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Abstract

Dibenzothiophene (DBT) is a constituent of creosote and petroleum waste con-

tamination, it is a model compound for more complex thiophenes, and its degradation 

by mixed microbial communities has received little attention.  The chemical charac-

teristics, environmental fate and ecotoxicology of DBT degradation products are not 

well understood.   This research investigated DBT degradation in an enrichment culture 

derived from creosote-contaminated estuarian sediment using a suite of assays to moni-

tor bacterial populations, bacterial growth, degradation products, DBT loss, and toxicity.  

Ultraviolet (UV) irradiation was evaluated as a sequential treatment following biodeg-

radation.  Additionally, to advance SYBR-Green qPCR methodology for characterizing 

mixed microbial communities, an alternative approach for evaluating qPCR data using a 

sigmoidal model to fit the amplification curve was compared to the conventional ap-

proach in artificial mixed communities.  The overall objective of this research was to gain 

a comprehensive understanding of the degradation of a model heterocyclic PAH, DBT, by 

a mixed microbial community, particularly within the context of remediation goals.

DBT biodegradation was evaluated in laboratory scale cultures with and without 

pH control.  The microbial community was monitored with 10 primer sets using SYBR-

Green quantitative polymerase chain reaction (qPCR).  Twenty-seven degradation prod-

ucts were identified by gas chromatography and mass spectrometry (GC/MS).  The di-

versity of these products indicated that multiple pathways functioned in the community.   

DBT degradation appeared inhibited under acidic conditions. Toxicity to bioluminescent 

bacteria Vibrio fischeri more than doubled in the first few days of degradation, was never 

reduced below initial levels, and was attributed in part to one or more degradation 

products. UV treatment following biodegradation was explored using a monochromatic 
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(254 nm) low-pressure UV lamp.  While DBT was not extensively photooxidized, several 

biodegradation products were susceptible to UV treatment.  At higher doses, UV treat-

ment following DBT biodegradation exacerbated cardiac defects in Fundulus heteroclitus 

embryos, but slightly reduced toxicity to V. fischeri.

This research provides a uniquely comprehensive view of the DBT degradation 

process, identifying bacterial populations previously unassociated with PAH biodegrada-

tion, as well as potentially hazardous products that may form during biodegradation.  

Additionally, this research contributes to development of unconventional remediation 

strategies  combining microbial degradation with subsequent UV treatment. 
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IntroductionChapter 1.	

Research premise1.1.	

Remediation of polycyclic aromatic hydrocarbon (PAH) contamination is a neces-

sary task for reducing hazards at many sites worldwide, a significant portion of which are 

located near populated areas.  In the United States, the Environmental Protection Agen-

cy’s (EPA) National Priority List recognized, as of January 2008, 555 sites where sediment 

(161 sites), soil (433 sites), groundwater (378 sites) and/or surface waters (57 sites) are 

contaminated through human activity with a spectrum of PAHs derived primarily from 

petroleum sources (USEPA, 2008).  At many sites, PAHs occur as incompletely defined 

complex mixtures, sometimes with other classes of contaminants such as heavy metals, 

complicating the selection of a successful remediation strategy as well as the develop-

ment of new techniques.  PAHs are persistent in the environment due to their inherently 

low solubility, strong association with organic matter, and resistance to biotic and abiotic 

degradation (ATSDR, 1995; Aitken and Long, 2004).  

PAH contamination presents a hazard for human health and ecological welfare 

because these compounds may elicit a variety of toxic effects (ATSDR, 1995; Penning 

et al., 1999), among which carcinogenicity is often of primary concern driving remedia-

tion efforts.  Of known PAHs, 16 are considered priority pollutants by the EPA (Keith and 

Telliard, 1979), and 7 of these are classified as carcinogens (USEPA, 1993).  Reduction of 

the levels of, and/or exposure to, these PAHs, particularly the 7 carcinogens, is a primary 

goal dictating remediation efforts.  

A common remediation strategy for PAH contaminated sediments and soils is 

the excavation, incineration and off-site disposal of the contaminated media, followed 



2

by site restoration.  This approach is expensive (e.g., $250-2000 m-3; Mulligan, 2002) 

and highly disruptive to the site, but it guarantees hazard reduction.  Bioremediation, 

an umbrella term encompassing techniques such as bioaugmentation, biostimulation 

and natural attenuation, is often considered as a lower-cost (e.g., $30-300 m-3; Mulligan, 

2002) and less invasive alternative.  Not uncommonly, however, bioremediation of PAH is 

unsuccessful in reaching remediation goals, particularly when site contaminants include 

larger PAHs (e.g., benzo[a]pyrene) and/or metals, as is the case at many creosote-con-

taminated sites.  Unsuccessful bioremediation may leave not only the original contami-

nants in place but also introduce a suite of unknown degradation products that may 

contaminants themselves, possibly augmenting the original site hazard (e.g., White and 

Claxton, 2004).  

My broad objective for this research was to investigate how a mixed microbial 

culture degrades the sulfur-containing model PAH dibenzothiophene (DBT) in order to 

understand what factors may enhance or inhibit contaminant degradation, or introduce 

new potential hazards, in natural or engineered systems.  Because biodegradation in 

natural and engineered systems often involves a mixed microbial community (Bouchez 

et al., 1995; Trzesicka-Mlynarz and Ward, 1995), a key part of this research involved 

understanding how the microbial community changes during degradation.  The recent 

development of molecular biological techniques such as quantitative polymerase chain 

reaction (qPCR) offers the possibility to monitor distinct taxa in a quantitative manner 

previously difficult to achieve.  So far, however, this technique has only been applied to 

study biodegradation in a few studies (e.g., Singleton et al., 2006; Singleton et al., 2007).  

The current research used qPCR to follow bacterial populations of a mixed community 

during the degradation of DBT.  Because qPCR has not been widely used for this applica-

tion, questions remain regarding how best to process qPCR data.  Some of these ques-
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tions were addressed in the current research by comparing the most commonly used 

data processing approach to a recently developed alternative approach.    

Another key was understanding what products were formed during DBT biodeg-

radation by the mixed culture, and how those products may have contributed to the 

overall hazard present.  In this research, gas chromatography with mass spectrometry 

(GC/MS) was used to identify and monitor products during DBT biodegradation, and 

trends of degradation products were compared to trends in toxicity assayed using the 

bioluminescent bacteria Vibrio fischeri.  

Exploring means to overcome obstacles of incomplete mineralization and un-

expected problems related to degradation products is yet another key, which relates 

directly to the development of new bioremediation strategies.  One promising yet largely 

unexplored strategy is the use of photolysis in conjunction with bioremediation.  This 

research evaluated the use of UV after biodegradation to reduce remaining degradation 

products and ameliorate residual toxicity, which was evaluated with two toxicity assays, 

one using bioluminescent V. fischeri and the other using Fundulus heteroclitus (killifish) 

embryos. 

Background  1.2.	

PAH contamination and environmental behavior1.2.1.	

PAHs are compounds consisting of two or more fused aromatic rings that may 

include heteroatoms oxygen, nitrogen and sulfur.  Although these compounds are 

formed in small quantities naturally through combustion of organic materials, PAHs 

found at high levels are usually derived from petroleum sources and are introduced 
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into the environment through human activities including spills, improper disposal, and 

combustion (Edwards, 1983; Wilson and Jones, 1993)  PAHs are typified by low aqueous 

solubility (typical range:2.2 x 103 to 242 µM ), high octanol-water coefficients (typical log 

Kow range: 3.4-6.8) and low vapor pressures (typical range: 1.2 x 10-8 to 10.4 Pa) (Mackay, 

1992; ATSDR, 1995).  These characteristics are demonstrated by DBT and selected PAHs 

in Table 1.1.  
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Additionally, PAHs have a strong affinity to sorb to soils and sediments particular-

ly when organic matter content is high, and many, particularly the larger PAHs, are resis-

tant to biological and abiotic breakdown (ATSDR, 1995).  Half-lives for PAHs in soils and 

sediments vary considerably depending on molecular size and site conditions, ranging 

from a few days up to or exceeding 5000 d (ATSDR, 1995; Oleszczuk and Baran, 2003).  

Persistence of PAHs, the result of compound properties, site conditions and microbial ac-

tivity, is generally more pronounced with increasing number of rings (Wilson and Jones, 

1993; Wilcke, 2000).  The characteristics of PAHs largely dictate their environmental fate:  

they tend to concentrate in solid environmental media and persist near the origin of con-

tamination with limited potential of migrating off-site through the vapor phase or with 

leachate and groundwater.  

From the perspective of remediation, the primary human health risk associated 

with PAHs is carcinogenicity.  Although DBT itself is not carcinogenic, it and other PAHs 

may elicit other toxic effects.   Some research indicates various PAHs may elicit repro-

ductive, developmental, hematopoietic (i.e., related to production of blood cells), and 

immunological effects (ATSDR, 1995; Penning et al., 1999)  For example, Incardona et al. 

(2004) observed cardiac defects along with altered morphology during development of 

zebrafish (Danio rerio) embryos exposed to DBT.  Additionally, at the subcellular level, 

DBT has been shown to interfere with mitochondrial electron transport chains (HSDB, 

2006).   

Bioremediation of PAHs1.2.2.	

A variety of remediation approaches exist for PAH-contaminated systems, includ-

ing in-situ treatments such as natural attenuation, biostimulation, bioaugmentation, bio-



7

filters and physical entombment, and ex-situ treatments such as biopiling, slurry-phase 

bioreactors, incineration and off-site disposal (USEPA, 2001; Mulligan, 2002).  Strategies 

involving excavation and off-site disposal, while common, result in undesirably heavy 

site impact. Biologically-based strategies are often preferred because of their low cost 

relative to intensively engineered techniques (Mulligan, 2002), and because they often 

can be implemented with little negative site impact reducing post-cleanup site restora-

tion.  Where feasible, bioremediation for PAHs under aerobic conditions is often favored 

because aerobic degradation is typically more rapid and complete than anaerobic deg-

radation (Bauer and Capone, 1985; Genthner et al., 1997).  A variety of PAH-degrading 

microbes from diverse environments have been discovered (e.g., references within 

Cerniglia, 1993; Samanta et al., 2002; Aitken and Long, 2004), and considerable research 

has explored the degradation potential of isolated strains.  Despite the demonstration of 

isolated strains to degrade single PAHs or simple mixtures, considerable evidence indi-

cates that degradation of PAHs in contaminated systems may be more successful when a 

mixed community is involved (Wilson and Jones, 1993; Samanta et al., 2002; Aitken and 

Long, 2004).  In natural systems or unremediated contaminated sites, PAH degradation 

by a community of microbes is most likely the case.  Often, little is known about the taxa 

of many mixed cultures involved in degradation and even less is known about how the 

structure of the microbial community changes during degradation.  

Despite its inherent challenges, bioremediation has been successfully applied 

in some contaminated sites.  For example, indigenous degraders in a bioslurry reactor 

removed 93.4% of total PAHs from a creosote-contaminated soil over 12 weeks (Lewis, 

1993).  Many bioremediation attempts, however, are unsuccessful, i.e., they don’t com-

pletely remove contaminants in a timely manner while also reducing the toxicity associ-

ated with the contamination, or they impart additional negative impact to the site or 

surrounding area. Factors limiting bioremediation are diverse including low contaminant 
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bioavailability, toxicity of the PAHs, other site contaminants (e.g. heavy metals) or toxic-

ity of degradation products to microbial degraders or unfavorable site conditions such 

as poor nutrient availability, insufficient oxygen, unsuitable pH or temperature (Wilson 

and Jones, 1993; Aitken and Long, 2004).  In some cases, these factors, particularly those 

that may be categorized under site conditions, can be mitigated to enhance bioremedia-

tion.  For example, surfactants may augment bioavailability, fertilizer application may 

improve nutrient status, aeration or H2O2 can be used to enhance oxygen levels in anoxic 

zones, or pH can be raised through liming or lowered by amendment with sulfur or sul-

fates (e.g., ammonium sulfate; Wilson and Jones, 1993, and references therein).   These 

ameliorations, however, do not guarantee successful bioremediation at all sites.  

The degrading abilities of the microbes themselves may have considerable limita-

tions.  Low molecular weight PAHs (e.g., 2-3 rings) are more readily degraded by a wider 

variety of organisms than are larger PAHs (see review by Doyle et al., 2008).  Consequen-

tially, microbes may effectively reduce concentrations of the low molecular weight PAHs 

but are unable to achieve the desired levels for the larger PAHs, such as benzo[a]pyrene, 

that often are of greater concern.  In some cases, microbes degrade PAHs into metabo-

lites that may transiently or permanently increase toxicity (Belkin et al., 1994; Phillips et 

al., 2000; Ahtiainen et al., 2002; White and Claxton, 2004; Donnelly et al., 2005), which 

counteracts the goals of remediation.  Often, the potentially toxic metabolites are un-

identified compounds about which little is known.    

Degradation pathways and products1.2.3.	

Microbial aerobic degradation of PAHs occurs naturally as well as during biore-

mediation, and many PAHs are degraded along similar pathways that can be demon-
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strated using DBT (Figure 1.1).  DBT degradation has primarily been studied in detail for 

a few bacterial strains including Pseudomonas, Sphingomonas, Rhodococcus, Mycobac-

terium, Terrabacter, Burkholderia, Paenibacillus, Gordonia, among others (Kodama et al., 

1973; Bressler and Fedorak, 2000; Gray et al., 2003; van Herwijnen et al., 2003; Seo et 

al., 2006), some of which do not fully mineralize the compound (Gibson, 1999; Gray et 

al., 2003).  
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For DBT and many other PAHs including fluorene, dibenzofuran and carbazole, 

one type of initial attack, so-called “lateral dioxygenation,” involves addition of both 

oxygens of molecular oxygen (O2) by a Rieske-type Fe-S dioxygenase to two adjacent 

ring carbons, a process requiring NAD(P)H resulting in dihydrodiol products (Figure 1.1) 

(Bertini et al., 1996; Moser and Stahl, 2001; Habe and Omori, 2003; Aitken and Long, 

2004; Yamazoe et al., 2004; Seo et al., 2006).  A dehydrogenase extracts two hydrogens 

from the dihydrodiol, restoring aromaticity of the dihydroxylated ring.  A second dioxy-

genation step incorporates two more oxygens to catalyze ring cleavage, which may occur 

between the already hydroxylated ring carbons (“intradiol” or “ortho” cleavage) or adja-

cent to either carbon (“extradiol” or “meta” cleavage), yielding a variety of products with 

carboxylic, hydroxyl, and/or aldehyde moieties (Figure 1.1) (Bressler and Fedorak, 2000; 

Habe and Omori, 2003).  At this point, fragments of the cleaved ring can be removed and 

energy finally gained.  The variety of products that can form along the lateral dioxygen-

ation pathway arises because the initial dioxygenation can happen at different positions 

on the ring resulting in multiple possible dihydroxylated isomers and because these iso-

mers may undergo more than one type of ring cleavage.  For DBT, additional compounds 

can be formed abiotically from biodegradation products, including several disulfides 

(Bressler and Fedorak, 2000; Seo et al., 2006).  Not all theoretically possible products are 

observed for a given PAH; some products are never observed while others seem favored 

(Bressler and Fedorak, 2000; Habe and Omori, 2003). 

Some PAHs may also be degraded along the “angular dioxygenation” pathway 

(Bressler et al., 1998 ; Nojiri and Omori, 2002).    For DBT and fluorene, degradation via 

this pathway requires first oxygenation of DBT’s sulfur or the carbon of fluorene’s meth-

ylene bridge (Bressler et al., 1998 ; Nojiri and Omori, 2002).  For DBT, the sulfur is oxy-

genated twice in succession by a monooxygenase to yield dibenzothiophene-5,5-dioxide 

(Bressler and Fedorak, 2000).  Addition of oxygen at the bridging atom, not necessary 
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for dibenzofuran or carbazole, serves to draw electron density from the bridging atom 

weakening the bond between this atom and the aromatic ring and making it more sus-

ceptible to further attack.  For ring cleavage, both atoms of O2 are added by a non-heme 

Rieske-type Fe dioxygenase to the aryl ring adjacent to the bridging atom (e.g., carbons 4 

and 4a of DBT, Figure 1.1), forming a transient cis-dihydrodiol (Bugg, 2003). This product 

is unstable and spontaneously undergoes cleavage between the bridging atom and the 

ring (e.g., ring carbon 4a of DBT), forming substituted biphenyls, one ring of which is di-

hydroxylated (e.g., Figure 1.1).  Further dioxygenation at the dihydroxylated ring cleaves 

the ring yielding an aromatic ring structure with an alkenoic acid substituent (Figure 1.1), 

the target of further attacks that finally yield energy.  Interestingly, for the analogs car-

bazole and dibenzofuran, this pathway has been more widely explored in isolated strains 

than the lateral dioxygenation pathway.  Whether or not this implies that the angular 

dioxygenation pathway is the more common pathway among bacteria in general is not 

clear. 

Many of the genes and/or enzymes associated with the first few steps of the lat-

eral and angular dioxygenation pathways have been characterized for a variety of bacte-

rial strains (Nojiri et al., 2001; Habe and Omori, 2003).  Not only do known enzymes for 

a given step show mechanistic similarity, they or their genes often share considerable 

identity across strains.  Consequently, it is not surprising that some of these organisms 

can perform the same transformations on related compounds (Nojiri et al., 2001; van 

Herwijnen et al., 2003).   In contrast, comparatively little is known about the genes and 

enzymes that participate in the pathways beyond ring cleavage. 

Another degradation pathway, biodesulfurization, exists for DBT and other 

condensed thiophenes, and branches off the angular dioxygenation pathway after the 

carbon-sulfur bond is cleaved forming a substituted biphenyl. Analogous pathways 
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have not been reported for fluorene, dibenzofuran or carbazole.  In biodesulfurization, 

the second carbon-sulfur bond is cleaved by 2’hydroxybiphenyl-2-sulfinate desulfinase 

releasing sulfite and leaving hydroxybiphenyl as a final product (Figure 1.1) (Gray et al., 

2003; Lee, 2006).  This step is often inhibited by sulfate (Gray et al., 2003).  Biodesulfu-

rization, demonstrated in Xanthomonas sp. (Constanti et al., 1994), Nocardia globerula 

(Wang and Krawiec, 1994), Corynebacterium (Rhodococcus) sp. SY1 (Omori et al., 1992), 

Janibacter sp. YY-1 (Yamazoe et al., 2004), Paenibacillus sp. A11-2 (Ishii et al., 2000), and 

Rhodococcus erythropolis IGTS8 (Kilbane and Jackowski, 1992), is of interest for use in 

reducing sulfur content of petroleum during refining, however, it is not clear how impor-

tant this pathway is for biodegradation of contaminants by mixed cultures.  

As demonstrated above, aerobic degradation introduces oxygen functionalities 

(e.g., -OH, -C(O)H, -C(O)OH) to the PAH structure increasing compound solubility, po-

larity and reactivity.  This also translates to decreasing compound lipophilicity, and so 

degradation products may have less affinity for living tissues resulting in reduced bioac-

cumulation potential.  Although degradation products may have greater solubilities than 

parent PAHs, which may suggest greater potential to disperse in ground and surface 

water and migrate off-site, their environmental fate remains unclear.  For example, the 

presence of ortho-positioned functional groups with active hydrogens, common in PAH 

degradation products, may sorb strongly to minerals common to soils and sediments 

(Evanko and Dzombak, 1999; Guan et al., 2006).  Additionally, while these pathways 

seem clearly defined, it is not known whether they remain distinct in mixed cultures 

proceeding in the same manner observed for isolates, or whether pathways “intertwine” 

in a more complex manner. 
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Monitoring bacterial populations by qPCR1.2.4.	

Much previous work on PAH degradation has focused on isolated bacterial 

strains.  As noted above, mixed cultures are of interest because they may more effec-

tively remove a variety of contaminants, including PAHs, than pure cultures (Belkin et 

al., 1994; Trzesicka-Mlynarz and Ward, 1995).  Study of mixed cultures presents some 

technical challenges: until recently, there has been a lack of techniques available to read-

ily and quantitatively monitor the populations comprising the mixture.  Investigations of 

population changes within microbial communities have relied on culture-independent 

molecular techniques that are often based on detection of 16S rRNA gene sequences.  

Methods used to study population dynamics degradation of individual PAHs or PAH-con-

taining pollutants (e.g., creosote) include denaturing gradient gel electrophoresis (DGGE: 

Duarte et al., 2001; Vinas et al., 2005a), restriction fragment length polymorphism 

characterization (RFLP: Eriksson et al., 2003; Liu et al., 1997), fluorescent in-situ hybrid-

ization (FISH: Castle et al., 2006), and, more recently, quantitative real-time PCR (qPCR: 

Smits et al., 2004; Singleton et al., 2006;Singleton et al., 2007). Although DGGE, RFLP 

and FISH are valuable qualitative techniques, quantitative information can be difficult 

to achieve with them.  While qPCR has been applied to quantitatively measure specific 

strains within natural environments (Hristova et al., 2001), phylogenetic groups in soil 

(Fierer et al., 2005) and PAH catabolic genes (Da Silva et al., 2006), few reports yet exist 

demonstrating the use of qPCR to monitor population dynamics of multiple taxonomic 

groups during the course of contaminant degradation.  Smits et al. (2004) demonstrated 

the use of qPCR to monitor multiple bacterial strains involved in chloroethene degra-

dation, while Singleton et al. (2006, 2007) combined stable isotope probing with qPCR 

to follow the dynamics of pyrene degraders in a bioreactor containing a slurry of PAH-

contaminated soil.   Using their qPCR approach, Singleton et al. (2006) demonstrated 

that the pyrene degraders, consisting of 3 taxonomically distinct uncultured alpha- and 
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beta–proteobacteria not previously implicated in pyrene degradation, represented at 

most about 14% of the total 16S rRNA gene copies of the bioreactor’s mixed community, 

and that the 3 groups exhibited different growth trends over a period of 10 days.  

Because the use of qPCR to monitor multiple bacterial taxa in complex systems is 

a fairly recent application, some questions remain as to how best to acquire and process 

the data, a concern that will be addressed in the research described below.  This ap-

plication of qPCR is complicated by uncertainties as to how best to process qPCR data 

when comparing assays for different targets, such as the short regions of the 16S rRNA 

gene that are used to identify taxonomic groups.  The most common approach to obtain 

starting gene copy numbers in a sample from raw qPCR data is based on the threshold 

cycle (“Ct”), or the cycle at which fluorescence of the reporter (i.e., SYBR Green) for an 

individual sample (i.e., qPCR reaction) exceeds a threshold and is distinguishable from 

background fluorescence (Kubista et al., 2006a).  This “Ct” approach is usually part of the 

software operating the qPCR instrument.  The Ct usually occurs early in the exponential 

phase of the qPCR reaction (Figure 1.2), which, under ideal conditions can be described 

by:

( )cn
cn ENN +×= 10 	 (1.1)

where:	 Ncn is gene copy number at cycle n
	 N0 is gene copy number at cycle 0
	 E is amplification efficiency, ideally 1
	 cn is the cycle number
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Figure 1.2.  Stages of an ideal qPCR reaction:  
1- exponential stage; 2-linear stage; 3-plateau stage.

a Relative fluorescence, e.g., by SYBR Green, is a 
measure of amount of DNA in the reaction. 
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Cts are collected for samples and standards containing known copy numbers 

of the target sequence.  Copy numbers in samples are calculated from Ct values based 

on a linear fit of the Ct values and expected copy numbers of the standard curve.  This 

approach assumes that standards and all samples analyzed with the same primer set 

amplify with the same efficiency (E in the equation above), an assumption that may not 

always be valid.  However, as demonstrated in the equation above, amplification efficien-

cy can have a strong influence on the outcome of PCR reactions (Liu and Saint, 2002a; 

b).  Liu and Saint (2002b) used a mathematical model to simulate the entire PCR reaction 

(i.e., the early or exponential phase, middle or linear phase, and final or plateau phase), 

and demonstrate how PCR reaction parameters including initial gene copy number, Ct 

and amplification efficiency influence each other.  The simulations indicated that, when 

amplification efficiencies differed across samples, higher fluorescence at the plateau 

Stages of an ideal qPCR reaction: 1-expo-Figure 1.2. 
nential stage; 2-linear stage; -3-plateau stage.

a Relative fluorescence, e.g., by SYBR-Green, is a measure 
of amount of DNA in the reaction.
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phase was not synonymous with higher initial gene copies for a given target, which also 

demonstrates a potential problem with using endpoint PCR techniques such as clone li-

braries or DGGE for quantifying bacterial populations.  Relatedly, lower Ct values did not 

necessarily indicate higher initial gene copies in the simulations when amplification ef-

ficiencies differed for a given target.  Therefore, by assuming identical efficiencies, the Ct 

approach may significantly over- or underestimate copy numbers, but this has not been 

well-studied.  Amplification efficiencies may vary for a given target because they may be 

sensitive to the nature and quantity of background non-target DNA and presence of PCR 

inhibitors, among other things (e.g., Chui et al., 2004; Wolffs et al., 2004a), which may 

vary across samples derived from a changing complex bacterial community and which 

may not be the same for samples and standards.  

A primary goal for using qPCR in studying bacterial populations within a mixed 

culture is to understand what fraction of the total community a given population rep-

resents.  This requires obtaining gene copy numbers of both the population of interest 

and the total community.  If this is done simply by adding up the copy numbers of all 

populations to obtain the copy number of the total community, there is no assurance 

that the targeted populations capture the entire community.  Instead, the copy numbers 

of the total community can be obtained using a “universal” primer set, i.e., a primer set 

that will amplify a region of the 16S rRNA gene from all members of the community.  

However, this region, while generally conserved, may vary in length and sequence across 

populations and so not all populations may amplify with identical efficiencies.  Since the 

Ct approach is based on the assumption that amplification efficiencies are identical, this 

draws into question what template (i.e., the 16S rRNA gene of which population) should 

be used as a standard curve.  
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Smits et al. (2004), in developing a qPCR-based method to monitor three chlo-

roethane degraders in mixed cultures and environmental samples, noted that standard 

curves for the 16S rRNA genes of the different degraders amplified with a universal 

primer at efficiencies ranging widely from 50-100%.  Amplification efficiencies of the 

genus-specific primers were not expressly stated. In trying to measure copy numbers of 

known concentrations of E. coli chromosomal DNA with the universal primer, the differ-

ent standard curves yielded E. coli 16S rRNA gene copy numbers that varied up to two 

orders of magnitude, with the variation increasing with decreasing sample copy num-

ber.   This was not surprising given the variation in amplification efficiencies and the fact 

that the copy numbers being measured extended three orders of magnitude below the 

linear region of two of the standard curves.  To address the question of which standard 

curve to use to obtain total copy numbers in order to find the fraction of group-specific 

copy numbers, the authors recommend dividing the group-specific copy numbers by the 

total copy numbers calculated according to that group’s standard curve.  Hence, for each 

group, the denominator (i.e., total copy numbers in the sample) is a different number.  

Additionally, this approach remains dependent on the assumption upon which the Ct ap-

proach rests, that all targets analyzed with a given standard curve amplify identically.  

When the approach proposed by Smits et al. (2004) is used to determine the 

relative abundance of a target group’s copy numbers, i.e., the fraction of the total copy 

numbers belonging to the target group within a mixed culture, it is not possible to tell 

how accurate that fraction is since all other groups are not being accounted for.  Howev-

er, when trying to account for essentially all known groups in the DBT-degrading culture 

using qPCR, which is part of Objective 1 below, the sum of fraction of copy numbers for 

each group as determined by the Smits et al. (2004) approach rarely approximated 1.  

While this may have been a result of the presence of additional groups that were missed 

in the qPCR assays, it also could have been due to the lack of a firm and consistent value 



18

for total copy numbers upon which each fraction was based.  Given the potential use 

for qPCR in assaying complex microbial communities, research is needed to test this 

approach in a controlled and systematic way using other targets and primers to help 

resolve issues of how best to determine relative abundances.

The Ct approach is not the only way to analyze qPCR data.  Another approach, 

sigmoidal curve fitting (SCF) (Liu and Saint, 2002a; b; Rutledge, 2004;  Spiess et al., 

2007), models the entire qPCR reaction and calculates amplification efficiencies and 

starting fluorescence attributable to the target sequence, which can be converted into 

copy numbers, for individual reactions.  This approach, which is explained in detail in 

Chapter 4, can be used to evaluate how consistent amplification efficiencies are for a 

given target.  Because SCF does not rely on assumptions of identical amplification effi-

ciencies across reactions for a given target, it may yield more accurate values for tar-

get copy numbers than the Ct approach.  The application of this approach to studying 

bacterial groups in mixed cultures has not been explored.  A comparison of both Ct and 

SCF approaches may not only test the assumption of identical amplification efficiencies 

inherent to the Ct approach, but also help determine the best way to process qPCR data 

in studies on mixed communities.

Photooxidation in contaminant reduction1.2.5.	

With the aim of improving remediation strategies for persistent contaminants 

such as PAHs, many researchers have investigated a variety of approaches to overcome 

contaminant recalcitrance. For example, surfactants have been used to enhance con-

taminant desorption from solid matrices to facilitate further treatment, such as through 

biodegradation, with varying degrees of success (Boonchan et al., 1998; Sobisch et al., 
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2000;  Bach et al., 2005).  The ecological impact of this approach is not always appar-

ent since surfactants may be toxic themselves, may increase bioavailability to sensitive 

organisms, or facilitate off-site transport by increasing aqueous concentrations.  Physi-

cal and chemical oxidation treatment is another approach that may be used to enhance 

degradation of contaminants, and may be achieved using Fenton’s reagent (Fe(II)/H2O2), 

solar or UV light (i.e., photooxidation), ultrasound, ozonation, or a combination of these 

and related treatments (e.g., Nadarajah et al., 2002; Jonsson et al., 2006; Shemer and 

Linden, 2007a; b).  Of these techniques, photooxidation is of particular interest because 

it is one of the more commonly used techniques in water treatment, and it also occurs 

naturally in surface water.  

Photooxidation has also been combined with biodegradation, usually as a pre-

treatment, under the hypothesis that oxidation will enhance bioavailability and facilitate 

microbial attack (Lehto et al., 2003;Benoit Guieysse et al., 2004; Guieysse and Viklund, 

2005; Holt et al., 2005), however, demonstration of this hypothesis has yielded mixed 

results.  Research by Guieysse and Viklund (2005) showed complete removal of several 

PAHs including benzo[a]pyrene by dissolving the compounds in organic solvent for UV 

irradiation followed by transfer into silicone oil for biodegradation in a two-phase reac-

tor.   Lehto et al. (2003) evaluated UV irradiation of individual and mixed PAHs (anthra-

cene, pyrene, benz[a]anthracene, and dibenz[a,h]anthracene) as well as creosote in 

deionized water at saturation followed by degradation by an enrichment culture derived 

from creosote-contaminated sediment.  UV pretreatment enhanced biodegradation of 

individual PAHs, except for dibenz[a,h]anthracene, had no effect on biodegradation of 

the PAH mixture, and reduced biodegradation of PAHs in creosote compared to biodeg-

radation without UV.  Reasons why UV treatment inhibited biodegradation of creosote, 

although not clear from the study by Lehto et al. (2003), may include the formation 

of toxic photoproducts such as quinones (Holt et al., 2005), as well as photo-induced 
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toxicity of UV-activated PAHs, which can be many times more toxic and/or more acutely 

toxic than non-irradiated PAHs (Arfsten et al., 1996; Yu, 2002).  Photooxidation of PAHs 

typically results in products containing oxygen functionality, including carboxylic acids, 

hydroxylated compounds, and quinones (David and Boule, 1993; McConkey et al., 1997; 

Mallakin et al., 1999).  The identities, environmental fates and toxicities of many of these 

products are not well understood, yet these products may have important impacts on 

humans and wildlife.  

Most of the research evaluating combined UV-biodegradation treatment of PAHs 

has focused on non-heterocyclic compounds.  The use of UV treatment following bio-

degradation for DBT has only been explored by Chamberlin (2005) using the same mixed 

culture as the current proposed research.  Chamberlin (2005) evaluated UV treatment 

of supernatant from the culture and assayed (1) changes in overall UV spectra of su-

pernatant following exposure to a medium pressure monochromatic Hg vapor UV lamp 

at fluences up to 1000 mJ cm-2, (2) changes in aqueous DBT and unknown degradation 

products measured by HPLC in culture supernatant at 0 and 8 days post-inoculation 

before and after UV exposure at fluences up to  800 mJ cm-2, (3) the effects of UV treat-

ment during biodegradation to enhance DBT removal compared to biodegradation 

alone.  Overall, these studies showed that some potential degradation products were 

susceptible to UV treatment, however the identities of the products were not discov-

ered.  These studies monitored only aqueous phase components but did not report total 

DBT although DBT was added above solubility. 

Photooxidation of DBT by UV alone, not combined with biodegradation, has been 

explored in several studies.  Shemer and Linden (2007a, b) observed that UV alone (2000 

mJ cm-2 fluence, low pressure lamp) transformed only 15% of initial of DBT (4.5 µM in 2 

mM phosphate buffer, pH 7) and did not reduce toxicity to bioluminescent bacteria (Vi-
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brio fischeri).  The combination of UV with H2O2, however, resulted in 98% DBT removal 

and reduced toxicity by approximately 75%.  DBT photoproducts observed in the litera-

ture include benzothiophene-2,3-dicarboxylic acid, 2-sulfobenzoic acid, DBT carboxylic 

acids, DBT sultine, DBT sulfone, among others (Bobinger et al., 1999; Traulsen et al., 

1999).  Many of these products are also biodegradation products (Bressler and Fedorak, 

2000;  Nojiri et al., 2001; Gray et al., 2003; Seo et al., 2006).  Although some products 

such as DBT sulfone have been shown to be less toxic than DBT itself (Seymour et al., 

1997), little is known about the potential hazards of other products.  

Biodegradation of DBT by mixed cultures requires further investigation to both 

improve the effectiveness of bioremediation strategies as well as to understand bet-

ter what may be happening naturally at sites containing elevated levels of these com-

pounds.   Research needs include deepening current understanding of community 

structure of complex contaminant-degrading cultures, increasing knowledge of degrada-

tion products, and determining how to mitigate residual or transient toxicity.  Addressing 

these needs simultaneously can maximize benefits gained through research.  The re-

search proposed below addresses all of these goals by exploring how a microbial com-

munity obtained from a creosote-contaminated site degrades DBT, how toxicity and the 

bacterial populations of that community change during degradation, what degradation 

products are formed, and whether or not post-biodegradation UV photolysis can reduce 

degradation products and/or toxicity.  
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Research Plan1.3.	

Hypotheses1.3.1.	

The chemical characteristics, environmental fate and ecotoxicology of degrada-

tion products of DBT are not well understood, and the microbial populations involved 

in degradation are incompletely studied apart from some isolated strains.  Yet, all of 

these aspects may influence the goals, strategies and effectiveness of bioremediation.  

Few studies incorporate toxicity assays along with identification and monitoring of both 

degradation products and microbial populations during contaminant degradation.  To 

the best of my knowledge, this combined approach has not been previously explored for 

DBT.  The use of UV oxidation following biodegradation to remove residual degradation 

products has received little attention, particularly for heterocyclic PAHs including DBT.  

Yet, PAH-contaminated sites commonly contain heterocyclic compounds and UV treat-

ment post-biodegradation may be a valuable means to improve the success of bioreme-

diation.    

This research investigated the degradation of DBT in an enrichment culture de-

rived from creosote-contaminated estuarian sediment using a suite of assays to monitor 

bacterial populations, degradation products, DBT loss, and toxicity.  In addition, the use 

of UV was evaluated as a secondary treatment following biodegradation.  As mentioned 

above, the overall objective of this research was to gain a comprehensive understanding 

of the degradation of a model heterocyclic PAH, DBT, by a mixed microbial community, 

particularly within the context of remediation goals.  The primary hypotheses underlying 

this research include:
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Hypothesis 1:  A mixed culture derived from a creosote-contaminated site should 

contain organisms capable of tolerating and degrading DBT. 

Hypothesis 2:  Monitoring bacterial population dynamics in mixed cultures 

should reveal new strains potentially important to degradation of DBT but which have 

not been successfully demonstrated to have the ability to mineralize DBT in pure cul-

tures.

Hypothesis 3:  The degradation of DBT by a mixed culture will follow multiple 

degradation pathways forming an array of products. 

Hypothesis 4:  Some degradation products may interfere with the remediation 

goals of contaminant reduction and toxicity amelioration by being toxic themselves and/

or by inhibiting the degradation process.

Hypothesis 5:  Because the SCF approach for processing qPCR data makes no as-

sumptions for amplification efficiencies, it may yield more accurate copy number values 

than the conventional Ct approach, and so may aid in determining percentages of group-

specific copy numbers within a mixed microbial community.

Hypothesis 6: At least some biodegradation products may be susceptible to UV 

treatment, which may reduce residual toxicity by further degrading products remaining 

after biodegradation.

Research Objectives1.3.2.	

The following research objectives will address the proposed hypotheses:
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Objective 1: Evaluate DBT biodegradation by a mixed bacterial culture.

A bacterial culture obtained by enrichment from a creosote-contaminated site 

was used in this research.  This objective was addressed by evaluating DBT loss, forma-

tion of degradation products, culture growth, changes in bacterial populations assessed 

using qPCR and toxicity assayed with the bioluminescent bacterial species Vibrio fischeri 

under conditions with and without pH control.  This objective focused on Hypotheses 1, 

2, 3 and 4, and is the focus of Chapters 2 and 3.

Objective 2: Compare conventional and alternative approaches for evaluating 

quantitative PCR data from mixed cultures.

As mentioned above, the Ct approach for processing qPCR data is strongly 

founded on the assumption that all samples being analyzed with a given standard curve 

amplify with the same efficiency as the standard curve.  An alternative approach uses 

sigmoidal curve fitting (SCF) to model each reaction to determine the amount of ini-

tial fluorescence of the reporter dye, in this case the double-stranded DNA stain SYBR 

Green, which is proportional to DNA concentration and can be used to calculate starting 

target copy numbers for that reaction.  This objective was approached by comparing the 

conventional Ct approach to the SCF approach for determining total and group-specific 

16S rRNA gene copies measured by qPCR in artificial mixed cultures comprised of cloned 

and genomic DNA from isolates, and to evaluate amplification differences between 

standards (i.e., clone plasmid containing target 16S rRNA genes) and genomic DNA.  This 

work, presented in Chapter 4, targeted Hypothesis 5, and supported qPCR methodology 

used in Objective 1.
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Objective 3:  Examine the use of post-biodegradation UV treatment. 

This objective, which targeted Hypothesis 6, expanded on the research conduct-

ed by Chamberlin (2005), which demonstrated the potential of post-biodegradation UV 

treatment to reduce residual biodegradation products in the culture supernatant.   To 

address this objective, this research evaluated the effect of UV fluence (i.e., doses) from 

a low-pressure monochromatic UV source (254 nm) on DBT biodegradation products and 

toxicity using two different bioassays.    This objective was the subject of Chapter 5.

Scientific significance1.4.	

Because this research focused on a mixed culture, it expands current understand-

ing of biodegradation of DBT not possible through the study of bacterial isolates.  It is 

well-known that very few bacteria can be cultured in isolation, which has limited iden-

tification of contaminant degraders.  Additionally, contaminant degradation can require 

more than one organism, further limiting the ability of culturing approaches to identify 

degraders.  The use of the culture-independent qPCR approach to study a mixed culture 

in this research aids in identifying bacterial populations previously unassociated with 

PAH biodegradation.  

Complex microbial systems are not restricted to contaminated sites.  They in-

clude essentially all environmental media (e.g., soils, sediments, water), as well as bio-

logical environments such as the gastrointestinal tract and engineered systems such as 

water treatment facilities.  The growing need to understand these complex systems re-

quires the adaptation of culture-independent methods, such as qPCR, to monitor a suite 
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of bacterial populations.  This research advances current methodology by comparing 

ways to process qPCR data for this application.  Given the widespread nature of complex 

microbial systems, this research can benefit environmental, engineering, agricultural, 

ecological, and medical sciences.

In many soils and sediments contaminated with PAHs, biodegradation can occur 

naturally as well as during conscientious bioremediation efforts, and degradation prod-

ucts will form.  Current understanding of the identities, fates and potential toxicity of 

these products is limited, particularly for complex systems, yet some of these products 

may be of concern to environmental integrity and human health. This research adds to 

current knowledge through the identification of biodegradation products and monitor-

ing toxicity associated with their formation and/or disappearance during the course of 

PAH biodegradation.  Association of biodegradation products with measurements of 

toxicity aids in refining bioremediation strategies to limit on-site levels and/or off-site 

transport of potentially toxic degradation products.  No previous studies have combined 

advanced techniques such as qPCR for monitoring bacterial community composition 

with assessments of toxicity and degradation products during the course of biodegrada-

tion of any PAH.

This research further assists in improvement of bioremediation strategies by in-

vestigating an unconventional approach combining microbial degradation with photoly-

sis using UV.  The addition of UV treatment has the potential to reduce levels of residual 

microbial degradation products that may be toxic.  With the exception of the work of 

Chamberlin (2005), this approach is relatively untried for DBT. This research addresses 

questions regarding the value of this treatment approach to reduce contaminants and 

the overall effect on toxicity.  
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Microbial population dynamics Chapter 2.	
during DBT degradation

Introduction2.1.	

Polycyclic aromatic hydrocarbons (PAHs) are persistent and ubiquitous environ-

mental contaminants associated with petroleum products and combustion (Aitken and 

Long, 2004), and they may elicit a variety of toxic effects (ATSDR, 1995; Penning et al., 

1999). PAH recalcitrance and toxicity drives remediation efforts to restore contaminated 

ecosystems and protect human health. Biodegradation of PAH contaminants and re-

sulting changes in toxicity in natural and engineered systems are complex phenomena 

because these contaminants are often present in mixtures, they have many metabolites 

whose chemical characteristics, environmental fates and ecotoxicological effects are 

unknown, and because multiple bacterial strains are likely involved in the degradation 

processes. 

As discussed in Chapter 1, much previous work on PAH degradation has focused 

on pure cultures.  However, mixed cultures are of interest because environmental sam-

ples occur as population mixtures, and they may more effectively remove a variety of 

contaminants, including PAHs, than pure cultures (Belkin et al., 1994; Trzesicka-Mlynarz 

and Ward, 1995).  This suggests that different micro organisms may play specialized, 

synergistic roles in biodegradation such as initiation of degradation by one organism and 

degradation of intermediates by others. In addition, intermediate formation can result in 

increased toxicity (Belkin et al., 1994; Phillips et al., 2000; Ahtiainen et al., 2002), which 

may endanger the success of bioremediation efforts, but little work has been performed 

to assess toxicity during PAH degradation.  Bioremediation may also be hampered by 

changes in environmental conditions linked to the degradation process, such as changes 
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in pH.  A better understanding of what microorganisms comprise a mixed community 

degrading a toxic compound, how microbial populations change during the course of 

degradation, the metabolites produced or consumed, the cultural conditions that pro-

mote degradation, and net effects on toxicity will increase our fundamental understand-

ing of complex system behaviors, and may aid in the development and improvement of 

bioremediation strategies.

Investigations of population dynamics within microbial communities have often 

used culture-independent molecular techniques that are often based on detection of 

16S rRNA gene sequences.  Methods used to study population dynamics degradation of 

PAHs or PAH-containing pollutants (e.g., creosote) include denaturing gradient gel elec-

trophoresis (DGGE: Duarte et al., 2001; Vinas et al., 2005) restriction fragment length 

polymorphism characterization (RFLP: Eriksson et al., 2003; Liu et al., 1997), fluorescent 

in-situ hybridization (Castle et al., 2006), and, more recently, quantitative real-time PCR 

(qPCR: Smits et al., 2004; Singleton et al., 2006). The former three are powerful quali-

tative techniques, but quantitative information can be difficult to achieve with them.  

While qPCR has been applied to quantitatively measure specific strains within natural 

environments (Hristova et al., 2001), phylogenetic groups in soil (Fierer et al., 2005) and 

PAH catabolic genes (Da Silva et al., 2006), few reports yet exist demonstrating the use of 

qPCR to monitor population dynamics of multiple taxonomic groups during the course of 

contaminant degradation.  Smits et al. (2004) demonstrated the use of qPCR to moni-

tor multiple bacterial strains involved in chloroethene degradation, while Singleton et 

al. (2006) combined stable isotope probing with qPCR to follow the dynamics of pyrene 

degraders in a bioreactor.    

The sulfur-containing PAH dibenzothiophene (DBT) is a common, low solubility, 

recalcitrant constituent of creosote and petroleum wastes and is a model compound 
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for more complex sulfur-containing heterocyclic aromatic hydrocarbons. DBT may be 

degraded by bacteria through attack at sulfur (the “angular dioxygenation” pathway) or 

the aromatic ring (the “lateral dioxygenation” pathway; Bressler and Fedorak, 2000).  But 

metabolism of DBT has primarily been studied in detail only for specific bacterial strains 

(Kodama et al., 1973; Gray et al., 2003; van Herwijnen et al., 2003), some of which do 

not fully mineralize the compound (Gray et al., 2003).  The chemical characteristics, 

environmental fate and ecotoxicology of DBT metabolites are not well understood, and 

the microbial populations involved in DBT degradation have not been studied in mixed 

communities.  Yet, all of these aspects may influence the goals, strategies and effective-

ness of DBT bioremediation.

From the perspectives of improving the effectiveness of bioremediation efforts 

and gaining a better understanding of biodegradation processes by mixed cultures, there 

is a need for research that monitors microbial population dynamics using quantitative 

techniques, formation of degradation intermediates and effects on toxicity.  In this study, 

these aspects were evaluated in a DBT-degrading enrichment culture during DBT degra-

dation using 16S rRNA gene-based qPCR assays targeting taxonomic groups, a biolumi-

nescent bacterial toxicity assay, and chromatographic techniques to monitor the loss of 

DBT.  Additionally, experiments were performed under conditions with and without pH 

control to include the effect of a critical environmental variable.  This unique combina-

tion of measurements should provide a broader perspective on DBT degradation than 

currently available, encompassing not only microbial ecology but also considerations 

important to bioremediation, such as DBT loss, cultural requirements and effects on 

toxicity.  This study addressed Hypothesis 1 provided in Chapter 1, that a mixed culture 

derived from a creosote-contaminated site would contain bacteria tolerant of and ca-

pable of degrading DBT.  The study also focused on the second hypothesis, that monitor-

ing bacterial population dynamics in mixed cultures would reveal new strains potentially 
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important to DBT degradation but which have not been linked to DBT degradation in 

pure culture studies.  Finally, this study addressed Hypothesis 3, that changes in pH dur-

ing degradation would affect the extent of DBT degradation, and subsequently toxicity.   

Methods2.2.	

Culture establishment, 16S rRNA gene clone library con-2.2.1.	
struction, isolation of pure cultures, and phylogenetic analysis  

An enrichment culture growing on DBT as a sole carbon source was established 

from sediment from a PAH-contaminated brackish tidal inlet along the southern branch 

of the Elizabeth River, Portsmouth, Virginia (36° 48’ 28.6’’ N 76° 17’ 39’’W), adjacent to 

the Atlantic Woods Industries, Inc., National Priorities List Site.  The culture was shaken 

in the dark in artificial seawater media (22.22 g L-1 Instant OceanTM) supplemented with 

1 g L-1  NH4NO3, 0.2 g L-1 K2HPO4 and 0.05 g L-1 FeCl3
.6H2O (adapted from Chang et al., 

2000, and Kasai et al., 2002) and adjusted to pH 7.5 prior to inoculation.  The enrichment 

culture was subcultured approximately five times over three months by transfer of 200 

µL of culture to fresh medium, at which point 5 mL of the culture was centrifuged and 

DNA was extracted from the pelleted cells by bead-beating  (UltraClean Soil DNA Extrac-

tion Kit, MoBio Laboratories, Solana Beach, CA). 16S rRNA gene sequences were ampli-

fied using universal primers fD1 (AGAGTTTGATCCTGGCTCAG, Escherichia coli positions 

8 to 27) and rP2 (ACGGCTACCTTGTTACGACTT, positions 1513 to 1494) (Weisburg et al., 

1991). Integrated DNA Technologies, Coralville, IA) in 50 µL reactions containing approxi-

mately 5 ng of template DNA, primers (0.5 µM each), deoxynucleoside triphosphates 

(0.8 µM each), MgCl2 (2.0 mM)¬, Taq polymerase (2.5 U; Qiagen, Valencia, CA), and 1x 

PCR buffer (Qiagen).  The PCR protocol consisted of initial incubation at 95° C for 6 min, 

a second stage of 30 cycles of 60 s at 95° C, 30 s at 52° C, and 60 s at 72° C, and a third 
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stage of 10 min at 72° C. A 16S rRNA gene clone library was prepared using TOPO-TA 

cloning kit with One Shot Top10 chemically competent cells and pCR 2.1 vector (Invitro-

gen Corporation, Carlsbad, CA).  16S rRNA gene sequences from 52 clones were ampli-

fied using the above primer set and PCR protocol. Isolates were obtained by selective 

subculturing on solid media (liquid artificial seawater media, 12 g L-1  agar, 5 g L-1  glu-

cose, 5 g L-1 yeast extract, 5 g L-1 peptone).  Isolation using DBT as a sole carbon source 

was also attempted on solid media containing no glucose, yeast extract or peptone, but 

no organisms were successfully cultured. DNA was extracted from the isolates and am-

plified as described above.  PCR reaction products from clones and isolates were purified 

using a QiaQuick PCR cleanup kit (Qiagen) and sequenced on an automated sequencer 

(Model 3700, Applied Biosystems, Foster City, CA) using the BigDye Terminator kit (v. 

3.0).  Sequences were proofread using FinchTV (v. 1.3; Geospiza, www.geospiza.com) 

and screened for chimeras using Chimera Check program (v. 2.7, Ribosomal Database 

Program (RDP: Cole et al., 2005).  Of the clone sequences, 3 were excluded as possible 

chimeras.  Taxonomic groups were assigned to all sequences using the RDP Classifier 

program (Cole et al., 2005).  Sequences were aligned using ClustalX 1.81 (EMBL, Heidel-

berg, Germany), and the alignment was trimmed using BioEdit.  Parsimonious phylo-

genetic analysis was conducted using PHYLIP v. 3.6 programs DNAPARS and SEQBOOT 

(Felsenstein, 2005), and phylogenetic trees were viewed using TreeView v.1.6.6 (Page, 

1996, 2000).  Rarefaction, calculated using EstimateS (Colwell, 2005), was used to assess 

how completely the culture’s taxonomic groups were sampled using clone and isolate 

sequences. 

qPCR primer design and assay  2.2.2.	

Ten group-specific primer sets and one universal primer set targeting 16S 

rRNA gene sequences were designed using Primrose 2.15 (Ashelford et al., 2002) 

based on the phylogenetic alignment from the enrichment culture (Table 2.1). 
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Group-specific primers were selected to have more than two mismatches between 

target and non-target sequences, to have similar melting temperatures for each primer 

in a set, to have minimal likelihood for secondary structure or dimer formation, and to 

amplify less than 500 bp.  Two primers were modified from previously published primers 

to more precisely match the selected sequences.  These included the Firmicutes reverse 

primer based on the Lcg353 probe (Potter et al., 1999) and the universal reverse primer 

rP2 (Weisburg et al., 1991). All other primers were unique to this study, and were 18-

24 base pairs long with melting temperatures of 57-61° C. SYBR Green-based qPCR was 

performed on an ABI Prism 7000 (Applied Biosystems) or a Stratagene MP3000 (Strata-

gene, La Jolla, CA) using iTaq SYBR Green Supermix with ROX (BioRad, Hercules, CA) 

according to manufacturer’s instructions with primer-specific annealing temperatures.  

Target amplicons were 98-346 base pairs long.  Primer specificity was checked in qPCR 

assays including meltcurve analyses comparing representative clones and/or isolates 

from target and non-target groups in the culture as well as sequencing of qPCR samples 

as described above to confirm amplification of the target sequence.  For standards, 16S 

rRNA gene copies for each group were cloned as described above, plasmids were re-

covered using the QiaPrep Plasmid Miniprep kit (Qiagen) and DNA was quantified using 

a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).  

Standard curves were prepared from purified plasmids as 10-fold serial dilutions over 

the dynamic range of each assay (Table 2.1).  Standard curves and no-template controls 

were included for all qPCR assays, and all standards, samples and no-template controls 

were analyzed in triplicate.  Because the universal primers amplified target DNA from all 

taxonomic groups, for each of which there was a set of standards, determination of total 

16S rRNA gene copies by the universal primers was achieved by first calculating gene 

copy numbers from Ct values according to each standard curve, yielding 10 values for 

total 16S rRNA gene copies, one for each set of standards.  These 10 values were aver-

aged to give total 16S rRNA gene copies.  This approach to calculating total 16S rRNA 
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gene copies using the universal primers was found to provide acceptable quantitation in 

simulated mixed communities containing known amounts of DNA (see Chapter 4).

Degradation study  2.2.3.	

For the DBT degradation studies, 0.152 mmoles DBT (Aldrich) in 200 µL acetone 

was added to sterile 50 mL Erlenmeyer flasks and allowed to dry.  Mass of DBT added 

to the flasks was confirmed by HPLC analysis as described below.  Twenty-five mL sterile 

artificial seawater media (described above) was added for an initial DBT concentration 

of 6.08 mM, which was above the solubility limit for DBT in pure water (1.1 µM; Lassen 

and Carlsen, 1999).  After media addition, flasks were inoculated with 100 µL of a stock 

enrichment culture (0.3 optical density at 600 nm) that either had been maintained 

without pH control (for the experiment with no pH control) or had been adapted to pH-

controlled conditions established by adjusting culture pH to 7.5 every 2 days (for the ex-

periment with pH control) .  Control flasks were prepared in a similar manner but with-

out inoculum.  Flasks were mixed on an orbital shaker in the dark. Sampling occurred 

every 2 days for the first 20 days in experiments with and without pH control, and every 

4 days between 20 and 32 days in the experiment with pH control.  For the experiment 

with pH control, pH adjustments were made on the same schedule as sampling.  Sam-

pling was not continued beyond 20 days in the experiment without pH control because 

no significant changes were observed in total DBT concentration.    

Each sampling included sacrificing 6 control and 6 inoculated flasks (12 flasks per 

sampling), as described below, requiring a total of 168 flasks for the experiment with 

pH control and 132 flasks for the experiment without pH control.  At each sampling, 3 

control and 3 inoculated flasks were acidified to pH 2 with 6 M HCl, DBT was extracted 
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with 25 mL of ethyl acetate for 2 h on an end-over-end shaker, and total DBT was mea-

sured by reversed-phase HPLC.  Samples were acidified to protonate acidic groups on 

potential degradation products and facilitate their partitioning into the organic phase 

(ethyl acetate) and their detection by HPLC.  HPLC results for DBT degradation products 

(not included) were ultimately replaced by results of GC/MS analyses (described below) 

because it provided greater opportunity for product identification.  HPLC was performed 

on an Agilent 1100 series instrument with a Zorbax Eclipse XDB-C18 column (250 x 4.2 

mm) (Agilent, Newark, DE) at a flow rate of 1 mL min-1 and 234 nm detection.  The mo-

bile phase was a gradient of methanol and 0.1 M ammonium acetate buffer at pH 4.5.  

The gradient consisted of 30% methanol:70% buffer for 2 minutes followed by a gradient 

to 100% methanol by 22 min.   GC/MS was not used to obtain total DBT concentrations 

because this technique was not available when the analyses were done.   Contents from 

the additional 3 control and 3 inoculated flasks were processed and analyzed for toxicity 

and aqueous DBT and DBT degradation products as described in Chapter 3.  

 Pelleted cells from each inoculated sample flask were resuspended in 400 µL of 

sterile artificial seawater media.  A 25 µL aliquot was used to determine total protein us-

ing the Pierce bicinchoninic acid assay kit (Pierce, Rockford, IL) using a FLUOstar Optima 

(BMG LabTech, Durham, NC) plate reader according to the manufacturer’s instructions.  

DNA from selected days was extracted from the remainder of the cells for qPCR using 

the PowerSoil DNA extraction kit (MoBio).  For all remaining flasks in the experiment 

with pH control, pH was adjusted to pH 7.5±0.1 with NaOH to approximate pore water 

pH of 7.55 from the source site. 

The DBT degrading ability of isolates, alone and in combination, was evaluated 

using experimental and sampling procedures as described above with some modifica-

tion.  For these studies, final concentration of total DBT was 2 mM.  Stock cultures of 
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isolates were grown in supplemented artificial seawater media similar to the solid media 

used to obtain isolates (described above) without agar.  Eight isolates, indicated in Figure 

2.1, were evaluated.  Prior to inoculation, cultures were centrifuged at 5000 x g, washed 

twice with sterile artificial seawater, and resuspended in this solution to an optical den-

sity of 0.3 at 600 nm.  A composite isolate stock was prepared using equal volumes of all 

nine isolates.  Flasks were inoculated with 100 µL of the appropriate single or combined 

isolate stock.  Triplicate flasks were prepared for both individual isolate and the isolate 

combination.  Every two days pH was adjusted as described above, and samples were 

taken at days 0 and 20.  Samples were analyzed for DBT and total protein as described 

above. 

Toxicity assay with bioluminescent bacteria.  2.2.4.	

Toxicity was assessed as inhibition of luminescence in the bioluminescent bacte-

rium Vibrio fischeri (also known as Photobacterium phosphoreum), strain NRRL B-11177 

(ATCC, Manassas, VA), using a method adapted from McConkey et al. (1997).  Bacteria 

were grown in Photobacterium broth (Fluka BioChemika, Buchs, Switzerland) at 15° C on 

an orbital shaker in the dark for 3 days.  Cells were centrifuged for 5 min at 5000 x g, the 

supernatant was removed and the cells were resuspended in chilled 2% w/v NaCl to an 

optical density of 0.82-0.86 at 600 nm. This bacterial suspension was added to a poly-

styrene 48-well plate (0.5 mL per well), the plate was incubated in the dark for 10 min at 

15° C, and luminescence was measured using a FLUOStar Optima plate reader. Filtered 

aqueous supernatant (0.5 mL) collected from the degradation study flasks described 

above was adjusted to pH 7.5±0.1 with NaOH, added to the wells, incubated for 30 

min, and luminescence was measured again. In addition to experimental (uninoculated) 

controls, all toxicity assays included a control dosed with artificial seawater media free 
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of DBT. The toxicity of each sample and control was expressed as percent inhibition of 

luminescence calculated as (Mcconkey et al., 1997):

% inhibi on of luminescence 100 (2.1)

Statistical analyses.   2.2.5.	

Analyses of variance (ANOVAs) were used to compare variables between pH 

treatments and time points.  ANOVAs were performed on a PC using the statistical soft-

ware R (R Development Core Team, 2008).

Results2.3.	

Phylogenetic analysis  2.3.1.	

A clone library was prepared from the enrichment culture 16S rRNA genes, and 

52 clones were selected for sequencing, of which 3 were discarded as chimeric se-

quences.  The remaining 49 clones represented 7 taxonomically distinct species (Figure 

2.1).  Isolation by successive agar plating yielded 8 distinct strains, some of which were 

repeatedly isolated.  These strains included Bacillus sp. (99% sequence match to Gen-

Bank accession number AB02115), Vitellibacter sp. (99% match to GenBank AB071382), 

two Rhizobiales sp. (99% matches to GenBank AY649762 and 100% match to GenBank 

AM403232), Rhodospirillaceae sp. (98% match to GenBank AY186195), Pseudomo-
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nas stutzeri (99% match to GenBank AJ244724), P. balearica (99% match to GenBank 

U26417), and Marinobacter sp. (97% match to GenBank AB167042).  With the exception 

of one clone and one isolate with 99% match to the Vitellibacter vladivostokensis 16S 

rRNA gene sequence, there was no redundancy between sequences obtained through 

cloning and isolation techniques.  This likely reflects well-known biases and limitations in 

the use of culturing techniques to isolate bacterial strains (Ward et al., 1990; Wagner et 

al., 1993).  
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Figure 2.1.  Unrooted maximum parsimony phylogenetic tree based on an 1040 base 
pair alignment of 16SS rRNA gene sequences of isolates and clones from 
DBT-degrading enrichment culture with reference sequences indicated by GenBank 
accession numbers.  Branch values are bootstrap values from 500 iterations. The scale 
bar represents a 10% difference in nucleotide sequence.  Numbers of clones () and 
isolates () obtained are given in parentheses adjacent to symbol.  Letters represent 
group-specific primer sets: (a) Firmicutes, (b) Flavobacteriaceae, (c) 
Planctomycetaceae, (d) Rhizobiales-like bactera, (e) Rhodospirillaceae-like bacteria, (f) 
Other Alphaproteobacteria, (g) Azospirillum-like bacteria, (h) Kordiimonas, (i) 
Chromatiales and (j) Pseudomonas.

Unrooted maximum parsimony phylogenetic tree based on an 1040 base Figure 2.1. 
pair alignment of 16SS rRNA gene sequences of isolates and clones from DBT-degrading 
enrichment culture with reference sequences indicated by GenBank accession numbers.  
Branch values are bootstrap values from 500 iterations. The scale bar represents a 10% 
difference in nucleotide sequence.  Numbers of clones () and isolates () obtained are 
given in parentheses adjacent to symbol.  Letters represent group-specific primer sets: 
(a) Firmicutes, (b) Flavobacteriaceae, (c) Planctomycetaceae, (d) Rhizobiales-like bactera, 
(e) Rhodospirillaceae-like bacteria, (f) Other Alphaproteobacteria, (g) Azospirillum-like 
bacteria, (h) Kordiimonas, (i) Chromatiales and (j) Pseudomonas.
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After an initial linear stage, the rarefaction curve, which depicted the num-

ber of new operational taxonomic units per sequence sampled, showed decreasing 

slope approaching a plateau (Figure 2.2).  This finding suggested that the microbi-

cal culture was well-characterized by the sequencing and phylogenetic analyses. 
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Figure 2.2.  Rarefaction curve constructed from the 16S rRNA gene sequences 
of clones and isolates from the DBT-degrading mixed microbial culture.  Solid 
line represents number of different operational taxonomic units (OTUs) 
observed per number of sequences sampled.  Dashed lines represent 95% 
upper and lower confidence bounds.

Rarefaction curve constructed from the 16S rRNA gene sequences Figure 2.2. 
of clones and isolates from the DBT-degrading mixed microbial culture.  Solid line 
represents number of different operational taxonomic units (OTUs) observed per 
number of sequences sampled.  Dashed lines represent 95% upper and lower con-
fidence bounds.

Based on taxonomic characterization of sequences from the clone library and 

isolated strains, the DBT-degrading enrichment culture was comprised of members from 
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five major taxonomic bacterial groups, including the Firmicutes, Flavobacteriaceae, 

Planctomycetaceae, Alphaproteobacteria and Gammaproteobacteria (Figure 2.1).  The 

culture included some sequences similar to organisms known to degrade DBT and/

or other PAHs, including Pseudomonas stutzeri (Monticello et al., 1985; Hirano et al., 

2004; Lalucat et al., 2006), Kordiimonas gwanyangensis (Kwon et al., 2005), and also an 

uncultured Rhodospirillaceae-like species (GenBank AY18695) from deep sea sediment 

associated with PAH-degradation.  Two isolates were identified as Bacillus, some species 

of which have been found to degrade PAHs (Kazunga and Aitken, 2000).  For the qPCR 

assays, the Firmicutes, Flavobacteriaceae and Planctomycetaceae were represented with 

one primer set each (Figure 2. 1, Table 2.1).  Alphaproteobacteria were represented with 

five primer sets targeting Rhizobiales-like sequences, Rhodospirillaceae-like sequences, 

Azospirillum-like sequences, Kordiimonas, and other unclassified Alphaproteobacteria.  

Gammaproteobacteria were represented by two primer sets, one for Pseudomonas and 

one for Chromatiales. 

DBT degradation, pH and microbial growth  2.3.2.	

Regardless of whether pH control was included, limited DBT degradation oc-

curred during the first 2 days (Figure 2.3a).  After this time, total DBT decreased 

more or less steadily throughout the experiment under pH control, while under no 

pH control DBT decreased from 2 to 6 days after which time no further degradation 

was observed.    Under controlled pH, total DBT concentration was 0.57±0.04 mM 

by day 32 (including solid and aqueous DBT), representing a 91% reduction of the 

initial DBT added.  Only 36% of initial DBT was transformed by day 20 when pH was 

not controlled.  Total DBT was not significantly different between the pH treatments 

through 16 days, after which time total DBT was significantly lower (p<0.05) under 
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controlled pH.  Total DBT in uninoculated controls did not significantly change over 

the course of the experiments and were not significantly different between pH treat-

ments.  None of the isolates alone or in combination were able to grow on DBT as a 

sole carbon source and they were not able to reduce total DBT concentrations be-

low that of uninoculated controls in pure culture experiments (data not shown).  This 

finding suggests that DBT degradation in the mixed culture was at least partly reli-

ant on taxa that were not cultured by the cultivation method employed in this study.    
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Figure 2.3. Total DBT (a), final pH (b ), and aqueous DBT (c)  in inoculated and uninoculated 
(control) flasks during DBT degradation with and without pH control.

Total DBT (a), final pH (b ), and aqueous DBT (c)  in inoculated and uninocu-Figure 2.3. 
lated (control) flasks during DBT degradation with and without pH control.
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In the experiment without pH control, the culture pH dropped sharply during 

the first 10 days from pH 7.56±0.02 to 4.22±0.02 (Figure 2.2b), and remained relatively 

constant thereafter. In the controlled pH experiment, pH was readjusted every 2 days 

to 7.50±0.10, and the average measured pH before adjustment reading was 6.72±0.35.  

Under controlled pH, no aqueous DBT was observed in inoculated flasks beyond day 0 

(Figure 2.3c), indicating that the rate of initial DBT transformation was greater than DBT 

dissolution throughout the experiment, and that DBT dissolution may have limited the 

bacterial growth rate. Without pH control, aqueous DBT increased sharply after 6 days, 

reaching 2.04±0.09 µM by the end of the experiment.  The timing of this (~6 days) ap-

proximated that of the cessation of DBT degradation (Figure 2.3b) and pH drop (Figure 

2.3a), suggesting that the pH drop contributed to the halt in degradation. Aqueous DBT 

in uninoculated flasks averaged 1.64±0.15 µM across both experiments, and this was 

similar to the solubility of 1.1 µM reported for DBT in pure water at room temperature 

(Lassen and Carlsen, 1999).

Total protein, a measurement of bacterial growth, increased most rapidly during 

the first 10 days of the experiment without pH control, reached a plateau between 306-

340 mg L-1 until 18 days, and then increased to 470±28 mg L-1  at 20 days (Figure 2.4a).
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Figure 2.4. Total protein (a) and total 16S rRNA gene copies (b) in inoculated 
and control (non-inoculated) flasks during DBT degradation with and without 
pH control.  Total 16S rRNA gene copies are averages of values calculated from 
10 standard curves  used in qPCR.   Each standard curve included a template 
from one of the 10 taxonomic groups studied.

Total protein (a) and total 16S rRNA gene copies (b) in inoculated and Figure 2.4. 
control (non-inoculated) flasks during DBT degradation with and without pH control.  
Total 16S rRNA gene copies are averages of values calculated from 10 standard curves  
used in qPCR.   Each standard curve included a template from one of the 10 taxonomic 
groups studied.

  

A similar trend was observed in total 16S rRNA gene copies measured with qPCR us-

ing the universal primer set and expressed as an average of copy numbers calculated 

from the standard curves of all group-specific templates although the increase in gene 

copies between days 16 and 20 was not statistically significant (Figure 2.4b).  Total 16S 
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rRNA gene copy numbers was expressed in this manner based on findings in Chapter 4 

that demonstrated this approach to adequately quantify total 16S rRNA gene copies in 

artificial communities of known composition.  With pH control, both total protein and 

total 16S rRNA gene copies increased steadily throughout the entire experiment, reach-

ing 446±53 mg protein L-1 and 3.5x109±1.3x109 copies L-1 by day 32 (Figure 2.4b). De-

spite the greater loss of total DBT observed in the pH controlled experiment, both total 

protein and 16S rRNA gene copies were lower than values observed when pH was not 

controlled. Slight differences between trends in total protein and 16S rRNA gene copies 

may reflect differences in the ratios of these components in the different bacterial popu-

lations in the culture, or they could be the result of changes in metabolic activities.  No 

growth was observed in experiments involving isolate growth on DBT (data not shown). 

Population dynamics.  2.3.3.	

Bacterial population compositions were dynamic during DBT degradation and 

differed with pH treatment (Figures 2.5 and 2.6).  Overall, greater diversity was observed 

when pH was not controlled.  However, cultures under both pH conditions were clearly 

dominated by Rhizobiales-like bacteria, Flavobacteriaceae and Chromatiales, together 

comprising 70-93% (with pH control) and 68-95% (without pH control) of the average 

total 16S rRNA gene copies L-1 measured with the universal primer presented above.  

Regardless of pH control, Firmicutes 16S rRNA gene copy numbers were below detec-

tion, indicating that this group was present only in trace numbers despite isolation of 

Firmicutes species by agar plating. Under controlled pH, Azospirillum-like and Plancto-

mycetaceae were also below detection in the pH controlled cultures.  All other bacterial 

groups were minor components of the cultures.  The sums of copy numbers of all bacte-

rial groups determined with group-specific primers 72-95% and 87-104% of average total 
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16S rRNA gene copy numbers determined with the universal primer for experiments 

with and without pH control, respectively, which indicates that the group-specific qPCR 

primers effectively captured most of the microbial community.

Figure 2.5. Absolute abundance of group-specific 16S rRNA gene copies 
determined by qPCR during DBT degradation with and without pH control.  
Firmicutes was below qPCR detection regardless of pH control, while 
Azospirillum-like and Planctomycetaceae were below detection only in the 
experiment with pH control.
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by qPCR during DBT degradation with and without pH control.  Firmicutes was below 
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were below detection only in the experiment with pH control.
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Figure 2.6.  Group-specific 16S rRNA gene copies determined by qPCR during 
DBT degradation (a) without pH control and (b) with pH control, expressed as a 
percent of total 16S rRNA gene copies quantified using universal primers given 
in Table 2.1.  Total 16S rRNA gene copies are presented as averages of values 
calculated from standard curves for each group-specific template.

Group-specific 16S rRNA gene copies determined by qPCR during DBT deg-Figure 2.6. 
radation (a) without pH control and (b) with pH control, expressed as a percent of total 
16S rRNA gene copies quatnified using universal primers given in Table 2.1.  Total 16S 
rRNA gene copies are presented as averages of values calculated from standard curves 
for each group-specific template.
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When pH was not controlled, most bacterial groups, with the notable exceptions 

of the Rhizobiales-like bacteria, Pseudomonas and Planctomycetaceae, showed detect-

able growth from the start of the study and reached maximum copy numbers at the 

end of the experiment (Figure 2.5).  In contrast, Rhizobiales-like bacteria were the most 

abundant group through day 10 reaching 1.0 x 109 16S rRNA gene copies L-1, and  steadi-

ly declined over the remainder of the experiment (Figure 2.6).    Similarly, Planctomyc-

etaceae and Pseudomonas reached maximum abundances at 16 days and then clearly 

declined.  The sharp transition from growth to decline for these groups suggests that cul-

tural conditions became unfavorable for these groups, possibly due to the decline in pH, 

presence of toxic DBT metabolites in the culture or competition from other groups. After 

an initial lag phase of about 6 days, the Chromatiales exhibited rapid growth up to16 

days when it was the most dominant group in the culture (Figure 2.6).  The Flavobacte-

riaceae showed similar trends to the Chromatiales through day 10, after which time this 

group appeared to reach a somewhat stationary growth phase.     

Under pH controlled conditions, culture composition was also strongly domi-

nated by the Flavobacteriaceae and Chromatiales than in pH-uncontrolled conditions 

(Figures 2.5 and 2.6), and the Rhizobiales-like bacteria were third most abundant over-

all. With the exception of the Rhizobiales-like bacteria, 16S rRNA gene copy numbers 

of all other groups were consistently one or more orders of magnitude below those 

of Flavobacteriaceae or Chromatiales.  Abundances of bacterial populations at day 0 

under pH controlled conditions differed from those at day 0 in the experiment without 

pH control, indicting that the culture changed during adaptation to pH-controlled con-

ditions.  A consistent trend with and without pH control was the initial dominance of 

Flavobacteriaceae, followed by dominance of Chromatiales by day 16.  The Chromatiales 

group was one of the least affected by pH conditions based on similar growth trends 

with and without pH control.  Growth of Rhizobiales-like bacteria was much lower when 
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pH was controlled, increasing slowly until day 20, exhibiting a rapid increase to 3.2 x 108 

16S rRNA gene copies L-1 at day 24, and rapidly declining thereafter.  Abundances of 16s 

rRNA gene copies of the remaining detectable but non-dominant bacterial groups were 

generally reduced under pH controlled treatment compared to no pH control.  The Kor-

diimonas group was unique in that it demonstrated two apparent growth cycles peaking 

at 4 and 24 days, an effect not observed without pH control. The combined results from 

both pH treatments suggest that the Flavobacteriaceae and the Chromatiales are among 

the most important components of the DBT degrading culture.  Rhizobiales-like bacteria 

were generally the third most abundant, and their presence was increased when pH was 

not controlled.     

Discussion2.4.	

Degradation of DBT by the enrichment culture in this study was affected by pH 

treatment. When pH was maintained near 7.5, the culture was able to degrade nearly 

all initial DBT (91%) within 32 days, however DBT degradation was significantly impaired 

after only 6 days when pH was not controlled.  The tendency for pH to decrease under 

both controlled and uncontrolled pH conditions was consistent with observations that 

several steps in the pathway of DBT degradation are acidifying (Kodama et al., 1973), 

which is also true for degradation pathways of other PAHs.  The trends observed for pH 

in these experiments are relevant for buffered systems such as seawater, and for closed-

systems such as bioreactors, and do not necessarily represent what might happen in an 

open system, such as the tidal estuary from which the enrichment culture was derived.  

Cessation of DBT degradation coinciding with the pH drop to approximately 4.3 implies 

that pH may have impaired bacterial growth in this culture and/or degradation-related 

metabolic functions.  However, growth beyond the time when loss of the parent com-
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pound DBT ceased (i.e., >6 days; Figures 2.2a and 2.3) suggests that microbes may have 

continued to consume some degradation products.  

The lower bacterial growth when pH was controlled, compared to growth with-

out pH control, seems contradictory to the effect pH control had on increasing DBT 

transformation.  Because DBT was the only carbon source supplied, this result sug-

gests that either the protein and 16s rRNA gene yields were higher when pH was not 

controlled, or degradation products were consumed to a greater extent, or formed to 

a lesser extent, when pH was not controlled.    Evaluation of the trends of potential 

metabolites monitored by GC/MS during degradation, explored in Chapter 3, indicated 

generally greater concentrations of metabolites when pH was controlled, supporting the 

second hypothesis above.  

Phylogenetic analysis of 16S rRNA gene sequences from clones and isolated 

strains revealed a diverse community, including members from five major taxonomic 

groups:  Firmicutes, Flavobacteriaceae, Planctomycetaceae, Alphaproteobacteria and 

Gammaproteobacteria.  This diversity is consistent with that observed in other enrich-

ment cultures growing on PAHs (Duarte et al., 2001), although the distribution of ob-

served taxa was not identical to that of other PAH-degrading enrichment cultures. The 

community examined in this study was considerably less complex than communities ob-

served at PAH-contaminated sites (e.g., Gray and Herwig, 1996; Piza et al., 2004; Single-

ton et al., 2006), which is not surprising given that the culturing conditions were highly 

restrictive and limited to organisms that could tolerate and degrade DBT and its degrada-

tion products.  Although the culture included sequences similar to known PAH degraders 

(e.g., P. stutzeri: Monticello et al., 1985: Hirano et al., 2004), none of these were domi-

nant in our culture.  No isolates obtained from this culture were able to degrade DBT ei-

ther alone or in combination with other isolates (data not shown), suggesting that these 
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isolates (including P. stutzeri along with relatives of other known degraders) either could 

not perform initial DBT transformation steps, that DBT degrading functionality was lost 

during the isolation process or that a microbial consortium was required for DBT degra-

dation.   The bacterial composition of the cultures within each pH treatment was largely 

consistent in the replicate cultures, but varied significantly between pH treatments, with 

greater species diversity associated with no pH control.  Absolute abundances of several 

groups, including Azospirillum-like, Kordiimonas, Other Alphaproteobacteria, Plancto-

mycetaceae, Pseudomonas, Rhizobiales-like bacteria and Rhodospirillaceae-like bacteria 

were greatly decreased when pH was maintained at 7.5.  Based on relative abundances 

(i.e., group-specific 16S rRNA gene copy numbers normalized to total 16S rRNA gene 

copy numbers), the qPCR primers used in this study were able to capture most of the 

bacterial community, which demonstrates that qPCR can be used successfully to moni-

tor population dynamics, particularly in restricted communities such the DBT-degrading 

culture.  

It is difficult to determine the specific roles of all taxonomic groups in the enrich-

ment culture without information on functional genes.  Because DBT was supplied as a 

sole carbon source, it is likely that the groups exhibiting the most growth (e.g., the Fla-

vobacteriaceae, Chromatiales and the Rhizobiales-like bacteria) played important roles in 

the direct degradation of DBT and/or its metabolites.  On the other hand, the Firmicutes, 

which were identified in phylogenetic analyses but not detectable by qPCR during DBT 

degradation, were likely present because of their spore-forming ability that allows them 

to persist through unfavorable conditions.  Growth trends and shifts in culture composi-

tion provided clues to the relative roles bacterial groups may have had in DBT degrada-

tion.  For example, it is plausible that groups exhibiting their most rapid growth early 

in the experiment were involved in DBT transformation steps earlier in the degradation 

pathway while those groups with their most rapid growth later in the experiments were 
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consuming intermediates formed later in the degradation pathway.  Of the three most 

abundant bacterial groups, the Flavobacteriaceae and the Rhizobiales-like bacteria were 

most likely to have participated in early DBT transformation steps in the experiments 

with and without pH control, respectively, by this rationale.  Regardless of pH control, 

the Chromatiales, which exhibited their most rapid growth after 6-10 days, seem more 

likely to have been involved in later steps in the DBT degradation pathway.   It should be 

noted, however, that non-dominant groups are not necessarily less important to DBT 

degradation simply because of their low abundance.    

Previous research supports the DBT- and/or PAH-degrading potential of some of 

the bacterial groups observed in this study.  The Flavobacteriaceae are chemoheterotro-

phs common to many marine habitats, and are known for their ability to degrade a 

variety of biopolymers and high molecular weight organic material (Kirchman, 2002). 

Flavobacteriaceae have not previously been specifically linked to DBT degradation, but 

members of the Flavobacteriaceae have been implicated in the degradation of other 

contaminants and related aromatic compounds including petroleum oil (Sanchez et al., 

2005), various PAHs (Barnsley, 1988; Vinas et al., 2005) as well as smaller aromatics such 

as phenol (Whiteley and Bailey, 2000).  Little research has followed bacterial dynamics of 

Flavobacteriaceae during degradation.  In a study by Vinas et al. (2005), the Cytophaga-

Flexibacter-Bacteroides group, of which the Flavobacteriaceae are a part, comprised a 

significant portion of DGGE bands for a PAH-community in creosote-contaminated soil.  

The presence of Alphaproteobacteria in the culture was not surprising since this 

phylum is ecologically diverse, metabolically versatile and contains many aerobic species.   

Previous research identified Azospirillum sp. (Alphaproteobacteria) in a PAH-degrading 

bacterial community (Vinas et al., 2005), and a strain of Azospirillum brasilense has 

been shown to degrade crude oil (Muratova et al., 2005).  Rhizobiales have been found 
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at PAH-contaminated sites (Vinas et al., 2005), and a Rhizobium meliloti strain has been 

shown to degrade DBT (Frassinetti et al., 1998).  

The discovery of Planctomycetes in the enrichment culture was not surprising 

given that this phylum is common in seawater and marine sediments (Shu and Jiao, 

2008).  While Planctomycetes have been observed in oil-contaminated marine sedi-

ments (Abed et al., 2007) and in a consortium degrading 2-bromophenol (Knight et al., 

1999), none have been directly linked to PAH degradation.

The Gammaproteobacteria are common in marine habitats (Cho and Giovanonni, 

2004), accounting for their presence in the enrichment culture examined in this study, 

and several taxa have been associated with PAH degradation.  Numerous Pseudomonas 

strains have shown abilities to completely or incompletely mineralize some PAHs, includ-

ing DBT (Kodama et al., 1973; Kropp et al., 1997).  The finding that Chromatiales may 

play a central role in DBT degradation is new, although they were found to be abundant 

in petroleum refining waste (Cooper, 1963).  Because the Chromatiales are often meta-

bolically flexible and able to grow heterotrophically and/or autotrophically (Imhoff, 

2003), they may have unrealized potential for contaminant degradation.  Indeed, the 

flexibility of the Chromatiales was demonstrated in this study in their adaptability to 

large differences in culture pH.  To the best of our knowledge, this is the first reported 

association of a member of the Chromatiales with DBT degradation.  The finding that 

culture isolates related to known DBT-degraders (e.g., Pseudomonas, Rhizobiales) could 

not degrade DBT alone or in combination with other isolates suggests that the isolated 

strains either could not perform initial DBT degradation steps or had lost degrading func-

tions during the isolation process.
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Conclusion2.5.	

This is the first study to examine the degradation of DBT as a sole carbon source 

by an enrichment culture combining chemical analysis along with assessment of micro-

bial population dynamics using qPCR to characterize DBT degradation.  Composition of 

bacterial groups identified using qPCR varied considerably with and without pH control, 

however, the culture was dominated by Flavobacteriaceae and Chromatiales under both 

pH conditions. These groups may therefore play important roles in DBT degradation, 

which has not been previously reported.  DBT degradation by this culture was impaired 

when pH was not controlled, but resulted in a 91% reduction of total DBT when pH was 

maintained at pH 7.5. Based on these findings alone, a remediation goal of contaminant 

reduction would require steps to forestall drops in culture pH.  
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Products of DBT degradation by a Chapter 3.	
Mixed Microbial Community

Introduction3.1.	

Condensed thiophenes, including dibenzothiophene (DBT), are heterocyclic 

polycyclic aromatic hydrocarbons (PAHs) and represent an often environmentally re-

calcitrant component of petroleum and petroleum-based materials such as creosote.  

Microbial degradation of DBT and other PAHs plays a primary role in the environmental 

fate of these compounds.  In terms of remediation of environmental contamination from 

DBT and other PAHs, key objectives for microbial degradation are mineralization of the 

contaminants and subsequent reduction of associated risk.  However, biodegradation 

of these compounds can produce transient or persistent degradation products, many of 

which are poorly characterized, that may impede the degradation process, pose a hazard 

themselves, and ultimately affect the success of remediation.  Evidence that biodegrada-

tion products can increase toxicity and/or hazard has been demonstrated in several stud-

ies (Belkin et al., 1994; Brooks et al., 1998; Ahtiainen et al., 2002; Lundstedt et al., 2003).  

Fundamental information necessary to addressing potential problems caused by degra-

dation products includes their identification, an understanding of how they are formed, 

and some characterization of their chemical and toxicological properties.  

Previous research has explored bacterial degradation pathways of DBT, a model 

condensed thiophene, and has identified several DBT degradation products (Kodama et 

al., 1970; Kodama et al., 1973; Laborde and Gibson, 1977; Kropp et al., 1997; Bressler 

and Fedorak, 2001a; b).  Although this work has provided valuable information, most 

of it has focused on bacterial isolates, and little of it has included a toxicological assess-

ment of the products.  Many bacterial species cannot be isolated in pure culture, and 
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so their degradative capabilities remain unknown. Additionally, biodegradation in the 

environment usually involves a microbial community, whose biodegradation pathway 

dynamics may be more complex than those of a bacterial isolate.  These issues can only 

be addressed by studying DBT degradation by microbial communities, which have thus 

far received little attention.  

Known bacterial pathways of aerobic DBT degradation (Figure 3. 1) include lateral 

dioxygenation (Kodama et al., 1973; Bressler and Fedorak, 2000; Seo et al., 2006), angu-

lar dioxygenation (van Afferden et al., 1993), and biodesulfurization (Gray et al., 1996; 

Bressler and Fedorak, 2000).  Lateral dioxygenation, a pathway common among PAHs, 

involves ortho dioxygenation of an aromatic ring, followed by ring cleavage and break-

down of the ring fragments.  Degradation products include hydroxylated compounds, 

carboxylic acids, ketones and quinones, and aldehydes (Kodama et al., 1973; Bressler et 

al., 1998; Bressler and Fedorak, 2000; Seo et al., 2006).  Angular dioxygenation begins 

with two oxygenations of the sulfur atom, followed by aromatic ring dioxygenation at 

the carbons adjacent to the sulfur atom, resulting in cleavage of the C-S bond (Bressler 

and Fedorak, 2000) (Figure 3.1). 
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Cleavage and metabolism of the aromatic ring then follows.  Common metabolites of 

this pathway include DBT sulfoxide and sulfone, along with sulfinic acids (van Afferden et 

al., 1993).  Angular dioxygenation can occur with other PAHs depending on their struc-

ture, including DBT analogs fluorene and dibenzofuran (Bressler and Fedorak, 2000).  

Biodesulfurization is unique to thiophene PAHs.  This pathway branches from that of 

angular dioxygenation after the initial C-S bond cleavage, at which point the second C-S 

bond is cleaved and sulfite released leaving 2-hydroxybiphenyl, which may or may not be 

subsequently degraded (Gray et al., 1996).  The role of this pathway in natural systems, 

particularly those where S is not limiting, is unclear, however, in engineered systems 

it is commonly explored as part of petroleum refining processes.  In addition to biotic 

reactions, some DBT degradation products (thiosalicylic acid (7), 3-hydroxy-1-benzothi-

ophene-2-carbaldehyde (12) (Fanning et al., 1972; Bressler and Fedorak, 2001) undergo 

abiotic reactions, particularly dimerizations (Structure numbers 23, 24, 25, 26, 28, 29; 

Figure 3.2).   For most of the DBT degradation products that have been identified, the 

chemical and toxicological characteristics are largely unexplored, partly because many 

are not commercially available, easily synthesized, or stable over time (e.g., weeks to 

months) in solid form or in solution at ambient conditions, as is the case for 3-hydroxy-

benzothiophene-2-carbaldehyde (Bressler and Fedorak, 2001a).  Additionally, many of 

these products have not been monitored during the course of degradation, especially in 

mixed microbial communities.
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The aim of this study was to address how DBT is degraded by a mixed microbial 

community, identify product formation and evaluate overall toxicity.  The study included 

two sequential experiments, the first of which explored DBT degradation by the culture 

without controlling pH.  Under this treatment, culture pH dropped during degradation 

and appeared to impair the degradation process (as will be discussed below), prompt-

ing a second study with controlled pH.  This research is a companion to a study on the 

microbial population dynamics within the community (Chapter 2), and builds on the 

hypotheses that (1) degradation of DBT by a mixed microbial culture follows a more 

complex pathway and produces a wider array of degradation products than has been ob-

served with single bacterial isolates in pure culture, and (2) some degradation products 

may be more toxic than DBT itself, which could impair further DBT degradation and, in 

contaminated systems, interfere with remediation goals.  Specific objectives of this study 

included:

1.	 Identify DBT degradation products produced by the microbial culture.

2.	  Monitor and compare trends of primary DBT degradation products during 

degradation by a mixed microbial culture under conditions with and without pH control.

3.	  Evaluate toxicity during the course of DBT degradation with and without pH 

control using a bioluminescent bacterial assay, and compare toxicity changes during deg-

radation to trends in degradation products to identify potentially toxic products.

The findings of this research provides insight into the complexity of degradation 

processes within a mixed microbial community, along with a dynamic view of the toxic-

ity associated with mixtures of degradation products, which more closely approximates 

degradation in an environmental system than do investigations using bacterial isolates 

in pure culture.  With specific regard to toxicity, evaluation of the toxicity of a complex 
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mixture of products formed during the degradation of DBT may more closely represent 

toxicity during degradation in the environment or in a controlled bioremediation pro-

cess than would independent evaluation of the toxicity of specific degradation products 

alone. 

Materials and methods  3.2.	

 Source of enrichment culture 3.2.1.	

A microbial enrichment culture growing on dibenzothiophene (DBT) as a sole 

carbon source was established from sediment from a PAH-contaminated brackish tidal 

inlet along the southern branch of the Elizabeth River, Portsmouth, Virginia, adjacent to 

the Atlantic Woods Industries, Inc., National Priorities List Site, as described in Chapter 

2.  The culture was maintained as described in Chapter 2:  briefly, culture flasks were 

shaken at room temperature in the dark in artificial seawater media (22.22 g L-1 Instant 

OceanTM) at pH 7.5 supplemented with 1 g L-1NH4NO3, 0.2 g L-1 K2HPO4 and 0.05 g L-1 

FeCl3•6H2O (adapted from Chang et al., 2000 and Kasai et al., 2002).  

DBT degradation studies3.2.2.	

For degradation studies, 0.152 mmoles DBT (Sigma-Aldrich, St. Louis, MO) in 

200 µL acetone was added to sterile 50 mL Erlenmeyer flasks and allowed to dry.  Mass 

of DBT added to the flasks was confirmed by HPLC analysis as described in Chapter 2.  

Twenty-five mL sterile artificial seawater media (described above) was added for an 

initial total DBT concentration of 6.08 mM, which was above the solubility limit for DBT 

in water (1.1 µM: (Lassen and Carlsen, 1999).  After media addition, flasks were inocu-



63

lated with 100 µL of a stock enrichment culture (0.3 optical density at 600 nm).  Control 

flasks were prepared in a similar manner but without inoculum.  Flasks were mixed on 

an orbital shaker in the dark. Sampling occurred every 2 days for the first 20 days in 

experiments with and without pH control, and every 4 days between 20 and 32 days in 

the experiment with pH control.  For the experiment with pH control, pH adjustments on 

all remaining flasks were made on the same schedule as sampling using NaOH to main-

tain pH near 7.55, the pH of pore water of the source site.  Sampling was not continued 

beyond 20 days in the experiment without pH control (final pH approximately 4.2) be-

cause no significant changes were observed in total DBT concentration.    Each sampling 

included sacrificing 6 control and 6 inoculated flasks (12 flasks per sampling, 6 flasks for 

DBT analysis and 6 flasks for toxicity assay), as described below, requiring a total of 168 

flasks for the experiment with pH control and 132 flasks for the experiment without pH 

control.  At each sampling timepoint, 3 control and 3 inoculated flasks were extracted 

for total DBT, which is further discussed in Chapter 2.  Contents from the additional 3 

control and 3 inoculated flasks were centrifuged for 20 min at 5000 x g, and the super-

natant was filtered through a 0.2 µm polycarbonate membrane and analyzed for toxic-

ity (described below).   15 mL of the supernatant was acidified to pH 2 with 6 M HCl to 

maximize transfer of acidic products into the organic phase, and extracted for DBT and 

its degradation products three times with dichloromethane (DCM) on and end-over-end 

shaker in the dark.  

Sample preparation and analysis by GC/MS3.2.3.	

For each sample, the DCM fractions of the 3 extracts were combined and con-

centrated to 200 µL using rapid evaporation (Turbo Vap, Zymark Inc.)  followed by gentle 

evaporation under N2.  Half (100 µL) of the extract was reserved for derivatization with 
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diazomethane and subsequent analysis of degradation products, which is the focus of 

Chapter 3.  To the remaining 100 µL of the extract, 10 µL of 200 µM 2-naphthol (Sigma-

Aldrich) in dichloromethane (DCM) was added as an internal standard, and extracts were 

analyzed for aqueous DBT, along with DBT degradation products (Chapter 3), by GC/MS 

(Agilent 6890 in electron impact (EI) mode using splitless injection (300°C).  Separation 

of analytes was achieved on a DB-XLB column (30 m, 250 µm nominal diameter, 0.25 µm 

film thickness; J&W Scientific) using an oven temperature program (with a thermal gradi-

ent (100°C for 2 min, increase to 210°C over 15.7 min, hold at 210°C for 1 min, increase 

to 315°C over 4.2 min, hold at 315°C for 11 min) under constant pressure at 1 ml min-1 

flow.   Structures, identification support and references, and identifying ions used in GC/

MS analyses of DBT and DBT degradation products are presented in Table 3.1.  Referenc-

es to structure numbers in chapter text, tables and figures are presented in bold italics; 

e.g., “DBT (15).”
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Molecular ions were confirmed by either negative or positive chemical ioniza-

tion GC/MS using the conditions listed above for EI. Identification and concentration 

of DBT and several degradation products were determined using authentic standards: 

DBT sulfone (22) (Aldrich), benzothiophene-2,3-dione (9) (Ryan Scientific, Mt. Pleas-

ant, SC), thiosalicylic acid (7) (Aldrich, detected as a methyl ester after derivatization), 

dithiosalicylic acid ( 26) (Alfa Aesar, Ward Hill, MA, detected as a dimethyl ester after 

derivatization), and thioindigo (25) (TCI America, Portland, OR).  With the exceptions of 

two potential degradation products (14 and 27), all DBT degradation products were iden-

tified by comparison to an authentic standard, using spectral libraries (NIST Mass Spec-

tral Library, 2005), and/or by comparison to reference spectra from previously published 

research.  Where authentic standards were not available and spectral libraries were used 

for identification, degradation product spectra showed 91% or greater match to library 

spectra with the exception of 2-methylsulfinyl phenol (72% match; 4).  Concentration 

of 2,3-dihydroxybenzothiophene (11) was determined semi-quantitatively based on 

benzothiophene-2,3-dione (9). Amounts of all other products were reported as relative 

response of peak area for the appropriate quantification ion (see Table 3.1) compared to 

that of the internal standard 2-naphthol (8).   

Toxicity assay and dose-response experiments.3.2.4.	

Toxicity was assessed as inhibition of luminescence in the bioluminescent bacte-

rium Vibrio fischeri (also known as Photobacterium phosphoreum), strain NRRL B-11177 

(ATCC, Manassas, VA), using a method adapted from McConkey et al. (1997).  This assay 

was selected because of its ease of use and similarity to other toxicity tests that are 

increasingly used to screen soil and water (e.g., MicrotoxTM: Ocampo-Duque et al., 2008; 

Bulich et al., 1992), and that use the same or similar bacterial species.  Bacteria were 
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grown in Photobacterium broth (Fluka BioChemika, Buchs, Switzerland) at 15°C on an 

orbital shaker in the dark for three days.  Cells were centrifuged for 5 min at 5000 x g, 

the supernatant was removed and the cells were resuspended in chilled 2% w/v NaCl 

to an optical density of 0.82-0.86 at 600 nm. This bacterial suspension was added to a 

polystyrene 48-well plate (0.5 mL per well),the plate was incubated in the dark for 10 

min at 15°C, and luminescence was measured using a FLUOStar Optima plate reader 

(BMG LabTech, Durham, NC). Filtered aqueous supernatant (0.5 mL) collected from the 

degradation study flasks described above was adjusted to pH 7.5±0.1 with NaOH, added 

to the wells, incubated for 30 min, and luminescence was measured again.  In addition 

to experimental (non-inoculated) controls, all toxicity assays included a control dosed 

with artificial seawater media free of DBT. The toxicity of each sample and control was 

expressed as percent inhibition of luminescence, as previously described (McConkey et 

al. 1997; Equation 2.1).

The effect of concentration on toxicity to V. fischeri using the assay described 

above was explored for DBT and selected commercially-available DBT degradation prod-

ucts in the artificial seawater media at pH 7.5 over the following concentration ranges: 

DBT (15) 0-1.5 µM; benzoic acid (1) 0-10,000 µM; thiosalicylic acid (7) 0-10,000 µM; 

benzothiophene-2,3-dione (9) 0-1000 µM;  DBT sulfone (21) 0-20 µM;  thioindigo (25) 

0-10 µM; and dithiosalicylic acid (26) 0-1000 µM.  Concentration ranges were selected to 

include ranges observed in the degradation experiments, and, for DBT (15), DBT sulfone 

(21), thioindigo (25) were limited by apparent compound solubility limits.  

Statistical Analyses3.2.5.	

Statistical analyses, including analyses of variance (ANOVAs) and regression, were 

conducted using JMP 7.0 software (SAS, Inc., 2007).
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Results3.3.	

Identification of DBT degradation products3.3.1.	

Twenty-seven potential DBT degradation products were observed by GC/MS in 

the media of the microbial community consuming DBT as a sole carbon source (Table 

3.1, Figures 3.3-3.18).  In the text, tables and figures below, numbers in bold italics refer 

to compound structures and chromatographic peaks in Table 3.1 and Figures 3.3-3.18. 

These products were observed regardless of whether or not pH was maintained at 7.55. 

Of the observed products, 16 have been previously reported as products from bacterial 

degradation of DBT via angular dioxygenation in pure cultures (1, 21, 22; Figure 3.1) and 

lateral dioxygenation  (5, 6, 7, 9, 11, 12, 17, 19, 20, 25, 26, 28, 29; Figure 3.1) (Kodama et 

al., 1970; Kodama et al., 1973; Bohonos et al., 1977; Laborde and Gibson, 1977; Monti-

cello et al., 1985; Mormile and Atlas, 1988; Olson et al., 1993; van Afferden et al., 1993; 

Resnick and Gibson, 1996; Finkel’stein et al., 1997;  Kropp et al., 1997; Oldfield et al., 

1997; Frassinetti et al., 1998;  Lu et al., 1999; Meyer et al., 1999; Bressler and Fedorak, 

2001a; b; Seo et al., 2006).  Of these, 4 are formed through abiotic dimerization (Figure 

3.2). Thioindigo (25) is the dimerization product of 3-hydroxy-1-benzothiophene-2-

carbaldehyde (12) (Bressler and Fedorak, 2001a; b). Dithiosalicylic acid (26) is a known 

dimerization product of thiosalicylic acid (Bressler and Fedorak, 2001a; b). Thiosalicylic 

acid (7) and 2-mercaptophenylglyoxylate form 2-{[2-(carboxycarbonyl)phenyl]disulfa-

nyl}benzoic acid (28), and 2-mercaptophenylglyoxylate dimerizes with itself to form 

2,2’-(dithiodi-2,1-phenylene)bis(oxoacetic acid) (29) (Figure 3. 2) (Bressler and Fedorak, 

2001a; b). No products of biodesulfurization (e.g., 2-hydroxybiphenyl) were found.
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Figure 3.3  GC/MS total ion chromatograms of DCM extract, (a) without derivatization, and (b) with derivati-
zation with diazomethane, of media from a DBT-degrading microbial enrichment culture four days after 
inoculation and maintained at pH 7.5.  Separations were achieved using a DB-XLB column (30 m, 250 µm 
nominal diameter, 0.25 µm film thickness; J&W Scientific).  Numbers in bold italics refer to compound 
structures in Table 3.1.
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GC/MS total ion chromatograms of DCM extract, (a) without derivatization, Figure 3.3. 
and (b) with derivatization with diazomethane, of media from a DBT-degrading microbial 
enrichment culture four days after inoculation and maintained at pH 7.5.  Separations 
were achieved using a DB-XLB column (30 m, 250 µm nominal diameter, 0.25 µm film 
thickness; J&W Scientific).  Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.4.  Structures and electron impact mass spectra of (a) benzoic acid (1), as its methyl ester 
after derivatization with diazomethane, and (b) benzothiophene (2) detected in media of a microbial 
enrichment culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.5.  Structures and electron impact mass spectra of (a) benzisothiazole (3) and (b) 
2-methylsulfinyl phenol (4) detected in media of a microbial enrichment culture degrading 
DBT.  Numbers in bold italics refer to entries in Table 3.1.
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grading DBT.  Numbers in bold italics refer to entries in Table 3.1.



75

(29)

(100) (85)

0

10

20

30

40

50

60

70

80

90

100

60 80 100 120 140 160

Re
la
tiv

e 
In

te
ns

ity

m/z

2-hydroxybenzothiophene (5)

OHS

(22)

(100) (99)

0

10

20

30

40

50

60

70

80

90

100

60 80 100 120 140 160

Re
la
tiv

e 
In

te
ns

ity

m/z

3-hydroxybenzothiophene (6)

OH

S

Figure 3.6.  Structures and electron impact mass spectra of (a) 2-hydroxybenzothiophene (5) and 
(b) 3-hydroxybenzothiophene (6) detected in media of a microbial enrichment culture degrading 
DBT.  Numbers in bold italics refer to entries in Table 3.1.

a.

b.

[M+]
150

[M-CHO]
121

[M-C2OS]
78

[M+]
150

[M-CHO]
121

[M-C2OS]
78

Structures and electron impact mass spectra of (a) 2-hydroxybenzothio-Figure 3.6. 
phene (5) and (b) 3-hydroxybenzothiophene (6) detected in media of a microbial enrich-
ment culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.



76

Figure 3.7.  Structures and electron impact mass spectra of (a) thiosalicylic acid (7), as its 
methyl ester after derivatization with diazomethane, detected in media of a microbial enrich-
ment culture degrading DBT, and (b) 2-naphtholol (8), used as an internal standard in GC/MS 
analyses.  Numbers in bold italics refer to entries in Table 3.1.
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Structures and electron impact mass spectra of (a) thiosalicylic acid (Figure 3.7.  7), as 
its methyl ester after derivatization with diazomethane, detected in media of a microbial 
enrichment culture degrading DBT, and (b) 2-naphtholol (8), used as an internal standard 
in GC/MS analyses.  Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.8.  Structures and electron impact mass spectra of (a) benzothiophene-2,3-dione 
(9) and (b) 1,2-benzodithiol-3-one (10) detected in media of a microbial enrichment culture 
degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.

a.

b.

(48)

(100)

(5)

0

10

20

30

40

50

60

70

80

90

100

60 80 100 120 140 160

Re
la
tiv

e 
In

te
ns

ity

m/z

benzothiophene-2,3-dione (9)

O

OS

[M+]
164

[M-CO]
136

[M-C2O2]
108

96
(28)

(26) (27)

0

10

20

30

40

50

60

70

80

90

100

60 80 100 120 140 160 180

Re
la
tiv

e 
In

te
ns

ity

m/z

1,2-benzodithiol-3-one (10)

O

S
S

[M+]
168
(100)

[M-CO]
 140

[M-S2]
104
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one (9) and (b) 1,2-benzodithiol-3-one (10) detected in media of a microbial enrichment 
culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.9.  Structures and electron impact mass spectra of (a) benzothiophene-2,3-diol (11) 
and (b) 3-hydroxy-1-benzothiophene-2-carbaldehyde (12) detected in media of a microbial 
enrichment culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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(11) and (b) 3-hydroxy-1-benzothiophene-2-carbaldehyde (12) detected in media of a 
microbial enrichment culture degrading DBT.  Numbers in bold italics refer to entries in 
Table 3.1.
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Figure 3.10.  Structures and electron impact mass spectra of (a) benzothiophene-3-carboxylic 
acid (13) and (b) 3-hydroxybenzothiophe-2-one (14) detected in media of a microbial enrich-
ment culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Structures and electron impact mass spectra of (a) benzothiophene-3-Figure 3.10. 
carboxylic acid (13) and (b) 3-hydroxybenzothiophe-2-one (14) detected in media of a 
microbial enrichment culture degrading DBT.  Numbers in bold italics refer to entries in 
Table 3.1.
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Figure 3.11.  Structures and electron impact mass spectra of (a) DBT (15) and (b) 
benzothiophene-2,3-dicarbaldehyde (16) detected in media of a microbial enrichment culture 
degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Structures and electron impact mass spectra of (a) DBT (Figure 3.11.  15) and (b) benzo-
thiophene-2,3-dicarbaldehyde (16) detected in media of a microbial enrichment culture 
degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.12.  Structures and electron impact mass spectra of (a) benzothiophene-2,3-
dicarboxylic acid, detected as its dimethyl ester after derivatization with diazomethane 
(17) and (b) benzothieno[2,3-c]furan-1,3-dione (18) detected in media of a microbial 
enrichment culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Structures and electron impact mass spectra of (a) benzothiophene-2,3-Figure 3.12. 
dicarboxylic acid, detected as its dimethyl ester after derivatization with diazomethane 
(17) and (b) benzothieno[2,3-c]furan-1,3-dione (18) detected in media of a microbial 
enrichment culture degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.13.  Structures and electron impact mass spectra of benzothienopyranones 
(19, 20) detected at (a) 21.78 min and (b) 22.12 min by GC/MS in media of a microbial 
enrichment culture degrading DBT.  Specific structure assignments for spectra cannot 
be determined.  Numbers in bold italics refer to entries in Table 3.1.
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Structures and electron impact mass spectra of benzothienopyranones Figure 3.13. 
(19, 20) detected at (a) 21.78 min and (b) 22.12 min by GC/MS in media of a microbial 
enrichment culture degrading DBT.  Specific structure assignments for spectra cannot be 
determined.  Numbers in bold italics refer to entries in Table 3.1.
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dibenzothiophene sulfoxide (22) detected in media of a microbial enrichment culture 
degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Structures and electron impact mass spectra of (a) DBT sulfone (Figure 3.14.  21) and 
(b) dibenzothiophene sulfoxide (22) detected in media of a microbial enrichment culture 
degrading DBT.  Numbers in bold italics refer to entries in Table 3.1.
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Figure 15.  Structures and electron impact mass spectra of dithiosalicylides (23, 24) detected at (a) 
24.10 min and (b) 25.06 in media of a microbial enrichment culture degrading DBT.  Specific structure 
assignments cannot be determined for these spectra.
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Structures and electron impact mass spectra of dithiosalicylides (Figure 3.15.  23, 24) 
detected at (a) 24.10 min and (b) 25.06 min in media of a microbial enrichment culture 
degrading DBT.  Specific structure assignments cannot be determined for these spectra.  
Numbers in bold italics refer to entries in Table 3.1.
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Figure 3.16.  Structures and electron impact mass spectra of (a) thioindigo (25) and (b) 
dithiosalicylic acid (26), as its dimethyl ester after derivatization with diazomethane, detected 
in media of a microbial enrichment culture degrading DBT.  Numbers in bold italics refer to 
entries in Table 3.1.
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Structures and electron impact mass spectra of (a) thioindigo (Figure 3.16.  25) and 
(b) dithiosalicylic acid (26), as its dimethyl ester after derivatization with diazomethane, 
detected in media of a microbial enrichment culture degrading DBT.  Numbers in bold 
italics refer to entries in Table 3.1.
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Figure 3.17.  Structures and electron impact mass spectra of (a) 2-{[2-
(carboxycarbonyl)phenyl]disulfanyl}benzoic acid dimethyl ester (28) and (b) 
2-{[2-2,2’-(disulfanediyldibenzene-2,1-diyl)bis(oxoacetic acid) dimethyl ester (29) detected after 
derivatization with diazomethane in media of a microbial enrichment culture degrading DBT.  
Numbers in bold italics refer to entries in Table 3.1.

[M+]
362

[M-C8H7O2S]
195

  

[M-C10H10O4S]
  136

[M-C9H7O3S]
  167

(36)

(49)

(100)

(3)
0

10

20

30

40

50

60

70

80

90

100

60 100 140 180 220 260 300 340 380

Re
la

tiv
e 

In
te

ns
ity

m/z

2,2’-(disulfanediyldibenzene-2,1-diyl)bis(oxoacetic acid),
dimethyl ester (29)

O

O

O

S

O

O

O

S

[M+]
390

[M-C9H7O3S]
195

[M-C11H10O5S]
  136

[M-C12H10O6S]
          108
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(carboxycarbonyl)phenyl]disulfanyl}benzoic acid dimethyl ester (28) and (b) 2-{[2-2,2’-
(disulfanediyldibenzene-2,1-diyl)bis(oxoacetic acid) dimethyl ester (29) detected after 
derivatization with diazomethane in media of a microbial enrichment culture degrading 
DBT.  Numbers in bold italics refer to entries in Table 3.1.



87

108
(10)

120
(12) 139

(6)
152
(8)

(28)

(71)

(8)

(100)

0

10

20

30

40

50

60

70

80

90

100

60 80 100 120 140 160 180 200 220 240 260 280 300

Re
la

tiv
e 

In
te

ns
ity

m/z

Unknown M+ 284 (27)

DBT fragmentation pattern

C15H8O4S

plausible 
structure: O

S

O
O

O

Figure 3.18.  Structures and electron impact mass spectra of  an unknown compound (27) with a 
molecular ion at 284 m/z detected in media of a microbial enrichment culture degrading DBT.  A 
possible molecular formula and structure are postulated from the spectrum.  Numbers in bold 
italics refer to entries in Table 3.1.
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Structure and electron impact mass spectra of  an unknown compound Figure 3.18. 
(27) with a molecular ion at 284 m/z detected in media of a microbial enrichment cul-
ture degrading DBT.  A possible molecular formula and structure are postulated from the 
spectrum.  Numbers in bold italics refer to entries in Table 3.1.

For some of the remaining compounds, clues to their formation can be derived 

from previously published literature.  For example, 2-methylsulfinyl phenol (4; identified 

by 72% match to NIST spectral library), although not previously reported as a DBT degra-

dation product, is the sulfur analog of 2-hydroxyacetophenone, a product formed during 

the degradation via angular dioxygenation of dibenzofuran, an analog of DBT (Harms et 

al., 1995; Gai et al., 2007).  Benzothiophene-3-carboxylic acid (13) has been found as a 

degradation product of benzothiophene (2) (Eaton and Nitterauer, 1994), also observed 

in this study.   2-hydroxybenzothiophene (5) likely formed from 2,3-dihydroxybenzothi-

ophene (11), as has been reported for its isomer 3-hydroxybenzothiophene (6).  Benzo-

thieno-1,3-furandione (18) may have formed biotically or abiotically as an anhydride of 
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benzothiophene-2,3-dicarboxylic acid (17) (Reinecke et al., 1981).  The dithiosalicylide 

isomers (23, 24), observed at trace levels, are possible dimerization products of thiosali-

cylic acid (7) (Fanning et al., 1972).  Benzothiophene-2,3-dicarbaldehyde (16) has been 

reported as a DBT photoproduct (Bobinger et al., 1999).  The presence of this compound 

in the current study may indicate a previously unreported bacterial degradation product, 

or it may have formed inadvertently during sample processing even though care was 

taken to minimize exposure of the samples to light to prevent its formation by DBT pho-

tooxidation.   With the exception of 2-methylsulfinylphenol (4), the above products likely 

formed via the lateral dioxygenation pathway (Figure 3.2).  

The formation of benzothiophene (2), benzisothiazole (3) and 1,2-benzodithiol-3-

one (10) are not readily explained.  In organic syntheses, 1,2-benzodithiol-3-one (10) can 

be formed from thiosalicylic acid (7) in several steps under controlled conditions (e.g., 

H2SO4, thioacetic acid) (McKibben and McClelland, 1923; Iyer et al., 1990), but it is not 

clear how an analogous reaction could occur under the conditions of the current study.  

A pathway leading to benzisothiazole (3) is not apparent, but this compound may have 

formed through reactions of other DBT products with inorganic nitrogen supplied as a 

nutrient in the media.

Spectra of two potential products, 14 and 27, could not be matched to known 

compounds. Product 14 gave a molecular ion of 166 m/z in both electron impact and 

negative chemical ionization mass spectrometry.  Fragments observed in EI mode in-

clude (1) 150 m/z (1% relative abundance), indicating a loss of –O; (2) 136 m/z (18%) 

from loss of –CH2O, (3) 120 m/z (100%) from loss of –OCH2O; and (4) 108 m/z (17%) 

indicating a loss of –C2H2O2 (Figure 3.10).  The molecular mass and spectrum are con-

sistent with a molecular formula of C8H6O2S, and the structure of 3-hydroxybenzothio-

phen-2-one, the proposed identity for peak 14.  Computational chemistry predictions 
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indicate that, in DCM or in water at any pH, this compound is the dominant tautomer of 

2,3-dihydroxybenzothiophene (10) (Finkel’stein et al., 1997); (Carreira), a known lateral 

dioxygenation DBT product observed in the culture.  Product 27 yielded a molecular ion 

of 284 m/z (100%), with EI fragments of 255 m/z (8%), 228 m/z (71%), 227 m/z (71%), 

184 m/z (28%), 152 m/z (8%) and 139 m/z (6%) (Figure 3.18).  The first three fragments 

indicate losses of –CHO, -C2O2 and –C2HO2.  The latter three fragments (184 m/z, 152 

m/z, 139 m/z) are indicative of the fragmentation pattern of DBT (15) (Figure 3.11), sug-

gesting that this product contains a DBT skeleton.  A molecular formula consistent with 

the molecular mass and fragmentation pattern is C18H8O4S.  Based on these results, one 

possible structure for product 27 is benzothieno[2,3-h][1,5]benzodioxepine-2,3(4H)-di-

one (Table 3.1, Figure 3.18).  Because the sulfur is not oxidized, this product would most 

likely have formed via the lateral dioxygenation pathway (Figure 3.2), however, exactly 

how this product may have resulted is not clear.  Because of the number of DBT products 

observed, several of which were observed at very low levels, further results focus on a 

subset of these products.

Toxicity of DBT and selected degradation products to 3.3.2.	 V. 
fischeri

Dose-response effects of DBT and selected degradation products benzoic acid 

(1), thiosalicylic acid (7), benzothiophene-2,3-dione (9), DBT sulfone (21), thioindigo (25) 

and dithiosalicylic acid (26) on toxicity to V. fischeri are presented in Figure 3.19.  Tox-

icity was measured as inhibition of luminescence in the bacteria.  This assay, which is 

similar to commercial assays used to screen water, soil, and sediments (e.g., MicrotoxTM: 

Ocampo-Duque et al., 2008; Bulich et al., 1992),  provides a general indication of toxicity 

as an overall affect on the organism’s metabolism, and does not provide information on 
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specific toxic mechanisms.  DBT elicited clear toxic effects at 1.0 – 1.5 µM, indicating that 

DBT contributed to toxicity observed in the DBT degradation experiments during times 

when aqueous DBT fell within this range ( see Figure 3.20b below).  These time periods 

included the first few days of the DBT degradation experiments, and, for the experiment 

without control, at 14-20 d.  Concentrations above 1.5 µM exceeded DBT solubility limit 

in the artificial seawater and were not evaluated, although higher concentrations were 

observed in inoculated flasks (Figure3.20b) possibly due to the presence of lipids from 

bacteria that may have enhanced apparent DBT solubility.  DBT sulfone (21) produced no 

toxicity in V. fischeri at any concentration tested.  All other compounds tested showed no 

toxic effect over concentration ranges observed in the degradation studies, suggesting 

that they did not contribute to toxicity observed during DBT degradation.  Because all 

compounds were tested individually, these results do not reflect any mixture effects on 

toxicity that may have played a role in toxicity observed during DBT degradation (pre-

sented below). 
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Figure 3.19  Dose-response effect of DBT (15) and selected DBT degradation 
products in artificial seawater media on toxicity measured as inhibition of 
luminescence in Vibrio fischeri.  Error bars are standard deviations of three 
replicates. Numbers in bold italics in parentheses refer to compound structures 
in Table 3.1.  Concentration ranges in parentheses are the ranges observed in 
the degradation studies.   Note that percent inhibition of luminescence from 
exposure to DBT sulfone (21) was at or near zero at all concentrations tested.

Dose-response effect of DBT (Figure 3.19.  15) and selected DBT degradation products 
in artificial seawater media on toxicity measured as inhibition of luminescence in Vibrio 
fischeri.  Error bars are standard deviations of three replicates. Numbers in bold italics in 
parentheses refer to compound structures in Table 3.1.  Concentration ranges in paren-
theses are the ranges observed in the degradation studies.   Note that percent inhibition 
of luminescence from exposure to DBT sulfone (21) was at or near zero at all concentra-
tions tested.

Trends in toxicity during DBT degradation3.3.3.	

Changes in toxicity over time by the microbial community with and without 

maintenance of pH at 7.55 are shown in Figure 3.20a.  Regardless of pH treatment, 

toxicity rose dramatically during the first few days after inoculation (Figure 3.20a) from 
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approximately 21% inhibition of luminescence at day 0 (representing the toxicity attrib-

utable to DBT at solubility) to 51% and 62% inhibition of luminescence at day 4 with and 

without pH control, respectively.  Under pH control, toxicity values steadily decreased 

after 4 d to 22% inhibition of luminescence by the end of the experiment.  Without pH 

control, toxicity also decreased after 4 d until 8 d when values rose again to 42% at 12-14 

d, after which time values fell to 25%.  Final toxicity values were not statistically differ-

ent from initial values for both pH treatments.  Because aqueous DBT concentrations 

decreased during the first few days under both pH treatments, the increase in toxicity 

observed at this time was likely due to one or more degradation products.  Aqueous DBT 

was not detectable beyond 10 d when pH was controlled, hence the residual toxicity was 

likely attributable to degradation products.  When pH was not controlled, the presence 

of aqueous DBT after about 8 d, along with degradation products, likely contributed 

to toxicity at this time.  At no time in either experiment was toxicity reduced below 

initial values.  In uninoculated flasks, average inhibition of luminescence ranged from 

16.9±0.7% to 22.9±2.7% during the study and was not significantly different between pH 

treatments (data not shown).

 Trends in DBT and degradation products3.3.4.	

Trends in aqueous DBT and its degradation products over time by the microbial 

community with and without maintaining pH at 7.55 are shown in Figures 3.20 and 3.21.  

Initial aqueous DBT concentrations, determined by GC/MS, were 1.55 µM and 1.34 µM 

in treatments with and without pH control, respectively.  These values were not statisti-

cally different. 
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Figure 3.20.  Trends by day after inoculation in (a) toxicity, (b) aqueous DBT (15), (c) DBT sulfone (21), (d) 
2-hydroxybenzothiophene (5), (e) 3-hydroxybenzothiophene (6), (f) benzothiophene-2,3-dione (9) and (g) 
2,3-dihydroxybenzothiophene (11) in media of a DBT-degrading culture under conditions with and without pH 
control.  Toxicity is measured as inhibition of luminescence in Vibrio fischeri.  Relative responses were deter-
mined using 2-naphthol (8) as an internal standard.  Numbers in bold italics refer to entries in Table 3.1.
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Trends by day after inoculation in (a) toxicity, (b) aqueous DBT (Figure 3.20.  15), (c) 
DBT sulfone (21), (d) 2-hydroxybenzothiophene (5), (e) 3-hydroxybenzothiophene (6), 
(f) benzothiophene-2,3-dione (9) and (g) 2,3-dihydroxybenzothiophene (11) in media 
of a DBT-degrading culture under conditions with and without pH control.  Toxicity is 
measured as inhibition of luminescence in Vibrio fischeri.  Relative responses were de-
termined using 2-naphthol (8) as an internal standard.  Numbers in bold italics refer to 
entries in Table 3.1.
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Figure 3.21.  Trends by day after inoculation in (a) DBT sulfoxide (22), (b) 3-hydroxy-1-benzothiophene-2-
carbaldehyde (12), (c) 3-hydroxybenzothiophen-2-one (14), (d) benzothiophene-3-carboxylic acid (13), (e) thiosali-
cylic acid (7), (f) dithiosalicylic acid (26) and (g) thioindigo (25) in media of a DBT-degrading culture under conditions 
with and without pH control.  Relative responses were determined using 2-naphthol (8) as an internal standard.  
Numbers in bold italics refer to entries in Table 3.1.
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Trends by day after inoculation in (a) DBT sulfoxide (Figure 3.21.  22), (b) 3-hydroxy-
1-benzothiophene-2-carbaldehyde (12), (c) 3-hydroxybenzothiophen-2-one (14), (d) 
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 In both pH treatments, aqueous DBT was rapidly depleted to trace levels.  With 

pH control, aqueous DBT levels fell below detection from 10 d through the end of the 

experiment.  However, when pH was not controlled, aqueous DBT concentrations in-

creased after 6 d to 2.37 µM at 14 d and remained high until the end of the experiment.  

These results indicate that DBT degradation was impaired, apparently because of the 

pH decrease to 4.22 by 10 d (see Chapter 2, Figure 2.3).   This drop in pH was likely due 

to acidifying bacterial processes, including several DBT degradation steps such as ring 

cleavage and dehydrogenation of DBT dihydrodiols (Kodama et a., 1973) (see Chapter 1, 

Figure 1.1).  

Trends in DBT sulfone (21) and DBT sulfoxide (22), products of the angular dioxy-

genation pathway, were similar for a given pH treatment, however they differed be-

tween pH treatments (Figures 3.20c and 3.21a).  When pH was controlled, DBT sulfoxide 

(22) and DBT sulfone (21) levels increased to a maximum at 2 and 4 d, respectively, after 

which time these products decreased to below detection by 10 d.  Without pH control, 

these compounds were present at low levels but increased rapidly from 6 through 14 d, 

following a trend similar to that of aqueous DBT and indicating impairment of the angu-

lar dioxygenation pathway.  

Monitored products from the lateral dioxygenation pathway included 2- and 

3-hydroxybenzothiophenes (5 and 6), benzothiophene-2,3-dione (9), 2,3-dihydroxyben-

zothiophene (11), 3-hydroxy-1-benzothiophene-2-carbaldehyde (12), benzothiophene-

3-carboxylic acid (12), 3-hydroxybenzothiophene-2-one (14) and thiosalicylic acid (7) 

(Figures 3.20 and 3.21).  Of these, benzothiophene-2,3-dione (9), 2,3-dihydroxybenzothi-

ophene (11), 3-hyroxybenzothiophen-2-one (14) and 3-hydroxy-1-benzothiophene-2-car-

baldehyde (12) were present above trace levels by the end of the experiments. Benzothi-

ophene-2,3-dione (9) followed a similar trend in both pH treatments: the concentration 
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of this product increased to 0.79 µM by 6 d, and, with the exception of a slight spike at 

14 d when pH was not controlled, concentration decreased thereafter to approximately 

0.27 µM. When pH was controlled, 2,3-dihydroxybenzothiophene (11) and 3-hydroxy-

benzothiophen-2-one (14) followed trends similar to that of benzothiophene-2,3-dione 

(9), reaching maximum levels (1.76 µM for 2,3-dihydroxybenzothiophene (11)) by 4-6 d 

and reducing to a residual level (e.g.,  0.48 µM for 2,3-dihydroxybenzothiophene (11) by 

32 d (Figures 3.20 and 3.21).  3-hydroxy-1-benzothiophene-2-carbaldehyde (12), howev-

er, did not reach maximum concentration until 32 d.  When pH was not controlled, these 

three compounds (11, 12, 14) generally increased until 10-14 d, decreasing thereafter.  

Under pH control, the monohydroxybenzothiophenes (5, 6), thiosalicylic acid (7) and 

benzothiophene-3-carboxylic acid (13) concentrations peaked around 4 d, decreasing 

to trace levels or below by 10-14 d.  Without pH control, little thiosalicylic acid (7) was 

observed only in the early days of the experiment, while monohydroxybenzothiophenes 

(5, 6) and benzothiophene-3-carboxylic acid (13) levels tended to peak between 6 and 

14 d (depending on the compound) but never reaching maximum levels observed under 

pH control.     

Some of the lateral dioxygenation products (6, 11, 14; Figures 3.20 and 3.21) 

reached maximum levels at a later time in the experiment when pH was not controlled 

than when pH was controlled, suggesting that the lateral dioxygenation pathway may 

have proceeded more slowly without pH control than with pH control.  With regard 

to toxicity, several products in this pathway, including benzothiophene-2,3-dione (9),  

mono- and dihydroxybenzothiophenes (5, 6, 11), 3-hydroxybenzothiophen-2-one (14), 

thiosalicylic acid (7) and benzothiophene-3-carboxylic acid (13), may have contributed 

to the increased toxicity observed early in the degradation experiments, although 

thiosalicylic acid (7) and benzothiophene-2,3-dione (9) were not toxic to V. fischeri when 

present as the sole degradation product at concentrations observed in the degradation 
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experiments (Figure 3.19).  However, of the lateral dioxygenation products, only benzo-

thiophene-2,3-dione (9), 2,3-dihydroxybenzopthiophene (11) and 3-hydroxybenzothio-

phen-2-one (14) were present above trace levels at the end of the experiments, making 

them candidates for compounds contributing to residual toxicity.

Two dimerization products, thioindigo (25) and dithiosalicylic acid (26) were 

monitored during DBT biodegradation (Figure 3.21g and f, respectively).  Dithiosalicylic 

acid (26) was not observed when pH was not controlled.  This was not surprising since 

the product (26) is a dimer of thiosalicylic acid (7), which was only briefly present at low 

levels under this condition.  When pH was controlled, dithiosalicylic acid (26) followed a 

trend similar to that of thiosalicylic acid (7) (Figures 3.21f and e, respectively), reaching a 

maximum concentration of 0.2 µM at 4 d, and becoming non-detectable by 24 d.  Under 

pH controlled conditions, thioindigo (25) reached maximum concentration (0.53 µM) at 

6 d, becoming non-detectable by 32 d (Figure 3.21g).  Without pH control, concentra-

tion of thioindigo (25) did not reach maximum level (0.21 µM) until 10 d.  Although the 

trends in the concentrations of these dimerization products suggest both thioindigo (25) 

and dithiosalicylic acid (26) may have contributed to toxicity observed in the early days 

of the experiments, results from dose-response experiments did not indicate that either 

compound (when present individually) was toxic to V. fischeri at concentrations relevant 

to those observed in the degradation studies.   This does not rule out their possible con-

tribution through mixture effects, however, as discussed below.

Discussion3.4.	

Known DBT bacterial degradation pathways (Figure 3.1) include (1) the angular 

dioxygenation pathway, which begins by two consecutive oxygenations at the sulfur 
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atom followed by cleavage of the S-C bond and subsequent cleavage of one of the aro-

matic rings (van Afferden et al., 1993); (2) lateral dioxygenation, in which an aromatic 

ring is deoxygenated followed by ring cleavage (Kodama et al., 1973; Laborde and Gib-

son, 1977;  Bressler and Fedorak, 2000; Bressler and Fedorak, 2001b); and (3) biodesul-

furization, which, after oxygenations at sulfur, cleaves both C-S bonds removing sulfite 

from the structure (Gray et al., 1996).  Angular dioxygenation is also a major degradation 

pathway for similar PAHs, including dibenzofuran, carbazole and fluorene (Fortnagel et 

al., 1990; Grifoll et al., 1994; Resnick and Gibson, 1996; Bressler and Fedorak, 2000).  

Lateral dioxygenation has been observed for many PAHs (Bressler and Fedorak, 2000).  

Among PAHs, biodesulfurization is specific for condensed thiophenes.  Degradation 

products observed in the current study, including DBT sulfoxide (22) and DBT sulfone 

(21), indicated that the angular dioxygenation pathway was active in the DBT degrading 

microbial community.  Likewise, identification of mono- and dihydroxybenzothiophenes 

(5, 6, 11), benzothiophene-2,3-dione (9), 3-hydroxy-1-benzothiophene-2-carbaldehyde 

(12) and other products signified that the lateral dioxygenation pathway was also op-

erating.  No clear evidence of biodesulfurization, such as presence of hydroxybiphenyl 

or biphenyl, was observed in this study.  However, these products may not have been 

observed if they were degraded at least as rapidly as they were formed, and so it is not 

possible to dismiss the activity of the biodesulfurization pathway.  

The taxa comprising the DBT-degrading community include Vitellibacter, Plancto-

mycetaceae, Chromatiales, Pseudomonas, Bacillus, Kordiimonas, Rhizobiales-like species 

Rhodospirillaceae-like species, and other Alphproteobacteria species (see Chapter 2, 

Figure 2.1).  Previous research has identified Isolates from some of these taxa that can 

degrade DBT to different extents, which may provide insight as to the roles the taxa in 

this community may play.  Pseudomonas isolates have been shown to degrade DBT along 

the lateral dioxygenation pathway (Yamada et al., 1968; Kodama et al., 1970; Kodama et 



99

al., 1973; Monticello et al., 1985; Mormile and Atlas, 1988; Resnick and Gibson, 1996; 

Bianchi et al., 1997; Bressler and Fedorak, 2001b) forming DBT dihydrodiols, 3-hydroxy-

1-benzothiophene-2-carbaldehyde (12), benzothiophene-2,3dione (9), thiosalicylic 

acid (7),   Some Pseudomonas strains can oxidize DBT at the sulfur atom, yielding DBT 

sulfoxide (22) and sulfone (21) (Resnick and Gibson, 1996;  Kropp et al., 1997), as well 

as perform biodesulfurization (van Afferden et al., 1993).  In the Rhizobiales, a Rhizo-

bium meliloti strain and Xanthobacter polyaromaticivorans 127W have been shown to 

degrade DBT via lateral dioxygenation as well as oxidize sulfur (Frassinetti et al., 1998; 

Hirano et al., 2004).  Several other Alphaproteobacteria strains have been shown to 

degrade DBT.  Other Alphaproteobacteria known to degrade DBT, such as Sphingomonas 

strains (Laborde and Gibson, 1977; Cerniglia et al., 1979; Bunz and Cook, 1993; Gibson, 

1999; Lu et al., 1999; Nadalig et al., 2002; Gray et al., 2003; van Herwijnen et al., 2003), 

do not appear closely related to species in the microbial community based on 16S 

rRNA gene phylogeny (see Chapter 2, Figure 2.1). Among Bacilli, the only DBT degrada-

tion pathway observed has been biodesulfurization in B. subtilis WU-S2B (Kirimura et 

al., 2004).  These findings support roles in lateral and angular dioxygenation of DBT by 

Pseudomonas, Rhizobiales-like, and Bacillus strains in the microbial community, however 

it is not possible to specifically assign degradation steps to bacterial taxa from the results 

of these experiments.  This would require, for example, demonstration of DBT degrada-

tion or the discovery of DBT degradation genes in isolates from the community, neither 

of which were achieved (see Chapter 2).   DBT degradation has not been demonstrated 

in Vitellibacter, Planctomycetaceae, Chromatiales, Rhodospirillales, or Kordiimonas, so 

their roles in the mixed community are unclear.

The effects of pH produced complex shifts in DBT degradation pathways.  With-

out pH control, DBT degradation was inhibited as pH dropped to 4.2 (see Chapter 2, Fig-

ure 2.3).  More specifically, declining pH appeared to inhibit angular dioxygenation after 
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oxidation of sulfur and prior to ring cleavage, based on the increasing concentrations of 

both DBT sulfone (21) and sulfoxide (22) in the media when pH was not controlled (Fig-

ures 3.20 and 3.21).  This is consistent with the concept that DBT dihydrodiol dehydroge-

nation and ring cleavage steps in PAH degradation are often acidifying (e.g., Kodama et 

al., 1973), and it is possible that these steps would be inhibited at low pH.  The effect of 

pH on the lateral dioxygenation pathway is less clear.  Low pH altered degradation along 

the lateral dioxygenation pathway compared to degradation under pH 7.55 conditions, 

shifting  relative proportions of degradation products and delaying maximum concentra-

tions of several lateral dioxygenation products including 2,3-dihydroxybenzothiophene 

(11), 3-hydroxybenzothiophene (6), and 3-hydroxybenzothiophen-2-one (14) (Figures 

3.20 and 3.21).  The lateral dioxygenation pathway may have been slowed by decreasing 

pH since total DBT remained relatively constant after about 8 d (see Chapter 2, Figure 

2.3), however this pathway was not entirely inhibited since several degradation products 

continued to form and/or dissipate beyond this time. 

 Ionization of several DBT degradation products can change over the pH range 

observed in the degradation experiments, including those with carboxylic acid groups: 

benzoic acid (1, pKa 4.15; Vandenbelt et al., 1954); thiosalicylic acid (7; pKa 3.45, Diebler 

et al., 1984); benzothiophene carboxylic acid (13, pKa 3.34-4.03, Schuetz and Nilles, 

1971); benzothiophene-2,3-dicarboxylic acid (17, predicted pKa1 2.5 and pKa2 3.88; SPARC 

Online Calculator( Carreira)); dithiosalicylic acid (26, predicted pKa1 3.8 and pKa2 4.43; 

SPARC Online Calculator(Carreira)), and the dimers 27 (predicted pKa1 3.41 and pKa2 

4.23; SPARC Online Calculator (Carreira)) and 29 (predicted pKa1 3.2 and pKa2 3.81; SPARC 

Online Calculator (Carreira)).   At pH 7.55, carboxylic acid groups would be deprotonated 

for all of these compounds.  At the most acidic pH observed in the experiment without 

pH control (pH 4.2),  carboxylic acid compounds with pKa ≤ 3.2 (17, 29) would be at least 

90% protonated.  For the other acidic compounds with higher pKas (1, 7, 13, 26, 27, 29), 
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the ionized species would comprise a larger proportion (>10%, depending on pKa) of 

the total species (protonated and ionized) for a given compound.  Since speciation af-

fects both chemical and biochemical behavior, it may have contributed to differences in 

trends of acidic compounds in the two degradation experiments.  For example, carboxy-

lates are more soluble in water than their protonated counterparts, and are more likely 

to form complexes with metals and to undergo intramolecular hydrogen bonding there-

by changing molecular structure and electronic distribution.  Compound speciation may 

also affect enzyme-substrate complex formation and enzymatic reactions, which could 

subsequently affect degradation processes.  However, the effects of compound specia-

tion on enzyme-substrate complexes have not been explored in bacterial DBT degrada-

tion enzymes. 

No published study has tracked as many DBT degradation products during degra-

dation as the current study.  These previous studies have focused on either pure cultures 

or incompletely defined microbial communities, and the products most often monitored 

include DBT sulfone (21), DBT sulfoxide (22), 3-hydroxy-1-benzothiophene-2-carbalde-

hyde (12), and benzothiophene-2,3-dione (9).  The kinetics of DBT disappearance and 

product formation has been shown to vary considerably, even among different strains of 

the same genus (e.g., Pseudomonas, (Kropp et al., 1997).  Among three Pseudomonas 

strains in pure culture, Kropp et al. (1997) found that DBT sulfone (21) and DBT sulfox-

ide (22) accumulated, while 3-hydroxy-1-carbaldehyde (12) accumulated with or with-

out then dissipating depending on the strain.  The net trends observed by Kropp et al. 

(1997) for these products in strain BT1 were generally similar to those observed in the 

mixed microbial community when pH was not controlled. However, Kropp et al. (1997) 

observed only trace amounts of benzothiophene-2,3-dione (9) for all strains, while the 

dione was a prominent product in the current study under both pH treatments. Kropp et 

al. (1997) did not monitor or adjust pH during degradation experiments, so it is difficult 
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to assess whether or not pH affect the trends observed in the degradation products in 

that study.  In addition to pH conditions, other factors could be responsible for the differ-

ences in biodegradation between the current study and the study by Kropp et al. (1997) 

and similar studies, including differing metabolic capabilities of microbial species, differ-

ing growth conditions or optimal growth requirements of the cultures, and the possibil-

ity of synergistic or antagonistic effects between taxa in the mixed culture that is not a 

factor in pure cultures.  Kinetics of biodegradation may also differ under environmental 

conditions, such as in a soil remediation scenario.  In this case, additional factors such as 

the presence of additional contaminants (e.g., other PAHs, toxic metals) or a solid sur-

face (i.e., soil) that could affect microbial growth as well as sorption of contaminants or 

degradation products.  For example, in soil spiked with heterocyclic PAHs including DBT, 

DBT sulfoxide (22) was not observed until after 25 d, peaked near 80 d, and dissipated 

thereafter (Meyer et al., 1999).

DBT itself was clearly toxic to V. fischeri at 1.0-1.5 µM, which is consistent with 

previous studies that have shown DBT (present as a sole toxicant) to be toxic to V. fisch-

eri (Seymour et al., 1997), Daphnia magna (Seymour et al., 1997), Oryzias latipes (Rho-

des et al., 2005), and Danio rerio (Incardona et al., 2004). The research presented here 

suggested that some DBT products were also likely to have been toxic to V. fischeri based 

on the observations that toxicity dramatically increased in the first few days after inocu-

lation, regardless of pH control, and that a significant level of toxicity remained at the 

end of the experiment under pH control even though no aqueous DBT was present (Fig-

ure 3.20).  Based on dose-response effects on toxicity to V. fischeri for the degradation 

products that were commercially available (Figure 3.19), DBT sulfone (21), benzoic acid 

(1), thiosalicylic acid (7), benzothiophene-2,3-dione (9), thioindigo (25) and dithiosalicyl-

ic acid (26) were not highly toxic by themselves, although mixture effects (e.g., antago-

nistic or synergistic effects) on toxicity between one or more compounds were possible.  
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The finding that DBT sulfone (21) and benzothiophene-2,3-dione (9) were not toxic to 

V. fischeri at concentrations observed in the degradation experiments was consistent 

with previous research (Seymour et al., 1997).  Seymour et al. (1997) observed relatively 

low toxicity to V. fischeri for benzothiophene-2,3-dione (9) (IC50 670 µM) compared 

to DBT (IC50 0.87 µM).  DBT sulfoxide (22) (IC50 10 µM), while not as toxic as DBT, was 

more toxic than the dione (9), and so could have contributed to toxicity in the current 

study.  Thiosalicylic acid (7) has not shown high oral acute toxicity to mice (LD50 1250 

mg kg-1 day-1; Shafer and Bowles, 1985), and toxicity of this compound (7) and its dimer, 

dithiosalicylic acid (26), to human and murine kidney cells is relatively low (LC50 > 1000 

µM; Park et al., 2007) with respect to levels observed in this study.  Dithiosalicylides 

(e.g., 23, 24) and other disulfides have also been shown to elicit oxidative damage to rat 

erythrocytes in vitro (Munday, 1985).  Thioindigo (25) has shown low oral acute toxic-

ity to rats (LC50 4170 mg kg-1; Vasilenko et al., 1985).  None of the degradation products 

discussed so far in this paragraph have been shown to be mutagenic.  No toxicological 

information is available for the other DBT degradation products observed in this study, 

however, since several of these compounds (e.g., hydroxybenzothiophenes (5, 6), 3-hy-

droxy-1-benzothiophene-2-carbaldehyde (12)) were primary degradation products often 

showing trends similar to that of toxicity in V. fischeri, their potential toxicity cannot be 

discounted.  Because of the complex chemical nature of the post-biodegradation solu-

tion during DBT degradation, it is likely that the observed toxicity was a result of multiple 

compounds.  The elevated toxicity during degradation and the residual toxicity following 

degradation suggest that, in a remediation scenario, additional steps would be required 

to reduce risk from contaminants.  Such post-biodegradation treatments could include 

chemical and/or photolytic oxidation to further degrade residual toxic compounds.



104

Conclusion3.5.	

This study demonstrated that DBT degradation by a mixed bacterial culture with 

and without maintaining pH at 7.55 involves multiple degradation pathways forming a 

more complex suite of degradation products than has been reported for single-strain 

cultures.   Of the 27 potential degradation products observed, nine have not been previ-

ously reported in bacterial DBT degradation.  DBT itself was toxic to bioluminescent 

bacteria, but toxicity more than doubled during DBT degradation and was never reduced 

below initial levels regardless of pH treatment, indicating that some degradation prod-

ucts were toxic.  Several degradation products exhibited trends similar to that of toxic-

ity, complicating identification of specific toxic products.  However, toxicity could not 

be attributed to any commercially available degradation product.  These findings imply 

that bioremediation of a contaminated site could, at least transiently, increase hazard at 

the site, warranting steps to monitor and control transport of degradation products in 

addition to parent contaminants.  Given that the toxicity assay used in this study does 

not provide information on toxic mechanisms and that these degradation products could 

potentially occur in environmental systems, additional investigation into toxic effects on 

other organisms would be needed to better understand hazard associated with DBT deg-

radation.  These findings also support investigation of remediation strategies combining 

biodegradation with additional steps, such as post-biodegradation UV treatments that is 

the focus of Chapter 5, to reduce residual degradation products and ameliorate toxicity.
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conventional and alternative ap-Chapter 4.	
proaches in the analysis bacterial popula-
tions by SYBR-Green qPCR 

Introduction4.1.	

SYBR-Green based quantitative polymerase chain reaction (qPCR) has been dem-

onstrated to be a powerful and sensitive technique for quantifying target genes, with a 

wide range of applications.  Within the context of microbial ecology it shows promise 

not only for quantification of functional genes (e.g., those involved with pollutant deg-

radation), but also to distinguish and monitor target taxonomic groups within microbial 

communities, such as by quantifying specific bacterial 16S rRNA genes.  Investigations 

of populations within microbial communities have used culture-independent molecu-

lar techniques based on detection of 16S rRNA gene sequences including denaturing 

gradient gel electrophoresis (DGGE: Duarte et al., 2001; Vinas et al., 2005), terminal 

restriction fragment length polymorphism characterization (T-RFLP: Liu et al., 1997), and 

fluorescent in-situ hybridization (FISH: Castle et al., 2006).  Although DGGE and T-RFLP 

techniques are valuable qualitative techniques, they are less useful for quantification. 

FISH, although quantitative, relies on probes that may be difficult and expensive to de-

sign, may require flow cytometry or analysis of large numbers of images, and is not eas-

ily adapted to monitor more than a few targets at a time. The more recently developed 

SYBR-Green qPCR technique offers distinct advantages over other molecular techniques:  

it is a fairly rapid assay not reliant on gel preparation, expensive probes or hybridization, 

and it has the potential to be more reliably quantitative than the other techniques. 

Application of qPCR to study complexity and dynamics of multiple populations in 

microbial communities, particularly within environmental matrices, is fairly recent. Smits 
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et al. (2004) applied qPCR to monitor three closely-related bacterial strains involved in 

chloroethene degradation in anaerobic digesters and enrichment cultures. Fierer et al. 

(2005) used qPCR to quantify rRNA gene copy numbers of total Bacteria and Eucarya as 

well as selected major taxonomic groups within these domains in soil samples. Singleton 

et al. (2006, 2007) combined stable isotope probing with qPCR to follow the dynamics of 

pyrene degraders in a bioreactor containing a slurry of PAH-contaminated soil. 

QPCR is still evolving as a quantitative technique, particularly in its application 

to the study of microbial ecology, and fundamental questions remain as to the optimal 

approach for processing qPCR fluorescence data for quantification. The conventional 

approach, typically used by software running qPCR platforms, relies on a diagnostic 

point on the amplification curve at which the fluorescence crosses a threshold value 

for a given assay (Kubista et al., 2006; Rebrikov and Trofimov, 2006).  The reaction cycle 

number where this occurs is often termed the “cycle threshold” (Ct).  Since SYBR-Green 

fluorescence represents the amount of double-stranded DNA in a sample, all samples 

theoretically contain the same amount of PCR product DNA at their Ct values.  Ct values 

from standards of known gene copy number are plotted against log(copy number) to 

obtain a standard curve from which samples for that assay can be quantified.  Reaction 

efficiency, which refers to how many copies are produced in each cycle, can be calculat-

ed from the standard curve using Equation 4.1 (Pfaffl, 2001), where s = the slope of the 

standard curve (log (copy numbers) cycle-1). 

� 

Efficiency = 10
−1

s( )
	  (4.1)
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One efficiency is calculated for the assay and it is assumed to be constant for 

all standards and samples. The Ct approach therefore assumes that all standards and 

samples follow the same reaction kinetics for a given assay (Kubista et al., 2006).

The assumptions of the Ct approach have been challenged in several studies 

showing that samples and standards can vary in reaction efficiencies and kinetics for 

a given assay (Labrenz et al., 2004; Guescini et al., 2008; Rutledge and Stewart, 2008), 

calling into question its reliability for quantitation. A variety of alternative approaches 

for analyzing qPCR data based on modeling of individual amplification curves have been 

developed (Rebrikov and Trofimov, 2006; Spiess et al., 2008). These approaches can be 

separated into two categories: those that use a diagnostic point and those based on 

prediction of initial target fluorescence.  A diagnostic point is a value that can be deter-

mined from fitting a model to each amplification curve and used, like the Ct value, for 

quantification according to a standard curve. Example diagnostic points include the am-

plification curve first and second derivative maxima (Luu-The et al., 2005; Rebrikov and 

Trofimov, 2006; Spiess et al., 2008).  The second derivative maximum is often selected 

because it occurs in the exponential phase of the reaction when change in fluorescence 

signal is detectable and reaction efficiency is not decreasing rapidly (Tichopad et al., 

2003; Luu-The et al., 2005).  Use of these diagnostic points may provide more accurate 

quantitation than Ct values because they are determined sample-by-sample and are not 

based on a single threshold value for all samples in the assay.  Prediction of initial target 

fluorescence, which is the portion of fluorescence at the start of amplification that can 

be attributed to the target, offers the advantage of being free from both Cts and the 

use of target-specific standard curves. Initial target fluorescence predicted from model 

fitting can be used to calculate target DNA concentration using a conversion factor that 

relates SYBR-Green fluorescence to a known DNA amount (Rutledge, 2004; Rutledge 

and Stewart, 2008), as SYBR-Green fluorescence is theoretically proportional to double-
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stranded DNA concentration.  This factor can be determined using samples with known 

DNA quantities.  Subsequently, gene copy number can be calculated using the size and 

sequence of the target gene.  

Several models have been explored to derive either diagnostic points or initial 

fluorescence  (Tichopad et al., 2003; Rutledge, 2004;  Rebrikov and Trofimov, 2006; 

Spiess et al., 2008).  These include fitting the amplification curve to a sigmoidal function 

with four parameters, as in Equation 4.2 (Rutledge, 2004; Rutledge and Stewart, 2008) 

or five parameters, as in Equation 4.3 (Spiess et al., 2008).

  

� 

Fx = c +
d

(1+ 

( b( x−e)) 	  (4.2)
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Here, Fx is fluorescence, x is cycle number, b and e describe slope, c and d are 

asymptotic minimum fluorescence and asymptotic maximum fluorescence, respectively, 

and f accounts for curve asymmetry.  The 4-parameter curve in Equation 4.2 assumes 

that the amplification curve is symmetrical (i.e., f = 1). Allowing for asymmetry in the 

amplification curve (f ≠ 1) in the 5-parameter model (Equation 4.3) resulted in improved 
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fitting, as well as more accurate DNA quantitation compared to the 4-parameter model 

(Spiess et al., 2008).

Sigmoidal models of qPCR data have primarily been applied to monitoring func-

tional genes by reverse-transcriptase qPCR. They have not yet been evaluated for quan-

tifying 16S rRNA gene targets in genomic DNA, as in the study of microbial populations 

in mixed microbial communities.  Differences in DNA sources (e.g., cDNA, genomic DNA, 

cloned DNA) may also affect the performance of these alternative approaches to analyz-

ing qPCR data, but this has not been previously evaluated. 

Questions also remain as to how to best quantify total 16S rRNA gene copy 

numbers in mixed microbial communities.  A common approach to obtaining total 16S 

copy numbers is by amplification using universal primers that target the 16S rRNA gene 

in all bacteria in the community.  However, universal primers do not always amplify with 

the same kinetics for all bacteria (e.g., Smits et al., 2004), which is contrary to the as-

sumptions of the conventional Ct approach.  The Ct approach relies on a standard curve, 

which is typically a dilution series of the cloned DNA target. The selection of which target 

to use as a standard is therefore problematic, since the presence of other targets ampli-

fying at different rates in the mixed sample will lead to errors in quantitation. Solutions 

to this problem have not been thoroughly explored.  For example, quantitation by pre-

dicted initial fluorescence, as described above, could theoretically eliminate this problem 

since factors converting SYBR-Green fluorescence to DNA amount are not dependent on 

amplification kinetics, but this approach has not yet been evaluated for this purpose. 

  The objectives of this study were to (1) evaluate conventional (i.e., Ct)  and 

alternative qPCR data analysis approaches using the 5-parameter log-logistic sigmoidal 

model (Equation 4.3), for the quantitation of mixed microbial communities, using syn-

thetic mixtures of known composition, (2) to compare these alternative approaches to 
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quantitation as applied to two DNA sources (i.e., DNA from clones containing bacterial 

16S rRNA gene inserts or genomic DNA extracted from the isolates), and to targets pres-

ent singly and in mixtures, (3) to explore how calculated reaction kinetics, particularly 

efficiencies, vary with approach, primer, target DNA quantity, and presence of non-target 

DNA, and (4) to evaluate quantitation of total 16S rRNA gene copy numbers in a mixed 

community by the Ct and alternative approaches with and without the use of a universal 

primer.

Materials and methods4.2.	

Bacterial cell culture and genomic DNA stock preparation. 4.2.1.	

Three bacterial strains were isolated from an enrichment culture growing on 

dibenzothiophene as sole carbon source in artificial seawater media (22.22 g L-1 Instant 

OceanTM) at pH 7.5 supplemented with 1 g L-1 NH4NO3, 0.2 g L-1 K2HPO4 and 0.05 g L-1 

FeCl3
.6H2O (adapted from Chang et al., 2000 and Kasai et al., 2002) as part of a study on 

polycyclic aromatic hydrocarbon biodegradation.  Isolates were obtained by selective 

subculturing on solid media (liquid artificial seawater media, 12 g L-1 agar, 5 g L-1 glucose, 

5 g L-1 yeast extract, 5 g L-1 peptone). Isolate cultures were harvested near the late expo-

nential growth phase (3-5 days) and cells were pelleted by centrifugation and washed 

and resuspended in sterile artificial seawater for preparation of genomic DNA stocks. 

Resuspended cells were counted under a microscope using a Petroff-Hausser counting 

chamber (Hausser Scientific, Horsham PA) and 1 mL stocks of 109 cells mL-1 were pre-

pared for each isolate.  Genomic DNA was extracted from cell stocks using Qiagen 100/G 

Genomic-tips.  Final DNA stocks were resuspended in 1 mL 10 mM TRIS buffer (pH 7.5) 

to have a final concentration of genomic DNA from 109 cells mL-1.  
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Cloning, PCR and Sequencing.  4.2.2.	

For taxonomic identification of isolates and preparation of 16S rRNA gene clones, 

DNA was extracted from pelleted isolate cells (5 mL) by bead-beating (UltraClean Soil 

DNA Extraction Kit, MoBio Laboratories, Solana Beach, CA). 16S rRNA gene sequences 

were amplified using universal primers fD1 (AGAGTTTGATCCTGGCTCAG, Escherichia coli 

positions 8 to 27) and rP2 (ACGGCTACCTTGTTACGACTT, positions 1513 to 1494; Weis-

burg et al., 1991) (MWG Biotech, Huntsville, AL).  PCR products were used to prepare 

16S rRNA gene clones for each isolate using the StrataClone PCR cloning kit (Stratagene, 

La Jolla, CA), and both the PCR products from the isolates along with the 16S rRNA gene 

inserts from the clones were sequenced on an automated sequencer (Model 3730, 

Applied Biosystems, Foster City, CA) using the BigDye Terminator kit (v. 3.1).  Proofread 

sequences were screened for chimeras using Chimera Check program (v. 2.7, Ribosomal 

Database Program (RDP: Cole et al., 2005)).  Taxonomic groups were assigned to se-

quences using the RDP-X Classifier program (Cole et al., 2007).  Isolates were classified 

as Pseudomonas (Gammaproteobacteria), Vitellibacter (Flavobacteria), and Martelella 

(Alphaproteobacteria, class Rhizobiales).  For preparation of clone DNA stocks, clones 

of each isolate were grown overnight, cells were pelleted by centrifuging, and plasmids 

were recovered using the QiaPrep Plasmid Midi-prep kit (Qiagen).  Stock DNA concentra-

tion was determined using PicoGreen according to the manufacturer’s instructions (Invit-

rogen, Carlsbad, CA).
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Preparation of DNA mixes, clone single isolate DNA, and 4.2.3.	
genomic single isolate samples.

Twenty-one mixtures with varying amounts of each of the three isolate DNA 

sources were prepared for both the clone and genomic DNA stocks (giving a total of 42 

mixtures). Each isolate was present at final concentrations of 103, 105 or 107 16S rRNA 

gene copies per qPCR reaction (for clone DNA) or DNA from 103, 105 or 107 cells per 

qPCR reaction (for genomic DNA).  Composition of the 21 mixtures is provided in Table 

4.1. Clone and genomic single isolate DNA samples were prepared in 10 mM TRIS buffer 

for each isolate from the corresponding DNA stocks as 10-fold serial dilutions from 108 to 

103 16S rRNA gene copies per qPCR reaction (for clone DNA) or DNA from 108 to 103 cells 

per qPCR reaction (for genomic DNA) (Table 4.1).
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Composition of DNA mixtures analyzed by qPCR.Table 4.1. Table 4.1.  Composition of DNA mixtures analyzed by qPCR.

Mixture Pseudomonas Martelella Vitellibacter Sum

1 7 7 7 7.4771
2 7 7 5 7.3032
3 7 7 3 7 3011

 --------------------log(quantity) per reaction a ---------------------

3 7 7 3 7.3011
4 7 5 7 7.3032
5 7 5 5 7.0086
6 7 5 3 7.0044
7 7 3 7 7.3011
8 7 3 5 7.0044
9 7 3 3 7 00019 7 3 3 7.0001

10 5 7 7 7.3032
11 5 7 5 7.0086
12 5 7 3 7.0044
13 5 5 7 7.0086
14 5 5 5 5.4771
15 5 3 7 7 004415 5 3 7 7.0044
16 3 7 7 7.3011
17 3 7 5 7.0044
18 3 7 3 7.0001
19 3 5 7 7.0044
20 3 3 7 7.0001
21 3 3 3 3 477121 3 3 3 3.4771

a For clone DNA, quantities are number of 16S rRNA gene copies per 
reaction; for genomic DNA, quantities are number of cells from which 
DNA was extracted per reaction.

 

Primer design and qPCR assays.  4.2.4.	

Three isolate-specific primer sets and one universal primer set targeting 16S 

rRNA gene sequences were designed using Primrose 2.15 (Ashelford et al., 2002) based 

on the isolate 16S rRNA gene sequences (Table 4.2).
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Isolate-specific primers were selected to have more than two mismatches between 

target and non-target sequences, to have similar melting temperatures for each primer 

in a set, to have minimal likelihood for secondary structure or dimer formation, and to 

amplify less than 500 bp. The universal reverse primer was modified from previously 

published primer rP2 (Weisburg et al. 1991) to more precisely match the sequences in 

the current study.  All other primers used in qPCR were developed for this research, and 

were 19-24 base pairs long with melting temperatures of 57-60° C.  Target amplicons 

were 118-346 base pairs long (Table 4.2). SYBR Green-based qPCR was performed on a 

Stratagene MP3000 (Stratagene, La Jolla, CA) using iTaq SYBR Green Supermix with ROX 

(BioRad, Hercules, CA) according to manufacturer’s instructions with primer-specific an-

nealing temperatures (Table 4.2).  Primer specificity was checked in qPCR assays includ-

ing meltcurve analyses comparing target and non-target clone and isolate (genomic) 

DNA.  For all qPCR assays, standard curves (clone DNA dilution series) and no-template 

controls were included, and all standards, samples and no-template controls were ana-

lyzed in triplicate.  

Modeling and data analysis  4.2.5.	

Preliminary investigations indicated that normalization and background correc-

tion improved the consistency of qPCR assays. Background correction was performed 

using the adaptive baseline algorithm in the Stratagene MxPro software and sample-

specific selection of beginning and ending cycles for baseline determination to avoid 

background subtraction errors.  

This study compared data analysis by the conventional Ct approach included in 

the MxPro software to analysis using the 5-parameter sigmoidal model (Equation 4.3).  A 

summary of all data fitting approaches evaluated in detail is provided in Table 4.3. 
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For analysis by the Ct approach, a threshold fluorescence was calculated by the 

MxPro software and cycle thresholds (Ct values) for all standards and samples were 

determined where amplification curve fluorescence equaled the threshold fluorescence. 

The reaction efficiency for the Ct approach was calculated from the linear regression line 

of the log(gene copy number) and Ct data for the template standards (Equation 4.1).

The 5-parameter sigmoidal model (Equation 4.3), was fit to fluorescence data 

using the qpcR package (Ritz and Spiess, 2008; Spiess et al., 2008) in R language (R 

Development Team, 2008), which calculated model parameters as well as first and 

second derivative maxima, efficiencies and initial fluorescence. The model was ap-

plied in three ways depicted in Figure 4.1: (1) to data from all cycles of the amplifica-

tion curve (“Full”), (2) to a subset of qPCR cycles determined to give the lowest residual 

variance in fitting (sliding window, or “Swin”), and (3) to a subset of qPCR cycles within 

a fixed window (6 cycles below second derivative maximum to 11 cycles above first 

derivative maximum) to minimize the influence of early and late plateau stages on 

fitting (fixed window, or “Fwin”).  For Swin, the set of cycles used was the subset of 

the data providing the lowest residual variance, as determined using the qpcR pack-

age’s “pcropt1” function. The window size for Swin varied from 15 to 40 cycles.  The 

criteria for window selection for Fwin, an approach designed as part of this research, 

were determined through preliminary investigations to determine the most consistent 

quantitative results across sample replicates for windows that included both first and 

second derivative maxima, resulting in Fwin window sizes ranging from 19 to 22 cycles. 
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Figure 4.1.  Representative qPCR amplification curve indicating threshold fluorescence used 
to determine cycle threshold (Ct) in conventional data analysis, diagnostic points (Ct and 
second derivative maximum) used for gene copy number quantification, first derivative 
maximum predicted by five-parameter sigmoidal fitting, and the ranges of cycles included in 
Full, Swin and Fwin sigmoidal fits.  The range of cycles included in Swin is variable and deter-
mined by statistical criteria (see Methods for details).

threshold fluorescence
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maximum
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Full
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Representative qPCR amplification curve indicating threshold fluorescence Figure 4.1. 
used to determine cycle threshold (Ct) in conventional data analysis, diagnostic points 
(Ct and second derivative maximum) used for gene copy number quantification, first 
derivative maximum predicted by five-parameter sigmoidal fitting, and the ranges of 
cycles included in Full, Swin and Fwin sigmoidal fits.  The range of cycles included in Swin 
is variable and determined by statistical criteria (see Methods for details).

The amplification efficiency of any given cycle was calculated using:

  

� 

E =
Fx

F( x−1) 		 (4.4)

where E is efficiency, F is fluorescence and x is cycle number.  For comparative purposes, 

the efficiency in the 5-parameter sigmoidal fitting approaches was calculated where x = 

second derivative maximum. 
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For each of the data fitting approaches described above (Full, Swin and Fwin) 

gene copy numbers were quantified in two ways: using the second derivative maxi-

mum (calculated from model fitting) as a diagnostic point,  and using the predicted 

initial fluorescence values calculated using the 5-parameter model (Eqn. 4.3) and fitted 

parameters. Quantitation using the second derivative maximum was achieved using a 

calibration curve constructed from second derivative maxima. Quantitation using ini-

tial fluorescence relies on the linear relationship between fluorescence and amount of 

double-stranded DNA (Rutledge, 2004).  Predicted initial fluorescence from standards 

containing a known amount of DNA was used to calculate a fluorescence conversion fac-

tor (CF) according to Rutledge (Rutledge, 2004):

� 

CF =
F0

M 0  		  (4.5)

where F0 is the predicted initial fluorescence and M0 is the mass of target DNA initially 

present in the reaction.  CFs were determined separately for Full, Swin and Fwin fits for 

isolate-specific and universal qPCR assays of clone single isolate DNA.  DNA quantities 

were calculated using Equation 4.5 above and the appropriate CF. 16S rRNA gene copy 

number was subsequently calculated based on the size of the corresponding template. 

Analyses of variance (ANOVAs) and regression used in statistical analyses were conduct-

ed using JMP 7.0 software (SAS Inc., 2007). 
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Calculation of 16S rRNA gene cell copy number.  4.2.6.	

The 16S rRNA gene copy numbers per cell were determined using qPCR assays of 

genomic isolate DNA amplified with isolate-specific primers.  Estimates were calculated 

for each data analysis approach as:

� 

copy number=
16S rRNA gene copies measured

number of cells in reaction  	 (4.6)

Results4.3.	

QPCR reaction kinetics differed depending on DNA source (clone and genomic, 

mixtures and isolates) for all primers evaluated.  Amplification of clone single and 

mixed DNA samples and most genomic isolate DNA samples yielded amplification 

curves conforming to the expected sigmoidal shape (Figure 4.2).  This was not always 

the case for genomic mixed DNA, which often showed drift in the fluorescence sig-

nal in ground and especially plateau stages of the reaction (Figure 4.2).  Similar drift 

was observed by Rutledge and Stewart (Rutledge and Stewart, 2008).  The cause of 

this deviation from expected qPCR reaction kinetics may be related to the quantity 

and/or complexity of the mixed genomic DNA compared to the other DNA sources. 
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Figure 4.2.  Example QPCR amplification curves for clone and genomic Pseudomonas (single 
isolate) and mixed DNA amplified with isolate-specific primer PSU.  For the Pseudomonas 
clone DNA curves, which served as standards, numbers associated with curves indicate copy 
number per qPCR reaction.  Mixed DNA in this example contained 105, 107 and 107 16S rRNA 
gene copies/reaction (clone DNA) or  DNA from 105, 107 and 107 cells/reaction (genomic 
DNA) from Pseudomonas, Martelella, and Vitellibacter isolates, respectively.  Genomic 
Pseudomonas DNA contained DNA from 105 Pseudomonas cells/reaction.  Relative fluores-
cence is the background-corrected SYBR-Green fluorescence normalized to the passive dye 
ROX.

Example QPCR amplification curves for clone and genomic Figure 4.2.  Pseudomo-
nas (single isolate) and mixed DNA amplified with isolate-specific primer PSU.  For the 
Pseudomonas clone DNA curves, which served as standards, numbers associated with 
curves indicate copy number per qPCR reaction.  Mixed DNA in this example contained 
105, 107 and 107 16S rRNA gene copies/reaction (clone DNA) or  DNA from 105, 107 and 
107 cells/reaction (genomic DNA) from Pseudomonas, Martelella, and Vitellibacter iso-
lates, respectively.  Genomic Pseudomonas DNA contained DNA from 105 Pseudomonas 
cells/reaction.  Relative fluorescence is the background-corrected SYBR-Green fluores-
cence normalized to the passive dye ROX.

Calculated efficiencies4.3.1.	

QPCR reaction efficiency is known to depend largely on concentrations of reac-

tion components and the characteristics of the polymerase (Arezi et al., 2003; Wolffs et 

al., 2004).  Efficiency changes during the course of the reaction, with initially high values 

that rapidly decline thereafter (Liu and Saint, 2002b). As noted, efficiencies were calcu-
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lated based on the slope of the associated standard curve for the Ct approach (Equation 

4.1) and at the second derivative maximum for all sigmoidal fitting approaches (Equa-

tion 4.4). Consistent efficiencies are desirable in part because this enables application of 

standard curves to different mixture combinations. When all samples (including all mix-

ture combinations) were considered together, average efficiencies, shown in Figure 4.3, 

were significantly affected by primer (PSU, RZB, VIT and UNI; p<0.001), fitting approach 

(Fwin, Swin, Full and Ct; p<0.001), DNA source (clone isolate, clone mixed, genomic 

isolate, and genomic mixed; p<0.05).  An efficiency of 2.0 represents 100% efficiency in 

the PCR reaction, indicating a doubling of amplified DNA each cycle.  For isolate-specific 

assays, efficiencies calculated from the Ct approach ranged from 1.87-2.02 and showed 

the following trend: RZB < PSU ≈ UNI < VIT.  Reasons why efficiencies for some primers 

were lower than efficiencies for others are not apparent, but may be reflective of dif-

ferences in effects of reagents and thermocycling conditions on the different assays.  

For many samples, efficiencies calculated using sigmoidal fitting approaches were at or 

above 2, particularly for efficiencies of genomic mixed DNA calculated by the Full ap-

proach.  While trends in these efficiencies varied with fitting approach, RZB efficiencies 

were consistently lowest.  

Variability of calculated efficiencies was markedly affected by fitting approach for 

some primer-DNA source combinations.  Although some variability in efficiency may be 

expected across samples amplified with the same primer, high variability can indicate 

either problems with the qPCR reaction itself (e.g., presence of PCR inhibitors, poor 

technique in preparing qPCR preparations, interference from non-target DNA, or dete-

riorated or contaminated samples or reagents) or with the ability of the fitting approach 

to fit all amplification curves well.  The Full approach applied to genomic DNA mixtures 

yielded the widest range of efficiencies as indicated by the associated large error bars 

(standard deviations) in Figure 4.3.  
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Across individual samples for all targets, efficiencies calculated by the Full approach 

(which are averaged by target in Figure 4.3) ranged from 1.52 to 7.93.  Similar results 

were observed for some genomic isolate DNA amplified with PSU, RZB and UNI primers.  

Because amplification curves for genomic mixed DNA often showed drift in 

plateau stages causing curve shapes to differ from the expected sigmoidal shape (Figure 

4.2), the wide range in efficiencies for the Full approach likely indicated poor fitting by 

this approach and was not a reliable indication of actual amplification efficiency.  Clone 

mixed DNA fit with the Full approach showed a smaller range in efficiencies across all in-

dividual samples (1.78-2.64; data is averaged by target in Figure 4.3) with much less vari-

ability than in genomic DNA sources, suggesting that the ability of the Full approach to 

fit amplification curves is dependent on DNA source.  Fwin and Swin approaches, which 

use truncated data sets that do not include the early and late plateau stages of the reac-

tion, predicted efficiencies with less variability for a given target indicating better fitting 

than with the Full approach. 

The Fwin and Swin approaches yielded more consistent efficiencies across the 

four DNA sources for each primer than did the Full approach (Figure 4.3), which is desir-

able in selecting an approach that relies on cloned DNA to quantify genomic DNA.  For 

example, the Fwin and Swin approaches showed no significant differences (p<0.05) 

among efficiencies from different DNA sources for the PSU and UNI primers although 

this was not the case with RZB and VIT primers. The Full fit clone isolate DNA efficien-

cies were significantly different from the genomic mixed DNA efficiencies for all primers, 

and from genomic isolate DNA for PSU and RZB primers (p<0.05).  However, clone isolate 

DNA efficiencies were not significantly different from clone mixed DNA for all primers 

and fitting approaches.  These results demonstrate that DNA sources generally affect 

calculated efficiencies, indicating that qPCR reaction kinetics differ with DNA sources. 
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This violates the assumption of the Ct approach that all samples amplify with the same 

efficiency as standards (typically clone isolate DNA) for a given primer.

Cell copy numbers of 16S rRNA gene4.3.2.	

The accuracy of the different fitting approaches for quantifying target DNA was 

evaluated by calculating the absolute value of the percent error in calculated log copy 

number (log copy number error) according to Equation 4.7:  

Log copy number error = 
calculated log copies expected log copies

expected log copies
 

       

(4.7)

While the clone standard copy numbers were known, an estimate of gene copy 

numbers per cell (Table 4.4) for each isolate was required to calculate log copy number 

error in the genomic DNA samples (Equation 4.7).  Cell copy number estimates were 

determined for each isolate-fitting approach combination.  For sigmoidal approaches, 

16S rRNA gene copy numbers were determined using a diagnostic point (second deriva-

tive maximum) instead of predicted initial fluorescence because predicted initial fluores-

cence was found to be highly error-prone, as described below.  Calculated cell copy num-

bers of the 16S rRNA gene were from 6.54 to 12.80, which was within ranges reported 

for bacteria (e.g., 1-15 copies cell-1 (Rainey et al., 1996; Klappenbach et al., 2000).
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Cell copy numbers of 16S rRNA genes based on amplification of isolate Table 4.4. 
genomic DNA with isolate-specific primers, estimated  by the Ct approach or sigmoidal 
fitting with second derivative maxima as a diagnostic point.

Table 4.4.  Cell copy numbers of 16S rRNA genes based on 
amplification of isolate genomic DNA with isolate-specific 
primers, estimated  by the Ct approach or sigmoidal fitting 
with second derivative maxima as a diagnostic point

Fit Organism

Ct Pseudomonas 9.68 ± 0.35
Martelella 7.67 ± 1.05

Estimated Cell Copies

with second derivative maxima as a diagnostic point.

Vitellibacter 7.30 ± 1.05

Full Pseudomonas 12.80 ± 0.94
Martelella 10.17 ± 1.01
Vitellibacter 7.81 ± 1.02

S i P d 9 26 0 72Swin Pseudomonas 9.26 ± 0.72
Martelella 11.60 ± 0.90
Vitellibacter 7.76 ± 0.77

Fwin Pseudomonas 10.98 ± 0.46
Martelella 11.95 ± 0.91
Vitellibacter 6 54 ± 0 91Vitellibacter 6.54 ± 0.91

Quantitation with isolate-specific primers4.3.3.	

The log copy number errors calculated for the isolate-specific primers, evaluated 

for clone and genomic mixtures (listed in Table 4.1) and for genomic isolate DNA, are 

presented in Figure 4.4.  This log-based approach was used because of the exponential 

nature of the qPCR method. Errors in terms of non-log numbers can be calculated from 

the log copy number errors and the expected copy numbers. To give an indication of 

the magnitude of the non-log errors, note that a log copy number error of ± 10% with 

expected 10^3 copies/L reflects an error of  -50 to +100%, while when 10^7 copies/L is 

expected, the error is -80 to +401%.  For the sigmoidal fitting approaches, quantitation 

based on initial fluorescence predictions consistently yielded greater errors than quan-

titation based on the second derivative maxima for all isolate-specific primers and DNA 

sources.
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Figure 4.4.  Log copy number error for clone (a) and genomic (b and c) DNA sources amplified 
with isolate-specific primers and analyzed with Ct, Full, Swin and Fwin using diagonistic points 
(cycle threshold for Ct, second derivative maxima for all others) or initial fluorescence (Full, 
Swin and Fwin only).  Log copy number error was calculated by Equation 4.6.
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amplified with isolate-specific primers and analyzed with Ct, Full, Swin and Fwin using 
diagonistic points (cycle threshold for Ct, second derivative maxima for all others) or 
initial fluorescence (Full, Swin and Fwin only).  Log copy number error was calculated by 
Equation 4.6.
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 This finding was most apparent for RZB targets in genomic DNA sources, where log 

copy number errors from quantitation by initial fluorescence were 71.7% and 96.2% for 

mixed and isolate samples, respectively, compared to 6.33% and 3.25%, respectively, 

from quantitation by diagnostic point. Because quantitation based on initial fluorescence 

predictions yielded relatively high errors, further comparisons for isolate-specific assays 

focused on the Ct and diagnostic point approaches. 

Log copy number errors ranged from 1.43% to 16.8% for the diagnostic point ap-

proaches (Ct and sigmoidal fitting; Figure 4.4).  With the exception of the Fwin approach 

applied to samples amplified with the PSU primer, combinations of primer and fitting 

approaches showed statistically significant (p < 0.05) log copy number errors across DNA 

sources, with the smallest errors observed for the clone mixed DNA.  Greater errors 

observed with genomic DNA may be due to interference of non-target DNA in the qPCR 

reaction.  When Ct and diagnostic point approaches were compared for both clone and 

genomic DNA amplified with isolate-specific primers, log copy number errors from the 

Ct approach were greater than any of the sigmoidal fitting-diagnostic point approaches, 

however this trend was only significant (p<0.05) for genomic mixed DNA.

  

Quantitation with universal primer4.3.4.	

Quantifying total 16S rRNA gene copy numbers in mixed samples is used as a 

measurement of the entire bacterial population, and is needed where individual popu-

lations are expressed as a fraction of a total population. However, qPCR quantitation 

of mixed populations using the UNI primer presents unique challenges for approaches 

that rely on a standard curve (e.g., the Ct and sigmoidal fit-diagnostic point approaches).  

With three different templates in the mixtures, there were three different UNI standard 



129

curves that could be applied to qPCR data, yielding three different calculated total 16S 

rRNA gene copy numbers for each fitting approach.  Using any one isolate’s standard 

curve to quantify total 16S rRNA gene copy numbers for the other isolates assumes that 

all the isolates amplify with the same kinetics, which is not necessarily the case (e.g., 

Smits et al., 2004), as observed in the above comparisons of efficiencies (Figure 4.3).  

Several ways to determine total 16S rRNA gene copy numbers for the clone and 

genomic mixtures were evaluated: (1) by each isolate’s UNI standard curve, (2) as an 

average of the three values calculated from the three UNI standard curves, (3) as the 

sum of the copy numbers quantified with isolate-specific primers (i.e., not reliant on a 

UNI primer), and (4) by predicted initial fluorescence (sigmoidal fits only) (Figure 4.5). 

A weighted average approach was also evaluated, in which the contribution of the total 

16S rRNA gene copy numbers from any one isolate’s standard curve was proportioned 

by the fraction that isolate theoretically comprised in the mixture (data not shown).  

However, this approach was not a significant improvement over the unweighted average 

approach for the mixtures considered in this study, and in any event required a-priori 

knowledge of the mixture contents.

Log copy number errors were generally lower for clone mixed DNA than for 

genomic mixed DNA for a given fit-total copy number calculation combination, with the 

consistent exception of quantitation by the VIT standard curve for all four fitting ap-

proaches (Figure 4.5). The most striking differences between clone and genomic mixed 

DNA were found for quantitation by initial fluorescence.  For the genomic mixed DNA, 

the log copy number errors were 7.91%, 16.7% and 30.8% for Fwin, Swin and Full fits, 

respectively, compared to 5.74%, 6.44% and 8.36% for the same fits of the clone mixed 

DNA.  These results corroborate the finding above for the isolate-specific primers (Figure 
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4.4) that initial fluorescence predictions yielded higher errors than the diagnostic point 

approaches, particularly for genomic DNA.   

For clone mixed DNA, total gene copy quantitation by the sum of the copy num-

bers quantified with isolate-specific primers provided the lowest error (1.66%-1.85%) 

(Figure 4.5). This was also generally true for the Full, Swin, and Fwin approaches for the 

genomic mixed DNA, although use of the Rhizobiales standard curve yielded similar error 

for the Swin and Fwin approaches. The single case where the sum of the isolates yielded 

significantly higher log copy number error (7.18%) than any other approach to quantify 

total 16S rRNA gene copy numbers occurred with the Ct approach applied to the genom-

ic mixed DNA, for which quantitation by VIT standard curve resulted in the lowest log 

copy number error (3.59%).  These results suggest that, in mixtures for which taxonomic 

groups are quantifiable by isolate-specific primers, total 16S rRNA gene copy number 

is most accurately obtained by summing copy numbers of each group determined by 

group-specific primers; however, such well-defined populations may be uncommon in 

environmental samples. 

Other options for total 16S rRNA gene copy number quantitation include using a 

single standard curve based on one of the taxonomic groups (i.e., dilution series of clone 

DNA containing the 16S insert of the taxonomic group) or an average of the copy num-

bers determined using the standard curves of all known taxonomic groups in the mix-

ture.  Of these options, quantitation using an average of values obtained by the standard 

curves may present less bias.  In this study, log copy number error ranged from 4.09%-

6.23% in clone mixed isolate DNA and 4.93%-6.57% in genomic mixed DNA, depending 

on the fitting approach used (Figure 4.5).  
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Log copy number error for clone (a) and genomic (b) mixed DNA amplified Figure 4.5. 
with universal primer and analyzed with the Ct, Full, Swin and Fwin approaches.  Total 
gene copies are calculated as the sum of gene copies of isolates in the mixture deter-
mined with isolate-specific primers (Sum of isolates), based on Pseudomonas, Martelella 
or Vitellibacter standard curves,  as an average of values obtained by the standard 
curves, and by initial fluorescence (Full, Swin and Fwin fits only).  Log copy number error 
was calculated by Equation 4.7. 
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For genomic mixed DNA, log copy number error for quantitation by average 

of standard curve values was not significantly different across Fwin, Swin, Ct and Full 

approaches. For clone mixed DNA, log copy number errors for quantitation using the 

average of standard curve values were significantly lower (p<0.05) for Fwin and Ct than 

Swin, while values for Full were not significantly different from other fitting approaches.  

Based on these results, use of the average of standard curve values to determine total 

16S rRNA gene copy numbers is recommended as a reasonable approach when summing 

copy numbers from all taxonomic groups in the community is not feasible. 

Asymmetry parameter 4.3.5.	 f 

The 5-parameter sigmoidal model used in this study incorporates a parameter 

(f) to account for asymmetry in the qPCR curve (see Figure 4.6).  When all other model 

parameters are held constant, f = 1 signifies a symmetrical curve, f < 1 signifies a curve 

with a less steep slope prior to the first derivative maximum than after, and f >1 signifies 

a curve with a steeper slope prior to the first derivative maximum than after (Figure 4.6).  

Given the recent introduction of this model for qPCR analysis (Spiess et al., 2008), little 

research has reported on amplification curve asymmetry.  In this study, the f parameter 

significantly differed from 1 (p<0.05) in 43 of the 48 (89.6%) DNA source-primer-fitting 

approach combinations (Figure 4.7), indicating that qPCR reaction curves are typically 

asymmetric. Where f ≠ 1, 90% of samples yielded f  > 1. Genomic mixed DNA analyzed 

with the Full approach showed the greatest variability in predicted f, a trend similar 

to that observed for efficiency (Figure 4.3), and that likely resulted from poor fitting of 

curves that do not exhibit a clear plateau stage (Figure 4.2). The greatest variability in 

predicted f was found for genomic mixed DNA analyzed with the Full approach, which fit 

all qPCR cycles.    
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Discussion4.4.	

This research evaluated a conventional approach (Ct) and alternative approaches 

(Full, Swin, Fwin) based on a 5-parameter sigmoidal model for analyzing SYBR-Green 

qPCR data from amplification of clone and genomic DNA present as single or mixed tem-

plates. 

QPCR reaction behavior was influenced by multiple factors including DNA source, 

primer and fitting approach. Comparing reaction kinetics of DNA sources to those of 

clone isolate DNA is particularly instructive because clone isolate DNA is commonly used 

as standards for qPCR. The largest discrepancies in kinetics were observed for genomic 

mixed DNA compared to clone isolate DNA, particularly for the Full approach, as evi-

denced by differences in values and variances in efficiencies and f parameters (Figures 

4.3 and 4.7).  The fluorescence drift in late reaction stages observed for many genomic 

mixed DNA samples (Figure 4.2) provides additional evidence that genomic mixed DNA 

amplifies with different kinetics than clone qPCR standards used for quantitation.  Dis-

crepancies were generally less for genomic isolate DNA, and they were least for clone 

mixed DNA, the source most similar to qPCR standards.   The reasons for these differ-

ences remain to be determined, but reaction kinetics may be dependent on the total 

amount and/or complexity of target and non-target DNA in the reactions.

Prior to the first application of the 5-parameter sigmoidal model (Equation 4.3) to 

qPCR by Spiess et al.( 2008), asymmetry was not considered in modeling the qPCR reac-

tion curves.  Spiess et al.(2008) demonstrated superior performance of the 5-parameter 

model over the symmetric 4-parameter sigmoidal model (Equation 4.2; Rutledge, 2004; 

Rutledge and Stewart, 2008), which is analogous to the 5-parameter model where f=1. 

In this research, the asymmetry parameter f allowed for improved fitting of the sigmoi-
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dal model to qPCR amplification curves, as evidenced by the majority of samples with 

f≠1, particularly for genomic mixed DNA samples (Figure 4.7).  Reasons for asymmetry 

in amplification curves remain unclear and require further research, but they may be 

related to sample characteristics such as the total amount and/or nature of sample DNA, 

to reagent depletion or to enzyme inactivation.  

Preferred approaches for qPCR data analysis in the study of mixed bacterial com-

munities should provide accurate and reliable quantitation of targets such as the 16S 

rRNA gene.  The approaches compared in this research included the conventional Ct 

approach and sigmoidal fitting approaches that offer the possibility of using either pre-

dicted initial fluorescence or a diagnostic point for quantitation.  No studies have been 

previously published that compare diagnostic point and initial fluorescence approaches 

in quantifying multiple targets in mixtures of DNA from different bacterial taxa. Spiess 

et al. (2008), using the 5-parameter model, found quantitation of  cDNA targets using 

predicted initial fluorescence generally less accurate and precise than quantitation using 

the second derivative maximum as a diagnostic point. Likewise, in the current study, 

quantitation using the second derivative maximum was clearly superior to quantita-

tion by predicted initial fluorescence, which yielded larger log copy number errors with 

greater variability for most fit-primer-DNA source combinations (Figure 4.4).  However, 

research by Rutledge (Rutledge, 2004; Rutledge and Stewart, 2008), using a 4-parameter 

model, demonstrated improved quantitative accuracy using initial fluorescence over the 

conventional Ct approach for cDNA and lambda DNA targets.  The reasons for the differ-

ences in the findings of these studies are not clear, but they may suggest differences in 

optimal applications of the 4-parameter and 5-paramter models, or they may be related 

to differences in qPCR equipment, reagents and sample characteristics. 
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All sigmoidal fitting-diagnostic point approaches were superior quantitatively to 

the conventional Ct approach based on their significantly lower log copy number errors, 

although quantitation by the Ct approach was slightly less accurate than sigmoidal-fitting 

approaches despite invalidation of the approach’s assumptions regarding efficiencies.  

This finding supports the use of the Ct approach in cases where sigmoidal fitting ap-

proaches are not practical, for example, when fitting cannot be readily automated for 

high-throughput.  Among the sigmoidal fitting-diagnostic point approaches, no single 

method of data truncation was clearly superior quantitatively for all primers and DNA 

sources. However, Fwin and Swin approaches, which excluded ground and plateau cycles 

in fitting, are recommended over the Full approach because of their improved fits of the 

data, resulting in more reliable kinetic parameters.

Approaches for assessing total 16S rRNA gene copy numbers in a mixed bacte-

rial community by qPCR must deal with the challenge of including targets from multiple 

bacterial groups, which may amplify with different kinetics. As explained above, when 

a primer is used that targets multiple bacterial strains (here, UNI), the question of what 

standard curve to use arises.  Ideally, quantitation by initial fluorescence would bypass 

this problem, however this approach yielded higher errors than other approaches for 

genomic mixed isolate DNA, particularly for Swin and Full fits (Figures 4.4 and 4.5).  

The sum of copy numbers obtained by each of the isolate-specific primers yield-

ed the lowest error of all approaches for both clone and genomic mixed DNA (Figure 

4.5).  However, the utility of this approach is limited to mixtures in which all templates 

are known and can be quantified by qPCR.  For complex microbial communities, such 

as those found in environmental matrices, this may not be possible, and the use of a 

universal primer is the only practical means to quantify total 16S rRNA gene copies.  The 

results from this study suggest that using the average of the total 16S rRNA gene copies 
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obtained by all the standard curves may be a reasonable alternative for genomic mixed 

DNA, since this approach yielded only slightly higher errors than summing quantities 

from isolate-specific primers.

Conclusion4.5.	

This study demonstrated that sigmoidal fitting of qPCR data using calculated 

second derivative maxima as diagnostic points performs better than the conventional 

Ct approach for quantitation of bacterial 16S rRNA gene copy numbers based on analy-

ses of well-defined clone and genomic DNA mixtures. Although quantitation by initial 

fluorescence predicted from sigmoidal fitting offers freedom from standard curves, this 

approach yielded the largest quantitative errors in this study. Sigmoidal fitting of the en-

tire amplification curve (Full), especially for genomic DNA, resulted in greater variability 

in efficiency and the asymmetry parameter f than fitting a truncated curve from which 

early and late plateau stages have been trimmed by either statistical selection of begin-

ning and end cycles (Swin) or using a set range of cycles (Fwin).  While all sigmoidal fit-

ting approaches using a diagnostic point (second derivative maximum) generally yielded 

lower errors compared to the Ct approach, approaches using truncated data sets (Fwin, 

Swin) are recommended because of their lower variability in calculated efficiencies and 

kinetic parameters such as f.  Overall, these results provide guidance for the analysis of 

qPCR data obtained in the investigation of environmental samples, and supports its util-

ity in this growing application.
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 UV treatment of DBT and its bio-Chapter 5.	
degradation products

Introduction5.1.	

Biodegradation of polycyclic aromatic hydrocarbons (PAHs), whether under natu-

ral or engineered conditions, plays an important role in contaminant fate in contami-

nated environments and often involves mixed microbial communities.  Sulfur-containing 

polycyclic aromatic hydrocarbon, such as the model compound dibenzothiophene (DBT), 

can be recalcitrant to biodegradation, and are not always completely mineralized, result-

ing in formation of numerous degradation products whose characteristics and fates are 

poorly characterized.  Although bacterial isolates often degrade DBT along a well-defined 

pathway and produce a limited number of DBT degradation products (e.g., Kodama et 

al., 1973; Bressler et al., 1998; Seo et al., 2002), degradation of DBT by mixed bacterial 

communities can follow multiple pathways leading to a complex mixture of degradation 

products, as observed in Chapter 3 (Table 3.1; Figures 3.3-3.18).    

Extremely slow or incomplete biodegradation of contaminants is usually not 

acceptable for remediation purposes.  Successful remediation requires a reduction in 

hazard, which is not always achieved with bioremediation.  Several bench-scale and field 

studies have reported transient or lasting increases in toxicity, an indicator of hazard, 

with PAH biodegradation that were often attributed to degradation products (Belkin et 

al., 1994; Phillips et al., 2000; Ahtiainen et al., 2002).  As discussed in Chapters 2 and 3, 

DBT biodegradation by a mixed bacterial community more than doubled toxicity to the 

bioluminescent bacteria Vibrio fischeri within the first few days of degradation, and did 

not reduce toxicity below that of DBT itself even when 91% of initial DBT was degraded 
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(Figures 2.2, 2.3).  These results indicated that one or more DBT degradation products 

were toxic.  

Reports of incomplete biodegradation and increases in toxicity indicate that 

biodegradation alone may not be sufficient to achieve remediation goals.  Conventional 

alternatives to biodegradation, such as excavation and off-site disposal or containment, 

may not be desirable because of their expense (e.g., 250-2000 m-3; Mulligan, 2002) 

or because of uncertainty regarding long-term effectiveness (as may be the case with 

containment approaches).  Novel alternatives to biodegradation may include combin-

ing biodegradation with a second treatment step.  In aqueous or slurry systems, UV light 

may be an effective means to break down original contaminants and degradation prod-

ucts remaining after biodegradation.  

Most studies exploring combined UV and biodegradation employ UV as a pre-

treatment (Lehto et al., 2003; Guieysse and Viklund, 2005).  Fewer studies have ad-

dressed UV treatment following biodegradation as a sequential treatment process.  

Karetnikova et al. (2008) found that biodegradation by Penicillium tardum strain H-2 

eliminated the test contaminant p-cresol while subsequent UV irradiation from a high 

pressure mercury lamp greatly reduced its biodegradation products.  The only investiga-

tion of sequential biodegradation-UV treatment for DBT was conducted by Chamberlin 

(2005), who found that some DBT biodegradation products, formed by the mixed micro-

bial culture that is the focus of this dissertation, were susceptible to UV treatment using 

a medium pressure UV source.   However, Chamberlin did not evaluate DBT losses or 

identify DBT degradation products.  

This study builds on the findings of Chamberlin (2005) and investigates appli-

cation of UV treatment following biodegradation of DBT by a mixed microbial culture 

under the hypothesis that UV treatment may reduce the concentration of DBT and its 
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degradation products remaining after biodegradation, and subsequently reduce residual 

toxicity.  Specific objectives of this study were to:

1.	 Compare the effectiveness of UV light in reducing DBT levels in both an 

aqueous solution of pure DBT, and in media from a mixed microbial culture 

following DBT biodegradation. 

2.	 Determine how UV changes the toxicity of DBT experimental solutions using 

a bioluminescent bacterial assay (a non-specific acute toxicity screening test) 

and an assay that evaluates cardiac development in Fundulus heteroclitus 

embryos.

3.	 Monitor and identify products formed by UV treatment of DBT and compare 

to products formed via biodegradation alone.

By combining chemical analyses with toxicity assays, this research addresses two 

potentially limiting factors affecting the success of remediation techniques: contaminant 

reduction and hazard amelioration.  By applying this approach in the evaluation of post-

biodegradation UV treatment of DBT and its degradation products, this research aids in 

advancing novel remediation strategies for commonly recalcitrant contaminants such as 

DBT. 
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 Materials and methods5.2.	

Preparation of test solutions5.2.1.	

All test solutions in this study were based on the artificial seawater media (artifi-

cial seawater, pH 7.55, supplemented with NH4NO3, K2HPO4 and FeCl3•6H2O as described 

in Chapter 2) used to culture the microbial community that degraded DBT and formed 

its degradation products.  Effect of UV treatment was evaluated in three test solutions: 

(1) freshly made culture containing no DBT or DBT degradation products (“Control solu-

tion”), which was used as a control; (2) freshly made culture containing DBT at its ap-

parent solubility limit of 1.5 μM in the artificial seawater media,  (“DBT solution”), and 

(3) culture media from the DBT-degrading microbial community collected at 4, 6, 8, 10, 

12 and 16 d after inoculation, combined and stored in amber glass bottles the dark at 

-40°C until use (up to 3 months) (“Post-biodegradation solution”).  Preliminary analyses 

of solutions stored under these conditions indicated that products were stable beyond 3 

months.   All solutions were adjusted to pH 7.55 and filtered through 0.2 µm polycarbon-

ate membranes to ensure solutions contained no particulates or microbial cells.  

UV exposures5.2.2.	

Low pressure (LP) UV irradiation was conducted using a quasi-collimated beam 

apparatus fitted with 15W Hg vapor germicidal lamps (General Electric G15T8) emit-

ting monochromatic UV light at 254 nm (Sharpless and Linden, 2003).  Although the LP 

lamp does not emit light near the UV absorption maximum for DBT (234 nm), DBT does 

absorb some light at 254 nm (Figure 5.1).  
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seawater medium (DBT solution) and the low-pressure mercury vapor UV lamp used for 
treating test solutions.

UV exposure times needed to achieve UV fluences of 0, 500, 1250 and 2000 mJ 

cm-2 were determined based on incident UV irradiance at the surface of the sample, 

average irradiance over the entire volume of the sample, and initial UV absorbance of 

the sample.  Here fluence is defined as the amount of photons from the UV source, 

expressed in terms of energy, reaching the surface of the test solution.  Incident UV ir-

radiance (in mW cm-2) was measured in the center of the collimated beam at the height 

of the sample solution surface using a calibrated UV radiometer (IL1700, SED 240/W, In-

ternational Light, Peabody, MA).  UV absorbance spectrum of the sample was measured 

for a 0.5 mL aliquot of the sample in a quartz cell using a Cary Bio100 spectrophotom-

eter (Varian, Inc., Palo Alto, CA).  Average UV irradiance (in mW cm-2) for the sample was 

determined from the initial UV absorbance of the sample, sample depth and incident UV 

irradiance.  Exposure times for desired UV fluences were calculated as:
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Exposure me, s= 
UV uence, mJ cm-2

Average UV irradiance,mW cm-2 
 
(5.1)

For exposures at 0, 500, 1250 and 2000 mJ cm-2, 85 mL of test solution was 

placed in an uncovered 70 x 50 mm Pyrex glass crystallization dish.  Sample depth was 

2.2 cm, and surface area was 34.2 cm2.  A small Teflon-coated stirbar was used to gen-

tly mix the solution without disturbing the surface.  The sample dish was placed in the 

center of the collimated beam on a stirplate and the solution surface was allowed to 

become still before beginning the exposure.  Samples receiving 0 mJ cm-2 were prepared 

in the same manner and placed in the apparatus for five minutes in the dark to serve as 

UV dose controls.  After exposure, the sample was immediately removed from the UV 

apparatus, 1.8 mL was transferred to a glass vial for toxicity assays using bioluminescent 

bacteria Vibrio fischeri, 15 mL was placed in an amber glass bottle for liquid-liquid ex-

traction of DBT and degradation products, and the remaining solution was reserved in a 

separate amber glass bottle for toxicity assays using Fundulus heteroclitus embryos.  Ali-

quots taken for toxicity assays were immediately frozen at -40°C until analysis.  Aliquots 

(15 mL) taken for extraction were acidified to pH < 2 with 6 M HCl and extracted with 

dichloromethane (DCM), and were prepared for and analyzed by GC/MS as described in 

Chapter 3.  All test solution-UV fluence combinations were repeated in triplicate.  Expo-

sure of test solutions to plastics was minimized at all stages of preparation, sampling and 

analysis.
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Toxicity to 5.2.3.	 Fundulus heteroclitus embryos and Vibrio fis-
cheri 

Two assays using different species were used to evaluate the effects of UV flu-

ence on toxicity.  Inhibition of luminescence in the prokaryote Vibrio fischeri was con-

ducted on aliquots taken after exposures as described in Chapter 2.   This assay does not 

target a specific toxic mechanism but rather reflects a general impairment of the me-

tabolism of the organism.  A second test, described in Matson et al. (2008), was included 

using Fundulus heteroclitus (killifish) embryos to evaluate effects on cardiac develop-

ment in an aquatic vertebrate.  Adult killifish were collected at an uncontaminated refer-

ence site on King’s Creek in southeastern Virginia (37°17’52.4’’N, 76°25’31.4’’W). Care of 

the killifish used for spawning in this assay is described in Matson et al. (2008).  For this 

assay, fish were spawned manually and fertilized in vitro.  Eggs were incubated at 28.5°C 

and then screened at 24 h post fertilization for normal development.  Normal embryos 

at neurula stage were selected for the assay.  Each embryo was placed in 5 mL of the test 

solution in a 20 mL glass scintillation vials at room temperature and the vial was placed 

into an incubator at 28.5°C.  For each test solution-UV fluence sample replicate, 10 

embryos were dosed and scored. Embryos screened for cardiovascular developmental 

defects were scored at 7 days after fertilization, or 6 days after dosing.  Observed defects 

were scored 0 (normal), 1 (mild deformities, including elongation between atrium and 

ventricle, reduction of atrial volume and rotation of heart chambers ) or 2 (severe defor-

mities, including exacerbation of all “mild deformities” plus elongation of ventricle and 

possible loss of atrium).  The cardiac defect scoring scale correlates to hatching success, 

with a score of 2 indicating no hatching, and a score of 1 indicating approximately 40-

60% reduction in hatching (Matson et al., 2008).  
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Statistical analyses, including linear regression in determining phototransforma-

tion rates and treatment comparisons, were performed using JMP 7.0 software (SAS Inc., 

2007). 

Results5.3.	

Photolysis of DBT 5.3.1.	

Trends of DBT and its biodegradation products in UV irradiated test solutions are 

shown in Figures 5.2 and 5.3.  Effects of UV fluence on DBT were evaluated in DBT-satu-

rated fresh Post-biodegradation solution (“DBT solution”) and in media collected periodi-

cally during DBT biodegradation by a mixed microbial community (“Post-biodegradation 

solution”) (Figure 5.2a).  Initial concentrations of DBT in DBT solution and Post-biodegra-

dation solution were 1.49±0.13 µM and 0.24±0.03 µM, respectively.  In both test solu-

tions, DBT concentrations decreased with increasing UV fluence, the highest of which 

(2000 mJ cm-2) reduced initial DBT concentration by 28% (1.08±0.23  µM final concentra-

tion) in DBT solution and  81% (0.045±0.016  µM final concentration) in Post-biodegra-

dation solution (Figure 5.2a).  In solutions similar to the DBT solution in which only 28% 

DBT was lost at the highest fluence, reduction of DBT by UV alone would require exten-

sive dosing that may not be practical for contaminant treatment. 
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DBT phototransformation was modeled as a first-order reaction, dC/dF = -k’C, 

where C = DBT concentration (μM), k’ is the first order rate constant (cm2 mJ-1), and F 

is the UV dose expressed as fluence (mJ cm-2) (Table 5.1 and Figure 5.4).  Apparent rate 

constant of DBT loss was higher in the Post-biodegradation solution (7.4 x 10-4 cm2 mJ-1) 

than in the DBT solution (1.5 x 10-4 cm2 mJ-1) (Table 5.1).  The higher apparent first-order 

rate constan for loss of DBT in the Post-biodegradation solution is likely attributable to 

pathways of indirect photoloysis involving UV-absorbing species such as DBT degradation 

products not present in the DBT solution, as described in the Discussion section below.  

Due to the complex nature of the Post-biodegradation solution, however, it is difficult to 

determine precise photolytic mechanisms.
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Figure 5.3.  Apparent first-order kinetic fits of DBT loss in DBT media and Culture 
media, and losses of benzothiophene-2,3-dicarboxylic acid (17) and an unknown DBT 
degradation product (27) in Culture media.  Relative response is based on the 
response of the quantitative ion to that of 2-naphthol (8) used as an internal standard 
in GC/MS analyses.  Numbers in bold italics refer to entries in Table 3.1.

DBT 

DBT 
Unknown M+ 284 m/z (27) 
benzothiophene-2,3-dicarboxylic acid (17)

DBT solution:

Post-biodegradation solution:

Apparent first-order kinetic fits of DBT loss in DBT solution and Post-biodeg-Figure 5.4. 
radation solution, and losses of benzothiophene-2,3-dicarboxylic acid (17) and an un-
known DBT degradation product (27) in Post-biodegradation solution.  Relative response 
is based on the response of the quantitative ion to that of 2-naphthol (8) used as an in-
ternal standard in GC/MS analyses.  Numbers in bold italics refer to entries in Table 3.1.
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Photolysis of degradation products in Post-biodegrada-5.3.2.	
tion solution 

Overview monitored products5.3.2.1.	

Of the 27 DBT degradation products identified in the Post-biodegradation solu-

tion (Chapter 3, Table 3.1), 15 were monitored in all test solutions after treatment with 

UV (Figures 5.2 and 5.3).  Numbers in bold italics following names of products in tables, 

text and figures refer to entries in Table 3.1 and chromatographic peaks in Figure 3.3.  

The degradation products monitored included benzoic acid (1), thiosalicylic acid (7), 

2-hydroxybenzothiophene (5), 3-hydroxybenzothiophene (6), benbzothiophene-2,3-

dione (9), 2,3-dihydroxybenzothiophene (11), 3-hydroxybenthiophene-2-carbaldehyde 

(13), 3-hydroxy-1-benzothiophen-2-one (14), DBT sulfone (21), DBT sulfoxide (22), ben-

zothiophene carboxylic acid (12), benzothiophene-2,3-dicarboxylic acid (17), thioindigo 

(25), dithiosalicylic acid (26), and an unknown with M+ 284 m/z (27).  Where applicable, 

simple kinetics were determined for either compound formation or loss (but not both) 

by zero or first-order models.  Apparent reaction order was assigned based on which 

kinetic model provided the best fit of the data.  Because some compounds showed com-

plex trends, simple kinetic values could not be calculated for all products.

Of the 15 products monitored, only 4 were observed in DBT solution following 

UV treatment (Figure 5.2, dashed lines): 2- and 3-hydroxybenzothiophene (5, 6), 2,3-

dihydroxybenzothiophene (11), and DBT sulfoxide (22).  Of these, only DBT sulfoxide (22) 

has been previously reported as a product of DBT desulfurization by UV light (Shiraishi 

et al., 1998).  Although DBT sulfone (21) was also reported (Shiraishi et al., 1998), this 

product was not observed in the current study.   Maximum levels of hydroxylated benzo-

thiophenes (5, 6) were observed at 500 mJ cm-2 UV fluence, dissipating rapidly at higher 
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fluences (Figure 5.2 e, f, g).  The presence of these compounds suggests that ring cleav-

age of DBT was achievable at low fluences.  Ring cleavage may also have occurred at 

higher fluences, but hydroxylated benzothiophenes were not observed at higher fluenc-

es possibly because they were degraded faster than they were formed.  Phototransfor-

mation rates were not calculated for these compounds because of poor fits to the kinetic 

models evaluated.  Photooxidation of sulfur forming DBT sulfoxide (22) increased with 

increasing fluence (Figure 5.2c), and was modeled with a zero-order fit (Figure 5.5) yield-

ing an apparent rate constant of 1.2 x 10-4 relative response cm2 mJ-1 (Table 5.1).  Here, 

relative response (“RR”), indicates the response of the quantitative ion of the compound 

of interest to that of 2-naphthol (8), which was used as an internal standard in GC/MS 

analyses. This was performed because appropriate standards needed to calculate actual 

concentrations were not commercially available.  Because actual concentrations could 

not be determined for DBT sulfoxide (22) or the hydroxybenzothiophenes (5, 6), the 

mass balance of phototransformed DBT could not be traced, and it is possible that other 

photoproducts were formed but not detected in GC/MS analyses. 
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UV effects on DBT degradation products in Post-5.3.2.2.	
biodegradation solution

Trends of DBT degradation products in the UV-treated Post-biodegradation solu-

tion, shown in Figures 5.2 and 5.3, fell into three general categories increasing in com-

plexity: (1) decrease with increasing UV fluence, (2) net formation at lower fluence fol-

lowed by net loss at higher fluence (e.g., lines in Figures 5.2 and 5.3 go up, then down), 

and (3) net loss and formation alternating with increasing fluence in a more complex 

trend than in (2).  Here, increasing amounts of a compound were interpreted as net 

formation, while decreasing amounts were viewed as a net loss, since the possibility that 

processes of formation and loss may have been concurrent could not be excluded.  

Benzothiophene-2,3-dicarboxylic acid (17) and the unidentified product with M+ 

284 m/z (27) decreased with increasing fluence, with the highest fluence reducing initial 

concentrations of benzothiophene-2,3-dicarboxylic acid (17) by only 29% and the M+ 284 

m/z product by 98% (Figure 5.3b, g).  Losses of these products were fit to a first-order 

model (Figure 5.3).  Apparent first order photolysis rate constant (Table 5.1) of the un-

identified product (27, k’ = 1.9 x 10-3 cm2 mJ-1) was higher than that of of the dicarboxylic 

acid (17, k’ = 2.1 x 10-4 cm2 mJ-1).  

Benzoic acid (1), 3-hydroxybenzothiophene (6) and thioindigo (25) increased 

up to 1250 mJ cm-2, but sharply decreased to zero or near initial concentrations at the 

highest fluence (Figures 5.1f, 5.2c,e). For these compounds, net formation was modeled 

across all but the highest fluence.  Benzoic acid (1) and 3-hydroxbenzothiophene (6) 

exhibited zero-order kinetics (Figure 5.5), with apparent rate constants of 1.5 x 10-3 and 

1.1 x 10-2 (µM or RR) • cm2 mJ-1 for benzoic acid (1) and 3-hydroxybenzothiophene (6), 

respectively (Table 5.1). Notably, 2-hydroxybenzothiophene (5) followed a more complex 



156

trend than its isomer, 3-hydroxybenzothiophene (6), indicating that some phototransfor-

mations were isomer-selective.  Neither benzoic acid (1) nor hydroxybenzothiophenes 

(5, 6) have been reported as photoproducts of DBT or any of its degradation products, 

and the mechanisms of their formation remain unknown.  Thioindigo (25) formation fit 

a first-order model yielding an apparent rate constant of 3.2 x 10-3 cm2 mJ-1. This com-

pound is thought to be a dimer of 3-hydroxybenzothiophene-2-carbaldehyde (12) (Bress-

er and Fedorak, 2001), which was present in the Post-biodegradation solution.     

The majority of the DBT degradation products exhibited net loss or formation 

alternating with increasing fluence in more complex trends than observed for other 

compounds.   For example, benzothiophene-2,3-dione (9) decreased 71% from an initial 

concentration of 4.1±1.04  µM to 1.17±0.07  µM at the lowest UV fluence (500 mJ cm-2), 

indicating net photolysis (Figure 5.2d).  A higher fluence of 1250 mJ cm-2 resulted in a 

dramatic increase in the dione to 19±4.05 µM (363% of initial concentration), signifying 

that formation of the compound dominated photolysis.  The highest fluence (2000 mJ 

cm-2) again resulted in net photolysis decreasing dione concentration of 0.66±0.07 µM.     

Other compounds followed a similar trends, including DBT sulfone (22), DBT sulfoxide 

(21), 2-hydroxybenzothiophene (5), 2,3-dihydroxybenzothiophene (11), 3-hydroxy-1-ben-

zothiophen-2-one (13) and 3-hydroxy-1-benzothiophene-2-carbaldehyde (12) (Figures 

5.2 and 5.3).  Thiosalicylic acid (7), as well as its dimer dithiosalicylic acid (26), showed 

an equally complex but opposite trend of net formation at both the lowest and highest 

fluences, and net loss at 1250 mJ cm-2 (Figure 5.2d).  For these compounds exhibiting 

alternating formation and loss with UV fluence, simple kinetic rates could not be deter-

mined.   
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Toxicity to 5.3.3.	 Vibrio fischeri and Fundulus embryos

Effects of UV on the toxicity of the test solutions to bioluminescent bacteria Vi-

brio fischeri and Fundulus embryos are shown in Figure 5.6.  Regardless of UV exposure, 

Control solution (i.e., freshly made artificial seawater media) elicited no toxic response 

in either assay.  DBT solution at all fluences produced mild toxic responses in Fundulus 

embryos, but these responses were not statistically different from those observed with 

the Control solution.  In V. fischeri, however, DBT solution caused 21-25% inhibition of lu-

minescence after treatment with 0 to 1250 mJ cm-2 UV.  A statistically significant (ANOVA 

p < 0.05) increase in toxicity to the bacteria resulted with treatment of the DBT solution 

with the highest UV fluence.  DBT concentration decreased at this fluence (Figure 5.2a), 

indicating that DBT photoproducts may have caused the increased toxicity to V. fischeri.   

Of the products that were identified in the DBT solution after UV exposure, DBT sulfoxide 

(21) was the only one exhibiting maximal levels at the highest UV fluence, and therefore 

was the most likely of these to have raised toxicity.  

Of the test solutions, the Post-biodegradation solution was most toxic overall to 

both V. fischeri and Fundulus embryos.  Untreated Post-biodegradation solution pro-

duced moderately severe deformities (score of 1.54) in Fundulus embryos.  Deformity 

scores increased with increasing UV fluence, reaching 1.97 (out of a maximum of 2) 

at the highest fluence.  Based on this assay, UV treatment exacerbated hazard already 

attributable to the media, and therefore was not a successful post-biodegradation 

step.  V. fischeri responded differently to UV-treated Post-biodegradation solution.  

Inhibition of luminescence was increased from 37.9% in untreated media to 42.2% at 

the lowest UV fluence.  Toxicity to the bacteria decreased with higher fluences result-

ing in 32% inhibition of luminescence at 2000 mJ cm-2, a small but significant (ANOVA 

p<0.05) reduction in toxicity compared to the untreated Post-biodegradation solution.  
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Figure 5.5.  Toxicity assessed as (a) average deformity in Fundulus embryos and (b) 
inhibition of luminescence in V. fischeri for Control media, DBT (1.5 µM) media and 
Culture media following treatment of the test solutions with LP UV (254 nm) at 
fluences of 0, 500, 1250 and 2000 mJ cm-2.  Fundulus embryos  were dosed with test 
solutions 24 h post-fertilization and scored 6 d after dosing.  Scoring scale: 0 = normal; 
1 = mild deformities; 2 = severe deformities.  Error bars are standard deviations.  For a 
given assay-media combination, bars labeled with the same letter are not significantly 
different at p<0.05 in ANOVA comparisons. 
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Toxicity assessed as (a) average cardiac deformity score in Figure 5.6.  Fundulus em-
bryos and (b) inhibition of luminescence in V. fischeri for Control solution, DBT (1.5 µM) 
solution and Post-biodegradation solution following treatment of the test solutions with 
LP UV (254 nm) at fluences of 0, 500, 1250 and 2000 mJ cm-2.  Fundulus embryos  were 
dosed with test solutions 24 h post-fertilization and scored 6 d after dosing.  Scoring 
scale: 0 = normal; 1 = mild deformities; 2 = severe deformities.  Error bars are standard 
deviations.  Within a given panel for a given test solution, bars labeled with the same let-
ter are not significantly different at p<0.05 in ANOVA comparisons.
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Discussion5.4.	

Photolysis of DBT and its biodegradation products have been little studied, par-

ticularly in seawater.  UV photolysis of 1.5 µM DBT in pH 7.55 artificial seawater (DBT 

solution) followed apparent first-order kinetics yielding a rate constant  of 1.5 x 10-4 cm2 

mJ-1.  Similar kinetics, with a slightly lower rate constant (0.6 x 10-4 ± 0.08 x 10-4 cm2 mJ-1), 

were observed by Shemer and Linden (2007b) for direct photolysis by LP UV of 2 µM 

DBT in 20 mM phosphate buffer, pH 7.  In the same study, DBT photolysis rate increased 

to approximately 2.6 x 10-4 ± 0.2 x 10-4 mJ cm-2 in natural estuary water with salinity simi-

lar to that of the DBT solution.  The increased photolysis rate was attributed to indirect 

photolysis of DBT from other photooxidants in the natural estuary water, particularly 

dissolved organic matter.  Here, “indirect photolysis” of a compound refers to reactions 

resulting from absorption of UV light by species other than the compound.  For example, 

indirect photolysis of one compound may occur due to transfer of energy from a second 

compound after it has absorbed UV light.  In the current study, DBT photolysis rate con-

stant in DBT solution was significantly lower (p<0.05, two-tailed t-test) than that of DBT 

in the natural estuary water studied by Shemer and Linden (2007b), possibly because 

the DBT solution contained no dissolved organic matter.  DBT photolysis in DBT solution 

was faster (p<0.05, two-tailed t-test)  than in the phosphate buffer used by Shemer and 

Linden (2007b), possibly due to the presence of other photooxidants in the DBT solu-

tion such as nitrate, carbonate, hydroxyl radical, and singlet oxygen, trace metals such as 

Fe2+/3+ and other inorganic species not present in the phosphate buffer.  

DBT photolysis (i.e., loss due to UV exposure) in the Post-biodegradation solu-

tion (k’=7.4 x 10-4 cm2 mJ-1) proceeded more rapidly than in the DBT solution and in the 

natural estuary water investigated by Shemer and Linden (2007b), possibly because DBT 
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degradation products and other microbially produced compounds (e.g., lipids, proteins) 

served as photooxidants in addition to those listed above for the DBT solution.  These re-

sults suggest that indirect photolysis played an important role in DBT degradation by UV, 

particularly in the Post-biodegradation solution.  However, even though UV was capable 

of degrading DBT, the majority (72%) of initial DBT remained even after the highest dose, 

indicating that UV alone would not be an efficient way to reduce contaminant levels.  

Higher doses are generally impractical for contaminant treatment due to the energy 

requirements.  Although not a focus of the current study, it may be possible to enhance 

photooxidation by combining UV with oxidants such as H2O2.  For example, Shemer and 

Linden (2007b) observed almost one order of magnitude increase in DBT photolysis rate 

using a combination of LP UV and 25 mg L-1 H2O2.

DBT photodegradation by UV at 254 nm in the DBT solution yielded DBT sulfoxide 

(21) along with hydroxylated benzothiophenes (5, 6, 11).  Little research has explored 

products of DBT photolysis at UV 254 in artificial seawater, however, DBT sulfoxide (21) 

has been reported as a photodegradation product in seawater exposed to natural sun-

light (Payne, 1985; Berthou and Vignier, 1986) and in engineered biphasic systems after 

DBT exposure to high-pressure Hg lamps (>280 nm) (Shiraishi et al., 1999).  Previous 

research has also reported DBT sulfone (22), benzothiophene carboxylic acid (13) and 

benzothiophene-2,3-dicarboxylic acid (17), 2-sulfobenzoic acid, 2-hydroxybiphenyl-2’-

sulfinic acid sultine, thiophene carboxylic acids, 5-sulfoisophthalic acid, and acetylbenzo-

thiophenecarboxylic acid as photoproducts of DBT (Berthou and Vignier, 1986; Bobinger 

et al., 1999; Shiraishi et al., 1999; Traulsen et al. 1999).  These studies observed these 

DBT photoproducts using GC/MS analyses similar to those used in the current study, yet 

none of these products was observed in the DBT solution at any fluence for reasons that 

are not apparent in this study. Hydroxylated benzothiophenes have not been previously 
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reported as DBT photodegradation products for any light source yet they were identified 

in this experiment.  

Without any UV treatment, the Post-biodegradation solution was chemically 

complex, containing some DBT along with a suite of DBT microbial degradation products 

(see Chapter 3, Table 3.1).  Because of this complexity, it was not possible to confirm the 

identity of precursors to the products that showed net formation at any UV dose, which 

included DBT sulfone, (22), DBT sulfoxide (21), benzoic acid (1), hydroxybenzothiophenes 

(5, 6, 11), benzothiophene-2,3-dione (9), thiosalicylic acid (7), dithiosalicylic acid (26), 

thioindigo (25) and 3-hydroxybenzothiophene-2-carbaldehyde (13) (Figures 5.2 and 5.3).  

Of the DBT products monitored, DBT sulfoxide (21), DBT sulfone (22), benzothiophene 

carboxylic acid (13) and benzothiophene-2,3-dicarboxylic acid (17) have been previously 

reported as photoproducts of DBT (Berthou and Vignier, 1986; Bobinger et al. 1999; 

Shiraishi et al., 1999; Traulsen et al. 1999), suggesting that DBT may have been a precur-

sor to these products observed in the Post-biodegradation solution, although they were 

not observed in the DBT solution.  Little to no research has explored photodegradation 

of most of the DBT degradation products identified in the Post-biodegradation solu-

tion.  Some research has demonstrated deoxygenation of DBT sulfoxide (21) to yield 

DBT (Kumazoe et al., 2003; Gregory et al., 2006).  This reaction was not apparent from 

the trends in the products observed in the current study, i.e., DBT concentration did not 

increase when DBT sulfoxide (21) decreased (Figure 5.2). However, the reaction cannot 

be dismissed since the observed trends may obscure processes that are not dominant.  

Previously reported photoproducts (observed using GC/MS analyses similar that used 

in the current study), Including 2-sulfobenzoic acid, 2-hydroxybiphenyl-2’-sulfinic acid 

sultine, thiophene carboxylic acids, 5-sulfoisophthalic acid, and acetylbenzothiophen-

ecarboxylic acid (Bobinger et al., 1999; Traulsen et al., 1999) were not observed in the 

Post-biodegradation solution after UV irradiation.  
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One measure of the effectiveness of UV as a remediation treatment is its ability 

to reduce toxicity, however, this measurement can be dependent on the toxicity assay 

used.   Fundulus embryos appeared to be little affected by DBT alone in the DBT solu-

tion, regardless of UV treatment (Figure 5.6a).  These results are consistent with those 

of Wassenberg et al. (2005), who observed no significant effect on embryo toxicity or 

deformity from exposure to 0-2.72 µM DBT.   V. fischeri, however, showed considerable 

toxicity from DBT itself, and, in this case, toxic effects were exacerbated at higher UV 

fluences (Figure 5.6b).  Based on this assay, UV treatment appeared counterproduc-

tive towards a remediation goal of toxicity reduction.  The elevated toxicity to V. fischeri 

observed in DBT solution at the highest UV dose may have been related to formation of 

DBT sulfoxide (21), which has been previously shown to be toxic (IC50 10 µM) to V. fisch-

eri (Seymour et al., 1997) as well as some plant species (Schlesinger and Mowry, 1951).  

The difference in the results between the toxicity assays may be due partly to fact that 

the assays address different aspects of toxicity.  For example, the V. fischeri assay is not 

based on a specific toxic mechanism but instead reflects a general effect on the organ-

ism’s metabolism and, subsequently, the ATP-dependent luciferase reaction that produc-

es luminescence.  In contrast, the Fundulus embryo assay specifically addresses cardiac 

deformities, which might not reflect other toxic effects to the embryo.  Differences 

between the assays may also have been affected by other factors, including differences 

physiology (e.g., membrane properties and permeability) that can impact uptake and 

metabolism of DBT and its degradation products.  

Unlike the DBT solution, the Post-biodegradation solution was very toxic to both 

V. fischeri and Fundulus embryos (Figure 5.6), possibly due to one or more products of 

DBT degradation.  UV treatment of Post-biodegradation solution, however, produced 

different toxicity trends in the two organisms.   Whereas UV treatment produced a 

transient increase in toxicity at low fluence in V. fischeri, increasing detections of cardiac 
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deformity was observed with increasing UV fluence in the fish embryos (Figure 5.6a).  

Based on correlation between hatching success and the deformity scores used in the 

Fundulus embryo assay (Matson et al., 2008), roughly 65% of embryos exposed to un-

treated (i.e., 0 mJ cm-2 UV) Post-biodegradation solution would not be expected to hatch, 

while no successful hatching would be expected in Post-biodegradation solution treated 

at the highest UV fluence.  From a remediation perspective, both biodegradation and 

post-biodegradation could present a greater problem than the original contaminant DBT 

if measures to prevent exposure to humans and wildlife were not implemented. 

While it is difficult to definitively identify the toxic components in the Post-bio-

degradation solution because of its chemical complexity, comparison of trends in toxic-

ity to those of DBT and DBT degradation products can provide some candidates.  For 

example, the most extreme toxicity to the embryos in the Post-biodegradation solution 

occurred at the highest UV fluence, which resulted in nearly complete losses of 12 of the 

15 compounds monitored Figures 5.2 and 5.3).  The remaining compounds may have 

contributed to toxicity:  benzothiophene-2,3-dicarboxylic acid (17), thiosalicylic acid (7), 

and dithiosalicylic acid (26).  Formation of new photoproducts was not apparent, since 

chromatograms of UV-treated Post-biodegradation solution did not show new peaks not 

present in untreated Post-biodegradation solution. Toxicity of benzothiophene-2,3-dicar-

boxylic acid (17) is unknown.  Thiosalicylic acid (7) and dithiosalicylic acid (26) were not 

shown to be toxic to V. fischeri at concentrations observed in the Post-biodegradation 

solution (Chapter 3, Figure 3.19).  Previous studies have reported low in vivo and in vitro 

toxicity of thiosalicylic acid (7) and dithiosalicylic acid (26) (Shafer and Bowles, 1985: 

deer mice (Peromyscus maniculatus) and house mice (Mus musculus); Park et al., 2007: 

murine and human kidney cells), however these studies did not assay aquatic organisms.  

It is possible that toxic photoproducts may have formed in the Post-biodegradation solu-

tion but were not detected.  For example, products may have been lost or transformed 
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during sample preparation, or may not have been amenable to GC/MS analysis due to 

thermal lability or retention on materials in the gas chromatograph or column, or inabil-

ity to ionize.  It is also possible that toxicity was a result of mixture effects between two 

or more DBT degradation products.  Toxicity to V. fischeri was investigated for commer-

cially available DBT degradation products individually (Chapter 2), but any effects pro-

duced from mixtures of these products were not explored.   

The use of UV treatment in series with biodegradation treatments has been 

little studied.  Most studies combining UV treatment and biodegradation apply UV as 

a pretreatment to initiate attack on compounds that are resistant to biodegradation 

(e.g., Lehto et al. 2003; Guieysse et al., 2004).  Regardless of whether UV is used before 

or after biodegradation, the combination of treatments does not always satisfactorily 

reduce contaminants and/or toxicity.  Karetnikova et al. (2008) found that UV irradiation 

from a high-pressure Hg lamp after degradation of p-cresol by Penicillium tardum re-

duced biodegradation products but not toxicity measured as mortality of the protozoan 

Colpoda steini.  These authors did not identify degradation products or characterize the 

toxic components, but their results, similar to those from the current study, indicate that 

post-biodegradation UV treatment may still be unsuccessful from a toxicity perspective 

even when monitored biodegradation products are reduced.  

The results of this research highlight avenues for future work.  Further research is 

needed to evaluate whether treatment alternatives, such as combining UV with a strong 

photooxidant such as H2O2, may be more effective in reducing residual biodegradation 

products as well as toxicity compared to UV alone.  Additional research may help deter-

mine if currently unidentified photoproducts contributing to toxicity are formed upon 

irradiation.  Further exploration into the effects of mixtures of degradation products on 

toxicity to V. fischeri and/or Fundulus embryos may resolve questions concerning wheth-
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er or not synergistic toxic effects play an important role in systems where DBT degrada-

tion is occurring.  The current study explored only UV at 254 nm, which is not a domi-

nant component of natural sunlight at the earth’s surface.  Although DBT is not a strong 

absorber of visible wavelengths, some degradation products do (e.g., thioindigo, benzo-

thiophene-2,3-dione), and so may be susceptible to phototransformation under visible 

light. Investigation of the effects of natural sunlight on DBT, its biodegradation products, 

and toxicity would help determine how DBT biodegradation and phototransformation 

occurring naturally in a contaminated system open to sunlight (such as an estuary) could 

positively or negatively influence remediation success.

Conclusion5.5.	

Post-biodegradation UV irradiation of the medium from a DBT-degrading mixed 

culture significantly reduced residual DBT and 11 monitored DBT degradation products 

at the highest UV fluence. However, amelioration of initial toxicity did not accompany 

loss of degradation products.  To the contrary, although high UV fluence did decrease 

toxicity to V. fischeri, high UV fluence exacerbated toxic effects in Fundulus embryos.  

Since reduction of both contaminants and toxicity is often a goal of remediation, these 

findings stress the importance of monitoring toxicity when evaluating potential reme-

diation strategies.  The two toxicity assays in this study (Vibrio fischeri bioluminescence 

assay and Fundulus embryo deformity assay) yielded assay-dependent trends for both 

DBT in artificial seawater media and medium from the degradation culture.  These find-

ings suggest that a single toxicity assay may not provide a complete toxicological char-

acterization, supporting the use of multiple assays in monitoring toxicity when evaluat-

ing remediation approaches.  Degradation of DBT in artificial seawater media from UV 

exposure yielded hydroxybenzothiophenes not previously reported as photodegradation 
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products.  This research contributes to fundamental knowledge of phototransformation 

of condensed thiophenes as well as to the development of novel remediation strategies.



167

ConclusionsChapter 6.	

This research investigated degradation of the sulfur-containing polycyclic aro-

matic hydrocarbon dibenzothiophene (DBT) by a mixed microbial community using a 

multifaceted approach that included monitoring bacterial populations using SYBR-Green 

quantitative polymerase chain reaction (qPCR), measurements of  bacterial growth and 

DBT loss, analysis of DBT biodegradation products, and assessment of toxicity using 

bioluminescent bacteria Vibrio fischeri.  In addition, this research explored the efficacy 

of an unconventional remediation strategy using ultraviolet (UV) irradiation following 

biodegradation to reduce residual DBT, biodegradation products and associated toxicity.  

Additionally, a recently introduced approach for evaluating qPCR data using sigmoidal 

curve fitting was investigated as an alternative to the conventional approach for the 

characterization of mixed microbial communities.  The broad objective for this research 

was to gain a comprehensive perspective of DBT degradation by mixed microbial culture 

to understand what factors may affect contaminant degradation and associated poten-

tial hazards, particularly within the context of remediation. 

The mixed microbial culture used in this study was established by enrichment 

from sediment from a creosote-contaminated estuary.  The culture was maintained in 

artificial seawater media with DBT as the sole carbon source.  Phylogenetic analysis of 

16S rRNA gene sequences from clones and isolates obtained from the culture indicated 

the DBT-degrading mixed microbial community was taxonomically diverse, including 

Firmicutes, Flavobacteriaceae, Planctomycetaceae, Alphaproteobacteria, and Gam-

maproteobacteria. Characterization of the microbial community by qPCR showed that 

whether or not pH was maintained near 7.5 during DBT degradation, complex effects on 

trends of bacterial populations result.  Generally,  greater species diversity was observed 

during DBT degradation without pH control than with pH control. Regardless of pH treat-
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ment, the culture was dominated by Flavobacteriaceae during the first 6-10 days, and 

by Chromatiales thereafter, signifying their importance to DBT degradation.  Association 

of Flavobacteriaceae and Chromatiales with DBT degradation has not been previously 

reported.

DBT degradation by the enrichment culture was impaired when pH was not 

controlled, but resulted in a 91% loss of initial DBT when pH was maintained near 7.5.  

Twenty-seven degradation products were identified in the culture by GC/MS, many of 

which have been previously observed as DBT degradation products including DBT sul-

fone, DBT sulfoxide, hydroxylated and carboxylated benzothiophenes, and 3-hydroxy-

benzothiophene-2-carbaldehyde among others.  The diversity of degradation products 

indicated that both lateral and angular dioxygenation pathways were active.  Degrada-

tion products specific to the DBT biodesulfurization pathway were not observed.  Nine of 

the observed degradation products have not been previously reported for DBT degrada-

tion by bacteria, including benzothiophene, benzisothiazole, benzothiophene-2,3-dicarb-

aldehyde and dithiosalicylides among others.  Toxicity assessed using V. fischeri reached 

maxima of 51% and 62% inhibition of luminescence within 4 days with and without pH 

control, respectively, and was never reduced below initial levels of 21% inhibition of 

luminescence associated with DBT at saturation (1.5 µM). These results suggested that 

some degradation products were toxic.  While several products showed trends similar 

to that of toxicity, which products contributed to toxicity could not be specified, and it 

was possible that multiple degradation products contributed to toxicity through mixture 

effects.   Within the context of remediation, these results indicate that, while DBT degra-

dation by this culture might achieve a remediation goal of contaminant (i.e., DBT) reduc-

tion, it may not also successfully reach a second goal of toxicity and hazard reduction.  
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UV treatment was evaluated as a secondary treatment to bioremediation, with 

the aim of reducing residual degradation products and ameliorating toxicity.  At the high-

est UV dose, UV treatment of the media from the DBT-degrading mixed culture was able 

to reduce 11 monitored DBT degradation products and resulted in low levels of residual 

DBT.  However, UV could not also ameliorate toxicity of the solution.  Higher UV doses 

exacerbated cardiac defects in Fundulus embryos and only slightly reduced toxicity to V. 

fischeri.  Since reduction of toxicity is often a goal of remediation, these findings indicate 

that UV irradiation would not be an acceptable treatment for the Post-biodegradation 

solution.   Photooxidation of DBT alone in artificial seawater media did not greatly 

reduce initial DBT levels (1.5 µM), which is consistent with published research on DBT 

photolysis, but did yield hydroxybenzothiophenes not previously reported as DBT photo-

products.  

Because the use of qPCR is a relatively recent addition to culture-independent 

techniques for monitoring mixed cultures, questions persist regarding the best approach 

for processing qPCR data.  Current conventional SYBR-Green qPCR methodology for 

characterizing microbial communities using 16S rRNA gene is based on the assumption 

that all samples and standards assayed with a given primer set amplify with identi-

cal reaction efficiencies, which is not always the case.  Using simple artificial microbial 

communities, this research compared the conventional approach for analyzing qPCR 

data to an alternative approach involving fitting amplification curves to a recently intro-

duced 5-parameter sigmoidal model to calculate sample-specific efficiencies and values 

used in gene copy determination.  Sigmoidal fitting showed that nearly all curves were 

asymmetric and that amplification efficiencies varied among samples and standards for 

a given assay depending on a variety of factors, thus invalidating the assumption upon 

which the conventional cycle threshold approach is based.  Overall, quantitation of 16S 

rRNA gene copies using the second derivative maximum calculated from sigmoidal fitting 
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of amplification curves truncated to exclude early and late plateau stages was more ac-

curate than quantitation by the conventional approach.  Evaluation of alternative qPCR 

analysis approaches also explored a variety of ways to determine total 16S rRNA gene 

copies of all populations in the culture.  Summation of quantities calculated using taxa-

specific primers yielded the most accurate results. This approach, however, is not always 

possible with incompletely defined microbial communities, for which total 16S rRNA 

gene copy quantitation relies on a universal primer.  Use of universal primers can be 

strongly affected by PCR biases, since the universal primers can amplify DNA with differ-

ent efficiencies for different taxa.  In this research, acceptable quantitation of total 16S 

rRNA gene copies using a universal primer was obtained using the average of the values 

of total 16S rRNA gene copies calculated by each taxa’s set of standards.

Several questions could not be fully addressed from this research, and remain 

as areas for further studies.  Specific roles of the bacterial taxa in DBT biodegradation, 

which could not be determined in these studies, could be probed by searching for degra-

dation genes or through more extensive studies on isolates than were performed in this 

research.  Additionally, although the culture used in this research was established from 

contaminated sediment, it is not known how the populations in the culture compare 

to those in sediment.   The ability of the culture to degrade DBT degradation products 

when these products are presented as the sole carbon source was not studied here, but 

could help confirm what metabolic pathways produce specific DBT products as well as 

aid in understanding the degradation roles of bacterial taxa.  Because DBT is structurally 

similar to other common PAHs such as fluorene and dibenzofuran, it is possible that the 

mixed culture could also degrade other PAHs, yet this was not explored.  In assessing the 

toxicity of commercially-available DBT degradation products, this research did not inves-

tigate toxic effects from mixtures of these products, which may be help explain some of 

the toxicity results observed in Chapters 3 and 5.  Finally, although UV alone was insuf-
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ficient to reduce toxicity of the Post-biodegradation solution, the effectiveness of UV 

treatment may be enhanced through the addition of H2O2, ozone or other oxidant.

Because of the multifaceted approach of this research, findings are relevant to 

a variety of research fields and practical applications.  Since the research focused on a 

mixed culture using culture-independent qPCR assays, it expands current understand-

ing of DBT biodegradation beyond what is possible through the study of bacterial iso-

lates and aids in identifying taxa not previously associated with DBT degradation.  By 

exploring unconventional approaches for analyzing qPCR data, this research advances 

current qPCR methodology for the study of microbial communities, which are the focus 

of much research in environmental, engineering, agricultural, ecological, and medical 

sciences.  Few studies have monitored so many products during the degradation of any 

PAH degraded by a mixed microbial community, and so this research adds to current un-

derstanding of the complexity of degradation products and pathways possible in mixed 

communities, particularly those that may be present at contaminated sites.   Associa-

tion of changes in toxicity with those of biodegradation products, many of which are not 

commercially available or easily synthesized, furthers understanding of what products 

may enhance hazard during bioremediation and require monitoring and/or steps to re-

duce their off-site transport.  Finally, investigation of post-biodegradation UV treatment, 

while not successful in reducing post-biodegradation residual toxicity in this study, fur-

thers development of alternatives to current remediation strategies, such as site excava-

tion, that are often expensive and environmentally disruptive.
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Appendices

  Chapter 2 DataAppendix A:	

Typical composition of Instant OceanTable A.1.  TM artificial seawater (22.2 g L-1).  

Component mM
Chloride 342
Sodium 295
Sulfate 17.4
Magnesium 34.1
Potassium 6.75
Calcium 6.27
Bi/Carbonate 2.10
Bromide 0.441
Strontium 0.063
Boron 0.326
Fluoride 0.033
Lithium 0.027
Iodide 0.0012
Barium < 0.0002
Iron < 0.0005
Manganese < 0.0003
Chromium < 0.0002
Cobalt < 0.0002
Copper < 0.00015
Nickel < 0.00016
Selenium < 0.00012
Vanadium < 0.00019
Zinc < 0.00014
Molybdenum < 0.00007
Aluminum < 0.0001
Lead < 0.00001
Arsenic < 0.00003
Cadmium < 0.00001
Nitrate 0
Phosphate 0
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Rarefaction data for the DBT-degrading mixed microbial community present-Table A.2. 
ed in Figure 2.2.  

Number of Sequences
S l d

Number of

OTU a
Number of Sequences

S l d

Number of

OTU aSampled OTUsa Sampled OTUsa

1 1 35 35
2 2 36 36
3 3 37 37
4 4 38 38
5 5 39 39
6 6 40 406 6 40 40
7 7 41 41
8 8 42 42
9 9 43 43
10 10 44 44
11 11 45 45
12 12 46 46
13 13 47 47
14 14 48 48
15 15 49 49
16 16 50 50
17 17 51 51
18 18 52 52
19 19 53 5319 19 53 53
20 20 54 54
21 21 55 55
22 22 56 56
23 23 57 57
24 24 58 58
25 25 59 59
26 26 60 60
27 27 61 61
28 28 62 62
29 29 63 63
30 30 64 64
31 31 65 65
32 32 66 6632 32 66 66
33 33 67 67
34 34 68 68

a OTU:  operational taxonomy unit
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16S rRNA gene copies of taxonomic groups monitored by qPCR during DBT Table A.6. 
degradation with pH control (Figure 2.5).

Taxonomic Group Day Rep Copies L 1 Taxonomic Group Day Rep Copies L 1

Fl b t i 0 1 4 378E+07 A i ill lik 0 1 bdFlavobacteriaceae 0 1 4.378E+07 Azospirillum -like 0 1 bd
Flavobacteriaceae 0 2 3.238E+07 Azospirillum -like 0 2 bd
Flavobacteriaceae 0 3 4.312E+07 Azospirillum -like 0 3 bd
Flavobacteriaceae 4 1 2.484E+08 Azospirillum -like 4 1 bd
Flavobacteriaceae 4 2 2.242E+08 Azospirillum -like 4 2 bd
Flavobacteriaceae 4 3 1.862E+08 Azospirillum -like 4 3 bd
Flavobacteriaceae 6 1 4.322E+08 Azospirillum -like 6 1 bd
Flavobacteriaceae 6 2 4.390E+08 Azospirillum -like 6 2 bd
Flavobacteriaceae 6 3 4.334E+08 Azospirillum -like 6 3 bd
Flavobacteriaceae 10 1 5.430E+08 Azospirillum -like 10 1 bd
Flavobacteriaceae 10 2 4.065E+08 Azospirillum -like 10 2 bd
Flavobacteriaceae 10 3 5 930E+08 Azospirillum like 10 3 bdFlavobacteriaceae 10 3 5.930E+08 Azospirillum -like 10 3 bd
Flavobacteriaceae 16 1 2.802E+08 Azospirillum -like 16 1 bd
Flavobacteriaceae 16 2 5.290E+08 Azospirillum -like 16 2 bd
Flavobacteriaceae 16 3 5.083E+08 Azospirillum -like 16 3 bd
Flavobacteriaceae 20 1 nda Azospirillum -like 20 1 bd
Flavobacteriaceae 20 2 3.643E+08 Azospirillum -like 20 2 bd
Flavobacteriaceae 20 3 4.638E+08 Azospirillum -like 20 3 bd
Flavobacteriaceae 24 1 9.446E+07 Azospirillum -like 24 1 bd
Flavobacteriaceae 24 2 8.642E+07 Azospirillum -like 24 2 bd
Flavobacteriaceae 24 3 1.034E+08 Azospirillum -like 24 3 bd
Flavobacteriaceae 32 1 3.713E+08 Azospirillum -like 32 1 bd
Flavobacteriaceae 32 2 2 320E+08 Azospirillum like 32 2 bdFlavobacteriaceae 32 2 2.320E+08 Azospirillum -like 32 2 bd
Flavobacteriaceae 32 3 2.179E+08 Azospirillum -like 32 3 bd
Planctomycetaceae 0 1 bdb Kordiimonas 0 1 9.594E+04
Planctomycetaceae 0 2 bd Kordiimonas 0 2 1.354E+05
Planctomycetaceae 0 3 bd Kordiimonas 0 3 8.311E+04
Planctomycetaceae 4 1 bd Kordiimonas 4 1 1.880E+06
Planctomycetaceae 4 2 bd Kordiimonas 4 2 2.365E+06
Planctomycetaceae 4 3 bd Kordiimonas 4 3 1.806E+06
Planctomycetaceae 6 1 bd Kordiimonas 6 1 4.482E+05
Planctomycetaceae 6 2 bd Kordiimonas 6 2 4.760E+05
Planctomycetaceae 6 3 bd Kordiimonas 6 3 5.643E+05
Planctomycetaceae 10 1 bd Kordiimonas 10 1 2 510E+05Planctomycetaceae 10 1 bd Kordiimonas 10 1 2.510E+05
Planctomycetaceae 10 2 bd Kordiimonas 10 2 1.719E+03
Planctomycetaceae 10 3 bd Kordiimonas 10 3 1.991E+05
Planctomycetaceae 16 1 bd Kordiimonas 16 1 1.725E+05
Planctomycetaceae 16 2 bd Kordiimonas 16 2 2.542E+05
Planctomycetaceae 16 3 bd Kordiimonas 16 3 7.027E+05
Planctomycetaceae 20 1 bd Kordiimonas 20 1 1.575E+06
Planctomycetaceae 20 2 bd Kordiimonas 20 2 1.948E+06
Planctomycetaceae 20 3 bd Kordiimonas 20 3 1.818E+06
Planctomycetaceae 24 1 bd Kordiimonas 24 1 5.464E+06
Planctomycetaceae 24 2 bd Kordiimonas 24 2 3.985E+06
Planctomycetaceae 24 3 bd Kordiimonas 24 3 2 958E+06Planctomycetaceae 24 3 bd Kordiimonas 24 3 2.958E+06
Planctomycetaceae 32 1 bd Kordiimonas 32 1 2.784E+06
Planctomycetaceae 32 2 bd Kordiimonas 32 2 1.610E+06
Planctomycetaceae 32 3 bd Kordiimonas 32 3 1.796E+06
Other Alphaproteobacteria 0 1 6.890E+03 Rhizobiales -like 0 1 6.897E+04
Other Alphaproteobacteria 0 2 9.956E+03 Rhizobiales -like 0 2 1.041E+05
Other Alphaproteobacteria 0 3 8.102E+03 Rhizobiales -like 0 3 9.831E+04
Other Alphaproteobacteria 4 1 3.572E+05 Rhizobiales -like 4 1 7.389E+05
Other Alphaproteobacteria 4 2 8.118E+05 Rhizobiales -like 4 2 1.654E+06
Other Alphaproteobacteria 4 3 5.642E+05 Rhizobiales -like 4 3 3.538E+06
Other Alphaproteobacteria 6 1 2.611E+05 Rhizobiales -like 6 1 1.274E+07
Other Alphaproteobacteria 6 2 2.998E+05 Rhizobiales -like 6 2 9.092E+06Other Alphaproteobacteria 6 2 2.998E+05 Rhizobiales -like 6 2 9.092E+06
Other Alphaproteobacteria 6 3 3.182E+05 Rhizobiales -like 6 3 2.375E+07
Other Alphaproteobacteria 10 1 8.758E+05 Rhizobiales -like 10 1 3.760E+07
Other Alphaproteobacteria 10 2 5.597E+05 Rhizobiales -like 10 2 3.959E+07
Other Alphaproteobacteria 10 3 6.278E+05 Rhizobiales -like 10 3 2.777E+07
Other Alphaproteobacteria 16 1 2.930E+05 Rhizobiales -like 16 1 5.210E+07
Other Alphaproteobacteria 16 2 5.792E+05 Rhizobiales -like 16 2 1.297E+08
Other Alphaproteobacteria 16 3 6.761E+05 Rhizobiales -like 16 3 1.897E+08
Other Alphaproteobacteria 20 1 4.007E+05 Rhizobiales -like 20 1 8.596E+07
Other Alphaproteobacteria 20 2 3.845E+05 Rhizobiales -like 20 2 5.567E+07
Other Alphaproteobacteria 20 3 2.482E+05 Rhizobiales -like 20 3 7.711E+07
Other Alphaproteobacteria 24 1 8.253E+05 Rhizobiales -like 24 1 3.053E+08Other Alphaproteobacteria 24 1 8.253E+05 Rhizobiales like 24 1 3.053E+08
Other Alphaproteobacteria 24 2 6.342E+05 Rhizobiales -like 24 2 3.639E+08
Other Alphaproteobacteria 24 3 6.545E+05 Rhizobiales -like 24 3 2.916E+08
Other Alphaproteobacteria 32 1 9.055E+05 Rhizobiales -like 32 1 1.582E+08
Other Alphaproteobacteria 32 2 6.026E+05 Rhizobiales -like 32 2 1.110E+08
Other Alphaproteobacteria 32 3 9.784E+05 Rhizobiales -like 32 3 9.242E+07
a nd:  not determined
b bd: below detection
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Table A6.  Continued.

Taxonomic Group Day Rep Copies L 1

Rhodospirillaceae -like 0 1 6.028E+05
Rhodospirillaceae -like 0 2 6.196E+05
Rhodospirillaceae -like 0 3 3.807E+05
Rhodospirillaceae -like 4 1 3.905E+06
Rhodospirillaceae -like 4 2 4.517E+06
Rhodospirillaceae -like 4 3 3.939E+06
Rhodospirillaceae -like 6 1 3.593E+06
Rhodospirillaceae -like 6 2 3.441E+06
Rhodospirillaceae -like 6 3 3.139E+06
Rhodospirillaceae -like 10 1 7.888E+06
Rhodospirillaceae -like 10 2 8.946E+06
Rhodospirillaceae -like 10 3 9.513E+06
Rhodospirillaceae -like 16 1 5.488E+06
Rhodospirillaceae -like 16 2 1.134E+07
Rhodospirillaceae -like 16 3 1.046E+07
Rhodospirillaceae -like 20 1 1.288E+07
Rhodospirillaceae -like 20 2 1.321E+07
Rhodospirillaceae -like 20 3 1.214E+07
Rhodospirillaceae -like 16 1 2.829E+07
Rhodospirillaceae -like 16 2 2.514E+07
Rhodospirillaceae -like 16 3 4.059E+07
Rhodospirillaceae -like 20 1 2.823E+07
Rhodospirillaceae -like 20 2 3.354E+07
Rhodospirillaceae -like 20 3 4.005E+07
Chromatiales 0 1 2.565E+07
Chromatiales 0 2 2.050E+07
Chromatiales 0 3 1.435E+07
Chromatiales 4 1 4.469E+07
Chromatiales 4 2 9.845E+07
Chromatiales 4 3 5.097E+07
Chromatiales 6 1 1.341E+08
Chromatiales 6 2 9.380E+07
Chromatiales 6 3 1.075E+08
Chromatiales 10 1 1.861E+08
Chromatiales 10 2 1.451E+08
Chromatiales 10 3 1.180E+08
Chromatiales 16 1 8.500E+08
Chromatiales 16 2 1.158E+09
Chromatiales 16 3 1.238E+09
Chromatiales 20 1 1.696E+09
Chromatiales 20 2 1.399E+09
Chromatiales 20 3 1.208E+09
Chromatiales 16 1 9.755E+08
Chromatiales 16 2 2.287E+09
Chromatiales 16 3 1.730E+09
Chromatiales 20 1 2.194E+09
Chromatiales 20 2 1.633E+09
Chromatiales 20 3 2.241E+09
Pseudomonas 0 1 9.878E+05
Pseudomonas 0 2 7.816E+05
Pseudomonas 0 3 9.158E+05
Pseudomonas 4 1 1.772E+06
Pseudomonas 4 2 1.149E+06
Pseudomonas 4 3 1.884E+06
Pseudomonas 6 1 1.423E+06
Pseudomonas 6 2 1.546E+06
Pseudomonas 6 3 1.008E+06
Pseudomonas 10 1 1.723E+06
Pseudomonas 10 2 2.834E+06
Pseudomonas 10 3 2.321E+06
Pseudomonas 16 1 2.993E+06
Pseudomonas 16 2 5.209E+06
Pseudomonas 16 3 5.476E+06
Pseudomonas 20 1 8.243E+06
Pseudomonas 20 2 8.124E+06
Pseudomonas 20 3 1.135E+07
Pseudomonas 16 1 1.872E+07
Pseudomonas 16 2 1.735E+07
Pseudomonas 16 3 1.720E+07
Pseudomonas 20 1 3.597E+07
Pseudomonas 20 2 3.117E+07
Pseudomonas 20 3 2.901E+07
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Relative 16S rRNA gene copy numbers of taxonomic groups monitored dur-Table A.8. 
ing DBT degradation with pH control (Figure 2.6).

Taxonomic Group Day Rep
Relative Copy
Numbers Taxonomic Group Day Rep

Flavobacteriaceae 0 1 0.58 Azospirillum -like 0 1
Flavobacteriaceae 0 2 0.53 Azospirillum -like 0 2
Flavobacteriaceae 0 3 0.74 Azospirillum -like 0 3
Flavobacteriaceae 4 1 0.66 Azospirillum -like 4 1
Flavobacteriaceae 4 2 0.56 Azospirillum -like 4 2
Flavobacteriaceae 4 3 0.49 Azospirillum -like 4 3
Flavobacteriaceae 6 1 0.60 Azospirillum -like 6 1
Flavobacteriaceae 6 2 0.61 Azospirillum -like 6 2
Flavobacteriaceae 6 3 0.65 Azospirillum -like 6 3
Flavobacteriaceae 10 1 0.61 Azospirillum -like 10 1
Flavobacteriaceae 10 2 0.55 Azospirillum -like 10 2
Flavobacteriaceae 10 3 0.57 Azospirillum -like 10 3
Flavobacteriaceae 16 1 0.18 Azospirillum -like 16 1
Flavobacteriaceae 16 2 0.23 Azospirillum -like 16 2
Flavobacteriaceae 16 3 0.24 Azospirillum -like 16 3
Flavobacteriaceae 20 1 nda Azospirillum -like 20 1
Flavobacteriaceae 20 2 0.13 Azospirillum -like 20 2
Flavobacteriaceae 20 3 0.20 Azospirillum -like 20 3
Flavobacteriaceae 24 1 0.04 Azospirillum -like 24 1
Flavobacteriaceae 24 2 0.03 Azospirillum -like 24 2
Flavobacteriaceae 24 3 0.04 Azospirillum -like 24 3
Flavobacteriaceae 32 1 0.10 Azospirillum -like 32 1
Flavobacteriaceae 32 2 0.08 Azospirillum -like 32 2
Flavobacteriaceae 32 3 0.06 Azospirillum -like 32 3
Planctomycetaceae 0 1 bdb Kordiimonas 0 1
Planctomycetaceae 0 2 bd Kordiimonas 0 2
Planctomycetaceae 0 3 bd Kordiimonas 0 3
Planctomycetaceae 4 1 bd Kordiimonas 4 1
Planctomycetaceae 4 2 bd Kordiimonas 4 2
Planctomycetaceae 4 3 bd Kordiimonas 4 3
Planctomycetaceae 6 1 bd Kordiimonas 6 1
Planctomycetaceae 6 2 bd Kordiimonas 6 2
Planctomycetaceae 6 3 bd Kordiimonas 6 3
Planctomycetaceae 10 1 bd Kordiimonas 10 1
Planctomycetaceae 10 2 bd Kordiimonas 10 2
Planctomycetaceae 10 3 bd Kordiimonas 10 3
Planctomycetaceae 16 1 bd Kordiimonas 16 1
Planctomycetaceae 16 2 bd Kordiimonas 16 2
Planctomycetaceae 16 3 bd Kordiimonas 16 3
Planctomycetaceae 20 1 bd Kordiimonas 20 1
Planctomycetaceae 20 2 bd Kordiimonas 20 2
Planctomycetaceae 20 3 bd Kordiimonas 20 3
Planctomycetaceae 24 1 bd Kordiimonas 24 1
Planctomycetaceae 24 2 bd Kordiimonas 24 2
Planctomycetaceae 24 3 bd Kordiimonas 24 3
Planctomycetaceae 32 1 bd Kordiimonas 32 1
Planctomycetaceae 32 2 bd Kordiimonas 32 2
Planctomycetaceae 32 3 bd Kordiimonas 32 3
Other Alphaproteobacteria 0 1 0.00 Rhizobiales -like 0 1
Other Alphaproteobacteria 0 2 0.00 Rhizobiales -like 0 2
Other Alphaproteobacteria 0 3 0.00 Rhizobiales -like 0 3
Other Alphaproteobacteria 4 1 0.00 Rhizobiales -like 4 1
Other Alphaproteobacteria 4 2 0.00 Rhizobiales -like 4 2
Other Alphaproteobacteria 4 3 0.00 Rhizobiales -like 4 3
Other Alphaproteobacteria 6 1 0.00 Rhizobiales -like 6 1
Other Alphaproteobacteria 6 2 0.00 Rhizobiales -like 6 2
Other Alphaproteobacteria 6 3 0.00 Rhizobiales -like 6 3
Other Alphaproteobacteria 10 1 0.00 Rhizobiales -like 10 1
Other Alphaproteobacteria 10 2 0.00 Rhizobiales -like 10 2
Other Alphaproteobacteria 10 3 0.00 Rhizobiales -like 10 3
Other Alphaproteobacteria 16 1 0.00 Rhizobiales -like 16 1
Other Alphaproteobacteria 16 2 0.00 Rhizobiales -like 16 2
Other Alphaproteobacteria 16 3 0.00 Rhizobiales -like 16 3
Other Alphaproteobacteria 20 1 0.00 Rhizobiales -like 20 1
Other Alphaproteobacteria 20 2 0.00 Rhizobiales -like 20 2
Other Alphaproteobacteria 20 3 0.00 Rhizobiales -like 20 3
Other Alphaproteobacteria 24 1 0.00 Rhizobiales -like 24 1
Other Alphaproteobacteria 24 2 0.00 Rhizobiales -like 24 2
Other Alphaproteobacteria 24 3 0.00 Rhizobiales -like 24 3
Other Alphaproteobacteria 32 1 0.00 Rhizobiales -like 32 1
Other Alphaproteobacteria 32 2 0.00 Rhizobiales -like 32 2
Other Alphaproteobacteria 32 3 0.00 Rhizobiales -like 32 3
a nd:  not determined
b bd: below detection
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Table A8. Continued.

Taxonomic Group Day Rep
Relative Copy
Numbers

Rhodospirillaceae -like 0 1 0.01
Rhodospirillaceae -like 0 2 0.01
Rhodospirillaceae -like 0 3 0.01
Rhodospirillaceae -like 4 1 0.01
Rhodospirillaceae -like 4 2 0.01
Rhodospirillaceae -like 4 3 0.01
Rhodospirillaceae -like 6 1 0.01
Rhodospirillaceae -like 6 2 0.00
Rhodospirillaceae -like 6 3 0.00
Rhodospirillaceae -like 10 1 0.01
Rhodospirillaceae -like 10 2 0.01
Rhodospirillaceae -like 10 3 0.01
Rhodospirillaceae -like 16 1 0.00
Rhodospirillaceae -like 16 2 0.00
Rhodospirillaceae -like 16 3 0.00
Rhodospirillaceae -like 20 1 0.01
Rhodospirillaceae -like 20 2 0.00
Rhodospirillaceae -like 20 3 0.01
Rhodospirillaceae -like 16 1 0.01
Rhodospirillaceae -like 16 2 0.01
Rhodospirillaceae -like 16 3 0.01
Rhodospirillaceae -like 20 1 0.01
Rhodospirillaceae -like 20 2 0.01
Rhodospirillaceae -like 20 3 0.01
Chromatiales 0 1 0.34
Chromatiales 0 2 0.34
Chromatiales 0 3 0.25
Chromatiales 4 1 0.12
Chromatiales 4 2 0.24
Chromatiales 4 3 0.14
Chromatiales 6 1 0.19
Chromatiales 6 2 0.13
Chromatiales 6 3 0.16
Chromatiales 10 1 0.21
Chromatiales 10 2 0.19
Chromatiales 10 3 0.11
Chromatiales 16 1 0.55
Chromatiales 16 2 0.50
Chromatiales 16 3 0.59
Chromatiales 20 1 0.76
Chromatiales 20 2 0.49
Chromatiales 20 3 0.53
Chromatiales 16 1 0.41
Chromatiales 16 2 0.67
Chromatiales 16 3 0.61
Chromatiales 20 1 0.59
Chromatiales 20 2 0.55
Chromatiales 20 3 0.60
Pseudomonas 0 1 0.01
Pseudomonas 0 2 0.01
Pseudomonas 0 3 0.02
Pseudomonas 4 1 0.00
Pseudomonas 4 2 0.00
Pseudomonas 4 3 0.00
Pseudomonas 6 1 0.00
Pseudomonas 6 2 0.00
Pseudomonas 6 3 0.00
Pseudomonas 10 1 0.00
Pseudomonas 10 2 0.00
Pseudomonas 10 3 0.00
Pseudomonas 16 1 0.00
Pseudomonas 16 2 0.00
Pseudomonas 16 3 0.00
Pseudomonas 20 1 0.00
Pseudomonas 20 2 0.00
Pseudomonas 20 3 0.00
Pseudomonas 16 1 0.01
Pseudomonas 16 2 0.01
Pseudomonas 16 3 0.01
Pseudomonas 20 1 0.01
Pseudomonas 20 2 0.01
Pseudomonas 20 3 0.01
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Chapter 3 DataAppendix B:	

Inhibition of luminescence in Table B.1.  Vibrio fischeri exposed to DBT and selected 
DBT degradation products (Figure 3.19).

Compound Concentration, µM Replicate
Initial Luminescence

Units
Final Luminescence

Units
Luminescence
Inh bition, %

Control 0 1 171846 123357 0.00
Control 0 2 143291 123977 0.00
Control 0 3 176078 128879 0.00
benzoic acid 0 1 179827 13756 89.34
benzoic acid 0 2 181563 14639 88.77
benzoic acid 0 3 190021 153043 0.00
benzoic acid 0.1 1 192193 150279 0.00
benzoic acid 0 1 2 170293 150600 0 00benzoic acid 0.1 2 170293 150600 0.00
benzoic acid 0.1 3 178344 132778 0.00
benzoic acid 1 1 189920 161781 0.00
benzoic acid 1 2 166312 150211 0.00
benzoic acid 1 3 188436 138880 0.00
benzoic acid 10 1 194287 157958 0.00
benzoic acid 10 2 181332 170016 0.00
benzoic acid 10 3 191002 143150 0.00
benzoic acid 100 1 195946 159599 0.00
benzoic acid 100 2 179605 146220 5.90
benzoic acid 100 3 195496 152498 0.00
b i id 1000 1 195767 142320 0 00benzoic acid 1000 1 195767 142320 0.00
benzoic acid 1000 2 188391 166521 0.00
benzoic acid 1000 3 193821 149942 0.00
benzoic acid 10000 1 189181 75495 44.41
benzoic acid 10000 2 176681 74682 51.15
benzoic acid 10000 3 184060 84585 37.10
benzothiophene-2,3-dione 0 1 187915 146587 0.00
benzothiophene-2,3-dione 0 2 177461 129832 0.00
benzothiophene-2,3-dione 0 3 185901 150023 0.00
benzothiophene-2,3-dione 0.01 1 196116 150903 0.00
benzothiophene-2,3-dione 0.01 2 177408 157603 0.00p ,
benzothiophene-2,3-dione 0.01 3 195974 165711 0.00
benzothiophene-2,3-dione 0.1 1 185350 131823 0.92
benzothiophene-2,3-dione 0.1 2 165762 123076 0.00
benzothiophene-2,3-dione 0.1 3 186577 139312 0.00
benzothiophene-2,3-dione 0.5 1 185061 135585 0.00
benzothiophene-2,3-dione 0.5 2 161690 139370 0.38
benzothiophene-2,3-dione 0.5 3 180050 143200 0.00
benzothiophene-2,3-dione 1 1 187825 143646 0.00
benzothiophene-2,3-dione 1 2 163150 149546 0.00
benzothiophene-2,3-dione 1 3 189954 148544 0.00
benzothiophene-2,3-dione 2.5 1 190643 150971 0.00benzothiophene-2,3-dione 2.5 1 190643 150971 0.00
benzothiophene-2,3-dione 2.5 2 170961 156582 0.00
benzothiophene-2,3-dione 2.5 3 194032 158882 0.00
benzothiophene-2,3-dione 10 1 193180 153050 0.00
benzothiophene-2,3-dione 10 2 167654 154266 0.00
benzothiophene-2,3-dione 10 3 194836 165198 0.00
benzothiophene-2,3-dione 1000 1 195272 134741 3.88
benzothiophene-2,3-dione 1000 2 177044 147113 3.96
benzothiophene-2,3-dione 1000 3 194871 138129 2.98
DBT 0 1 197674 168922 0.00
DBT 0 2 176508 149001 0.00
DBT 0 3 190125 156987 0 00DBT 0 3 190125 156987 0.00
DBT 0.001 1 177629 129274 0.00
DBT 0.001 2 147047 119541 0.00
DBT 0.001 3 182739 140355 0.00
DBT 0.015 1 178858 133099 0.00
DBT 0.01 2 146806 121305 4.50
DBT 0.01 3 185197 147146 0.00
DBT 0.12 1 178992 150887 0.00
DBT 0.1 2 152433 136596 0.00
DBT 0.1 3 181753 156714 0.00
DBT 0.469 1 182940 150015 0.00
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Table B1. Continued.

Compound Concentration, µM Replicate
Initial Luminescence

Units
Final Luminescence

Units
Luminescence
Inh bition, %

DBT sulfone 0 1 193421 159433 0.00
DBT sulfone 0 2 183236 146705 0.00
DBT sulfone 0 3 178302 145436 0.00
DBT sulfone 0.01 1 185063 139202 0.00
DBT sulfone 0.01 2 159472 140641 0.00
DBT sulfone 0.01 3 182939 144217 0.00
DBT sulfone 0.1 1 189354 145799 0.00
DBT sulfone 0 1 2 167511 144359 0 39DBT sulfone 0.1 2 167511 144359 0.39
DBT sulfone 0.1 3 189485 150105 0.00
DBT sulfone 0.5 1 191472 150938 0.00
DBT sulfone 0.5 2 169063 156482 0.00
DBT sulfone 0.5 3 199093 174125 0.00
DBT sulfone 1 1 195849 158310 0.00
DBT sulfone 1 2 169319 153238 0.00
DBT sulfone 1 3 194593 164754 0.00
DBT sulfone 10 1 195406 152576 0.00
DBT sulfone 10 2 171706 158256 0.00
DBT sulfone 10 3 194230 166824 0.00
DBT lf 1000 1 196456 142580 0 00DBT sulfone 1000 1 196456 142580 0.00
DBT sulfone 1000 2 171253 149966 0.00
DBT sulfone 1000 3 195685 146470 0.00
Dithiosalicylic acid 0 1 195584 150643 0.00
Dithiosalicylic acid 0 2 187688 150012 0.00
Dithiosalicylic acid 0 3 192321 149023 0.00
Dithiosalicylic acid 0.001 1 195012 155053 0.00
Dithiosalicylic acid 0.001 2 175212 152408 0.00
Dithiosalicylic acid 0.001 3 194683 161095 0.00
Dithiosalicylic acid 0.01 1 196149 157319 0.00
Dithiosalicylic acid 0.01 2 179642 157380 0.00y
Dithiosalicylic acid 0.01 3 193622 163784 0.00
Dithiosalicylic acid 0.1 1 197465 157203 0.00
Dithiosalicylic acid 0.1 2 184994 166396 0.00
Dithiosalicylic acid 0.1 3 196937 165406 0.00
Dithiosalicylic acid 0.5 1 189942 137088 0.00
Dithiosalicylic acid 0.5 2 169452 146779 0.00
Dithiosalicylic acid 0.5 3 188840 147212 0.00
Dithiosalicylic acid 1 1 185363 142359 0.00
Dithiosalicylic acid 1 2 158745 145676 0.00
Dithiosalicylic acid 1 3 179197 135530 0.00
Dithiosalicylic acid 10 1 189298 144982 0.00Dithiosalicylic acid 10 1 189298 144982 0.00
Dithiosalicylic acid 10 2 164788 145596 0.00
Dithiosalicylic acid 10 3 189020 142447 0.00
Dithiosalicylic acid 1000 1 193605 120788 13.09
Dithiosalicylic acid 1000 2 173006 119743 20.00
Dithiosalicylic acid 1000 3 195212 113787 20.22
thioindigo 0 1 182208 144365 0.00
thioindigo 0 2 198960 143876 1.02
thioindigo 0 3 174490 132043 0.00
thioindigo 0.01 1 190154 143441 0.00
thioindigo 0.01 2 177273 152488 0.58
thioindigo 0 01 3 189990 143077 0 00thioindigo 0.01 3 189990 143077 0.00
thioindigo 0.1 1 196684 158167 0.00
thioindigo 0.1 2 179921 158395 0.00
thioindigo 0.1 3 194503 158521 0.00
thioindigo 0.5 1 196477 159247 0.00
thioindigo 0.5 2 177444 159122 0.00
thioindigo 0.5 3 196422 171763 0.00
thioindigo 1 1 197906 156417 0.00
thioindigo 1 2 191078 168595 0.00
thioindigo 1 3 199631 180978 0.00
thioindigo 1.5 1 189484 142938 0.00



184

Table B1. Continued.

Compound Concentration, µM Replicate
Initial Luminescence

Units
Final Luminescence

Units
Luminescence
Inh bition, %

thiosalicylic acid 0 1 195633 146582 0.00
thiosalicylic acid 0 2 173209 136573 0.00
thiosalicylic acid 0 3 185638 135648 0.00
thiosalicylic acid 0.1 1 196594 161104 0.00
thiosalicylic acid 0.1 2 176355 158499 0.00
thiosalicylic acid 0.1 3 194577 169928 0.00
thiosalicylic acid 0.5 1 196940 156432 0.00
thiosalicylic acid 0 5 2 184786 164484 0 00thiosalicylic acid 0.5 2 184786 164484 0.00
thiosalicylic acid 0.5 3 199113 176263 0.00
thiosalicylic acid 1 1 190565 135948 0.62
thiosalicylic acid 1 2 168521 148509 0.00
thiosalicylic acid 1 3 189331 147262 0.00
thiosalicylic acid 5 1 188293 135942 0.00
thiosalicylic acid 5 2 160443 138765 0.04
thiosalicylic acid 5 3 186125 142417 0.00
thiosalicylic acid 10 1 188834 132362 2.35
thiosalicylic acid 10 2 164701 136757 4.03
thiosalicylic acid 10 3 189006 133877 3.05
thi li li id 1000 1 193479 118998 14 32thiosalicylic acid 1000 1 193479 118998 14.32
thiosalicylic acid 1000 2 169309 127359 13.06
thiosalicylic acid 1000 3 192817 121213 13.96
thiosalicylic acid 10000 1 193551 94801 31.77
thiosalicylic acid 10000 2 167713 89821 38.10
thiosalicylic acid 10000 3 197903 95209 34.15
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Concentrations of DBT and other compounds analyzed by GC/MS in extracts Table B.2. 
from culture media during DBT degradation without pH control (Figures 3.20 and 3.21).

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

2-naphthol (internal standard) 0 1 579525 20 naa µM
2-naphthol 0 2 3826396 20 na µM
2-naphthol 2 1 869229 20 na µM
2-naphthol 2 2 979322 20 na µM
2-naphthol 2 3 1123412 20 na µM
2-naphthol 4 1 1086621 20 na µM
2-naphthol 4 2 1453022 20 na µM
2-naphthol 4 3 1215334 20 na µM
2-naphthol 6 1 875131 20 na µM2-naphthol 6 1 875131 20 na µM
2-naphthol 6 2 1032311 20 na µM
2-naphthol 6 3 1196493 20 na µM
2-naphthol 10 1 745345 20 na µM
2-naphthol 10 2 540320 20 na µM
2-naphthol 10 3 227425 20 na µM
2-naphthol 14 1 988040 20 na µM
2-naphthol 14 2 1035186 20 na µM
2-naphthol 14 3 1739586 20 na µM
2-naphthol 20 1 1214494 20 na µM
2-naphthol 20 2 962879 20 na µM
2-naphthol 20 3 929181 20 na µM2-naphthol 20 3 929181 20 na µM
Thiosalicylic acid 0 1 0 0 0 µM
Thiosalicylic acid 0 2 0 0 0 µM
Thiosalicylic acid 2 1 56624 12.400 0.165 µM
Thiosalicylic acid 2 2 45160 17.254 0.230 µM
Thiosalicylic acid 2 3 42678 14.025 0.187 µM
Thiosalicylic acid 4 1 103588 20.930 0.279 µM
Thiosalicylic acid 4 2 74678 24.075 0.321 µM
Thiosalicylic acid 4 3 98154 16.051 0.214 µM
Thiosalicylic acid 6 1 68462 13.742 0.183 µMThiosalicylic acid 6 1 68462 13.742 0.183 µM
Thiosalicylic acid 6 2 54873 15.675 0.209 µM
Thiosalicylic acid 6 3 45578 11.325 0.151 µM
Thiosalicylic acid 10 1 16558 8.850 0.118 µM
Thiosalicylic acid 10 2 10995 12.225 0.163 µM
Thiosalicylic acid 10 3 16817 6.525 0.087 µM
Thiosalicylic acid 14 1 49245 8.753 0.117 µM
Thiosalicylic acid 14 2 57648 9.781 0.130 µM
Thiosalicylic acid 14 3 44534 7.351 0.098 µM
Thiosalicylic acid 20 1 0 0 0 µM
Thiosalicylic acid 20 2 0 0 0 µM
Thiosalicylic acid 20 3 0 0 0 µM
2-hydroxybenzothiophene 0 1 0 na 0 RR
2-hydroxybenzothiophene 0 2 0 na 0 RR
2-hydroxybenzothiophene 2 1 134638 na 0.155 RR
2-hydroxybenzothiophene 2 2 124873 na 0.144 RR
2-hydroxybenzothiophene 2 3 102014 na 0.117 RR
2-hydroxybenzothiophene 4 1 1456986 na 1.341 RR
2-hydroxybenzothiophene 4 2 1524665 na 1.403 RR
2-hydroxybenzothiophene 4 3 845372 na 0.778 RR
2-hydroxybenzothiophene 6 1 2557835 na 2 923 RR2-hydroxybenzothiophene 6 1 2557835 na 2.923 RR
2-hydroxybenzothiophene 6 2 1845789 na 2.109 RR
2-hydroxybenzothiophene 6 3 1975428 na 2.257 RR
2-hydroxybenzothiophene 10 1 1293004 na 1.735 RR
2-hydroxybenzothiophene 10 2 669690 na 1.239 RR
2-hydroxybenzothiophene 10 3 254575 na 1.119 RR
2-hydroxybenzothiophene 14 1 639250 na 0.647 RR
2-hydroxybenzothiophene 14 2 530618 na 0.513 RR
2-hydroxybenzothiophene 14 3 404530 na 0.391 RR
2-hydroxybenzothiophene 20 1 253748 na 0.209 RR
2-hydroxybenzothiophene 20 2 116922 na 0.121 RR
2 hydroxybenzothiophene 20 3 147679 na 0 159 RR2-hydroxybenzothiophene 20 3 147679 na 0.159 RR
3-hydroxybenzothiophene 0 1 0 na 0 RR
3-hydroxybenzothiophene 0 2 0 na 0 RR
3-hydroxybenzothiophene 2 1 634163 na 0.730 RR
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Table B.2. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

3-hydroxybenzothiophene 2 2 316471 na 0.364 RR
3-hydroxybenzothiophene 2 3 452678 na 0.521 RR
3-hydroxybenzothiophene 4 1 1233164 na 1.135 RR
3-hydroxybenzothiophene 4 2 1167925 na 1.075 RR
3-hydroxybenzothiophene 4 3 805675 na 0.741 RR
3-hydroxybenzothiophene 6 1 1756894 na 2.008 RR
3-hydroxybenzothiophene 6 2 1249252 na 1.428 RR
3-hydroxybenzothiophene 6 3 1087965 na 1.243 RR
3-hydroxybenzothiophene 10 1 1334068 na 1.790 RR3 hydroxybenzothiophene 10 1 1334068 na 1.790 RR
3-hydroxybenzothiophene 10 2 857856 na 1.588 RR
3-hydroxybenzothiophene 10 3 622084 na 1.151 RR
3-hydroxybenzothiophene 14 1 2956181 na 2.992 RR
3-hydroxybenzothiophene 14 2 2139168 na 2.066 RR
3-hydroxybenzothiophene 14 3 2315431 na 2.237 RR
3-hydroxybenzothiophene 20 1 813076 na 0.669 RR
3-hydroxybenzothiophene 20 2 553125 na 0.574 RR
3-hydroxybenzothiophene 20 3 532534 na 0.573 RR
benzothiophene-2,3-dione 0 1 0 0 0 µM
benzothiophene-2,3-dione 0 2 0 0 0 µM
benzothiophene-2,3-dione 2 1 6323903 25.853 0.345 µMbenzothiophene 2,3 dione 2 1 6323903 25.853 0.345 µM
benzothiophene-2,3-dione 2 2 6045820 22.931 0.306 µM
benzothiophene-2,3-dione 2 3 4501879 31.811 0.424 µM
benzothiophene-2,3-dione 4 1 8585191 43.743 0.583 µM
benzothiophene-2,3-dione 4 2 9457822 37.717 0.503 µM
benzothiophene-2,3-dione 4 3 7545681 30.419 0.406 µM
benzothiophene-2,3-dione 6 1 10699440 59.865 0.798 µM
benzothiophene-2,3-dione 6 2 9487562 54.124 0.722 µM
benzothiophene-2,3-dione 6 3 11245672 63.827 0.851 µM
benzothiophene-2,3-dione 10 1 8092502 41.441 0.553 µM
benzothiophene-2,3-dione 10 2 4956041 29.580 0.394 µM
benzothiophene-2 3-dione 10 3 1665448 26 160 0 349 µMbenzothiophene-2,3-dione 10 3 1665448 26.160 0.349 µM
benzothiophene-2,3-dione 14 1 11152712 53.033 0.707 µM
benzothiophene-2,3-dione 14 2 9158265 45.938 0.613 µM
benzothiophene-2,3-dione 14 3 8932011 37.791 0.504 µM
benzothiophene-2,3-dione 20 1 3576434 22.515 0.300 µM
benzothiophene-2,3-dione 20 2 1817325 18.278 0.244 µM
benzothiophene-2,3-dione 20 3 2141586 19.995 0.267 µM
2,3-dihydroxybenzothiophene 0 1 0 na 0 RR
2,3-dihydroxybenzothiophene 0 2 15990 na 0.004 RR
2,3-dihydroxybenzothiophene 2 1 271808 na 0.313 RR
2,3-dihydroxybenzothiophene 2 2 304587 na 0.350 RR
2 3 dihydroxybenzothiophene 2 3 159489 na 0 183 RR2,3-dihydroxybenzothiophene 2 3 159489 na 0.183 RR
2,3-dihydroxybenzothiophene 4 1 834837 na 0.768 RR
2,3-dihydroxybenzothiophene 4 2 810234 na 0.746 RR
2,3-dihydroxybenzothiophene 4 3 608461 na 0.560 RR
2,3-dihydroxybenzothiophene 6 1 666370 na 0.761 RR
2,3-dihydroxybenzothiophene 6 2 620145 na 0.709 RR
2,3-dihydroxybenzothiophene 6 3 884052 na 1.010 RR
2,3-dihydroxybenzothiophene 10 1 847826 na 1.137 RR
2,3-dihydroxybenzothiophene 10 2 560877 na 1.038 RR
2,3-dihydroxybenzothiophene 10 3 329240 na 1.448 RR
2,3-dihydroxybenzothiophene 14 1 937785 na 0.949 RR
2 3 dih d b thi h 14 2 1034481 0 999 RR2,3-dihydroxybenzothiophene 14 2 1034481 na 0.999 RR
2,3-dihydroxybenzothiophene 14 3 989344 na 0.956 RR
2,3-dihydroxybenzothiophene 20 1 703444 na 0.579 RR
2,3-dihydroxybenzothiophene 20 2 507196 na 0.527 RR
2,3-dihydroxybenzothiophene 20 3 459030 na 0.494 RR
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Table B.2. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

benzothiophene-2,3-dione 0 1 0 0 0 µM
benzothiophene-2,3-dione 0 2 0 0 0 µM
benzothiophene-2,3-dione 0 3 0 0 0 µM
benzothiophene-2,3-dione 2 1 3929221 657.330 3.743 µM
benzothiophene-2,3-dione 2 2 4875839 4100.500 4.645 µM
benzothiophene-2,3-dione 2 3 4336447 596.650 3.397 µM
benzothiophene-2,3-dione 4 1 11886377 1116.490 10.371 µM
benzothiophene-2,3-dione 4 2 14154636 2241.060 12.761 µM
benzothiophene-2,3-dione 4 3 21587052 2513.900 14.315 µMbenzothiophene 2,3 dione 4 3 21587052 2513.900 14.315 µM
benzothiophene-2,3-dione 6 1 18287460 1502.000 8.553 µM
benzothiophene-2,3-dione 6 2 15159822 5675.690 13.185 µM
benzothiophene-2,3-dione 6 3 15574956 2257.150 12.853 µM
benzothiophene-2,3-dione 10 1 7643760 134.490 6.308 µM
benzothiophene-2,3-dione 10 2 1889159 289.060 1.646 µM
benzothiophene-2,3-dione 10 3 7030270 930.570 5.299 µM
benzothiophene-2,3-dione 14 1 2003202 322.110 1.834 µM
benzothiophene-2,3-dione 14 2 2822751 427.590 2.435 µM
benzothiophene-2,3-dione 14 3 1758705 301.980 1.720 µM
benzothiophene-2,3-dione 20 1 6673923 10521.500 6.525 µM
benzothiophene-2,3-dione 20 2 3510343 1077.040 6.133 µMbenzothiophene 2,3 dione 20 2 3510343 1077.040 6.133 µM
benzothiophene-2,3-dione 20 3 4494142 253.310 4.339 µM
benzothiophene-2,3-dione 24 1 4504315 94.280 4.348 µM
benzothiophene-2,3-dione 24 2 3089178 525.780 2.994 µM
benzothiophene-2,3-dione 24 3 1428942 217.250 1.237 µM
benzothiophene-2,3-dione 32 1 1182425 72.110 1.024 µM
benzothiophene-2,3-dione 32 2 969684 762.490 4.342 µM
benzothiophene-2,3-dione 32 3 1974359 365.240 2.080 µM
2,3-dihydroxybenzothiophene 0 1 0 na 0 RR
2,3-dihydroxybenzothiophene 0 2 0 na 0 RR
2,3-dihydroxybenzothiophene 0 3 0 na 0 RR
2 3-dihydroxybenzothiophene 2 1 554183 na 0 246 RR2,3-dihydroxybenzothiophene 2 1 554183 na 0.246 RR
2,3-dihydroxybenzothiophene 2 2 866659 na 0.235 RR
2,3-dihydroxybenzothiophene 2 3 905484 na 0.528 RR
2,3-dihydroxybenzothiophene 4 1 1059161 na 0.826 RR
2,3-dihydroxybenzothiophene 4 2 1597931 na 0.709 RR
2,3-dihydroxybenzothiophene 4 3 1953627 na 0.924 RR
2,3-dihydroxybenzothiophene 6 1 1875397 na 1.441 RR
2,3-dihydroxybenzothiophene 6 2 2250865 na 1.295 RR
2,3-dihydroxybenzothiophene 6 3 1895932 na 1.244 RR
2,3-dihydroxybenzothiophene 10 1 1114726 na 1.958 RR
2,3-dihydroxybenzothiophene 10 2 898879 na 1.565 RR
2 3 dihydroxybenzothiophene 10 3 1323115 na 1 117 RR2,3-dihydroxybenzothiophene 10 3 1323115 na 1.117 RR
2,3-dihydroxybenzothiophene 14 1 1116945 na 0.783 RR
2,3-dihydroxybenzothiophene 14 2 915638 na 0.997 RR
2,3-dihydroxybenzothiophene 14 3 719359 na 1.023 RR
2,3-dihydroxybenzothiophene 20 1 793688 na 0.790 RR
2,3-dihydroxybenzothiophene 20 2 811850 na 0.703 RR
2,3-dihydroxybenzothiophene 20 3 706944 na 0.776 RR
2,3-dihydroxybenzothiophene 24 1 423013 na 0.794 RR
2,3-dihydroxybenzothiophene 24 2 642194 na 0.682 RR
2,3-dihydroxybenzothiophene 24 3 590004 na 0.504 RR
2,3-dihydroxybenzothiophene 32 1 306212 na 0.622 RR
2 3 dih d b thi h 32 2 237652 0 511 RR2,3-dihydroxybenzothiophene 32 2 237652 na 0.511 RR
2,3-dihydroxybenzothiophene 32 3 603978 na 0.329 RR
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Table B.2. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

2-hydroxybenzothiophene-3-carbaldehyde 0 1 0 na 0 RR
2-hydroxybenzothiophene-3-carbaldehyde 0 2 0 na 0 RR
2-hydroxybenzothiophene-3-carbaldehyde 0 3 0 na 0 RR
2-hydroxybenzothiophene-3-carbaldehyde 2 1 133042 na 0.127 RR
2-hydroxybenzothiophene-3-carbaldehyde 2 2 81831 na 0.161 RR
2-hydroxybenzothiophene-3-carbaldehyde 2 3 119107 na 0.093 RR
2-hydroxybenzothiophene-3-carbaldehyde 4 1 69934 na 0.061 RR
2-hydroxybenzothiophene-3-carbaldehyde 4 2 184123 na 0.166 RR
2-hydroxybenzothiophene-3-carbaldehyde 4 3 207321 na 0.137 RR2 hydroxybenzothiophene 3 carbaldehyde 4 3 207321 na 0.137 RR
2-hydroxybenzothiophene-3-carbaldehyde 6 1 269985 na 0.126 RR
2-hydroxybenzothiophene-3-carbaldehyde 6 2 286060 na 0.249 RR
2-hydroxybenzothiophene-3-carbaldehyde 6 3 109927 na 0.091 RR
2-hydroxybenzothiophene-3-carbaldehyde 10 1 114388 na 0.094 RR
2-hydroxybenzothiophene-3-carbaldehyde 10 2 15889 na 0.014 RR
2-hydroxybenzothiophene-3-carbaldehyde 10 3 139137 na 0.105 RR
2-hydroxybenzothiophene-3-carbaldehyde 14 1 53422 na 0.049 RR
2-hydroxybenzothiophene-3-carbaldehyde 14 2 86941 na 0.075 RR
2-hydroxybenzothiophene-3-carbaldehyde 14 3 18303 na 0.018 RR
2-hydroxybenzothiophene-3-carbaldehyde 20 1 100690 na 0.098 RR
2-hydroxybenzothiophene-3-carbaldehyde 20 2 74160 na 0.130 RR2 hydroxybenzothiophene 3 carbaldehyde 20 2 74160 na 0.130 RR
2-hydroxybenzothiophene-3-carbaldehyde 20 3 29436 na 0.028 RR
2-hydroxybenzothiophene-3-carbaldehyde 24 1 106544 na 0.103 RR
2-hydroxybenzothiophene-3-carbaldehyde 24 2 116295 na 0.113 RR
2-hydroxybenzothiophene-3-carbaldehyde 24 3 82682 na 0.072 RR
2-hydroxybenzothiophene-3-carbaldehyde 32 1 754578 na 0.653 RR
2-hydroxybenzothiophene-3-carbaldehyde 32 2 159957 na 0.716 RR
2-hydroxybenzothiophene-3-carbaldehyde 32 3 623081 na 0.656 RR
Benzothiophene carboxylic acid 0 1 0 na 0 RR
Benzothiophene carboxylic acid 0 2 0 na 0 RR
Benzothiophene carboxylic acid 0 3 0 na 0.000 RR
Benzothiophene carboxylic acid 2 1 15913 na 0 015 RRBenzothiophene carboxylic acid 2 1 15913 na 0.015 RR
Benzothiophene carboxylic acid 2 2 31201 na 0.061 RR
Benzothiophene carboxylic acid 2 3 27305 na 0.021 RR
Benzothiophene carboxylic acid 4 1 177578 na 0.155 RR
Benzothiophene carboxylic acid 4 2 288669 na 0.260 RR
Benzothiophene carboxylic acid 4 3 274516 na 0.182 RR
Benzothiophene carboxylic acid 6 1 5021719 na 2.349 RR
Benzothiophene carboxylic acid 6 2 2357777 na 2.051 RR
Benzothiophene carboxylic acid 6 3 2001070 na 1.651 RR
Benzothiophene carboxylic acid 10 1 0 na 0.000 RR
Benzothiophene carboxylic acid 10 2 0 na 0.000 RR
Benzothiophene carboxylic acid 10 3 29766 na 0 022 RRBenzothiophene carboxylic acid 10 3 29766 na 0.022 RR
Benzothiophene carboxylic acid 14 1 0 na 0.000 RR
Benzothiophene carboxylic acid 14 2 0 na 0.000 RR
Benzothiophene carboxylic acid 14 3 0 na 0.000 RR
Benzothiophene carboxylic acid 20 1 0 na 0.000 RR
Benzothiophene carboxylic acid 20 2 0 na 0.000 RR
Benzothiophene carboxylic acid 20 3 0 na 0.000 RR
Benzothiophene carboxylic acid 24 1 0 na 0.000 RR
Benzothiophene carboxylic acid 24 2 0 na 0.000 RR
Benzothiophene carboxylic acid 24 3 0 na 0.000 RR
Benzothiophene carboxylic acid 32 1 0 na 0.000 RR
B thi h b li id 32 2 0 0 000 RRBenzothiophene carboxylic acid 32 2 0 na 0.000 RR
Benzothiophene carboxylic acid 32 3 0 na 0.000 RR
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Table B.2. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

Thioindigo 0 1 0 0 0 µM
Thioindigo 0 2 0 0 0 µM
Thioindigo 2 1 0 0 0 µM
Thioindigo 2 2 0 0 0 µM
Thioindigo 2 3 0 0 0 µM
Thioindigo 4 1 183683 12.799 0.171 µM
Thioindigo 4 2 125803 8.638 0.115 µM
Thioindigo 4 3 124537 8.547 0.114 µM
Thioindigo 6 1 129798 11 180 0 149 µMThioindigo 6 1 129798 11.180 0.149 µM
Thioindigo 6 2 165492 14.367 0.192 µM
Thioindigo 6 3 177894 15.474 0.206 µM
Thioindigo 10 1 131162 13.341 0.178 µM
Thioindigo 10 2 89414 12.521 0.167 µM
Thioindigo 10 3 65401 22.060 0.294 µM
Thioindigo 14 1 124591 9.444 0.126 µM
Thioindigo 14 2 108577 7.787 0.104 µM
Thioindigo 14 3 98465 7.127 0.095 µM
Thioindigo 20 1 52081 2.943 0.039 µM
Thioindigo 20 2 74528 5.640 0.075 µMThioindigo 20 2 74528 5.640 0.075 µM
Thioindigo 20 3 43186 3.224 0.043 µM

Dithiosalicylic acid 0 1 ndb µM
Dithiosalicylic acid 0 2 nd µM
Dithiosalicylic acid 2 1 nd µM
Dithiosalicylic acid 2 2 nd µM
Dithiosalicylic acid 2 3 nd µM
Dithiosalicylic acid 4 1 nd µM
Dithiosalicylic acid 4 2 nd µM
Dithiosalicylic acid 4 3 nd µM
Dithiosalicylic acid 6 1 nd µM
Dithi li li id 6 2 d MDithiosalicylic acid 6 2 nd µM
Dithiosalicylic acid 6 3 nd µM
Dithiosalicylic acid 10 1 nd µM
Dithiosalicylic acid 10 2 nd µM
Dithiosalicylic acid 10 3 nd µM
Dithiosalicylic acid 14 1 nd µM
Dithiosalicylic acid 14 2 nd µM
Dithiosalicylic acid 14 3 nd µM
Dithiosalicylic acid 20 1 nd µM
Dithiosalicylic acid 20 2 nd µM
Dithiosalicylic acid 20 3 nd µM
a na:  not applicable.
b nd:  not detected.
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Concentrations of DBT and other compounds analyzed by GC/MS in extracts Table B.3. 
from culture media during DBT degradation with pH control (Figures 3.20 and 3.21).

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

2-naphthol (internal standard) 0 1 717495 20 naa µM
2-naphthol 0 2 565230 20 na µM
2-naphthol 0 3 1049754 20 na µM
2-naphthol 2 1 508620 20 na µM
2-naphthol 2 2 1276373 20 na µM
2-naphthol 2 3 1146098 20 na µM
2-naphthol 4 1 1109203 20 na µM
2-naphthol 4 2 1508032 20 na µM
2-naphthol 4 3 2138205 20 na µM2-naphthol 4 3 2138205 20 na µM
2-naphthol 6 1 1149796 20 na µM
2-naphthol 6 2 1211804 20 na µM
2-naphthol 6 3 998104 20 na µM
2-naphthol 10 1 1147758 20 na µM
2-naphthol 10 2 1326744 20 na µM
2-naphthol 10 3 1092146 20 na µM
2-naphthol 14 1 1159341 20 na µM
2-naphthol 14 2 1022777 20 na µM
2-naphthol 14 3 111396 20 na µM
2-naphthol 20 1 572379 20 na µM
2-naphthol 20 2 1035871 20 na µM2-naphthol 20 2 1035871 20 na µM
2-naphthol 20 3 839030 20 na µM
2-naphthol 24 1 1031830 20 na µM
2-naphthol 24 2 1155125 20 na µM
2-naphthol 24 3 931399 20 na µM
2-naphthol 32 1 223337 20 na µM
2-naphthol 32 2 949335 20 na µM
2-naphthol 32 3 929181 20 na µM
Thiosalicylic acid 0 1 0 0 0 µM
Thiosalicylic acid 0 2 0 0 0 µM
Thiosalicylic acid 0 3 0 0 0 µMy µ
Thiosalicylic acid 2 1 0 0.000 0.000 µM
Thiosalicylic acid 2 2 0 0.000 0.000 µM
Thiosalicylic acid 2 3 0 0.000 0.000 µM
Thiosalicylic acid 4 1 1976500 300.290 4.004 µM
Thiosalicylic acid 4 2 1469527 232.670 3.102 µM
Thiosalicylic acid 4 3 3097566 360.720 4.810 µM
Thiosalicylic acid 6 1 3534700 290.310 3.871 µM
Thiosalicylic acid 6 2 913598 195.410 2.605 µM
Thiosalicylic acid 6 3 1216476 176.290 2.351 µM
Thiosalicylic acid 10 1 0 0.000 0.000 µM
Thiosalicylic acid 10 2 0 0.000 0.000 µM
Thiosalicylic acid 10 3 0 0.000 0.000 µM
Thiosalicylic acid 14 1 0 0.000 0.000 µM
Thiosalicylic acid 14 2 0 0.000 0.000 µM
Thiosalicylic acid 14 3 0 0.000 0.000 µM
Thiosalicylic acid 20 1 0 0.000 0.000 µM
Thiosalicylic acid 20 2 0 0.000 0.000 µM
Thiosalicylic acid 20 3 0 0.000 0.000 µM
Thi li li id 24 1 0 0 000 0 000 MThiosalicylic acid 24 1 0 0.000 0.000 µM
Thiosalicylic acid 24 2 0 0.000 0.000 µM
Thiosalicylic acid 24 3 0 0.000 0.000 µM
Thiosalicylic acid 32 1 0 0.000 0.000 µM
Thiosalicylic acid 32 2 0 0.000 0.000 µM
Thiosalicylic acid 32 3 0 0.000 0.000 µM
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Table B.3. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

2-hydroxybenzothiophene 0 1 0 na 0.000 RR
2-hydroxybenzothiophene 0 2 0 na 0.000 RR
2-hydroxybenzothiophene 0 3 0 na 0.000 RR
2-hydroxybenzothiophene 2 1 247438 na 0.236 RR
2-hydroxybenzothiophene 2 2 162196 na 0.319 RR
2-hydroxybenzothiophene 2 3 352219 na 0.276 RR
2-hydroxybenzothiophene 4 1 3200759 na 2.793 RR
2-hydroxybenzothiophene 4 2 4855798 na 4.378 RR
2 h d b thi h 4 3 5722115 3 794 RR2-hydroxybenzothiophene 4 3 5722115 na 3.794 RR
2-hydroxybenzothiophene 6 1 10877694 na 5.087 RR
2-hydroxybenzothiophene 6 2 6133869 na 5.335 RR
2-hydroxybenzothiophene 6 3 6406311 na 5.287 RR
2-hydroxybenzothiophene 10 1 225227 na 0.226 RR
2-hydroxybenzothiophene 10 2 183843 na 0.160 RR
2-hydroxybenzothiophene 10 3 2357196 na 1.777 RR
2-hydroxybenzothiophene 14 1 304089 na 0.278 RR
2-hydroxybenzothiophene 14 2 283807 na 0.245 RR
2-hydroxybenzothiophene 14 3 232639 na 0.227 RR
2-hydroxybenzothiophene 20 1 442504 na 0.433 RR
h d b h h2-hydroxybenzothiophene 20 2 324679 na 0.567 RR

2-hydroxybenzothiophene 20 3 456441 na 0.441 RR
2-hydroxybenzothiophene 24 1 52870 na 0.063 RR
2-hydroxybenzothiophene 24 2 156056 na 0.151 RR
2-hydroxybenzothiophene 24 3 88855 na 0.077 RR
2-hydroxybenzothiophene 32 1 53330 na 0.057 RR
2-hydroxybenzothiophene 32 2 151752 na 0.679 RR
2-hydroxybenzothiophene 32 3 160818 na 0.169 RR
3-hydroxybenzothiophene 0 1 0 na 0 RR
3-hydroxybenzothiophene 0 2 0 na 0 RR
3-hydroxybenzothiophene 0 3 0 na 0 RR
3-hydroxybenzothiophene 2 1 6139097 na 5.848 RR
3-hydroxybenzothiophene 2 2 3526314 na 6.933 RR
3-hydroxybenzothiophene 2 3 10285734 na 8.059 RR
3-hydroxybenzothiophene 4 1 10566717 na 8.279 RR
3-hydroxybenzothiophene 4 2 9126206 na 8.228 RR
3-hydroxybenzothiophene 4 3 9309324 na 6.173 RR
3-hydroxybenzothiophene 6 1 6209850 na 2.904 RR
3-hydroxybenzothiophene 6 2 8143165 na 3.808 RR
3-hydroxybenzothiophene 6 3 4047928 na 3.340 RR
3-hydroxybenzothiophene 10 1 285622 na 0.286 RR
3-hydroxybenzothiophene 10 2 351963 na 0.307 RRy y p
3-hydroxybenzothiophene 10 3 1094830 na 0.825 RR
3-hydroxybenzothiophene 14 1 444326 na 0.407 RR
3-hydroxybenzothiophene 14 2 426998 na 0.368 RR
3-hydroxybenzothiophene 14 3 395031 na 0.386 RR
3-hydroxybenzothiophene 20 1 451087 na 0.441 RR
3-hydroxybenzothiophene 20 2 284827 na 0.498 RR
3-hydroxybenzothiophene 20 3 291098 na 0.281 RR
3-hydroxybenzothiophene 24 1 182939 na 0.218 RR
3-hydroxybenzothiophene 24 2 352022 na 0.341 RR
3-hydroxybenzothiophene 24 3 321990 na 0.279 RR
3-hydroxybenzothiophene 32 1 224262 na 0.241 RR3 hydroxybenzothiophene 32 1 224262 na 0.241 RR
3-hydroxybenzothiophene 32 2 269946 na 1.209 RR
3-hydroxybenzothiophene 32 3 299551 na 0.316 RR
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Table B.3. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

benzothiophene-2,3-dione 0 1 0 0 0 µM
benzothiophene-2,3-dione 0 2 0 0 0 µM
benzothiophene-2,3-dione 0 3 0 0 0 µM
benzothiophene-2,3-dione 2 1 3929221 657.330 3.743 µM
benzothiophene-2,3-dione 2 2 4875839 4100.500 4.645 µM
benzothiophene-2,3-dione 2 3 4336447 596.650 3.397 µM
benzothiophene-2,3-dione 4 1 11886377 1116.490 10.371 µM
benzothiophene-2,3-dione 4 2 14154636 2241.060 12.761 µM
benzothiophene-2,3-dione 4 3 21587052 2513.900 14.315 µMbenzothiophene 2,3 dione 4 3 21587052 2513.900 14.315 µM
benzothiophene-2,3-dione 6 1 18287460 1502.000 8.553 µM
benzothiophene-2,3-dione 6 2 15159822 5675.690 13.185 µM
benzothiophene-2,3-dione 6 3 15574956 2257.150 12.853 µM
benzothiophene-2,3-dione 10 1 7643760 134.490 6.308 µM
benzothiophene-2,3-dione 10 2 1889159 289.060 1.646 µM
benzothiophene-2,3-dione 10 3 7030270 930.570 5.299 µM
benzothiophene-2,3-dione 14 1 2003202 322.110 1.834 µM
benzothiophene-2,3-dione 14 2 2822751 427.590 2.435 µM
benzothiophene-2,3-dione 14 3 1758705 301.980 1.720 µM
benzothiophene-2,3-dione 20 1 6673923 10521.500 6.525 µM
benzothiophene-2,3-dione 20 2 3510343 1077.040 6.133 µMbenzothiophene 2,3 dione 20 2 3510343 1077.040 6.133 µM
benzothiophene-2,3-dione 20 3 4494142 253.310 4.339 µM
benzothiophene-2,3-dione 24 1 4504315 94.280 4.348 µM
benzothiophene-2,3-dione 24 2 3089178 525.780 2.994 µM
benzothiophene-2,3-dione 24 3 1428942 217.250 1.237 µM
benzothiophene-2,3-dione 32 1 1182425 72.110 1.024 µM
benzothiophene-2,3-dione 32 2 969684 762.490 4.342 µM
benzothiophene-2,3-dione 32 3 1974359 365.240 2.080 µM
2,3-dihydroxybenzothiophene 0 1 0 na 0 RR
2,3-dihydroxybenzothiophene 0 2 0 na 0 RR
2,3-dihydroxybenzothiophene 0 3 0 na 0 RR
2 3-dihydroxybenzothiophene 2 1 554183 na 0 246 RR2,3-dihydroxybenzothiophene 2 1 554183 na 0.246 RR
2,3-dihydroxybenzothiophene 2 2 866659 na 0.235 RR
2,3-dihydroxybenzothiophene 2 3 905484 na 0.528 RR
2,3-dihydroxybenzothiophene 4 1 1059161 na 0.826 RR
2,3-dihydroxybenzothiophene 4 2 1597931 na 0.709 RR
2,3-dihydroxybenzothiophene 4 3 1953627 na 0.924 RR
2,3-dihydroxybenzothiophene 6 1 1875397 na 1.441 RR
2,3-dihydroxybenzothiophene 6 2 2250865 na 1.295 RR
2,3-dihydroxybenzothiophene 6 3 1895932 na 1.244 RR
2,3-dihydroxybenzothiophene 10 1 1114726 na 1.958 RR
2,3-dihydroxybenzothiophene 10 2 898879 na 1.565 RR
2 3 dihydroxybenzothiophene 10 3 1323115 na 1 117 RR2,3-dihydroxybenzothiophene 10 3 1323115 na 1.117 RR
2,3-dihydroxybenzothiophene 14 1 1116945 na 0.783 RR
2,3-dihydroxybenzothiophene 14 2 915638 na 0.997 RR
2,3-dihydroxybenzothiophene 14 3 719359 na 1.023 RR
2,3-dihydroxybenzothiophene 20 1 793688 na 0.790 RR
2,3-dihydroxybenzothiophene 20 2 811850 na 0.703 RR
2,3-dihydroxybenzothiophene 20 3 706944 na 0.776 RR
2,3-dihydroxybenzothiophene 24 1 423013 na 0.794 RR
2,3-dihydroxybenzothiophene 24 2 642194 na 0.682 RR
2,3-dihydroxybenzothiophene 24 3 590004 na 0.504 RR
2,3-dihydroxybenzothiophene 32 1 306212 na 0.622 RR
2 3 dih d b thi h 32 2 237652 0 511 RR2,3-dihydroxybenzothiophene 32 2 237652 na 0.511 RR
2,3-dihydroxybenzothiophene 32 3 603978 na 0.329 RR
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Table B.3. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

2-hydroxybenzothiophene-3-carbaldehyde 0 1 0 na 0 RR
2-hydroxybenzothiophene-3-carbaldehyde 0 2 0 na 0 RR
2-hydroxybenzothiophene-3-carbaldehyde 0 3 0 na 0 RR
2-hydroxybenzothiophene-3-carbaldehyde 2 1 133042 na 0.127 RR
2-hydroxybenzothiophene-3-carbaldehyde 2 2 81831 na 0.161 RR
2-hydroxybenzothiophene-3-carbaldehyde 2 3 119107 na 0.093 RR
2-hydroxybenzothiophene-3-carbaldehyde 4 1 69934 na 0.061 RR
2-hydroxybenzothiophene-3-carbaldehyde 4 2 184123 na 0.166 RR
2-hydroxybenzothiophene-3-carbaldehyde 4 3 207321 na 0.137 RR2 hydroxybenzothiophene 3 carbaldehyde 4 3 207321 na 0.137 RR
2-hydroxybenzothiophene-3-carbaldehyde 6 1 269985 na 0.126 RR
2-hydroxybenzothiophene-3-carbaldehyde 6 2 286060 na 0.249 RR
2-hydroxybenzothiophene-3-carbaldehyde 6 3 109927 na 0.091 RR
2-hydroxybenzothiophene-3-carbaldehyde 10 1 114388 na 0.094 RR
2-hydroxybenzothiophene-3-carbaldehyde 10 2 15889 na 0.014 RR
2-hydroxybenzothiophene-3-carbaldehyde 10 3 139137 na 0.105 RR
2-hydroxybenzothiophene-3-carbaldehyde 14 1 53422 na 0.049 RR
2-hydroxybenzothiophene-3-carbaldehyde 14 2 86941 na 0.075 RR
2-hydroxybenzothiophene-3-carbaldehyde 14 3 18303 na 0.018 RR
2-hydroxybenzothiophene-3-carbaldehyde 20 1 100690 na 0.098 RR
2-hydroxybenzothiophene-3-carbaldehyde 20 2 74160 na 0.130 RR2 hydroxybenzothiophene 3 carbaldehyde 20 2 74160 na 0.130 RR
2-hydroxybenzothiophene-3-carbaldehyde 20 3 29436 na 0.028 RR
2-hydroxybenzothiophene-3-carbaldehyde 24 1 106544 na 0.103 RR
2-hydroxybenzothiophene-3-carbaldehyde 24 2 116295 na 0.113 RR
2-hydroxybenzothiophene-3-carbaldehyde 24 3 82682 na 0.072 RR
2-hydroxybenzothiophene-3-carbaldehyde 32 1 754578 na 0.653 RR
2-hydroxybenzothiophene-3-carbaldehyde 32 2 159957 na 0.716 RR
2-hydroxybenzothiophene-3-carbaldehyde 32 3 623081 na 0.656 RR
Benzothiophene carboxylic acid 0 1 0 na 0 RR
Benzothiophene carboxylic acid 0 2 0 na 0 RR
Benzothiophene carboxylic acid 0 3 0 na 0.000 RR
Benzothiophene carboxylic acid 2 1 15913 na 0 015 RRBenzothiophene carboxylic acid 2 1 15913 na 0.015 RR
Benzothiophene carboxylic acid 2 2 31201 na 0.061 RR
Benzothiophene carboxylic acid 2 3 27305 na 0.021 RR
Benzothiophene carboxylic acid 4 1 177578 na 0.155 RR
Benzothiophene carboxylic acid 4 2 288669 na 0.260 RR
Benzothiophene carboxylic acid 4 3 274516 na 0.182 RR
Benzothiophene carboxylic acid 6 1 5021719 na 2.349 RR
Benzothiophene carboxylic acid 6 2 2357777 na 2.051 RR
Benzothiophene carboxylic acid 6 3 2001070 na 1.651 RR
Benzothiophene carboxylic acid 10 1 0 na 0.000 RR
Benzothiophene carboxylic acid 10 2 0 na 0.000 RR
Benzothiophene carboxylic acid 10 3 29766 na 0 022 RRBenzothiophene carboxylic acid 10 3 29766 na 0.022 RR
Benzothiophene carboxylic acid 14 1 0 na 0.000 RR
Benzothiophene carboxylic acid 14 2 0 na 0.000 RR
Benzothiophene carboxylic acid 14 3 0 na 0.000 RR
Benzothiophene carboxylic acid 20 1 0 na 0.000 RR
Benzothiophene carboxylic acid 20 2 0 na 0.000 RR
Benzothiophene carboxylic acid 20 3 0 na 0.000 RR
Benzothiophene carboxylic acid 24 1 0 na 0.000 RR
Benzothiophene carboxylic acid 24 2 0 na 0.000 RR
Benzothiophene carboxylic acid 24 3 0 na 0.000 RR
Benzothiophene carboxylic acid 32 1 0 na 0.000 RR
B thi h b li id 32 2 0 0 000 RRBenzothiophene carboxylic acid 32 2 0 na 0.000 RR
Benzothiophene carboxylic acid 32 3 0 na 0.000 RR
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Table B.3. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

3-hydroxybenzothiophen-2-one 0 1 0 na 0.000 RR
3-hydroxybenzothiophen-2-one 0 2 0 na 0.000 RR
3-hydroxybenzothiophen-2-one 0 3 0 na 0.000 RR
3-hydroxybenzothiophen-2-one 2 1 4441228 na 4.231 RR
3-hydroxybenzothiophen-2-one 2 2 3469376 na 6.821 RR
3-hydroxybenzothiophen-2-one 2 3 7664409 na 6.005 RR
3-hydroxybenzothiophen-2-one 4 1 5934323 na 5.178 RR
3-hydroxybenzothiophen-2-one 4 2 4016787 na 3.621 RR
3-hydroxybenzothiophen-2-one 4 3 3610072 na 3.255 RR3 hydroxybenzothiophen 2 one 4 3 3610072 na 3.255 RR
3-hydroxybenzothiophen-2-one 6 1 5837433 na 2.730 RR
3-hydroxybenzothiophen-2-one 6 2 3428360 na 2.982 RR
3-hydroxybenzothiophen-2-one 6 3 2059909 na 1.792 RR
3-hydroxybenzothiophen-2-one 10 1 345186 na 0.346 RR
3-hydroxybenzothiophen-2-one 10 2 792989 na 0.691 RR
3-hydroxybenzothiophen-2-one 10 3 729874 na 0.636 RR
3-hydroxybenzothiophen-2-one 14 1 1759907 na 1.611 RR
3-hydroxybenzothiophen-2-one 14 2 1808061 na 1.560 RR
3-hydroxybenzothiophen-2-one 14 3 1685787 na 1.648 RR
3-hydroxybenzothiophen-2-one 20 1 1299433 na 1.270 RR
3-hydroxybenzothiophen-2-one 20 2 649374 na 1.135 RR3 hydroxybenzothiophen 2 one 20 2 649374 na 1.135 RR
3-hydroxybenzothiophen-2-one 20 3 771016 na 0.744 RR
3-hydroxybenzothiophen-2-one 24 1 555072 na 0.662 RR
3-hydroxybenzothiophen-2-one 24 2 1129369 na 1.095 RR
3-hydroxybenzothiophen-2-one 24 3 1189562 na 1.030 RR
3-hydroxybenzothiophen-2-one 32 1 767820 na 0.824 RR
3-hydroxybenzothiophen-2-one 32 2 762523 na 0.819 RR
3-hydroxybenzothiophen-2-one 32 3 931781 na 0.982 RR
DBT 0 1 6639432 115.990 1.547 µM
DBT 0 2 7582316 116.810 1.557 µM
DBT 0 3 6503223 20.280 0.270 µM
DBT 2 1 4069325 16 410 0 219 µMDBT 2 1 4069325 16.410 0.219 µM
DBT 2 2 3189003 18.310 0.244 µM
DBT 2 3 3053268 19.750 0.263 µM
DBT 4 1 4007692 17.970 0.240 µM
DBT 4 2 3761864 18.280 0.244 µM
DBT 4 3 4605230 15.320 0.204 µM
DBT 6 1 3427723 10.253 0.137 µM
DBT 6 2 3445487 10.253 0.137 µM
DBT 6 3 trb 0.000 0.000 µM
DBT 10 1 tr 0.000 0.000 µM
DBT 10 2 tr 0.000 0.000 µM
DBT 10 3 nd 0 000 0 000 µMDBT 10 3 nd 0.000 0.000 µM
DBT 14 1 tr 0.000 0.000 µM
DBT 14 2 tr 0.000 0.000 µM
DBT 14 3 tr 0.000 0.000 µM
DBT 20 1 tr 0.000 0.000 µM
DBT 20 2 tr 0.000 0.000 µM
DBT 20 3 tr 0.000 0.000 µM
DBT 24 1 tr 0.000 0.000 µM
DBT 24 2 tr 0.000 0.000 µM
DBT 24 3 tr 0.000 0.000 µM
DBT 32 1 tr 0.000 0.000 µM
DBT 32 2 t 0 000 0 000 MDBT 32 2 tr 0.000 0.000 µM
DBT 32 3 tr 0.000 0.000 µM
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Table B.3. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

DBT sulfone 0 1 439513 0 0 µM
DBT sulfone 0 2 109699 0 0 µM
DBT sulfone 0 3 155110 29.970 0.400 µM
DBT sulfone 2 1 132582 32.415 0.432 µM
DBT sulfone 2 2 105158 36.000 0.480 µM
DBT sulfone 2 3 207155 37.019 0.494 µM
DBT sulfone 4 1 290177 54.297 0.724 µM
DBT sulfone 4 2 367440 50.461 0.673 µM
DBT sulfone 4 3 377764 36.148 0.482 µMDBT sulfone 4 3 377764 36.148 0.482 µM
DBT sulfone 6 1 262590 47.197 0.629 µM
DBT sulfone 6 2 199341 33.547 0.447 µM
DBT sulfone 6 3 16875 2.010 0.027 µM
DBT sulfone 10 1 0 0.000 0.000 µM
DBT sulfone 10 2 0 0.000 0.000 µM
DBT sulfone 10 3 0 0.000 0.000 µM
DBT sulfone 14 1 0 0.000 0.000 µM
DBT sulfone 14 2 0 0.000 0.000 µM
DBT sulfone 14 3 0 0.000 0.000 µM
DBT sulfone 20 1 0 0.000 0.000 µM
DBT sulfone 20 2 0 0.000 0.000 µMDBT sulfone 20 2 0 0.000 0.000 µM
DBT sulfone 20 3 0 0.000 0.000 µM
DBT sulfone 24 1 0 0.000 0.000 µM
DBT sulfone 24 2 0 0.000 0.000 µM
DBT sulfone 24 3 0 0.000 0.000 µM
DBT sulfone 32 1 0 0.000 0.000 µM
DBT sulfone 32 2 0 0.000 0.000 µM
DBT sulfone 32 3 0 0.000 0.000 µM
DBT sulfoxide 0 1 0 na 0.000 RR
DBT sulfoxide 0 2 0 na 0.000 RR
DBT sulfoxide 0 3 0 na 0.000 RR
DBT sulfoxide 2 1 508217 na 0 484 RRDBT sulfoxide 2 1 508217 na 0.484 RR
DBT sulfoxide 2 2 556788 na 0.530 RR
DBT sulfoxide 2 3 553522 na 0.434 RR
DBT sulfoxide 4 1 396889 na 0.346 RR
DBT sulfoxide 4 2 404363 na 0.365 RR
DBT sulfoxide 4 3 302665 na 0.201 RR
DBT sulfoxide 6 1 304952 na 0.143 RR
DBT sulfoxide 6 2 235548 na 0.205 RR
DBT sulfoxide 6 3 210811 na 0.183 RR
DBT sulfoxide 10 1 0 na 0.000 RR
DBT sulfoxide 10 2 18629 na 0.016 RR
DBT sulfoxide 10 3 0 na 0 000 RRDBT sulfoxide 10 3 0 na 0.000 RR
DBT sulfoxide 14 1 0 na 0.000 RR
DBT sulfoxide 14 2 0 na 0.000 RR
DBT sulfoxide 14 3 0 na 0.000 RR
DBT sulfoxide 20 1 19302 na 0.019 RR
DBT sulfoxide 20 2 16734 na 0.029 RR
DBT sulfoxide 20 3 0 na 0.000 RR
DBT sulfoxide 24 1 0 na 0.000 RR
DBT sulfoxide 24 2 15964 na 0.015 RR
DBT sulfoxide 24 3 0 na 0.000 RR
DBT sulfoxide 32 1 0 na 0.000 RR
DBT lf id 32 2 0 0 000 RRDBT sulfoxide 32 2 0 na 0.000 RR
DBT sulfoxide 32 3 0 na 0.000 RR
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Table B.3. Continued.

A l ti l
Concentration in Flask

( M) R l ti
Compound Day Replicate Area

Analytical
Concentration (µM)

(µM) or Relative
Response (RR) Unit

Thioindigo 0 1 0 0 0 µM
Thioindigo 0 2 0 0 0 µM
Thioindigo 0 3 0 0 0 µM
Thioindigo 2 1 210140 15.23204943 0.200 µM
Thioindigo 2 2 166077 25.10271203 0.327 µM
Thioindigo 2 3 373801 22.47280335 0.293 µM
Thioindigo 4 1 221641 14.701 0.193 µM
Thioindigo 4 2 205407 14.060 0.185 µM
Thioindigo 4 3 601875 30 774 0 399 µMThioindigo 4 3 601875 30.774 0.399 µM
Thioindigo 6 1 991055 35.804 0.463 µM
Thioindigo 6 2 524392 35.224 0.456 µM
Thioindigo 6 3 821605 52.562 0.678 µM
Thioindigo 10 1 198909 15.162 0.199 µM
Thioindigo 10 2 118654 8.880 0.119 µM
Thioindigo 10 3 92003 5.011 0.069 µM
Thioindigo 14 1 86744 5.798 0.079 µM
Thioindigo 14 2 21932 1.071 0.019 µM
Thioindigo 14 3 24231 1.444 0.024 µM
Thioindigo 20 1 35503 2.305 0.035 µMThioindigo 20 1 35503 2.305 0.035 µM
Thioindigo 20 2 81332 7.166 0.097 µM
Thioindigo 20 3 26616 1.600 0.026 µM
Thioindigo 24 1 21924 1.634 0.026 µM
Thioindigo 24 2 0 0.000 0.000 µM
Thioindigo 24 3 15975 0.673 0.014 µM
Thioindigo 32 1 0 0.000 0.000 µM
Thioindigo 32 2 0 0.000 0.000 µM
Thioindigo 32 3 29583 2.027 0.031 µM
Dithiosalicylic acid 0 1 0 0 0 µM
Dithiosalicylic acid 0 2 0 0 0 µM
Dithiosalicylic acid 0 3 0 0 0 µM
Dithiosalicylic acid 2 1 980866 1.000 0.013 µM
Dithiosalicylic acid 2 2 1458850 0.963 0.013 µM
Dithiosalicylic acid 2 3 1219518 1.550 0.021 µM
Dithiosalicylic acid 4 1 1261556 16.020 0.214 µM
Dithiosalicylic acid 4 2 2222849 10.480 0.140 µM
Dithiosalicylic acid 4 3 1867012 17.800 0.237 µM
Dithiosalicylic acid 6 1 1940431 6.360 0.085 µM
Dithiosalicylic acid 6 2 4747179 6.370 0.085 µM
Dithiosalicylic acid 6 3 1455520 7 850 0 105 µMDithiosalicylic acid 6 3 1455520 7.850 0.105 µM
Dithiosalicylic acid 10 1 42614 0.000 0.000 µM
Dithiosalicylic acid 10 2 155612 0.000 0.000 µM
Dithiosalicylic acid 10 3 918744 2.950 0.039 µM
Dithiosalicylic acid 14 1 124795 0.520 0.007 µM
Dithiosalicylic acid 14 2 302832 0.380 0.005 µM
Dithiosalicylic acid 14 3 203115 0.110 0.001 µM
Dithiosalicylic acid 20 1 701892 0.220 0.003 µM
Dithiosalicylic acid 20 2 294969 0.330 0.004 µM
Dithiosalicylic acid 20 3 445240 1.000 0.013 µMDithiosalicylic acid 20 3 445240 1.000 0.013 µM
Dithiosalicylic acid 24 1 246036 0.000 0.000 µM
Dithiosalicylic acid 24 2 358637 0.420 0.006 µM
Dithiosalicylic acid 24 3 258039 0.140 0.002 µM
Dithiosalicylic acid 32 1 157887 0.000 0.000 µM
Dithiosalicylic acid 32 2 692427 0.110 0.001 µM
Dithiosalicylic acid 32 3 927526 0.542 0.007 µM
a na:  not applicable.
b tr:  trace.



197

Inhibition of luminescence in Table B.4.  Vibrio fischeri exposed to culture media col-
lected during DBT degradation without pH control (Figure 3.20a).

Day Replicate
Initial

Luminescence Units
Final Luminescence

Units
Luminescence
Inhobition, %

Control 1 199165 200007 0.00
Control 2 197563 200008 0.00
Control 3 187742 199373 0.00
0 1 191855 154363 19.88
0 2 194207 151685 22.22
0 3 198023 152844 23.14
2 1 193939 116335 40.29
2 2 195224 114802 41.33
2 3 195652 132479 32.50
4 1 194262 82714 57.57
4 2 190094 68576 64.04
4 3 185309 68056 63.38
6 1 199699 111229 44.54
6 2 199922 125882 37.30
6 3 199842 111579 44.40
8 1 199885 138149 31.18
8 2 199403 165535 17.35
8 3 198504 179362 10.03
10 1 174672 138359 25.41
10 2 174212 138062 25.28
10 3 185314 128698 34.60
12 1 182358 114076 41.02
12 2 189720 114495 43.16
12 3 189638 118975 40.87
14 1 193720 114105 44.52
14 2 191988 122772 39.77
14 3 194597 121045 41.43
16 1 192520 130241 36.27
16 2 195519 143051 31.10
16 3 193484 151354 26.26
18 1 192842 141901 30.70
18 2 192307 159999 21.58
18 3 191620 151960 25.31
20 1 136790 151065 30.27
20 2 126847 157771 21.34
20 3 129910 149717 27.26
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Inhibition of luminescence in Table B.5.  Vibrio fischeri exposed to culture media col-
lected during DBT degradation with pH control (Figure 3.20a).

Day Replicate
Initial

Luminescence Units
Final Luminescence

Units
Luminescence
Inhobition, %

Control 1 180140 199574 0.00
Control 2 193577 199931 0.00
Control 3 194000 200007 0.00
0 1 218491 180980 21.56
0 2 217493 175433 23.62
0 3 218714 178798 22.59
2 1 188145 112400 43.43
2 2 209367 116786 47.18
2 3 212361 122332 45.45
4 1 211426 111549 50.04
4 2 218775 111286 51.83
4 3 224151 115060 51.39
6 1 221926 128291 45.26
6 2 205462 111532 48.60
6 3 208396 126501 42.52
8 1 233565 157561 36.12
8 2 235881 159620 35.92
8 3 235983 156329 37.27
10 1 236014 158377 36.45
10 2 236014 163042 34.58
10 3 236014 168928 32.22
12 1 230159 157077 35.37
12 2 219536 152108 34.39
12 3 219475 162910 29.71
14 1 231582 175345 28.30
14 2 234730 176733 28.70
14 3 236007 174390 30.03
16 1 236011 173515 30.38
16 2 236007 182507 26.77
16 3 231375 189082 22.61
18 1 191619 145215 28.24
18 2 222197 181607 22.60
18 3 232643 187251 23.78
20 1 234746 189997 23.36
20 2 235952 183674 26.28
20 3 236013 185793 25.45
24 1 235937 178383 28.40
24 2 218617 172914 25.10
24 3 235371 186852 24.82
28 1 229240 191552 20.87
28 2 198834 173887 17.18
28 3 235993 196008 21.35
32 1 236006 193632 22.31
32 2 236014 193042 22.55
32 3 236008 197236 20.86
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Amplification efficiencies calculated by conventional and alternative ap-Table C.2. 
proaches for qPCR analyses of artificial mixed communities using group-specific primers 
(Figure 4.3).

Clone
isolate Coefficient

Primer
Fitting
Approach DNA Source N

Average
Efficiency

isolate
DNA

Deviation

Coefficient
of

Variance Variance 

PSU Ct Clone isolate DNA 36 1.927839 naa na na
PSU Full Clone isolate DNA 36 2.102104 0.119667 5.6927351 0.01432
PSU Swin Clone isolate DNA 36 2.091682 0.120486 5.7602468 0.014517
PSU Fwin Clone isolate DNA 36 2.093552 0.122357 5.8444468 0.014971
PSU Ct Clone mixed DNA 62 2.012643 na na na
PSU Full Clone mixed DNA 62 2.114175 0.156236 7.3899062 0.02441
PSU Swin Clone mixed DNA 62 2.065916 0.128854 6.2371491 0.016603
PSU F i Cl i d DNA 62 2 116765 0 159598 7 5396996 0 025471PSU Fwin Clone mixed DNA 62 2.116765 0.159598 7.5396996 0.025471
PSU Ct Genomic isolate DNA 18 1.926363 na na na
PSU Full Genomic isolate DNA 18 2.568553 1.405545 54.721266 1.975556
PSU Swin Genomic isolate DNA 18 2.173035 0.27651 12.724613 0.076458
PSU Fwin Genomic isolate DNA 18 2.125373 0.145811 6.8605051 0.021261
PSU Ct Genomic mixed DNA 63 1.843036 na na na
PSU Full Genomic mixed DNA 63 3.077459 1.373618 44.63482 1.886827
PSU Swin Genomic mixed DNA 63 2.106704 0.36281 17.22171 0.131631
PSU Fwin Genomic mixed DNA 63 2.096792 0.331705 15.819658 0.110028
RZB Ct Clone isolate DNA 34 1.873509 0.046176 2.4646829 0.002132
RZB Full Clone isolate DNA 34 1 931477 0 23523 12 178776 0 055333RZB Full Clone isolate DNA 34 1.931477 0.23523 12.178776 0.055333
RZB Swin Clone isolate DNA 34 1.855042 0.108278 5.8369339 0.011724
RZB Fwin Clone isolate DNA 34 1.910326 0.115744 6.0588614 0.013397
RZB Ct Clone mixed DNA 61 1.916399 na na na
RZB Full Clone mixed DNA 61 2.07393 0.185899 8.9635874 0.034558
RZB Swin Clone mixed DNA 61 1.91495 0.114957 6.0031255 0.013215
RZB Fwin Clone mixed DNA 61 1.981391 0.099464 5.019905 0.009893
RZB Ct Genomic isolate DNA 18 1.890711 na na na
RZB Full Genomic isolate DNA 18 2.28791 0.446595 19.519777 0.199447
RZB Swin Genomic isolate DNA 18 1.965562 0.164237 8.355707 0.026974
RZB Fwin Genomic isolate DNA 18 1 940669 0 076559 3 9449915 0 005861RZB Fwin Genomic isolate DNA 18 1.940669 0.076559 3.9449915 0.005861
RZB Ct Genomic mixed DNA 62 1.825257 na na na
RZB Full Genomic mixed DNA 62 2.117546 0.396099 18.705544 0.156894
RZB Swin Genomic mixed DNA 62 1.780674 0.118193 6.6375342 0.01397
RZB Fwin Genomic mixed DNA 62 1.774491 0.078007 4.3960379 0.006085
VIT Ct Clone isolate DNA 39 2.02135 0.081254 0.8164954 0.000272
VIT Full Clone isolate DNA 39 2.159938 0.085694 3.9674177 0.007343
VIT Swin Clone isolate DNA 39 2.064602 0.064881 3.1425621 0.00421
VIT Fwin Clone isolate DNA 39 2.129044 0.062441 2.9328076 0.003899
VIT Ct Clone mixed DNA 62 2.038947 na na na
VIT Full Clone mixed DNA 62 2.189731 0.107722 4.9194233 0.011604VIT Full Clone mixed DNA 62 2.189731 0.107722 4.9194233 0.011604
VIT Swin Clone mixed DNA 62 2.043411 0.082063 4.0159859 0.006734
VIT Fwin Clone mixed DNA 62 2.135425 0.077068 3.6090128 0.005939
VIT Ct Genomic isolate DNA 18 1.963737 na na na
VIT Full Genomic isolate DNA 18 2.049392 0.083002 4.0500991 0.006889
VIT Swin Genomic isolate DNA 18 1.979352 0.102288 5.1677655 0.010463
VIT Fwin Genomic isolate DNA 18 2.043338 0.097448 4.769079 0.009496
VIT Ct Genomic mixed DNA 63 2.006268 na na na
VIT Full Genomic mixed DNA 63 2.440076 0.544391 22.310402 0.296361
VIT Swin Genomic mixed DNA 63 1.964326 0.199503 10.156326 0.039802
VIT Fwin Genomic mixed DNA 63 2.063433 0.188842 9.1518405 0.035661
a na:  not applicable; Ct approach yields only one efficiency for all samples in a given assa
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Amplification efficiencies calculated by conventional and alternative ap-Table C.3. 
proaches for qPCR analyses of artificial mixed communities using the universal primer 
(Figure 4.3).

Primer
Fitting
Approach DNA Source N

Average
Efficiency

Clone
isolate
DNA

Deviation

Coefficient
of

Variance Variance 

UNI on clone Pseudonomas isolate DNA Ct Clone isolate DNA 34 1.962456 0.127249 6.4841779 0.016192
UNI on clone Pseudonomas isolate DNA Ct Clone mixed DNA 41 2.08782 naa na na
UNI on clone Pseudonomas isolate DNA Ct Genomic isolate DNA 54 2.045276 na na na
UNI on clone Pseudonomas isolate DNA Ct Genomic mixed DNA 62 1.837092 na na na
UNI l M t l ll i l t DNA Ct Cl i l t DNA 35 1 909789 0 077127 4 0384848 0 005949UNI on clone Martelella isolate DNA Ct Clone isolate DNA 35 1.909789 0.077127 4.0384848 0.005949
UNI on clone Martelella isolate DNA Ct Clone mixed DNA 41 1.988009 na na na
UNI on clone Martelella isolate DNA Ct Genomic isolate DNA 54 1.94844 na na na
UNI on clone Martelella isolate DNA Ct Genomic mixed DNA 62 1.835914 na na na
UNI on clone Vitellibacter isolate DNA Ct Clone isolate DNA 36 1.951665 0.027844 1.4266916 0.000775
UNI on clone Vitellibacter isolate DNA Ct Clone mixed DNA 41 1.92421 na na na
UNI on clone Vitellibacter isolate DNA Ct Genomic isolate DNA 54 1.994161 na na na
UNI on clone Vitellibacter isolate DNA Ct Genomic mixed DNA 62 1.979119 na na na
UNI on clone Pseudonomas isolate DNA Full Clone isolate DNA 34 2.056896 0.144578 7.0289571 0.020903
UNI on clone Pseudonomas isolate DNA Full Clone mixed DNA 41 2.175026 0.181716 8.3546692 0.033021
UNI on clone Pseudonomas isolate DNA Full Genomic isolate DNA 54 2 142354 0 51417 24 00023 0 264371UNI on clone Pseudonomas isolate DNA Full Genomic isolate DNA 54 2.142354 0.51417 24.00023 0.264371
UNI on clone Pseudonomas isolate DNA Full Genomic mixed DNA 62 3.039073 0.880595 28.975762 0.775447
UNI on clone Martelella isolate DNA Full Clone isolate DNA 35 1.999702 0.147529 7.3775672 0.021765
UNI on clone Martelella isolate DNA Full Clone mixed DNA 41 2.175026 0.181716 8.3546692 0.033021
UNI on clone Martelella isolate DNA Full Genomic isolate DNA 54 2.142354 0.51417 24.00023 0.264371
UNI on clone Martelella isolate DNA Full Genomic mixed DNA 62 3.039073 0.880595 28.975762 0.775447
UNI on clone Vitellibacter isolate DNA Full Clone isolate DNA 36 2.035204 0.217558 10.689744 0.047332
UNI on clone Vitellibacter isolate DNA Full Clone mixed DNA 41 2.175026 0.181716 8.3546692 0.033021
UNI on clone Vitellibacter isolate DNA Full Genomic isolate DNA 54 2.142354 0.51417 24.00023 0.264371
UNI on clone Vitellibacter isolate DNA Full Genomic mixed DNA 62 3.039073 0.880595 28.975762 0.775447
UNI on clone Pseudonomas isolate DNA Swin Clone isolate DNA 34 1 990567 0 132103 6 6364556 0 017451UNI on clone Pseudonomas isolate DNA Swin Clone isolate DNA 34 1.990567 0.132103 6.6364556 0.017451
UNI on clone Pseudonomas isolate DNA Swin Clone mixed DNA 41 1.996796 0.133696 6.6955093 0.017875
UNI on clone Pseudonomas isolate DNA Swin Genomic isolate DNA 54 1.965353 0.288804 14.69476 0.083408
UNI on clone Pseudonomas isolate DNA Swin Genomic mixed DNA 62 2.023638 0.179447 8.8675663 0.032201
UNI on clone Martelella isolate DNA Swin Clone isolate DNA 35 1.913897 0.135136 7.0607659 0.018262
UNI on clone Martelella isolate DNA Swin Clone mixed DNA 41 1.996796 0.133696 6.6955093 0.017875
UNI on clone Martelella isolate DNA Swin Genomic isolate DNA 54 1.965353 0.288804 14.69476 0.083408
UNI on clone Martelella isolate DNA Swin Genomic mixed DNA 62 2.023638 0.179447 8.8675663 0.032201
UNI on clone Vitellibacter isolate DNA Swin Clone isolate DNA 36 1.95097 0.199605 10.23107 0.039842
UNI on clone Vitellibacter isolate DNA Swin Clone mixed DNA 41 1.996796 0.133696 6.6955093 0.017875
UNI on clone Vitellibacter isolate DNA Swin Genomic isolate DNA 54 1.965353 0.288804 14.69476 0.083408UNI on clone Vitellibacter isolate DNA Swin Genomic isolate DNA 54 1.965353 0.288804 14.69476 0.083408
UNI on clone Vitellibacter isolate DNA Swin Genomic mixed DNA 62 2.023638 0.179447 8.8675663 0.032201
UNI on clone Pseudonomas isolate DNA Fwin Clone isolate DNA 34 2.040432 0.117878 5.7771294 0.013895
UNI on clone Pseudonomas isolate DNA Fwin Clone mixed DNA 41 2.013842 0.123714 6.143188 0.015305
UNI on clone Pseudonomas isolate DNA Fwin Genomic isolate DNA 54 1.995154 0.237744 11.916078 0.056522
UNI on clone Pseudonomas isolate DNA Fwin Genomic mixed DNA 62 1.99583 0.139229 6.9760166 0.019385
UNI on clone Martelella isolate DNA Fwin Clone isolate DNA 35 1.957572 0.123427 6.3051198 0.015234
UNI on clone Martelella isolate DNA Fwin Clone mixed DNA 41 2.013842 0.123714 6.143188 0.015305
UNI on clone Martelella isolate DNA Fwin Genomic isolate DNA 54 1.995154 0.237744 11.916078 0.056522
UNI on clone Martelella isolate DNA Fwin Genomic mixed DNA 62 1.99583 0.139229 6.9760166 0.019385
UNI on clone Vitellibacter isolate DNA Fwin Clone isolate DNA 36 1.955684 0.161005 8.232665 0.025923
UNI on clone Vitellibacter isolate DNA Fwin Clone mixed DNA 41 2.013842 0.123714 6.143188 0.015305
UNI on clone Vitellibacter isolate DNA Fwin Genomic isolate DNA 54 1.995154 0.237744 11.916078 0.056522
UNI on clone Vitellibacter isolate DNA Fwin Genomic mixed DNA 62 1.99583 0.139229 6.9760166 0.019385
a na:  not applicable; Ct approach yields only one efficiency for all samples in a given assa
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Log copy number errors calculated by conventional and alternative ap-Table C.4. 
proaches for qPCR analyses of artificial mixed communities using group-specific primers 
(Figure 4.4).

Average log
copy

Primer Fitting Approach DNA Source N

copy
number
error

Standard
Deviation

Coefficient
of Variance

PSU Ct Clone mixed DNA 62 4.64 1.41 30.48
RZB Ct Clone mixed DNA 61 3.22 2.38 73.91
VIT Ct Clone mixed DNA 62 6.13 9.63 157.04
PSU Full, Diagnostic point Clone mixed DNA 62 2.65 2.60 98.38
RZB Full, Diagnostic point Clone mixed DNA 61 2.41 1.80 74.79
VIT Full, Diagnostic point Clone mixed DNA 62 5.96 9.87 165.67
PSU Swin, Diagnostic point Clone mixed DNA 62 2.82 2.72 96.46
RZB Swin, Diagnostic point Clone mixed DNA 61 2.45 1.66 67.89
VIT Swin, Diagnostic point Clone mixed DNA 62 5.87 8.95 152.55
PSU Fwin, Diagnostic point Clone mixed DNA 62 2.68 2.83 105.71
RZB Fwin, Diagnostic point Clone mixed DNA 61 2.46 1.75 71.28
VIT Fwin, Diagnostic point Clone mixed DNA 62 5.85 9.57 163.69
PSU Full, initial fluorescence Clone mixed DNA 62 6.45 4.93 76.34
RZB Full, initial fluorescence Clone mixed DNA 61 16.67 23.77 142.56
VIT Full, initial fluorescence Clone mixed DNA 62 8.03 6.49 80.90
PSU Swin, initial fluorescence Clone mixed DNA 62 7.76 7.64 98.47
RZB Swin, initial fluorescence Clone mixed DNA 61 10.96 11.35 103.58RZB Swin, initial fluorescence Clone mixed DNA 61 10.96 11.35 103.58
VIT Swin, initial fluorescence Clone mixed DNA 62 14.46 15.31 105.92
PSU Fwin, initial fluorescence Clone mixed DNA 62 4.93 4.38 88.86
RZB Fwin, initial fluorescence Clone mixed DNA 61 8.42 8.90 105.71
VIT Fwin, initial fluorescence Clone mixed DNA 62 8.03 7.71 95.98
PSU Ct Genomic isolate DNA 18 1.53 1.50 98.35
RZB Ct Genomic isolate DNA 18 15.81 10.65 67.40
VIT Ct Genomic isolate DNA 18 13.34 6.30 47.20
PSU Full, Diagnostic point Genomic isolate DNA 18 10.62 3.12 29.42
RZB Full, Diagnostic point Genomic isolate DNA 18 3.32 2.49 75.01
VIT Full Diagnostic point Genomic isolate DNA 18 11 08 5 60 50 54VIT Full, Diagnostic point Genomic isolate DNA 18 11.08 5.60 50.54
PSU Swin, Diagnostic point Genomic isolate DNA 18 4.12 2.47 59.87
RZB Swin, Diagnostic point Genomic isolate DNA 18 6.33 3.26 51.60
VIT Swin, Diagnostic point Genomic isolate DNA 18 11.35 5.23 46.09
PSU Fwin, Diagnostic point Genomic isolate DNA 18 4.02 1.81 44.93
RZB Fwin, Diagnostic point Genomic isolate DNA 18 7.61 3.15 41.42
VIT Fwin, Diagnostic point Genomic isolate DNA 18 16.95 7.89 46.54
PSU Full, initial fluorescence Genomic isolate DNA 18 10.65 11.05 103.77
RZB Full, initial fluorescence Genomic isolate DNA 18 96.05 64.48 67.13
VIT Full, initial fluorescence Genomic isolate DNA 18 10.04 6.28 62.56

l fl lPSU Swin, initial fluorescence Genomic isolate DNA 18 7.49 6.50 86.77
RZB Swin, initial fluorescence Genomic isolate DNA 18 9.59 7.23 75.37
VIT Swin, initial fluorescence Genomic isolate DNA 18 6.60 4.23 64.07
PSU Fwin, initial fluorescence Genomic isolate DNA 18 5.90 4.72 79.93
RZB Fwin, initial fluorescence Genomic isolate DNA 18 8.78 7.46 84.90
VIT Fwin, initial fluorescence Genomic isolate DNA 18 11.61 6.33 54.48
PSU Ct Genomic mixed DNA 63 5.27 2.59 49.15
RZB Ct Genomic mixed DNA 62 10.92 3.83 35.07
VIT Ct Genomic mixed DNA 63 8.39 2.92 34.85
PSU Full, Diagnostic point Genomic mixed DNA 63 4.04 1.85 45.74PSU Full, Diagnostic point Genomic mixed DNA 63 4.04 1.85 45.74
RZB Full, Diagnostic point Genomic mixed DNA 62 6.68 5.68 85.10
VIT Full, Diagnostic point Genomic mixed DNA 63 6.56 5.61 85.66
PSU Swin, Diagnostic point Genomic mixed DNA 63 2.32 1.65 71.17
RZB Swin, Diagnostic point Genomic mixed DNA 62 7.58 5.53 72.98
VIT Swin, Diagnostic point Genomic mixed DNA 63 7.29 4.17 57.22
PSU Fwin, Diagnostic point Genomic mixed DNA 63 2.10 1.58 75.12
RZB Fwin, Diagnostic point Genomic mixed DNA 62 7.88 5.50 69.75
VIT Fwin, Diagnostic point Genomic mixed DNA 63 7.15 4.58 64.12
PSU Full, initial fluorescence Genomic mixed DNA 63 26.19 16.80 64.12
RZB Full initial fluorescence Genomic mixed DNA 62 71 84 32 93 45 84RZB Full, initial fluorescence Genomic mixed DNA 62 71.84 32.93 45.84
VIT Full, initial fluorescence Genomic mixed DNA 63 23.87 15.54 65.12
PSU Swin, initial fluorescence Genomic mixed DNA 63 14.62 14.26 97.54
RZB Swin, initial fluorescence Genomic mixed DNA 62 8.74 6.52 74.59
VIT Swin, initial fluorescence Genomic mixed DNA 63 17.57 21.05 119.77
PSU Fwin, initial fluorescence Genomic mixed DNA 63 13.74 13.94 101.44
RZB Fwin, initial fluorescence Genomic mixed DNA 62 8.48 7.35 86.67
VIT Fwin, initial fluorescence Genomic mixed DNA 63 14.85 17.28 116.37
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Log copy number errors calculated by conventional and alternative ap-Table C.5. 
proaches for qPCR analyses of artificial mixed communities using the universal primer 
(Figure 4.5).

l l l
Average log

b d d ffTotal 16S rRNA gene copy calculation
approach DNA Source

Fitting
Approach N

copy number
error

Standard
Deviation

Coefficient
of Variance

Sum of isolates Clone mixed isolate DNA Ct 48 2.61 1.37 52.53
Sum of isolates Clone mixed isolate DNA Full 48 1.85 1.18 63.89
Sum of isolates Clone mixed isolate DNA Swin 48 1.72 1.21 70.12
Sum of isolates Clone mixed isolate DNA Fwin 48 1.66 1.20 72.25
Average of values from standard curves Clone mixed isolate DNA Ct 41 4.09 1.92 46.79
Average of values from standard curves Clone mixed isolate DNA Full 41 5.79 3.43 59.24
Average of values from standard curves Clone mixed isolate DNA Swin 41 6.23 3.12 49.97
Average of values from standard curves Clone mixed isolate DNA Fwin 41 5 79 3 24 55 85Average of values from standard curves Clone mixed isolate DNA Fwin 41 5.79 3.24 55.85
by Pseudomonas  standard curve Clone mixed isolate DNA Ct 41 4.24 4.27 100.85
by Pseudomonas  standard curve Clone mixed isolate DNA Full 41 4.88 3.75 76.76
by Pseudomonas  standard curve Clone mixed isolate DNA Swin 41 4.49 3.40 75.75
by Pseudomonas  standard curve Clone mixed isolate DNA Fwin 41 4.63 4.02 86.98
by Martelella standard curve Clone mixed isolate DNA Ct 41 4.91 2.55 51.95
by Martelella standard curve Clone mixed isolate DNA Full 41 6.42 3.42 53.36
by Martelella standard curve Clone mixed isolate DNA Swin 41 7.49 3.55 47.48
by Martelella standard curve Clone mixed isolate DNA Fwin 41 6.80 3.45 50.73
by Vitelllibacter standard curve Clone mixed isolate DNA Ct 41 7.07 4.24 60.02by Vitelllibacter standard curve Clone mixed isolate DNA Ct 41 7.07 4.24 60.02
by Vitelllibacter standard curve Clone mixed isolate DNA Full 41 10.39 4.74 45.67
by Vitelllibacter standard curve Clone mixed isolate DNA Swin 41 10.18 4.84 47.52
by Vitelllibacter standard curve Clone mixed isolate DNA Fwin 41 10.17 4.72 46.45

initial fluorescence Clone mixed isolate DNA Ct 41 naa na na
initial fluorescence Clone mixed isolate DNA Full 40 8.36 5.31 63.44
initial fluorescence Clone mixed isolate DNA Swin 41 6.44 4.30 66.71
initial fluorescence Clone mixed isolate DNA Fwin 41 5.74 4.04 70.36
Sum of isolates Genomic single isolate DNA Ct 54 9.45 8.93 94.54
Sum of isolates Genomic single isolate DNA Full 54 7.69 5.33 69.40
Sum of isolates Genomic single isolate DNA Swin 54 7.18 4.95 68.94
Sum of isolates Genomic single isolate DNA Fwin 54 8.81 7.64 86.70
Average of values from standard curves Genomic single isolate DNA Ct 54 7.74 4.69 60.67
Average of values from standard curves Genomic single isolate DNA Full 54 7.94 6.54 82.40
Average of values from standard curves Genomic single isolate DNA Swin 54 8.58 5.74 66.95
Average of values from standard curves Genomic single isolate DNA Fwin 54 7.77 5.31 68.26
by Pseudomonas  standard curve Genomic single isolate DNA Ct 54 8.98 4.77 53.16
by Pseudomonas  standard curve Genomic single isolate DNA Full 54 7.93 5.79 73.02
by Pseudomonas  standard curve Genomic single isolate DNA Swin 54 9.85 8.55 86.82
by Pseudomonas standard curve Genomic single isolate DNA Fwin 54 8 23 6 70 81 46by Pseudomonas  standard curve Genomic single isolate DNA Fwin 54 8.23 6.70 81.46
by Martelella standard curve Genomic single isolate DNA Ct 54 8.59 7.76 90.29
by Martelella standard curve Genomic single isolate DNA Full 54 7.82 6.21 79.33
by Martelella standard curve Genomic single isolate DNA Swin 54 8.57 5.98 69.72
by Martelella standard curve Genomic single isolate DNA Fwin 54 9.36 7.48 79.93
by Vitelllibacter standard curve Genomic single isolate DNA Ct 54 8.62 4.74 54.99
by Vitelllibacter standard curve Genomic single isolate DNA Full 54 10.01 7.78 77.75
by Vitelllibacter standard curve Genomic single isolate DNA Swin 54 8.42 4.80 56.99
by Vitelllibacter standard curve Genomic single isolate DNA Fwin 54 8.39 5.13 61.21
initial fluorescence Genomic single isolate DNA Ct 54 na na na
initial fluorescence Genomic single isolate DNA Full 54 17.17 10.53 61.32
initial fluorescence Genomic single isolate DNA Swin 54 16.23 9.96 61.39
initial fluorescence Genomic single isolate DNA Fwin 54 11.54 9.27 80.34
a na:  not applicable; Ct approach cannot be used to calculate initial fluorescence.
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Table C.5. Continued.

l l l
Average log

b d d ffTotal 16S rRNA gene copy calculation
approach DNA Source

Fitting
Approach N

copy number
error

Standard
Deviation

Coefficient
of Variance

Sum of isolates Genomic mixed isolate DNA Ct 60 7.12 3.09 43.36
Sum of isolates Genomic mixed isolate DNA Full 60 3.55 3.01 84.88
Sum of isolates Genomic mixed isolate DNA Swin 60 4.21 3.19 75.77
Sum of isolates Genomic mixed isolate DNA Fwin 60 4.23 2.71 64.20
Average of values from standard curves Genomic mixed isolate DNA Ct 62 5.87 3.55 60.51
Average of values from standard curves Genomic mixed isolate DNA Full 62 4.93 4.41 89.44
Average of values from standard curves Genomic mixed isolate DNA Swin 62 6.05 4.26 70.39
Average of values from standard curves Genomic mixed isolate DNA Fwin 62 6 57 4 14 63 05Average of values from standard curves Genomic mixed isolate DNA Fwin 62 6.57 4.14 63.05
by Pseudomonas  standard curve Genomic mixed isolate DNA Ct 62 7.06 3.33 47.07
by Pseudomonas  standard curve Genomic mixed isolate DNA Full 62 5.90 4.61 78.20
by Pseudomonas  standard curve Genomic mixed isolate DNA Swin 62 6.99 4.20 60.07
by Pseudomonas  standard curve Genomic mixed isolate DNA Fwin 62 8.66 3.72 42.98
by Martelella standard curve Genomic mixed isolate DNA Ct 62 7.76 3.34 43.01
by Martelella standard curve Genomic mixed isolate DNA Full 62 6.54 5.01 76.62
by Martelella standard curve Genomic mixed isolate DNA Swin 62 8.79 4.09 46.46
by Martelella standard curve Genomic mixed isolate DNA Fwin 62 9.18 3.97 43.22
by Vitelllibacter standard curve Genomic mixed isolate DNA Ct 62 3.59 3.39 94.52by Vitelllibacter standard curve Genomic mixed isolate DNA Ct 62 3.59 3.39 94.52
by Vitelllibacter standard curve Genomic mixed isolate DNA Full 62 5.57 2.87 51.45
by Vitelllibacter standard curve Genomic mixed isolate DNA Swin 62 3.92 3.51 89.63
by Vitelllibacter standard curve Genomic mixed isolate DNA Fwin 62 4.05 3.46 85.48

initial fluorescence Genomic mixed isolate DNA Ct 62 naa na na
initial fluorescence Genomic mixed isolate DNA Full 61 30.77 6.49 21.11
initial fluorescence Genomic mixed isolate DNA Swin 61 16.66 5.56 33.36
initial fluorescence Genomic mixed isolate DNA Fwin 60 7.91 4.82 60.95
a na:  not applicable; Ct approach cannot be used to calculate initial fluorescence.
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 Table C.7.  f parameters calculated by sigmoidal fitting approaches for qPCR analyses of 
artificial mixed communities using group-specific and universal primers (Figure 4.7).

Clone
isolate

Fitting
Approach DNA Source Primer N Average f

isolate
DNA

Deviation
Coefficient
of Variance

Full Clone isolate DNA PSU 36 1.2924344 0.3012803 23.31
Full Clone isolate DNA RZB 32 1.3222748 0.4053161 30.65
Full Clone isolate DNA VIT 39 1.0579548 0.1563788 14.78
Full Clone isolate DNA UNI 105 1.4787967 0.4810259 32.53
Swin Clone isolate DNA PSU 34 1 1855707 0 1584349 13 36Swin Clone isolate DNA PSU 34 1.1855707 0.1584349 13.36
Swin Clone isolate DNA RZB 34 1.013058 0.1817653 17.94
Swin Clone isolate DNA VIT 39 0.8725644 0.09801 11.23
Swin Clone isolate DNA UNI 105 1.2521738 0.3277894 26.18
Fwin Clone isolate DNA PSU 36 1.3797869 0.316983 22.97
Fwin Clone isolate DNA RZB 34 1.4019838 0.4584523 32.70
Fwin Clone isolate DNA VIT 39 1.0297886 0.1452688 14.11
Fwin Clone isolate DNA UNI 105 1.5363925 0.383646 24.97
F ll Cl i d DNA PSU 62 1 2619612 0 2361959 18 72Full Clone mixed DNA PSU 62 1.2619612 0.2361959 18.72
Full Clone mixed DNA RZB 61 1.6358868 0.650732 39.78
Full Clone mixed DNA VIT 62 1.1267605 0.157806 14.01
Full Clone mixed DNA UNI 41 1.6795983 0.4648609 27.68
Swin Clone mixed DNA PSU 62 1.14966 0.1520348 13.22
Swin Clone mixed DNA RZB 61 1.1280435 0.2295218 20.35
Swin Clone mixed DNA VIT 62 0.8464141 0.1206983 14.26
Swin Clone mixed DNA UNI 41 1.2016669 0.2317879 19.29
Fwin Clone mixed DNA PSU 62 1.3627543 0.235712 17.30
Fwin Clone mixed DNA RZB 61 1.622306 0.3940288 24.29
Fwin Clone mixed DNA VIT 62 1.1065459 0.2172455 19.63
Fwin Clone mixed DNA UNI 41 1.2730091 0.2193908 17.23
Full Genomic isolate DNA PSU 15 1.3640426 0.3708086 27.18
Full Genomic isolate DNA RZB 15 2.050538 1.3516052 65.91
Full Genomic isolate DNA VIT 18 1.0143442 0.1281541 12.63
Full Genomic isolate DNA UNI 50 1 4998319 0 6891456 45 95Full Genomic isolate DNA UNI 50 1.4998319 0.6891456 45.95
Swin Genomic isolate DNA PSU 18 1.5953901 0.8922983 55.93
Swin Genomic isolate DNA RZB 18 1.47282 0.8197566 55.66
Swin Genomic isolate DNA VIT 18 0.8554411 0.0948493 11.09
Swin Genomic isolate DNA UNI 54 1.302856 0.6160345 47.28
Fwin Genomic isolate DNA PSU 18 1.4673112 0.328316 22.38
Fwin Genomic isolate DNA RZB 18 1.4335642 0.2646858 18.46
Fwin Genomic isolate DNA VIT 18 1.0690706 0.1632528 15.27
Fwin Genomic isolate DNA UNI 54 1.5184373 0.4144501 27.29
Full Genomic mixed DNA PSU 63 6.9174144 5.0483977 78.76
Full Genomic mixed DNA RZB 62 4.6325393 4.1472072 89.52
Full Genomic mixed DNA VIT 63 3.372916 3.3294087 98.71
Full Genomic mixed DNA UNI 62 6.4726921 3.3346718 51.52
Swin Genomic mixed DNA PSU 63 2.089147 1.5506909 74.23
Swin Genomic mixed DNA RZB 62 1.4011033 0.6649155 47.46
Swin Genomic mixed DNA VIT 63 1 0824636 0 5025144 46 42Swin Genomic mixed DNA VIT 63 1.0824636 0.5025144 46.42
Swin Genomic mixed DNA UNI 62 1.6731377 0.883076 52.78
Fwin Genomic mixed DNA PSU 63 2.1057738 0.9156227 43.48
Fwin Genomic mixed DNA RZB 62 1.5083279 0.3192882 21.17
Fwin Genomic mixed DNA VIT 63 1.5847165 0.5399556 34.07
Fwin Genomic mixed DNA UNI 62 1.5415179 0.3972264 25.77
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Cardiac deformity scores for Table D.2.  Fundulus embryos exposed to Control, DBT and 
Post-biodegradation solutions treated with UV light (Figure 5.6).

Test Solution

UV fluence, 

mJ cm-2 Replicate
Average 

Score Mortality

Control 0 1 0 0 0 0 0 0a 0 0 0 0 0 0%
500 1 0 0 0 0 0 0 0 0 0 0 0 0%

1250 1 0 0 0 0 0 0 0 0 0 0 0 0%
2000 1 0 0 0 0 0 0 0 0 0 0 0 0%

DBT 0 1 0 0 0 0 0 0 0 0 0 0 0 0%
500 1 0 0 0 0 0 0 0 0 0 0 0 0%

1250 1 0 0 0 0 0 0 0 db 0 0 0 10%
2000 1 0 0 0 0 0 0 0 0 0 0 0 0%

Post-biodegradation 0 1 2 2 2 2 2 1 2 1 1 2 1.7 0%
500 1 2 2 2 2 2 2 2 2 2 1 1.9 0%

1250 1 2 2 d 2 2 d 2 2 2 2 2 20%
2000 1 2 2 2 2 2 2 2 2 2 2 2 0%

Control 0 2 0 0 0 0 0 0 0 0 0 0 0.0 0%
500 2 0 0 0 0 0 0 0 d 0 0 0.0 10%

1250 2 0 0 0 0 0 0 0 0 0 0 0.0 0%
2000 2 0 0 0 0 0 0 0 0 0 0 0.0 0%

DBT 0 2 ac 0 0 0 0 0 0 0 0 0 0.0 0%
500 2 0 0 1 0 0 0 0 0 0 0 0.1 0%

1250 2 0 0 0 0 0 0 0 0 0 0 0.0 0%
2000 2 0 0 0 0 0 0 0 0 d 0 0.0 10%

Post-biodegradation 0 2 d 1 1 2 1 2 2 1 1 1 1.3 10%
500 2 1 d 2 d d 2 1 2 1 2 1.6 30%

1250 2 d 2 1 2 2 d 2 2 2 2 1.9 20%
2000 2 2 d d d 2 2 d 2 2 d 2.0 50%

Control 0 3 d 0 0 0 0 0 0 0 0 0 0.0 10%
500 3 0 0 0 0 0 0 0 0 0 0 0.0 0%

1250 3 0 0 0 0 0 0 0 0 0 0 0.0 0%
2000 3 0 0 0 0 0 0 0 0 0 0 0.0 0%

DBT 0 3 0 0 0 2 1 0 0 0 0 0 0.3 0%
500 3 0 0 0 0 0 0 2 0 0 0 0.2 0%

1250 3 1 0 0 0 1 1 0 0 0 0 0.3 0%
2000 3 0 0 1 0 1 0 0 0 0 1 0.3 0%

Post-biodegradation 0 3 1 2 2 1 2 2 1 1 2 2 1.6 0%
500 3 1 2 1 1 1 2 2 1 1 2 1.4 0%

1250 3 2 2 2 2 1 2 2 2 2 1 1.8 0%
2000 3 2 2 2 1 2 2 2 2 2 2 1.9 0%

abrain hemorrage
bdead
cembryo had 2 hearts, removed from analysis

Cardiac Deformity Scores at 7 d post-fertilization for 
10 embryos
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Inhibition of luminescence in Table D.3.  Vibrio fischeri exposed to Control, DBT and 
Post-biodegradation solutions treated with UV light (Figure 5.6).

UV
Fluence,

Initial
Luminescence

Final
Luminescence Luminescence

Test Solution

Fluence,

mJ cm 2 Replicate
Luminescence

Units
Luminescence

Units
Luminescence
Inhibition, %

Test control 0 1 30501 93717 0.00
Test control 0 2 30449 101275 0.00
Test control 0 3 30378 103766 0.00
Control 0 1 33501 108717 0.60
Control 0 2 31449 101275 1.37
Control 0 3 33378 108766 0.19
Control 500 1 34119 114541 0.00
Control 500 2 34334 118515 0.00
Control 500 3 32525 115540 0.00
Control 1250 1 31375 108204 0.00
Control 1250 2 32098 110256 0.00
Control 1250 3 30765 106994 0.00
Control 2000 1 33147 111241 0.00
Control 2000 2 33747 110082 0 09Control 2000 2 33747 110082 0.09
Control 2000 3 33043 116443 0.00
DBT 0 1 32354 81776 22.58
DBT 0 2 31003 75790 25.12
DBT 0 3 32952 81804 23.96
DBT 500 1 34114 84006 24.58
DBT 500 2 33430 81843 25.01
DBT 500 3 33490 82246 24.78
DBT 1250 1 34422 86986 22.60
DBT 1250 2 34243 87006 22.18
DBT 1250 3 32600 86670 18.57
DBT 2000 1 30259 69953 29.19
DBT 2000 2 31919 74786 28.24
DBT 2000 3 32292 73720 30.08
Post-biodegradation 0 1 30505 74150 38.26
Post-biodegradation 0 2 32270 75313 40.72Post biodegradation 0 2 32270 75313 40.72
Post-biodegradation 0 3 32117 75659 40.17
Post-biodegradation 500 1 33035 75234 42.15
Post-biodegradation 500 2 32048 69945 44.57
Post-biodegradation 500 3 29902 70932 39.75
Post-biodegradation 1250 1 29911 72664 38.29
Post-biodegradation 1250 2 31199 79496 35.28
Post-biodegradation 1250 3 30298 78069 34.55
P t bi d d ti 2000 1 31613 83969 32 53Post-biodegradation 2000 1 31613 83969 32.53
Post-biodegradation 2000 2 32533 82516 35.58
Post-biodegradation 2000 3 30962 87989 27.82
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