation and Microbial Community Analysis in 

Microcosms Inoculated with Soils or Sediments and Different Electron Acceptors 

 

3.1 Abstract 

1,4-dioxane, a probable human carcinogen, is a co-contaminant at many chlorinated solvent 

contaminated sites. Although numerous 1,4-dioxane degrading aerobic bacteria have been 

isolated, almost no information exists on the microorganisms able to degrade this chemical under 

anaerobic conditions. Here, the potential for 1,4-dioxane biodegradation was examined using 

multiple inocula and electron acceptor amendments. The inocula included uncontaminated 

agricultural soils and river sediments as well as sediments from two 1,4-dioxane contaminated 

sites. Five separate experiments involved the examination of triplicate live microcosms and 

abiotic controls for approximately one year. Compound specific isotope analysis (CSIA) was 

used to further investigate biodegradation in a subset of the microcosms. Also, DNA was 

extracted from microcosms exhibiting 1,4-dioxane biodegradation for microbial community 

analysis using 16S rRNA gene amplicon high throughput sequencing.  

 

Given the long incubation periods, it is likely that electron acceptor depletion occurred and 

methanogenic conditions eventually dominated. The iron/EDTA/humic acid or sulfate 

amendments did not result in 1,4-dioxane biodegradation in the majority of cases. 1,4-dioxane 

biodegradation was most commonly observed in the nitrate amended and no electron acceptor 

treatments. Notably, both contaminated site sediments illustrated removal in the samples 

compared to the abiotic controls in the no electron acceptor treatment. However, it is important 

to note that the degradation was slow (with concentration reductions occurring over 

approximately one year). In two of the three cases examined, CSIA provided additional evidence 
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for 1,4-dioxane biodegradation. In one case, the reduction in 1,4-dioxane in the samples 

compared the controls was likely too low for the method to detect a significant 13C/12C 

enrichment. Further research is required to determine the value of measuring 2H/1H for 

generating evidence for the biodegradation of this chemical.  

 

The microbial community analysis indicated the phylotypes unclassified Comamonadaceae and 

3 genus incertae sedis were more abundant in 1,4-dioxane degrading microcosms compared to 

the live controls (no 1,4-dioxane) in microcosms inoculated with contaminated and 

uncontaminated sediment, respectively. The relative abundance of known 1,4-dioxane degraders 

was also investigated at the genus level. The soil microcosms were dominated primarily by 

Rhodanobacter with lower relative abundance values for Pseudomonas, Mycobacterium and 

Acinetobacter. The sediment communities were dominated by Pseudomonas and 

Rhodanobacter. Overall, the current study indicates 1,4-dioxane biodegradation under anaerobic, 

and likely methanogenic conditions, is feasible. Therefore, natural attenuation may be an 

appropriate clean-up technology at sites where time is not a limitation.  

 

3.2 Introduction 

There is a critical need to develop remediation strategies for the contaminant 1,4-dioxane due to 

its widespread occurrence (Adamson et al. 2015) and its classification as a probable human 

carcinogen (DeRosa et al. 1996). Historically, 1,4-dioxane was used as a stabilizer in 1,1,1-

trichloroethane (1,1,1-TCA) formulations and is now frequently detected at chlorinated solvent 

contaminated sites (Adamson et al. 2015; Adamson et al. 2014a; Mohr et al. 2010b). As 1,4-

dioxane was typically not on the EPA’s target compound lists, it is likely that closed sites will 
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require re-opening to address contamination. In fact, a multisite survey aimed at examining the 

extent of the 1,4-dioxane problem, indicated a primary risk is the large number of sites where 

this chemical is likely to be present but has yet to be identified (Adamson et al. 2014a). 

 

The remediation of 1,4-dioxane contaminated sites is problematic because of chemical 

characteristics that result in movement and persistence (Adamson et al. 2015; Mohr et al. 2010b). 

Traditional methods such as air stripping or activated carbon can be ineffective because of the 

chemical’s low organic carbon partition coefficient (log KOC = 1.23) and low Henry’s Law 

Constant (5 X 10-6 atm. m3mol-1) (Mahendra and Alvarez-Cohen 2006; Steffan et al. 2007; 

Zenker et al. 2003). Ex situ oxidation methods such as ozone and hydrogen peroxide (Adams et 

al. 1994) or hydrogen peroxide and ultraviolet light (Stefan and Bolton 1998) have been 

commercially applied, although at high concentrations these methods can be cost-prohibitive 

(Steffan et al. 2007). Given the limitations associated with traditional remediation methods, 

interest has turned to the use of microorganisms to biodegrade this problematic contaminant 

(Chu et al. 2009; Li et al. 2010; Lippincott et al. 2015).  

 

Numerous bacteria have been associated with the biodegradation (co-metabolic or metabolic) of 

1,4-dioxane. Those linked to aerobic metabolic biodegradation classify within the genera 

Pseudonocardia (Kampfer and Kroppenstedt 2004; Mahendra and Alvarez-Cohen 2005; 

Mahendra and Alvarez-Cohen 2006; Matsui et al. 2016; Parales et al. 1994; Sei et al. 2013a; 

Yamamoto et al. 2018), Mycobacterium (Kim et al. 2009; Sei et al. 2013a), Afipia (Isaka et al. 

2016; Sei et al. 2013a), Xanthobacter (Chen et al. 2016b), Acinetobacter (Huang et al. 2014b), 
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Rhodococcus (Bernhardt and Diekmann 1991; Inoue et al. 2016b; Inoue et al. 2018) and 

Rhodanobacter (Pugazhendi et al. 2015a).  

 

Genera associated with aerobic co-metabolic 1,4-dioxane degradation include Pseudonocardia 

(Kohlweyer et al. 2000; Mahendra and Alvarez-Cohen 2006; Vainberg et al. 2006)], 

Mycobacterium (Lan et al. 2013; Masuda 2009) and Rhodococcus (Hand et al. 2015; Lippincott 

et al. 2015; Mahendra and Alvarez-Cohen 2006; Sei et al. 2013b; Steffan et al. 1997b; 

Stringfellow and Alvarez-Cohen 1999), Flavobacterium (Sun et al. 2011b), Burkholderia 

(Mahendra and Alvarez-Cohen 2006), Nocardia (Masuda 2009), Ralstonia (Mahendra and 

Alvarez-Cohen 2006), Pseudomonas (Mahendra and Alvarez-Cohen 2006), Methylosinus 

(Mahendra and Alvarez-Cohen 2006; Whittenbury et al. 1970a) and Azoarcus (Deng et al. 

2018b). However, it is unlikely that these aerobic 1,4-dioxane degraders will be effective at 

chlorinated solvent sites, as these sites are typically highly reducing. Under such conditions, 

tetrachloroethene and trichloroethene undergo sequential reductive dechlorination to cis-1,2-

dichloroethene and vinyl chloride, finally forming the non-toxic end product, ethene (Freedman 

and Gossett 1989). Reduction is commonly associated with microbial taxa such as 

Dehalococcoides mccartyi and Dehalobacter (Cupples 2008; Cupples et al. 2003; He et al. 2003; 

Holliger et al. 1998; Löffler et al. 2013; Maymó-Gatell et al. 1997; Sung et al. 2006). 

Commercially available reductive dechlorinating mixed cultures containing such strains are 

frequently used for bioaugmenting contaminated groundwater aquifers (Major et al. 2002; 

Steffan and Vainberg 2013; Vainberg et al. 2009). The lack of information on the susceptibility 

of the chlorinated solvent co-contaminant 1,4-dioxane to biodegradation under such highly 

reducing conditions is a significant knowledge gap. 
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No anaerobic 1,4-dioxane degrading isolates have been identified and, limited research has 

addressed 1,4-dioxane biodegradation under anaerobic conditions. One project investigated 1,4-

dioxane degradation over a range of redox conditions (aerobic, nitrate reducing, iron reducing, 

sulfate reducing and methanogenic) (Steffan 2007). The work involved microcosm experiments 

with soil and groundwater from a site heavily contaminated with the chlorinated solvents and 

1,4-dioxane. In these tests, nitrate, nitrite, sulfate and ferric iron were added as electron 

acceptors. In another set of experiments, samples from across a vegetable oil biobarrier were 

investigated, without the addition of electron acceptors, as it was expected that the biobarrier had 

resulted in a range of redox conditions. Notably, 1,4-dioxane was not degraded in any of the 

anaerobic microcosms during >400 days.  

 

Another study produced more promising results, documenting 1,4-dioxane biodegradation under 

iron reducing conditions using an enrichment originating from wastewater treatment plant sludge 

(Shen et al. 2008). The researchers found that when Fe(III) was supplied as Fe(III)-EDTA, 

biodegradation was stimulated. Also, they reported that humic acids stimulated the activity of the 

Fe(III) reducing bacteria and 1,4-dioxane biodegradation. The authors hypothesized that humic 

acids promoted electron shuttling to Fe(III) in a catalytic manner. Others have also reported 

stimulation of bacterial growth and biodegradation (cyclic nitroamines RDX and HMX) in the 

presence of humic acids and Fe(III)(Bhushan et al. 2006).  

 

The overall objective of the current study was to determine the susceptibility of 1,4-dioxane to 

biodegradation under anaerobic conditions using inocula from contaminated and uncontaminated 

sites. For this, microcosms were established with different inocula (soils or sediments) and 
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various electron acceptor amendments (nitrate, iron-EDTA/humic acid, sulfate and no 

amendment). Additionally, compound specific isotope analysis (CSIA) was used to determine 

changes in 13C/12C ratios in a subset of the samples. The work is novel as it is the first to 

document the frequency of 1,4-dioxane biodegradation over a range redox conditions and 

inocula types and provides critical evidence for the feasibility of anaerobic 1,4-dioxane 

bioremediation. 

 

3.3 Methods 

3.3.1 Chemicals and Inocula  

1,4-dioxane was purchased from Alfa Aesar (MA, USA, 99+ % purity) and Sigma-Aldrich (MO, 

USA, 99.8% purity). Ethylenediaminetetraacetic acid (EDTA), iron (III) sodium salt, sodium 

sulfate, sodium nitrate and humic acid were purchased from Sigma-Aldrich (MO, USA). All 

stock solutions and dilutions were prepared using DI water. The uncontaminated agricultural soil 

samples were collected from two locations on the campus of Michigan State University (MSU), 

East Lansing, MI (herein called Soils E, F and G) and two locations at the Kellogg Biological 

Station (MSU), Hickory Corners, MI (KBS Soils 1, 2 and 3). The uncontaminated river sediment 

samples (sediments H and J) were collected from Red Cedar River, Okemos, MI and from a river 

leading to Lake Lansing in Haslett, MI. The contaminated site samples were sent to MSU from 

California (contaminated with trichloroethene, 1,1-dichloroethene and 1,4-dioxane) and Maine 

(contaminated with traces of 1,4-dioxane). All of the samples were stored in the dark at 6 °C until 

use.   
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3.3.2 Experimental Setup 

Five sets of experiments were performed to examine the susceptibility of 1,4-dioxane to 

biodegradation under different potential electron acceptors (Table 3.1). All five experiments 

contained triplicates of live samples and abiotic controls (autoclaved daily for three consecutive 

days). The final set of experiments (experiment 5) also included live control microcosms (no 1,4-

dioxane) to enable comparisons to the 1,4-dioxane degrading microbial communities.  

 

Table 3.1. Experimental design (inocula and amendments) of the five microcosm studies. 

Experiment 1 2 3 4 5 

Soils E, F, G  X X   X 

KBS Soils 1, 2, 3      X 

River Sediments H, J   X  H only 

Contaminated Sites     CA, MN CA only 

Iron/EDTA/humic acid X X X X  

Nitrate  X X X  

Sulfate  X X X  

No electron acceptor  X X X X 

Lactate X   X X 

Basal salts media    X X 

Samples for microbial 

community analysis 
 17 3 11 24 

 

The first set of set of experiments was designed based on the positive results generated 

previously for 1,4-dioxane under iron reducing conditions (Shen et al. 2008). For this, 18 

microcosms (70 mL serum bottles) were each inoculated with one of three agricultural soils 

(Soils E, F and G, 20 g wet weight), and 55 mL of a solution consisting of EDTA iron (III) 

sodium salt (10 mM), sodium lactate (5 mM) and humic acid (0.5 g/L). The triplicate 
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microcosms and abiotic controls were amended with approximately 5 mg/L of 1,4-dioxane (Alfa 

Aesar). 

 

The second set of microcosms contained the same three agricultural soils (Soils E, F and G) 

under four redox conditions (nitrate, iron, sulfate amended and no amendment). Here, 72 

microcosms were established (3 soils, 4 treatments) containing soil (5 g wet weight), 10 mL of a 

solution with either NaNO3 (10mM), NaSO4 (10mM), EDTA iron(III) sodium salt (10mM) or DI 

water (no amendment) in 30 mL glass serum bottles. The microcosms and abiotic controls were 

amended with approximately 5 mg/L of 1,4-dioxane (Alfa Aesar). The third set of microcosms 

contained each of the uncontaminated river sediment samples (Sediments H and J) using the 

same experimental setup (four redox conditions). Sodium lactate was not added for both sets of 

experiments to encourage the metabolic degradation of 1,4-dioxane. 

 

The fourth set of microcosms (48 bottles including 2 sediments, 4 treatments) contained each of 

the contaminated sediment samples (from CA and MN) also under four redox conditions (nitrate, 

iron, sulfate amended and no amendment). In this case, a media solution was added containing 

NH4Cl (1.5 g/L), NaH2PO4 (0.6 g/L), CaCl2.2H2O (0.1 g/L), KCl (0.1 g/L), MgCl2.6H2O (0.002 

g/L) and sodium lactate (5 mM). The electron acceptor and 1,4-dioxane amendments were as 

described above and 1,4-dioxane from Sigma Aldrich was used. 

 

The final set of microcosms contained no electron acceptor amendment with the aim of creating 

methanogenic conditions (based on positive results from some of the microcosms described 

above). The 72 microcosms included 8 different inocula (Soils E, F, G, KBS Soils 1, 2 and 3, 
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Sediment H and the CA Contaminated Sediment) with triplicates of sample microcosms and 

abiotic controls. Additionally, triplicate live control microcosms were included and these were 

treated in the same manner as the sample microcosms except no 1,4-dioxane was added. As 

stated above, this treatment was included to enable comparisons to the microbial communities 

exposed to 1,4-dioxane. The microcosms contained 5 g (wet weight) of soil or sediment, 25 mL 

of a solution containing sodium lactate (5mM), NH4Cl (1.5 g/L), NaH2PO4 (0.6 g/L), 

CaCl2.2H2O (0.1 g/L), KCl (0.1 g/L) and MgCl2.6H2O (0.002 g/L) in 30 mL amber glass serum 

bottles. 1,4-dioxane (Sigma Aldrich, between 5-14 mg/L) was added the sample microcosms and 

abiotic controls.  

 

All solutions were purged under a stream of nitrogen before being introduced into the anaerobic 

chamber. The solutions and soils/sediments were added to each serum bottle in the anaerobic 

chamber and, after approximately 3 days, 1,4-dioxane was added. The microcosms, closed with 

septa, were incubated in the anaerobic chamber at 20 °C.  The anaerobic chamber was maintained 

with gaseous mix of approximately 5% H2, 90% N2 and 5% CO2. The vials were sealed using 

BiMetal vial crimp with PTFE/silicone septas to maintain the cultures at anaerobic conditions. 

All microcosms were transferred on a shaker at 200 rpm and maintained at 20 °C. The nitrate 

amended microcosms were tested for methane after 200 days of incubation using a GC (Hewlett 

Packard 5890).  

 

3.3.3 1,4-Dioxane Analysis 

A GC/MS with Agilent 5975 GC/single quadrupole MS (Agilent Technologies, CA, USA) 

equipped with a CTC Combi Pal autosampler was used to determine 1,4-dioxane concentrations. 
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Sterile syringes (1 mL) and needles (22 Ga 1.5 in.) were used to collect samples (0.7 mL) from 

each microcosm. The samples were filtered (0.22 µm nylon filter) before being injected into an 

amber glass vial (40 mL) for GC/MS analysis. A method was developed to analyze 1,4-dioxane 

using solid phase micro extraction (SPME). The SPME fiber was inserted in the headspace of the 

vial and exposed to the analyte for 1 minute before being injected into the GC for thermal 

desorption. The fiber coating can adsorb the analytes in the vapor phase. Splitless injection was 

executed and the vials were maintained at 40 °C.  The SPME fiber assembly involved 50/30µm 

Divinylbenzene/ Carboxen/ Polydimethylsiloxane (DVB/CAR/PDMS) and 24 Ga needle for 

injection. The initial oven temperature was 35 °C and was programmed to increase at a rate of 20 

°C/min to 120 °C. Once it reached 120 °C, it increased at a rate of 40 °C/min to 250 °C, which was 

maintained for 3 min. A VF5MS column was used with helium as the carrier gas in constant flow 

mode at a flow rate of 1 ml/min. The conditioning of the SPME fiber was at 270 °C for 60 min at 

the beginning of each sequence.   

 

3.3.4 Compound Specific Isotope Analysis (CSIA) 

At the last sampling point, three sets of samples and abiotic controls were submitted for CSIA 

analysis, including Soil F (nitrate amended, experiment two), and the two contaminated site 

samples with no electron acceptor amendment (experiment four). CSIA was performed at the 

University of Waterloo Environmental Isotope Laboratory (UWEIL), Ontario, Canada. The 

ratios of 13C/12C and 2H/1H were measured using a recently developed method. For this, the 

dilute 1,4-dioxane samples were concentrated on to a sorbent and subjected to thermal desorption 

in a GC coupled with an isotope ratio mass spectrometer (Bennett et al., 2018). All three sets of 

samples were submit to 13C/12C analysis,  however only Soil F was subject to 2H/1H.  
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3.3.5 DNA Extraction and High Throughput Amplicon Sequencing 

DNA was extracted (2 mL liquid and 0.6 mg soil/sediment, QIAGEN DNeasy PowerSoil kit) 

from the sample microcosms and corresponding live control microcosms (no electron acceptor 

amendment, experiment five) that illustrated 1,4-dioxane degradation (Soil F, CA Contaminated 

Site, Sediment H and KBS Soil 3, 24 extracts). Additionally, DNA was extracted from 31 other 

microcosms that illustrated 1,4-dioxane biodegradation (from the other four experiments). The 

concentration of DNA was determined using QUBIT dsDNA HS kit. The DNA extracts were 

submitted for high throughput 16S rRNA gene amplicon sequencing following previously 

described protocols (Caporaso et al. 2012; Caporaso et al. 2011) at the Research Technology 

Support Facility at Michigan State University. Specifically, 55 samples of microbial 

metagenomic DNA were submitted for amplicon library preparation and sequencing. The V4 

hypervariable region of the 16S rRNA gene was amplified using the Illumina compatible, dual 

indexed primers 515f/806r. The primers and the library construction protocol developed in 

Patrick Schloss' lab were previously described (Kozich et al. 2013). PCR products were batch 

normalized using Invitrogen SequalPrep DNA Normalization plates and product recovered from 

the plate pooled. This pool was cleaned up and concentrated using AmpureXP magnetic beads. 

The pool was QC’d and quantified using a combination of Qubit dsDNA HS, Agilent 4200 

TapeStation HS DNA1000 and Kapa Illumina Library Quantification qPCR assays. The pool 

was then loaded onto an Illumina MiSeq v2 Standard flow cell and sequencing was performed in 

a 2x250bp paired end format using a MiSeq v2 500 cycle reagent kit. Custom sequencing and 

index primers complementary to the 515f/806r oligos were added to appropriate wells of the 

reagent cartridge as previously described (Kozich et al. 2013). Base calling was performed by 
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Illumina Real Time Analysis (RTA) v1.18.54 and the output of RTA was demultiplexed and 

converted to FastQ format with Illumina Bcl2fastq v2.19.1.  

 

3.3.6 Analysis of Sequencing Data 

The amplicon sequencing data in the fastq file format was analyzed with Mothur (version 1.41.3) 

from Patrick D. Schloss Laboratory (Schloss 2009) using the MiSeq standard operating 

procedure (Schloss 2013). The steps involved the removal of barcode information and 

contiguous sequences were created using the forward and reverse reads. These were analyzed for 

errors and then classified. This involved checking the samples for the proper read length (<275 

bp), ambiguous bases and homopolymer length greater than 8 to eliminate such sequences. The 

sequences were then aligned with the SILVA bacteria database (Pruesse et al. 2007) for the V4 

region. Chimeras, mitochondrial and chloroplast lineage sequences were removed and then the 

sequences were classified into OTU’s. The summary file created by mothur was analyzed with 

Microsoft Excel 2016 and STAMP (Statistical Analyses of Metagenomic Profiles, software 

version 2.1.3.) (Parks et al. 2014). STAMP was used to detect differences in the relative 

proportions of the taxonomic profiles between the live controls (no 1,4-dioxane) and the samples 

for each of the four inocula in the fifth set of experiments (Soil F, Contaminated Site 10A, 

Sediment H and KBS Soil 3). This analysis included Welch’s two-sided t-test for two groups 

(samples and live controls) (p<0.05) to generate extended error bar figures for each soil.  

 

3.3.7 Statistical Analysis 

1,4-dioxane concentrations in the samples and abiotic controls were compared using the 

student’s t-test for independent variables with equal variance. Normality of the 1,4-dioxane 
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concentration data was confirmed using the Shapiro-Wilk test (p>0.05) and the assumption of 

equal variance was confirmed using Levene’s tests (p>0.05). The same tests were used to 

confirm equal variance and normality for the CSIA carbon data. The CSIA hydrogen data were 

not normal, therefore the Mann Whitney was used. These statistical tests were performed in 

XLSTAT software for statistical analysis in Excel (2019, http://www.xlstat.com). 

 

3.4. Results 

3.4.1 1,4-Dioxane Removal Trends 

1,4-dioxane concentrations in samples and abiotic controls were monitored for approximately 

one year in each of the five sets of experiments. Given the long incubation period, it is likely that 

the electron acceptors (nitrate, iron, sulfate) were depleted for each treatment. This was 

confirmed in one case, by the production of methane in the nitrate amended, agricultural soil 

inoculated microcosms. The first set of microcosms (inoculated with three agricultural soils and 

an EDTA iron/humic acid amendment) illustrated no significant difference (p<0.05) between the 

samples and abiotic controls for the majority of sampling times, suggesting no biological 1,4-

dioxane degradation occurred with this treatment for these soils (Figure 3.1).  

 

 

 

 

 

 

 

http://www.xlstat.com/
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Figure 3.1. 1,4-dioxane concentrations in sample and abiotic control microcosms of three soils 

amended with EDTA/iron and humic acid. The values and bars represent averages and standard 

deviations from triplicates. The circles represent a significant difference (two-tailed t-test, p<0.05) 

between the samples and abiotic controls (when abiotic controls > samples).  
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The second set of experiments (agricultural soils and four electron acceptor treatments) produced 

a variety of trends between the soils and treatments (Figure 3.2). Comparing the treatments, the 

most consistent removal was in the nitrate amended microcosms (Figure 3.2A). For all three 

soils, there was a statistically significant difference (p<0.05) between the samples and abiotic 

controls at the last sampling point (day 295 to 316). The Soil F nitrate amended sample 

microcosms and abiotic controls were submitted for CSIA (as discussed later). Similar to the first 

set of microcosms, no sustained significant degradation was noted in the samples compared to 

the abiotic controls in the iron amended microcosms (Figure 3.2B).  

 

In the sulfate amended microcosms, only Soil E resulted in a significant difference between the 

samples and abiotic controls over several time points (Figure 3.2C). When no electron acceptor 

was added, only Soils E and F illustrated consistent reduced concentrations in the samples 

compared to the abiotic controls (Figure 3.2D). Overall, the three soils illustrated a range of 1,4-

dioxane biodegradation abilities, depending on the electron acceptor amendment. Specifically, 

Soil E most commonly produced significant differences between the samples and abiotic 

controls, followed by Soil F, then Soil G (Table 3.2).  
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Figure 3.2. 1,4-dioxane concentrations in sample and abiotic control microcosms of three soils with 

different electron acceptor amendments (A-D). The values and bars represent averages and standard 

deviations from triplicates (except soil G, n = 2 for three cases). The circles represent a significant 

different (two-tailed t-test, p<0.05) between the samples and abiotic controls (when controls > samples). 

The arrows indicate the samples subject to DNA extraction. CSIA was performed on the samples and 

abiotic controls from the soil F, nitrate amended treatments. 
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Table 3.2. Percent removal in samples compared to the controls at the last time point (when the difference 

was statistically significant, determined with student's t-test for independent variables with equal 

variance, p< 0.05). 

  Nitrate Iron Sulfate 

No 

Amendment 

Soil E 29 0 21 23 

Soil F 25 0 0 24 

Soil G 41 0 0 0 

Sediment H 0 0 0 43 

Sediment J 0 0 0 0 

Maine  0 0 29 50 

California  16 0 0 16 

% of sample types with decreases in 

samples compared to the controls 57 0 29 71 

% average removal w/ std deviation  16 ± 16 0 7 ± 12 22 ± 19 

 

The third set of experiments involved Sediment H and Sediment J (both collected from 

uncontaminated rivers) as inocula. No significant decreases in 1,4-dioxane concentrations were 

seen in nitrate amended, sulfate amended or iron amended samples compared to the abiotic 

controls for both sediments (Figure 3.3A, 3.3B and 3.3C). Among the samples with no 

amendments, only Sediment H indicated a significant decrease in 1,4-dioxane concentrations 

compared to the abiotic controls (Figure 3.3D). This was one of the most dramatic reductions in 

1,4-dioxane in the live sample microcosms compared to the abiotic controls over all treatments 

and inocula types. 
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Figure 3.3. 1,4-dioxane concentrations in Sediment J and H sample and abioitic control microcosms over 

time with different amendments. The points illustrate average values from triplicates (except nitrate 

amended controls, sediment H, n=1) and the bars illustrate standard deviations. The circles represent a 

significant different (two-tailed t-test, p<0.05) between the samples and abiotic controls. The arrow 

indicates the samples subject to DNA extraction. 
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The fourth set of experiments (inoculated with sediments from two contaminated sites over four 

treatments) illustrated similar trends as those from the agricultural soils (Figure 3.4). 

Specifically, in one case for each of the nitrate amended and sulfate amended microcosms, there 

was a significant difference between the samples and abiotic controls (CA and MN, respectively) 

(Figure 3.4A and C). Further, no differences were observed between the samples and abioitic 

controls under the iron amended treatment (Figure 3.4B). Finally, in both cases, a substantial 

decrease (~17% and 50% for CA and MN) was observed in the samples compared to the abiotic 

controls when no electron acceptor was added (Figure 3.4D). The sample microcosms and 

abiotic control microcosms from the no amendment treatment with both sediments were 

submitted for CSIA analysis.  
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Figure 3.4. 1,4-dioxane concentrations in Maine and California sample and abiotic control microcosms over 

time with different amendments. The points illustrate average values from triplicates (except sulfate amended 

Maine sample, n=2 and sulfate amended CA control, n=2) and the bars illustrate standard deviations. The 

circles represent a significant different (two-tailed t-test, p<0.05) between the samples and abiotic controls 

(controls > samples).  The arrows indicate the samples subject to DNA extraction. CSIA was performed on the 

samples and abiotic controls from both of the no electron acceptor treatment (D). 
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A summary of the results described in the four sets of experiments is provided, focusing only on 

the last sampling point for each (Table 3.2). In the nitrate amended treatments, four of the six 

inocula types (or 57%) produced a significant reduction in 1,4-dioxane in the samples compared 

to the abiotic controls. In contrast, no differences were noted between the samples and abiotic 

controls under any of the iron amendment treatments. Only two (Soil E and the MN 

contaminated site sediments) of the seven cases (or 29%) illustrated biodegradation under the 

sulfate amendment treatment. Finally, the most frequent (five of the seven inocula types or 71%) 

reduction of 1,4-dioxane was noted under the no amendment treatment. The average removal 

(again, only at the last time point) was greatest under the no amendment treatment (22 ± 19 %), 

followed by the nitrate amended samples (16 ± 16 %) and the sulfate amended samples (7 ± 12 

%). Overall, it appears the likelihood of 1,4-dioxane biodegradation is the greatest with no 

amendments, when the microbial populations are likely under methanogenic redox conditions.  

 

The fifth set of experiments were established to compare the microbial communities between the 

live microcosms and the live control microcosms (no 1,4-dioxane amendment) and focused only 

on the no amendment treatment. For this, six agricultural soils, one contaminated (CA) and one 

uncontaminated sediment (Sediment H) sample were used as inocula (Figure 3.5). 1,4-dioxane 

concentrations were monitored in the samples and abiotic controls for more than 400 days. A 

significant reduction in 1,4-dioxane in the samples compared to the abiotic controls was only 

noted for two of six agricultural soils (Figure 3.5B, H). Consistent with the results described 

above (third and fourth set of experiments), a significant reduction in 1,4-dioxane was noted in 

the samples compared to the abiotic controls in Sediment H (Figure 3.5E) and the contaminated 
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samples from CA (Figure 3.5D). In this set of experiments, only 50% of the inocula types 

illustrated detectable levels of 1,4-dioxane biodegradation.  
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Figure 3.5. 1,4-dioxane concentrations in sample and abiotic control microcosms over time with different 

inocula. The points illustrate average values from triplicates (except Soil E and KBS Soil 2 samples, which are 

replicates) and the bars illustrate standard deviations. The circles represent a significant different (two-tailed t-

test, p<0.05) between the samples and abiotic controls. The arrows indicate the samples subject to DNA 

extraction. 
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3.4.2 Compound Specific Isotope Analysis (CSIA) 

CSIA was used to further investigate biodegradation in three sets of the anaerobic 1,4-dioxane 

degrading microcosms. For this, subsamples were collected from sample microcosms and abiotic 

controls from the Soil F/nitrate treatment (second set of experiments) and from the CA and MN 

contaminated site sediments/no electron acceptor treatment (fourth set of experiments) and these 

were sent to UWEIL for CSIA. This laboratory has already developed the methodology to 

measure δ13C and δ2H values for 1,4-dioxane (Bennett et al., 2018). All three sets of samples (six 

for each treatment, eighteen in total) were subject to 13C/12C analysis, but only the six Soil 

F/nitrate microcosms were subject to 2H/1H analysis. 1,4-dioxane degradation should result in 

more positive 13C/12C and 2H/1H ratios (or more positive δ13C and δ2H values) because bonds 

involving heavier isotopes are more difficult to break, and so bonds consisting of lighter isotopes 

are preferentially degraded, causing the residual, non-degraded contaminant to be heavy isotope 

enriched. In all cases, more positive δ13C and δ2H values were found in the live samples 

compared to the abiotic controls (Figure 3.6). However, the differences in δ13C values were only 

statistically significantly different between the samples and abiotic controls for Soil F/nitrate and 

contaminated site MN/no electron acceptor. It is likely that the decrease in 1,4-dioxane 

concentrations were too low for this method to detect a difference in δ13C values for the 

contaminated site CA/no electron acceptor. Specifically, for this treatment the average reduction 

in 1,4-dioxane concentration in the samples compared to the controls was 17% compared to 25% 

and 50% reductions in the other two treatments. The δ2H values were not significantly different 

between the samples and controls for Soil F (Figure 3.6B). 
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Figure 3.6. Comparison of δ13C (A) and δ2H (H) values in samples and abiotic controls of a sub-set of 

the experimental microcosms. The error bars represent standard deviations from triplicate samples and 

control microcosms and the p values were derived from the student's t-test (two tailed, independent 

variables, equal variance). 
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3.4.3 Putative 1,4-Dioxane Degraders 

To determine if any microorganism could obtain a growth benefit from 1,4-dioxane degradation, 

sample microcosms were supplied with media and 1,4-dioxane and the live control microcosms 

were supplied with the same media, but no 1,4-dioxane (fifth set of microcosms). Therefore, an 

increase in the relative abundance of any microorganism between the samples and live controls 

could be attributed to the presence of 1,4-dioxane. From this, a reasonable hypothesis would be 

that the enriched microorganisms are being exposed to growth supporting substrates from 1,4-

dioxane degradation. This comparison focused on the four inocula that illustrated 1,4-dioxane 

degradation (Figure 3.5B, D, E, H). Significant phylotypes enrichments (p<0.05) were noted for 

the microcosms inoculated with CA contaminated site sediments, Sediment F and KBS Soil 3 

(Figure 3.7). Only one phylotype, unclassified Comamonadaceae, (phylum Proteobacteria, class 

Betaproteobacteria, order Burkholderiales) was enriched in the CA contaminated site 

microcosms (Figure 3.7A). Nine phylotypes were enriched in the uncontaminated site (Sediment 

H) microcosms, with 3 genus incertae sedis (phylum Verrucomicrobia, class Subdivision3) being 

dominant (Figure 3.7B). There was a small (yet significant) enrichment of one phylotype, 

Pseudoxanthomonas, (phylum Proteobacteria, class Gammaproteobacteria, order 

Xanthomonadales, family Xanthomonadaceae) in the KBS Soil 3 microcosms (Figure 3.7C) and 

no enrichment of any phylotypes in the Soil F microcosms.  
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Figure 3.7. Phylotypes with a statistically significant difference (Welch’s t-test, two sided, p<0.05) 

between the 1,4-dioxane degrading samples (n=3) compared to the live controls (n=3). The comparisons 

are shown for the Contaminated Site (CA) microcosms (A), the Sediment H microcosms (B) and KBS 

Soil 3 microcosms (C). No differences were noted for Soil F. The data points to the left of the dashed line 

indicate phylotypes more abundant in the 1,4-dioxane degrading samples compared to the controls and 

those to the right indicate the reverse. For each, the x-axis have different scales.  
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The sequencing data sets were also analyzed to determine the relative abundance of previously 

identified 1,4-dioxane degraders. It is important to note that the analysis could only be performed 

at the genus level, therefore it is not possible to determine if particular species or strains are 

present. The 55 DNA extracts examined were from the fifth set of microcosms that illustrated 

1,4-dioxane degradation (Soil F, Contaminated Site 10A, Sediment H and KBS Soil 3) and from 

31 other microcosms that illustrated 1,4-dioxane biodegradation (from the other four 

experiments) (Table 3.1). Interestingly, all four soil inoculated microcosms contained a high 

relative abundance (~5-45%) of the genus Rhodanobacter (Figure 3.8, inserts). All four soils 

contained the genera Pseudomonas, Mycobacterium, Acinetobacter, although the relative 

abundance values were much lower (< 0.15%) than Rhodanobacter (Figure 3.8). The 

microcosms inoculated with KBS Soil 3 illustrated the largest number of previously identified 

1,4-dioxane degraders (11 from 15 genera) (Figure 3.8A). The Soils E, F and G inoculated 

microcosms primarily contained 4, 8 and 5 of these genera. The well-studied Pseudonocardia 

and Rhodococcus genera were only common in KBS Soil 3 microcosms (Figure 3.8A). The 

microcosms inoculated with contaminated site (CA) and uncontaminated site (Sediment H) 

sediments contained lower relative abundance values (<0.04%) for Rhodanobacter (Figure 3.9A 

and B). The CA contaminated site microcosms illustrated high levels of Pseudomonas (~20-

70%) and lower levels of Rhodanobacter and Acinetobacter (Figure 3.9A). Flavobacterium and 

Rhodococcus were only present in two from the twelve CA microcosms examined. The Sediment 

H microcosms contained lower levels (<0.011%) of Pseudomonas, along with Rhodanobacter 

and four other genera (Figure 3.9B). The KBS Soil 3 microcosms illustrated higher values for 

Rhodanobacter (in one case, Pseudomonas) and lower levels of seven other genera (Figure 

3.9C). Rhodococcus was present at low levels with all three inocula, but only in a small number 
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of microcosms. Pseudonocardia was absent from the CA microcosms, present at low levels in 

both a subset of the Sediment H microcosms and in all of the KBS Soil 3 microcosms. The 

average relative abundance values of the two enriched phylotypes discussed above (unclassified 

Comamonadaceae at 4.9% and 3 genus incertae sedis at 2.7%) were markedly higher than all of 

the previously identified dioxane degraders, except for Rhodanobacter and Pseudomonas.  
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Figure 3.8. Relative abundance (%) of genera previously associated with 1,4-dioxane biodegradation in replicates of 1,4-dioxane degrading 

microcosms or live controls (C, no 1,4-dioxane) inoculated with different soils. The inserts have a different axis to better illustrate the relative 

abundance of Rhodanobacter. 
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Figure 3.9. Relative abundance (%) of genera previously associated with 1,4-dioxane biodegradation in 

replicates of 1,4-dioxane degrading microcosms or live controls (C, no 1,4-dioxane) inoculated with 

different sediments (A, B, C). The inserts have a different axis to better illustrate the relative abundance of 

Pseudomonas. 
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3.5 Discussion 

Although much is known about the microorganisms and functional genes associated with 1,4-

dioxane degradation under aerobic conditions, limited research has addressed the susceptibility 

of 1,4-dioxane to biodegradation under anaerobic conditions (Rodriguez 2016; Shen et al. 2008; 

Steffan 2007). This research area is particularly important because 1,4-dioxane is a frequent co-

contaminant at chlorinated solvent sites, which are commonly subject to remediation under 

highly reducing conditions (i.e. sulfate reducing or methanogenic). The current study examined 

the occurrence of 1,4-dioxane biodegradation using numerous inocula (soils/sediments from 

contaminated and uncontaminated sites) and a range of electron acceptor treatments (nitrate, 

iron/humic acid, sulfate and no amendment). Additionally, the phylotypes enriched during 1,4-

dioxane biodegradation were investigated.  

 

As discussed above, previous research reported no 1,4-dioxane biodegradation over a range of 

redox conditions (Steffan 2007) with biodegradation occurring under iron reducing conditions 

(Rodriguez 2016; Shen et al. 2008). Shen, Chen and Pan (2008) observed anaerobic 1,4-dioxane 

biodegradation using sludge from a wastewater treatment plant. Three cases were highlighted 

using samples which were amended with a) Fe(III) oxide b) Fe(III)-EDTA and c) Fe(III)-EDTA 

and humic acid. The reductions in 1,4-dioxane concentrations increased from case (a) through (c) 

within the same 40 day period (Shen et al. 2008). However, the microorganisms responsible for 

1,4-dioxane removal were not identified. Rodriguez (2016) reported that 1,4-dioxane appeared to 

degrade under iron reducing conditions in the first 40 days. However, the concentration 

decreases could not be attributed to anaerobic biodegradation due to oxygen intrusion leading to 

oxidation of reduced iron (Rodriguez 2016). In the current work, the iron/EDTA/humic acid 
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amended microcosms did not result in any significant removal in the live samples compared to 

the abiotic controls. One hypothesis for the conflicting results (compared to Shen, Chan and Pan 

2008) could be the different sources of inocula (anaerobic wastewater sludge compared to soils 

and sediments in the current study) for the two studies, resulting in microbial communities with 

varying degradative abilities. It is important to note that in the current study, the contaminated 

site microcosms did not illustrate any degradation under these conditions (iron/EDTA/humic 

acid), therefore it is unlikely that in situ iron amendments would be a successful 1,4-dioxane 

remediation approach.  

  

An important limitation to the current study concerns the lack of data on electron acceptor 

concentrations. Given the long incubation periods, it is likely that electron acceptor depletion 

occurred and methanogenic conditions eventually dominated (which was confirmed in one case). 

Therefore, caution should be taken interpreting the impact of the addition of the various electron 

acceptors. However, it is reasonable to conclude that iron/EDTA/humic acid or sulfate 

amendments did not facilitate 1,4-dioxane biodegradation in the majority of cases and therefore 

these treatments would be ineffective in situ remediation techniques.  

 

1,4-dioxane biodegradation most commonly occurred in the nitrate amended treatments and no 

electron acceptor treatments. Four and five (from seven) inocula sources examined in the first 

four sets of experiments produced significant reductions in 1,4-dioxane concentrations in the 

samples compared to the abiotic controls in the nitrate and no electron acceptor treatments, 

respectively. Further, both contaminated site sediments illustrated significant removal in the 

samples compared to the controls in the no electron acceptor treatment. However, the 
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biodegradation rates were slow, with concentration reductions occurring over approximately one 

year. Taken together, the data indicate in situ 1,4-dioxane bioremediation under methanogenic 

conditions may be a feasible remediation approach if sufficient time is permissible for site 

cleanup.  

 

CSIA has been previously applied to examine aerobic 1,4-dioxane biodegradation (Bennett et al. 

2018; Gedalanga et al. 2016; Pornwongthong 2014). Recently, CSIA enabled the discrimination 

between the activities of the bacteria Rhodococcus rhodochrous ATCC 21198 and 

Pseudonocardia tetrahydrofuranoxidans K1 during 1,4-dioxane biodegradation (Bennett et al. 

2018). Another study examined 1,4-dioxane biodegradation using CSIA in both pure and mixed 

cultures and found more positive δ13C and the δ2H values after biodegradation (Pornwongthong 

2014). Also, CSIA provided additional evidence of 1,4-dioxane biodegradation in a groundwater 

plume that contained both metabolic and co-metabolic 1,4-dioxane degrading bacteria 

(Gedalanga et al. 2016). Similar to the current work, CSIA has been adopted to characterize 

biodegradation of many organic compounds including chlorinated solvents, aromatic petroleum 

hydrocarbons and fuel oxygenates (Hunkeler et al. 2008; Pooley et al. 2009; Qian et al. 2019; 

Rosell et al. 2007; Wang et al. 2004). The applicability of CSIA has also been explored in in-situ 

biodegradation of organic contaminants such as hexachlorocyclohexane in contaminated soils 

(Qian et al. 2019).   

 

To our knowledge, this is the first application of CSIA to investigate anaerobic 1,4-dioxane 

biodegradation. In two of the three cases examined, CSIA provided additional evidence for 1,4-

dioxane biodegradation. In one case, the reduction in 1,4-dioxane in the samples compared the 
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controls was likely too low for the method to detect a significant 13C/12C enrichment. The 

changes in 13C/12C ratios in the current study were less than those reported previously for aerobic 

1,4-dioxane biodegradation (Bennett et al. 2018), however, the changes in 1,4-dioxane 

concentrations were also less in the current study. The preliminary data set generated here 

indicate the value and limitations for 13C/12C analysis for documenting anaerobic 1,4-dioxane 

biodegradation. Further research is required to determine the value of measuring 2H/1H for 

generating evidence for the biodegradation of this chemical.  

 

The greatest 1,4-dioxane decreases were observed in the microcosms inoculated with river 

sediment (Sediment H) and the contaminated sediment from Maine. Therefore, future research 

should examine the capabilities of other sediments to biodegrade this contaminant. The current 

research included experiments both with and without the addition of sodium lactate as an 

electron donor. Unfortunately, no clear trend was apparent as to the value of adding this 

substrate. Many chlorinated solvent sites are amended with an electron donor (e.g. vegetable soil, 

hydrogen release compound) so at least this particular substrate did not have any negative impact 

on 1,4-dioxane biodegradation. Additional research will be needed before any conclusions can be 

reached on the value of adding lactate to enhance biodegradation.  

 

The analysis of the microbial communities from 1,4-dioxane degrading microcosms indicated 

unclassified Comamonadaceae were obtaining a growth benefit in microcosms inoculated with 

sediment from the CA contaminated site. Comamonadaceae is a large and diverse family (over 

100 species in 29 genera) that illustrate an impressive level of phenotypic diversity, including 

aerobic organotrophs, anaerobic denitrifiers, iron reducing bacteria, hydrogen oxidizers, 
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photoautotrophic and photoheterotrophic bacteria, and fermentative bacteria (Willems 2014). 

Additional research will be needed to determine which particular species within this family were 

enriched during 1,4-dioxane degradation. 

 

For the uncontaminated sediment (Sediment H), nine phylotypes were enriched in the 1,4-

dioxane degrading microcosms compared to the controls with 3 genus incertae sedis (phylum 

Verrucomicrobia, class Subdivision3) being more highly enriched compared to the others 

(average 2.7% relative abundance). This phylotype also exhibited a high relative abundance 

(average 2.9%) in the MN contaminated sediment microcosms that illustrated 1,4-dioxane 

degradation. Verrucomicrobia is a rarely cultivated phylum that is generally poorly studied 

(Naumoff and Dedysh 2018; Tanaka et al. 2017). Again, additional research is needed to confirm 

the role of these phylotypes in 1,4-dioxane biodegradation.  

 

One genus, Pseudoxanthomonas, (phylum Proteobacteria, class Gammaproteobacteria, order 

Xanthomonadales, family Xanthomonadaceae) was enriched following 1,4-dioxane 

biodegradation in KBS Soil 3.This genus was recently linked to the biodegradation of anti-

inflammatory drugs in the environment (Lu et al. 2019). The 1,4-dioxane degrading communities 

also contained sequences that classified in the genera of previously reported 1,4-dioxane 

degraders. The soil microcosms were dominated primarily by Rhodanobacter with lower 

abundance values for Pseudomonas, Mycobacterium and Acinetobacter. The sediment 

communities were dominated by Pseudomonas and Rhodanobacter. However, as stated above, it 

is important to note the classification is only to the genus level, therefore it is unknown if 
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specific strains or species are present. Again, additional work is needed to determine the 

importance of these genera in 1,4-dioxane degradation under these experimental conditions. 

 

Overall, the current study indicates 1,4-dioxane biodegradation under anaerobic, and likely 

highly reducing conditions, is feasible. Therefore, natural attenuation may be an appropriate 

clean-up technology at sites where time is not a constraint. This work also provides novel 

insights on microbial community obtaining a growth benefit from 1,4-dioxane under anaerobic 

conditions. Future research should target sediments from other contaminated sites along with 

additional CSIA measurements to confirm biodegradation.  
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Chapter 4 Analysis of Functional Genes Associated with Organic Contaminant Biodegradation 

in Agricultural Soils using Shotgun Sequencing Data 

 

4.1 Abstract 

Organic contaminants in soil and groundwater represent a significant problem as many are 

potentially hazardous to human health. Bioremediation can be an effective strategy to remediate 

these chemicals in both soil and groundwater. The success of bioremediation is often linked to 

the abundance of functional genes present in the soil that are associated with the degradation 

process. Although previous studies have explored these genes in contaminated environmental 

samples, limited information is available on the presence and abundance of these genes in 

uncontaminated / agricultural soils. Further, agricultural soils are known to contain diverse 

microbial communities both phylogenetically and functionally. In this study, the objective was to 

examine a set of genes associated with organic contaminant degradation in four uncontaminated 

(agricultural) soils. The abundance and diversity of benA, bph, dbfA, dxnA, etnC, etnE, ppaH, 

npaH, vcrA, xenA, xenB and xplA were investigated using protein sequences from the Functional 

Gene Pipeline and Repository (FunGene). A comparison of relative abundance of genes between 

four different soils indicated dbfA, etnE, npaH, xenA and xplA were more abundant in all of the 

soil metagenomes. Also, vcrA illustrated the the lowest relative abundance level. The 

phylogenetic trees created indicate many genera may potentially be associated with each gene 

including Pseudomonas, Rhodococcus, Mycobacterium and Nocardioides. From these, some 

strains are well studied and are known to be involved in the biodegradation of organic 

contaminants and others are potentially new genera that may be associated with the 

biodegradation of the targeted group of contaminants.  
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4.2 Introduction  

The contamination of soil and groundwater with organic contaminants including hazardous 

hydrocarbons has resulted in public health issues. Many of these organic contaminants are 

known or potential carcinogens or pose toxic risks to humans including polychlorinated 

biphenyls (PCBs), polychlorinated dioxins and polychlorinated dibenzofurans (Brzuzy and Hites 

1996; Iyer et al. 2016; Mayes et al. 1998; Van den Berg et al. 2006). This, in turn, demonstrates a 

need for better remediation strategies. Aerobic bacteria growing on organic contaminants have 

remained a topic of interest due to their role in bioremediation (Pieper 2005). The catabolic 

genes responsible for the production of degradative enzymes have been studied to investigate the 

biodegradation potential of such bacteria (Nyyssönen et al. 2008; Widada et al. 2002). The native 

populations at contaminated sites could dictate the extent of bioremediation potential at the site 

(Widada et al. 2002) and this has led to studies focusing on functional genes associated with 

degradation.  

 

The current study focuses primarily on the presence and abundance of genes in soils associated 

with organic contaminant biodegradation. To this aim, the abundance and diversity of the 

following 12 genes were investigated: benA, bph, dbfA, dxnA, etnC, etnE, ppaH, npaH, vcrA, 

xenA, xenB and xplA. For this, protein sequences were gathered from the Functional Gene 

Pipeline and Repository (FunGene). FunGene includes databases of multiple functional genes 

and proteins along with tools for further analysis with the ability to download aligned sequences 

(Fish et al. 2013).  
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The benzoate dioxygenase complex encoded by the catabolic genes benABCDK has been 

previously studied and is known to be associated with benzoate and biphenyl catabolism 

(Kitagawa et al. 2001; Patrauchan et al. 2005). Benzoate dioxygenase catalyzes the conversion of 

benzoate to catechol (Reiner 1971). The gene benA is associated with the biodegradation of 

benzoate under aerobic conditions to its non-aromantic form, cis-diol (Neidle et al. 1987). This 

compound is an intermediate in anaerobic metabolism of aromatic compounds but more 

commonly, benzoates and chlorobenzoates are intermediate metabolites of biphenyl and PCB 

degradation (Hernandez et al. 1991; Sondossi et al. 1992).  

 

Biphenyl dioxygenases, encoded by bph, are known to be involved in (PCB)/biphenyl 

degradation (Erickson and Mondello 1992; Kumamaru et al. 1998; Ohtsubo et al. 2001; Seeger et 

al. 1995). The gene cluster (bph genes) was initially cloned from Pseudomonas 

pseudoalcaligenes KF707 (Furukawa and Miyazaki 1986). Many bacterial strains belonging to 

Proteobacteria and Actinobacteria can utilize biphenyl as a sole carbon source and co-

metabolically utilize PCBs (Bedard et al. 1986; Denef et al. 2004). PCBs have been widely used 

compounds in industrial applications and are known for their toxicity, mutagenicity, health risks 

and potential bioaccumulation (ATSDR 2000; Faroon and Ruiz 2016). Concerns about their 

persistence has led to many research studies on their biodegradation potential (Abraham et al. 

2002; Kumamaru et al. 1998). 

 

In general, there are three dioxygenases, encoded by dxnA, dbfA and carA, involved in catalysis 

of the initial reaction of dioxin catabolic pathway all of which attack at the angular position 

(Field and Sierra-Alvarez 2008). The presence and diversity of both dbfA and dxnA are included 
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in current work and are associated with angular dioxygenation of dibenzofuran and dioxin 

(Kasuga et al. 2013; Penton et al. 2013). The dbfA gene cluster encoding angular dioxygenases 

were amplified and sequenced previously (Peng et al. 2013). Although no extensive study has 

been conducted on dibenzofuran toxicity to humans, there is a low risk based on animal studies 

(EPA 2007). Chlorinated dioxins are known to consist of multiple congeners that are extremely 

toxic and sometimes the non-toxic lower chlorinated dioxins are biotransformation products of 

the more toxic versions (Field and Sierra-Alvarez 2008). This has led to increased interest in 

their biodegradation potential. 

 

The enzymes alkene monooxygenases (encoded by etnC) and epoxyalkane: coenzyme M 

transferase (encoded by etnE) are involved in aerobic degradation of contaminants including 

vinyl chloride (VC), ethene and propene (Allen et al. 1999; Coleman and Spain 2003; Ensign 

2001; Smith et al. 1999). Both ethene-assimilating bacteria and VC-assimilating bacteria utilize 

these enzymes in the initial process of aerobic biodegradation (Coleman and Spain 2003). VC, a 

reduction product of the groundwater contaminants tetrachloroethene (PCE) and trichloroethene 

(TCE), is a known human carcinogen and has been well-studied (ATSDR 2006; Wagoner 1983). 

This contaminant is highly prevalent at chlorinated solvent contaminated sites (Coleman et al. 

2002a). 

 

The degradation of polycyclic aromatic hydrocarbons (PAHs) depends on multiple genes and 

gene clusters grouped together into homologies including pah, nah, ndo and dox (Lu et al. 2021). 

Naphthalene dioxygenase and phthalate dioxygenase (npaH and ppaH) are associated with the 

degradation of contaminants including PAHs (Fang et al. 2013; Peng et al. 2008; Peng et al. 
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2010; Resnick et al. 1996; Selifonov et al. 1996). The PAHs are widespread in the environment 

and are widely regarded as hazardous due to their ability to induce mutagenicity and 

carcinogenicity (Dipple 1985; Talaska et al. 1996). Thus, the use of microbial action for the 

remediation of these contaminants paves a better way to dispose of them compared to disposal at 

waste sites. The ring hydroxylating oxygenases play a crucial role by catalyzing the first step of 

the degradation process (Peng et al. 2010). One example would be naphthalene dioxygenase, 

which is helpful in dehydroxylating low molecular weight PAHs (Peng et al. 2008). Phthalates 

are used commonly in the production of plastics, textiles, pesticides, munitions, cosmetics and 

insect repellents (Peakall 1975). Due to widespread usage, there is a growing concern about their 

release into the environment and the effects on human health (Kinzell et al. 1979).  

 

Reductive dehalogenases are responsible for organohalide respiration and are associated with 

reductive dechlorination of chlorinated solvents, such as PCE and TCE  (Löffler et al. 2013). The 

gene encoding for VC reductive dehalogenase, vcrA, is well-studied and plays an important role 

in VC remediation (Müller et al. 2004; van der Zaan et al. 2010). Also, vcrA is known to be up-

regulated when exposed to TCE, cis-dichloroethylene and VC (Lee et al. 2006). 

 

The enzymes encoded by xenA, xenB and xplA are associated with hexa-hydro-1,3,5-trinitro-

1,3,5-triazine (RDX) biodegradation and play a crucial role in the biotransformation of RDX 

(Fuller et al. 2009; Indest et al. 2007; Rylott et al. 2006; Seth-Smith et al. 2002). Both xenA and 

xenB have been sequenced and characterized (Blehert et al. 1999). The gene xplA is the most 

well-studied among the three and has been identified in multiple genera (phylum Actinobacteria) 

including Rhodococcus, Gordonia, Williamsia (all under suborder Corynebacterineae) and 
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Microbacterium (under suborder Micrococcineae) (Andeer et al. 2009; Bernstein et al. 2011; 

Coleman et al. 1998; Indest et al. 2007; Nejidat et al. 2008; Rylott et al. 2006; Rylott et al. 2011; 

Seth-Smith et al. 2008; Seth-Smith et al. 2002; Thompson et al. 2005). Munition manufacturing 

sites have resulted in the release of munition-related chemicals including RDX in soil and 

groundwater. The toxicity of this compound is well established in humans and other mammals 

(Roberts and Hartley 1992).  

 

The current study exploits the vast information available from high throughput shotgun 

sequencing to examine the occurrence and diversity of this subset of contaminant biodegradation 

genes in soil derived samples. Soil is well known as an excellent media to explore microbial 

diversity. The work takes advantage of a previous project (by the same authors) that produced 

the shotgun sequencing data (Ramalingam and Cupples 2020). Although previous studies by 

others have examined the occurrence of these genes in environmental samples, knowledge gaps 

exist concerning their diversity and abundance across different soils. Further, to date, shotgun 

sequencing has yet to be applied as a tool to investigate these genes between multiple samples. 

The overall objective of this work was to determine the relative abundance and diversity of 

twelve genes previously associated with contaminant biodegradation in multiple soil 

metagenomes. We hypothesized that 1) a large number of genera previously associated with 

these genes would be identified, 2) some genes would be more abundant and diverse than others, 

and 3) in some cases, positive correlations would exist between gene abundance values. The aim 

of the research is to improve our understanding of the biodegradation potential of organic 

contaminants across soils. 
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4.3 Methods 

4.3.1 Experimental Setup and DNA Extraction 

The microbial communities examined here originated from a previous study on the susceptibility 

of 1,4-dioxane to biodegradation under aerobic conditions (Ramalingam and Cupples 2020). 

Briefly, agricultural samples were collected from two locations on the campus of Michigan State 

University (MSU), East Lansing, Michigan (soils F and G) and two locations at the Kellogg 

Biological Station, Hickory Corners, Michigan (Treatments 1 and 2, called Soil T1 and T2). 

Each of the four soil metagenomes included replicated controls (no 1,4-dioxane) and samples 

(with 1,4-dioxane). Soil F included 2 controls and 3 samples and the other three agricultural soils 

(G, 1 and 2) included 2 samples and 2 controls. One sample sequencing file (within the set of 4) 

for soil T2 was deemed unusable since it appeared as an outlier and therefore not used in this 

study.  

 

4.3.2 Shotgun Sequencing and Trimmomatic 

Libraries were generated for shotgun sequencing at the Research Technology Support Facility 

Genomics Core at MSU. Libraries were prepared using the Takara SMARTer ThruPLEX DNA 

Library Preparation Kit following manufacturer's recommendations. Completed libraries were 

QC’d and quantified using a combination of Qubit dsDNA HS and Agilent 4200 TapeStation HS 

DNA1000 assays. The libraries were pooled in equimolar amounts for multiplexed sequencing. 

The pool was quantified using the Kapa Biosystems Illumina Library Quantification qPCR kit 

and loaded onto one lane of an Illumina HiSeq 4000 flow cell. Sequencing was performed using 

HiSeq 4000 SBS reagents in a 2x150 bp paired-end format. Base calling was done by Illumina 

Real Time Analysis (RTA) v2.7.7 and output of RTA was demultiplexed and converted to FastQ 
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format with Illumina Bcl2fastq v2.19.1. Trimmomatic was used to remove low quality sequences 

and Illumina adapters in paired-end mode (Version 0.39) (Bolger et al. 2014). 

 

4.3.3 FunGene Pipeline and DIAMOND 

The MSU RDP Functional Gene Pipeline and Repository (FunGene) was used to select a group 

of genes associated with organic contaminant biodegradation for this study (Fish et al. 2013). For 

each gene, the sequences were downloaded with a minimum HMM coverage of 70% (95% was 

used for xenA and xenB due to the large number of sequences). The protein downloads were 

dereplicated using the FunGene pipeline. The dereplicated files were used with DIAMOND 

(double index alignment of next-generation sequencing data) (Buchfink et al. 2015) for aligning 

two paired output files from Trimmomatic to the twelve protein databases selected from the 

FunGene database. For each gene, a DIAMOND file was created to which the Trimmomatic files 

could be aligned.  

 

4.3.4 Relative Abundance of Biodegradation Genes  

After the alignment was complete, the DIAMOND files were analyzed using R (Team 

2018)(Version 3.5.1) in RStudio (Team 2020)(Version 0.9.24), which included combining the 

data from the two paired files and deleting duplicated data. RStudio was used to sort and select 

reads that exhibited an identity of ≥ 60% and an alignment length ≥ 49 amino acids. For each 

gene, the relative abundance values were calculated using the number of aligned reads divided 

by the total number of sequences for each sample (determined by Trimmomatic) and the number 

of sequences in the dereplicated file (from FunGene). Once the relative abundance was 
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computed, the resulting data was used to generate box and whisker plots along with Principal 

Component Analysis using Microsoft Excel (XLSTAT).  

 

4.3.5 Statistical Analysis: Linear Regression and EstimateS Diversity Indices 

A correlation analysis between the different genes was performed using RStudio.  One-way 

Analysis of Variance (ANOVA) was used as a parametric method for comparing the independent 

populations from the four soils. First, the data was checked for normality using the Shapiro Wilk 

test (p>0.05 shows normal distribution of data) with the R package rstatix (Kassambara 2020). 

The data was also checked for equal variance using Barlett’s test (p>0.05 for equal variance) 

with R package stats (Team 2018). Based on the ANOVA tests, if the samples exhibited 

significant differences between the means (p<0.05), the results were further analyzed with 

Tukey’s ‘Honest Significant Difference’ (HSD) method. For the samples where the data did not 

satisfy the normal distribution required for ANOVA, a non-parametric approach was used. For 

non-normal data, Kruskal Wallis One Way Analysis of Variance was used as an equivalent for 

the ANOVA test. The R package stats was used to carry out the test and the data was checked for 

homogeneity of variances using Levene’s test with the R package car (Fox and Weisberg 2019). 

Any significant differences (p<0.05) were further tested using Dunn’s test for multiple 

comparisons using the R package FSA (Ogle 2020).  

 

Linear regression models were used to obtain information for the regression equations and p-

values. The Shapiro Wilk test was used again to test for normality by checking the entire relative 

abundance dataset followed by testing for equal variance using F test (null hypothesis is that the 

ratio of variances of the populations is equal). For genes that satisfied both the normality and 
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equal variance, plots were made. For those showing a significant relationship (p<0.05), 

regression line plots were created using R package ggplot2  (Wickham 2016) with 95% CI and 

Pearson’s coefficient being calculated. Non-parametric Spearman’s Rank test was used for data 

sets that did not demonstrate normality. Spearman’s correlation was performed using cor.test 

function with the R stats package.  

 

EstimateS (Statistical Estimation of Species Richness and Shared Species from Samples) enabled 

the calculation of diversity indices (Version 9.1.0) (Colwell and Elsensohn 2014). This software 

computes biodiversity statistics, estimators, and indices based on sampling data. All 

computations were performed with sample-based incidence or abundance data settings. Fisher’s 

alpha, Shannon and Inverse Simpson indices were calculated along with Chao1 and Chao2 bias 

corrections. The outputs were exported and analyzed in Microsoft Excel.  

 

4.3.6 Phylogenetic Trees Based on Contigs  

Shotgun sequences processed by Trimmomatic were assembled into larger contiguous segments 

(contigs) using Megahit (Li et al. 2015; Li et al. 2016)(Version 1.2.4) with the pair end plus 

single end option (minimum and maximum kmer size were 27 and 127 with a kmer size step of 

10). The final contigs output files were used further for creating phylogenetic trees. For this, 

DIAMOND files were created using 95% HMM from the FunGene database for each of the 12 

genes (70% HMM for xplA since there were no hits at 95%). A higher percentage HMM was 

selected here (compared to the analysis of the reads) to produce alignments that were more 

specific to each target gene. The top 100 accession numbers for each gene (72 for npaH and none 

for vcrA) were taken from the files generated using Rstudio (with identity of ≥ 60% and an 
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alignment length ≥ 49 amino acids) and used in NCBI Constraint-based Multiple Alignment 

Tool (COBALT) (Papadopoulos and Agarwala 2007). After alignment, only the unique 

sequences were chosen and re-aligned. The files were downloaded and used to create the 

phylogenetic trees in MEGA X (Kumar et al. 2018) (Version 10.0.5). The trees were based on 

the most abundant sequences across all samples for all genes. The trees were constructed using 

Maximum Likelihood method based on the Jones-Taylor-Thornton (JTT) model (Jones et al. 

1992). A Nearest-Neighbor-Interchange (NNI) ML Heuristic Method was used within MEGA X 

(Kumar et al. 2018).  

 

4.4 Results 

4.4.1 Relative abundance of Biodegradation Genes in Soils 

Reads aligned to all 12 genes in the four agricultural soils, as shown in the box and whisker plot 

(Figure 4.1a). Genes including dbfA, etnE, npaH, xenA and xplA were more abundant than the 

rest in all four soils (Figure 4.1a). The lowest abundance levels were observed for vcrA and 

xenB. A PCA plot, created using soil characteristics and gene relative abundance values as active 

variables and soil samples as active observations, illustrates sample clusters suggesting 

similarities between various samples/genes (Figure 4.1b). For example, both soil F and soil G 

formed separate clusters (bottom and top left of plot), with soil G positively correlating with 

three soil variables (sand, potassium and phosphorus) and soil F illustrating no strong 

correlations. The majority of the soil T1 values clustered together, whereas soil T2 values did not 

form a strong cluster. The majority of the genes clustered together, except for etnC and vcrA. 

Further, the remaining soil variables positively correlated with values from soil T1. 
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Figure 4.1. Box and whisker plot of relative abundance of genes (A) and Principle Component Analysis 

of the genes across the four agricultural soils (with or without added 1,4-dioxane) (B). 
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4.4.2 Statistical Tests - ANOVA and Kruskal Wallis  

The ANOVA or Kruskal-Wallis test was used to determine any significant differences in gene 

abundance between soils. Barlett’s test indicated 8 genes exhibited equal variance (all except 

etnE, vcrA, xenA and xplA have p>0.05).  Normality tests for these 8 genes indicated only dxnA 

and xenB had normal data for all 4 soils. The other genes had at least 1 soil with non-normal 

data. The Tukey HSD test indicated significant differences between the soils and are represented 

by different letter notations on the Figure 4.2. For the non-normal data, Kruskal Wallis test was 

carried out. The variances were checked using Levene’s test and all but xenA indicated equal 

variance. The Kruskal Wallis test indicated significant differences for etnE and xplA and this was 

further investigated using Dunn’s test for multiple comparisons. However, no significant 

differences between the soils were observed for etnE and xplA.  The values for xenA did not meet 

the statistical assumptions made for ANOVA or Kruskal-Wallis test since the data showed 

unequal variance (thus, no letter notation was added) (Figure 4.2). The highest abundance values 

were noted for dbfA, etnE, npaH, xenA and xplA and the least abundant values were for vcrA in 

all four soils. For the relative abundance calculations, 3 samples of soil T2 (n=3) were included 

along with 4 samples for soil T1 (n=4), 4 samples for soil G (n=4) and 5 samples of soil F (n=5). 

The genes benA, bph, dbfA, dxnA and npaH indicated significant differences between soil G and 

soil T2. The gene etnC indicated significant differences between all the soil pairs except between 

two soil pairs (a) soil F and soil T1 and (b) soil T1 and soil T2. All the other genes showed no 

significant differences between the soils (Figure 4.2).  
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Figure 4.2. Average relative abundance values (%, as determined by DIAMOND) for each soil (n=5 for soil 

F, n=4 for soil G and soil 1 and n=3 for soil 2) with standard deviations illustrated with the error bars. Values 

that are statistically significantly different (ANOVA or Kruskal-Wallis test, p<0.05) are shown with different 

letters. Letters are missing for xenA because the statistical assumptions were not met for either test (unequal 

variance). Note, all y-axis have different scales. 
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4.4.3 Linear Regression of Data 

A linear regression of the relative abundance of genes was performed using RStudio. Shapiro’s 

test showed the 4 genes benA, dxnA, etnC and ppaH to have normal data, when all soil datasets 

were combined (p>0.05) (Appendix Table 4.1) and they were further tested by comparing 

variances using F test (Appendix Table 4.2). All of them showed equal variance and a linear 

model was plotted for each with the regression equation, p-values and F-test ratio of variances 

listed in the .Appendix Table 4.2. All of the p-values for the linear model equations were below 

0.05.  Pearson’s Correlation coefficient obtained for each regression varied from 0.55 to 0.88 

(Appendix Table 4.2).  

Eight genes including bph, dbfA, etnE, npaH, vcrA, xenA, xenB and xplA showed non-normal 

data and Spearman’s rank test (p<0.05) was used to determine correlations that were statistically 

significant. The Spearman’s rho values calculated based on comparisons between genes, show 

high correlation for bph vs dbfA, bph vs npaH, dbfA vs npaH and xenA vs xenB. A scatterplot 

comparing the relative abundance of the 8 genes across all the samples are shown (Figure 4.3). 

The resulting p-values and the Spearman’s rho values are listed in Appendix Table 4.3 and 4.4 

respectively.  
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Figure 4.3. Scatterplots comparing relative abundance values of 8 genes (non-normal data) across all samples. Correlations 

that were statistically significant (Spearman’s rank test, p<0.05) are boxed in red. 
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The regression line plots created for the genes with normal relative abundance data and equal 

variance indicate a positive relationship between the % relative abundance  of each gene plotted 

against that of the other genes (Figure 4.4). The relative abundance % of benA vs dxnA indicates 

a significant relationship with p value of 0.02 (since p value< 0.05). Similarly, the relationships 

between the others including benA vs etnC, benA vs ppaH, dxnA vs etnC, dxnA vs ppaH and 

etnC vs ppaH also demonstrate significant relationships with p values < 0.05.   Also, regression 

line plots with 95% CI indicate a higher slope and higher Pearson’s correlation coefficient for 

dxnA vs ppaH plot compared to other plots (Figure 4.4). The lowest slope was noted for etnC vs 

ppaH linear regression plot. 
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Figure 4.4. Regression line scatter plots with 95% CI for genes with normal relative 

abundance data and equal variance. 

 

Figure 4.4. Regression line scatter plots with 95% CI for genes with normal 

relative abundance data and equal variance  
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4.4.4 Diversity Indices determined by EstimateS 

The results from the Chao1, Chao2, Shannon and Simpson Inverse diversity indices were 

analyzed in excel (Figures 4.5 and 4.6). The Chao1 index diversity showed no significant 

differences between the 4 soils for each of the 12 genes except dbfA and dxnA (Appendix Table 

4.5). However, differences between the genes were noted for each soil. The gene xenB indicated 

the highest diversity values among the 12 genes with values over 8000. The lowest diversity 

index values were observed for vcrA gene with values below 500. The genes benA, bph, etnE and 

xenA also indicated higher diversity values over 2000 (Figures 4.5 and 4.6). The Tukey HSD test 

results indicated a significant difference between soil T1 and soil G for both dbfA and dxnA 

(Appendix Table 4.6). The Chao2 diversity did not show any significant differences between the 

four soils for any of the genes. However, the Chao2 diversity index values followed a similar 

trend as Chao1 index diversity with differences between the genes for each soil (Figures 4.5 and 

4.6). Neither the Tukey HSD nor the Dunn’s test could be used appropriately in this case since 

none of the data satisfied the normal sample distribution criteria (Appendix Tables 4.8 – 4.10). 

The Shannon index indicated significant differences between all 4 soils in many of the genes 

including bph, dbfA, etnC, etnE, npaH, ppaH, vcrA, xenB, xenA and xplA (Appendix Tables 4.11 

- 4.13).The Shannon diversity index indicated some variation between the genes for each soil 

with values around 5 to 7.5. The gene xenB indicated the highest diversity index values. The 

Simpson Inverse diversity index similarly showed a significant difference between the 

agricultural soils in all genes except benA (Appendix Tables 4.14 – 4.16). Also, differences were 

observed between the genes for each of the agricultural soils. The gene benA indicated the lowest 

diversity index values and the Tukey HSD and the Dunn’s test were not appropriate for benA 

data for Simpson Inverse index (Figure 4.5).  
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Figure 4.5. Average index diversity values for each soil as determined by EstimateS (n=4) with 

standard deviations illustrated with the bars. Values that are statistically significantly different 

(ANOVA or Kruskal-Wallis test, p<0.05) are shown with different letters. Note, the scale on the y-

axis differs between graphs. 
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Figure 4.6. Average index diversity values for each soil as determined by EstimateS (n=4) with 

standard deviations illustrated with the bars. Values that are statistically significantly different 

(ANOVA or Kruskal-Wallis test, p<0.05) are shown with different letters. Note, the scale on the y-

axis differs between graphs. 
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4.4.5 Phylogenetic Trees 

Phylogenetic trees were created using the top 100 accession numbers in NCBI COBALT for 

each gene (except vcrA and npaH). For npaH, only 72 accession numbers represented sequences 

with identity ≥ 60% and an alignment length ≥ 49 amino acids. For vcrA, no sequence exhibited 

an amino acid length ≥ 49 (and hence no tree was generated). The gene benA indicated an 

abundance of sequences classifying within the genera Gordonia, Pseudomonas and Rhodococcus 

with few classifying within the genera Mycobacterium and Mycolibacterium (Figure 4.7). The 

gene bph indicated an abundance of sequences classifying within the genera Achromobacter, 

Bordetella and Mycolibacterium with some classifying within the genera Streptomyces and 

Herbaspirillum (Figure 4.8a).  Phylogenetic tree created for the gene dxnA indicated sequences 

classifying within the genera Escherichia, Rhodococcus, Pseudomonas and Mycolibacterium 

(Figure 4.9). The gene etnC indicated sequences classifying within the genera Rhodococcus and 

Mesorhizobium along with sequences classifying within the genera Pseudomonas, Nocardioides, 

Mycobacterium and Pseudonocardia (Figure 4.10). A number of sequences classifying within 

the genera Achromobacter and Bradyrhizobium were present in the phylogenetic tree created for 

the gene etnE along with some sequences classifying within the genera Xanthomonas, 

Agrobacterium and Arthrobacter (Figure 4.11a). The genes npaH and ppaH indicated several 

sequences classifying within the genera Rhodococcus and Mycolibacterium (Figure 4.11b and 

4.12a). The gene xenA included sequences classifying within the genera Pseudomonas, 

Rhodococcus and Bradyrhizobium (Figure 4.12b). The gene xenB indicated an abundance of 

sequences classifying within the genera Pseudomonas, Agrobacterium, Achromobacter, 

Fusarium, Streptomyces and Bradyrhizobium (Figure 4.13). Similarly, the gene xplA indicated 

several sequences classifying within the genera Bradyrhizobium along with few sequences 
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classifying within the genera Afipia and Mycobacterium (Figure 4.14). Since only representative 

sequences were chosen for each gene, not all the strains of each species are listed in the trees 

created using MEGA X. 
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Figure 4.7. Phylogenetic tree for gene benA created using MEGA X. The evolutionary history was 

inferred by using the Maximum Likelihood method and JTT matrix-based mode. The tree with the highest 

log likelihood (-9563.06) is shown. Initial tree(s) for the heuristic Phylogenetic tree for gene benA created 

using MEGA X. The evolutionary history was inferred by using the Maximum Likelihood method and 

JTT matrix-based mode. The tree with the highest log likelihood (-9563.06) is shown. Initial tree(s) for 

the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior 

log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site. This analysis involved 41 amino acid sequences. There were a total of 492 positions 

in the final dataset. Evolutionary analyses were conducted in MEGA X. 
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Figure 4.8. Phylogenetic tree for genes (A) bph and (B) dbfA created using MEGA X. The evolutionary 

history was inferred by using the Maximum Likelihood method and JTT matrix-based mode. The trees 

with the highest log likelihood (A) (-15779.72) and (B) (-12459.37) are shown. Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix 

of pairwise distances estimated using a JTT model, and then selecting the topology with superior log 

likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions 

per site. This analysis involved 37 (A) and 27 (B) amino acid sequences. There were a total of (A) 550 

and (B) 586 positions in the final dataset. Evolutionary analyses were conducted in MEGA X 
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Figure 4.9. Phylogenetic tree for gene dxnA created using MEGA X. The evolutionary history was 

inferred by using the Maximum Likelihood method and JTT matrix-based mode. The tree with the highest 

log likelihood (-16429.21) is shown. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT 

model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. This analysis involved 27 amino acid 

sequences. There were a total of 595 positions in the final dataset. Evolutionary analyses were conducted 

in MEGA X. 
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Figure 4.10. Phylogenetic tree for gene etnC created using MEGA X. The evolutionary history was 

inferred by using the Maximum Likelihood method and JTT matrix-based mode. The tree with the highest 

log likelihood (-7690.39) is shown. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT 

model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. This analysis involved 46 amino acid 

sequences. There was a total of 599 positions in the final dataset. Evolutionary analyses were conducted 

in MEGA X. 
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Figure 4.11. Phylogenetic tree for genes (A) etnE and (B) npaH created using MEGA X. The evolutionary 

history was inferred by using the Maximum Likelihood method and JTT matrix-based mode. The trees 

with the highest log likelihood (A) (-8311.56) and (B) (-9047.49) are shown. Initial tree(s) for the 

heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix 

of pairwise distances estimated using a JTT model, and then selecting the topology with superior log 

likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions 

per site. This analysis involved (A) 33 and (B) 23 amino acid sequences. There were a total of (A) 726 

and (B) 570 positions in the final dataset. Evolutionary analyses were conducted in MEGA X. 
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Figure 4.12. Phylogenetic tree for genes (A) ppaH and (B) xenA created using MEGA X. The 

evolutionary history was inferred by using the Maximum Likelihood method and JTT matrix-based mode. 

The trees with the highest log likelihood (A) (-10521.2) and (B) (-10642.31) are shown. Initial tree(s) for 

the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 

matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior 

log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site. This analysis involved (A) 28 and (B) 30 amino acid sequences. There were a total 

of (A) 561 and (B) 632 positions in the final dataset. Evolutionary analyses were conducted in MEGA X. 
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Figure 4.13. Phylogenetic tree for gene xenB created using MEGA X. The evolutionary history was 

inferred by using the Maximum Likelihood method and JTT matrix-based mode. The tree with the highest 

log likelihood (-11304.53) is shown. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT 

model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. This analysis involved 29 amino acid 

sequences. There was a total of 458 positions in the final dataset. Evolutionary analyses were conducted 

in MEGA X. 

 

. 

 

  



130 

  

Figure 4.14. Phylogenetic tree for gene xplA created using MEGA X. The evolutionary history was 

inferred by using the Maximum Likelihood method and JTT matrix-based mode. The tree with the highest 

log likelihood (-10292.94) is shown. Initial tree(s) for the heuristic search were obtained automatically by 

applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT 

model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with 

branch lengths measured in the number of substitutions per site. This analysis involved 30 amino acid 

sequences. There was a total of 809 positions in the final dataset. Evolutionary analyses were conducted 

in MEGA X. 
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4.5 Discussion  

There are many challenges in remediating sites with multiple contaminants and bioremediation is 

often sought as a treatment option at these sites. Among the 12 genes investigated here, dbfA, 

etnE, npaH, xenA and xplA were the most abundant in all of the soil metagenomes. This trend 

could indicate a potential for the biodegradation of the associated contaminants as often the 

abundance of functional genes is positively correlated with the attenuation rates at contaminated 

sites (Mattes 2018). The gene vcrA is associated with anaerobic VC dechlorination and had the 

lowest presence in the soil cultures. Since the microcosms were maintained under aerobic 

conditions, this trend was not surprising.  

 

Previous studies have explored the presence of these genes in soils and sediments, for example: 

benA from 3-chlorobenzoate dosed soil (Morimoto and Fujii 2009); bph from bacterial strains in 

biphenyl-contaminated soils (Hirose et al. 2019); dbfA in dibenzofuran degrading bacterial 

strains from insecticide/pesticide contaminated soils (Hassan et al. 2008); etnC, etnE and vcrA in 

samples collected from chlorinated ethene contaminated aquifer sediments (Patterson et al. 2013; 

Richards et al. 2019); xenA, xenB and xplA in uncontaminated soils and RDX contaminated 

aquifer sediments (Collier et al. 2019; Seth-Smith et al. 2002). However, in general, limited 

information is available on the presence or diversity of the targeted genes in uncontaminated 

soils.  

 

In the current study, sequences associated with xenA classified with multiple genera including 

Rhodococcus, Williamsia, Pseudomonas and Bradyrhizobium. From these, both Rhodococcus 

and Pseudomonas have previously been linked to xenA (Coleman et al. 2002b; Fuller et al. 2009; 
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Li et al. 2014). The Rhodococcus rhodochrous strain identified here (as shown in the 

phylogenetic tree) is known to utilize RDX as a nitrogen source (Seth-Smith et al. 2002). The 

xenB tree is dominated by multiple genera including Pseudomonas, Streptomyces, 

Achromobacter, Bradyrhizobium and Agrobacterium. Among these, Pseudomonas fluorescens 

(as shown in the phylogenetic tree) was linked to xenB in a previous study (Blehert et al. 1999). 

Although the others have not previously been linked directly to RDX biodegradation or xenB, 

Achromobacter and Streptomyces have been associated with degradation of other nitro 

compounds such as 2,4,6-trinitrotoluene (TNT) (Pasti-Grigsby et al. 1996; Sheu et al. 2016). The 

phylogenetic tree developed for xplA in this study did not indicate the presence of  RDX 

degrading Gordonia (Sabir et al. 2017) or Rhodococcus (Andeer et al. 2009) (both commonly 

reported RDX degraders) but predominantly displays Bradyrhizobium, Afipia and 

Mycobacterium. Among these, sequences related to Afipia have been previously recovered in a 

RDX degradation study (Fuller and Steffan 2008). Mycobacterium has also been linked to TNT 

degradation (Bernstein and Ronen 2012). 

 

The gene bph was previously linked to biphenyl degradation with genera such as Burkholderia, 

Achromobacter, Pseudomonas and Rhodococcus (Pieper 2005). Although Achromobacter was 

associated with bph sequences in this study, the other commonly associated genera were not 

identified. Pseudomonas has frequently been associated with naphthalene degradation with 

extensive studies based on Pseudomonas putida as a model organism (Rhee et al. 2004; Simon et 

al. 1993). However, the phylogenetic tree developed here did not indicate Pseudomonas was 

associated with npaH in the soils studied. 
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Sequences classified with the genus Sphingomonas were observed in this study as shown in the 

dxnA, npaH and ppaH phylogenetic trees. Sphingomonas was previously associated with dxnA 

(Penton et al. 2013; Pinyakong et al. 2003). The most dominant genera in the etnC tree include: 

Rhodococcus, Mycobacterium, Nocardioides, Amycolatopsis, Pseudonocardia and 

Mesorhizobium. A subset of these microorganisms have been associated with etnC in previous 

studies including Mycobacterium (Coleman et al. 2011; McCarl et al. 2018), Nocardioides 

(Wilson et al. 2016) and Rhodococcus (Coleman and Spain 2003). Although, the etnE was linked 

with Mycobacterium (Coleman and Spain 2003), the phylogenetic tree in this study 

predominantly consists of Bradyrhizobium, Xanthomonas, Achromobacter and Arthrobacter.  

  

Similar to the current work, previous studies on the distribution of biodegradation genes 

associated with organic pollutants, specifically in wastewater and activated sludge, have 

indicated a predominance of Mycobacterium (Fang et al. 2013). In that study, 87 bacterial genera 

capable of degrading organic pollutants were identified with the vast majority affiliating with 

Proteobacteria, Bacteroidetes and Actinobacteria.  

 

The current study has several limitations that are important to state. A key concern is the 

extraction of DNA from enrichment cultures as this may have resulted in the selection of 

organisms that grow fastest versus those that occur naturally in the environment. Also, the 

percentage identity threshold during the analysis could impact the number of sequences similar 

to the target genes. Further, the composition of the reference database influences the diversity 

results with some uncertainty over the ideal filtering cut-off values since it varies between the 

functional genes. Another pattern of interest is the high positive correlation between some genes 
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including dxnA vs. ppaH (correlation coefficient > 0.8). These patterns could indicate homologs 

or similarity between the amino acid sequences. Further, the presence or abundance of certain 

genes may not translate to gene expression. For example, a previous study indicated the 

concentration of merA gene involved in Hg(II) reduction was not always proportional to the rate 

of Hg(II) reduction (Lovley 2003). Also, ben genes need benzoate as an inducer for gene 

expression (Moreno and Rojo 2008) and similarly the bph genes are typically induced when 

grown in the presence of biphenyl (Ohtsubo et al. 2001). Since the soils in the current study had 

no known previous exposure to these contaminants, the gene abundances may not indicate gene 

expression and enzyme activity.  

 

The phylogenetic trees created in the current study suggest many genera are potentially 

associated with each gene. From these, some strains are well studied and are known to be 

involved in biodegradation of organic contaminants. However, from the current work there may 

be new genera associated with biodegradation of contaminants. Future research could focus on 

these genera and/or strains that could be involved in the biodegradation of contaminants. This 

study leads to a better understanding of biodegradation genes in soils and could potentially aid in 

manipulating contaminated sites to optimize contaminant removal.  
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APPENDIX 

 

Table 4.1. Summary of data using Shapiro test to check normality of each gene. The values in bold (p-

values > 0.05) indicating normal data 

  p-value 

benA 0.8359 

bph 0.01994 

dbfA 0.007037 

dxnA 0.5036 

etnC 0.7091 

etnE 0.001807 

npaH 0.03535 

ppaH 0.07593 

vcrA 0.003655 

xenA 0.002165 

xenB 0.04897 

xplA 0.02699 

 

Table 4.2. Summary of linear regression results for normal data with equal variance 

  

Linear model equations 

Pearson's 

correlation 

F test  

m slope intercept p value p-value 

ratio of 

variance 

benA vs dxnA 7.87E-01 1.75E-05 0.0243 0.559138 0.1979 0.5054 

benA vs etnC 7.72E-01 1.23E-05 0.0128 0.606398 0.3598 0.6168 

benA vs ppaH 7.17E-01 2.86E-05 0.018 0.581935 0.427 0.6579 

dxnA vs etnC 6.38E-01 1.52E-05 0.0192 0.577182 0.7045 1.2205 

dxnA vs ppaH 1.01E+00 -1.01E-05 6.24E-06 8.82E-01 6.16E-01 1.30E+00 

etnC vs ppaH 5.74E-01 2.84E-06 0.0254 0.55568 0.9022 1.066 
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Table 4.3. Summary of the p values from Spearman’s rank correlation tests with gene relative abundance 

data. Values in bold indicate a significant difference (p ≤ 0.05). 

Genes bph dbfA etnE npaH vcrA xenA xenB xplA 

bph   1.68E-06 2.40E-01 1.22E-08 8.79E-01 9.96E-01 4.18E-01 9.66E-01 

dbfA 1.68E-06   4.44E-01 4.32E-07 7.94E-01 7.57E-01 3.21E-01 1.00E+00 

etnE 2.40E-01 4.44E-01   3.62E-01 5.71E-01 6.44E-01 9.44E-01 3.16E-01 

npaH 1.22E-08 4.32E-07 3.62E-01   6.63E-01 7.95E-01 4.71E-01 5.72E-01 

vcrA 8.79E-01 7.94E-01 5.71E-01 6.63E-01   8.58E-01 4.16E-01 6.01E-01 

xenA 9.96E-01 7.57E-01 6.44E-01 7.95E-01 8.58E-01   9.72E-03 3.19E-01 

xenB 4.18E-01 3.21E-01 9.44E-01 4.71E-01 4.16E-01 9.72E-03   1.21E-01 

xplA 9.66E-01 1.00E+00 3.16E-01 5.72E-01 6.01E-01 3.19E-01 1.21E-01   

 

Table 4.4. Summary of Spearman’s correlation coefficient (rho) for Spearman’s rank correlation test with 

gene relative abundance data. Rho values in bold indicate a statistically significant correlation (p ≤ 0.05), 

as shown above. 

Genes bph dbfA etnE npaH vcrA xenA xenB xplA 

bph   9.03E-01 3.12E-01 9.53E-01 -4.13E-02 -1.47E-03 2.18E-01 -1.18E-02 

dbfA 9.03E-01   2.06E-01 9.21E-01 -7.08E-02 8.39E-02 2.65E-01 0.00E+00 

etnE 3.12E-01 2.06E-01   2.44E-01 1.53E-01 -1.25E-01 -1.91E-02 2.68E-01 

npaH 9.53E-01 9.21E-01 2.44E-01   1.18E-01 7.06E-02 1.94E-01 -1.53E-01 

vcrA -4.13E-02 -7.08E-02 1.53E-01 1.18E-01   -4.87E-02 -2.18E-01 -1.42E-01 

xenA -1.47E-03 8.39E-02 -1.25E-01 7.06E-02 -4.87E-02   6.24E-01 2.66E-01 

xenB 2.18E-01 2.65E-01 -1.91E-02 1.94E-01 -2.18E-01 6.24E-01   4.03E-01 

xplA -1.18E-02 0.00E+00 2.68E-01 -1.53E-01 -1.42E-01 2.66E-01 4.03E-01   
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Table 4.5. P-values for statistical tests with the richness index chao 1 of gene copies associated with xenobiotic degradation. “N/A” indicates the 

test was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Shapiro-Wilk test 
Levene's 

test 

One-way 

ANOVA 
Kruskal-Wallis test 

 

Null 

Hypothesis 
The sample distribution is normal σ1=σ2 μ1= μ2 Median1=Median2  

Soil groups Soil F  Soil G Soil T1 Soil T2        

benA 6.3E-2 5.0E-1 8.2E-1 8.6E-1 9.4E-1 2.2E-1 N/A  

bph 1.9E-1 5.2E-1 9.3E-1 7.2E-1 9.6E-1 1.7E-1 N/A  

dbfA1 8.1E-1 2.3E-2 6.1E-1 1.4E-1 4.6E-1 N/A 3.9E-2  

dxnA 4.3E-1 7.6E-2 5.1E-1 9.9E-3 3.9E-1 N/A 5.0E-2  

etnC 2.9E-1 3.4E-1 9.8E-1 5.1E-1 7.5E-1 1.4E-1 N/A  

etnE 6.5E-1 5.9E-1 8.4E-1 2.8E-1 8.7E-1 3.5E-1 N/A  

npaH 7.1E-1 9.7E-2 5.7E-1 1.3E-1 3.7E-1 1.1E-1 N/A  

ppaH 1.3E-1 4.2E-1 3.9E-1 8.3E-3 8.5E-1 6.2E-2 N/A  

vcrA N/A N/A N/A N/A 6.6E-4 N/A 3.2E-2  

xenA 4.1E-1 2.8E-1 6.4E-1 3.7E-1 8.8E-1 1.1E-1 N/A  

xenB 6.2E-1 6.6E-1 5.6E-1 6.5E-1 9.9E-1 1.8E-1 N/A  

xplA 3.5E-2 5.2E-1 1.2E-1 2.6E-1 8.2E-1 1.5E-1 1.0E-1  
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Table 4.6. P-values for Tukey’s HSD test with the richness index chao 1 of counts of xenobiotic genes. “N/A” indicates the test was not 

appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Tukey's HSD test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A N/A 1.9E-1 1.9E-1 N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T1 - Soil F N/A N/A 1.0E+0 9.4E-1 N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil F N/A N/A 4.5E-1 5.2E-1 N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T1 - Soil G N/A N/A 2.9E-1 4.8E-1 N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil G N/A N/A 1.8E-2 2.3E-2 N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil T1 N/A N/A 4.0E-1 2.8E-1 N/A N/A N/A N/A N/A N/A N/A N/A 

 

Table 4.7. P-values for Dunn’s test with the richness index chao 1 of counts of genes associated with xenobiotic degradation. “N/A” indicates the 

test was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Dunn's test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A N/A 4.3E-1 4.6E-1 N/A N/A N/A N/A 5.4E-2 N/A N/A N/A 

Soil T1 - Soil F N/A N/A 1.0E+0 1.0E+0 N/A N/A N/A N/A 1.0E+0 N/A N/A N/A 

Soil T2 - Soil F N/A N/A 7.4E-1 1.0E+0 N/A N/A N/A N/A 1.9E-1 N/A N/A N/A 

Soil T1 - Soil G N/A N/A 1.0E+0 1.0E+0 N/A N/A N/A N/A 4.0E-1 N/A N/A N/A 

Soil T2 - Soil G N/A N/A 2.5E-2 3.8E-2 N/A N/A N/A N/A 1.0E+0 N/A N/A N/A 

Soil T2 - Soil T1 N/A N/A 1.0E+0 6.4E-1 N/A N/A N/A N/A 9.5E-1 N/A N/A N/A 
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Table 4.8. P-values for statistical tests with the richness index chao 2 of gene copies associated with xenobiotic degradation. “N/A” indicates the 

test was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Shapiro-Wilk test 
Levene's 

test 

One-way 

ANOVA 
Kruskal-Wallis test 

 

Null Hypothesis The sample distribution is normal σ1=σ2 μ1= μ2 Median1=Median2  

Soil groups Soil F  Soil G Soil T1 Soil T2        

benA 1.3E-1 4.8E-1 7.4E-1 5.2E-1 9.2E-1 5.8E-1 N/A  

bph 2.0E-1 5.3E-1 8.1E-1 5.2E-1 9.3E-1 5.3E-1 N/A  

dbfA1 7.2E-1 1.7E-1 7.9E-1 5.2E-1 1.0E+0 3.5E-1 N/A  

dxnA 6.6E-1 1.2E-1 5.9E-1 6.8E-1 1.0E+0 3.8E-1 N/A  

etnC 2.3E-1 1.3E-1 9.5E-1 6.4E-1 9.4E-1 5.9E-1 N/A  

etnE 5.1E-1 6.6E-1 8.2E-1 5.5E-1 8.8E-1 6.6E-1 N/A  

npaH 8.9E-1 3.1E-1 5.9E-1 5.2E-1 9.4E-1 4.7E-1 N/A  

ppaH 6.3E-1 5.9E-1 3.3E-1 4.6E-1 9.9E-1 4.2E-1 N/A  

vcrA N/A N/A N/A N/A 1.1E-2 N/A N/A  

xenA 3.9E-1 4.2E-1 5.6E-1 4.5E-1 9.2E-1 5.9E-1 N/A  

xenB 3.5E-1 5.1E-1 5.1E-1 5.1E-1 1.0E+0 6.3E-1 N/A  

xplA 1.4E-1 4.5E-1 3.7E-1 3.8E-1 9.7E-1 3.6E-1 N/A  
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Table 4.9 P-values for Tukey’s HSD test with the richness index chao 2 of counts of xenobiotic genes. “N/A” indicates the test was not appropriate 

and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Tukey's HSD test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T1 - Soil F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T1 - Soil G N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil G N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil T1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

 

Table 4.10 P-values for Dunn’s test with the richness index chao 2 of counts of genes associated with xenobiotic degradation. “N/A” indicates the 

test was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Dunn's test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T1 - Soil F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil F N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T1 - Soil G N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil G N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

Soil T2 - Soil T1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 
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Table 4.11. P-values for statistical tests with the Shannon diversity of genes associated with xenobiotic degradation. “N/A” indicates the test was 

not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Shapiro-Wilk test 
Levene's 

test 

One-way 

ANOVA 
Kruskal-Wallis test 

 

Null 

Hypothesis 
The sample distribution is normal σ1=σ2 μ1= μ2 Median1=Median2  

Soil groups Soil F  Soil G Soil T1 Soil T2        

benA 1.0E-1 4.5E-1 5.8E-1 2.7E-1 8.9E-1 3.3E-1 N/A  

bph 1.7E-1 2.1E-1 5.4E-1 5.8E-1 9.3E-1 2.8E-3 N/A  

dbfA1 6.2E-2 6.9E-1 5.8E-1 1.6E-1 9.5E-1 6.0E-5 N/A  

dxnA 1.0E-1 5.4E-1 3.3E-1 5.8E-1 9.4E-1 9.3E-2 N/A  

etnC 3.5E-1 3.7E-1 7.1E-1 3.7E-1 2.5E-1 2.8E-7 N/A  

etnE 5.4E-2 5.8E-1 3.7E-1 1.6E-1 8.3E-1 1.8E-5 N/A  

npaH 9.6E-2 4.1E-1 5.4E-1 5.4E-1 1.0E+0 4.6E-2 N/A  

ppaH 4.5E-2 5.8E-1 4.1E-1 1.2E-1 9.9E-1 N/A 1.8E-2  

vcrA N/A N/A N/A N/A 1.2E-1 N/A 4.4E-2  

xenA 1.7E-1 1.6E-1 5.4E-1 5.8E-1 8.7E-1 1.6E-6 N/A  

xenB 2.9E-1 3.0E-1 4.6E-1 5.4E-1 9.7E-1 3.8E-5 N/A  

xplA 4.6E-2 5.8E-1 8.7E-2 1.6E-1 7.2E-1 N/A 3.3E-3  
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Table 4.12. P-values for Tukey’s HSD test with the Shannon diversity of genes associated with xenobiotic degradation. “N/A” indicates the test 

was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Tukey's HSD test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A 2.3E-3 1.2E-4 N/A 2.1E-3 2.1E-1 5.3E-2 4.5E-3 N/A 1.2E-2 2.1E-4 6.3E-5 

Soil T1 - Soil F N/A 4.6E-1 1.0E+0 N/A 2.2E-4 1.0E+0 1.0E+0 1.0E+0 N/A 2.5E-2 1.2E-2 3.8E-2 

Soil T1 - Soil G N/A 9.1E-1 1.0E+0 N/A 3.6E-4 1.8E-4 5.2E-3 6.0E-1 N/A 6.4E-5 7.5E-1 4.6E-3 

Soil T2 - Soil F N/A 4.1E-2 2.6E-4 N/A 8.0E-7 2.5E-1 1.0E-1 6.7E-3 N/A 8.0E-5 1.7E-1 1.9E-6 

Soil T2 - Soil G N/A 1.1E-2 2.6E-4 N/A 1.1E-6 1.5E-5 1.0E-1 5.9E-2 N/A 4.9E-2 7.7E-5 5.0E-7 

Soil T2 - Soil T1 N/A 8.5E-1 1.0E+0 N/A 9.9E-1 2.9E-4 1.0E+0 6.4E-1 N/A 1.5E-6 3.1E-3 7.0E-1 

 

Table 4.13. P-values for Dunn’s test with the Shannon diversity of genes associated with xenobiotic degradation. “N/A” indicates the test was not 

appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Dunn's test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A N/A N/A N/A N/A N/A N/A 3.1E-2 2.8E-2 N/A N/A 9.2E-1 

Soil T1 - Soil F N/A N/A N/A N/A N/A N/A N/A 1.0E+0 1.0E+0 N/A N/A 9.0E-1 

Soil T2 - Soil F N/A N/A N/A N/A N/A N/A N/A 5.0E-2 8.9E-1 N/A N/A 3.9E-2 

Soil T1 - Soil G N/A N/A N/A N/A N/A N/A N/A 1.0E+0 7.1E-1 N/A N/A 9.2E-1 

Soil T2 - Soil G N/A N/A N/A N/A N/A N/A N/A 1.0E+0 1.0E+0 N/A N/A 4.2E-3 

Soil T2 - Soil T1 N/A N/A N/A N/A N/A N/A N/A 1.0E+0 1.0E+0 N/A N/A 1.0E+0 
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Table 4.14. P-values for statistical tests with the richness index chao 2 of gene copies associated with xenobiotic degradation. “N/A” indicates the 

test was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Shapiro-Wilk test 
Levene's 

test 

One-way 

ANOVA 
Kruskal-Wallis test 

 

Null Hypothesis The sample distribution is normal σ1=σ2 μ1= μ2 Median1=Median2  

Soil groups Soil F  Soil G Soil T1 Soil T2        

benA 9.4E-1 7.3E-1 8.6E-1 8.0E-1 9.7E-1 9.7E-1 N/A  

bph 9.4E-2 2.2E-1 5.0E-1 2.6E-1 6.3E-1 2.8E-7 N/A  

dbfA1 6.4E-2 6.8E-1 1.6E-1 1.3E-1 6.6E-1 5.6E-8 N/A  

dxnA 7.9E-2 9.4E-1 5.4E-1 4.3E-1 7.3E-1 2.2E-3 N/A  

etnC 5.1E-1 7.1E-1 2.7E-1 1.3E-1 3.9E-1 3.3E-15 N/A  

etnE 1.6E-1 1.3E-1 1.7E-1 2.9E-1 5.9E-1 3.8E-8 N/A  

npaH 5.1E-2 6.9E-1 1.9E-1 1.9E-1 9.6E-1 2.4E-5 N/A  

ppaH 4.2E-2 4.0E-1 3.8E-1 1.3E-1 1.0E+0 N/A 4.1E-3  

vcrA 2.0E-1 7.8E-2 8.0E-1 9.2E-1 7.5E-2 6.5E-3 N/A  

xenA 7.1E-1 3.0E-1 3.9E-1 3.5E-1 5.6E-1 1.7E-12 N/A  

xenB 8.2E-1 8.9E-1 6.5E-1 6.8E-1 5.2E-2 5.1E-10 N/A  

xplA 8.5E-1 8.9E-1 8.9E-1 8.5E-1 2.2E-1 2.8E-9 N/A  

 
Table 4.15. P-values for Tukey’s HSD test with the richness index chao 2 of counts of xenobiotic genes. “N/A” indicates the test was not 

appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Tukey's HSD test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A 2.0E-7 0.0E+0 6.9E-3 0.0E+0 1.5E-4 1.1E-5 3.0E-7 3.5E-3 7.0E-7 1.3E-5 1.2E-6 

Soil T1 - Soil F N/A 1.6E-2 4.2E-2 8.2E-1 0.0E+0 9.7E-1 3.4E-2 2.0E-2 2.4E-1 0.0E+0 0.0E+0 4.0E-5 

Soil T2 - Soil F N/A 3.4E-1 1.7E-2 9.9E-1 0.0E+0 6.1E-6 2.3E-2 3.1E-3 2.8E-1 7.0E-7 3.8E-4 6.6E-5 

Soil T1 - Soil G N/A 2.6E-5 1.4E-6 2.3E-3 0.0E+0 4.8E-4 2.1E-3 3.0E-5 1.5E-1 0.0E+0 5.6E-4 9.9E-2 

Soil T2 - Soil G N/A 2.7E-6 2.5E-6 1.8E-2 0.0E+0 0.0E+0 3.1E-3 1.3E-4 1.3E-1 1.0E+0 0.0E+0 0.0E+0 

Soil T2 - Soil T1 N/A 3.5E-1 9.6E-1 6.8E-1 3.1E-5 6.3E-6 1.0E+0 7.6E-1 1.0E+0 0.0E+0 0.0E+0 0.0E+0 
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Table 4.16. P-values for Dunn’s test with the richness index chao 2 of counts of genes associated with xenobiotic degradation. “N/A” indicates the 

test was not appropriate and p-values in bold indicate a significant difference (p ≤ 0.05). 

Test Dunn's test 

Null Hypothesis μ1= μ2 

Genes benA bph dbfA1 dxnA etnC etnE npaH ppaH vcrA xenA xenB xplA 

Soil G - Soil F N/A 4.1E-3 N/A N/A N/A N/A N/A 2.1E-3 N/A N/A N/A N/A 

Soil T1 - Soil F N/A 3.3E-1 N/A N/A N/A N/A N/A 1.0E+0 N/A N/A N/A N/A 

Soil T1 - Soil G N/A 9.7E-1 N/A N/A N/A N/A N/A 2.1E-1 N/A N/A N/A N/A 

Soil T2 - Soil F N/A 1.0E+0 N/A N/A N/A N/A N/A 2.2E-1 N/A N/A N/A N/A 

Soil T2 - Soil G N/A 1.3E-1 N/A N/A N/A N/A N/A 9.7E-1 N/A N/A N/A N/A 

Soil T2 - Soil T1 N/A 1.0E+0 N/A N/A N/A N/A N/A 1.0E+0 N/A N/A N/A N/A 
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Chapter 5 Conclusions 

 

In both the aerobic and anaerobic studies, the biodegradation of 1,4-dioxane was observed. 

However, the degradation rates were significantly slower under reducing conditions. 

Aerobically, the degradation of 1,4-dioxane was observed within 30 days after each re-spike 

event. Anaerobically, in many cases, the timeline stretched to more than one year to observe any 

significant differences in concentrations between the samples and abiotic controls. The CSIA 

was found to be a useful tool to provide another line of evidence for anaerobic biodegradation of 

1,4-dioxane.  

 

All of the functional genes associated with biodegradation of 1,4-dioxane in agricultural soils 

were detected under aerobic conditions during 1,4-dioxane biodegradation (Chapter 2). The 

shotgun sequencing conducted as part of the work, has the added advantage of both taxonomic 

and functional analysis of microbial communities. This successfully links both taxonomic and 

functional data to create a better idea of the genes and microbes associated with 1,4-dioxane 

biodegradation.  

 

Chapter 3 demonstrated 1,4-dioxane degradation under highly reducing conditions is feasible. 

This, in turn, could indicate the potential of natural attenuation as a clean-up approach at anoxic 

contaminated sites. This is specifically useful at sites where time may not be a constraint. The 

microbial community benefitting from 1,4-dioxane under anaerobic conditions are also indicated.  
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Chapter 4 examines the presence, abundance, and diversity of biodegradation genes. The work 

also sheds light on the possibility of many new genera being potentially associated with the 

biodegradation of organic contaminants. As evidenced by this study, the presence of 

biodegradation genes linked to organic contamination are distributed in nature. However, this is 

not an indication of gene expression or enzyme activity. The work was conducted with 

uncontaminated agricultural soils and all of the genes examined were present, except for vcrA.  

 

5.1. Future Work 

• Shotgun sequencing of DNA can provide a general overview of genes and genetic 

diversity of the microbial cultures. However, it cannot differentiate between expressed or 

non-expressed genes in a given sample (Zhou et al. 2015). A combined omics approach 

can be useful as metatranscriptomics which involves expressed microbial community 

RNA.   

• The microbial community identified as benefitting from 1,4-dioxane anaerobically could 

be examined further e.g. shotgun sequencing, stable isotope probing, isolations.  

• A valuable addition to the existing work would be to investigate contaminated sediments 

with CSIA to confirm anaerobic biodegradation. 

• Since 1,4-dioxane contamination is often accompanied by other chlorinated solvents, it 

would be useful to examine the biodegradation of multiple contaminants simultaneously 

including trichloroethylene and trichloroethene  

 

 


