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Abstract 

Anaerobic biodegradation of hydrocarbon fuels (mono-aromatic and short chain alkane 

hydrocarbon) was demonstrated under both field and microcosm experiments, with detection of 

signature metabolites, fumarate addition genes, and microbial community composition to 

determine the potential of hydrocarbon contaminated sites for bioremediation and assess the 

evidence of its past and/or present occurrence. It was determined here that the potential for 

bioremediation is unique to both the contaminated sites, but also to the hydrocarbon load present. 

Quantification of the fumarate addition genes using a newly designed mixture of primers was 

done. These qPCR assays for assA and bssA abundances concluded that an upper limit to gene 

abundance is present according to hydrocarbon concentrations, of approximately 5 ppm 

hydrocarbon. Monitoring hydrocarbon loss from groundwater collected at these sites, paired with 

fumarate addition gene abundances concluded that the contaminated sites in question have the 

potential for bioremediation, but is limited with higher hydrocarbon concentrations.  

Keywords: anaerobic hydrocarbon degradation, fumarate addition, qPCR, signature 

metabolite, hydrocarbon, contamination. 
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The benefits of using biological processes to remediate hydrocarbon contamination are: 

(1) that the investment of capital is substantially less (other physical/chemical methods can reach 

into the thousands of dollars per square yard), (2) limited infrastructure is needed (i.e. drilling 

monitoring wells) and (3) is a recognized method for remediation1,9. Allowing biological 

processes to attenuate the contaminants also means that the remediation mechanism is travelling 

with the contaminants in a groundwater system and there is no secondary remediation required 

(i.e. cleaning pulled water or volatilized contaminants) as the toxic compounds are mineralized 

(completely broken down) to CO2 or incorporated into biomass. However, a disadvantage to 

using bioremediation is the rate at which contaminants are removed/degraded; this can be 

substantially slower than using physical/chemical methods18. Physical removal of contaminants 

removes large volumes of contaminated material, either by excavation or pulling groundwater, 

while biological processes take longer due to limitations in nutrients, functioning under non-

optimal temperature conditions, etc10. In contaminated sites where bioremediation is feasible, it 

may be the most attractive option from a capital standpoint. In most cases, using more than one 

technology, i.e. combining physical/chemical methods to remove most of the contaminants, 

followed by bioremediation to remove the remaining contaminants, is the most lucrative option. 

Unfortunately, there is no singular method available to our knowledge, which has wide 

applicability, high remediation efficiency, and low operational/monitoring costs.  

Bioremediation is a fundamental part of many remediation methods, but its effective use is 

reliant on accurate testing and monitoring for both the initial potential for bioremediation, and to 

monitor whether bioremediation is indeed occurring. Part of the challenges in establishing this 

biodegradation potential is the diversity of hydrocarbons present which may be themselves 

detrimental to microbial life. As such, microbes that can degrade these toxic compounds are in a 
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stabilization36. The activity of ASS and BSS are the focus of this thesis (as polyaromatic 

compounds are not used in this study). 

The ASS enzyme catalyzes the addition of fumarate across its double bond to the C2 

carbon of the alkane chain30, while the BSS enzyme attacks the terminal carbon of a methylated 

monoaromatics (toluene, o-, m-, and p- xylene) or the beta carbon of ethylated monoaromatics 

(ethylbenzene). The fumarate addition reaction is summarized in Figure 1. Further degradation of 

the succinate molecules leads to the production of benzylsuccinyl-CoA and alkylsuccinyl-CoA. 

Benzylsuccinyl-CoA is then further degraded via a modified beta-oxidation pathway to form 

benzoyl-CoA, with an eventual ring-opening step. Further degradation of the 

benzyl/alkylsuccinate-CoA structure of both toluene/xylene and alkane derived metabolites 

occurs via a modified beta-oxidation forming a benzoyl-CoA (toluene/xylenes) or an alkyl CoA-

ester type compounds. Subsequent steps in the degradation of mono-aromatic signature 

metabolites are known to converge to produce benzoate37. Downstream degradation of benzoate 

is dependent on other microorganisms and other metabolic processes, including syntrophic 

methanogenic activity38. Further degradation of the alkyl-CoA product involves a proposed 

carbon skeleton rearrangement, followed by removal of a carboxyl moiety, leaving a fatty acid 

which is then degraded by beta oxidation ultimately to CO2 (Figure 1)39. The degradation 

pathway for ethylbenzene has been proposed to follow a similar degradation pathway not 

catalyzed by BSS and produce alkyl-moieties more similar to alkane degradation than toluene 

degradation40. An in-depth overview of the anaerobic degradation of aromatics has been 

reviewed by Gieg and Toth37, and an in-depth review of anaerobic n-alkane degradation is given 

by Agrawal and Gieg (2013)39. These anaerobic degradation mechanisms are relatively well 
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studied, with key steps and metabolites identified. Thus, the anaerobic degradation activity 

(metabolites and genes) can be detected and used as a method to assess ongoing activity.  
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Figure 1: Generalized schematic of fumarate addition to octane and toluene, and 
subsequent metabolic pathways of anaerobic HC biodegradation. 
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vice versa (FAE genes are not detected despite identification of known hydrocarbon degrading 

taxa)50,51. A similar issue is linked with the detection of the FAE genes and the signature 

metabolites that their translated proteins produce. Detection of the assA or bssA gene may occur, 

but the produced metabolite may have been transported away from the sampling area through 

groundwater movement. To combat this issue of missing diversity, numerous studies have 

attempted to add to the known diversity of FAE genes through design and modification of 

published primers. Initially, primer sets were designed specific to families of microorganisms 

described as mono-aromatic or alkane degraders, focusing on sulfate and nitrate reducing 

organisms (or syntrophic Smithella spp. in the case of assA) as these organisms are the most 

prevalent/enriched in many microbial cultures24,47,51,52. Callaghan et al. (2010) designed widely 

popular primers for the detection of assA, a group of 9 primers targeting different regions and 

groups of the assA gene (with a primer pair targeting bssA)47. A drawback to this is the 

inefficient use of reagents to individually probe a sample for species-specific assA or bssA 

sequences. In contrast, using a single primer pair from a group loses potential diversity. 

Degenerate primers were designed by von Netzer et al which had the capability of detecting assA 

and bssA sequences from different microbial groups46. These primers, FAE-B, FAE-KM, and 

FAE-N, were designed to target the assA and bssA genes in a strict or general sense, with the 

additional detection of nmsA genes using the general sense primers (FAE-B)46. Again, these 

primers were designed as a test to determine if degenerate primers could capture the diversity of 

assA and bssA present in various environmental samples. As was demonstrated by von Netzer et 

al. (2013)46, the comparison between primers designed by Winderl et al. (2007)24 (7772f/85646r) 

and their own (which were designed based off 7772f/8546r) revealed that the coverage across 

known species tested did not overlap. The Winderl et al.24 primers detected bssA heavily among 
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the Proteobacteria but not in Clostridia, while the von Netzer et al.46 primers detected genes in 

the Clostridia, but not the Proteobacteria. No single primer pair designed to date has captured 

assA or bssA diversity confidently (according to their designers), of known and putative 

anaerobic hydrocarbon degraders. Although these designed primers also came in different 

variations specific for clusters of assA genes (and modified from primers designed by Winderl et 

al.24) they increased the PCR assay efficiency from upwards of 9 primers down to 2 or 324,46,47 . 

The design of more universally applicable FAE gene primers is frustrated by the diversity among 

these enzymes, resulting from the diverse taxa and environments in which they are found.  

To address the diversity of the assA sequence, an in-depth analysis of the diversity of the 

assA sequences in different sampling locations globally, and different types of naturally 

occurring hydrocarbon seeps (methane, natural gas, and hydrocarbon) was performed by Stagars 

et al (2016)48. They showed that the diversity of the assA sequence was dependent on the 

substrate hydrocarbons present at the respective environmental sites. Methane seep assA 

sequences were divergent from gas (in contrast to methane gas by also containing ethane, butane, 

propane, etc.) and hydrocarbon seep assA, which the authors had predicted, as the methane seeps 

have limited HC species (predominantly methane) while gas and HC seeps vary substantially 

(upwards to C18 and beyond)48. These authors argued that despite the analysis of assA sequences 

across the globe, the capture of all the possible diversity was incomplete. With only a handful of 

characterized alkane degraders identified to a specific genus, and a multitude of uncultured 

alkane degraders as found in genetic databases, the capture of all assA will be an ongoing 

challenge. Indeed, the authors had found clusters of assA present in their study samples that had 

no cultured representatives, a finding echoed by all newly designed primer studies.  
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method to determine bioremediation potential20,57,58,63. Primer sets discussed above have their 

limitations, however they have detected (to varying extents) FAE genes in environmental 

samples. The main issue, which may not have been clear, is the frustration in developing 

universal assA and bssA primers capable of capturing greater FAE gene diversity.  

1.7 Use of Microcosms to Study Hydrocarbon Biodegradation  

As has been discussed in detail above, the diverse nature of substrates, environments, and 

the FAE harbouring organisms themselves confound the development of a universal assay for 

hydrocarbon-degradation activity detection. The use of molecular methods in assaying 

environmental samples has its own difficulty, as has been described above, with the nature of 

groundwater dynamics. Apparent reductions in hydrocarbon concentrations at field sites may 

suggest that degradation has occurred, when in reality the plume has simply travelled away from 

(e.g., via dilution) the sampling well. Khan et al (2004) notes that laboratory testing of 

contaminated sites to assess both the potential for bioremediation and to monitor activity is 

required1. Microcosm based studies where environmental samples are tested under a litany of 

experimental conditions to better assess the most viable remediation conditions are extremely 

valuable. Experimentation to determine the expected rates at which degradation may occur can 

be gleaned from this method. By studying biodegradation in laboratory conditions, knowledge 

about the FAE genes, signature metabolites, degradation pathways, the organisms responsible 

and isolation of those organisms can be done, with the aim to better understand biodegradation 

and better assess it in natural environments.  

The advantages of using this laboratory, microcosm-based assays are the in-depth 

analysis of the activity and the luxury of accurate monitoring of contaminant loss over time, 

which would otherwise be impossible to do using in situ environmental assays. Disadvantages 
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are that the setup of these experiments is highly variable from differing conditions between in 

situ and ex-situ environments. Nevertheless, microcosm studies provide valuable insight to the 

potential for hydrocarbon biodegradation of a contaminated site.  

From laboratory microcosm studies, well studied alkane-degrading species have been 

isolated and/or characterized, such as Desulfatibacillum alkenivorans PV2803, Desulfatibacillum 

aliphaticivorans CV2803, and Desulfoglaeba alkenexedens AK01. Initial studies into alkane 

degradation and elucidation of genes and metabolic pathways were found using these 

isolates30,54,64,65. Alkane degraders are primarily members of the Deltaproteobacteria and those 

characterized are sulfate reducers or syntrophic species. Primarily, assA sequences fall into the 

Deltaproteobacteria class, with some known alkane degraders falling into Archaea and 

Clostridial clades, which suggests horizontal gene transfer may have occurred66. Other cultures 

of alkane degraders can be present under methanogenic conditions, such as syntrophic Smithella 

spp.60,67. BSS harbouring microorganisms are more diverse, residing across the Proteobacteria 

(Alpha, Beta, and Delta) and Firmicutes. Well studied Bss harbouring taxa include but are not 

limited to, Thauera aromatica, Geobacter metallireducens, Desulfobacula toluolica, Azoarcus 

spp., and Georgfuchsia toluolica13,23,68. To our knowledge, no characterized species isolate 

undergoes toluene (or methylated mono-aromatics) degradation under methanogenic conditions, 

however many uncharacterized cultures have been described61,69,70. Knowledge of these isolates 

from microcosm enrichment studies allowed for the continued characterization of the fumarate 

addition or other metabolic pathways.  

The detection of such hydrocarbon-degrading organisms in field samples has not been 

found to be consistent. Generally, the presence of these organisms is limited to the detection of 

the class or order to which they belong to (i.e. Deltaproteobacteria rather than 
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Desulfatibacillum). Therefore, conclusions towards the presence of known hydrocarbon 

degraders from these data such as 16S rRNA gene sequencing, are limited and not cannot be 

taken as diagnostic. Although profiling the microbial community using 16S rRNA gene 

sequencing is a tested microbiological method, in this application the information that it gives 

cannot be taken as concrete evidence for biodegradation potential. In contrast, the detection of 

metabolites and genes are as a result of the direct activity and potential, respectively, and 

reaction of the tested process itself, while profiling the microbial community gives information 

on the types of taxa enriched when challenged with hydrocarbons.  

In this thesis work, a combination of diagnostic processes was done to characterize the 

potential for bioremediation at two hydrocarbon-contaminated sites. Approaches of signature 

metabolite detection (for plausible confirmation of anaerobic degradation activity), assaying for 

the FAE genes (to evaluate the genetic potential for anaerobic hydrocarbon degradation), 

assaying the microbial community composition (to identify if any standout taxa seem to be 

correlated with degradation activity), FAE gene quantifications (in attempt to correlate the 

degradation activity with elevated FAE gene abundance), and finally evaluating the degradation 

activity using microcosms (monitoring the degradation activity in real-time) were combined. 

Using all these methods will give a multifaceted view of degradation potential and possible 

activity at hydrocarbon-contaminated sites. Further, an attempt at designing broad-range primers 

compatible with qPCR to detect and quantify assA and bssA genes in multiple hydrocarbon-

degrading microorganisms in a single assay was undertaken. Owing to the difficulties in 

assessing in situ hydrocarbon degradation as has been discussed above, a multifaceted approach 

is necessary.  
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groups of FAE genes was designed for both assA and bssA genes, with a single reverse 

primer for each primer mix. Each forward primer in the mix was designed such that they 

bind the same region, producing identical length amplicons. This may be the first attempt 

at such a primer mixture for the detection and quantification of FAE genes. Using these 

primers, the environmental samples characterized through Objective 1 were interrogated 

to determine their efficacy of quantification and detection. These were compared with 

established primers (from available literature) to compare detection efficacy. FAE gene 

abundances were compared with HC concentrations to determine whether a positive 

correlation could be made. These amplicons were also sequenced to further verify their 

amplification ability. The results of this Objective are presented in Chapter 4. 

3. To determine the bioremediation potential of the environmental samples from Objective 

1, microcosm studies were set up to determine hydrocarbon biodegradation activity of 

native groundwater microbial communities. Samples were chosen to reflect higher and 

lower contamination scenarios to assess whether differences in contaminant 

concentration would influence biodegradation potential. These microcosms were 

challenged with a known concentration of hydrocarbons and amended with different 

electron acceptors separately and in combination to assess the response of the microbial 

community. Quantification and detection of the FAE genes using newly designed primers 

from Objective 2 were carried out, to further test their efficacy and see if a trend existed 

between degradation activity and FAE gene abundance. These microcosm tests were 

done to give an idealized view of hydrocarbon degradation potential of these 

contaminated sites, and the results are presented in Chapter 5. 
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Chapter 3: Analysis of Field Sites for Evidence of Anaerobic Biodegradation 

3.1 Introduction 

Monitoring the potential for bioremediation of hydrocarbon (HC) contaminants in 

groundwater systems has been explored in many studies under both aerobic and anaerobic 

conditions, as has been summarized in recent reviews16,21,39. Hydrocarbon-degrading organisms 

are frequently described based on the hydrocarbons that they biodegrade, e.g. alkane degraders 

(Desulfoglaeba alkenexedens, Desulfatibacillum aliphaticivorans, Smithella SCADC, etc.) or 

aromatic HC degraders (Thauera aromatica, Georgfuchsia toluolica, Azoarcus sp etc.). 

However, mere detection of these organisms does not guarantee they are actually biodegrading in 

situ, as these organisms may be dormant or using other carbon sources. Thus, further studies into 

assessing in situ HC degradation activity or the potential for activity are needed, and can be 

based in detecting biodegradation genes or the diagnostic metabolites. Under anaerobic 

conditions, genes that encode for fumarate addition reactions are good candidates for detecting 

potential anaerobic biodegradation capacity in the field. If the genes encoding the enzymes 

responsible for this enzymatic reaction are not detected, hydrocarbon degradation activity cannot 

be expected, but if they are, then biodegradation may occur. To date, three enzymes involved in 

fumarate addition (fumarate addition enzymes; FAE) have been characterized, based on the 

substrate hydrocarbon; ASS/MAS, alkylsuccinate synthase/methyl alkylsuccinate synthase, 

which catalyzes the addition of fumarate to alkanes; BSS, benzylsuccinate synthase, which 

catalyzes the addition of fumarate to (m)ethylated monoaromatics; and NMS, naphthyl 

methylsuccinate synthase, that adds fumarate to the methyl group of polyaromatic rings. 

Detection of the genes encoding these enzymes is focused on the alpha subunit, the active site of 

the enzymes. Should these genes be detected in the environmental samples, the potential for 
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3.2 Methods:           

3.2.1 Site Description. 

3.2.1.1 Site A. 

Located approximately 130 kms south east of Calgary, Site A is an inactive gasoline and 

diesel fuel distribution site. This site was active as a bulk fuel distribution site until 2003 (start 

time is unknown). In 1992, a leak from an Aboveground Storage Tank (AST) was discovered. 

Landfarming was undertaken in 1995, followed by in situ bioremediation efforts in 2007 

(reported as biostimulation). Specifics on protocols were not reported and resulting remediation 

efforts were inconclusive. All infrastructure has been removed. Geology of this site is silty clay 

to clayey silt, with the groundwater depth at ~1 m below ground surface. Figure 2 shows a map 

of Site A, along with measured hydrocarbon concentrations and potential electron acceptors. The 

hydrocarbon plume is travelling east of the site, as marked with arrows (Figure 2).  
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or AMPure was used for sample purification of <10 samples instead. Most 2016 samples were 

prepared using Taq/AMPure, while the remaining samples used KAPA Hi-Fi polymerase, with 

either AMPure or Qiagen purification kits. Samples were then normalized to 2 ng/µL and pooled 

into a sequencing library. Samples were loaded onto the Illumina MiSeq sequencing platform 

(2x300) kit at the International Microbiome Centre (University of Calgary). Resulting sequencing 

reads were assembled using PEAR 0.9.6 (50 bp overlap, 350 bp truncation) and given taxonomic 

rank through MetaAmp Version 2.0 using the SILVA 132 database at a species 97% similarity 

cutoff74,75. Microbial community analyses were done using a 5% read abundance cut-off. This was 

done to limit the amount of less abundant reads, ultimately simplifying the analysis to the most 

highly abundant taxa.  

 

3.2.7 assA and bssA PCR Presence/Absence Assay 

Assaying field samples for the presence of the assA and bssA genes through PCR was done 

using literature primer sets and thermocycling conditions24,27,46,47. Primer sets used to interrogate 

all field samples were: assA = 7757af/8543r (von Netzer et al. (2013)); bssA = 7772f/8546r 

(Winderl et al. (2007)), which were taken from literature24,46. These primers performed best from 

other literature primer sets tested in the lab (data not shown)27,46,47. The protocol for the assay 

was as follows: 12.5 µL of ThermoFisher 2x Fermentas PCR MasterMix, 10.5 µL PCR-grade 

H2O, 0.5 µL each of forward and reverse primer (200 nM), and 1 µL of gDNA template. The 

identical assay was also done using KAPA Hi-Fi polymerase using the identical protocol. 

Confirmation of amplification was done using gel electrophoresis (1% agarose) by comparing 

with a positive control of a known assA or bssA harbouring organism, D. alkenivorans AK-01 
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3.4 Results and Discussion 

3.4.1 Site A 

3.4.1.1 Hydrocarbon concentrations and potential electron acceptors. 

Table 1 shows the Alberta Guidelines as well as HC concentrations measured for all 

wells sampled, shaded values indicating HC concentrations above guidelines. The Alberta 

guidelines for the allowed concentration of hydrocarbons in non-drinking water groundwater are: 

benzene = 0.005 ppm, toluene = 0.024 ppm, ethylbenzene = 0.0016 ppm, xylenes (all isomers) = 

0.02 ppm, and alkanes = 2.2 ppm76. Two wells showed the highest total hydrocarbon 

contamination at 10.416 ppm (C03-10) and 10.383 ppm (C02-08) with 8 wells showing below 5 

ppm total hydrocarbons (C01-01, C01-04, C02-06 (0 ppm), C02-07 (0 ppm), C03-11, C03-12, 

C03-13, MW07, and MW23).  
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(uncontaminated) and C03-13 (total HC, 0.4 ppm) surround C02-08 (total HC, 10.3 ppm), while 

C01-04 (total 3.1 ppm) is approximately 15 m away from C03-10 (total HC, 10.4 ppm) (Figure 

2). This suggests that the geology in this area is dictating the direction and flow of the 

hydrocarbon plume where closely located wells are not evenly contaminated.  

Referring to the geographical location of the wells, wells C02-06 and C02-07 are 

upstream of the contamination plume and are considered to be background wells with 0 ppm HC. 

The surrounding area has no background hydrocarbon contamination/leakage from another 

source. As summarized in Figure 2, the potential electron acceptors measured the groundwater 

samples shows sulfate to have the highest concentrations, suggesting that this can serve as an 

important EA (electron acceptor) at the site.  

With the presence of these hydrocarbons, it was expected that the coinciding signature 

metabolites from ASS and BSS activity should be present if anaerobic hydrocarbon degrading 

organisms are present and active.  
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only S14-49B was uncontaminated with 0 ppm total hydrocarbons. All wells surpassed the 0.005 

ppm benzene guidelines, the 0.024 ppm toluene guideline, the 0.0016 ppm ethylbenzene 

guideline, and the 0.02 ppm xylenes guideline (except well ISCO-3-C at 0.0051 ppm). In 2016, 

all wells except ISCO-3-B and REC 26 were above the 2.2 ppm alkane guideline (Table 2).  

Table 2: Site B hydrocarbon concentrations. Samples were collected Sept 9, 2016 and 
analyzed by AGAT Labs. Shaded cells represent concentrations higher than the Alberta 
Guidelines for hydrocarbons in groundwater§. 

 

 

The contamination plume is not as straightforward as it is in Site A, where 

uncontaminated wells were largely upstream of the groundwater flow. In Site B the 

uncontaminated well S14-49B is located within a few metres of REC 34 (total hydrocarbon: 34.9 

ppm) and ISO49 (total hydrocarbon: 13.2 ppm) (Figure 3). Wells that are within a few metres of 

                                                 

§ Benzene > 0.005 ppm. Toluene > 0.0024 ppm. Ethylbenzene > 0.0016 ppm. Xylenes > 0.02 ppm. C6-C10 Alkanes 
> 2.2 ppm. 

Well Name
Benzene 
(ppm)

Toluene 
(ppm)

Ethylbenzene 
(ppm)

Xylenes 
(ppm)

C6 - C10 

Alkanes 
(ppm)

Total 
Hydrocarbon 

(ppm)
Guideline 0.005 0.0024 0.0016 0.02 2.2
ISCO-3-B 1.65 0.0713 0.108 0.0454 < 0.1 3.8
ISCO-3-C 9.88 0.557 0.0051 0.0051 3.1 23.9
ISCO-4-C 9.26 0.92 0.0323 0.0323 2.8 23.2

ISO 49 0.297 0.87 0.223 4.46 1.3 13.2
REC 11 0.771 0.732 0.0408 4.96 2.7 15.7
REC 12 2.35 0.0299 0.0489 0.0432 2.2 7.2
REC 24 8.39 0.377 0.297 0.675 2.8 22.2
REC 26 0.391 0.0523 0.0421 0.403 0.2 2.0
REC 31 7.89 0.867 0.394 0.979 5.5 25.7
REC 34 2.23 3.83 0.325 6.11 9.9 34.9
S14-49B <0.0005 <0.0003 <0.0005 <0.0005 < 0.1 <0.1
S14-7R 1.26 0.125 0.0365 0.0754 1.2 4.2

Trip Blank <0.0005 <0.0003 <0.0005 <0.0005 < 0.1 <0.1
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2016 (C01-01, C02-07 (uncontaminated), and MW23). Even with the higher fidelity KAPA 

polymerase, the detection of the bssA linked to produced aromatic signature metabolites does not 

improve. That being said, the produced signature metabolites are transient and thus actively 

degraded, whereas the microorganisms (and thus their genetic material) are more likely to be 

persistent, so it is much more likely that the genes are an artifact of previous degradation activity 

in lower contaminated wells. Even then, the presence of the gene is a strong indicator for the 

potential for fumarate addition. The movement of groundwater may be influencing the 

distribution of the genes and the metabolites, wherein more active biodegradation may not be 

where samples were collected.  

 

3.4.3.1.2 Alkanes, alkylsuccinates, and assA. 

Table 3 also summarizes the detection of the alkylsuccinate signature metabolites and the 

assA gene. All wells with an alkane concentration higher than 0.1 ppm had detectable signature 

metabolites present in both 2016 and 2017. The 3 most common alkane lengths with detected 

metabolites were (1) unsaturated C6 alkanes (detected in 6 wells in 2016, 2 wells in 2017), (2) 

unsaturated C7 detected in 2016 in 5, and in 2017 in 3 wells, and (3) unsaturated C8 

alkylsuccinates detected in 2016 in 6 wells, and detected in 2 wells in 2017. Other detected 

metabolites were present in less than 5 wells, from C5 to C9 (saturated and unsaturated), 

excluding those mentioned above. Unsaturated alkanes refer to those that are non-linear, for 

example cyclic alkanes or branched cyclic alkanes. As was mentioned with benzylsuccinate 

metabolites, the appearance and disappearance of a single metabolite type from one year to the 

next is an indication of either on-going degradation activity, or due to the movement of 

groundwater removing metabolites from sampled groundwater areas.  
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The presence of the assA gene in these sampled wells showed higher co-occurrence with 

metabolite presence (than was seen with benzylsuccinates and bssA presence). In 2016, the assA 

gene was detected in all wells with alkane concentrations above 0.1 ppm (with the exception of 

well C01-04 (0.5 ppm))**. This was also seen in 2017, with the exception of 2 wells, C03-10 (0.9 

ppm alkanes) and C01-01 (0.2 ppm alkanes). Detection of assA across sampling years was more 

consistent using KAPA compared to Taq polymerase, where KAPA detected assA in 5 wells in 

2017, compared to detection in only 1 well using Taq polymerase. However, almost all wells 

where metabolites were detected also saw the detection of assA, independent of the sampling 

year. Overall, there is some correlation of assA and associated metabolite detection across 

sampling years. As mentioned for bssA/benzylsuccinates, the presence of the assA gene and 

detection of the associated metabolites is a strong indicator for anaerobic alkane degradation 

potential in Site A.  

Interestingly, there is no overlap in metabolite detection for alkylsuccinates and 

benzylsuccinates, with only 2 wells showing both classes of metabolites (C02-08 and C03-14, 

the highest contaminated wells). It is most likely, as was mentioned above, that metabolites were 

metabolized and thus not detected consistently across all wells. Overlap of the assA and bssA 

genes is more consistent, where 7 of 8 HC > 0 ppm wells revealed the presence of both assA and 

bssA genes (using KAPA polymerase). Only 2 of 5 wells with detected bssA also had bssA 

detected using Taq polymerase. This suggests that the alkane and aromatic degraders were both 

present in the groundwater and their activity is likely a consequence of the HC concentrations 

present.  

                                                 

** well C03-13 was not sampled for molecular assays in 2016 
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In summary, the linking of signature metabolite detection to fumarate addition gene 

detection at Site A shows that they are not perfectly correlated. However, at least one or the other 

(metabolite or gene) has been detected in HC-containing groundwater. This trend was most 

prevalent with alkylsuccinate signature metabolites and the assA gene presence. In most cases, 

sampled groundwaters showed genetic potential for anaerobic degradation, but did not show the 

metabolic evidence (e.g., metabolites themselves) of that reaction. However, since the nature of 

the metabolites is transient due to groundwater flow, the detection (or lack thereof) does not 

necessarily equate to no activity. A lack of metabolite detection could also be due to analytical 

limitations, or possibly because the contaminant being no longer present due to further 

degradation. 

 

3.4.3.2 Site B signature metabolites and FAE gene presence. 

3.4.3.2.1 Aromatic hydrocarbons, benzylsuccinates, and bssA. 

At Site B, aromatic HC-derived signature metabolites were more abundant in 2016, 

mainly deriving from xylenes and toluene. o-Xylene, m-xylene, and toluene-derived metabolites 

were detected in 3 wells (Table 4). Detection in both 2016 and 2017 occurred in REC 34, the 

only well with >1 ppm toluene. This suggests, as in Site A, that higher concentrations of 

precursor hydrocarbons may result in metabolite production over a longer period of time. Thus, 

the degradation activity is ongoing and detectable over time. Only one well, REC 34, contained 

detectable ethylbenzylsuccinate (fumarate addition metabolite from ethylbenzene (0.325 ppm), 

in 2016. However, there is no HC threshold above which metabolites are consistently present in 

wells with an HC concentration greater than x ppm. This inconsistency in the detection of 

metabolites was also seen in other studies2, wherein with similar HC profiles did not have similar 
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would favour the detection of either metabolites or genes. However, it is interesting that alkane 

degradation and aromatic degradation is seen, yet do not completely overlap, as was seen in Site 

A. Again, as mentioned in Section 3.4.3.1, groundwater movement and metabolic activity, rather 

than hydrocarbon concentration, may govern the appearance and disappearance of genes and 

metabolites. However, the failure to detect both genes and metabolites in this and other 

wells/sites may be due also to limitations in molecular and/or analytical 

techniques/instrumentation (e.g. primer sets, polymerases, detection limits for succinates, etc.).  

In summary, attempts to positively correlate the presence of FAE genes, produced 

signature metabolites, and concentrations of HC falls short, as no clear defining trends were 

present. Because of site variation, it is prudent to examine groundwater samples for both 

diagnostic genes and metabolites to ensure that one or the other is captured as evidence for site 

potential for anaerobic HC degradation. However, the detection of metabolites and/or genes in 

both sites give strong evidence for both the potential for anaerobic hydrocarbon degradation in 

these sites (gene presence), but also that degradation activity is occurring over the sampling 

period (metabolite presence). 

 

3.4.3.3 Electron acceptor concentrations in field sites. 

Site A and Site B maps (Figure 2 and Figure 3, respectively) summarized the HC and potential 

electron acceptor concentrations in the groundwater samples. The following sections presents the 

EA data in more detail. 

 

 

 





54 

 

 
Figure 6: Concentrations of various electron acceptors in Site A between 2016 and 2017. 
Nitrate (A), sulfate (B), and iron (II) (C) are reported in mM. Ranking of wells is presented 
in numerical order.  

 

3.4.3.3.2 Site B. 

Figure 7 shows the concentrations of nitrate (A), sulfate (B), and iron (II) (C) in Site B. 

Nitrate and sulfate concentrations for almost all samples collected from in Site B are near 0 mM. 

The anomalous higher peaks seen for ISO49 and ISCO-3-C is due to the accidental incubation of 
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Figure 7: Concentrations of various electron acceptors in Site B between 2016 and 2017. 
Nitrate (A), sulfate (B), and iron (II) (C) were analyzed and are reported in mM. Ranking 
of wells is alphabetical.  

 

3.4.4 16S rRNA gene sequencing using Illumina Mi-Seq. 

3.4.4.1 Site A microbial community composition. 

To determine the microbial community composition of the collected GW samples, 

Illumina Mi-Seq sequencing was performed, with taxonomic analysis done using the MetaAmp 

pipeline75. Figures 8 and 9 show the microbial community composition of Site A in 2016 and 

2017, respectively.  
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However, in such heterogeneous samples not detecting these HC degrading organisms does not 

necessarily mean that HC degradation activity is not occurring. Evidence of anaerobic 

hydrocarbon degradation was explained in previous sections, thus the presence or absence of 

known hydrocarbon degrading taxa are not necessarily diagnostic of potential. As will be 

discussed in prepared microcosm experiments (Chapter 5), under some conditions the known HC 

degrading taxa present in these groundwaters are present and can be enriched.  
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3.5 Conclusions  

Assessment of the bioremediation potentials of contaminated sites A and B was done using 

three different methods, 16S rRNA gene sequencing, FAE gene detection analysis, and signature 

metabolite detection. These approaches showed that anaerobic alkane and mono-aromatic 

hydrocarbon biodegradation was occurring and continued to occur between yearly sampling 

(2016 and 2017). Appropriate signature metabolites were detected in both sampling years which 

showed that some of the organisms at the sites were actively catalyzing fumarate addition 

reactions for hydrocarbon degradation. However, the detection was not as widespread as the 

hydrocarbon contamination plume suggested, likely due to the metabolically transient nature of 

the metabolites (metabolite flux) and less likely, movement of groundwater that may have 

transferred metabolites away from where they were produced. The genetic potential for 

anaerobic hydrocarbon degradation was seen at both sites as the assA and the bssA genes were 

detected across sampling years, providing evidence that microorganisms capable of fumarate 

addition were present. The microbial community analysis of these sites showed Rhodoferax as 

the dominant taxon, but no clear trends between levels of contamination and particular taxa 

could be deduced. The heterogeneous nature of the groundwater samples/aquifer systems seem 

to add to the complexity of the sequencing data. However, the collective metabolite and genetic 

evidence gleaned from this study gives unequivocal evidence that both sites have the potential 

for anaerobic hydrocarbon degradation and actively degrading HC at these sites.  
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Chapter 3 regarding the influences of polymerases on gene detection, 3 polymerases were 

compared here to determine if differences are also seen when using the newly designed primer 

mixes. The polymerases used for these PCR assays were: Fermentas Taq, KAPA HiFi, and 

BioLine SensiFast qPCR polymerases. Fermentas Taq & KAPA HiFi used with literature 

primers only, while BioLine was used for newly designed qPCR primers. The BioLine SensiFast 

polymerase is a SYBR green mastermix formulated for qPCR. These polymerases were chosen 

as they were the polymerases most used in lab for PCR assays (not including the SensiFast 

polymerase which was only used for qPCR). Previously Bio-Rad SsoFast SuperMix was used as 

the preferred qPCR polymerase in lab, however, due to cost limitations the BioLine SensiFast 

polymerase was adopted after tests determined the activity of both qPCR mixes to be similar 

(data not shown). 

4.2.2 qPCR Thermocycling Conditions: 

The reaction volume used was 25 µL (consisting of 12.5 µL BioLine SensiFast, 10.5 µL 

PCR-grade H2O, 0.5 µL each primer, 1 µL DNA template). Thermocycling conditions for assA 

qPCR was as follows: 95oC for 3 min, 39 cycles of 95oC for 15 sec, 62oC for 25 sec (each cycle 

ending with a plate read), 62oC for 2 min, followed by a melt curve (65oC to 95oC, increasing in 

0.5oC increments, hold for 5 sec, then plate read). The annealing temperature for bssA was 

adjusted to 65oC following the same method. All qPCR was done using BioLine SensiFast No-

ROX MasterMix on a Bio-Rad CFX96 Real-Time Thermocycler controlled by Bio-Rad CFX 

Manager software. All software analysis was performed using Single Threshold Cq 

Determination with Baseline Subtracted Curve Fit settings.  
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Maximum Likelihood dendrogram was built using approximate Likelihood Ratio Test (aLRT) 

tree branch support (to estimate correct placement of internal branches) and a combination of 

Nearest Neighbor Interchanges (NNI) and Sub-tree pruning and Regrafting (SPR) tree building 

methods (for initial tree building when choosing which possible tree is the most likely result 

from given nucleotide data)86,87. Using this combination of tree building/refining, highly 

computationally demanding bootstrap calculations are unnecessary86,87. These methods were 

chosen as Maximum Likelihood analysis does not cluster the sequences by assumed homology 

thereby removing slight diversity among sequences (assuming each sequence is unique and 

determining best placement within a changing distribution), which was deemed to be paramount 

in this proof-of-concept application.  

Sanger sequencing of standard curve amplicons was done through Eurofins (facility in KY, 

USA), and resulting sequences were analyzed through a BLASTn search84. Both assA and bssA 

BLASTn searches returned sequences at 100% match submitted by original literature primer 

authors (data not shown).  

The hydrocarbon concentrations used to plot qPCR results as a function of hydrocarbon 

concentrations were given in Table 1 (Site A) & Table 2 (Site B) (Section 3.4). 

 

4.3 Results and Discussion: 

4.3.1 Newly designed bssA qPCR primer mix 

4.3.1.1 Site A bssA detection.  

Table 7 shows the detection of the bssA gene in Site A field samples using literature 

primers with Taq and KAPA polymerases and newly designed qPCR primers with BioLine 

polymerase. Microorganisms in 4 well samples from this site harboured the bssA gene in both 
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2016 and 2017 (C02-08, C03-12, C01-04, and C03-10). For bssA, in most wells where literature 

primers detected bssA using Taq, the newly designed primers do as well, detecting the gene in 2 

of 3 wells, with detection in 2 additional wells (Table 7). However, assaying with KAPA 

polymerase detected bssA in 4 uncontaminated well samples, which were not detected using Taq 

polymerase or with qPCR primers and BioLine polymerase. There is an element of uncertainty, 

as will be mentioned later, that non-specific amplicons of similar length when using KAPA made 

accurate identification of the correct length amplicon difficult. There is a chance false-positives 

are reported here. However, in some cases bssA was detected in previously undetected well 

samples in Site A using BioLine polymerase and qPCR primers, where it was previously 

undetected using literature primers and Taq polymerase. More consistent detection was seen in 

some wells over sampling years using qPCR primers across all used polymerases (i.e. C03-10, 

C01-04, C01-01, and C03-12) (Table 7). The difference in detection ability using the same 

literature primers and different polymerases may be a key contributing factor to the success of 

the newly designed primers. If the polymerase has greater fidelity (e.g. such as KAPA 

polymerase) and/or ability to amplify a target, more target detection is likely, as was 

demonstrated in detection differences between Taq and KAPA in detecting bssA. However, the 

efficacy of the newly designed qPCR primers plus a qPCR polymerase, the results suggest that 

the qPCR primers have similar bssA capture to literature primers using high-fidelity 

polymerases. The outstanding detection of bssA in uncontaminated well groundwater using 

KAPA polymerase may be a limitation in the design of the primer mix, false-positives, or 

microbes present in the GW ecosystem that possess that gene.  

Detection of the bssA gene using newly designed primers was successful but did not 

match the detection using literature primers and KAPA polymerase. Of the 4 wells with TEX 
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In contrast, in wells with lower TEX contamination, of the 8 wells with TEX 

concentrations < 0.1 ppm, newly designed qPCR primers detected the bssA gene in 2 wells (C01-

01 and C03-12), while detection using literature primers and KAPA polymerase detected the 

gene in 6 wells. The bssA gene was not detected in any wells with <0.1 ppm TEX using Taq 

polymerase.  

Results from this bssA detection assay suggest that the literature primers with KAPA 

polymerase results in the most positive detection (10 well samples), while qPCR primers with 

qPCR polymerase is comparable but only detects the gene in 4 of the 10. These data show that 

the presence of the bssA gene is not dependent on the concentration of TEX. This is most likely 

from the movement of groundwater transporting these bss harbouring microorganisms across the 

site. Possible influence of PCR inhibitors co-extracted with the gDNA may be reflected in the 

presence/absence across used polymerases.  

 

4.3.1.2 Site A bssA quantification. 

Quantification of the bssA genes in Site A samples are summarized in Figure 14 and 

plotted against total BTEX concentrations. False positives (those with non-specific amplicons) 

and zero value quantifications were eliminated from the figure. As was reflected in Table 7, only 

4 wells had quantifiable bssA with the qPCR primers used. Wells C03-12 and C03-10 had the 

most bssA L-1 (C03-12 2016 = 3.84x1010 copies/L, 2017 = 4.08x109 copies/L; C03-10 2016 = 

4.48x109 copies/L, 2017 = 3.18x109 copies/L). These newly designed qPCR primers gave values 

approximately 2 orders of magnitude greater than any other abundance obtained from other 

groups and field sites20,50,26 (Table 8). This discrepancy may be due a number of factors; first, 

these newly designed primers may be more effective in capturing the bssA genes present 
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Figure 14: Quantifications of the bssA gene in Site A for 2016 (red circles) and 2017 (black 
squares). Linear regression trendlines are matched in colour. Only those samples whose 
amplicons matched the length of standard amplicons are plotted here. It is worth noting 
that other samples can comparable quantification values, arising from non-specific binding 
(data not shown). Error bars represent standard deviation of technical replicates (n=3). 

 

Although the reasons for the disparity are not clear, groundwater flow rates may be a 

reason for the comparable bssA abundances among disparately contaminated wells, despite the 

fact that the sampling wells are on opposite sides of the site (Figure 2). Tracer studies have 

shown that microbes can travel distances of approximately 9 m in 20 days in silty groundwater 

aquifers88, thus there is precedence for microbial transport in aquifer environments. The field 

sites in this study have been contaminated for at least 10 years, thus, established transport of 

native organisms enriched on the aromatic contaminants and travelling the relatively short 

distance across the field site is almost guaranteed and may be one factor in explaining the 

similarity of bssA abundances between wells C03-10 (1.6 ppm TEX) and C03-12 (<0.1 ppm 
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TEX). Activity in the plume leading to the sampling well may have had an influence on aromatic 

HC degraders, causing an enrichment of BSS encoding organisms in areas where nutrients and/or 

aromatics may be more concentrated, thus degrading the aromatics and proliferating, followed by 

the movement of the groundwater and sampled across site.  

Thus, in this field site (Site A), there was no correlation between concentration of mono-

aromatic compounds and the detection/abundance of bssA. As will be discussed in later section 

(4.3.1.4) pertaining to Site B, different sites can have bssA presence/absence linked with TEX 

presence/absence.  

 

Table 8: Comparisons of approximate reported assA and bssA abundances reported in 
literature. Note that abundances reported in this study are up to 2 log greater than other 
studies, in both detection limit and in highest reported abundances.  

 

 

4.3.1.3 Site B bssA detection. 

Detection of the bssA gene in Site B is more consistent than Site A in terms of total wells 

with bssA detected in groundwater, across polymerases and primers (Table 9). Of the 12 sampled 

wells, 6 well samples had detectable bssA using Taq, 7 with KAPA, and 9 with newly designed 

qPCR primers and BioLine qPCR polymerase (regardless of sampling year).  Under all 

Targeted FAE 
gene

Reported 
Detection Limit 
(copies/L or g)

Highest Reported 
Sample Abundance 

(copies/L or g)

Targeted Electron Accepting 
Conditions

Cited Primer Reference Reference

~ log 5 ~ log 9 Sulfate-reducers and methanogens This Study
not reported ~ log 6 Methanogenic paraffin degrading Oberding and Gieg (2018)

~ log 3 ~ log 8 Sulfate-reducers and methanogens Aitken et al. (2013)
~ log 5 ~ log 10 Nitrate- and sulfate-reducers This Study
~ log 2 ~ log 8 Sulfate-reducers Winderl et al. (2008) Pilloni et al. (2019)

~ log 4 ~ log 8 Nitrate- and sulfate-reducers Winderl et al. (2007) non-qPCR 
primers 7772f/8546r

Muller et al. (2017)

~ log 4 ~ log 4 Sulfate-reducers and methanogens Beller et al. (2008) Oka et al. (2011)
~ log 2 ~ log 3 Nitrate-reducers Beller et al. (2002) Oka et al. (2011)
~ log 1 ~ log 8 Nitrate-reducers Beller et al. (2002) Kazy et al. (2010)
~ log 3 ~ log 8 Sulfate-reducers Beller et al. (2008)
~ log 3 ~ log 7 Deltaproteobacterial "F1" Winderl et al. (2008)
~ log 2 ~ log 8 Nitrate-reducers Beller et al. (2002) Da Silva and Alvarez (2004)
~ log 3 ~ log 8 Nitrate-reducers Beller et al. (2002)

assA

bssA
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PCR/qPCR parameters, bssA was detected in all wells with >0.1 ppm TEX (exceptions: ICSO-4-

C which did not have bssA detected in groundwaters sampled in either 2016 nor 2017, and well 

S14-49B, which had bssA detected in 2017 despite a TEX concentration <0.1 ppm). However, at 

Site B there was still inconsistent detection of the bssA gene in each of the wells across 

polymerases and primers. For example, only 3 of 7 wells in 2016 matched detection with Taq 

and qPCR (REC 34, REC 11, and ISCO-3-B), and only 1 of 9 well matched detection between 

KAPA and qPCR (S14-7R) in 2016. In 2017, Taq and qPCR detection of bssA matched in 1 of 5 

wells (ISCO-3-C); KAPA and qPCR matched in 3 of 8 wells (ISO49, ISCO-3-C, and S14-7R). 

The efficacy (detection in samples) of the bssA qPCR primer mix in detection in Site B seems to 

be better than what was seen in Site A, however, comparing detection between KAPA and qPCR 

is difficult due to possible false-positives in the KAPA assays (as was discussed earlier, Section 

4.3.1.1). The detection of the bssA gene was not consistent across any primer or polymerase, as 

only a maximum of 3 wells had consistent bssA detection using all polymerases. Interestingly, 

there is inconsistent detection between Taq and KAPA, using the same primer set. One would 

expect that the detection using KAPA would be increased relative to Taq (due to higher fidelity, 

less inhibitor effects etc.), and yet there are wells which showed bssA detection with Taq and not 

with KAPA, and vice versa. A possible explanation could be the differences in the PCR reagents 

and PCR conditions, which only highlights the effect of PCR reagents in PCR assays. 

Differences in detection between the qPCR and KAPA assays is likely due to the differences in 

primer diversity, where some bssA sequences (or homologs) are missed, in addition to the 

aforementioned PCR effects.  
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Figure 15: Quantifications of the bssA gene in Site B for 2016 (red circles) and 2017 (black 
squares). Linear regression trendlines are matched in colour. Only those samples whose 
amplicons matched the length of standard amplicons are plotted here. It is worth noting 
that other samples have comparable quantification values, arising from non-specific 
binding (data not shown). Error bars represent standard deviation of technical replicates 
(n=3). 

 

Also, there is no correlation across all wells with similar abundance and concentrations of 

a single aromatic compound. For example, groundwater from ISO49 and REC 11 had similar 

xylene and toluene concentrations (Xylenes = 4.46 and 4.96 ppm, Toluene = 0.87 and 0.732 

ppm, respectively), but the bssA abundance differed by 2 orders of magnitude. Wells REC 31 

and ISCO-3-C had similar bssA abundances and total BTEX concentrations, however ISCO-3-C 

had negligible xylene and ethylbenzene (0.0051 ppm for both), while only the toluene 

concentration was similar (REC 31 = 0.867 ppm, ISCO-3-C = 0.557 ppm). These toluene 

concentrations are similar to that of REC 11, which has bssA abundances of 3 orders of 
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observation may be due to heterogeneity in groundwater flow and variation in the contamination 

plume, or to other microbial or environmental factors which have not been explored here.  

 

4.3.2 Newly designed assA qPCR primer mix. 

4.3.2.1 Site A assA detection. 

Table 10 outlines the detection of the assA gene in Site A using Taq, KAPA polymerases, 

and the newly designed qPCR primers (with BioLine polymerase). Taq polymerase amplified 

assA in 6 of 12 well groundwater samples, KAPA polymerase amplified assA in 7 of 12 well 

samples (with overlaping detection with Taq in 5 wells), and newly designed qPCR primers 

amplified the gene in 9 of 12 well samples (with 6 well samples overlapping with KAPA 

polymerase). All wells in Site A had alkane concentrations of less than 6 ppm, thus the possible 

effect alkane concentrations (as will be seen in Site B; Section 4.3.2.3) are not expected here. 

Detection of the assA gene was more consistent across the primer and polymerase combinations. 

Only one sampled groundwater, from well C01-04, did not have assA amplified by Taq or qPCR, 

but was detected using KAPA polymerase. Detection of the assA gene also occurred in 3 wells 

with alkane concentrations <0.1 ppm (C02-07, C03-11, and MW07) using the qPCR assay. 

Overall, the performance of the newly designed qPCR assay was similar to that of the literature 

primers using both Taq and KAPA polymerases. The assA gene was detected consistently in 

wells with alkane concentrations >0.1 ppm.  
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Figure 16: Quantifications of the assA gene in Site A for 2016 (black squares) and 2017 (red 
circles). Linear regression trendlines are matched in colour. Only those samples whose 
amplicons matched the length of standard amplicons are plotted here. It is worth noting 
that other samples can comparable quantification values, arising from non-specific binding 
(data not shown). Note the break in x-axis between 1 and 4 ppm alkane concentrations. 
Error bars represent standard deviation of technical replicates (n=3). 

 

Well C03-10 has similar assA abundance as C03-14 and C02-08, despite having a 5-fold 

lower alkane concentration (0.9 ppm). However, the general trend in assA abundances seen in 

Site A suggests that the higher the alkane concentration, the greater the assA abundances, to a 

limit of log 8 assA copies/L at ~5 ppm alkanes. This trend was not seen for bssA abundances 

(both Site A and B) (Sections 4.3.1.2 & 4.3.1.4). This observation supports the hypothesis that 

increased alkane concentrations result in higher assA abundances, however it seems that a 

threshold for assA abundance is linked to alkane concentrations above ~5 ppm. Comparing 

abundances across sites in wells with similar alkane concentrations, the abundances are within 









94 

 

 

Figure 17: Quantifications of the assA gene in Site B for 2016 (red circles) and 2017 (black 
squares). Linear regression trendlines are matched in colour. Only those samples whose 
amplicons matched the length of standard amplicons are plotted here. It is worth noting 
that other samples can comparable quantification values, arising from non-specific binding 
(data not shown). Error bars represent standard deviation of technical replicates (n=3). 

 

The uncontaminated well S14-49B has the assA gene present most likely reflects 

background assA abundance, or from microorganisms transported via groundwater flow as this 

well is located near well ISO-49, which has assA near 1x107 copies/L. Of the 16 wells (both 

years) which had positive assA quantification, 9 harboured 107 copies/L, spanning alkane 

concentrations from 4.7 ppm (REC 12) to 22.4 ppm (REC 34).  

However, it seems that the assA abundances do not pass 107 copies/L GW when alkane 

concentrations are >5 ppm, but reach 108 copies/L GW at alkane concentrations <5 ppm. This is 

interesting, as it suggests that a threshold of growth and/or activity exists, where alkane 
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Figure 18: Maximum Likelihood phylogram of sequenced assA and bssA amplicons. 
Nucleic acid sequences were aligned with ClustalX (30 iterations). Tree-building via 
PhyML 3.0 Maximum Likelihood using TN93 substitution model, fast likelihood based 
method aLRT for branch supporting, and SPR (Subtree Pruning and Re-Grafting) tree 
improvement model86,87,99. The outgroup is pyruvate formate lyase (pfl) from sulfate-
reducing strain D. alkenivorans strain AK-01.  
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same samples sequenced using assA qPCR primers did not return bssA sequences shows that 

there is little to no cross amplification of the assA and bssA genes using these primer sets. The 

bssA primer mix does seem to have some cross amplification, but that is deemed to be minimal. 

Amplification of non-target genes were also reported by Winderl et al.24 showing low similarity 

to ABC transporter ATP-binding proteins. Again, as was explained previously, primers designed 

for diversity have a caveat of non-specific amplification, which was highlighted using next-

generation sequencing.  

 

4.4 Conclusions 

Newly-designed primers for the improved detection and quantification of the assA and 

bssA genes in Site A and Site B showed great promise. These newly designed primers showed 

comparable sensitivity and amplification ability to literature primers, with some differences. The 

type of polymerase used with literature primers was seen to make a difference in the detection of 

the assA and bssA genes in field samples. Quantifications of the assA and bssA genes were 

successful, suggesting assA abundance is limited by an alkane concentration threshold of ~5 

ppm. Quantifications of bssA suggested that bssA abundances are not correlated to aromatic 

concentrations found in field samples. However, the abundances of these genes are similar to 

those found in other studies (within ~ 2-orders of magnitude compared to published literature 

values) and thus can be used as a quantitative indicator for bioremediation potential. Sequencing 

of the assA and bssA qPCR amplicons yielded matches to known HC degraders such as 

Desulfatibacillum alkenivorans AK-01, Smithella SCADC, Thauera aromatica, and Azoarcus 

spp. etc. Matches to as of yet uncharacterized assA and bssA clones/genomes, suggest that 

diversity of the assA/bssA sequences warrants further exploration. Hopefully these sequences 
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will be characterized in the future, showing the true depth of assA and bssA that literature and the 

new primer sets capture. These data paint a very promising picture for the use of these primers in 

diagnostic applications for determining the bioremediation potential of organisms present in HC 

contaminated sites.   
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Table 18: Comparison of theoretical electron acceptor changes with empirical changes. 
Note, shading represents percent theoretical changes >25% in Benzene+Toluene+Octane, 
and >50% in only Toluene+Octane. 

 

 

5.3.4.2 FAE gene abundance. 

5.3.4.2.1 assA gene detection and quantification. 

Detection of the FAE genes in groundwater sourced from the Site B REC 12 well was 

compared using literature primers 7757af/8543r46 with KAPA HiFi polymerase, and newly 

designed primers with BioLine SensiFast qPCR polymerase. Gel electrophoresis analysis of 

amplicons supports that the assA gene is found in almost all microcosm samples, and evidence of 

non-specific amplicons was also seen (Table 19). Repeating the detections assay with von Netzer 

et al. primers 7757af/8543r also showed the same result, except in 2 samples (No EA + HC and 

sulfate No-HC). Thus, in these microcosms, the assA gene is consistently detected across these 

tested primers. It is most promising that the assA gene is detected in almost all microcosms, 

supporting the anaerobic hydrocarbon (octane) loss described previously.  

Theoretical 
Loss (mM)

Actual Loss 
(mM)

Theoretical 
Loss (%)

Theoretical 
Loss (mM)

Actual Loss 
(mM)

Theoretical 
Loss (%)

Nitrate 4.44 2.0 44.6 1.916 2.0 103.4
Sulfate 2.78 1.2 43.0 1.197 1.2 99.8
Iron (II) 22 1.1 4.9 9.582 1.1 11.2
Nitrate 4.44 2.4 52.9 1.916 2.4 122.7
Sulfate 2.78 0.6 22.3 1.197 0.6 51.8
Iron (II) 22 -0.2 -0.9 9.582 -0.2 -2.1

Benzene, Toluene, Octane Degradation
Electron 
Acceptor

Culture 
GroupWell

REC 12

Single EA

All 3 Mix

Toluene, Octane Degradation
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hydrocarbon degradation. In this case, the addition of nutrients and extra EA may not influence 

FAE gene abundance. 

 

 

Figure 29: Melt peak chart of assA amplicons from REC 12 microcosms. Thick black = 'All 
3'; grey = Nitrate, Iron, No EA; dark grey = sulfate. One replicate curve of three shown. 
Curve was generated using Bio-Rad CFX Manager software.  

 

5.3.4.2.2 bssA gene abundance and detection using bssA primer mix 

As was described in Section 5.3.1.2.2, the complications faced during quantification of 

the bssA gene using the newly designed qPCR primer mix in C01-04 sourced microcosms were 

also seen here. An explanation is given in that section. The bssA primer mix was used to detect, 

rather than quantify, the bssA gene. 

Comparison of detection capability of von Netzer et al. 7772f/8546r46 and newly 

designed bssA primer mix (as was done in Section 5.3.1.2.2 bssA for Site A groundwater sourced 

microcosm C01-04) was done for REC 12 microcosms and is summarized in Table 20. Using the 
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5.3.6.3 Microbial community composition. 

Illumina sequencing of these cultures showed that methanogenic taxa are not present. As 

such, despite the apparent degradation of octane, organismal support for methanogenic activity is 

not present in these microcosms. It is not likely that methanogenic taxa were missed during 

sequencing as they were detected in REC 12 microcosms. Similar read abundances of 

Rhodoferax were seen in field samples, and in all microcosm conditions, which can utilize both 

nitrate and iron (III), however no change in those EAs was seen (Figure 33). After preparatory 

incubation under 4oC there was an enrichment of Dojkabacteria which did not change after EA 

incubation (function of Dojkabacteria is unknown). Changes in microbial community 

composition was only seen under nitrate reducing conditions with detection of suspected HC 

degraders in Betaproteobacteriales (which includes Burkholderiaceae, Nitrosomonadaceae, and 

Rhodocyclaceae). Other taxa were also detected: Dysgonomonadaceae (aerobic polysaccharide 

degrader136), and Xanthomonadaceae (aerobic taxa seen in PAH degradation137,138). Aerobic 

organisms were detected in these cultures, despite anoxic conditions. This may be a result of 

enrichment from the native field community and not necessarily a product of possible slight HC 

degradation. 




























































