


 
 

 
 

ABSTRACT 

Genetic Catabolic Probes to Assess the Natural Attenuation of 

1,4-Dioxane 

 by 

Mengyan Li 

Remediation of aquifers contaminated with 1,4-dioxane (dioxane) is a difficult 

task due to its hydrophilic and recalcitrant nature. Monitored natural attenuation (MNA), 

primarily relying on intrinsic biodegradation, is possibly the most cost-effective approach 

to manage large diluted plumes of dioxane. The objective of this research was to develop 

genetic forensic tools to quantify the presence and expression of relevant biodegradation 

capabilities to support the assessment of the feasibility of MNA at dioxane-impacted 

sites. 

Soluble di-iron monooxygenases (SDIMOs), especially tetrahydrofuran 

(THF)/dioxane monooxygenases, are of great interest due to their potential role in the 

initiating the oxidation of cyclic ethers. In the genome of Pseudonocardia dioxanivorans 

CB1190, seven putative SDIMO gene clusters were identified. However, only the dxmA 

encoding the large hydroxylase of dioxane monooxygenase was significantly up-

regulated in CB1190 when fed with dioxane or THF compared to acetate controls.  

Further, functional gene array (i.e., GeoChip) and PCR-DGGE demonstrated the 

widespread distribution of various dioxane-degrading SDIMO genes at a dioxane-

impacted site in Alaska. Notably, a thmA-like gene was enriched in source-zone samples 



 
 

 
 

with higher dioxane concentrations, suggesting selective pressure by dioxane. Thus, 

converging lines of evidence based on both pure bacterial cultures and complex 

environmental samples corroborate the usefulness of THF/dioxane monooxygenases as 

biomarkers of dioxane natural attenuation.  

A primer/probe set was then developed to target THF/dioxane monooxygenase 

genes using Taqman chemistry. Real-time PCR using reference strain genomic DNA 

demonstrated the high selectivity and sensitivity of the designed biomarker. A significant 

correlation was found between biodegradation rates observed in microcosms mimicking 

natural attenuation and the abundance of thmA/dxmA genes, suggesting them as reliable 

indicators of dioxane biodegradation activity. Furthermore, pyrosequencing-based 

metagenomic analysis revealed the microbial community structure at sampling locations 

experiencing different levels of groundwater contamination have shifted as an adaptation 

response at the Arctic site. 

The development of the novel catabolic biomarker (thmA/dxmA) is of great 

research and engineering value to unequivocally characterize both dioxane 

biodegradation potential and activity for enhanced MNA forensics. This is the first report 

to comprehensively elicit the impact from dioxane and other co-contaminants on shaping 

functional and phylogenetic structures of microbial communities at a dioxane-impacted 

site. 
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Chapter 1 

Introduction and Objectives 

1.1. Introduction 

1,4-Dioxane (dioxane) is a cyclic ether that is widely used as a stabilizer for 

chlorinated solvents (mainly 1,1,1-trichloroethane [TCA]) [1]. Consequently, dioxane is a 

common co-contaminant in thousands of sites impacted by chlorinated solvents in North 

America [2]. This is of significant concern because dioxane is a probable human 

carcinogen [3] and is subject to a stringent drinking water advisory level of 0.35 µg/L, 

corresponding to the 10
-6

 lifetime cancer risk [4]. Clean-up of dioxane-contaminated sites 

is a difficult task because of its potential recalcitrance to biodegradation, and its 

physicochemical properties preclude effective removal by volatilization or adsorption. 

Furthermore, dioxane exhibits very high mobility in groundwater and tends to migrate 

further and impact larger areas than the co-occurring chlorinated solvents [1]. This 

underscores the need for cost effective alternatives to manage large and dilute dioxane 

plumes. 
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Remediation of dioxane-impacted groundwater often relies on pump and treat 

approaches using advanced oxidation processes (e.g., Pall-Gelman Sciences site in Ann 

Arbor, MI; Hoechst Celanese site in Spartanburg, SC; and Gloucester Landfill site in 

Ontario, Canada use UV and hydrogen peroxide) [5-7]. However, in addition to the 

relatively high cost of such approaches, turbidity of the aqueous streams and hydroxyl 

radical scavengers significantly inhibit removal efficiencies [8]. In situ chemical 

oxidation (ISCO) of dioxane (e.g., with permanganate or persulfate) has also been tested 

at various sites [9-11]. Whereas ISCO can treat source zones, including co-occurring 

chlorinated solvent DNAPLs, it also suffers from site-specific inefficient production of 

hydroxyl radicals, scavenging of radicals by aquifer minerals or organic matter, and 

aesthetic impacts to the groundwater (e.g., pink coloring by permanganate) [12]. 

Furthermore, neither pump and treat nor ISCO are cost effective for the remediation of 

large and dilute dioxane plumes. 

Monitored natural attenuation (MNA), which relies primarily on intrinsic 

bioremediation, is often the most cost-effective approach to manage trace levels of 

priority pollutants [13]. However, the burden of proof that MNA is an appropriate 

solution lies on the proponent, and MNA has not been widely been used at dioxane-

impacted sites because (1) the presence and expression of dioxane biodegradation 

capabilities are not ubiquitous, and (2) our ability to assess the feasibility and efficacy of 

intrinsic bioremediation is precluded by our very limited understanding of the diversity 

and spatial distribution of microorganisms that degrade dioxane. Thus, advancing 

fundamental understanding of dioxane biodegradation and developing appropriate 

forensic tools to quantify the presence and expression of relevant catabolic capacities are 
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of critical importance to determine the (site-specific) feasibility of MNA and (when 

appropriate) enhance its acceptability to both the regulatory and public communities.  

This should be a research priority because the relatively large and dilute dioxane plumes 

(often longer than two miles) are not amenable for treatment by more aggressive 

remediation techniques such as in situ chemical oxidation [8, 14]. Furthermore, recent 

findings by our lab and others suggest that indigenous bacteria that can degrade dioxane 

might be more widespread than previously assumed [15-18]. Since many dioxane plumes 

could be effectively managed by MNA at a small fraction of alternative treatment costs, it 

is important to develop simple and reliable forensic approaches that enable site-specific 

decisions to select or reject MNA, and to enhance performance assessment.  

1.2. Hypothesis and Objectives 

1.2.1. Objectives 

This aim of this research is to advance our enzymatic and molecular 

understanding of dioxane biodegradation and develop functional gene probe(s) to 

quantify the presence and expression of catabolic capacity to support the assessment of 

the feasibility of MNA at dioxane-impacted sites. This study will focus on aerobic 

processes that prevail along the diluted plume (e.g., near the source zone and at the 

leading edge) [8] and enable MNA even under oligotrophic conditions [15]. Specific 

tasks for this proposed work include to: 

1. Discern genes that code for enzymes that initiate dioxane biodegradation in the 

model bacterium, Pseudonocardia dioxanivorans CB1190 (CB1190); 



4 
 

 
 

2. Design probes to target conserved regions of gene sequences that code for these 

enzymes (likely monooxygenases); this would ultimately enable quantification of 

similar genes in other bacteria capable of dioxane metabolism or co-metabolism; 

3. Test these degenerate functional probes with reference strains that metabolize 

and co-metabolize dioxane (including negative controls) to determine probe 

selectivity and sensitivity;  

4. Validate the probes with samples from multiple sites exhibiting dioxane 

degradation capabilities (verified by microcosm assays). This effort would involve 

determining whether (a) degradation activity correlates with genetic biomarker 

copy numbers, (b) these copy numbers increase when dioxane is consumed, and 

(c) the relative abundance of these copy numbers (determined as % of the total 

population) also increases relative to background samples due to the selective 

pressure exerted by dioxane; and 

5. Investigate the influence of dioxane on microbial community structure in Arctic 

groundwater using high-throughput 16S pyrosequencing. 

As we develop functional gene probes to assess the feasibility of MNA for 

dioxane-impacted sites, several outstanding questions of broader significance will be 

addressed, such as: 

 What are the catabolic genes associated with dioxane degradation by CB1190, 

which is the only annotated strain capable of mineralizing dioxane?  

 Are there conserved regions on these genes (particularly in sequences coding for 

the active sites of enzymes that catalyze the initial biotransformation steps) that 

would also present in many other bacteria that degrade dioxane? 
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 Can such functional gene biomarkers be used to unequivocally establish the 

presence and quantify the concentration of the “important” specific degraders 

(i.e., the most abundant and/or most active microorganisms that initiate dioxane 

degradation)?  

 Are these biomarkers selective enough to avoid false positives and are the 

associated analytical methods sufficiently sensitive to ensure “adequate” 

quantification?  

 Are the concentrations of these biomarkers significantly correlated to dioxane 

biodegradation activity so that intrinsic bioremediation rates could be reasonably 

estimated based on biomarker measurements?  

 Do we need to base such correlations on analyses of aquifer material (because 

most subsurface microorganisms live attached to surfaces) or can we also reliably 

estimate biodegradation rates based on biomarker concentrations in groundwater 

samples (which are easier to collect and analyze)? 

 Does contamination of dioxane exert significant impacts on indigenous microbial 

eco-system in Arctic groundwater? Are there bacterial species enriched in the 

source zone of dioxane relative to uncontaminated areas?  

1.2.2. Hypothesis 

To identify appropriate functional gene biomarkers and develop appropriate 

probes, we first need to understand the molecular and enzymatic basis of dioxane 

biodegradation and recognize (syllogistically) that (1) aerobic biodegradation of dioxane 

is likely initiated by oxygenases [16, 19, 20], (2) gene sequences coding for oxygenase 
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subunits containing the “active sites” generally have conserved regions (common to 

multiple species) that could be targeted by degenerate probes [21], and (3) such 

degenerate probes based on dioxane oxygenase genes from a well-characterized 

indigenous strain are likely to also detect other dioxane degraders [22-24].  Thus, 

focusing on oxygenase genes from the model dioxane degrader Pseudonocardia 

dioxanivorans CB1190, whose genome has been sequenced [25], is a logical first step.  

Note that several multi-component soluble di-iron monooxygenases (SDIMOs) 

are known to initiate dioxane degradation through co-metabolic pathways, including 

tetrahydrofuran monooxygenase (THF MO), toluene-2-MO, toluene-3-MO, toluene-4-

MO, and soluble methane MO [13, 18]. Moreover, a putative dioxane monooxygenase 

(dxm) in CB1190 that possesses extremely high sequence similarity to the 

tetrahydrofuran monooxygenase (THF MO) in Pseudonocardia sp. K1 was recently 

annotated [25-27]. The active sites of these SDIMOs are located near a binuclear iron 

center on the α-subunit of the hydroxylase component within the L110 to I239 region 

[28]. Some of the hydrophilic amino acid residues in this region play an important role in 

substrate recognition and ‘gating’ [29, 30]. Thus, with the help of primary sequence 

alignments, specific active sites involved in dioxane biodegradation will be identified and 

degenerate probes will be designed and tested with known isolates and field samples. 

We hypothesize that CB1190 and many other dioxane degraders use 

monooxygenases to initiate catabolism. Such bacteria would be enriched in the (aerobic) 

source area of many dioxane plumes relative to uncontaminated areas, providing 

evidence of intrinsic bioremediation. Furthermore, gene sequences coding for these 

monooxygenases have conserved regions that facilitate the design of reliable gene probes 
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for monitoring natural attenuation. We also postulate that dioxane degradation rates, 

averaged over large spatial and temporal scales that are relevant to MNA, will be 

correlated to the concentration of specific degraders, which can be determined by 

targeting such functional gene biomarkers.   

Whereas DNA-based catabolic biomarkers should be present in samples where 

the respective biodegradation activity is observed, their presence would not guarantee 

contemporary biodegradation activity, because the presence of a gene does not guarantee 

its expression. Thus, instantaneous biodegradation activity will be better inferred by the 

presence of the corresponding mRNA, which is a much more difficult analytical task due 

to the instability of mRNA. Nevertheless, we postulate that mRNA analysis will not be 

required to infer degradation activity over the large temporal and spatial scales that are 

relevant to MNA because the catabolic biomarkers will experience long-term enrichment 

over the plume as a result of bacterial growth on dioxane.  Thus, DNA-based biomarkers 

that are easier to quantify would be appropriate for forensic analysis of MNA and to 

study the spatial variability of degradation activity.  

1.3. Dissertation Organization  

This thesis dissertation is organized into eight chapters in total. The background 

information leading to the formation of the research hypothesis, objectives, and scientific 

questions are delineated in Chapter 1. In Chapter 2, previously published studies 

relevant to dioxane degradation by isolated bacteria, essential bacterial enzymes involved 

in dioxane degradation, and evidence of naturally occurring dioxane degradation are 

summarized to elicit the rationale of this research. Chapter 3 introduces a novel rapid 
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and green analytical method to detect dioxane at trace level, which has been published in 

Ground Water Monitoring and Remediation. [31] The crucial role of a predicted dioxane 

monooxygenase in initializing the cleavage of cyclic ethers in a well-characterized 

dioxane metabolizer is presented in Chapter 4. Chapter 5 introduces the first report of 

prevalence of the genes encoding dioxane/THF monooxygenases and other dioxane-

degrading SDIMOs at an Arctic site impacted by dioxane and other co-contaminants 

since the 1980s. This chapter has been published in Environmental Science & 

Technology. [32] A novel biomarker is developed and validated in DNA isolated from 

bacterial strains and microcosms displaying dioxane degradation in Chapter 6. These 

results from this chapter have been recently accepted by Environmental Science and 

Technology Letter. Further, a comprehensive phylogenetic analysis of the microbial 

structures at the Arctic site is present in Chapter 7. A manuscript consisting of portions 

of the material discussed in this chapter is in preparation for submission shortly. Finally, 

Chapter 8 concludes the key findings of this research and outlines several suggestions 

and directions for future research. 
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Chapter 2 

Literature Review 

2.1. Introduction 

1,4-Dioxane (dioxane) is a cyclic ether widely used as a stabilizer for chlorinated 

solvents, mainly 1,1,1-TCA [33]. Consequently, dioxane is a groundwater contaminant of 

emerging concern that is commonly found at sites impacted by chlorinated solvent spills 

[14]. Moreover, co-occurrence of this emerging contaminant with chlorinated solvents (~ 

17% of probability) may delay the closure of on-going remedial projects or call for 

revisiting existing infrastructure.[34] However, unlike chlorinated solvents, dioxane is 

highly hydrophilic (Table 2.1) and experiences extraordinary mobility in the 

groundwater, leading to much larger regions of influence. Recently dioxane was included 

in the Final Third Drinking Water Contaminant Candidate List by U.S. EPA in 

September 2009 [35], due to its probable impact as human carcinogen (B2), as classified 

by the International Agency for Research on Cancer [36]. 
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Table 2.1 Physicochemical properties of dioxane. 

Property Value Reference 

Chemical structure 

 

- 

Molecular weight 88.1 g/mol [37] 

Density 1.03 g/cm
3
 [37] 

Solubility Fully miscible [37] 

log Kow −0.27 [38] 

Henry’s constant 4.88×10
-6

 atm m
3
/mol [38] 

 

Conventional physical-chemical treatment methods are marginally effective to 

remove dioxane from impacted sites. Because of its low Henry’s Law constant (5×10
-6 

atm m
3
 mol

-1 
at 20 °C) and highly hydrophilic nature (log Kow = -0.27) [37], dioxane is 

neither sufficiently volatile for air sparging nor efficiently absorbed onto activated 

carbon. Moreover, due to its small molecular weight of 88 g mol
-1

, low-pressure reverse 

osmosis membrane may not be able to retain dioxane [39]. Advanced chemical oxidation 

(e.g., Fenton’s process) and photocatalytic processes, utilizing hydrogen peroxide [40], 

zero-valent iron [41], titanium dioxide [42], ozone, electrolysis [43], and sonication [44] 

with or without UV irradiation can degrade dioxane in aqueous solution, but such 

techniques can be prohibitively expensive, and the contaminated groundwater needs to be 

pumped out from the subsurface for efficient treatment. Although plants such as hybrid 

poplars can assimilate and evapotranspire dioxane from aqueous solutions [45], the depth 

of contaminated groundwater typically exceeds root penetration and hinders the 

feasibility of phytoremediation. Furthermore, dioxane’s heterocyclic ether structure 

makes it recalcitrant to biodegradation. 
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Monitored natural attenuation (MNA), which relies primarily on intrinsic 

bioremediation, is often a cost-effective approach to manage trace levels of priority 

pollutants [13]. However, the burden of proof that MNA is an appropriate solution lies on 

the proponent, and MNA has not been widely used at dioxane-impacted sites because (1) 

the presence and expression of dioxane biodegradation capabilities are generally 

perceived to be rare in the environment, and (2) our ability to assess the feasibility and 

efficacy of intrinsic bioremediation is precluded by our very limited understanding of the 

diversity and spatial distribution of microorganisms that degrade dioxane. This 

underscores the importance to assess the distribution of dioxane degradation capabilities 

in different environments. 

2.2. Analytical Methods for Dioxane Detection 

Although a maximum contaminant level (MCL) for dioxane in drinking water has 

not yet been established, several states have set water quality guidelines and standard 

levels ranging from 3 to 85 μg/L [33]. However, the analysis of dioxane in aqueous 

matrices at such low parts-per-billion concentration is a very challenging undertaking due 

to dioxane’s high miscibility in water (and associated low volatility), commonly 

encountered matrix interferences, and the high cost associated with more sophisticated 

and novel analytical approaches, as discussed below (Table 2.2).   
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Table 2.2 Comparison of different dioxane analytical methods. 

Analytical Method 
Sample size 

(mL) 
Recovery (%) 

Extraction 

efficiency (%) 

Typical LOD 

(µg/L) 

Specialized 

instrumentatio

n 

References 

Direct Aqueous Injection 

(DAI) 
0.05 ~  100 100 2,000 No [46] 

Purge & Trap 

(P&T) 
5 – 25 60 – 90 < 1 10 Yes [46-49] 

Solid Phase Micro 

Extraction (SPME) 
1 – 10 90 – 110 NA 1 Yes [50-52] 

Solid Phase Extraction 

(SPE) 
50 – 1,000 90 – 110 18 – 94 < 1 Yes [47, 48, 53-57] 

Headspace Solid Phase 

Dynamic Extraction 

(HS-SPDE) 

0.5 – 1 NA NA 0.8 Yes [58] 

Liquid-Liquid 

Extraction (LLE) 
100 – 1,000 80 – 110 40 – 55

*
 1 No [46, 47] 

Frozen Micro-Extraction 

(FME) 
0.2 93 – 117 60 – 75 1.6 No this work 

NA = Not available. 

*
when solvent (methylene chloride) to water ratio equals to 1:1 (v/v). 
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As with other highly soluble, volatile compounds such as alcohols and ketones, 

direct aqueous injection (DAI) followed by analysis using gas chromatography (GC) 

equipped with a flame ionization detector (FID) has been traditionally applied to analyze 

dioxane, but this technique typically yields a limit of detection (> 0.1 mg/L) with 

relatively low sensitivity due to limitations in sample loading [13, 27, 46, 59].  Increasing 

sample injection volumes is not a viable solution as this often results in extinguishing the 

hydrogen flame of the detector. Purge and trap (P&T) technology is used as a means to 

concentrate volatile compounds onto a GC/MS, as in U.S. EPA Methods 524.2, 1624, 

and 8260. However, because dioxane is fully miscible with water, its purging efficiencies 

are typically low (< 1%) and are not easily concentrated [49]. Hence, the typically 

encountered limits of detection for such P&T methods are normally 10 to 100 times 

greater than the more efficiently purged organic volatiles [46]. Although salting and 

heating techniques have been shown to improve the purging efficiencies, analytical 

reproducibility of the purging can be compromised by addition of a large amount of salts 

(i.e., 1.6 M Na2SO4) and potential instrument problems due to the exposure of excess 

water vapor [14, 48].  

Solid-phase micro-extraction (SPME) coupled with GC-FID or GC/MS is a 

suitable approach to detect low concentrations of dioxane in small water samples 

(normally 1 to 10 mL).  A limit of detection of 1.2 μg/L was obtained using 100 µm 

polydimethylsiloxane (PDMS) fiber with 30 min headspace exposure at 60 °C, and with a 

limited linear range of 5 to 100 μg/L; GC/MS was used as the analytical finish [50].  In 

other work, carboxen–polydimethylsiloxane (CAR-PDMS) fiber was shown to exhibit 

higher extraction efficiency than other fiber coatings [51]. By immersing the CAR-PDMS 



14 
 

 
 

fiber in water samples for 20 min with agitation, a 2.5 μg/L limit of detection was 

obtained, with a linear range of 5 to 10,000 μg/L and GC-FID as the analytical finish. 

With an MS detector, a lower limit of quantification of 0.5 μg/L was achieved with 

background subtraction, although with this technique, the upper linear range was limited 

to 100 μg/L [52]. Besides the relatively high costs of specialized instrumentation and 

automation systems associated with this SPME technique, interferences can be 

encountered since common co-contaminants (e.g., 1,1,1-TCA) in samples exhibit much 

higher affinity for the fiber and their sorption competitively displaces dioxane. Moreover, 

the extraction temperature, duration, salt concentration and pH may need to be modified 

and optimized for different sample sources and water chemistry.  

Solid-phase extraction (SPE) is another alternative to concentrate dioxane prior to 

analysis. A coconut-shell charcoal tube enrichment method represents another alternative 

as a carbon-based sorbent which can be used to extract dioxane from water samples [48]. 

The desorbate of charcoal tubes using carbon disulfide/methanol solvents was analyzed 

by GC-FID, which yielded an instrumental limit of detection of less than 1 μg/L (with an 

average recovery of 77.5%) when a 4 L sample was extracted.  Thereafter, different SPE 

methods consisting of different formations of activated carbons (e.g., fiber felt, disks, and 

Sep-Pak cartridges) were developed. Usually, acetone and methylene chloride were used 

as the solvent eluent and the extract was analyzed by GC/MS, which yielded notably 

enhanced recoveries (> 90%) and low limits of detection (< 1 μg/L), but still required a 

relatively large water sample volume (80 – 500 mL) [47, 53-56, 60, 61]. In these cases 

the high water content in the eluates must be managed, either by pre-treatment using air 

drying or centrifugation of the solid-phase extraction materials [47, 53-55], or by post-
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treatment using freezing separation of the water layer from organic extracts [56, 60-62]. 

Moreover, matrix interferences and total suspended solids in water samples have been 

shown to hinder the successful application of this technique [47].  

Although the Henry’s Law constant of dioxane is as low as 5×10
-6 

atm m
3
 mol

-1 
at 

20 °C [63], enhanced headspace (HS) sample concentration techniques were examined by 

progressively increasing the equilibration temperatures. However, even with temperatures 

up to 80 °C, a relatively high limit of detection of 0.82 mg/L was achieved when GC-FID 

was used as the analytical finish [64].  Trace (ppb-level) analysis for dioxane can be 

improved by using similar mechanisms to SPME (i.e., head space solid-phase dynamic 

extraction (HS-SPDE) sample concentration) followed by a GC/MS analytical finish. In 

previous work, the optimum concentration/extraction was observed under equilibrium 

temperature at 70 °C, with 50 aspiration cycles and the addition of a 25% NaCl (w/w) salt 

solution [58]. Comparing four commercial coating materials, the polar WAX coated 

needle achieved the lowest limit of detection (0.8 μg/L) for dioxane [58].  

Traditional continuous liquid-liquid extraction (LLE) techniques coupled with 

GC/MS analysis have also been reported to achieve low limits of detection (e.g., 0.2 

μg/L) [46, 47]. However, large sample and solvent volumes are required, and 

concentrating the extracts in a nitrogen evaporator for analysis is time-consuming and 

typically generates considerable amounts of hazardous waste. A rapid GC/MS 

determination method combining LLE (hexane/methylene chloride, 80:20, v/v) and SPE 

(C18 cartridge) has also previously been developed [57]. Although the required sample 

volume is substantially lower (viz., 1 mL); the reported analytical sensitivity of 50 μg/L is 

not sufficiently low enough relative to current toxicological benchmarks. 
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2.3. Biodegradation of Dioxane 

2.3.1. Pseudonocardia dioxanivorans CB1190 

As one of the best characterized and researched dioxane metabolizer, 

Pseudonocardia dioxanivorans CB1190 is an Actinomycete first isolated from dioxane-

contaminated industrial sludge by Dr. Parales and her colleagues in 1994 [27]. This strain 

is capable of sustaining growth with dioxane and other cyclic ethers compounds (e.g., 

1,3-dioxane, THF, and tetrahydropyran [THP]) as sole carbon and energy source under 

aerobic condition [27]. Previous batch studies fed with radiolabeled and non-radiolabeled 

dioxane both determine that CB1190 can assimilate dioxane into biomass, as well as 

mineralize it to CO2 (around 60% of degraded dioxane) [27, 65]. The cell yield for 

CB1190 is estimated as low as 0.01 to 0.09 mg protein/mg dioxane [13, 27, 66, 67]. And 

its optimum growth temperature is 30 ˚C [67].  

Kinetic studies for dioxane degradation by CB1190 demonstrate a great fit with 

Monod equation, with a maximum dioxane degradation rate (kmax) and half saturation 

concentration (KS) calculated as 1.1 ± 0.01 mg dioxane/mg protein/h and 160 ± 44 

mg/L.[13] However, presence of chlorinated solvents (e.g., 1,1,1-TCA, and its abiotic 

breakdown product, 1,1-dichloroethene [1,1-DCE]) significantly diminishes and retards 

the dioxane transformation by CB1190 cells, although neither 1,1,1-TCA nor 1,1-DCE 

could serve as a carbon source for CB1190. However, such inhibitory effects are found to 

be reversible and positively correlated with the amount of exposed chemicals. Therefore, 

after removing these chlorinated compounds, dioxane degradation rebounded back as 

those from un-poisoned cells [68]. Moreover, brief exposure with acetylene (5% v/v in 
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headspace), a common bacterial monooxygenase inactivator, could fully suppress the 

dioxane degradation process in CB1190, suggesting the vital role of monooxygenase 

involved in breaking down the cyclic ethers [13].  

With the help of high-resolution mass spectra, major intermediates have been 

identified during dioxane degradation by CB1190, including 2-hydroxy-1,4-dioxane, 2-

hydroxyethoxyacetic acid (HEAA), ethylene glycol, glycolate, and oxalate [65]. It is 

plausible that the very first intermediate, 2-hydroxy-1,4-dioxane, is generated by 2-

hydroxylation of the carbon atom adjacent to oxygen atom by monooxygenases (Figure 

2.1). However, 2-hydroxy-1,4-dioxane is an unstable cyclic hemiacetal, which can 

spontaneously decompose into 2-hydroxyethoxyacetaldehyde and result in the cleavage 

of the ether bond. Further, 2-hydroxyethoxyacetaldehyde can be quickly oxidized into 2-

hydroxyethoxyacetic acid (HEAA), which is found as the terminal metabolite of dioxane 

accumulated in dioxane co-metabolizing bacteria, such as Pseudonocardia sp. ENV478 

[16], and mammalian cells [69]. However, CB1190 is able to conquer the toxicity from 

HEAA and metabolize it into small C2 compounds, including glyoxal, ethylene glycol, 

and glycolate, all of which are further transformed into glyoxylate [65, 70]. Both 

transcriptional microarray and amino acid stable isotopomer analysis confirm that 

glyoxylate carboligase metabolism is the vital pathway how dioxane is eventually 

directed toward TCA cycle and assimilated into biomass to support the growth of this 

strain [70].  
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Figure 2.1. Proposed dioxane biodegradation pathway in monooxygenase-expressing 

bacteria. The initial step in biodegradation of dioxane is hypothesized to be 

hydroxylation by a dioxane/THF monooxygenase (dxm/thm), forming 2-hydroxy-

1,4-dioxane. This is thought to be followed by dehydrogenation of the hydroxyl 

group, forming 2-keto-1,4-dioxane, which is cleaved by a hydrolase or a 

spontaneous decomposition [65, 71]. 

 

CB1190 has been used to bio-augment phytoremediation and in situ 

bioremediation in bench-scaled studies. Kelly et al. observed significant enhancement of 

dioxane degradation and mineralization in soils planted with hybrid poplar trees. Such 

biodegradation process was further stimulated by adding THF, 1-butanol or root-extract, 

but neither glucose nor soil extract. The stimulation from THF is due to the enzymatic 

induction for monooxygenases that initialize cleavage of cyclic ethers, while 1-butanol is 

attributed to the growth of CB1190 as carbon and energy source [66]. Accordingly, 

dioxane degradation in microcosms prepared with groundwater and soil sampled 

collected at an Arctic site was also greatly boosted with amendment of CB1190, 1-
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butanol, and mineral salts. A simultaneous growth in biomass was observed at the same 

time. The degradation rate was fastest (0.16 ± 0.04 mg dioxane/mg protein/d) at the 

incubation temperature of 14 °C, and decreased drastically at 4 °C with a three-month lag 

period, suggesting that adaptation to cold weather is possible for CB1190 [72]. 

As the development of advanced 454 and Illumina techniques, the genome of 

CB1190 was fully sequenced by the U.S. Department of Energy Joint Genome Institute 

(JGI) in 2011 [25]. The size of the genome is 7.44 Mb with an average G+C content of 

73.1%, containing the circular chromosome (7.1 Mb), and three plasmids (192 kb, 137 

kb, and 15 kb) [73]. More than 6,700 candidate protein-encoding genes were retrieved 

and predicted by searching against various protein databases, such as Pfam, KEGG, and 

COG. Replication of tRNA and rRNA genes was identified with copies of 46 and 3, 

respectively [25]. It is notable that several gene clusters encoding the bacterial multi-

component monooxygenases are present in the genome of CB1190. The discovery of 

these monooxygenases is of great importance due to their potential roles in initializing 

degradation of xenobiotic compounds, especially dioxane and THF. 

2.3.2. Other isolated dioxane bacterial degraders 

Several other bacterial isolates (Table 2.3) have been identified to be capable of 

using dioxane as their sole carbon and energy source, such as Rhodococcus ruber 219 

[71, 74] and Mycobacterium sp. PH-06 [75]. Some of them exhibit desirable dioxane 

degradation characteristics relative to CB1190. For instance, the cell yield for 

Pseudonocardia sp. D17 is 0.22 mg protein/mg dioxane, which is 2.4 times as high as 

that observed for CB1190, suggesting D17 can more efficiently transform the carbon into 
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biomass. Moreover, the half saturation concentration for D17 is 59.7 mg/L, which is only 

about one third of that for CB1190, indicating a higher affinity for dioxane attacking. In 

addition, D17 exhibits constitutive dioxane degradation ability even after grown on rich 

medium. However, dioxane degradation by CB1190 is greatly delayed if pre-grown in 

medium with carbon sources other than its inducers (e.g., THF and dioxane) [13, 76]. 

Table 2.3 also listed bacterial isolates that can primarily use THF as their growth 

substrates, such as Pseudonocardia tetrahydrofuranoxydans sp. K1 [77, 78] and 

Rhodococcus sp. YYL [79]. It is likely that the degradation capability of dioxane and 

THF are well aligned in bacteria, since dioxane and THF share highly identical chemical 

structures. Excluding these bacteria that have not been tested, all THF-degrading bacteria 

exhibited their ability to fortuitously degrade dioxane after pre-grown with THF. 

Moreover, all dioxane metabolizers can utilize THF to support sustained growth, with 

only one exception of Mycobacterium sp. D6. Previous physiological characteristic 

analysis indicates that this D6 strain can only transform 3-hydroxy-THF, but not THF 

[76]. Therefore, it is very plausible to postulate that all these isolated bacteria share 

similar catabolic enzymes that are vital in the cleavage of cyclic ether bonds for both 

dioxane and THF. However, dioxane metabolizers, rather than co-metabolizers, may 

harbor additional oxygenases that can further assimilate the dioxane metabolites in order 

to sustain their growth.  
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Table 2.3 Bacteria capable of degrading dioxane and/or THF and the source 

materials where they were isolated from. 

Bacterial Strain Dioxane THF Isolation Origin Reference 

Rhodococcus ruber 

219 
+ + Effluent samples, Germany [80] 

Pseudonocardia 

dioxanivorans 

CB1190 

+ + 
Industrial sludge from a site at Darlington, 

South Carolina 
[81] 

Pseudonocardia 

benzenivorans B5 
+ NA Contaminated soil from Bitterfeld, Germany [82] 

Mycobacterium sp. 

PH-06 
+ + 

River sediment from Nakdong River, South 

Korea 
[83] 

Afipia sp. D1 + + 

Drainage surface soil samples near a 

chemical factory producing dioxane in 

Japan 

[76] 

Mycobacterium sp. 

D6 
+ - Same as above [76] 

Mycobacterium sp. 

D11 
+ + Same as above [76] 

Pseudonocardia sp. 

D17 
+ + Same as above [76] 

Pseudonocardia 

tetrahydrofuranoxyda

ns sp. K1 

* + 
Sludge from a wastewater plant in 

Gottingen, Germany 
[77] 

Pseudonocardia sp. 

ENV478 
* + 

Industrial wastewater treatment system in 

New Jersey 
[16] 

Rhodococcus sp. 

YYL 
NA + 

Activated sludge samples from wastewater 

and solid waste treatment plants, chemical 

and pharmaceutical factories in Zhejiang, 

China. 

[79] 

Rhodococcus ruber 

ENV425 
* + 

Uncontaminated turf soil enriched with 

propane  
[16] 

Flavobacterium sp. * + 
Soil from a dioxane-contaminated 

groundwater plume in Canada 
[84] 

Pseudomonas 

oleovorans sp. DT4 NA + 
Activated sludge from a pharmaceutical 

factory in Zhejiang, China 
[85] 
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Pseudonocardia sp. 

M1 
NA + 

Mixed aqueous samples from an industrial 

wastewater treatment plant in U.S. 
[86] 

Rhodococcus ruber 

M2 
NA + Same as above [86] 

Rhodococcus ruber 

T1 
* + Landfill soil in Japan [87] 

Rhodococcus ruber 

T5 
* + 

Activated sludge from a wastewater 

treatment plant in Osaka, Japan 
[87] 

+ indicates the bacterial strain is able to metabolize dioxane or THF as sole carbon and 

energy source; 

* indicates the bacterial strain can degrade dioxane only when pre-grown with auxiliary 

substrates, such as THF and propane; 

- indicates the bacterial cannot utilize the substrates; 

NA indicates no information was available whether dioxane/THF was biodegradable by 

the bacterial strain. 

 

From the view of phylogenetic evolution, most of the isolated dioxane/THF 

degraders (Table 2.3) are allocated in the genus of Pseudonocardia, Rhodococcus, and 

Mycobacterium. Bacteria in these genera are all aerobic, non-motile, Gram-positive 

Actinomycetes that are known for their capacity to metabolize recalcitrant organics in 

environment [88]. However, a number of recent findings of Gram-negative dioxane/THF 

degraders (e.g., Afipia sp. D1 [76] and Pseudomonas oleovorans sp. DT4 [85]) have 

challenged and extended our previous recognition that most cyclic ether-degraders are 

Actinomycetes. It is also very possible that other types of bacterial enzymes, rather than 

multi-component monooxygenases, are in charge of catalyzing the oxidation of 

dioxane/THF in these Gram-negative bacteria. Pervious evidence from mammalian 

studies proved that cytochrome P450 are the key enzymes involved in dioxane 

biotransformation [69, 89]. Moreover, n-alkane inducible cytochrome P450 

monooxygenases were proposed as the catalysts for dioxane/THF oxidation in the fungus 

Graphium sp. (ATCC 58400), as both propane-grown and THF-grown mycelia were 
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simultaneously adapted to the reaction [90]. However, it is still unclear about the roles of 

bacterial cytochrome P450 related in cyclic ether decomposition. 

Several other monooxygenase-expressing bacteria have also exhibited the 

capability of degrading dioxane after grown and induced with their auxiliary substrates, 

such as propane, toluene, and methane [13]. The relationship between these 

monooxygenases and dioxane degradation are further discussed in the following sub-

sections.  

2.4. Soluble Di-iron Monooxygenases and Dioxane Degradation 

Soluble di-iron monooxygenases (SDIMOs) are multi-component bacterial 

enzymes that incorporate one oxygen atom from O2 into various substrates such as 

chlorinated solvents, aromatic hydrocarbons, alkanes and alkenes to initiate catabolism 

[28]. According to the available genetic and enzymatic structural information to date, all 

SDIMOs are transcribed from a single cluster that is composed of four to six genes 

encoding functioning components. The four essential components include a large and a 

small subunit assembling into a high molecular hydroxylating complex, an NADH-

dependent reductase, and a small coupling cofactor (Figure 2.2) [28, 91]. Both genetic 

and enzymatic studies indicate the ligands of the carboxylate-bridged binuclear iron 

center interacting with substrates are all allocated at the large subunit of the hydroxylases. 

The carboxylate-bridged di-iron centers at the active site are highly conserved in the 

amino acid sequence (i.e., DE*RH). 
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Figure 2.2 Schematic view of the operon structure of dxmADBC/thmADBC gene 

clusters. A represents the dxmA/thmA genes encoding the large subunit of the 

hydroxylase; B represents the dxmB/thmB genes encoding the small subunit of the 

hydroxylase; C represents the dxmC/thmC genes encoding the couppling protein; D 

represents the dxmD/thmD genes encoding the NADH-dependent reductase. 

 

Phylogenetic studies reveal that most SDIMO-harboring bacteria belong to the 

class of α-Proteobacteria, β-Proteobacteria, and Actinobacteria. These bacteria are 

prevailing in all types of environments (e.g., Arctic tundra and tropical rainforests) 

demonstrated by various culture-dependent and culture-independent biological tools, 

such as stable isotope probing, pyrosequencing and microarray [92-97]. With the help of 

whole genome sequencing, genetic annotation analysis of bacterial isolates uncover that 

many of them tend to possess more than one SDIMO genes in order to broaden their 

catabolic capabilities of various carbon sources [25, 98]. In addition, a great number of 

these SDIMO genes are found to locate in mobile elements, rather than the chromosome 

of the bacteria. This implies the possibility that bacteria may adapt novel metabolic 

functions related to carbon or nutrient utilization by obtaining these mobile elements in 

environment through horizontal gene transfer [28]. This is also of great significance on 

explaining the enrichment of xenobiotic degraders due to long-term acclimation in 

contaminated environment. 

In general, SDIMOs are divided into five groups, based on component 

arrangement, substrate specificity, and sequence similarity, including phenol 

A D B C 1 kb
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hydroxylases (group 1), toluene/benzene monooxygenases (group 2), methane/butane 

monooxygenases (group 3), alkene monooxygenases (group 4), and THF/propane 

monooxygenases (group 5) [28, 99]. In October 2012, a total of 233 nonheme di-iron 

monooxygenase α subunit genes were retrieved from the FunGene database 

(http://fungene.cme.msu.edu/) that are more than 494 amino acids in length and contain 

two copies of the iron ligand residue sequence pattern E…E/DX2H [28]. Retrieved 

protein sequences were aligned using ClusterW [100], unrooted phylogenetic tree (Figure 

2.3) generated and visualized by MEGA 5.1 [101] depicted a clear evolutionary 

relationship among the five groups of SDIMOs. 

 

Figure 2.3 Phylogenetic analysis of 233 amino acid sequences of the α subunit of 

SDIMOs in the database of FunGene. THF MOs are circled in red. 
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Several SDIMOs (Table 2.4) are likely involved in the scission of the C-O bond 

for cyclic ethers such as dioxane and its structural analog, THF [13, 18, 26, 102]. Their 

relationship with dioxane biodegradation is discussed in detail below.  

Table 2.4 Monooxygenases implicated in dioxane degradation 

Gene Name 
Monooxygenase 

(MO) 

SDIMO 

Group 
Representative Bacterial Strain 

GenBank 

Accession No. 

Thm Tetrahydrofuran MO 5 Pseudonocardia sp. K1 AJ296087 

Prm Propane MO 5 Rhodococcus sp. RR1 HM209445 

Tom Toluene-2-MO 1 Burkholderia cepacia G4 AF319657 

Tbu Toluene-3-MO 2 Ralstonia picketii PKO1 U04052 

Tmo Toluene-4-MO 2 Pseudomonas mendocina KR1 M65106 

Mmo Soluble Methane MO 3 Methylococcus capsulatus Bath M90050 

 

2.4.1. THF/Dioxane monooxygenases 

To date, a total of four gene clusters encoding THF/dioxane monooxygenases 

have been identified (Table 2.5). All four gene clusters share the same arrangement for 

four gene components coding for a large hydroxylase subunit (62.5kDa), an NADH-

dependent reductase (33.9 kDa), a small hydroxylase subunit (39.3 kDa), and a coupling 

cofactor (12.5 kDa) in sequence (Figure 2.2) [26]. 

Notably, a putative dioxane monooxygenase gene cluster (designated as 

dxmADBC in this dissertation) located in plasmid pPSED02 of the dioxane metabolizer 

Pseudonocardia dioxanivorans CB1190 has been identified [25-27]. This dxm cluster is 

highly homologous to the putative THF monooxygenase gene clusters for 

Pseudonocardia sp. K1, Pseudonocardia sp. ENV478 and Rhodococcus sp. YYL, based 



27 
 

 
 

on the nucleotide sequence identity of each gene (e.g., > 97% for α subunit [Table 2.5]) 

as well as the arrangement of genetic components [26, 79, 102]. Moreover, among the 

eight predicted monooxygenases in CB1190, only the genes encoding this putative 

dioxane monooxygenase cluster showed significant up-regulation after amendment with 

dioxane compared to the controls fed with pyruvate [70]. A most-recent research has 

successfully cloned the whole gene cluster dxmADBC from CB1190 and thmADBC from 

K1 into a thiostreptin-inducible expression vector (pTip-QC2), and expressed them in a 

heterologous host, Rhodococcus RHA1. Oxidation activity on both dioxane and THF is 

identified in the two RHA1 clones, confirming the essential role of THF/dioxane 

monooxygenases. However, HEAA accumulates as a terminal metabolite in these 

reactions, suggesting a different enzyme from CB11190 is responsible for the 

transformation of HEAA [103]. Additional studies using Northern blot [26], colorimetric 

naphthol assays [13], and RNA antisense knockout [104] have all implicated THF and 

dioxane monooxygenases as key enzymes that initiate dioxane catabolism through 2-

hydroxylation.   

Table 2.5 Comparison between thmA/dxmA gene nucleotide sequences from four 

isolated bacterial strains by BLASTN. 

Gene Bacterial Strain 
Identity 

with dxmA 

Accession 

Number 

dxmA Pseudonocardia sp. CB1190 100% CP002597.1 

thmA Rhodococcus sp. YYL 99% EU732588.2 

thmA Pseudonocardia sp. ENV478 98% HQ699618.1 

thmA Pseudonocardia sp. K1 97% AJ296087.1 
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2.4.2. Propane monooygenases 

Propane monooxygenases bear a close evolutionary relationship with 

THF/dioxane monooxygenases, and are grouped in the same subdivision (group 5), 

although they do not share the same substrate range. However, dioxane cometabolism has 

been observed with bacteria containing propane monooxygenases. For instance, propane-

grown Rhodococcus ruber ENV425, and toluene-grown Rhodococcus sp. RR1 can 

rapidly remove dioxane in aqueous solution with degradation rates of 0.01 mg/hr/mg 

TSS, and 0.38 mg/hr/mg protein, respectively [13, 102]. The degradation rate for the 

latter strain was twice as high as that of the metabolizer CB1190 (0.19 mg/hr/mg protein) 

[13].  

A putative propane monooxygenase gene prmA was recently identified in RR1, 

whose nucleotide sequence and propane-inducible transcription are highly consistent with 

prmA from Rhodococcus jostii RHA1. Notably, an RHA1 prmA knockout mutant lacked 

the ability to metabolize propane [105]. Furthermore, a cultured propanotroph SL-D 

degraded at least 10 mg/L dioxane after the primary growth substrate (i.e., propane) was 

fully depleted [106]. Collectively, these reports implicate the potential of propane 

monooxygenases to initiate dioxane co-metabolism. Hence, it is likely that Group-5 

SDIMOs (e.g., THF/dioxane and propane monooxygenases) play a crucial role in dioxane 

biodegradation. However, whether bacteria harboring such SDIMOs are widely enriched 

at various dioxane-impacted sites is unknown. 
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2.4.3. Toluene monooxygenases 

Co-metabolic dioxane oxidation activity has been demonstrated in three bacterial 

strains after growth with toluene, including Burkholderia cepacia G4, Ralstonia picketii 

PKO1, Pseudomonas mendocina KR1. These strains are known for their capability to 

hydroxylase the benzene ring of toluene by three different toluene monooxygenases 

through ortho-, meta-, and para-oxidation, respectively [13]. Although with much lower 

transformation rates, dioxane degradation was also observed by recombinant E. coli 

strains expressing these toluene monooxygenases, confirming their catabolic capacity of 

initializing the oxidation of dioxane. It is also very interesting that bacteria harboring 

both toluene-3 and toluene-4-monooxygenase genes exhibited above two times higher 

degradation activities compared to the ones expressing toluene-2-monooxygenases [13]. 

This is possibly linked with the substrate preference or affinity for different groups of 

SDIMOs, because the toluene-2-monooxygenase from G4 actually belongs to the group 

of phenol hydroxylases (group 1), while the other two toluene monooxygenases are 

group-2 SDIMOs. Therefore, their components, substrate range, and enzymatic activities 

varied greatly from each other.  

2.4.4. Soluble methane monooxygenases 

Soluble methane monooxygenases (sMMOs), other than particulate methane 

monooxygenases (pMMOs), are known for their capability of fortuitously transforming a 

wide range of organic compounds, such as n-alkanes, n-alkenes, aromatic and alicyclic 

compounds, and chlorinated solvents (e.g., trichloroethylene [TCE]) [107-109]. In the 

absence of copper, Methylosinus trichosporium OB3b is able to express soluble methane 
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monooxygenase and degrade more than 60% of dioxane (500 µg/L as the initial 

concentration) within 40 min after pre-grown with methane. [13]  

Methanotrophic bacteria are ubiquitous in environment as the key players in local 

and global carbon cycling. It is plausible to use methane as a cost-efficient auxiliary 

substrate to bio-stimulate the methanotrophs to mitigate a large diluted dioxane plume. 

This proposed bio-stimulation treatment can be further facilitated by various biological 

molecular tools available to monitor abundance of both type I and type II methanotrophs 

in complex environmental samples, including qPCR, fluorescence in situ hybridization 

(FISH) and flow cytometry [110-112]. However, the risk of explosion and inhibition 

from copper may prohibit the efficiency of the biostimulation of sMMOs in environment, 

requiring additional attention and consideration before implementation of any in situ 

remediation strategies.  

2.4.5. Molecular tools retrieving SDIMO genes 

Nowadays, a number of microbiological efforts have been conducted to discover 

and quantify the presence of specific SDIMO genes in pure bacterial strains or a certain 

group of SDIMO genes in environmental samples. Here, two examples of novel 

ecological molecular tools are introduced and discussed due to their capabilities to detect 

thm/dxm and multiple SDIMO genes that belong to other groups.  

Coleman and his colleagues conducted a groundbreaking research on surveying 

the diversity of SDIMO genes in environmental and laboratory enriched samples. It is 

remarkable that two pairs of degenerate primers were designed based on the amino acid 

sequence alignment of the large hydroxylases of SDIMOs from various groups, 
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especially the THF monooxygenases from K1. Assisted with cloning technique, 

sequences were recovered and annotated as genes encoding butane (bmoX; group 3), 

ethene (etnC; group 4), propene (amoC, pmoC; group 4), and propane (prmA; group 5) 

monooxygenases. However, no thmA-like genes were retrieved in all these samples, 

suggesting these genes are not ubiquitous in environment. This may be because of no 

previous exposure of cyclic ethers in these samples. 

On the other hand, with the assistance of restriction fragment length 

polymorphism (RFLP), genes encoding SDIMOs, cytochrome P450, and alkane 

monooxygenases were screened in alkyl ether-utilizing Rhodococci [17]. All the cyclic 

ether degraders were found to contain thmA-like restriction fragments, while all the linear 

ether degraders harbored genes that are highly identical to prmA. These results are well 

consistent with the current knowledge to link degradation capability of cyclic ethers with 

thm/dxm genes harbored in actinomycetes.  

2.5. Evidence of Dioxane Natural Attenuation 

2.5.1. Microcosm studies mimicking natural attenuation 

The very first evidence indicating the presence of dioxane natural attenuation in 

environmental samples was observed in our lab in 2010 [72]. Dioxane biodegradation 

was investigated in microcosms prepared with groundwater and soil from an impacted 

site in Alaska. Natural attenuation microcosms (not biostimulated with nutrients) showed 

significant degradation when the initial dioxane concentration was 500 μg/L (Figure 2.4). 

Biodegradation followed zero-order kinetics (i.e., linear decrease in C versus t) indicating 
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lack of significant microbial growth (as expected given the low concentration of dioxane 

available) and saturated enzymes kinetics that are characteristic of oligotrophic bacteria 

with high affinity for dioxane [113]. However, no significant dioxane degradation was 

observed in microcosms spiked with dioxane as high as 50 mg/L compared with the 

autoclaved control. This study indicated that indigenous bacteria may consume dioxane 

in the diluted area of the plume even in oligotrophic ecosystems. 
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Figure 2.4 Dioxane degradation in natural attenuation microcosms at 14 °C. [72] 

 

Moreover, Sei and his coworkers surveyed the dioxane degradation potentials in 

various environmental samples collected in Japan, including four river water samples, 

three activated sludge samples, six drainage soil samples, and seven garden soil samples, 

when they are spiked with an initial dioxane concentration of 100 mg/L [114]. Dioxane 

was fully depleted in five of the drainage soil samples without addition of THF. One 

activated sludge sample exhibited co-metabolism of dioxane with the presence of equal 
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amount of THF. This research demonstrates that different environmental samples may 

contain different types of dioxane degraders, but the dioxane degradation capability is not 

ubiquitous in nature.  

2.5.2. Molecular evidence suggesting the presence of dioxane natural attenuation 

A recent research by Chiang and her coworkers studied the potential of natural 

attenuation of dioxane and TCE at a site located in Arizona using various ecological 

molecular tools [115]. Phospholipid fatty acid analysis associated with stable isotope 

probes (PLFA-SIP) demonstrated a significant amount of 
13

C from dioxane incorporated 

into biomass in the samples heavily impacted by dioxane (340 µg/L). However, attempts 

to prove a clear correlation between SDIMO genes and dioxane or TCE degradation 

activity were failed, since only genes encoding monooxygnenases that co-metabolize 

dioxane or TCE, such as phenol hydroxylases and toluene monooxygenases, were 

investigated in their study. This urges the needs to develop specific genetic biomarkers 

targeting the essential THF/dioxane monooxygenases in environmental samples, and 

provide unequivocal evidence to link the abundance of the indigenous degraders to the 

intrinsic biodegradation activity in environment. 
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Chapter 3 

Rapid Analysis of Dioxane in Groundwater 

by Frozen Micro-Extraction with Gas 

Chromatography/Mass Spectrometry 

3.1. Introduction 

Recognizing the need for sufficiently low limits of detection in situations when 

very limited sample volume is available for analysis, we aimed to develop an analytical 

technique that is reliable, sensitive enough to detect dioxane at the low concentrations 

required by environmental regulations, easy to implement using commonly available 

equipment, and minimizes hazardous waste generation.  In this study, we report a novel 

method of sample preparation using a frozen micro-extraction technique followed with 

GC/MS-SIM detection for dioxane using very small volumes of water samples (200 μL). 

An important aspect of this rapid pre-treatment with minimal sample handling is that it 

minimizes dioxane degradation activities during sample extraction, such as attack by 

monooxygenase-expressing bacteria or chemical oxidation by reactive oxygen species 
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used in some site remediation schemes [13, 14, 59, 65]. As part of method validation 

activities, the precision, accuracy, and suitability of this analytical method were examined 

in both synthetic and natural groundwater samples. 

3.2. Materials and Methods 

3.2.1. Chemicals and reagents 

1,4-Dioxane (99.9%, stabilized with 10 mg/L
 
sodium diethyldithiocarbamate) was 

purchased from EM Science, Cherry Hill, NJ. Both 1-butanol (99.9%) and methylene 

chloride (99.9%) were obtained from Fisher Scientific, Fair Lawn, NJ. 1,4-Dioxane-d8 

(99%) and 1,1,1-trichloroethane (≥ 99.8%, for GC) were purchased from Sigma Aldrich, 

St. Louis, MO. 1,4-Dichlorobenzene-d4 (2000 µg/mL
 
in methanol) was purchased from 

Supelco Analytical, Bellefonte, PA. Methanol (99.9%, for GC, HPLC, 

Spectrophotometry, and Gradient Analysis) was purchased from EMD Chemical, 

Darmstadt, Germany. Anhydrous sodium sulfate was purchased from Thermo Fisher 

Scientific, Waltham, MA. The laboratory reagent water was prepared from tap water 

using reverse osmosis followed by a Millipore Milli-Q Ultrapure Gradient A-10 polishing 

unit (Billerica, MA). 

3.2.2. Sample preparation and frozen micro-extraction procedure 

About 0.3 mL water samples were collected with sterile 1mL syringe, and filtered 

through a 0.2 μm, 13 mm Nylon syringe filter to remove suspended matter in the water.  

A 200 µL aliquot of the filtered sample was transferred to clean Agilent screw cap 1.5 

mL glass vials by pipette, and subsequently spiked with 1 µL of a methanol mixture 
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containing 40 mg/L 1,4-dioxane-d8 as the internal standard (IS) and 20 mg/L 1,4-

dichlorobenzene-d4 as the surrogate standard (SUR). Therefore, concentrations of 1,4-

dioxane-d8 and 1,4-dichlorobenzene-d4 in the sample were 200 and 100 µg/L, 

respectively. An equal volume of methylene chloride (200 μL) was added into the glass 

vials.  The capped vials were then gently shaken for 30 s and placed on glass plates 

inclined at an angle of 45° from the horizon to reduce the potential of cracking of the 

vials once the water freezes. After freezing in a refrigerator set at −80 °C for 20 minutes, 

only the water phase is frozen, but not the methylene chloride solvent with the extracted 

dioxane. The liquid phase (~200 µL) of the methylene chloride solvent was removed with 

a gas-tight glass syringe and quickly transferred to a fresh instrument vial to avoid re-

melting of the ice. The extract was then ready and stored at −20 °C until analysis. 

3.2.3. GC/MS apparatus 

An Agilent mass spectrometer Model 5973 and Agilent gas chromatograph Model 

6890 equipped with an electronic pressure control system and an HP-5 column 30 m × 

0.25 mm i.d., 0.25 µm film thickness, were used for analysis.  The inlet temperature was 

200 °C. The inlet pressure was 10.0 psi, with inlet “pulse” pressure set to 40 psi for 0.2 

min.  The septum purge to split vent was set at 40.3 mL/min for 1.0 min.  Pulsed splitless 

injection of 1 µL was applied to minimize residence time in the liner and improve peak 

shape. The gas flow in the column was constant at 1.3 mL/min with helium of ultra high 

purity. The oven temperature was initially held at 35 °C for 5.0 min, and then run with a 

20 °C/min ramp to 100 °C, followed by a 50 °C/min ramp to 275 °C and held isothermal 

at 275 °C for 1.0 min.  The duration of the total run was 12.75 min. For MSD acquisition, 

a solvent delay of 5.0 min and EM offset of 200 were set. The monitored ions for 
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quantification are listed in Table 3.1. The SIM parameters were divided into two groups 

and each ion was assigned a dwell time of 100 µs. The ratios of peak areas of the monitor 

ions to those of the IS were used for concentration calculations. 

 

Table 3.1 Retention times and selection ions for GC/MS-SIM determination. 

Compound SIM ions 

(m/z) 

Retention time 

(min) 

Segment* 

1,4-dioxane 58, 88 5.78 1 

1,4-dioxane-d8 64, 96 5.69 1 

1,4-dichlorobenzene-d4 115 9.78 2 

* Segment 1 monitored ions for dioxane and the IS from 5.0 to 9.0 min; segment 2 

monitored ions for the SUR from 9.0 to 12.75 min. 

 

3.3. Results and Discussion 

3.3.1. Frozen micro-extraction 

The low-pressure ultra filtration (UF) membrane has been shown to effectively 

remove bacteria and suspended particulates, but not dioxane, which is a neutral organic 

compound with a low molecular weight of 88 g/mol [116]. However, some chemical 

species that generate hydroxyl radicals (e.g., O3 or H2O2) that are typically used in 

advanced oxidation treatment processes, as well as enzymes capable of degrading 

dioxane (e.g., monooxygenases produced in bioremediation schemes [13, 16]), have the 

potential to break through in the permeate. Consequently, freezing the extract was tested 
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as a means of drying and separating such elements that could interfere with quantitative 

dioxane analysis, without the need to add scavengers and quenchers. This feature also 

makes the subject method suitable for monitoring the performance of different dioxane 

treatment processes since samples could be frozen quickly (< 15 min) at –80 °C, and 

allows a thorough separation of solvent and ice for solvent aliquot removal.  

To understand possible limitations with regard to the temperature at which 

extractions are performed, frozen extractions were also conducted at –20 °C for 45 min 

with other procedures unchanged.  The dioxane spike recoveries (data not shown) were 

within the same range as those obtained when frozen at –80 °C.  These results suggest 

that extreme frozen temperatures are not an essential prerequisite of the subject method.  

3.3.2. GC/MS analytical performance 

Using the above instrument settings resulted in the internal standard dioxane-d8 

eluting within 6 min, and dioxane eluting shortly afterward. The system monitoring 

compound 1,4-dichlorobenzene-d4 eluted well after these two compounds, at just after 9.5 

min (Figure 3.1).  The extended run ensures that other compounds that may be present in 

the samples are eluted before the next run. The dioxane and dioxane-d8 peaks separated 

well at a low dioxane concentration (< 200 µg/L) (Figure 3.1), but overlapped when the 

concentration of either compound exceeded 200 µg/L. The extracted ion current profiles 

for both the internal standard and dioxane were also well-formed and free of 

chromatographic interferences. 
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Figure 3.1 Total ion chromatogram of a 100 µg/L dioxane standard processed by 

frozen micro-extraction 

 

Based on the wide range of dioxane concentrations found in impacted aquifers, a 

linear calibration curve with 7 points including 25, 50, 100, 200, 400, 800, and 1,600 

µg/L was developed (Figure 3.2). The continuing calibration verification (CCV) 

standards were prepared at 100 µg/L from a neat standard made independently from the 

initial calibration curve (ICAL) and run at the start of every 12 h work shift. The CCVs 

were routinely less than 20% different from the ICAL, indicating a stable instrumentation 

condition for our experiments.  
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Figure 3.2 Log-log calibration curve of relative area response versus dioxane 

concentration (25 to 1,600 µg/L range), relative to the internal standard (200 µg/L 

dioxane-d8). 

 

Table 3.2 Assessment of dioxane recovery and precision using frozen micro-

extraction method. 

Spiked 

concentration 

(µg/L) 

Successive detection data results 

Four trials 

(µg/L) 

Average 

recovery 

(%) 

Relative 

standard 

deviation 

(% of mean) 

1,600 1696.6 1489.7 1634.0 1575.1 99.9 5.5 

500 470.5 501.4 529.8 476.1 98.9 5.4 

100 112.8 108.7 117.4 112.8 112.9 3.1 

25 25.0 28.3 25.2 28.5 107.1 7.2 

10 10.7 11.3 10.7 10.4 107.6 3.7 
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An assessment of dioxane recovery and analytical precision (i.e., the relative 

standard deviation, expressed as a percentage of the mean) is summarized in Table 3.2. 

These data show that over the concentration range tested (10 to 1,600 µg/L), the precision 

was high (i.e., within 8%) and easily meets the 30% guideline for Method 8270D SW-

846 suggested by U.S. EPA [117].  

3.3.3. Extraction efficiency 

The internal standard dioxane-d8 was spiked into the samples prior to extraction in 

a technique referred to as stable isotope dilution.  Both dioxane and its labeled analog 

dioxane-d8 are equally extracted and separated by gas chromatography. Thus, adding a 

known amount of this labeled analogue to a sample prior to extraction enables correction 

for dioxane recovery. The extraction efficiency was determined by comparing the 

response of the internal standard with and without extraction (i.e., spiked into the sample 

to be extracted versus spiked into the methylene chloride extractant that was directly 

injected into the GC). The average extraction recovery of dioxane-d8 was 67.9% with an 

estimated relative standard deviation of ± 7.5%. This is a nearly 20% higher recovery 

than that by liquid-liquid extraction reported by Park et al. [47].  Overall, frozen 

extraction significantly improved the liquid-liquid extraction for both dioxane-d8 and 

dioxane (p < 0.05) (Table 3.3).  Specifically, the partitioning of 1,4-dioxane from the 

water phase to the solvent phase is dramatically enhanced at the freezing temperature 

compared to that liquid/liquid extraction at room temperature. 
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Table 3.3 Extraction efficiencies (n = 4) for dioxane and dioxane-d8 w/ or w/o 

freezing procedure of the micro-extraction for 100 µg/L dioxane spiked samples. 

Extraction Recoveries 

(%) 

dioxane-d8 dioxane 

w/ frozen procedure 60.7 ± 7.6 55.0 ± 13.3 

w/o frozen procedure 49.0 ± 10.7 35.6 ± 7.6 
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Figure 3.3 Absolute ion response for dioxane and internal standard (200 µg/L 

dioxane-d8) in log-log plot. 

 

Isotope dilution enables accurate calculation of recovery without hindering the 

linearity of the analyte response as it compensates for a reduction in precision that may 

occur with low-volume injections [46]. This is evident by comparing the 

dioxane/dioxane-d8 ratio calibration curve (Figure 3.2) to the absolute ion response for 
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dioxane (concentration range from 25 to 1,600 µg/L, Figure 3.3), both of which depict 

high R
2
 values (> 0.9989).   

3.3.4. Method detection limit 

Analysis of seven successive spikes at the lowest concentration tested (10 μg/L) 

were used to estimate the method detection limit (MDL) of dioxane by frozen micro-

extraction. The MDL was calculated using the following equation [55]:  

MDL = S × T (n – 1, 1 – α = 0.99) 

where S is the standard deviation of the replicate analysis in μg/L; α is the level of 

significance; T (n-1, 0.99) is the T value at the 99% confidence level with n – 1 degrees 

of freedom; and n is the number of replicate analyses.  

The MDL was calculated to be 1.6 μg/L, which adequately meets the 3 μg/L 

drinking water advisory proposed by the  US EPA for a 10
−6

 lifetime cancer risk level [3, 

118], and compares well with the MDLs for other analytical methods (Table 2.2). Based 

on the assessment of the method performance, even lower detection limits and higher 

sensitivities might be possible to achieve by reducing the concentration of the internal 

standard (to reduce peak broadening), increasing injection volume, calibrating with a 

lower level curve (e.g., 5 to 50 μg/L), excluding the secondary ions for SIM detection 

(i.e., m/z 58 for dioxane and m/z 64 for dioxane-d8), and increasing the GC column film 

thickness (e.g., 1.4 μm) [53]. Several pretreatment parameters are also adjustable to meet 

different experimental needs. For example, as shown earlier, freezing the extracts at −20 

°C yielded similar results, but required longer freezing time. The water-to-solvent ratio 

can be also increased to 1:2 (v/v) to reach higher extraction recoveries (94.9%), but the 

dioxane concentration would be diluted [47].  
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3.3.5. Potential impact of 1,1,1-TCA 

Since dioxane is predominantly used as a stabilizer (and metal inhibitor) of 1,1,1- 

TCA, whose Kow is about 575 times higher than dioxane [63], it is valuable to estimate 

the potential impact of TCA on the process of frozen extraction. Three TCA 

concentrations ranging from 0.2 to 8 mg/L were spiked in the samples as background to 

mimic different TCA contamination levels. Presented on Figure 3.4 are the extraction 

recoveries of the TCA-spiked samples with 25, 100, and 500 μg/L dioxane.  The dioxane 

recoveries were in the range from 89% to 112%, which were within 5% of the controls 

without TCA. Based on student t-test, the TCA co-contamination did not impart 

significant interference on the dioxane recoveries, at the 95% confidence level. This 

indicates that this extraction method is not affected by the potential competitive decrease 

in dioxane recoveries in heavily contaminated samples due to the shortage of sorbent 

capacity, as reported for SPE carbon disks by Isaacson et al. [54].   
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Figure 3.4 The comparison of the mean recoveries of different concentrations of 

dioxane spiked with three levels of 1,1,1-TCA (n=3). 
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3.3.6. Application to groundwater samples of high Total Organic Carbon 

The subject method was validated using groundwater samples from a monitoring 

well tapping a sandy-silt formation at an industrial site in Prudhoe Bay, Alaska. The 

average concentration of total dissolved organic carbon was relatively high (8.34 ± 0.31 

mg/L), which provided an opportunity to evaluate the effect of co-occurring organics on 

detection accuracy and reproducibility. The samples contained trace levels of dioxane 

(below the limit of detection), and were spiked with different dioxane concentrations. 

Samples spiked with 25, 125 or 500 μg/L (Table 3.4) yielded an average dioxane 

recovery of 103.8 ± 6.9%, with precisions of 10.5%, 2.0% and 3.9%, respectively, 

indicating low (if any) interference to our extraction method by the high background 

Total Organic Carbon (TOC).  

 

Table 3.4 Analysis of groundwater samples spiked with different concentrations of 

dioxane. 

Spiked 

concentration 

(µg/L) 

Sample numbers Average detected 

concentration 

(µg/L) 

Standard deviation 

(µg/L) 

500 9 507.4 17.9 

125 4 128.3 2.6 

25 4 27.5 2.9 

 

Overall, this frozen micro-extraction method described herein was developed for 

dioxane analysis at trace (parts-per-billion) concentrations in which very limited sample 
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volume is available.  This approach is relatively simple, quick, labor-saving, and exhibits 

high accuracy, precision, and sensitivity. Most of the materials and instruments needed 

are commonly found in commercial analytical laboratories. Whether this approach may 

also be advantageous for the analysis of other semi-volatile organic compounds in water, 

such as methyl tert-butyl ether (MTBE), N,N-dimethylformamide (DMF) and 

tetrahydrofuran (THF), remains to be determined [50, 54, 55]. The performance of this 

method in creating an instrument-ready extract in minutes also leads to a variety of 

potential field applications. Overall, this as an environmentally friendly method that is 

particularly attractive when sample size, space, cost, time, and waste products all need to 

be minimized.  
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Chapter 4 

Untangling the Multiple Soluble Di-iron 

Monooxygenases Harbored by 

Pseudonocardia dioxanivorans CB1190 

4.1. Introduction 

Pseudonocardia dioxanivorans CB1190 is the first isolated bacterial strain that is 

capable of growing on dioxane as sole carbon and energy source [27]. Although an 

increasing number of microbes have been identified as their ability to transform dioxane 

[13, 16, 71, 75, 119], CB1190 still serves as the model bacterium, since it can mineralize 

dioxane to CO2 as well as assimilate it into biomass [27, 65]. Such metabolic process is 

proposed to be initiated by monooxygenases. Metabolites of dioxane can be further 

catabolized and enter TCA cycle through the glyoxylate carboligase pathway to support 

the growth of CB1190 [65, 70].  
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A significant amount of energy is required to break the C-O bond in cyclic ethers, 

which greatly prohibits their decomposition by microorganisms. Therefore, the research 

in this chapter focuses on identifying the essential genes possessed in the genome of 

CB1190 encoding for the catabolic enzymes that initiate the oxidation of cyclic ethers 

including dioxane and THF. This is of great importance for the design and development 

of forensic tools to evaluate dioxane biodegradation in both pure cultures and complex 

environment. 

4.2. Materials and Methods 

4.2.1. Chemicals 

All chemicals used in the experiments were of ACS grade or better. 1,4-Dioxane 

(99.9%, stabilized with 10 mg/L sodium diethyldithiocarbonate) was purchased from EM 

Science, Cherry Hill, NJ.  1,4-Dioxane-d8 (99.9%) and tetrahydrofuran (99%) was 

obtained from Sigma Aldrich, St. Louis, MO. Dimethylene chloride (99.9%) and 1-

butanol were obtained from Fisher Scientific, Fair Lawn, NJ.  Anhydrous sodium sulfate 

and anhydrous mercury chloride were purchased from Thermo Fisher Scientific, 

Waltham, MA. 

4.2.2. Laboratory strain 

CB1190 (ATCC #55486) was grown in ammonium mineral salts (AMS) medium 

fed with dioxane as sole carbon and energy source at 24 °C shaking at 120 rpm. Cells 

were harvested at stationary phase by centrifugation at 8000 rpm for 15 min. The 
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supernatant was decanted and the pellets were washed three times with phosphorous 

buffer to remove all the organic residues.  Then, the cell pellets were resuspended with 10 

mL AMS medium for further treatment. 

One liter of ammonium mineral salts (AMS) medium contained 100 mL of 10x 

salts solution, 1.0 mL of AMS trace elements, 1.0 mL of stock A, and 20 mL of 1.0 M 

phosphate buffer (added after sterilization). The AMS 10 × salt solution contained 6.6g of 

(NH4)2SO4, 10.0 g of MgSO4·7H2O, and 0.15g of CaCl2·2H2O. The AMS trace elements 

contained, per liter, 0.5 g of FeSO4·7H2O, 0.4g of ZnSO4·7H2O, 0.02g of MnSO4·H2O, 

0.015g of H3BO3, 0.01g of NiCl2·6H2O, 0.05g of CoCl2·2H2O, and 0.25 of EDTA. AMS 

stock A contained, per liter, 5.0g of Fe-Na EDTA and 2.0g of NaMoO4·2H2). The 1M 

phosphate buffer contained 113.0 g of K2HPO4 and 47.0 g of KH2PO4.  

4.2.3. Culture growth and RNA extraction 

Triplicate microcosms were prepared with 100 mL AMS medium inoculated with 

1 mL concentrated CB1190 culture solution in 250 mL amber bottles. Then different 

treatments were separately amended with dioxane (100 mg/L), THF (100 mg/L), glucose 

(1 g/L), or acetate (1 g/L) as sole carbon source and incubated at room temperature while 

shaking at 120 rpm. The concentrations of amended organic chemicals in the microcosms 

were monitored everyday by Agilent 5890 Chromatograph (GC) with a Flame Ionization 

Detector (FID) [72].  

CB1190 tends to form clumps on the surface of the aqueous phase. Therefore, 

when more than half of the added substrates were depleted (1 to 5 days), bacterial cells 
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were harvested by filtering through 0.45µm HA membrane filters (HAWP02500, 

Millipore, Billerica, MA) assembled with Swinnex 25 mm filter holders (Millipore, 

Billerica, MA). The biomass along with the filter was then immediately dissolved in the 

lysozyme solution (10 mg/mL) in a 15 mL centrifuge tube. After adding SDS solution 

and lysis buffer, the cell lysate was homogenized using an ultrasonic homogenizer Sonic 

Ruptor 250 (Omni International, Kennesaw, GA) at the power output of 80 for 2 min. 

Then the solution was transfer to a 1.7 mL sterile tube by pipetting, and then purified 

using PureLink RNA Mini kit (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s protocol, followed by On-column PureLink DNase Treatment 

(Invitrogen, Carlsbad, CA) to remove the interference from genomic DNA. RNA 

concentrations were determined by Nanodrop ND-1000 from Nanodrop products Inc. 

(Wilmington, NE). cDNA was synthesized using High-Capacity cDNA Reverse 

Transcription Kits (Applied Biosystems, Carlsbad, CA) added with RNase inhibitor 

(Applied Biosystems, Carlsbad, CA), and then purified with Wizard SV Gel and PCR 

Clean-Up System (Promega, Madison, WI) following the manufacturer’s instruction. The 

DNA elution (50 μL) was diluted to 1ng/μL with DNA/RNANase free water. 

4.2.4. Reverse transcription - quantitative PCR (RT-qPCR) 

To determine expression of all seven putative SDIMO genes harbored by 

CB1190, paired primers (Table 4.1) with the length of 18 to 22 bp were designed to target 

the α-subunits of these MOs using the PrimerQuest software from IDTDNA 

(http://www.idtdna.com/Primerquest/Home/Index). The expected amplicon size ranged 

from 80 to 120 bp with the annealing temperatures set as 58 to 62 ºC for all primers.  
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Table 4.1 Primers used in RT-qPCR. 

Targeted 

Gene 
Primer Sequence (5' - 3') 

prmA Psed_0629_F AAC ATG GGT CGC CTG GTC GG 

 Psed_0629_R TTG CCG TCG TCC CGA ACG AA 

dmpN Psed_0768_F CAT GTC GCC GTT GAA ACT 

 Psed_0768_R CGA GTT CCT GAT CTC CAT CT 

tmo1A Psed_0815_F TTC CCG CCG TAG GAC AGG GA 

 Psed_0815_R GTT GCC GTG GTT GTG CAG CA 

tmo3A Psed_1155_F CTC TCC GAG TAC GCC GCC TG 

 Psed_1155_R GCC ATG TCG GAG CTC GTC GA 

tmo2A Psed_1436_F CTC TGC AGC CTG TGC CAC CT 

 Psed_1436_R CCC GTT GTG GGT GAG CGA GT 

tmo4A Psed_6062_F GCT CCA TGA ACT GCT TGA 

 Psed_6062_R GGT CTG TCG ATG GAC TAC TA 

dxmA 
Psed_6976_F GGA CCG TGC ACG CAT TCG TC 

Psed_6976_R CGT GGT CCA GCT TTC CGG GT 

16S rRNA 
CB1190_16S _F TGG GTT TGA CAT GCA CCA GAC A 

CB1190_16S _R ATA ACC CGC TGG CAA CAT GGA A 

 

Quantitative PCR was performed using a 7500 real time PCR system from 

Applied Biosystems (Carlsbad, CA) in 15 μL of reaction mixture composed of 1 μL 

cDNA (1ng/μL), Power SYBR Green PCR Master Mix (7.5 μL), 0.3 μM of each primer 

and DNA/RNANase free water. The reaction temperature program included 95 ˚C for 10 

min, and 40 cycles of 95 ˚C for 15 s and 60 ˚C for 1 min. The method was used to 

quantify differential gene expression, and the results were analyzed with the calculation 

formulae below for the expression fold change. 

Δ ΔCT, Target gene = (CT, Target gene – CT, Housekeeping gene) Treatment – (CT, Target gene – CT, 

Housekeeping gene) Control  
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In this case, target genes are the genes encoding α subunits of different SDIMOs 

possessed by CB1190. Specific primers targeting the 16S rRNA gene of CB1190 were 

designed and used as the housekeeping gene to normalize experimental variances. 

4.3. Results and Discussion 

4.3.1. Unveiling the seven SDIMO genes harbored by CB1190 

As the genome of CB1190 has been recently sequenced by the U.S. Department 

of Energy Joint Genome Institute (JGI) in 2011 [25], seven putative gene clusters 

encoding SDIMOs were annotated by searching the monooxygenase component 

mmoB/dmpM against the whole CB1190 genome, which included one putative phenol 

hydroxylase (dmpKLMNOP), four putative toluene-4-monooxygenases (tmo1ABDECF, 

tmo2ABDECF, tmo3ABCDE+F?, and tmo4ABCDEGF), one putative propane 

monooxygenase (prmABCD), and one putative THF/dioxane monooxygenase 

(dxmADBC). The proposed components of each gene cluster were listed in Table 4.2, and 

their arrangements were visualized in Figure 4.1. It is notable that all the predicted 

monooxygenases other than the putative THF/dioxane monooxygenase are located in the 

chromosome of CB1190.  
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Table 4.2 Genetic components of seven putative SDIMOs in CB1190. Paired gene names were assigned according to their 

sequence matches and positions in the gene clusters. The genes encoding the the α subunits of SDIMOs are highlighted in 

yellow.  

 

Gene ID (Psed_) 0629 0630 0631 0632

Annotation in GenBank
methane 

monooxygenase

ferredoxin--

NAD(+) 

reductase

methane/phenol/t

oluene 

hydroxylase

monooxygenase 

component 

MmoB/DmpM

Paired Putative Genes prmA prmB prmC prmD

Gene ID (Psed_) 0766 0767 0768 0769 0770 0771

Annotation in GenBank
Phenol 2-

monooxygenase

Phenol 

hydroxylase 

conserved region

Phenol 2-

monooxygenase

monooxygenase 

component 

MmoB/DmpM

Phenol 2-

monooxygenase

hypothetical 

protein

Paired Putative Genes dmpP dmpO dmpN dmpM dmpL dmpK

Gene ID (Psed_) 0810 0811 0812 0813 0814 0815

Annotation in GenBank

ferredoxin--

NAD(+) 

reductase

Rieske (2Fe-2S) 

iron-sulfur 

domain-

containing 

protein

methane/phenol/t

oluene 

hydroxylase

monooxygenase 

component 

MmoB/DmpM

Toluene-4-

monooxygenase 

system B

methane/phenol/t

oluene 

hydroxylase

Paired Putative Genes tmo1F tmo1C tmo1E tom1D tmo1B tmo1A

Gene ID (Psed_) 1155 1156 1157 1158 1159 1160

Annotation in GenBank
Phenol 2-

monooxygenase

hypothetical 

protein

Rieske (2Fe-2S) 

iron-sulfur 

domain-

containing 

protein

monooxygenase 

component 

MmoB/DmpM

methane/phenol/t

oluene 

hydroxylase

transcriptional 

regulator CdaR

Paired Putative Genes tmo3A tmo3B tmo3C tmo3D tmo3E tmo3F?

Gene ID (Psed_) 1436 1437 1438 1439 1440 1441

Annotation in GenBank

methane/phenol/t

oluene 

hydroxylase

Toluene-4-

monooxygenase 

system B

monooxygenase 

component 

MmoB/DmpM

methane/phenol/t

oluene 

hydroxylase

Rieske (2Fe-2S) 

iron-sulfur 

domain-

containing 

protein

ferredoxin--

NAD(+) 

reductase

Paired Putative Genes tmo2A tmo2B tmo2D tmo2E tmo2C tmo2F

Gene ID (Psed_) 6056 6057 6058 6059 6060 6061 6062

Annotation in GenBank

ferredoxin--

NAD(+) 

reductase

alcohol 

dehydrogenase 

GroES domain-

containing 

protein

methane/phenol/t

oluene 

hydroxylase

monooxygenase 

component 

MmoB/DmpM

hypothetical 

protein

Toluene-4-

monooxygenase 

system B

Phenol 2-

monooxygenase

Paired Putative Genes tmo4F tmo4G? tmo4E tmo4D tmo4C tmo4B tmo4A

Gene ID (Psed_) 6976 6977 6978 6979

Annotation in GenBank
hypothetical 

protein

Ferredoxin--

NAD(+) 

reductase

methane/phenol/t

oluene 

hydroxylase

monooxygenase 

component 

MmoB/DmpM

Paired Putative Genes thmA thmD thmB thmC
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Figure 4.1 Organization of seven monooxygenase gene clusters. Functioning ORFs are indicated by block arrows (sized to 

scale) below their predicted operon name. Key components of SDIMOs are highlighted in different colors.  

dxmADBC
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α subunit
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Table 4.3 Amino acid sequence analysis of the α subunit of SDIMOs possessed by 

CB1190.  

Protein 

Accession 

Gene 

Name 
Best GenBank Match 

Maximum 

Identity 

YP_004330880 dmpN 
putative phenol hydroxylase component 

[Gordonia amarae NBRC 15530] 
86% 

YP_004330924 tmo1A 

putative methane/phenol/toluene 

monooxygenase [Gordonia 

polyisoprenivorans VH2] 

82% 

YP_004331528 tmo2A 

putative methane/phenol/toluene 

monooxygenase [Gordonia 

polyisoprenivorans VH2] 

82% 

YP_004331255 tmo3A 
methane/phenol/toluene hydroxylase 

[Streptomyces sp. AA4] 
60% 

YP_004336024 tmo4A 
methane/phenol/toluene hydroxylase 

[Kyrpidia tusciae DSM 2912] 
71% 

YP_004330745 prmA 
methane monooxygenase [Pseudonocardia 

sp. P1] 
92% 

CP002597
*
 dxmA 

alpha-subunit of multicomponent 

tetrahydrofuran monooxygenase 

[Pseudonocardia sp. K1] 

99% 

*
 No protein accession number available. 

 

Note that the gene cluster of this putative dioxane MO is highly identical in both 

arrangement and sequence with the putative THF MOs from three isolated THF 

degraders, including Pseudonocardia sp. K1, Pseudonocardia sp. ENV478, and 

Rhodococcus sp. YYL [16, 26, 120]. According to blastp analysis, the maximum 

identities between their amino acid sequences are 99%, 99%, 95%, respectively. In 

addition, Kim and his colleagues isolated four cyclic ether-utilizing strains from activated 

sewage sludge enriched with THF. All four strains harbor thmA-like genes revealed by 

restriction fragment analysis [17]. It is noteworthy that this gene cluster is located on a 

medium-sized plasmid pPSED02 (66,907 bp, accession number: NC_016601). This 

elicits the possibility and feasibility for indigenous microorganisms to obtain dioxane 

http://www.ncbi.nlm.nih.gov/protein/331694685?report=genbank&log$=prottop&blast_rank=1&RID=ARYDRZUY01N
http://www.ncbi.nlm.nih.gov/protein/331695289?report=genbank&log$=prottop&blast_rank=1&RID=ARYHT51S01N
http://www.ncbi.nlm.nih.gov/protein/331695016?report=genbank&log$=prottop&blast_rank=1&RID=ARYRNTB8016
http://www.ncbi.nlm.nih.gov/protein/331699785?report=genbank&log$=prottop&blast_rank=1&RID=ARYN2U9X014
http://www.ncbi.nlm.nih.gov/protein/331694506?report=genbank&log$=prottop&blast_rank=1&RID=ARYUDTDW01N
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degradative capability via horizontal gene transfer under the pressure of high 

concentration of dioxane in the source zone at field sites. 

Due to the same operon structure and component assembly, both THF/dioxane 

MOs and propane MOs are included in the Group 5 of SDIMOs [21, 91]. Phylogenetic 

analysis (Figure 2.3) revealed a large number of Actinomycetales possessing similar 

propane MOs as CB1190. Among them, the prm-like MO sequence in CB1190 is highly 

homologous to the gene cluster prm1ABCD from Pseudonocardia sp. TY-7 (PID: 

BAF34304) with identity of 85% for their α subunits. Northern blot analysis and RT-

qPCR results suggested that the whole gene cluster of prm1ABCD was induced by 

gaseous n-alkane except methane (i.e., ethane, propane, and butane), and the main 

metabolic pathway was confirmed as subterminal oxidation in Pseudonocardia sp. TY-7 

by assessing its growth substrates in whole-cell assays [121]. Moreover, prmA-like genes 

were present in several Gram-positive Rhodococcus and Gordonia strains, which were 

proved to be greatly correlated with their degradation activities for linear alkyl ethers and 

dibenzyl ether [17]. Hence, both thm-like and prm-like MOs may be in charge of the 

initial hydroxylation of small molecule alkane and ether compounds at an internal carbon 

position where the electron density is relatively low [17].   

Phenol hydroxylase is one of the key enzymes to break phenolic compounds and 

form corresponding catechols. This is identified as the rate-limiting step of the 

degradation pathway [122]. There exists a six-component MO gene cluster in the 

chromosome of CB1190, whose obtained sequences are putative orthologues that 

constitute non-heme phenol hydroxylases. The amino acid sequence of its α subunit is 
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closely related to Gordonia amarae NBRC 15530 (Table 4.3). A series of research 

conducted in Prof. Watanabe’s lab has established the relationship between the kinetic 

trait of phenol consumption and the phylogeny of the harbored phenol hydroxylase for 

phenol-degrading bacteria isolated from activated sludge and TCE-impacted aquifer. 

Multi-component phenol hydroxylases were divided to three genotypes, corresponding to 

the three kinetic groups (i.e., low, medium, and high affinity constant KS for phenol) 

[123]. We included the sequence from the putative phenol hydroxylase of CB1190, and 

rebuilt the phylogenetic tree based on amino acid sequences of their α subunits.  

 

Figure 4.2 Phylogenetic analysis of CB1190 and several phenol-degrading bacteria 

according to the amino acid sequences of their α subunits. The bar represents 0.05 

substitution per site. 

 

Figure 4.2 shows that the putative phenol hydroxylase of CB1190 belongs to the 

low-KS phenotype, indicating its growth on phenol may be relatively slow. Meanwhile, 

those low-KS type of phenol degraders generally exhibited very high activities to 
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fortuitously degrade TCE while using phenol as the substrate inducer [124]. Therefore, it 

is possible that CB1190 may be capable of transforming TCE after growth with phenol 

compared to other low-KS type of phenol-degrading bacteria.  

Besides the three SDIMO gene clusters mentioned above, all the other four gene 

clusters contain tmo-like genes encoding toluene-4-MOs. Toluene-4-MOs are able to 

hydroxylase toluene and generate p-cresol, and the gene cluster tmoABCDEF from 

Pseudomonas mendocina KR1 is the first identified archetypal member of Group 2 of 

SDIMO genes [125-127]. This group of SDIMOs is distinct from other groups, because 

the enzymes in this group contain a Rieske-type ferredoxin protein (tmoC) functioning as 

the iron-sulfur ferredoxins from aromatic ring dioxygenases [128]. However, the position 

of this tmoC gene in both gene cluster tmo1 and tmo2 from CB1190 is greatly different 

from that from Pseudomonas mendocina KR1, locating between the coupling protein 

(tmoE) and the NADH reductase (tmoF). Blastp also revealed that the amino acid 

sequences of tmo1 and tmo2 are highly identical (82% for α subunits). Duplicated copies 

of a similar gene cluster may avoid the loss of essential functional genes caused by 

mutations. Functional redundancy is common for bacteria possessing SDIMOs [25, 129-

131], but it is hard to discern such genetic duplication for catabolic genes, because small 

difference in their genes can alter their substrate specificities or functioning conditions 

[131]. For tmo3 in Figure 4.1, the tmoF gene encoding the NADH reductase is absent, 

and substituted by a gene encoding transcriptional regulator CdaR. The gene cluster tmo4 

is the only one containing all essential genes with the same arrangement order as that 

from Pseudomonas mendocina KR1. However, there is an insertion of an alcohol 

dehydrogenase GroES domain-containing protein (tmoG?) between tmo4E and tmo4F. 
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Overall, in the chromosome of CB1190, none of the four putative toluene-4-MO genes 

are fully identical to the previously-well-studied SDIMO genes in Group 2 based on their 

component arrangement and structure. It was reported that such tmo-like genes were 

rarely detected in BTEX degraders isolated from an oil-refinery site [132]. This is the 

first evidence of an Actinomycetale strain harboring four tmo-like genes, illustrating a 

competitive advantage for CB1190 in adapting to various polluted environments.  

The cofounding of diverse content of monoxygenase genes possessed by CB1190 

implies its broad metabolic versatility. CB1190 may be able to degrade diverse 

contaminants other than ethers (e.g., dioxane, THF, 2-methyl-1,3-dioxolane and butyl 

methyl ether), alcohols, and benzene [27]. Moreover, it also provides evidence that 

propane, toluene, phenol, or other similar compounds may be suitable as auxiliary 

substrate candidates for in situ bio-augmented remediation of dioxane or chlorinated 

solvents, which sustain the degrading bacteria and stimulate related MOs at the same 

time. 

4.3.2. Up-regulation of the dxmA gene during dioxane, and THF metabolism 

To gain the insights into the dominant SDIMOs involved in dioxane metabolism, 

reverse transcription quantitative PCR (RT-qPCR) was used to assess the expression 

levels of the α subunit of each SDIMOs in CB1190 (highlighted in yellow in Table 4.2) 

in the dioxane, THF, and glucose treatment compared with the acetate treatment as 

experimental control.  
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Figure 4.3 Expression of genes encoding α subunits of the seven putative SDIMOs by 

CB1190 fed with various substrates. The 2
-∆∆CT

 method was used to quantify 

differential gene expression [133]. Results were normalized to the control treatment 

(fed sodium acetate as sole carbon source). Error bars represent ± one standard 

deviation from the mean of triplicate measurements. The dotted red line represents 

2-fold up-regulation, and the dotted blue line represents 2-fold down-regulation. 

The diamonds indicate significant (p < 0.05) up-regulation and down-regulation 

compared to the acetate-fed control. 

 

Among the seven SDIMOs of CB1190, only dxmA was identified to be 

significantly up-regulated during both dioxane and THF metabolism compared with the 

acetate control (p < 0.05). And the expression doubling fold changes were 5.7 ± 1.6 and 

6.0 ± 2.1, respectively. These results are in accordance with former transcription tests and 

protein assays for thm genes from THF-degrading bacteria [16, 26, 70]. Moreover, all 
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four components of this putative dioxane monooxygenase cluster were confirmed be up-

regulated after amendment with dioxane compared with pyruvate control according to 

both transcription microarray (dxmD, dxmB, and dxmC) and RT-qPCR (dxmA) [70]. 

Surprisingly, strong RT-PCR products were obtained for this gene even when fed with 

glucose as sole carbon source.  

To some extent, tmo4A and prmA genes exhibited up-regulations induced by both 

dioxane and THF, but not glucose. The cometabolism of dioxane was observed for 

toluene-4-MO containing strain Pseudomonas mendocina KR1 with toluene as the 

growth substrate. Further, the catabolic capability of toluene-4-MOs to transform dioxane 

was confirmed by using Escherichia coli strain TG1/pBS(Kan) containing constitutively 

expressed toluene-4-MO [13]. Therefore, the up-regulation of the expression of tmo4A 

demonstrated that this toluene-4-MO was induced by cyclic ethers and might participate 

in their degradation processes. For propane MOs, although no direct research have been 

conducted to prove its transformation capabilities on cyclic ethers, the presence of this 

gene in several bacterial strains was correlated with their degradation activities on linear 

alkyl ethers and dibenzyl ether [17]. We hypothesize that this propane MO may be 

partially induced by the linear ether intermediates (e.g., 2-Hydroxyethoxyacetaldehyde) 

once the dioxane MO break the cycle [65]. 

Overall, our results support our hypothesis that the dioxane monooxygenase 

(dxmADBC) played an essential role in transformation of cyclic ethers (e.g., dioxane and 

THF) by CB1190, and suggested the dxmA gene might be a great candidate for 

developing catabolic biomarkers to monitor intrinsic dioxane degradation. 



62 
 

 
   

Chapter 5 

Distribution of Soluble Di-iron 

Monooxygenase (SDIMO) Genes in Arctic 

Groundwater Impacted by Dioxane 

5.1. Introduction 

Recent findings by our lab and others suggest that indigenous bacteria that can 

degrade dioxane might be more widespread than previously assumed, even in low 

productivity environments such as the Arctic tundra [15, 17, 18]. However, little is 

known about the in situ degradation pathways and associated genes/enzymes that could 

serve as biomarkers for the forensic assessment of dioxane bioremediation and natural 

attenuation. 

The study in this chapter addresses the spatial distribution of SDIMO and other 

functional genes at a dioxane-impacted site on the north slope of Alaska. GeoChip [134-

137] and PCR-DGGE were used to investigate the diversity and relative abundance of 
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these functional genes along the dioxane plume and in background samples. Microcosm 

experiments with 
14

C-labeled dioxane were also conducted to discern dioxane 

mineralization patterns and determine whether samples with higher abundance of SDIMO 

genes exhibited a higher extent of dioxane mineralization. Accordingly, this study is the 

first to document the presence of thmA and prmA-like genes in groundwater impacted by 

dioxane, and thus contributes to the forensics of natural attenuation and bioremediation 

performance assessment for dioxane-impacted sites. 

5.2. Materials and Methods 

5.2.1. Site description and sample collection 

Groundwater samples were collected in August 2010 from a site on the north 

slope of Alaska. This site is an oil and gas industrial facility surrounded by arctic tundra, 

and was impacted by chlorinated solvents spills (especially 1,1,1-TCA), and thus the 

common stabilizer 1,4-dioxane, since the 1980s. Natural attenuation studies in such 

remote cold region have received limited attention in the literature. To study the effect of 

dioxane on the indigenous microbial community, four monitoring wells (Figure 5.1) 

along the dioxane plume were sampled, including the source (MW201), the middle 

(MW11) and the leading-edge of the plume (MW33), as well as a background control 

from an area of no known prior exposure history (MW26).  

Groundwater samples were collected using peristaltic pumps with sterile tubing. 

The wells were purged and sampled using low-flow techniques, and the temperature, pH, 

conductivity, and dissolved oxygen were monitored during the purging process. Samples 
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were stored in 1-L sterile glass amber containers at 4 °C with minimum headspace. For 

each well, continuous water samples were collected in triplicate. 

 

Figure 5.1 Four groundwater locations sampled in 2010 and dioxane iso-

concentration contour based on 2008 analysis data. 

 

5.2.2. Chemical characterization 

Samples were analyzed by Pace Analytical Services, Inc. (Minneapolis, MN) for 

Volatile Organic Compounds by EPA method 8260, Semi-Volatile Organic Compounds 

by EPA method 8270, Polycyclic Aromatic Hydrocarbons by EPA method 8270 SIM, 

Diesel-Range Organics by Alaska method 102, Alkalinity by E310.1, and Methane, 
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Ethane, and Ethane by RSK175. Dioxane concentrations for all replicate samples (Table 

5.1) were also measured by a novel frozen micro-extraction method,[138] followed by 

quantification with GC/MS in the Selective Ion Monitoring (SIM) mode. 

 

Table 5.1 Dioxane and 1,1,1-TCA concentrations (µg/L) in the four groundwater 

samples 

Monitoring 

Well 

Sampling Location Description 

Dioxane 

1,1,1-TCA 

P&T
a
 FME

b
 

Source  

(MW 201) 

Plume center with maximum 

dioxane concentration 

590 560.5 ± 11.9 3490 

Middle  

(MW 11) 

Down‐gradient of the plume 

center with dioxane concentration 

greater than 6.1 µg/L (i.e., the Tier 

1 groundwater screening level at 

Alaska)   

18.3 10.4 ± 0.8 

ND  

(<0.090) 

Edge    

(MW 33) 

Leading edge of the dioxane with 

trace level of dioxane (< 6.1 µg/L) 

3 2.5 ± 0.3 0.3 

Background 

(MW 26) 

Away from the dioxane plume 

without contamination 

ND
c
  

(< 3) 

ND          

(< 1.6) 

ND 

(<0.090) 

a
 P&T = Purge and trap. Dioxane concentrations in this column were analyzed in a 

commercial lab using EPA method 8260 followed by GC/MS;  
b
 FME = Frozen micro-extraction. Dioxane concentrations in this column were measured 

in our lab using frozen micro-extraction followed by GC/MS-SIM; 
c
 ND = Not detected. The value in parentheses is the method detection limit for this 

measurement. 
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5.2.3. DNA extraction 

Approximately 500 mL of each sample replicate was filtered through a 0.22-µm 

cellulose membrane (Millipore, Billerica, MA) to collect the biomass. Microbial genomic 

DNA isolation was performed by combining Tris buffer extraction, liquid nitrogen freeze 

grinding and sodium dodecyl sulfate (SDS) cell lysis as previously described.[139] DNA 

purity was determined by UV spectroscopy using an ND-1000 Spectrophotometer 

(NanoDrop, Wilmington, DE). To minimize bias for microarray hybridization, a high 

absorbance ratio at 260 nm/230 nm (> 1.7) and 260 nm/280 nm (> 1.8) was required. 

Quant-iT PicoGreen dsDNA Assay kit (Invitrogen, Carlsbad, CA) was then used to 

selectively quantify the double-stranded DNA before further treatment according to the 

manufacturer’s protocol. 

5.2.4. GeoChip 4.0 hybridization and data analysis 

GeoChip 4.0, a high-throughput microarray-based technology, was used to 

characterize the diversity of microbial functional genes related to organic remediation 

present in the samples. This functional gene array can target 410 gene categories covering 

essential biogeochemical cycles, energy processing, organic contaminant degradation, 

and stress responses.[15, 134, 137, 140]  

Without further amplification, 1.5 µg of the extracted DNA for each replicate was 

directly labeled with fluorescent dye Cy-3 using a random priming method facilitated by 

the Klenow fragment of DNA polymerase I [141]. Labeled DNA was then purified, 

vacuum-dried, and resuspended with 2.68 µL sample tracking control (NimbleGen, 
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Madison, WI) and 7.32 µL hybridization buffer, which contains denaturing agents, and a 

Cy-5-labeled common oligo reference standard (CORS) target for data normalization and 

comparison [142]. The hybridization mixtures were preheated to 95 ºC for 5 min, and 

then maintained at 42 ºC until loaded onto the array surface. Thus, aliquots of labeled 

DNA mixtures (6.8 µL) were loaded onto each array of a single GeoChip 4.0 slide. 

Hybridization was conducted in an ozone control bench to eliminate the interference from 

ozone. After hybridization with mixing on a Hybridization Station (MAUI, BioMicro 

Systems, Salt lake city, UT) at 42 ºC for 16 h, the microarray slide was washed with 

NimbleGen Wash Buffer kit (NimbleGen, Madison, WI) according to its manufacture.  

After post-hybridization wash, the arrays were scanned by MS 200 Microarray 

Scanner (NimbleGen, Madison, WI) at a laser power of 100%. Spots with low signal-to-

noise ratios (< 4.0) were removed prior to statistical analysis through the GeoChip data 

analysis pipeline [15]. The detection limit for functional gene arrays is 50-100 ng dsDNA 

when more than 50% expected oligo probes are detected [143].  

To eliminate singletons among replicates, a gene was retrieved only when a 

positive hybridization signal was obtained for more than one replicate. Then, the 

fluorescence signal of each gene in a groundwater sample was normalized by averaging 

its replicates. Hierarchical clustering was performed in Cluster 3.0 using the pairwise 

complete-linkage hierarchical clustering algorithm, and heatmaps were visualized using 

TreeView with centered correlation mode for both arrays and genes [144]. Whether 

differences in absolute fluorescent signal intensities between samples were significant 

was assessed statistically using ANOVA at the 95% confidence level. Canonical 
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correlation analysis (CCA) [145] was conducted to examine the influence of various 

environmental factors on the abundance of functional gene structures. Mantel test [146, 

147] was used to assess the relationship between microarray data and different 

contaminants in the groundwater. 

5.2.5. PCR-DGGE 

Denaturing Gradient Gel Electrophoresis (DGGE) was used to assess the diversity 

of SDIMOs in the groundwater samples. Two pairs of degenerate primers were designed 

by Coleman et al. based on the conservative regions of the α subunit of SDIMOs [21]. 

Due to a low abundance of SDIMO genes in the groundwater samples, a nested PCR 

strategy was used to produce sufficient amplicons as detailed in the Supplementary 

Information. In this case, only SDIMOs in group 4 (alkene degrading genes) and 5 (cyclic 

ether degrading genes) were recovered by the secondary PCR [148].  

PCR was performed in 50 µL samples with 0.2 mM dNTPs, 2.5 mM MgCl2, 0.8 

mM of each primer, 1 × combinatory enhancer solution (CES)[149], 1 × colorless GoTaq 

Flexi buffer, and 1.25 U GoTaq Hot Start polymerase (Promega, Madison, WI). The first 

reaction using paired primers of NVC58 and NVC65 yielded amplicons of approximately 

1100 bp with 100 ng microbial genomic DNA extracted above as templates [21]. 1 µL of 

the first PCR mixture was used as the template for the second (nested) reaction with 

paired primers of NVC57 + GC clamps (5’-CCC GCC GCG CCC CGC GCC CGT CCC 

GCC GCC CCC GCC CCA GTC NGA YGA RKC SCG NCA YAT-3’) and NVC66. 

Thermocycling conditions for both reaction were as follows: initial denaturation at 95 °C 

for 5 min, followed by 30 cycles of 95 °C for 45 s, 55 °C for 45 s, and 73 °C for 1 min 
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per kb, and a final elongation at 73 °C for 5 min. The final PCR products (approximately 

450 bp) were checked by gel electrophoresis mentioned above.   

Resulting fragments of SDIMOs were then mixed with equal volume of 2 × 

loading buffer, and loaded onto an 8% polyacrylamide gel with a denaturing gradient 

from 30% to 80% (where 100% denaturant corresponds to 7 M urea and 40% formamide) 

[150]. Gradient Maker (GM-100) (CBS Scientific, Del Mar, CA) helped to ensure a 

reproducible uniform denaturing gradient for gel casting. Electrophoresis was performed 

at 60 ºC for 16 h at a constant voltage of 100V using DCode universal mutation detection 

system (BioRad, Hercules, CA). Then, the acrylamide gel was stained with 1 × SYBR 

Gold DNA gel stain (Invitrogen, Carlsbad, CA) for 0.5 h before UV imaging. The OD 

profiles of all gel lanes were output by 1D-Gels tool palette in Labworks version 4.6.00.0 

(Ultra-Violet Products Limited, Cambridge, UK). Each band was excised and soaked in 

200 µL DNase free water for 2 hours at room temperature. Then the water was removed 

by pipetting. A total of 30 µL DNase free water was added and stored at 4 °C overnight. 

PCR was repeated using 1 µL of the soaking water as the DNA template and NVC57 and 

NVC66 as paired primers. PCR products were purified and concentrated with DNA 

Clean & Concentrator-5 kit (Zymo Research, Irvine, CA), and then sequenced by Lone 

Star Labs, Inc. (Houston, TX). After combining the sequence reading from either side, 

the trimmed sequences were translated into amino acid sequences and then clustered 

using Cluster X 2.1 [100]. The phylogenetic tree based on translated amino acid 

sequences was then visualized by MEGA 5.1 [101]. 
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5.2.6. Mineralization assays 

Mineralization of 
14

C-labeled dioxane was assessed by capturing 
14

CO2 released 

by microbial respiration in NaOH traps, as previously described [151]. Microcosms were 

prepared with 50-mL groundwater sample and 50 mL Ammonia Mineral Salt (AMS) 

media, and amended with 25 µL of uniformly 
14

C-labeled 1,4-dioxane (10-µCi/mL, > 

99% purity, ChemDepo, Inc., CA). 
14

CO2 was trapped in a 10-mL glass vial containing 5 

mL 1 M NaOH adhered to the bottom of amber bottle. 
14

CO2 and the remaining 

radioactivity in the liquid media were monitored by liquid scintillation counting (LS 

6500, Beckman scintillation counter, Brea, CA). Six replicates were prepared for each 

treatment.  

To assess the potential accumulation of 
14

C-labeled dioxane metabolites, filtered 

water samples were analyzed by high-performance liquid chromatography (Shimadzu, 

Kyoto, Japan) coupled with radiochromatographic detector (IN/US Systems, Inc., Tampa, 

FL) (HPLC-RC). Separation was achieved with a Delta Pak C18 column 

(150mm×3.9mm i.d., 300 Å, Waters, Milford, MA) at a constant flow rate of 1 mL/min 

with a mobile phase of 50% methanol and 50% DI water. The detection limit for the 

HPLC-RC was 0.4 nCi/mL. 
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5.3. Results and Discussion 

5.3.1. Widespread distribution of SDIMO genes in group 5 

Microarray hybridization results revealed the presence of all five groups of 

SDIMO genes at the four sample sites, including a putative THF monooxygenase gene 

(thmA) from a known THF degrader (Rhodococcus sp. YYL) [79], at all four samples 

(Figure 5.2).  This gene encodes the α subunit of a hydroxylase protein and possesses 

99% nucleotide sequence identity with the dxmA gene from CB1190. Surprisingly, this 

putative dioxane-degrading gene was present in samples with no known history of 

dioxane contamination. The presence of thmA was corroborated by PCR-DGGE analysis. 

The prevailing Band F (Figure 5.3) at the site shares 98% amino acid sequence identity 

with the large hydroxylase from P. dioxanivorans CB1190 and 97% amino acid sequence 

identity with those from YYL, K1 and ENV478 (Figure 5.4) [26, 79, 102]. Moreover, 

another thmA-like gene (Band I) was found in samples from the middle of the plume 

(MW11). This suggest that bacteria (probably actinomycetales) harboring THF/dioxane 

monooxygenases may be widespread in the Arctic groundwater. This is the first study to 

document the presence of THF/dioxane monooxygenase genes in groundwater samples. 
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Figure 5.2 Hierarchical cluster analysis of SDIMO genes detected by GeoChip 4.0. 

Red indicates positive averaged signal intensities of the replicates at each sampling 

location, and black indicates intensities below background. Representative 

organisms for selected genes are depicted on the right of the heat map. Genbank ID, 

Gene name, and fluorescent intensities of detected SDIMOs are given in Table S1 in 

the Appendix. SDIMO genes were divided into four subclusters based on 

correlations of their relative abundance distribution patterns among different 

sampling locations (a). The total signal intensities in each subcluster are provided 

for each sampling location (b). Subcluster A genes, which included thmA, were 

enriched at the source, while Subcluster C genes were dominate in the middle of the 

plume. 
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Figure 5.3 DGGE gel photograph showing the heterogeneous presence of SDIMOs 

by nested PCR (NVC58 and NVC65 as the primers for the first PCR set and then 

NVC57 + GC clamps and NVC66 as the primers for the second PCR set). Band F 

(highlighted in red) was found at all four sampling locations and corresponds to a 

thmA-like gene (Figure 5.4). Optical absorbance peaks of each band are given in 

Table 5.2. 
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Figure 5.4 Neighbor-joining tree showing the genetic relationships between the 

translated SDIMO amino acid sequences recovered from each DGGE band 

(Appendix S2) and some annotated and predicted prmA and thmA genes from 

cultured or uncultured bacteria in GenBank. The prevailing Band F was 

highlighted with a red diamond. 
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Table 5.2 Optical absorbance peak of each band. 

DGGE Band 
MW201 

(Source) 

MW11 

(Middle) 

MW33 

(Edge) 

MW26 

(Backgrou

nd) 

A 0.131 0.151 

  
B 

 

0.138 

  
C 

 

0.147 

 

0.141 

D 0.249 0.170 

 

0.147 

E 0.192 

   
F 0.200 0.169 0.149 0.182 

G 

 

0.124 

  
H 

 

0.132 

  
I 

 

0.136 

  
J 

 

0.136 

 

0.138 

*The background OD for the DGGE gel was around 0.1. 

 

Six predicted propane monooxygenase genes were detected by GeoChip, 

including prm1A encoding one of the two propane monooxygenase hydroxylase α 

subunits produced by Pseudonocardia sp. TY-7. Notably, the chromosome of CB1190 

contains a putative propane monooxygenase, which shares high similarity to the 

prm1ABCD gene cluster of TY-7. The identity between the amino acid sequences of 

these two prmA genes is 85%. The coexistence of both thm/dxm and prm genes is not 

unique for CB1190. Other dioxane degraders from the Pseudonocardiaceae family, such 

as strains K1, B5, and DVS 5a1, also possess prm genes in their genome (data not 

shown). Moreover, propane supports the growth of thm-harboring ENV478, which can 

then degrade dioxane, MTBE, and other ethers [102]. Thus, the co-occurrence of both 
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genes detected at all sampling locations might imply the presence of bacteria, especially 

actinomycetales, serving a similar function as those dioxane degraders.  

Table 5.3 BlastP analysis of the translated amino acid sequence from each DGGE 

band (Figure 5.3). 

DGGE 

Band 
Closest Match in GenBank 

Maximum 

Identity  

Phylogenetic 

Group  

(order level) 

A 
putative propane monooxygenase 

[uncultured bacterium S16_3] 
83% - 

B 
predicted propane monooxygenase 

[Bradyrhizobium sp. STM 3809] 
75% Rhizobiales 

C 
propane monooxygenase  

[Gordonia amarae NBRC 15530]  
85% Actinomycetales 

D 
propane monooxygenase  

[Gordonia amarae NBRC 15530] 
92% Actinomycetales 

E 
propane monooxygenase  

[Gordonia amarae NBRC 15530] 
88% Actinomycetales 

F 
putative tetrahydrofuran monooxygenase 

[Rhodococcus sp. YYL] 
97% Actinomycetales 

G 
predicted propane monooxygenase 

[Amycolatopsis mediterranei S699]  
87% Actinomycetales 

H 
predicted propane monooxygenase 

[Amycolatopsis mediterranei S699]  
87% Actinomycetales 

I 
putative tetrahydrofuran monooxygenase 

[Rhodococcus sp. YYL] 
93% Actinomycetales 

J 
putative propane monooxygenase 

[uncultured bacterium S5-3] 
90% - 

 

 

In accordance with the microarray results, several putative propane 

monooxygenases were identified by PCR-DGGE (Figure 5.4). Except for Band F and I, 

sequences of all other bands were annotated as prmA-like genes. The amino acid 

sequences recovered from Band G, H, and J showed very high similarity (> 87%) to the 

large hydroxylase subunit prm1A of the propane monooxygenase from Pseudonocardia 
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sp. TY-7. All three bands were found in the sample from the middle of the plume, which 

corroborates their high signal intensities of the prm1A gene seen by microarray (Figure 

5.2a). However, no such bands were found in the source and leading-edge samples. 

Interestingly, sequence fragments recovered from Band C, D, and E were closely related 

to the other large hydroxylase subunit gene harbored by strain TY-7, prm2A, with 

sequence identities ranging from 81 to 88%. Both prm1A and prm2A are highly up-

regulated when fed with propane as determined by Northern blot analysis [121]. Only 

Band B was annotated as a Proteobacteria prm gene, and it is probable that all other prm 

genes are from indigenous actinomycetales at the site. For most of the bands, the 

corresponding sequences are similar to the prmA-like genes previously discovered in 

environmental soil and sediment samples [21].  

Our discovery of previously unreported prmA-like genes, while not surprising, 

reveals a greater diversity of propane monooxygenases in the environment than expected, 

and suggests that propane may be a candidate primary substrate to biostimulate dioxane 

bioremediation. Propane has been used as a substrate for TCE cometabolism, with 

performance exceeding that of methane or butane [152]. Moreover, propanotrophs might 

outcompete methanotrophs in the presence of background copper, which inhibits soluble 

methane monooxygenase expression [153]. Successful removal of dioxane in microcosms 

amended with propanotrophs has been achieved when the initial concentration of dioxane 

was as high as 10 mg/L [154]. 
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Figure 5.5 Absolute fluorescent signal intensities of the thmA gene in Arctic 

groundwater samples detected by GeoChip 4.0. The asterisk (*) indicates significant 

enrichment as determined by ANOVA. 

 

5.3.2. Enrichment of the thmA-like genes near the source zone 

ANOVA analysis (Figure 5.5) indicated a 2.4-fold enrichment for the thmA gene 

detected by GeoChip 4.0 (p < 0.05) in source-zone samples that were presumably more 

acclimated, despite dioxane representing a small fraction of the total dissolved organic 

carbon at this site (Table 5.4). Dioxane concentrations in the source zone were 

significantly (p < 0.05) higher than those at all other locations (Table 5.2), suggesting 

selective pressure by dioxane. Note that we have found microarray results to be 

conservative; providing very few false positives and generally underestimating the actual 

level of enrichment [155]. 
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Table 5.4 Physical and chemical characterizations of the four groundwater samples. 

Parameters 
MW201 

(Source) 

MW11 

(Middle) 

MW33 

(Edge) 

MW26 

(Background) 

Temperature  

(ºC) 
5.68 5.56 4.88 5.12 

DO  

(mg/L) 
2.82 3.79 3.23 3.19 

ORP  

(mV) 
-73.8 -103.3 -56.7 -36.5 

Spec. Conductance  

(mS/cm) 
1.612 1.249 1.277 0.801 

pH 6.08 6.84 6.93 6.25 

Alkalinity
a 

(mg/L) 
338 260 320 181 

Chloride 

(mg/L) 
92.7 28.8 41.6 34.8 

Nitrogen as Ammonia 

(µg/L) 
1,620 1,150 663 783 

Nitrogen as NO2
-
 & NO3

- 

(µg/L) 
65.0 54.0 102 157 

Sulfate 

(µg/L) 
604 

ND  

(<470) 
12,700 4,170 

Phosphorus 

(µg/L) 
49.0 68 

ND  

(<19.1) 
191 

Diesel Range Organics 

(µg/L) 
9,620 577 315 220 

Total Organic Carbon 

(mg/L) 
51.9 75 8.45 9.27 

Chemical Oxygen 

Demand 

(mg/L) 

170 234 39.6 41.1 

 
a
 Total as CaCO3 
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Table 5.5 Concentrations of saturated and unsaturated chlorinated solvents in the 

four groundwater samples (µg/L). 

Chlorinated 

Solvents 

MW201 

(Source) 

MW11 

(Middle) 

MW33 

(Edge) 

MW26 

(Backgroun

d) 

1,1-Dichloroethane 1800 1.5 0.65 
ND  

(<0.080) 

1,2-Dichloroethane 3.8 
ND  

(<0.080) 

ND  

(<.080) 

ND  

(<0.080) 

1,1,1-

Trichloroethane 
3490 

ND  

(<0.090) 
0.31 

ND  

(<0.090) 

Chloroethane 68.7 17.5 
ND  

(<0.32) 

ND  

(<0.32) 

Chloroform 0.38 
ND  

(<0.090) 

ND  

(<0.090) 

ND  

(<0.090) 

Chloromethane 
ND  

(<0.36) 

ND  

(<0.36) 
0.36 

ND  

(<0.36) 

Hexachloroethane 219 22.4 
ND  

(<5.3) 

ND  

(<5.3) 

Tetrachloroethene 0.75 
ND  

(<0.15) 

ND  

(<0.15) 

ND  

(<0.15) 

Trichloroethene 0.81 
ND  

(<0.14) 

ND  

(<0.14) 

ND  

(<0.14) 

1,1-Dichloroethene 3.5 
ND  

(<0.20) 

ND  

(<0.20) 

ND  

(<0.20) 

cis-1,2-

Dichloroethene 

ND  

(<0.23) 

ND  

(<0.23) 

ND  

(<0.23) 

ND  

(<0.23) 

trans-1,2-

Dichloroethene 

ND  

(<0.11) 

ND  

(<0.11) 

ND  

(<0.11) 

ND  

(<0.11) 

Vinyl chloride 3.3 
ND  

(<0.11) 

ND  

(<0.11) 

ND  

(<0.11) 
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Table 5.6 Concentrations of BTEX and other aromatic hydrocarbons in the four 

groundwater samples (µg/L). 

Aromatic 

Compound 

MW201 

(Source) 

MW11 

(Middle) 

MW33 

(Edge) 

MW26 

(Backgroun

d) 

Benzene 1.6 0.44 
ND 

(<0.080) 
0.21 

Toluene 40.9 1.4 
ND 

(<0.11) 

ND 

(<0.11) 

Ethylbenzene 110 0.17 
ND 

(<0.080) 
4 

m & p-Xylene 660 0.29 
ND 

(<0.15) 
1.9 

o-Xylene 327 0.21 
ND 

(<0.10) 
0.11 

1,2,4-

Trimethylbenzene 
546 

ND 

(<0.080) 

ND 

(<0.080) 
0.87 

1,3,5-

Trimethylbenzene 
148 

ND 

(<0.10) 

ND 

(<0.10) 
1 

sec-Butylbenzene 25.1 
ND 

(<0.10) 

ND 

(<0.10) 
0.39 

tert-Butylbenzene 2 
ND 

(<0.13) 

ND 

(<0.13) 

ND 

(<0.13) 

n-Butylbenzene 32.6 
ND 

(<0.12) 

ND 

(<0.12) 

ND 

(<0.12) 

Isopropylbenzene 67.2 
ND 

(<0.10) 

ND 

(<0.10) 
1.5 

n-Propylbenzene 115 
ND 

(<0.10) 

ND 

(<0.10) 
1.5 

p-Isopropyltoluene 27.7 
ND 

(<0.090) 

ND 

(<0.090) 
0.11 
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Table 5.7 Concentrations of methane, ethane and ethene in the four groundwater 

samples (µg/L). 

Monitoring Well Methane Ethane Ethene 

MW201 

(Source) 
5,820 40.4 4.2 

MW11 

(Middle) 
19,400 25.7 4.9 

MW33 

(Edge) 
4,110 

ND 

(<2.2) 

ND 

(<1.8) 

MW26 

(Background) 
5,840 

ND 

(<2.2) 

ND 

(<1.8) 

 

ND = Not detected at or above the value shown in parentheses. 

 

The presence of thm-like genes was further verified using PCR-DGGE (Figure 

5.3). Band F, encoding a thm-like gene that is 97% identical to the thmA gene detected by 

microarray, exhibited higher absorbance for the source zone samples than other locations 

(Table 5.2), corroborating the enrichment of the thm near the source zone. The prevalence 

of thm-like genes may reflect not only proliferation associated with dioxane metabolism, 

but also the fact that thm genes tend to be harbored in plasmids [25, 26], which may 

facilitate horizontal gene transfer under selective pressure.  

5.3.3. Spatial distribution of other SDIMO genes 

In addition to the SDIMO genes from group 5 (THF and propane 

monooxygenases), the remaining groups of SDIMO genes were all detected by GeoChip 

array in the four sampling locations. These groups include phenol hydroxylases (pheA; 

Group 1), toluene monoxygenases (tomA; Group 1 and tmoABE; Group 2), methane and 

butane monooxygenases (mmoX; Group 3 and BMO; Group 3), and alkene 
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monoxygenases (Xamo; Group 4). Based on the similarity of their abundance distribution 

patterns, four major SDIMO subclusters were formed (Figure 5.2a) using hierarchical 

clustering. The total signal intensities for each subcluster are shown in Figure 5.2b, which 

depicts the distribution trends.   

In subcluster A, which includes the thmA gene mentioned above, genes in the 

source zone sample exhibited much higher signal intensities than in other locations. 

Additionally, a tomA gene from Verminephrobacter eiseniae EF01-2 was in this 

subcluster. This gene encodes the α subunit of a putative toluene-2-monooxygenase, 

which oxidizes toluene and other aromatic compounds through the ortho-pathway.
46

 A 

previous study demonstrated that the toluene-2-MO containing bacterial strain, 

Burkholderia vietnamiensis G4, was capable of co-oxidizing dioxane when induced by 

toluene [13]. Although it is uncertain whether many of the genes in subcluster A are 

involved in dioxane degradation, their significant enrichment as well as their high 

similarity to enzymes known to be active in co-metabolism of dioxane suggest a potential 

role. Note that numerous substrates are present at this site, which could support the 

growth of many bacteria including some that harbor SDIMO genes, resulting in their 

fortuitous enrichment [156-159].  

In subcluster C, SDIMO genes in water samples from the middle of the plume 

showed greater signal intensities than from other locations, which may be caused by the 

high methane concentrations (19.4 mg/L) and high TOC (Table 5.4 and 5.7) in MW 11. 

The high methane concentration at this location might be due to the thawing gas hydrates 

in the permafrost beneath the subsurface groundwater in the summer time. In addition to 
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the primary component methane, natural gas typically contains more than 5% of short-

chain alkanes (i.e., ethane, propane, and iso-butane) [160]. This may explain why the 

prm1A gene from TY-7 was in this subcluster. In addition, this subcluster contains three 

soluble methane monooxygenase genes (mmoX) and one butane monooxygenase gene 

(bmoY). In the absence of copper, soluble methane monooxygenases (not particulate 

ones) from methanotrophic bacteria can be specifically induced by methane and 

fortuitously degrade dioxane [13]. DGGE analysis (Figure 5.3 and 5.4) also reveals that 

most prm-like genes were only abundant at this location. Subclusters B and D contain 

genes mostly detected in samples from the leading-edge of the plume and the background 

control. 

5.3.4. Spatial differences in microbial functional structure 

Microarray hybridization data suggest that the overall functional structure of the 

microbial community changed along the plume. First, the total number of detected genes 

decreased in samples with contaminants, ranging from 17,411 (source) to 22,980 

(background) (Table 5.8). Second, both Shannon-Weaver index (H) and Simpson’s 

diversity index (1/D) indicated a higher functional diversity for background samples. The 

Pielou evenness indexes (E) for different samples all approached 1, reflecting an even 

distribution of functional genes at each monitoring well location. Third, a high percentage 

of unique genes (12.6%) was found only in background samples (Table 5.9), while 

source-zone samples contained the fewest unique genes (3.4%). Despite the selective 

pressure exerted by contaminants at different points in the plume, all samples shared 



85 
 

 
   

similar percentages of overlapping genes (62 to 67%), showing the ‘relatedness’ of the 

microbial communities at the site. 

 DCA1 31.8% 
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Figure 5.6 Detrended correspondence analysis (DCA) of all the functional genes 

detected by GeoChip 4.0.  Triplicates from each sampling location grouped together, 

indicating that the functional structures are highly identical among these replicates 

but different from those collected at other locations.  
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Figure 5.7 Relative abundance of the total signal intensities detected for major 

functional gene categories among the four groundwater samples.  

 

Table 5.8 Diversity indices of all detected functional genes in groundwater samples 

Location Richness
a
 

Shannon 

Index (H)
b
 

Simpson 

Index 

(1/D)
c
 

Pielou 

evenness (J)
d
 

MW201 

(Source) 
17411 9.55 10675.0 0.978 

MW11 

(Middle) 
17732 9.44 7449.0 0.965 

MW33 

(Edge) 
17968 9.52 9218.4 0.972 

MW26 

(Background) 
22980 9.74 11053.8 0.970 

a
 total detected functional gene number 

b
 Shannon-Weiner index, higher number represents higher diversity. 

c
 Reciprocal of Simpson’s index, higher number represents higher diversity. 

d
 Pielou eveness index, higher number (i.e., closer to 1) represents greater even 

distribution. 
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Table 5.9 Percentage of gene overlap and uniqueness among groundwater samples. 

 MW201 MW11 MW33 MW26 

MW201 

(Source) 
3.4% 61.9% 67.3% 67.3% 

MW11 

(Middle) 
 6.7% 66.0% 64.1% 

MW33 

(Edge) 
  4.4% 67.2% 

MW26 

(Background) 
   12.6% 

* Italic values indicate the percentage of unique genes detected in the sampled 

monitoring well. Non-italic values represent the gene overlap between two different 

groundwater samples. 

 

The influence of selected environmental variables on the spatial distribution of 

functional genes detected by GeoChip 4.0 was also investigated by CCA (Figure 5.8). 

The analysis grouped together background samples with samples from the leading-edge 

of the plume that had low dioxane concentrations (≤ 3 µg/L). Source and mid-plume 

samples were plotted in different quadrants. The biplot shows that the of overall 

functional gene signal intensities in the source zone sample were positively correlated 

with the concentration of various contaminants, including dioxane, chlorinated solvents, 

and aromatic hydrocarbons. However, methane was the most influential factor affecting 

the functional gene signal intensity patterns in the sample from the middle of the plume.  

The four groundwater samples could be separated into three groups: (i) the well 

close to the source zone (MW201), which was highly impacted by dioxane, chlorinated 

solvents, and other aromatic hydrocarbons (Table 5.4 – 5.7); (ii) the well in the middle of 

the plume (MW11), where trace levels of contaminants were detected but with high 

concentrations of methane and organic matter; and (iii) two distant wells down-gradient 
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(MW33 and MW26), where impact by carbon sources was minimal. This distribution 

pattern is consistent with the hierarchical clustering pattern of 140 SDIMO genes 

detected among all samples (Figure 5.2a), as well as the DGGE bands (Figure 5.3) based 

on their optical absorbance and migration positions (Table 5.2). 
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Figure 5.8 Ordination plot generated by canonical correlation analysis (CCA) of all 

the functional genes detected by GeoChip 4.0. The crosses represent the biplot 

scores of different environmental variables, including: 1. Chloride concentration, 2. 

Total Aromatic Hydrocarbons concentration, 3. Total Chlorinated Solvents 

concentration, 4. Dioxane concentration, 5. Alkalinity, 6. Specific Conductivity, 7. 

Ammonia concentration, 8. Temperature, 9. TOC concentration, 10. Methane 

concentration, 11. Dissolved oxygen (DO) concentration, 12. pH, 13. Phosphorous 

concentration, 14, Distance from the source, 15. Sulfate concentration, and 16. 

Nitrate+Nitrite concentration. A smaller angle between the directions from the 

origin to the cross and the groundwater sample indicates that there is greater 

correlation between the environmental factor and the functional gene structure at 

the location. The farther the cross locates from the origin (i.e., the longer the arrow 

is), the stronger the influence that this environmental variable exerts on the 
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abundance of SDIMO genes. Three of the correlated factors are highlighted with 

red arrows on the biplot. The total variance was 0.35 as the sum of all eigenvalues 

for this specified CCA model. The x-axis and y-axis explained 47.3% and 29.4% of 

the total variance, respectively.  

 

Overall, converging lines of evidence suggest that selective pressure by various 

contaminants near the source zone have decreased the functional diversity of the 

microbial community by enriching microbes capable of assimilating the organic 

compounds. This trend is consistent with previous studies of polluted environments, such 

as oil-contaminated soils in China [136] and uranium-impacted groundwater in Oak 

Ridge, TN [161, 162]. 

5.3.5. Spatial distribution of other genes suggesting organic remediation 

Functional genes involved in contaminant degradation (26.4 to 27.0%) are most 

abundant among all samples (Figure 5.7). However, no significant proportional 

differences were observed for all genetic categories in all samples. Among the 184 

organic degradation gene families designed in GeoChip 4.0, 159 to 168 gene families 

were detected in the groundwater samples. Mantel test was employed to evaluate the 

associations between microarray data (i.e., signal intensity of organic degradation genes) 

and environmental factors (i.e., concentration gradients of organic contaminants in the 

groundwater) [146, 147]. Statistic analysis based on genetic families (Table 5.10) 

revealed that the changes of a large variety of organic remediation genes were greatly 

correlated with different groups of contaminants present at the site, such as aromatic 

hydrocarbons, saturated chlorinated solvents (mainly 1,1,1-TCA), and dioxane. 
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For example, a total of 244 genes in this catabolic family encoding catechol 1,2-

dioxygenases were detected among all four groundwater samples. This enzyme family is 

widely involved in the ortho-cleavage pathway, which cleaves benzene rings of 

monoaromatic compounds and produces linear intermediates that enter the tricarboxylic 

acid cycle [163]. Mantel test revealed that their abundance was significantly correlated  

(p < 0.05) with the contamination levels of aromatic hydrocarbons at the site, which 

indicated that the presence of these aromatic hydrocarbon degrading genes were enriched 

near the source of aromatic hydrocarbon contaminations compared to the distant areas. 

For instance, four catechol degrading genes harbored in Actinomycetes were highly 

enriched in the source zone, including Arthrobacter sp. FB24, Mycobacterium 

vanbaalenii, Streptomyces sviceus ATCC 29083, and Clavibacter michiganensis NCPPB 

382. In addition, the catechol 1,2-dioxygenase gene from Arthrobacter sp. BA-5-17 was 

found greatly abundant in all samples, implying this Actinomycete or closely-related 

species might prevail at the site.  



91 
 

 
   

Table 5.10 Significant relationships (p < 0.1) of key degradation genes to different concentration of various contaminants in 

groundwater. The values in this table are p values determined by Mantel test. Any p values lower than 0.05 is bolded. 

Gene Category Coded Enzyme 

Typical 

Degrading 

Compound 

Number 

of 

detected 

sequenc

es 

All 

Contamina

nts 

Aromatic 

Hydrocarbo

ns 

Saturated 

Chlorinat

ed 

Solvents 

Dioxa

ne 

bco 
Aromatic carboxylic 

acid 

benzoyl CoA 

reductase 
benzoate 40 0.078 0.035 

  

BMO Other Hydrocarbons 
butane 

monooxygenase 
butane 7 0.056 0.039 0.03 0.089 

Catecho

l 
Other aromatics 

catechol 1,2-

dioxygenase 
xylene 244 0.035 0.044 0.044 

 

chnB Other Hydrocarbons 
cyclohexanone 1,2-

monooxygenase 
cyclohexanone 79 0.09 0.043 

  

GCoAD

H 

Aromatic carboxylic 

acid 

glutaryl-CoA 

dehydrogenase 
benzoate 147 0.1 

   

nagG 
Aromatic carboxylic 

acid 

salicylate 5-

hydroxylase 
naphthalene 254 0.029 0.047 

  

Rd Chlorinated solvents 
reductive 

dehalogenase 
TCE/PCE 58 0.042 0.047 0.051 0.099 

tfdA 
Chlorinated 

aromatics 

2,4-

dichlorophenoxyace

tate monooxygenase 

dichlorophenoxyac

etic acid 
176 0.053 0.049 
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Overall, the presence of microbial functional genes involved in organic 

decomposition may serve as molecular fingerprints providing a comprehensive 

understanding of the operation of intrinsic biodegradation in addition to geochemical 

parameters [164]. These results corroborate the presence of a wide array of oxygenases 

that are likely involved in organic degradation, as well as the catabolic versatility to 

dissimilate a remarkably broad range of recalcitrant substrates, suggesting the high 

feasibility of monitored natural attenuation at the site.  

5.3.6. Dioxane mineralization patterns 

Microcosms prepared with source-zone samples exhibited the highest extent of 

mineralization (6.4 ± 0.1% over 2 weeks, representing about 60% of the dioxane 

degraded). Though relatively low, this extent of mineralization is commensurate with the 

with the relatively short incubation time during which dioxane concentrations decreased 

by about 10%, from 244.7 ± 4.1 µg/L to 217.8 ± 2.2 µg/L (Figure 5.9). It is highly 

unlikely that the recovered 
14

CO2 was associated with radiolabeled impurities since the 

stock 
14

C-dioxane was at least 99% pure and no other radiolabeled peaks besides dioxane 

were detected by HPLC analysis with a radio-chromatographic detector (Figure 5.10). 

Previous microcosm studies with samples collected from this site showed dioxane 

biodegradation at comparable rates (around 10 µg/L/week, versus, 13 µg/L/week in this 

study) [15]. Studies with pure cultures have also reported similar extents of 

mineralization as a percentage of the amount degraded (e.g., over 60 % by CB1190) 

[165]. 
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No degradation lag (Figure 5.9) was observed for source zone microcosms, 

indicating a high degree of acclimation. All other microcosms experienced a lag for 

14
CO2 production longer than one day. Significantly lower mineralization extent (5.1 ± 

0.1%) was observed in microcosms prepared with groundwater collected from the middle 

of the plume. Similar mineralization patterns were observed in microcosms prepared with 

other samples (the leading-edge and unimpacted background) (p > 0.05). The extent of 

mineralization (Figure 5.11) was as low as 3.6 ± 0.1% and 3.2 ± 0.3%, respectively. The 

recoveries for the total 
14

C ranged from 87.1 % to 99.6 % during the 15-day incubation 

period.  

Both dioxane depletion and mineralization ceased after one week of incubation. 

This cessation may be caused by either deficiency of enzymatic cofactors or inhibition by 

metabolites (e.g., 2-hydroxyethoxyacetic acid) that could accumulate [102, 165, 166]. 

However, HPLC-RC analysis indicated that no byproducts accumulated in the aqueous 

phase of the microcosms after 15-day incubation (Figure 5.10). Thus, at day 15, sodium 

acetate (0.24 mM) was added as an auxiliary substrate to provide the indigenous 

microbes with reducing equivalents (i.e., NADH) required for monooxygenase activity. 

The use of acetate precludes potential confounding effects exerted by oxygenase-

inducing substrates.  Significant enhancement of 
14

CO2 production after amendment with 

acetate (Figure 5.9) was observed in all microcosms (p < 0.05), suggesting that dioxane 

degradation was hindered by an insufficiency of reducing cofactors (e.g., NADH) to 

sustain monooxygenase activity. 
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Figure 5.9 Dioxane degradation and the accumulated percentage of 
14

C recovered as 

CO2 in microcosms prepared with the groundwater samples collected at the source 

zone. The mineralization data were normalized with autoclaved controls. 
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Figure 5.10 HPLC radiochromatograms for 
14

C-labeled dioxane in the microcosms 

prepared with the groundwater from the source zone of the plume. The green line 

represents the radiochromatogram baseline. 

 

To further assess the crucial role of monooxygenases on dioxane transformation, 

microcosms were exposed to 8% acetylene in the headspace. As the simplest alkyne, 

acetylene inactivates a variety of bacterial monooxygenases [167, 168]. Significant 

inactivation of both dioxane degradation and mineralization (Figure 5.9) was observed in 

microcosms exposed with acetylene. The acetylene-treated microcosms lost more than 

40% of their dioxane degradation activity compared to those in untreated microcosms. 

This partial inactivation implies that acetylene was not a potent inactivator for some of 

the dioxane degraders, as is the case for some monooxygenases. For instance, toluene-2-

monooxygenase in Burkholderia cepacia G4 was not sensitive to the inhibition of 

acetylene concentrations lower than 10% (v/v) [167]. Furthermore, Rhodococcus sp. RR1 
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possesses a propane monooxygenase, and is capable of degrading dioxane and BTEX 

without inhibition by acetylene [13, 102, 169].  
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Figure 5.11 Comparison of the accumulated percentage of 
14

C recovered as CO2 in 

microcosms prepared with the groundwater samples before and after adding 

sodium acetate (0.24 mM), which supplies reducing equivalents to monooxygenases 

reactions. 

 

Overall, this work challenges the common notion that natural attenuation of 

dioxane plumes is unlikely to occur, and offers a novel molecular forensic tool to assess 

in situ biodegradation processes. We also demonstrated the widespread distribution of 

SDIMO genes that are likely involved in dioxane degradation, suggesting the feasibility 

of MNA at this site. In addition, our findings infer that the diversity and spatial 

distribution of enzymes involved in dioxane degradation are generally underestimated, 

which underscores the need to develop appropriate forensic tools to rapidly quantify the 

presence and expression of relevant catabolic capacities. 
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Chapter 6 

Development and Validation of Catabolic 

Biomarkers for Monitored Natural 

Attenuation of Dioxane 

6.1. Introduction 

Monitored natural attenuation (MNA) is among the most cost-effective 

approaches to manage groundwater contamination by organic pollutants at low 

concentrations [13]. However, the feasibility of MNA requires demonstration of site-

specific biodegradation capabilities. Recent findings by our lab and others suggest that 

indigenous bacteria that can degrade dioxane might be more widespread than previously 

assumed [17, 32, 72, 114, 115]. However, these studies relied on advanced microbial 

molecular techniques, such as cloning, microarray, restriction fragment length 

polymorphism (RFLP), and phospholipid fatty acid analysis associated with stable 

isotope probes (PLFA-SIP), which can be labor-intensive and may not provide 
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unequivocal evidence to link the abundance of the indigenous degraders to the intrinsic 

biodegradation activity.  

Numerous catabolic and phylogenetic biomarkers have been tested to assess 

biodegradation of different contaminants (e.g., bssA for anaerobic toluene degradation, 

and tceA for reductive dechlorination of trichloroethylene) [170-178]. Although 

selectivity and sensitivity can be highly variable for different probes and matrices, 

biomarkers offer a relatively straightforward approach to delineate in situ biodegradation 

potential.  

Multiple lines of circumstantial evidence suggest that thmA/dxmA genes, encoding 

the large hydroxylase subunits of tetrahydrofuran (THF)/dioxane monooxygenases, 

would be excellent candidates as biomarkers for dioxane biodegradation. Here, we 

develop a genetic primer/probe set targeting thmA/dxmA genes, assess its sensitivity and 

selectivity, and explore the correlation between the abundance of this catabolic biomarker 

and dioxane degradation activity at various contaminated sites. This effort enables the 

determination of the (site-specific) feasibility of MNA for dioxane plumes and enhances 

performance assessment. 

6.2. Materials and Methods 

6.2.1. Primer and probe design 

Multiple sequence alignment (Clustal X 2.1) [100] was used to identify 

homologous regions between the four thmA/dxmA genes available on NCBI and avoid 

overlap with other soluble di-iron monooxygenase (SDIMO) genes that do not share the 
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same primary substrate range. The phylogenetic tree based on amino acid sequences was 

then visualized using MEGA 5.1 [101].  

DNA residues 217 and 587 from the putative dxmA gene of CB1190 were used as 

the input sequence for Primer Quest (Integrated DNA Technologies, Coralville, IA) to 

generate a series of possible primer/probe sets which satisfied the design criteria for 

TaqMan assays. After manual comparison and adjustment, the final set (Table 6.1) was 

chosen allowing a nucleotide mismatch not greater than 1, including the forward primer, 

5’- CTG TAT GGG CAT GCT TGT -3’, the reverse primer, 5’-CCA GCG ATA CAG 

GTT CAT C -3’, and the probe, 5’- (6-FAM) - ACG CCT ATT - (ZEN) - ACA TCC 

AGC AGC TCG A - (IABkFQ) -3’. The amplicons were approximately 115 bp in length. 

All primers and probes were synthesized by Integrated DNA Technologies, and a novel 

internal quencher ZEN was integrated to reduce background noise. 

Table 6.1 Properties of the primers and probe targeting thmA/dxmA genes. 

Probe/Primer Name Sequence (5’-3’) Size GC Content Tm 

Forward 

Primer 

thmA 

TqFWD330 

CTG TAT GGG CAT GCT 

TGT 
18 50 59.8 

Reverse 

Primer 

thmA 

TqREV444 

CCA GCG ATA CAG GTT 

CAT C 
19 52.6 59.7 

Taqman 

Probe 

thmA 

TqPRB377 

/6-FAM/ACG CCT ATT 

/ZEN/ACA TCC AGC AGC 

TCG A/IABkFQ/ 

25 52 68.9 
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6.2.2. Specificity and coverage tests with bacterial genomic DNA 

To evaluate the specificity and selectivity of the thmA/dxmA probe and primer set, 

qPCR was conducted with the genomic DNA isolated from reference strains (Table 6.2). 

After growth in LB or R2A media at room temperature for 1 to 7 days, cells were 

harvested by centrifugation, and their genomic DNA was extracted using an UltraClean 

Microbial DNA Isolation Kit (MoBio, Carlsbad, CA). The final DNA concentrations 

were measured by UV spectroscopy using an ND-1000 Spectrophotometer (NanoDrop, 

Wilmington, DE). 

6.2.3. Microcosm studies mimicking dioxane natural attenuation 

To assess the efficacy of the catabolic biomarker in enhancing the forensic 

analysis of MNA, aquifer materials and groundwater samples were collected from 20 

monitoring wells from 5 different dioxane-impacted sites in the U.S. (3 in CA, 1 in AK, 

and 1 in TX). Triplicate microcosms were prepared with dioxane-impacted groundwater 

(100 to 150 mL with initial dioxane concentrations reaching up to 46,000 µg/L) and 

aquifer materials (50 g), and incubated at room temperature under aerobic conditions. To 

distinguish abiotic losses of dioxane, sterile controls were prepared with autoclaved 

samples and poisoned with HgCl2 (200 mg/L). Dioxane concentrations were monitored 

for 12 to 20 weeks using a frozen micro-extraction method followed by GC/MS [31].  

At the beginning and the termination of the microcosm experiments, 10 mL of 

sample mixture was transferred into a 15 mL centrifugation tube. Aquifer materials 

together with biomass were separated by centrifugation at × 10,000 g for 20 min. Total 

microbial genomic DNA was extracted using a PowerSoil DNA Isolation Kit (MoBio, 



101 
 

 
   

Carlsbad, CA). The eluted DNA (100 µL) was further purified and concentrated to 16 µL 

using a Genomic DNA Clean & Concentrator Kit (Zymo Resesarch, Irvine, CA). The 

DNA Extraction efficiency and PCR inhibition factor were determined by recovery of 

bacteriophage λ DNA (Sigma-Aldrich, St. Louis, MO), which was added as internal 

standard [173].   

6.2.4. Quantitative PCR 

qPCR assisted with Taqman assays was used to quantify thmA/dxmA genes from 

dioxane-degrading bacteria as well as total Bacteria [179]. The PCR reaction mixture 

contained 1 µL of undiluted DNA (or 1 ng/µL diluted bacterial genomic DNA), 300 nM 

of the forward and reverse primers, 150 nM of the fluorogenic probe, 10 µL of TaqMan 

universal master mix II (Applied Biosystems, Foster City, CA), and DNA-free water to 

reach a total volume of 20 µL. The qPCR was performed with a 7500 Real-Time PCR 

system (Applied Biosystems, Foster City, CA) using the following temperature program: 

50 ˚C for 2 min, 95 ˚C for 10 min, and 40 cycles of 95 ˚C for 15 s and 60 ˚C for 1 min. 

Serial dilutions (10
-4

-10
1
 ng DNA/µL) of the extracted genomic DNA of CB1190 were 

utilized to prepare the calibration curves for both dxmA (1 copy/genome) and 16S rDNA 

(3 copies/genome) genes. Assuming a genome size of 7.44 Mb [25, 73] and 9.124 × 10
14

 

bp/µg (i.e., [6.022 × 10
17

 Da/µg of DNA]/[660 Da/bp]) for CB1190, the gene copy 

numbers were calculated based on the equation below. 

           

  
 (

         
  

      
      

)(
             

         
) (
           

      
) 



102 
 

 
   

The calibration curves (Figure 6.1) were generated using series dilution of 

standard CB1190 DNA samples (10
-4

-10
1
 ng genomic DNA/µL) corresponding to a 

known gene copy number over six orders of magnitude (i.e., 12-1.23×10
6
 for thmA/dxmA 

and 37-3.68×10
6
 for 16S rRNA). High amplification efficiency of 95% was obtained in 

thmA/dxmA quantification, with an R
2
 value of 0.998 and a slope of -3.45. Similarly, 

efficiency of 92% was obtained for quantification of 16S rRNA genes, with an R
2
 value 

of 0.996 and a slope of -3.52. 

The qPCR instrument MDL is identified as the minimum detectable copy number 

when seven sequential analyses were successful. The overall MDLs (in copy 

numbers/gram of aquifer materials in microcosms) are calculated as the instrument qPCR 

MDLs (in copy numbers/reaction mixture) adjusted with the DNA recoveries of these 

seven quantifications and the proportion (F) of the DNA used as the template in the 

qPCR.  

            
                   

            
    

Method detection limits (MDLs) were 7,000 ~ 8,000 copies of thmA/dxmA 

genes/g soil and 2,000 ~ 3,000 copies of 16S rRNA genes/g soil (Table 6.2) DNA 

extraction recoveries ranged from 2.3 to 48.9 %. Similar recovery ranges are commonly 

reported for soil DNA extractions [139, 173, 177], with the lower values reflecting 

sequential elution and residual impurities that hinder Taq polymerase reactions [180]. 
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Figure 6.1.Q-PCR calibration curves for thmA/dxmA genes (A) and 16S rRNA (B). 

 

Table 6.2. Method detection limits (MDLs).for thmA/dxmA and 16S rRNA genes. 

Parameter thmA/dxmA 16S rRNA 

qPCR instrument MDL 

(copy numbers/reaction mixture) 
123 37 

Overall MDL
a
 

(copy numbers/g soil) 
7,203-7,984 2,324-2,573 

a
 Including DNA recovery and an F of 64.  
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6.2.5. Clone library construction 

PCR was performed in 50 μL samples with 1 µL concentrated genomic DNA, 0.2 

mM dNTPs, 2.5 mM MgCl2, 0.8 mM of each primer (Table S1), 1 × Green GoTaq Flexi 

buffer, and 1.25 U GoTaq Hot Start polymerase (Promega, Madison, WI). Thermocycling 

conditions for the PCR reaction were as follows: initial denaturation at 95 °C for 5 min, 

followed by 30 cycles of 95 °C for 45 s, 50 °C for 45 s, and 73 °C for 30 s, and a final 

elongation at 73 °C for 5 min. The final PCR products (approximately 115 bp) were checked 

by gel electrophoresis.  

The PCR products were then purified and concentrated using DNA Clean & 

Concentrator-5 kit (Zymo Research, Irvine, CA), and TOPO cloned into the pCR4-TOPO 

TA vector using the TOPO TA Cloning kit for Sequencing (Invitrogen, Carlsbad, CA) 

according to the manufacturer's instructions. The TOPO reaction mixture was 

transformed into TOP10 competent cells (Invitrogen, Carlsbad, CA), which were grown 

on LB agar plates containing the antibiotic ampicillin. A total of 96 colonies were picked 

and cultured in LB medium with 50 µg/mL ampicillin overnight.  Plasmid DNA was 

prepped using a proprietary alkaline lysis protocol followed by ethanol precipitation.  

DNA cycle sequencing was performed using BigDye Terminator v3.1 chemistry in 

conjunction with the M13F universal primer.  Sequencing reactions were cleaned up on 

Sephadex.  Sequence delineation and basecalling were performed using an ABI model 

3730 XL automated fluorescent DNA sequencer by SeqWright Genomic Services 

(Houston, TX). 
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6.3. Results and Discussion 

6.3.1. The thmA/dxmA probe is selective 

Biochemical, structural, and evolutionary studies indicate that the large 

hydroxylases of all the enzymes belonging to this SDIMO family contain a highly 

conserved carboxylate-bridged di-iron center (i.e., DE*RH motif) that serves as the active 

site for hydroxylation or peroxidation reactions (Figure 6.1) [28, 91]. However, different 

groups of SDIMOs exhibit different substrate specificity. Substrate recognition and 

binding may be primarily associated with the hydrophobic residues that surround the di-

iron center, because these are conserved within each SDIMO group [28, 181-183]. Since 

only THF/dioxane monooxygenases are of interest in this effort, the criteria for the 

thmA/dxmA biomarker design consisted of i) avoiding the di-iron centers conserved by all 

SDIMOs, and ii) targeting the surrounding hydrophobic residues only shared by 

THF/dioxane monooxygenases. 
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Figure 6.2 Alignment of the deduced ammino acid sequences corresponding to the large hydroxylase of SDIMOs clustered by 

subfamily. The amino acid residues selected for biomarker design are highlighed in red and circled with rectangular. The 

conserved di-iron center (i.e., DE*RH) was highlighed in orange, and the hydrophobic residues surrounding the diiron center 

were highlighted in blue. Numbers below the sequences correpsond to the numbering for dxmA from CB1190. Numbers in 

front of the subclusters represent the group numbers of SDIMOs. 

5

4

3

1

2

dxmA Pseudonocardia sp. CB1190 A A T R C M G M L V D A I D D P E L Q N A Y Y I Q Q L D E Q R H T A M Q M N L Y R W Y M K

thmA Pseudonocardia sp. ENV478 A A T R C M G M L V D A I D D P E L Q N A Y Y I Q Q L D E Q R H T A M Q M N L Y R W Y M K

thmA Pseudonocardia sp. K1 A A T R C M G M L V D A L D D P E L Q N A Y Y I Q Q L D E Q R H T A M Q M N L Y R W Y M K

thmA Rhodococcus sp. YYL A A T R C M G M L V D A I D D P E L Q N A Y Y I Q Q L D E Q R H T A M Q M N L Y R W Y M K

prm1A Pseudonocardia sp. TY-7 S A A R A M P M A I D A V P N P E I H N G L A V Q M I D E V R H S T I Q M N L K R L Y M N

prmA Rhodococcus jostii RHA1 S A A R A M P M A I D A V P N P E I H N G L A V Q M I D E V R H S T I Q M N L K K L Y M N

prmA Rhodococcus sp. RR1 S A A R A M P M A I D A V P N P E I H N G L A V Q M I D E V R H S T I Q M N L K K L Y M N

prmA Gordonia sp. TY-5  S A A R A M P M A I D A V P N P E I H N G L A V Q M I D E V R H S T I Q M N L K K L Y M N

prmA Rhodobacter sphaeroides 2.4.1 S A A R S M A M V A R L A P G E D L R T G F T M Q M V D E F R H S T I Q M N L K K W Y M E

etnC Mycobacterium rhodesiae JS60 Q A T C G S G F L I A S M K N Q E L R Q G Y A G Q M L D E V R H T Q I E V A L R K Y Y L K

etnC Mycobacterium chubuense NBB4  Q A V C G S G F L I A S M K N Q E L R Q G Y A G Q M L D E V R H T Q I E V A L R K Y Y L K

etnC Nocardioides  sp.  JS614 Q A V C G A G F L I S S V K N Q E L R Q G Y A G Q M L D E V R H A Q L E I N L R K Y Y L K

mmoX Methylosinus trichosporium OB3B N A I A A S A M L W D S A T A A E Q K N G Y L A Q V L D E I R H T H Q C A F I N H Y Y S K

mmoX Methylomonas sp. KSPIII N A I A A T G M L W D S A T A P E Q K N G Y L G Q V L D E I R H T N Q C A Y I N Y Y F A K

mmoX Methylococcus capsulatus Bath N A I A A T G M L W D S A Q A A E Q K N G Y L A Q V L D E I R H T H Q C A Y V N Y Y F A K

bmoX Pseudomonas butanovora G A I A G S A L L W D T A Q S P E Q R N G Y L A Q V I D E I R H V N Q T A Y V N Y Y Y G K

tom3 Burkholderia cepacia G4 M A H R G F A H I G R H F T G E G A R V A C Q M Q S I D E L R H F Q T E M H A L S H Y N K

poxD Ralstonia eutropha E2 A A H R G Y A H L G R H F R G A G A R V A A Q M Q S I D E L R H A Q T Q L H T L S V Y N K

dmpN Pseudomonas sp. CF600 Q A F Q G F S R V G R Q F S G A G A R V A C Q M Q A I D E L R H V Q T Q V H A M S H Y N K

phlD Pseudomonas putida H Q A F Q G F S R V G R Q F S G A G A R V A C Q M Q A I D E L R H V Q T Q V H A M S H Y N K

xamoA Xanthobacter sp. Py2 M A V T M Q S R F V R F A P S A R W R S L G A F G M L D E T R H T Q L D L R F S H D L L N

isoA Rhodococcus sp. AD45 M A V T M Q S R F C R F A P T P R W R N L G V F G M L D E T R H T Q L D L R F S H D L L K

tmoA Pseudomonas mendocina KR1 A A V T G E G R M A R F S K A P G N R N M A T F G M M D E L R H G Q L Q L F F P H E Y C K

tbuA1 Ralstonia picketii PKO1 A A M S A E A R M A R F G R A P G M R N M A T F G M L D E N R H G Q L Q L Y F P H D Y C A

touA Pseudomonas stutzeri OX1 A A S T A E A R M A R F A K A P G N R N M A T F G M M D E N R H G Q I Q L Y F P Y A N V K

tmoA Cupriavidus metallidurans CH34  S A S S A E A R M M R F S K A P G M R N M A T L G S M D E I R H G Q I Q L Y F P H E H V S

110 120 130 140 150
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Figure 6.2 illustrates that the amino acid residues targeted by the thmA/dxmA 

primers/probe set are identical among all four known THF/dioxane monooxygenases, but 

significantly different from other SDIMOs. The q-PCR analysis indicated that both dxmA 

from CB1190 and thmA from K1 (which were the positive controls we had readily 

available) were detected with comparable sensitivity (CT values approximately 25 for 1 

ng genomic DNA). Negative controls, using genomic DNA from bacteria with other 

types of SDIMOs, (e.g., bacteria with dioxygenases such as Pseudomonas putida F1, and 

bacteria without SDIMOs such as Escherichia coli K12), and bacteriophage λ, were used 

to assess the potential for false positives. None of these negative controls (Table 6.3) 

were detected by this thmA/dxmA probe and primer set, but previously designed primer 

sets in our lab using the SYBR Green system had yielded false positives for other 

SDIMO genes (e.g., tmo), indicating that the use of TaqMan probes significantly reduces 

the possibility of hybridization with non-specific templates. These results corroborate that 

the thmA probe and primer set we developed for the TaqMan system enables sensitive 

detection of thm/dxm genes and avoids false positives from other oxygenase genes that 

bear a close evolutionary relationship. 
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Table 6.3 Specificity and coverage tests for the designed thmA/dxmA biomarker 

Gene 

Name  

Encoding 

Enzymes
a
  

SDIMO 

Group  
Microorganism Strain 

Biomarker Detection
b
 

thmA 16S rRNA 

dxm Dioxane MO 5  
Pseudonocardia 

dioxanivorans CB1190 
+ + 

thm 
Tetrahydrofuran 

MO 
5  

Pseudonocardia 

tetrahydrofuranoxydans 

K1 

+ + 

tmo Toluene-4-MO 2  
Pseudomonas mendocina 

KR1 
− + 

tbu Toluene-3-MO 2  Ralstonia pickettii PKO1 − + 

tom Toluene-2-MO 1  Burkholderia cepacia G4 − + 

dmp Phenol HD 1  
Pseudomonas putida 

CF600 
− + 

prm Propane MO 5  Rhodococcus jostii RHA1 − + 

mmo 
Soluble methane 

MO 
3  

Methylomonas methanica 

MC09 
− + 

- - - Escherichia coli K12 − + 

- - - Bacteriophage λ − − 

amo Ammonia MO - 
Nitrosomonas europaea 

Winogradsky 
− + 

tod Toluene DO - Pseudomonas putida F1 − + 

xyl Toluate 1,2-DO - 
Pseudomonas aeruginosa 

PAO1 
− + 

a
 MO = monooxygenase; HD = hydroxylase; DO = dioxygenase. 

b
 + indicates a positive detection was obtained above the detection limit by using the 

primers/probe set in qPCR; − indicates no positive detection was obtained above the 

detection limit by using the primers/probe set in qPCR. 

 

6.3.2. Microcosms revealed naturally occurring dioxane biodegradation 

After three to five months of incubation, considerable dioxane removal was 

observed in 16 of the 20 microcosms prepared with aquifer materials collected at 
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different locations at all five sites compared to the sterile controls (Figure 6.3).[184] This 

indicated that the presence of indigenous microbes that are capable of degrading dioxane. 

The fitted zero-order decay rates varied greatly from 10
-1

 to 10
3
 µg/L/week (Table 6.4), 

suggesting the enzymatic saturation of dioxane degrading oxygenases at the sites. For 

instance, the microcosms prepared with the source zone samples collected at Site 1 in 

California experienced the fastest dioxane degradation rate as high as 3448.7 ± 459.3 

µg/L/week, which is the highest dioxane degradation rate reported in environmental 

samples. In addition, the dioxane degradation rates (11.1 ± 0.7 µg/L/week) in 

microcosms prepared with the source zone samples at the Alaska site were comparable 

with the ones previously reported by our group (approximately 9.8 µg/L/week) [72], 

indicating that dioxane degradation capability by the indigenous microbes at the Arctic 

site was consistent.   

It is also notable that dioxane degradation activity decreased with increasing 

distance from the contaminant source zone, presumably due to less acclimation. Further, 

14
C-labled dioxane was amended in microcosms prepared with samples collected in 

California to track the transformation of dioxane. Percentage of mineralization to CO2 

and incorporation into biomass were significantly correlated with dioxane degradation 

activities observed in microcosms by monitoring the partitioning of 
14

C radioactivity in 

air and solid phages, respectively. All these results indicate long term of dioxane 

exposure at high concentrations may promote the indigenous microbes to adapt and 

acclimate dioxane degradation capability.  
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Figure 6.3. Dioxane degradation in microcosms prepared with samples collected 

from sites located in the north slope of Alaska (A) and west Texas (T) and their 

corresponding sterile controls (marked as N). 
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Table 6.4 Microcosm preparation and the observed dioxane degradation rates fitted 

with zero-order decay. 

Site 
Sampling  

Locations   

Distance from 

the Source (ft) 

Initial Dioxane 

Concentration 

(µg/L)  

Zero-order Dioxane 

Degradation Rate 

(µg/L/week) 

CA1 

1-1S 0 46049.8 ± 2429.7 3448.7 ± 459.3 

1-1M 0 30906.1 ± 804.7 1548.7 ± 132.9 

1-1D 0 14214 ± 920.2 654.2 ± 49.5 

1-2S 200 1540.3 ± 103.9 69.6 ± 2.2 

1-2M 200 12034.8 ± 319.4 584.2 ± 14.7 

1-2D 200 19289.8 ± 1056.9 848.6 ± 51.6 

1-4 1550 412.7 ± 24.8 - 

1-5 3900 203.8 ± 12.8 - 

1-6 NA ND
 
(≤ 1.6) - 

CA2 

2-1 NA 248.2 ± 7.8 9.9 ± 0.8 

2-2 NA 7.5 ± 0.2 0.3 ± 0.1 

CA3 

3-1 0 7150.7 ± 203.6 326.5 ± 8.5 

3-2 200 2261.5 ± 78.2 112.1 ± 5.6 

3-3 1000 876 ± 13.9 17.4 ± 3.2 

3-4 1350 582.9 ± 38.7 7.2 ± 0.9 

3-5 NA 32.4 ± 0.8 - 

AK 

A-201 0 516.8 ± 23.7 11.1 ± 0.7 

A-11 195 15.2 ± 0.9 0.4 ± 0.1 

TX 

T-S 0 238.6 ± 7.1 5.6 ± 0.2 

T-M 1700 109.7 ± 1.5 2.6 ± 0.1 
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6.3.3. Dioxane biodegradation activity was significantly correlated to thmA 

abundance 

Growth of dioxane degraders in these microcosms was evident by an increase in 

thmA copy numbers, up to 114-fold (Figure 6.3). This increase was significantly 

correlated (p < 0.05, R
2
 = 0.72) to the amount of consumed dioxane (Figure 6.5). 

However, thmA/dxmA genes were not detected in killed controls or in microcosms 

prepared with background samples that did not experience dioxane removal (e.g., 1-6 and 

3-5 in Table 6.4. Assuming a dry cell weight of 10
-12

 g and protein composition of 55% 

[185], the cell yield coefficient (Y) for the indigenous dioxane degraders was calculated 

as 0.14 mg protein/mg dioxane (i.e., Y = ΔX/ΔS = regression line slope in Figure 6.6A), 

which is comparable with reported yield coefficients for CB1190 (0.01 ~ 0.09 mg 

protein/mg dioxane[13, 27, 66]) and other dioxane metabolizers, such as Mycobacterium 

sp. D11 (0.18 mg protein/mg dioxane [76]). A significant correlation (p < 0.05, R
2
 = 

0.70) was also observed between the final thmA copy numbers and dioxane degradation 

rates (Figure 6.7A). In contrast, copy numbers of 16S rRNA genes (a phylogenetic 

biomarker that is commonly used to enumerate total bacteria) were not significantly 

correlated (p = 0.44) to dioxane biodegradation activity (Figure 6.7B), corroborating the 

selectivity of this thmA/dhmA probe. 
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Figure 6.4 Detection of copy numbers of thmA/dxmA genes in microcosms over three 

to five months’ incubation. The red dot line represents the estimated value of the 

MDL.Double green dots indicate an increase with p value lower than 0.05, and a 

single green dot indicates an increase with p value lower than 0.1. 

 

Figure 6.5  Detection of copy numbers of 16S rRNA genes in microcosms over three 

to five months’ incubation. The red dot line represents the estimated value of the 

MDL. Double green dots indicate an increase with p value lower than 0.05, and a 
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single green dot indicates an increase with p value lower than 0.1. In contrast, 

double red dots indicate a decrease with p value lower than 0.05, and a single red 

dot indicates a decrease with p value lower than 0.1. 

 

Figure 6.6 Correlation between the amount of consumed dioxane (µg) and the 

increase of thmA/dxmA gene copy numbers in microcosms on a normal (A) and 

logarithmic (B) scale. The slope of the regression line of the left graph (A) was used 

to estimate the cell yield of dioxane by indigenous microbial degraders. The solid 

line represents the least square regression; the dashed lines represent the 95% 

confidence envelope. 

 

Figure 6.7 Correlation between zero-order dioxane degradation rates (µg/L/week) 

and final copy numbers of thmA/dxmA (A) but not 16S rRNA (B) genes observed 

per gram of aquifer materials added in microcosms for various sites. The solid lines 

represent the least square regression; the dashed lines represent the 95% confidence 

envelope. 
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Figure 6.8. Phylogenetic tree (constructed and visualized using MEGA 5.1) based on 

partial thmA/dxmA gene sequences from clone libraries constructed from soil 

samples collected in Microcosm 1-1S at week 20. Transformed clones were 

designated with numbers from 1 to 96 with their sequences listed in Appendix S3. 

Trimmed sequences of four known thmA/dxmA genes were aligned to depict the 

evolutionary relationship, including dxmA from Pseudonocardia dioxanivorans 

CB1190, thmA from Pseudonocardia tetrahydrofuranoxydans K1, thmA from 

Pseudonocardia sp. ENV478, and thmA from Rhodococcus sp. YYL. The figure 

shows a high similarity between all DNA fragments amplified using our thmA/dxmA 

primer set. 

 

To further verify that amplification products from the complex environmental 

samples were actually fragments of the intended thmA/dxmA genes, a clone library was 
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constructed with genomic DNA isolated from Microcosm 1-1S, generating a total of 86 

valid clones that were sequenced and aligned (Figure 6.8). All sequences exhibited high 

identity with previously reported thmA/dxmA genes (≥ 95%) [16, 25, 26, 79], and no 

more than one nucleotide mismatch was found between our Taqman probe and its 

targeted sequences in the clone library, which provides further evidence for the reliability 

of our primer/probe set.  

We recognize that numerous site-specific factors could confound the correlation 

between biodegradation activity and thmA/dxmA abundance.  These include nutrient and 

electron acceptor influx, redox conditions, pH, temperature and presence of inhibitory 

compounds. However, such confounding factors are likely to affect similarly both 

degradation rates and biomarker enrichment (through microbial growth or decay) over 

the large temporal scales that are relevant to MNA. Thus, these results suggest that 

thmA/dxmA can be a valuable biomarker to help determine the feasibility and assess the 

performance of MNA at dioxane-impacted sites. 
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Chapter 7 

Statistical Analysis of Microbial Community 

Structures at Various Sampling Locations 

Experiencing Different Levels of 

Groundwater Contamination by Dioxane, 

Chlorinated Solvents, and Hydrocarbons 

7.1. Introduction 

The Arctic tundra is a unique (extreme) ecosystem of great global relevance to 

carbon storage and cycling. The tundra is particularly vulnerable to climate change and 

anthropogenic pollution, which is increasing with oil production and related activities. 

Due to global warming, greenhouse gases (especially methane) are being increasingly 

released from the thawing permafrost, which contains about one third of the terrestrial 

carbon in the northern hemisphere. However, little is known about how indigenous 

microbial communities adapt and respond to these perturbations, how emerging 
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pollutants affect critical ecosystem services such as carbon cycling, and which microbial 

activities contribute to natural attenuation.  

A site at Prudhoe Bay, Alaska was impacted by chlorinated solvents spills since 

the 1980s. One particular concern is co-contamination of the tundra by the toxic 

compound dioxane, which was used to stabilize chlorinated-solvents. Because dioxane is 

highly soluble and mobile in the subsurface, its region of influence tends to be relatively 

large. Thus, understanding how dioxane impacts microbial ecosystems and developing 

means to enhance microbial attenuation of dioxane migration is of high priority. Here, we 

use pyrosequencing-based metagenomics and 16S rDNA profiling to understand how 

contamination incidents have affected the indigenous microbial communities and the 

microbes that are critical to carbon cycling at the site.  

7.2. Materials and Methods 

Collecting groundwater samples three years in a row from 2010 to 2012 at this 

remote site was a difficult task. Due to site accessibility and project budget limitation, 

four, nine, and seven monitoring wells (Figure 7.1 and Table 7.1) were selected for 

groundwater sampling in mid to late August in 2010, 2011, and 2012, respectively. 

Criteria for sample collection and characterization and protocols for DNA extraction 

were described above in detail in Chapter 5. Prior to PCR amplification, the extracted 

DNA (200 µL) were further purified with Genomic DNA Clean & Concentrator Kit 

(Zymo Resesarch, Irvine, CA) to remove the unwanted chemical impurities and 

inhibitors. Primers 27F (5’- AGR GTT TGA TCM TGG CTC AG -3’) and 515R (5’- 
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GTN TTA CNG CGG CKG CTG - 3’) were used to amplify the 16S variable region V1 

to V3 for each sample [186]. Multiplexed bacterial tag-encoded FLX amplicon 

pyrosequencing (bTEFAP) was performed by the Titanium platform (Roche Applied 

Science, Indianapolis, IN) using 27F as the primer in a commercial laboratory (Molecular 

Research and Testing Laboratories, Lubbock, TX) [187].  

 

 

Figure 7.1 Site map depicting five additional monitoring well locations for 

groundwater sampling in 2011 and 2012 at the site located on the north slope of 

Alaska and dioxane iso-concentration contour based on the 2008 analysis data. 
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Table 7.1 Important groundwater quality data at various sampling locations. 

Location
a
 

Dioxane 

(µg/L) 

1,1,1-TCA 

(µg/L) 

TOC 

(mg/L) 

Methane 

(mg/L) 

Distance 

from the 

Source (ft) 

A201 590 3490 51.9 5.8 0 

B201 173 3160 44.4 7.1 0 

C201 351 2370 41.7 6.3 0 

B19 78 37 41.5 12.6 95 

C19 55 42 31.3 12.5 95 

C12 27 2 53.7 11.9 90 

C22 29 250 120.0 11.9 80 

B12 52 8 63.7 23.7 90 

C11 22 ND 41.2 17.2 195 

B11 30 ND 49.4 17.9 195 

A11 18 ND 75.0 19.4 195 

B22 48 695 68.2 17.0 80 

C34 ND
b
 ND 8.9 14.3 465 

B34 ND ND 10.4 14.8 465 

C33 3 ND 25.6 14.7 420 

B33 5 ND 8.6 13.1 420 

A33 3 ND 8.5 4.1 420 

B32 ND ND 4.6 15.9 320 

B26 ND ND 6.4 3.6 550 

A26 ND ND 9.3 5.8 550 
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a
 A indicates samples collected in 2010; B indicates samples collected in 2011; C 

indicates samples collected in 2012. 
b
 not detected. 

 

Raw sequences with the length less than 200 bp or ambiguous base calls were 

removed, and then binned into individual sample collections based on bar-code sequence 

tags, which were then trimmed. The resulting files were denoised and depleted of 

chimeras. Operational taxonomic units (OTUs) were defined after removal of singleton 

sequences, clustering at 3% divergence (97% similarity) [187-193]. Species-level OTUs 

were then taxonomically classified using BLASTn algorithm against a curated 

GreenGenes database [194]. Following analyses of the microbial community structures 

were conducted within the virtual environment provided by the RDP's Pyrosequencing 

Pipeline [195]. A strict indicator species statistical analysis was computed by R to test if 

bacteria specifically acclimated to high concentrations of contaminants [196]. 

7.3. Results and Discussion 

7.3.1. Shifting of the microbial community structure in the presence of 

contamination and other carbon source 

After removal of chimeras and noises, a total of 227,998 reads (Table 7.2) were 

retrieved from pyrosequencing for all 20 groundwater samples, resulting in an average of 

more than 10,000 reads per sample. In general, three different patterns of microbial 

community structures were observed among samples from source zone, mid-plume and 

unimpacted area at the Arctic site (Figure 7.2). 
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Figure 7.2 Bray-Curtis clustering of the phylogenetic relationship (above) and the phylum distribution (below) for the 

microbial communities among groundwater samples. 
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Bray-Curtis clustering analysis was used to delineate the similarity between the 

microbial communities in various groundwater samples (Figure 7.2), which will moderate 

the influence from minor variables and single out the essential environmental factors that 

take effects on eco-community shifting. At the similarity of 0.15, the dendrogram (Figure 

7.2) could be clearly divided into three groups, including one with five heavily-

contaminated samples located near the source zone (MW201 and MW19), one with seven 

samples from the middle of the plume (MW11, MW 12, and MW22) where were mildly 

impacted by chlorinated solvents and dioxane (Table 7.1), and one with all the other eight 

downstream samples (MW26, MW32, MW33, and MW34) collected as background 

controls with minimal or no contamination. This is in congruence with our hypothesis 

that contamination of exogenous recalcitrant carbon sources may play a crucial role in 

shaping microbial communities in environment. Moreover, all samples collected three 

years in a row at the same sampling wells (e.g., MW201, MW11, and MW33) grouped 

closely, indicating community structures were stable in a certain monitoring well at the 

site and our samples could serve as good biological replicates for further micro-

ecological analysis. 

The shifting of the microbial community structures was further confirmed by the 

diversity and evenness analysis. Shannon index (Table 7.2) was calculated to show the 

diversity change of the microbial communities. Student t-test analysis indicated that the 

diversity of the downstream un-impacted groundwater samples was significantly higher 

than those from the center and middle of the plume (p < 0.05).  
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Table 7.2 Diversity indices of microbial communities in groundwater samples. 

Location
a
 N

b
 Cluster # H’

c
 E

d
 

A201 8617 1881 6.26 0.83 

B201 11802 2460 6.53 0.84 

C201 17187 3121 6.71 0.83 

B19 11595 2099 5.75 0.75 

C19 11475 1947 6.05 0.80 

C12 8178 1216 5.83 0.82 

C22 19524 2241 5.88 0.76 

B12 11389 2197 6.20 0.81 

C11 6691 1120 5.23 0.75 

B11 12674 2101 5.55 0.72 

A11 12382 1767 5.10 0.68 

B22 14243 1870 5.57 0.74 

C34 7784 2059 6.68 0.87 

B34 9518 2539 6.64 0.85 

C33 13791 3567 6.99 0.85 

B33 11082 2817 6.51 0.82 

A33 10960 2748 6.56 0.83 

B32 5600 1948 6.81 0.90 

B26 11366 3334 6.70 0.83 

A26 12140 2801 6.68 0.84 

a
 A indicates samples collected in 2010; B indicates samples collected in 2011; C 

indicates samples collected in 2012. 
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b
 total sequence number. 

c
 Shannon-Weiner diversity index, higher number represents higher diversity. 

d
 Eveness index, higher number (i.e., closer to 1) represents greater even distribution. 

 

Accordingly, evenness index analysis demonstrated that the microbial 

communities in the source and mid-plume area were significantly less evenly distributed 

than those in the distant pristine region (p < 0.05). It is also notable that both diversity 

and evenness were even significantly lower (p < 0.05) in the mid-plume samples 

compared with the source zone samples. This is probably due to the high TOC and 

natural gas (e.g. methane) content detected there (Table 7.1). Overall, these results are 

consistent with our previous findings on functional structures and dynamics for 

groundwater microbes at this site mentioned in Chapter 5, and suggest that exogenous 

carbon sources (e.g., 1,1,1-TCA, dioxane, and methane) might exert selecting pressures 

on the microbial community in the proximal zone, and boost the microorganisms that 

capable of assimilating these contaminants due to long term of acclimation. 

7.3.2. Actinobacteria and Proteobacteria are the dominant phyla 

Taxonomicity classification analysis revealed that Bacteria from the phylum of 

Actinobacteria and the Proteobacteria were dominant among all Arctic groundwater 

samples at this site (Figure 7.2). Similar phylogenetic results were observed by other 

previous studies on the micro-ecosystem of Arctic environment. For instance, culture-

based investigations have observed that most of the isolates belonged to the phyla of 

Actinobacteria (51%) and Firmicutes (45%), especially the genus of Arthrobacteria and 

Planococcus (85%) [96]. However, several culture-independent studies have indicated 
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that Acidobacteria, Actinobacteria and Proteobacteria are the prevailing phyla in Arctic 

tundra [92-97]. 

Further, Figure 7.2 revealed that the abundance of these two dominant phyla 

shifted with sampling locations according to their microbial structural patterns grouped 

by Bray-Curtis clustering. Proteobacteria was the most abundant phylum at the source 

zone and unimpacted area, while Actinobacteria dominated the mid-plume. Till now, 

most dioxane or THF degraders are identified as Actinomycetes, which belongs to the 

phylum of Actinobacteria [16, 26, 27, 75, 120]. This phylum contains a number of 

organisms that can degrade various recalcitrant organic compounds, including linear and 

cyclic alkyl ethers. Order-level analysis revealed that Actinomycetes were extremely 

abundant (> 50%) in the middle of the plume, such as MW11 and MW22. As discussed 

above, the variety of the exogenous carbon source might contribute in shaping the 

structure of the indigenous microbial communities. Therefore, this shifting of dominant 

phylum was probably linked with their ecological functions involved in carbon 

degradation. 

7.3.3. Comamonadaceae and Geobacteraceae are enriched near the source zone. 

Furthermore, family-level analysis and indicator species statistical analysis 

provide us a better understanding of the roles of certain microbes in environment. Figure 

7.3 shows that members of the family Comamonadaceae and Geobacteraceae are 

significantly enriched in samples collected near the source zone compared to those from 

the mid-plume and downstream, suggesting their acclimation to the high level of 

contamination.  
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Figure 7.3 Relative abundance of the dominant bacterial families in the 

groundwater samples collected in the source zone and middle of the plume. 

 

Comamonadaceae is a family of the Betaproteobacteria. Microbes in this family 

are all aerobic and Gram-negative. Taxonomic results indicated that this bacterial family 

was prevalent among all the groundwater samples at the site. However, it was found to be 

significantly more abundant in the source zone samples (33.9 ± 5.0%). Its abundance in 

the mid-plume and background samples was comparably low (13.6 ± 8.3% and 18.7 ± 

8.9%). Statistical analysis (Table 7.3) revealed the indicator species for the source zone 

were mainly from the genus Polaromonas. It is notable that bacteria belonging to this 

genus are all psychrophiles (or cryophiles) that are able to thrive and reproduce in the 

extremely cold environment, such as alpine and arctic tundra. Although psychrophiles 

can use a large variety of metabolic pathways, it is not clear about their roles in 

biodegradation of the major contaminants (e.g., chlorinated solvents and dioxane) near 

the source zone region. 

 



128 
 

 
   

Table 7.3 Indicator bacterial species in the source and mid-plume samples. 

 

However, as a family of the Deltaproteobacteria, the Geobacteraceae is known 

for their ability to oxidize recalcitrant organic compounds with iron oxide or other 

available metals in environment as electron acceptors [197]. For instance, several key 

catabolic genes encoding reductive dehalogenases are annotated in the genome of 

Geobacter metallireducens (Genbank accession # NC_007517), implying its capability of 

degrading chlorinated solvents under the iron-reducing condition [198]. Accordingly, 

Figure 7.3 exhibited that the percentage abundance of this bacterial family (11.0 ± 2.6%) 

was significantly higher in the source samples compared to those in the mid-plume and 

distant pristine region (< 3%). In addition, one of the indicator species for the source zone 

was highly identical (97%) to an uncultured Geobacter sp. in the database of NCBI 

(Table 7.3). The enrichment of this bacterial family was found to be highly correlated 
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with the higher contamination levels of 1,1,1-TCA detected in the groundwater of these 

monitoring wells (Table 7.1), suggesting reductive dechlorination of 1,1,1-TCA might be 

undergoing mainly by the Geobacteraceae near the source zone of the plume. 

7.3.4. Microbacteriaceae are highly abundant in the middle of the plume. 

It is unexpected that most of the abundant Actinomycetes in the mid-plume 

samples belong to the family of Microbacteriaceae. One of the indicator species is very 

close to a previously isolated psychrophilic actinobacterium, Alpinimonas psychrophila 

strain Cr8-25. [199] This strain was isolated from alpine glacier cryconite, and its 

optimum growth temperature was between 1 to 15 ˚C. However, little is known about 

their roles related involved in carbon cycling. It is highly possible that they may 

participate in assimilation of methane or other gaseous alkanes that are highly abundant 

in the middle of the plume. 

7.3.5. CCA analysis reveals the influence of exogenous carbon sources to the 

microbial communities 

The influence of selected environmental variables on the microbial community 

structures detected by pyrosequencing was also investigated by CCA (Figure 7.4). The 

analysis grouped together background samples with samples from the leading-edge of the 

plume that had low dioxane concentrations (≤ 3 µg/L). Downstream background samples 

were plotted in different quadrants from those from the source zone and middle of the 

plume. The biplot shows that the overall microbial structure in the source zone sample is 

positively correlated with the concentration of various contaminants, including dioxane, 
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chlorinated solvents, and aromatic hydrocarbons. The higher concentrations of free 

chloride detected in the source zone samples also implied the presence of reductive 

dechlorination. However, methane and TOC were the most influential factor affecting the 

microbes in the sample from the middle of the plume.  

 

Figure 7.4 Ordination plot generated by canonical correlation analysis (CCA) of 

phylogenetic structures detected by pyrosequencing. A smaller angle between the 

directions from the origin to the cross and the groundwater sample indicates that 

there is greater correlation between the environmental factor and the microbial 

community structure at the location. The farther the cross locates from the origin 

(i.e., the longer the arrow is), the stronger the influence that this environmental 

variable exerts on the microbial communities. The total variance was 0.19 as the 

sum of all eigenvalues for this specified CCA model. The x-axis and y-axis explained 

9.9% and 9.4% of the total variance, respectively. 
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Overall, converging lines of phylogenetic evidence indicated the shifting of the 

indigenous bacterial community structures along the dioxane plume at the Arctic site. 

This is highly correlated to the type and presence of exogenous carbon source (e.g., 

manmade chemicals and naturally released gases) detected at the sampling wells. The 

comparison of the microbial communities between impacted and background 

groundwater assisted in identifying potential degraders that likely participate in the 

metabolism and/or co-metabolism of the organic contaminants.  
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Chapter 8 

Conclusions 

8.1. Summary and Conclusions 

Dioxane was recognized as one of the most recalcitrant organics decades ago, and 

its hydrophilic nature greatly prohibits the efficient removal from traditional treatments, 

such as volatilization or adsorption. Our increasing awareness of newly-isolated dioxane 

degraders from dioxane-contaminated samples and dioxane biodegradation potential at 

various dioxane-impacted sites imply the possibility of natural attenuation of this 

xenobiotic compound. As one of the most cost-efficient approach to manage large and 

dilute groundwater plumes of priority pollutants, such as those formed by dioxane, MNA 

relies on demonstration of the presence and expression of relevant biodegradation 

capabilities. Dioxane is a co-contaminant of emerging concern at thousands of sites 

impacted by chlorinated solvents, and there is an urgent need to assess site-specific 

dioxane biodegradation capabilities. 
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Thus, an innovative micro-extraction of aqueous samples coupled with gas 

chromatography/mass spectrometry in selected ion monitoring mode (GC/MS-SIM) was 

developed to selectively analyze for dioxane with low part-per-billion detection 

sensitivity in Chapter 3. Recoveries of dioxane ranged from 93 to 117% for both spiked 

laboratory reagent water and natural groundwater matrices, the later having elevated 

organic carbon content [8.34 ± 0.31 mg/L as TOC]. We observed that freezing the 

aqueous sample along with the extraction solvent enhanced the extraction efficiency, 

minimized physical interferences and improved sensitivity resulting in a limit of 

detection for dioxane to approximately 1.6 μg/L. This method substantially reduces the 

labor, time, reagents and cost, and uses instruments that are commonly found in 

analytical laboratories. This method requires a relatively small sample volume (200 μL), 

and can be considered a green analytical method as it minimizes the use of toxic solvents 

and the associated laboratory wastes. 

The primary objective of this research was to identify the key enzymes that are 

involved in dioxane degradation and design and validate catabolic biomarkers to quantify 

the presence and expression of dioxane biodegradation capacity to support decisions to 

select or reject MNA at dioxane-impacted sites. Soluble di-iron monooxygenases 

(SDIMOs), especially group-5 SDIMOs (e.g., THF/dioxane monooxygenases), are of 

significant interest due to their potential role in the initializing the cleavage of cyclic 

ethers. Consequently, seven gene clusters encoding SDIMOs were discovered and 

annotated in the genome of Pseudonocardia dioxanivorans CB1190, a well-characterized 

bacterial dioxane degrader (Chapter 4), including one putative phenol hydroxylase 

(dmpKLMNOP), four putative toluene-4-monooxygenases (tmo1ABDECF, 
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tmo2ABDECF, tmo3ABCDE+F?, and tmo4ABCDEGF), one putative propane 

monooxygenase (prmABCD), and most importantly one putative THF/dioxane 

monooxygenase (dxmADBC). This gene cluster encoding the putative THF/dioxane 

monooxygenase was found highly identical to previous annotated thmADBC gene 

clusters from THF degraders (> 97% for the large hydroxylase in nucleotide sequence). 

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) results revealed 

that only the dxmA gene encoding the large hydroxylase of the putative dioxane 

monooxygenase was significantly up-regulated when fed with dioxane and its structural 

analog, THF, compared to controls fed with acetate (p < 0.05). And the expression 

doubling fold changes were 5.7 ± 1.6 and 6.0 ± 2.1, respectively. These results 

corroborate the essential role of this dioxane monooxygenase in dioxane degradation. 

Additional efforts to evaluate the presence of SDIMO genes in groundwater 

samples were undertaken in Chapter 5 using advanced molecular tools, such as functional 

gene array (i.e. GeoChip) and PCR-DGGE. Functional gene array (i.e. GeoChip) analysis 

of Arctic groundwater exposed to dioxane since 1980s revealed that various dioxane-

degrading SDIMO genes were widespread, and PCR-DGGE analysis showed that group-

5 SDIMOs were present in every tested sample, including background groundwater with 

no known dioxane exposure history.  A group-5 thmA-like gene was enriched (2.4-fold 

over background, p < 0.05) in source-zone samples with higher dioxane concentrations, 

suggesting selective pressure by dioxane. Microcosm assays with 
14

C-labeled dioxane 

showed that the highest mineralization capacity (6.4 ± 0.1% 
14

CO2 recovery during 15 

days, representing over 60% of the amount degraded) corresponded to the source area, 

which was presumably more acclimated and contained a higher abundance of SDIMO 
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genes. Dioxane mineralization ceased after 7 days, and was resumed by adding acetate 

(0.24 mM) as an auxiliary substrate to replenish NADH, a key co-enzyme for the 

functioning of monoxygenases. Acetylene inactivation tests further corroborated the vital 

role of monooxygenases in dioxane degradation. This is the first report of the prevalence 

of oxygenase genes that are likely involved in dioxane degradation, and suggest their 

usefulness as biomarkers of dioxane natural attenuation. 

In Chapter 6, a primer/probe set was developed to target bacterial genes encoding 

the large hydroxylase subunit of a putative tetrahydrofuran/dioxane monooxygenase (an 

enzyme proposed to initiate dioxane catabolism), using Taqman (5’-nuclease) chemistry. 

This effort relied on multiple sequence alignment of the four thmA/dxmA genes available 

on the NCBI database. The probe targets conserved regions surrounding the active site, 

thus enabling detection of multiple dioxane degraders.  Real-time PCR using reference 

strain genomic DNA demonstrated the high selectivity (no false positives) and sensitivity 

of this probe (7,000-8,000 copies/g soil). Microcosm tests prepared with groundwater 

samples from 16 monitoring wells at five different dioxane-impacted sites showed that 

enrichment of this catabolic gene (up to 114-fold) was significantly correlated to the 

amount of dioxane degraded. A significant correlation was also found between 

biodegradation rates and the abundance of thmA genes. In contrast, 16S rRNA gene copy 

numbers were neither sensitive nor reliable indicators of dioxane biodegradation activity. 

Overall, these results suggest that this novel catabolic biomarker (thmA/dxmA) has great 

potential to rapidly assess the performance of natural attenuation or bioremediation of 

dioxane plumes. 
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Furthermore, pyrosequencing-based metagenomics and 16S rDNA profiling was 

used to understand how dioxane contamination incidents along with chlorinated solvents 

and other hydrocarbons have affected the indigenous microbial communities and the 

microbes that are critical to carbon cycling at the site in Alaska (Chapter 7). 

Actinobacteria and Proteobacteria were the dominant bacterial phyla. Three different 

patterns of microbial community structures were observed among samples from source 

zone, mid-plume and un-impacted area at the Arctic site. Proteobacteria is the most 

abundant phylum at the source zone and unimpacted area, while Actinobacteria 

dominates the mid-plume. Members of the family Comamonadaceae and 

Geobacteraceae are prevailing near the source zone compared to the mid-plume and 

background, suggesting their enrichment related to the high level of contamination. CCA 

analysis revealed that the microbial communities were greatly influenced by various 

contaminants near the source zone. However, the mid-plume was controlled by high TOC 

and methane contents. All the lines of evidence suggest that the indigenous microbes 

have adapted to the local environment due to long term of acclimation, implying the 

presence of natural attenuation. 

This study comprehensively evaluated the essential roles of THF/dioxane 

monooxygenases in dioxane degradation in dioxane-degrading bacterial strains and 

environment samples. This is the first report to elicit the impact from dioxane and other 

co-contaminants on shaping both functional and phylogenetic structures of microbial 

communities at a dioxane-impacted site. The development of the novel catabolic 

biomarker (thmA/dxmA) is of great research and engineering value to unequivocally 

assess both dioxane biodegradation potential and activity for enhanced MNA forensics.  
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8.2. Engineering Significance 

Groundwater contamination by dioxane is an emerging challenge with important 

implications for the management of chlorinated solvent plumes, including the need to 

revisit capture zones, monitoring networks, and treatment technology. Theoretical 

considerations and preliminary results suggest the practicality of MNA to manage large, 

dilute dioxane plumes. Thus, genetic biomarkers that reliably detect dioxane degradation 

potential and activity are needed to easily determine when MNA is an appropriate option, 

and to assess its performance. This research provides us significant novel insight into the 

enzymatic and molecular basis of dioxane biodegradation, as well as selective and 

reliable functional gene probes to unequivocally assess dioxane biodegradation potential 

and quantify expression (i.e., activity). This is highly valuable to support site-specific 

decisions to select or reject MNA as a remedial activity and assess its performance.  

Several significant findings and scientific contributions that are well connected to 

the specific objectives of this research are highlighted as follows. 

 Discern genes that code for enzymes that initiate dioxane biodegradation in the 

model bacterium, Pseudonocardia dioxanivorans CB1190. 

Genetic annotation revealed seven SDIMO genes harbored by CB1190, one 

putative phenol hydroxylase, four putative toluene-4-monooxygenases, one 

putative propane monooxygenase, and most importantly one putative dioxane 

monooxygenase. Both evolutionary analysis and RT-qPCR assays corroborated 

the key role of this predicted dioxane monooxygenase in initiating the oxidation 

of cyclic ethers. 
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 Design probes to target conserved regions of gene sequences that code for these 

enzymes (likely monooxygenases).  

Multiple alignment of the amino acid sequence of the large hydroxylase subunits 

of SDIMOs were used to locate the conserved regions for four THF/dioxane 

monooxygenases, rather than other SDIMOs. A primers/probe set was developed 

targeting the shared hydrophobic residues surrounding the active di-iron centers 

of THF/dioxane monooxygenases. This catabolic biomarker design ultimately 

enables quantification of similar genes in other bacteria capable of dioxane 

degradation. 

 Test these degenerate functional probes with reference strains that metabolize 

and co-metabolize dioxane (including negative controls) to determine probe 

selectivity and sensitivity.  

Hybridization tests using genomic DNA from various reference strains 

demonstrate that the TaqMan probe greatly diminishes the possibility of 

hybridization with non-specific templates, such as other monooxygenase genes, 

dioxygenase genes, and bacteriophage DNA. Moreover, calibration curves with 

series dilution of genomic DNA from CB1190 estimate the overall detection limit 

of this method is as low as 7,000-8,000 copies per gram of aquifer material 

samples, indicating the sensitive detection of thm/dxm genes by the designed 

biomarker. 

 Validate the probes with samples from multiple sites exhibiting dioxane 

degradation capabilities (verified by microcosm assays).  
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Quantitative PCR coupling with the designed biomarkers enables the assessment 

of thmA/dxmA genes in microcosms prepared with groundwater samples and 

aquifer materials at multiple monitoring wells at five different dioxane-impacted 

sites located all over the US. The enrichment of this catabolic gene was observed 

in microcosms exhibiting significant dioxane degradation over three to six month 

incubation. However, thmA/dxmA genes were absent (i.e., below the detection 

limit) in microcosms with no dioxane biotic mass loss. It is of important value 

that a significant correlation was identified between biodegradation rates and the 

abundance of thmA genes, suggesting this thmA/dxmA biomarkers are reliable 

indicators of dioxane biodegradation activity. 

 Investigate the influence of dioxane on microbial community sturcture in Arctic 

groundwater using high-throughput 16S pyrosequencing. 

Pyrosequencing results indicated the shifting of the microbial community 

structures among different sampling locations experiencing various levels of 

contamination. This is highly correlated with the contaminants and natural gas 

contents detected at the site, inferring their influence on regulating the indigenous 

microbes in environment.  

8.3. Suggestions for Future Research 

Although this study expand our current understanding on dioxane biodegradation 

and provide a simple and rapid forensic tool for the assessment of dioxane natural 

attenuation and bioremediation, increasing regulatory attention has prompted the need for 
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additional research input and technological development for thousands of sites impacted 

by dioxane. Other than the questions addressed in the dissertation, several directions are 

proposed for future research, involving efforts on both fundamental microbiology and 

remediation applications. 

8.3.1. Enzymes in charge of catalyzing HEAA 

This research focuses on addressing the vital role of THF/dioxane 

monooxygenases in initializing the cleavage of the cyclic ethers in various microbes. 

However, HEAA was found to accumulate as a major metabolite in dioxane co-

metabolizers, such as ENV478 [16]. Recent cloning and expression test of the gene 

cluster dxmADBC from CB1190 preclude the capability of THF/dioxane 

monooxygenases in oxidation of HEAA [103]. This underscores the needs to investigate 

the enzymes that are responsible for hydroxylazing HEAA in CB1190 and other dioxane 

metabolizers. It is also of great value to assess the presence and distribution of the 

catabolic genes encoding such enzymes in environment due to toxicology concerns. 

8.3.2. Bio-stimulation of dioxane by short-chain alkanes 

As common biostimulators of oxygenases-harboring bacteria, methane and 

propane have been widely used as the auxiliary carbon source for in situ remediation of 

TCE and other organics [200]. Several previous studies provide evidence demonstrating 

the capability of some methanotrophs and propanotrophs on dioxane co-metabolism. 

However, it is still unclear about i) the roles of methanotrophs and propahnotrophs in 

mitigating dioxane plume at various sites, ii) the exposure factors (e.g., amount and 
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duration) to optimize treatment efficiency, and iii) the influence of environmental 

variables on the co-metabolic degradation (e.g., the inhibitory effects from copper on 

soluble methane monooxygenases). Forensic tools facilitated with advanced microbial 

molecular techniques are required to iron out these site-specific concerns. 

8.3.3. Revision of designed thmA/dxmA biomarker 

Our catabolic biomarkers were designed based on nucleotide sequences from only 

four thmA/dxmA genes available on NCBI. As the discovery of more thm/dxm genes, this 

designed probe/primer set may need to be adjusted and reevaluated although the 

thmA/dxmA genes are found to be highly conserved. 

8.3.4. Anaerobic degradation of dioxane 

It is evident that dioxane degrading genes tend to get enriched in the source zone 

area due to selective pressure. However, the large burden of exogenous carbon source 

near the spill can easily result in anaerobic condition in the aquifer, which greatly 

prohibits the growth and metabolism of aerobic dioxane degraders. To date, only one 

reported study has demonstrated the occurrence of anaerobic degradation of dioxane by 

iron-reducing bacteria [201]. Humic acids-mediated electron shuttling was proposed to 

stimulate dioxane degradation during the reduction of Fe (III). This raises the possibility 

to evaluate the feasibility of anaerobic strategies to control dioxane contamination in a 

large number of impacted aquifers.  
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Appendices 

S1. Absolute fluorescent signal intensities for all SDIMO genes detected by GeoChip 4.0. The order of entries follows the clustering 

shown in Figure 5.2a. 

 

Sub-

cluster 

Gene Probe 

(Genbak ID/Gene name/Organism) 

Source Middle Edge Background 

mean error mean error mean error mean error 

A 
169763148 pheA [Aspergillus oryzae 

RIB40] 
11793.8 1151.7 6937.5 402.7 4713.4 307.8 5746.4 544.3 

A 
114194989 pheA [Aspergillus terreus 

NIH2624] 
12542.0 1341.8 7255.0 460.2 4483.9 189.2 6156.2 1084.2 

A 
145693266 mmoX [uncultured 

bacterium] 
9332.4 923.3 5513.7 296.1 3671.7 336.5 3743.5 129.1 

A 
154317535 pheA [Botryotinia 

fuckeliana B05.10] 
6555.6 697.3 3929.3 105.6 3002.1 172.7 2939.5 85.6 

A 
121609742 tomA 

[Verminephrobacter eiseniae EF01-2] 
11250.1 801.2 8237.9 598.4 6217.2 646.5 6499.7 626.4 

A 38194122 tou [uncultured bacterium] 5045.1 439.0 3438.9 62.0 2516.5 201.3 2627.0 130.1 

A 
119669923 prmA [Azoarcus sp. 

BH72] 
8139.7 668.8 5376.1 1590.7 4293.2 292.4 3322.2 624.2 

A 
86139485 pheA [Roseobacter sp. 

MED193] 
13320.1 1438.5 5882.8 738.4 5000.8 1065.3 3763.5 491.8 

A 
3845548 pheA [Comamonas 

testosteroni] 
10143.5 740.7 5023.2 509.8 5004.5 648.0 3663.7 194.7 

A 
22759922 pheA [uncultured soil 

bacterium] 
9133.3 892.1 5237.0 394.3 4877.8 236.4 4642.3 467.5 

A 
210065958 pheA [Penicillium 

marneffei ATCC 18224] 
6766.7 631.2 2681.7 151.0 2132.8 67.7 1965.0 59.8 
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A 
161318462 BMO [Pseudomonas 

butanovora] 
16561.7 1503.1 7220.0 482.3 6056.9 448.4 6111.9 327.5 

A 
85109751 pheA [Neurospora crassa 

OR74A] 
18180.9 1896.6 5825.5 652.2 5767.1 1774.9 7065.0 1450.5 

A 
40747734 pheA [Aspergillus nidulans 

FGSC A4] 
9844.7 1109.3 2194.3 233.1 2506.9 603.9 3159.5 412.6 

A 468467 pheA [Pseudomonas putida] 5390.4 498.2 2457.7 80.2 2387.0 365.2 2545.7 186.3 

A 
193888337 thmAB [Rhodococcus sp. 

YYL] 
5941.7 756.8 1889.1 176.3 1681.4 395.0 1740.4 293.8 

A 
212541793 pheA [Penicillium 

marneffei ATCC 18224] 
7169.3 721.9 0.0 - 0.0 - 0.0 - 

A 
71159022 Xamo [Nocardioides sp. 

JS614] 
3273.1 321.1 1794.9 64.9 1768.4 69.5 1784.9 69.0 

A 
40742599 pheA [Aspergillus nidulans 

FGSC A4] 
17279.3 1563.1 6560.3 852.3 5062.9 1274.3 9372.3 1156.1 

A 
126314905 pheA [Pseudomonas 

putida GB-1] 
10797.0 1112.5 3458.4 146.9 2851.6 535.0 5079.2 324.5 

A 
154276832 pheA [Ajellomyces 

capsulatus NAm1] 
23747.4 1563.8 8098.3 1809.2 6320.6 1019.0 11082.6 448.3 

A 
169778415 pheA [Aspergillus oryzae 

RIB40] 
10958.7 967.9 0.0 - 0.0 - 2899.9 281.2 

A 
54016258 pheA [Nocardia farcinica 

IFM 10152] 
25941.0 2018.0 9389.9 1708.3 9105.2 145.5 13144.0 1269.7 

A 
189189036 pheA [Pyrenophora 

tritici-repentis Pt-1C-BFP] 
5186.5 493.3 1977.1 60.0 1926.2 265.3 2919.5 13.0 

A 
78516023 pheA [Bradyrhizobium sp. 

BTAi1] 
8405.9 594.8 4181.6 143.8 4597.5 437.8 5929.9 571.6 

A 
219678539 pheA [gamma 

proteobacterium NOR51-B] 
2681.7 255.5 0.0 - 0.0 - 1092.4 79.7 

A 156519336 BMO [Pseudomonas 6649.9 538.9 0.0 - 0.0 - 2566.0 12.6 
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butanovora] 

A 
169607691 pheA [Phaeosphaeria 

nodorum SN15] 
11171.9 1063.4 4333.1 732.4 5452.6 1340.2 5800.5 565.8 

A 
70984443 pheA [Aspergillus 

fumigatus Af293] 
10833.4 1127.8 2902.4 254.4 3967.5 138.7 5378.1 364.3 

A 
4240018 pheA [Comamonas 

testosteroni] 
11176.2 982.1 4786.2 141.2 5759.6 557.2 6525.0 299.3 

A 
193888336 thmAB [Rhodococcus sp. 

YYL] 
5814.7 629.8 2753.0 129.3 3013.7 132.4 3564.0 164.8 

A 
67154177 pheA [Azotobacter 

vinelandii AvOP] 
13847.9 1711.9 0.0 - 3969.8 109.8 5191.1 599.5 

A 
115385537 pheA [Aspergillus terreus 

NIH2624] 
4796.4 457.4 0.0 - 1539.8 0.3 1660.9 14.8 

A 
71849048 tmoABE [Dechloromonas 

aromatica RCB] 
28135.2 2777.9 13518.2 1226.8 18142.4 986.1 19952.0 2347.4 

A 
88799843 pheA [Reinekea sp. 

MED297] 
10309.9 1129.8 0.0 - 4173.9 754.3 1905.3 178.3 

A 
1066149 Xamo [Gordonia 

rubripertincta] 
5939.9 569.5 2613.5 267.9 3977.7 348.0 3512.7 509.7 

A 145240525 pheA [Aspergillus niger] 12369.8 1130.8 0.0 - 3824.0 653.4 0.0 - 

A 
154698716 pheA [Sclerotinia 

sclerotiorum 1980] 
13636.9 1591.7 5181.8 874.8 6454.1 1021.4 4398.6 733.4 

A 
38194138 Xamo [uncultured 

bacterium] 
6613.8 447.9 3166.0 31.5 3572.9 498.7 3066.7 461.3 

A 
62424102 pheA [Brevibacterium 

linens BL2] 
10973.5 939.2 3294.3 689.8 9636.2 1945.6 4032.3 595.8 

A 
67903538 pheA [Aspergillus nidulans 

FGSC A4] 
9606.8 517.7 6801.7 707.4 9494.0 875.0 6582.8 1122.1 

A 
86565791 tmoABE [Frankia sp. 

CcI3] 
7354.2 707.1 4559.5 138.4 5641.5 859.7 3836.5 207.7 
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A 
83265614 mmoX 

[Methylomicrobium buryatense] 
6994.5 670.3 0.0 - 2824.3 251.5 3242.6 218.3 

A 
170744895 pheA [Methylobacterium 

sp. 4-46] 
9156.7 772.5 0.0 - 3811.6 630.8 4806.5 641.3 

A 
154285642 pheA [Ajellomyces 

capsulatus NAm1] 
7462.9 681.3 3426.7 57.5 5124.4 1083.3 5790.8 797.8 

A 
119898730 pheA [Azoarcus sp. 

BH72] 
3516.7 285.5 0.0 - 1644.1 95.6 2090.5 127.6 

A 
121609744 pheA [Verminephrobacter 

eiseniae EF01-2] 
6979.4 682.3 0.0 - 5205.4 261.3 3847.2 132.3 

A 3445533 pheA [Ralstonia sp. E2] 5981.1 270.5 4194.3 355.5 6575.4 1459.7 5076.4 654.2 

A 
84667875 pheA [Rhodobacterales 

bacterium HTCC2654] 
3034.7 21.0 0.0 - 3094.6 22.1 3080.5 40.6 

A 
86565795 tmoABE [Frankia sp. 

CcI3] 
2385.5 34.3 0.0 - 2832.8 159.9 3135.8 110.2 

B 
119483592 pheA [Neosartorya 

fischeri NRRL 181] 
3651.4 236.1 2824.7 352.5 0.0 - 3060.8 636.4 

B 
51242285 pheA [Pseudomonas 

putida] 
10865.6 754.3 9930.9 1639.8 6602.6 1191.4 9594.5 1079.0 

B 
63256320 pheA [Pseudomonas 

syringae pv. syringae B728a] 
13191.6 1380.8 9573.7 2589.4 4251.5 261.7 11120.0 1503.1 

B 
171696146 pheA [Podospora 

anserina] 
7304.6 802.3 2246.8 98.8 0.0 - 2584.5 137.3 

B 
115402249 pheA [Aspergillus terreus 

NIH2624] 
9403.6 1021.2 3928.1 700.4 0.0 - 3645.3 606.6 

B 
46095836 pheA [Ustilago maydis 

521] 
6778.1 608.8 3860.4 160.0 0.0 - 2948.2 127.8 

B 
161318460 BMO [Pseudomonas 

butanovora] 
5653.2 506.4 4604.6 490.3 3038.9 155.2 4002.4 211.2 

B 6002404 mmoX [Methylomonas sp. 12599.8 1386.8 6022.4 1326.2 4716.4 343.7 8699.3 1285.7 
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KSWIII] 

B 
6505657 pheA [Comamonas 

testosteroni] 
10413.2 381.6 3609.5 180.0 2899.0 7.5 6454.7 373.0 

B 
121554382 pheA [Verminephrobacter 

eiseniae EF01-2] 
15843.6 1406.1 9116.2 388.7 7209.5 979.7 10855.9 1294.5 

B 
116610587 pheA [Arthrobacter sp. 

FB24] 
2790.4 76.5 2083.2 45.5 1827.0 63.2 2308.4 120.1 

B 
167034307 tomA [Pseudomonas 

putida GB-1] 
5043.9 394.7 2179.7 155.8 1449.2 79.5 3825.3 394.0 

B 
81296315 Xamo [uncultured 

bacterium] 
5532.6 463.3 3330.9 10.4 2278.9 242.2 4661.3 714.7 

B 
93354572 pheA [Ralstonia 

metallidurans CH34] 
5032.7 427.4 0.0 - 0.0 - 3026.0 253.8 

B 
88181244 pheA [Chaetomium 

globosum CBS 148.51] 
6666.8 542.4 0.0 - 0.0 - 3480.0 312.4 

B 
121701251 pheA [Aspergillus 

clavatus NRRL 1] 
7213.6 697.0 0.0 - 1942.9 328.7 5018.3 455.2 

B 
67088755 pheA [Azotobacter 

vinelandii AvOP] 
2282.5 3.7 0.0 - 0.0 - 2050.1 75.3 

B 
126360302 tomA [Pseudomonas 

putida GB-1] 
4219.3 82.4 5839.0 494.4 5323.2 300.0 7630.3 607.1 

B 
220698133 pheA [Aspergillus flavus 

NRRL3357] 
3114.5 96.2 3681.2 449.6 2971.9 242.3 4128.6 401.3 

B 
209504214 pheA [Burkholderia sp. 

H160] 
0.0 - 2250.7 3.1 0.0 - 3613.5 801.0 

B 
145282559 tmoABE [Pyrobaculum 

arsenaticum DSM 13514] 
0.0 - 0.0 - 0.0 - 1421.0 134.9 

B 
67540632 pheA [Aspergillus nidulans 

FGSC A4] 
0.0 - 0.0 - 0.0 - 1723.3 98.1 

B 119714112 prmA [Nocardioides sp. 0.0 - 0.0 - 0.0 - 1873.2 188.4 
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JS614] 

B 
154311244 pheA [Botryotinia 

fuckeliana B05.10] 
0.0 - 0.0 - 0.0 - 1606.9 18.5 

B 
114191853 pheA [Aspergillus terreus 

NIH2624] 
0.0 - 0.0 - 0.0 - 1540.7 124.4 

B 
70992365 pheA [Aspergillus 

fumigatus Af293] 
0.0 - 0.0 - 0.0 - 1237.9 74.1 

B 
156519339 BMO [Pseudomonas 

butanovora] 
0.0 - 0.0 - 0.0 - 2678.5 26.0 

B 
111061265 pheA [Phaeosphaeria 

nodorum SN15] 
0.0 - 0.0 - 0.0 - 2405.1 452.4 

B 86568078 prmA [Frankia sp. CcI3] 0.0 - 0.0 - 0.0 - 1278.9 72.6 

B 
72122838 tmoABE [Ralstonia 

eutropha JMP134] 
0.0 - 0.0 - 0.0 - 2219.4 76.6 

B 
161318461 BMO [Pseudomonas 

butanovora] 
0.0 - 0.0 - 0.0 - 2115.1 332.3 

B 
110592636 pheA [Acidovorax sp. 

JS42] 
0.0 - 0.0 - 0.0 - 3166.9 744.2 

B 
154366339 pheA [Acinetobacter 

calcoaceticus] 
0.0 - 0.0 - 1943.5 68.2 5133.9 74.2 

B 
81296437 Xamo [Mycobacterium 

chubuense] 
3589.3 36.4 3265.8 90.4 2608.5 309.5 4298.9 505.2 

C 
154366341 pheA [Acinetobacter 

calcoaceticus] 
9101.2 593.3 9438.2 413.0 5295.4 545.4 8382.3 576.2 

C 
68250348 pheA [Pseudomonas sp. 

M1] 
2128.5 48.3 2994.9 309.3 0.0 - 2571.5 57.5 

C 
170525 pheA [Trichosporon 

cutaneum] 
9133.2 296.7 10615.5 827.7 5611.3 24.6 7796.6 720.2 

C 
162954044 pheA [Renibacterium 

salmoninarum ATCC 33209] 
2001.7 58.8 3604.5 449.0 0.0 - 1929.6 126.0 
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C 
121554380 pheA [Verminephrobacter 

eiseniae EF01-2] 
8758.7 685.8 7274.9 1273.9 0.0 - 4466.5 639.3 

C 
21239747 BMO [Pseudomonas 

butanovora] 
5612.3 416.4 5695.0 171.3 1928.3 147.9 3293.0 287.1 

C 
146217337 mmoX [uncultured 

bacterium] 
1805.9 43.2 3116.9 507.0 2027.6 64.6 3173.9 283.5 

C 
209517683 prmA [Burkholderia sp. 

H160] 
0.0 - 2421.9 105.7 0.0 - 1793.4 164.2 

C 
171689570 pheA [Podospora 

anserina] 
0.0 - 3181.4 64.1 0.0 - 2901.0 427.9 

C 
28869834 pheA [Pseudomonas 

syringae pv. tomato str. DC3000] 
0.0 - 3206.0 200.1 0.0 - 2793.5 155.2 

C 
171691568 pheA [Podospora 

anserina] 
7896.0 713.5 13490.2 1804.3 4181.7 348.7 12555.2 1213.3 

C 
67528292 pheA [Aspergillus nidulans 

FGSC A4] 
1857.8 27.1 2220.9 136.8 1356.4 91.8 2366.8 165.3 

C 
73541393 pheA [Ralstonia eutropha 

JMP134] 
0.0 - 3589.1 57.1 0.0 - 2230.5 242.6 

C 
115397195 pheA [Aspergillus terreus 

NIH2624] 
0.0 - 7914.1 460.4 0.0 - 4083.9 286.8 

C 
149120469 pheA [Methylobacterium 

sp. 4-46] 
2889.0 100.5 4749.5 235.5 1796.8 96.1 3249.2 216.4 

C 
47573392 Xamo [Rubrivivax 

gelatinosus PM1] 
6816.8 443.0 17326.4 2752.8 4503.4 736.5 10583.7 2210.1 

C 
145602957 pheA [Magnaporthe 

grisea 70-15] 
16534.0 1082.6 22171.5 977.9 10943.5 17.5 0.0 - 

C 
217502822 mmoX [Methylocella 

silvestris BL2] 
3016.2 56.7 3384.4 372.0 2356.2 317.7 2317.6 176.2 

C 
115511395 prmA [Pseudonocardia 

sp. TY-7] 
7048.5 423.6 8702.8 258.3 5616.8 417.7 4874.4 286.9 
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C 
214042235 pheA [Roseobacter sp. 

GAI101] 
6221.5 521.7 14584.6 1245.1 2720.5 74.0 3613.7 533.4 

C 
126710588 pheA [Sagittula stellata E-

37] 
4582.0 275.4 13082.9 1604.9 2457.2 155.5 4037.9 282.7 

C 
85825132 pheA [Roseobacter sp. 

MED193] 
8024.4 801.3 21108.9 6326.5 5200.8 444.5 8136.4 301.9 

C 
119226112 pheA [uncultured 

bacterium] 
38606.2 2295.6 

128546.

6 
6120.5 38588.4 3718.6 47390.0 8356.1 

C 
115386584 pheA [Aspergillus terreus 

NIH2624] 
1974.6 97.1 4005.8 497.8 2171.4 100.9 2081.4 114.8 

C 
2258313 mmoX [uncultured peat bog 

bacterium 24] 
0.0 - 3624.7 575.4 0.0 - 0.0 - 

C 
189207302 pheA [Pyrenophora 

tritici-repentis Pt-1C-BFP] 
0.0 - 2111.4 79.3 0.0 - 0.0 - 

C 
219861221 pheA [Arthrobacter 

chlorophenolicus A6] 
0.0 - 10191.8 20.4 0.0 - 0.0 - 

C 
32967107 pheA [Pseudomonas sp. 

KL28] 
0.0 - 3475.9 203.4 0.0 - 0.0 - 

C 83770048 pheA [Aspergillus oryzae] 0.0 - 3632.4 684.2 0.0 - 0.0 - 

C 
85107730 pheA [Neurospora crassa 

OR74A] 
0.0 - 27659.8 2913.1 5176.3 181.8 2364.2 281.8 

C 
68250350 pheA [Pseudomonas sp. 

M1] 
2775.0 6.6 3454.4 365.1 3083.5 398.3 2965.6 293.9 

C 
69933172 pheA [Paracoccus 

denitrificans PD1222] 
0.0 - 7132.5 662.3 2296.8 310.3 2683.0 195.8 

D 
145590793 tmoABE [Pyrobaculum 

arsenaticum DSM 13514] 
0.0 - 2106.1 82.9 1283.3 108.1 1657.6 91.9 

D 
187978628 pheA [Pyrenophora 

tritici-repentis Pt-1C-BFP] 
0.0 - 3301.4 211.8 1880.9 35.5 2413.2 11.8 

D 85118214 pheA [Neurospora crassa 0.0 - 4473.3 492.0 2947.2 237.9 3095.8 162.9 
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OR74A] 

D 
114765661 pheA [Roseovarius sp. 

HTCC2601] 
0.0 - 3010.2 225.1 2661.2 27.6 3677.3 430.2 

D 
23494061 pheA [Corynebacterium 

efficiens YS-314] 
2148.0 42.1 4658.9 487.4 4110.7 552.0 5031.6 372.0 

D 
116694493 pheA [Ralstonia eutropha 

H16] 
0.0 - 1846.9 96.1 1514.0 70.4 2100.1 27.2 

D 
119898137 tomA [Azoarcus sp. 

BH72] 
0.0 - 2467.5 273.9 3474.3 248.4 3902.9 1084.9 

D 
156519335 BMO [Pseudomonas 

butanovora] 
0.0 - 4065.0 252.1 6731.8 940.4 6281.2 883.5 

D 
27352484 pheA [Bradyrhizobium 

japonicum USDA 110] 
0.0 - 1757.3 58.1 2452.7 541.0 2015.6 265.3 

D 
171683651 pheA [Podospora 

anserina] 
0.0 - 2204.1 103.0 3200.6 569.1 2469.5 424.0 

D 
13940416 tomA [Pseudomonas sp. 

OX1] 
0.0 - 0.0 - 6221.0 433.6 2929.0 346.6 

D 
70986178 pheA [Aspergillus 

fumigatus Af293] 
0.0 - 0.0 - 2414.5 168.7 2020.8 199.1 

D 
3172510 tmoABE [Ralstonia 

eutropha] 
0.0 - 0.0 - 3246.7 480.1 2417.1 20.8 

D 
67904346 pheA [Aspergillus nidulans 

FGSC A4] 
0.0 - 0.0 - 1155.0 106.5 1618.9 60.5 

D 5851792 pheA [Ralstonia sp. KN1] 0.0 - 0.0 - 2812.3 345.1 3384.6 251.8 

D 
78693151 prmA [Bradyrhizobium sp. 

BTAi1] 
0.0 - 0.0 - 1427.9 85.4 1562.8 102.2 

D 
119494117 pheA [Neosartorya 

fischeri NRRL 181] 
0.0 - 2712.0 247.6 3772.1 511.7 0.0 - 

D 
46203198 pheA [Magnetospirillum 

magnetotacticum MS-1] 
1457.8 0.6 1760.2 85.7 1932.7 425.1 1459.9 77.5 
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D 
113528990 pheA [Ralstonia eutropha 

H16] 
3041.0 45.5 6382.8 521.8 8791.0 2103.9 4592.6 382.6 

D 
162954045 pheA [Renibacterium 

salmoninarum ATCC 33209] 
6686.9 288.5 9007.3 455.3 8894.5 1772.9 5725.9 708.9 

D 
189203397 pheA [Pyrenophora 

tritici-repentis Pt-1C-BFP] 
0.0 - 2987.7 38.1 2308.1 193.2 0.0 - 

D 
5911742 Xamo [Rhodococcus sp. 

AD45] 
0.0 - 2094.7 266.6 1820.7 100.6 0.0 - 

D 527550 pheA [Pseudomonas putida] 0.0 - 0.0 - 1881.8 42.1 0.0 - 

D 
212529448 pheA [Penicillium 

marneffei ATCC 18224] 
0.0 - 0.0 - 1269.5 35.2 0.0 - 
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S2. Translated SDIMO amino acid sequences recovered from the DGGE band in Figure 

5.4. 

>Band_A 

SNGYSIIVMAIPDEDNRQLLERDLRYACWLNHAVFDAAIGTFIEYGTTDRHKDGD

SYAEMWRRWIYDDYYRTYLLPLEKYGLKIPHDLVDEAWNRIVNKGYVHEVAQF

FAAGWSVNYWRIDAMTDNDFE 

>Band_B 

SIGNGFWSIAIPDQDNPELLERDLSYACWHNHGVVDAAIGTFIEYGTTDRHKNRE

CYAELWHRWIYDDYYRTYLLPLEKYGLKIHHDHVAAAWDRIVNKNYVHETAH

FFTAGWSFNFWRIQAQTDKDFE 

>Band_C 

SNGYSILSMALVDEDNGVVLERDLRYQRRINPWVVDAAIGTFIEYGTKDRRKER

DSYAEMWRRWIYDDYYRSYLLPLEKYGLKIPHDLVEEAWNRIMNKGYVHEVA

QFFATGWPENYWRIDPMTDKDFE 

>Band_D 

ANGYSILLMALADEDNRVLLERDLRYAWWNNHCVVDAAIGTFIEYGTKDRRKE

RDSYAEMWRRWIYDDYYRSYLLPLEKYGLKIPHDLVEEAWNRIMNKGYVHEV

AQYFATGWPVNYWRIDPMTDKDFE 

>Band_E 

SIGYSFLSMALVDEDKGVVLERDLRYAWWNNHCVVDAAIGTFIEYGTKDRRKE

RDSYAEMWRRWIYDDYYRSYLLPLEKYGLKIPHDLVEEAWNRIMNKGYVHEV

AQFFATGWPVNYWRIDPMTDKDFE 

>Band_F 

NNGYATLLYLLQEPENAPPLEQDIQQMFWTVHAFVDAFMGIIVEYAPTDATDPE

SWATKWDRWVNDDYYRSYIVNLGKLGLKIPDSIFTRARERIAADYHHKVAVGV

WASWPFHYYKYGNLEQKDYD 

>Band_G 

SNGYSIILMALADERNRQLLERDLRYAWWNNHAVVDAAIGTFIEYGTKDRRKER

DSYAESWRRWIYDDYYRSYLVPLEKYGLAVPHDLIEESWNRIWNKGYIHEVAQF

FATGWFANYWRIDAMDDTDFE 
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>Band_H 

SNGYSIILMALADERNRQLLERDLRYAWWNNHAVVDAAIGTFIEYGTKDRRKER

DSYAESWRRWIYDDYYRSYLVPLEKYGLAVPHDLIEESWNRIWNKGYIHEVAQF

FATGWFANYWRIDAMDDTDFE 

>Band_I 

GNGYATILFLVQEPENAPLLEQDIQQMLWTVHAFVDAFMGIIVEYAPTDATDPES

WTTKWDRWGNDDYYRSYFLNLGKLGLKIPDSIFTRARERIAADYHHKVAVGVW

ASWPFHYYKYGNLEQKDYD 

>Band_J 

SNGYSIILMALADERNRELLERDLRYAWWNNHCVVDAAIGTFIEYGTKDRRKER

DCYAESWRRWIYDDYYRSYLLPLEKYGLTIPHDLVEESWNRIWNKGYVHETAQ

FFATGWPVNYWRIDTMDDTDFE 
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S3. Nucleotide sequences of the partial thmA/dxmA genes from clone libraries 

constructed using the genomic DNA isolated from soil samples collected in Microcosm 

1-1S at week 20. Transformed clones are designated with numbers from 1 to 96. Short 

sequences and untransformed clones are not included. 

>1 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCACGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>2 

CTGTATGGGCATGCTTGTTGATGCCNTCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>3 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCGGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>5 

CTGTATGGGCATGCTTGTTGATGCCNTCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>7 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>8 

CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>9 
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CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>10 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>11 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>12 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>13 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>14 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>15 

CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>17 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 
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>18 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>19 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>20 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>21 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>22 

CTGTATGGGCATGCTTGTTGATGCCNTCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>23 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>24 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>25 
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CTGTATGGGCATGCTTGTTGATGCCNTCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>26 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>27 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>28 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCGCGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>29 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>30 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>31 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>32 

CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCANATGAACC

TGTATCGCTGG 
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>33 

CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>34 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>35 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>36 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>37 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>38 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>39 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>41 
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CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>42 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>43 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>44 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>45 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>46 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>47 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>49 

CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 
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>50 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>51 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>52 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>53 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>55 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>56 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>57 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>58 
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CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCGGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>59 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>60 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>61 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>62 

CTGTATGGGCATGCTTGTCGATGCCATCGACGACCCCGAGCCGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>63 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACTCCT

ATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACCT

GTATCGCTGG 

>65 

CTGTATGGGCATGCTTGTTGATGNCNNCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGTAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>66 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTGGACGAGCAGCGTCACACCGAGATGCAGATGAACC

TGTATCGCTGG 
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>67 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>68 

CTGTATGGGCATGCTTGTTGATGCCNTCNACNACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCANCGTCACGCCGCGATGCANATGAACC

TGTATCGCTGG 

>69 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>70 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>71 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>73 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>74 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>75 
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CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGTCGCGATGCAGATGAACC

TGTATCGCTGG 

>76 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>78 

CTGTATGGGCATGCTTGTTGATGCCNTCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>79 

CTGTATGGGCATGCTTGTTGATGNNNNCNACNACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>80 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>81 

CTGTATGGGCATGCTTGTTGATGCCNTCNNNNACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>83 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>85 

CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 
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>86 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>87 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>89 

CTGTATGGGCATGCTTGTTGATGCCNNCNNNNACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACACCGCGATGCAGATGAACC

TGTATCGCTGG 

>90 

CTGTATGGGCATGCTTGTTGATGCCNTCNACNACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>91 

CTGTATGGGCATGCTTGTTGATGNCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>92 

CTGTATGGGCATGCTTGTTGATGNCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>93 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>94 
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CTGTATGGGCATGCTTGTTGATGCCNTCNACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 

>96 

CTGTATGGGCATGCTTGTTGATGCCATCGACGACCCCGAGCTGCAGAACGCC

TATTACATCCAGCAGCTCGACGAGCAGCGTCACGCCGCGATGCAGATGAACC

TGTATCGCTGG 


