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Perchlorate contamination of drinking water sources in the United States is 

widespread and represents a public health concern. Biological treatment is an attractive 

option because perchlorate-reducing bacteria (PRB) are ubiquitous in the environment 

and can reduce perchlorate completely to chloride. Treatment of perchlorate-

contaminated water in fixed-bed bioreactors has been demonstrated at the laboratory- and 

pilot-scale. However, full-scale development of reliable biological drinking water 

treatment processes requires a better understanding of the microbial ecology and activity 

of perchlorate-reducing communities in bioreactors. The objective of this research was to 

develop molecular biology tools (MBTs) to quantify PRB and expression of genes 

required for complete perchlorate reduction (pcrA and cld).  The development of MBTs 

targeting specific genes requires that the sequence of the genes be known. In this work, 

an MBT called prokaryotic Suppression Subtractive Hybridization (SSH) PCR 

complementary DNA (cDNA) Subtraction was developed to rapidly isolate target genes 

for sequencing. This new tool was developed and validated using the model bacterium 
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Pseudomonas putida mt-2 and the model pollutant toluene. For this system, over 90% of 

the isolated gene fragments encoded toluene-related enzymes, and 20 distinct toluene-

related genes from three key operons were identified. Based on these results, prokaryotic 

SSH PCR cDNA Subtraction shows promise as a targeted method for gene identification; 

however, application to a PRB did not yield new pcrA and cld sequences. Therefore, to 

support the development of biological perchlorate treatment processes, quantitative PCR 

(qPCR) and reverse transcription qPCR (RT-qPCR) assays targeting pcrA and cld were 

developed using existing sequences. The qPCR and RT-qPCR assays were applied to a 

laboratory-scale bioreactor and two pilot-scale bioreactors treating perchlorate-

contaminated water. Higher quantities of perchlorate reduction genes and transcripts 

generally were observed when bioreactor performance was superior. Although no 

quantitative correlations were established, these assays detected differences in the 

quantity of PRB and changes in gene expression levels during the course of bioreactor 

operation and between bioreactors with different performance levels. Furthermore, these 

assays provided an additional line of evidence that microbial perchlorate reduction was 

occurring. This marks the first application of qPCR assays to quantify perchlorate 

reduction genes and transcripts in bioreactors. 
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Chapter  1:  Introduction 

Perchlorate contamination has been detected in drinking water sources in 26 states 

of the United States and represents a public health concern (64, 65, 105, 120, 129). 

Biological treatment is a promising technology because perchlorate is reduced to chloride 

and water, and perchlorate-reducing bacteria (PRB) are ubiquitous in the environment 

(23, 27, 52, 101, 132). There is increasing interest in using biological perchlorate 

reduction for drinking water treatment, and this technology has been demonstrated at the 

laboratory- and pilot-scale (21, 62, 86, 112). However, it has not yet been implemented at 

full-scale. This has been due in part to concerns regarding the perceived safety of 

biological treatment for drinking water and our limited knowledge of the microbial 

communities found in treatment bioreactors. The development of full-scale treatment 

processes would benefit from an increased understanding of the microbial ecology of 

perchlorate-reducing communities in bioreactors. Furthermore, molecular biology tools 

(MBTs) that detect the presence and expression of genes involved in perchlorate 

reduction could provide an additional line of evidence that microbial perchlorate 

reduction is occurring in bioreactors used for drinking water treatment. 

 

1.1 PROBLEM DEFINITION 

Perchlorate serves as an electron acceptor for bacterial growth; however, other 

competing electron acceptors, such as dissolved oxygen (DO) and nitrate, are typically 

present in contaminated water sources. Oxygen and nitrate can support growth of 

perchlorate-reducing and non-perchlorate-reducing bacteria, leading to the development 

of complex microbial communities in operating bioreactors. It is unknown how the 

microbial communities present in perchlorate treatment bioreactors are impacted by the 
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source water characteristics and bioreactor operational parameters. For example, it is not 

known how the groundwater characteristics (e.g., concentration of DO and nitrate) or 

empty bed contact time (EBCT) impact the composition and activity of microbial 

communities present in bioreactors. Changes in the performance of biological treatment 

processes are fundamentally caused by changes in the microbial community (e.g., loss of 

PRB), in the activity of the community (e.g., loss of perchlorate-reducing gene 

expression), or by a combination of these factors. An increased understanding of the 

composition (e.g., abundance of PRB) and activity (e.g., expression of genes involved in 

perchlorate reduction) of the perchlorate-reducing microbial communities would greatly 

aid the development of full-scale perchlorate treatment bioreactors. 

MBTs can be used to probe microbial communities at the molecular scale. The 

majority of tools applied to engineered systems have focused on determining the 

phylogenetic identity of bacteria present by targeting the 16S ribosomal RNA (rRNA) 

gene. However, this approach offers limited information about the functional capability 

and activity of the bacteria present because bacteria that are closely related may have 

very different functional capabilities. This is the case for perchlorate treatment because 

PRB are found in diverse phylogenetic groups.  Tools that target functional genes (genes 

that encode enzymes involved in biodegradation) are more direct indicators of the 

functional capability of microbial communities. DNA copies of functional genes can be 

detected with quantitative PCR (qPCR) to determine what the microbial community can 

do; RNA copies (gene transcripts) of functional genes can be detected with reverse 

transcription qPCR (RT-qPCR) to provide an indication of what the bacteria are doing 

(102). 

However, to use tools that target functional genes, one must first know the 

sequences of these genes for the bacteria present in the system of interest. Few tools are 
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available that can be used to obtain gene sequences from environmental bacteria without 

a priori information about the genes present in these bacteria. The lack of 

environmentally relevant gene sequences is a barrier to the routine application of MBTs 

targeting functional genes (2). Once gene sequences are available for the target genes, 

molecular assays (qPCR and RT-qPCR assays) can be developed to quantify these genes 

and gene expression. Therefore, the goals of this work were to address the need for gene 

sequences and subsequently develop molecular assays for biological perchlorate 

treatment. The specific objectives were as follows: 

 

1. Develop a new tool for obtaining the sequences of environmentally 

relevant functional genes that does not rely on a priori knowledge of gene 

sequences. 

 

2. Develop molecular assays to quantify the presence and expression of 

genes involved in microbial perchlorate reduction. 

 

3. Apply these molecular assays to improve our understanding of the 

relationship between perchlorate removal and the quantity of pcrA and cld 

genes and transcripts.  

 

1.2 SPECIFIC RESEARCH TASKS 

Aligned with these objectives, the specific research tasks were as follows: 

 

1. Develop a new method for obtaining the sequences of environmentally 

relevant functional genes. This task resulted in a new tool (prokaryotic 
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Suppression Subtractive Hybridization (SSH) PCR complementary DNA 

(cDNA) Subtraction) for obtaining key gene sequences from 

environmental bacteria without a priori information about the genes 

present in these strains. This tool will facilitate the acquisition of gene 

sequences related to biodegradation, which are required for developing 

quantitative molecular assays targeting functional genes for various 

classes of pollutants. 

 

2. Develop qPCR and RT-qPCR assays to quantify genes and gene 

transcr ipts related to perchlorate r eduction. This task resulted in the 

development of new qPCR and RT-qPCR assays targeting the two key 

genes required for perchlorate reduction (pcrA and cld). These assays can 

be broadly applied to probe biological perchlorate treatment processes at 

the molecular scale. 

 

3. Apply the qPCR and RT-qPCR assays to laboratory-scale and pilot-

scale perchlorate treatment bioreactors. This task resulted in an 

increased understanding of how perchlorate-reducing communities are 

impacted by bioreactor conditions and how the quantities of pcrA and cld 

genes and transcripts change with bioreactor performance.  

 

To my knowledge, this work marks the first application of qPCR assays to quantify genes 

and gene transcripts required for complete perchlorate reduction in perchlorate treatment 

bioreactors.  
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1.3 STRUCTURE OF DISSERTATION 

Background information and a review of the relevant literature are provided in 

Chapter 2. The first section discusses the application of molecular tools to biological 

treatment processes and describes the benefits of using tools that target specific 

functional genes (e.g., biodegradation genes). The second section outlines currently 

available methods for obtaining biodegradation gene sequences, which are required for 

molecular tool development. The third and fourth sections of this chapter review the 

microbiology of perchlorate reduction and biological perchlorate treatment, respectively. 

Chapters 3-5 describe and discuss experimental results. Each chapter was based 

on a manuscript prepared for submission as a journal article and is formatted to meet the 

requirements of the appropriate journal. Chapter 3 is based on my published manuscript 

dealing with the development of prokaryotic SSH PCR cDNA Subtraction that can be 

used to obtain biodegradation gene sequences. Chapter 4 discusses the development of 

qPCR and RT-qPCR assays targeting functional genes involved in perchlorate treatment. 

In Chapter 5, these qPCR and RT-qPCR assays were applied to laboratory-scale and 

pilot-scale perchlorate treatment bioreactors to study the effect of reactor conditions on 

the perchlorate-reducing microbial communities.  

Chapter 6 summarizes the overall conclusions and recommendations for future 

research. A listing of references cited throughout this dissertation is provided at the end 

of the document. 
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Chapter  2:  Literature Review 

This chapter reviews the relevant background information pertinent to molecular 

biology tools (MBTs) for environmental engineering applications and biological 

perchlorate treatment. Section 2.1 provides an overview of the types of MBTs that are 

suitable for the study of biological treatment processes and discusses the benefits and 

drawbacks of different approaches. MBT development requires that the target gene 

sequences are known. Therefore, Section 2.2 discusses methods for obtaining the 

requisite gene sequences. Sections 2.3 and 2.4 review the microbiology of perchlorate 

treatment and summarize available biological perchlorate treatment technologies, 

respectively. 

 

2.1 MBTS FOR APPLICATION TO BIOLOGICAL TREATMENT 

MBTs are becoming increasingly popular for the interrogation of biological 

treatment processes (77, 102, 106). The overwhelming majority of applications have been 

applied to determine the phylogenetic identity of the microbial species present, in part 

due to the ease of assigning phylogeny via molecular methods. To identify phylogenetic 

groups of bacteria, molecular tools targeting the 16S (small subunit) ribosomal RNA 

(rRNA) gene are used. For example, fluorescence in situ hybridization (FISH) uses 

fluorescently labeled nucleic acid probes targeting rRNA molecules to locate and 

quantify bacteria with specificity at the species level or higher (5, 6). This technique has 

been applied to microbial communities treating contaminated water or wastewater (12, 

58, 110, 115). Gene microarrays for 16S rRNA have been designed to simultaneously 

assay for the presence of many different bacterial species (47, 66, 111). Quantitative PCR 

(qPCR) is the method of choice for quantifying bacteria because of the low detection 
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limit. For instance, qPCR has been used to quantify Nitrospira spp. in activated sludge 

(48). 

However, solely determining the phylogenetic identity of the bacteria that 

populate a treatment process has limited utility because phylogeny is not necessarily 

predictive of metabolic capability (53); this is the case for perchlorate-reducing bacteria 

(PRB) because they are phylogenetically diverse (27).  Targeting functional genes offers 

more insight into the fundamental biological processes that affect bioreactor 

performance. A number of researchers have successfully used MBTs targeting functional 

genes for environmental applications. For instance, Wu et al. (130) generated a functional 

gene array containing probe spots for nitrite reductase (nirS and nirK), ammonia 

monooxygenase (amoA), and methane mono-oxygenase (pmoA) from a variety of 

different bacterial strains. qPCR has been used to quantify copies of  amoA in wastewater 

treatment reactors (31, 49, 70, 134) and drinking water distribution systems (99). Cole et 

al. (28) used qPCR to quantify nirS, nirK, and amoA in membrane-aerated biofilm 

reactors for wastewater treatment. qPCR has been used to detect genes associated with 

degradation of organics such as toluene and xylene (7, 13). Recently, a qPCR assay has 

been developed to quantify copies of one of the genes encoding perchlorate reductase, an 

enzyme involved in perchlorate reduction (91). 

The aforementioned studies detected DNA copies of functional genes, which only 

indicate functional capability. Metabolic reactions cannot occur unless the key genes are 

expressed, and gene expression often is regulated in response to environmental factors. 

Gene transcripts or messenger RNA (RNA copy of DNA) represent the expressed genes, 

and, therefore, quantifying gene transcripts is a better predictor of activity. In some cases 

post-transcriptional regulation may not lead to an active enzyme; however, the presence 

of gene transcripts generally indicates production of the encoded enzyme (102). Several 
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researchers have detected functional gene expression in environmental samples and 

laboratory cultures degrading contaminants. Reverse-transcription PCR (RT-PCR) has 

been used to detect functional gene expression in naphthalene-contaminated groundwater 

(128) and chlorobenzene-contaminated soil (4) and to identify agents that affect gene 

expression during phenanthrene degradation in laboratory cultures (81). Reverse 

transcription qPCR (RT-qPCR) has been employed to quantify gene transcripts for 

degradation of 1,2,4-trichlorobenzene found in river sediments (84). Johnson et al. (56, 

57) and Lee et al. (71) used RT-qPCR to determine the number of copies of 

trichloroethene reductive dehalogenase (RDase) gene transcripts in semibatch reactors, 

and Lee et al. (71) showed that expression of RDase genes correlated generally with the 

desired dechlorination of trichloroethene beyond cis-dichloroethene. Furthermore, Rahm 

and Richardson (98) found a linear relationship between RDase transcript copies and 

perchloroethene respiration rates within a limited substrate range for mixed cultures in 

reactors operated at pseudo-steady-state. To my knowledge, no studies have been 

conducted previously to quantify gene transcripts related to perchlorate reduction. 

To develop a clear picture of the metabolic potential and predict current activity 

of a given microbial community, it may be desirable to quantify functional genes (DNA) 

and expression of functional genes (RNA) simultaneously. To compare metabolic 

potential with gene transcription, Qui et al. (97) monitored genomic copies and 

messenger RNA (mRNA) transcripts of a copper-dependent nitrite reductase (nirK) using 

qPCR and RT-qPCR. They found that environmental samples containing more genomic 

copies of the nirK gene did not show higher levels of nirK gene transcripts, indicating 

that monitoring DNA copies of a functional gene is not necessarily a good predictor of 

gene transcription. Recently, qPCR and RT-qPCR have been used to quantify levels of 

RDase genes and transcripts at TCE-contaminated sites before and after biostimulation 
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with whey and bioaugmentation with a Dehalococcoides-containing mixed culture (72). 

After biostimulation and bioaugmentation, TCE dechlorination was observed and the 

quantity of RDase genes and transcripts increased indicating that the procedure was an 

effective means of stimulating bioremediation at the site. Thus, MBTs can provide an 

additional line of evidence that biological degradation is occurring. 

 

2.2 METHODS FOR OBTAINING GENE SEQUENCES FOR BIODEGRADATION GENES 

The previous section described the potential benefits of using MBTs to target 

functional genes, but few or no functional gene sequences are available for many 

systems. Historically, obtaining sequences of environmentally relevant functional genes 

has been a tedious process. A wide variety of approaches has been employed, but many 

approaches have involved direct selection of desired genomic library clones or screening 

genomic library clones (22). Genomic libraries are constructed by fragmenting genomic 

DNA and cloning fragments into plasmid vectors; then the vectors are inserted into 

Escherichia coli. Direct selection involves plating dilutions of a library under conditions 

that only allow cells to grow if they contain the gene of interest and is an efficient method 

if it is possible to design a plating assay that will select for the clones of interest. 

Alternatively, libraries can be screened using assays to detect gene function (if available) 

(29, 37), antibodies raised against the purified target protein, or oligonucleotide probes 

based on short segments of known sequences (if known a priori) for the target functional 

gene (118). These methods are time-consuming and involve screening hundreds of 

colonies to identify those that contain the gene(s) of interest. 

If a similar gene has been sequenced in a different bacterial species, this gene 

sequence can be used to generate PCR primers, the target gene can be amplified in 

another strain, and the PCR amplicon sequenced (15). This approach is commonly 
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applied to obtain environmentally relevant functional gene sequences; however, it is 

predicated on the a priori sequencing of a similar gene and cannot be applied to genes 

with novel functions or genes with analogous function but distinct gene sequences. 

With the advent of automated DNA sequencing, it has become possible to 

sequence entire genomes. For organisms whose genomes have been sequenced, 

researchers can take an inverse approach, beginning with gene sequences and 

subsequently assigning functions. Newly obtained gene sequences are typically compared 

to previously obtained gene sequences, and sequence similarities are used to infer gene 

function; however, only 60% of newly sequenced genes can be assigned a function using 

this approach (124). For genes with novel functions, other methods must be used. 

Methods based on differential gene expression are attractive because they can 

identify genes associated with a particular function. Microarrays, differential display, 

RNA arbitrarily primed PCR (RAP-PCR), and representational difference analysis 

(RDA) have been used to identify functional genes (9, 11, 32, 36, 94, 103, 107). 

Microarrays are very powerful tools for identifying differentially expressed genes, but the 

design of a new microarray requires significant investment. Differential display, RAP-

PCR, and RDA often have high false-positive rates and might miss some differentially 

expressed genes due to PCR biases (17, 36, 88, 94, 103, 107). RDA uses multiple high-

stringency hybridizations that could result in loss of low-abundance genes (9, 11). 

Prokaryotic Suppression Subtractive Hybridization (SSH) PCR complementary 

DNA (cDNA) Subtraction is an alternative method for identification of biodegradation 

genes based on differential expression, and it was developed originally for application to 

eukaryotes (30, 46). This multi-step method begins with mRNA purification. Next, 

cDNA is synthesized and digested, and non-differentially-expressed genes are removed 

by a series of hybridization steps. Then, target genes are amplified by nested PCR 
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reactions. For a more detailed description of the steps in SSH PCR cDNA Subtraction see 

section 3.2.1. This method can identify rare and abundant genes due to the use of a 

suppression PCR step to amplify differentially expressed genes. Reagents are 

commercially available for eukaryotic SSH PCR cDNA Subtraction, but these reagents 

and methods cannot be directly applied to prokaryotes. This is due to the fact that 

prokaryotic mRNA lacks a polyA tail, which allows eukaryotic mRNA to be easily 

purified from total RNA and also provides a binding site for the eukaryotic oligo dT 

cDNA synthesis primer. Therefore, further work was required to develop this molecular 

tool for application to prokaryotes. 

 

2.3 MICROBIAL PERCHLORATE REDUCTION 

Many PRB have been isolated from activated sludge and environmental samples 

(8, 23, 27, 101, 108, 109, 126, 127). They appear to be ubiquitous in the environment 

(27), making it possible for bioreactors to be operated successfully for perchlorate 

reduction using only indigenous bacteria. PRB have been identified among a broad range 

of phylogenetic groups including the alpha, beta, gamma, and epsilon subclasses of the 

Proteobacteria (27). Perchlorate is reduced to chlorate and chlorite by perchlorate 

reductase (16). Chlorite is a toxic byproduct that has been shown to inhibit bacterial 

growth at concentrations as low as 670 µg/l (122). Therefore, PRB reduce chlorite to 

chloride using chlorite dismutase. 

Perchlorate reductase has been purified from PRB strain GR-1 and the enzyme 

was shown to be a heterodimer located in the periplasm (60). The perchlorate reductase 

enzyme is encoded by the pcrABCD gene (16). pcrA encodes a molybdenum-containing 

catalytic α-subunit, and pcrB encodes a subunit that may be involved in transferring 

electrons to the α-subunit (16). Although the roles of pcrC and pcrD are not known, pcrC 
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is thought to encode a subunit involved in tethering the enzyme to the membrane, and 

pcrD appears to be a molybdenum chaperone protein involved in assembly of the 

complete enzyme (16). PcrD might not be present in the active enzyme. Chlorite 

dismutase is an iron-containing homotetramer (123) encoded by cld (14). 

PRB can use a wide variety of electron donors including many simple organics 

(e.g., acetate), hydrogen, and Fe (II) (23, 27, 67, 108). They are facultative aerobes and 

can use several electron acceptors in addition to perchlorate, including oxygen, nitrate, 

and Mn(IV) (23, 27, 60). Oxygen and nitrate are generally preferred and are typically 

utilized first (92, 135); however, some strains appear to reduce perchlorate in the 

presence of nitrate (25).  

Very little is known about the microbial ecology of perchlorate-reducing 

communities at perchlorate-contaminated sites and in bioreactors treating perchlorate-

contaminated water. MBTs have been used to track PRB in a few perchlorate treatment 

bioreactors. Zhang et al. (135) used ribosomal intergenic spacer analysis (RISA) to track 

the PRB strain Dechlorosoma KJ in a perchlorate-treatment bioreactor that was initially 

inoculated with this strain.  After 6 months of operation, this strain could no longer be 

detected while other strains of PRB (Dechloromonas) were apparent. Nerenberg et al. 

(90) used denaturing gradient gel electrophoresis (DGGE) and FISH to track and quantify 

the abundance of a single Dechloromonas strain in hydrogen-fed membrane biofilm 

reactors. Increasing concentrations of perchlorate were found to select for higher 

proportions of Dechloromonas in the microbial community, and the increase was found 

to exceed the population size that could be supported by the amount of perchlorate 

present. Therefore, Dechloromonas were likely reducing other electron acceptors present 

(oxygen and nitrate). To my knowledge, no studies have quantified other perchlorate-

reducing species in bioreactors. 
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PRB are phylogenetically diverse, and it is preferable to simultaneously track all 

PRB, not just individual strains. Therefore, MBTs designed to target functional genes 

related to perchlorate reduction (pcrABCD and cld) are more desirable. qPCR is the tool 

of choice for quantification, but gene sequences are required for primer design. The 

complete gene sequences encoding perchlorate reductase (pcrABCD) and chlorite 

dismutase (cld) are known for three strains of PRB (Table 2.1). For a number of other 

strains, only partial gene sequences related to perchlorate reduction are available, and no 

sequences related to perchlorate reduction are available for other PRB strains (14, 16, 27, 

91). 

 

Table 2.1: Gene sequences related to perchlorate reduction 

Selected Strains cld  Gene Sequence* pcr  Gene Sequence** 
Dechloromonas aromatica

Dechloromonas agitata complete complete
Azospira  sp. (Dechlorosoma  KJ) complete complete

Dechloromarinus  sp. partial none
Dechlorospirillum  sp. partial partial
Pseudomonas  (PK) partial none

Azospirillum  spp. none partial

Moorella perchloratireducens none none

Strain JDS4 none none
Wolinella succinogenes  HAP-1 none none

complete genome sequence

 
The complete Dechloromonas aromatica sequence is available online. 
* (14, 15), unpublished data available online 
** (16, 91), unpublished data available online 

 

PCR primers have been reported in the literature for both pcrA and cld based on 

known sequences for these genes (15, 91). Nozawa-Inoue et al. (91) developed a set of 

primers and a qPCR assay targeting pcrA and quantified this gene in pure cultures and 
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soil samples. Bender et al. (15) developed a set of nested PCR primers targeting cld and 

successfully detected this gene in laboratory cultures and environmental samples. 

It is not known whether monitoring pcrA alone can be used to specifically detect 

bacteria capable of complete perchlorate reduction. Some bacteria, such as nitrate-

reducing bacteria, can reduce perchlorate to chlorite (14, 60), but chlorite builds up to 

toxic levels because these bacteria do not posses cld (14, 131). Primers targeting pcrA 

were designed based on gene sequences from only two PRB strains (91). Therefore, it is 

possible that these primers may detect some bacteria that are not capable of complete 

perchlorate reduction. Monitoring cld alone may give misleading information because 

some bacteria, such as chlorate-reducing bacteria, contain cld but cannot degrade 

perchlorate (15, 79, 91, 114). Therefore, it is desirable to monitor both pcr and cld to 

detect and quantify PRB. 

 

2.4 BIOLOGICAL PERCHLORATE TREATMENT 

Perchlorate contamination of groundwater and surface water is widespread (100). 

Perchlorate is a highly soluble and stable contaminant (119), and it is known to cause 

adverse human health effects such as disruption of thyroid function (129). In 2005, the 

United States Environmental Protection Agency (US EPA) established an official 

reference dose (RfD) of 0.0007 mg/kg body weight/day based on a dose-response study 

conducted by Greer et al. (44) that quantified inhibition of iodide uptake by the thyroid in 

humans exposed to low levels of perchlorate. This RfD corresponds to a drinking water 

standard of 24.5 µg/l assuming that drinking water is the only source of perchlorate 

exposure. However, the US FDA recently reported that 75% of 300 food and beverages 

tested contained perchlorate (87). Therefore, a more conservative drinking water standard 

would be required to maintain perchlorate exposures at or below the RfD. 
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Furthermore, a more conservative drinking water standard would be required to 

protect pregnant women, fetuses, and infants. Thyroid function is critical for 

development, and infants have a higher fluid intake to body mass ratio. Therefore, a 

drinking water standard of 24.5 µg/l would expose infants to perchlorate levels above the 

RfD (42). Additionally, perchlorate has been detected in breast milk (64). To account for 

vulnerable populations and food exposure, the California Department of Public Health 

has set a maximum contaminant level of 6 µg/l (CDPH, 2007).  In October 2008, the US 

EPA made a preliminary decision not to regulate perchlorate citing a lack of conclusive 

evidence (96, 105) but set a public health advisory level of 15 µg/l. The US EPA is 

currently seeking further advice from the National Academy of Sciences before making a 

final decision on whether to set a national perchlorate drinking water standard (105).  

Regardless of whether the US EPA sets a national perchlorate drinking water 

standard, reliable and cost effective treatment methods are needed to protect human 

health and address state-level standards. Over a third of the perchlorate-contaminated 

public water sources are in California, where treatment is already required by law. The 

two main treatment options that have proven effective are ion exchange and biological 

reduction. Ion exchange generates waste brine and becomes very expensive for high 

perchlorate concentrations. Biological treatment is a promising approach and transforms 

perchlorate to innocuous chloride and water (50). Bacteria use perchlorate as the electron 

acceptor under anaerobic conditions, and an energy source (e.g., acetate or hydrogen) 

must be provided. Laboratory studies have shown that biological perchlorate treatment is 

a viable approach (20, 21, 26, 40, 41, 62, 63, 73, 75, 85, 86, 125). A number of different 

bioreactor configurations have been evaluated (116). In laboratory- and pilot-scale 

reactors, perchlorate has been treated ex situ using fluidized-bed reactors, fixed-bed 

reactors, and moving-bed biofilm reactors. Fluidized-bed reactors have been used at full-
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scale for treatment of perchlorate-contaminated groundwater not for drinking water use 

(116, 125). Fixed-bed reactors are currently being tested and evaluated for application to 

drinking water treatment (19). 

Effective bioreactor design must consider the source and ultimate use of the 

perchlorate-contaminated water, influent perchlorate concentration, and the concentration 

of competing electron acceptors such as oxygen and nitrate. A suitable energy source 

must be provided to reduce all or nearly all competing electron acceptors and perchlorate. 

For drinking water treatment, oxygen and nitrate concentrations typically drive the 

required concentration of electron donor because they are present in much higher 

concentrations (mg/l) than is perchlorate (µg/l). A number of different organic electron 

donors have been used successfully including acetate, ethanol, lactate, and pyruvate (20, 

21, 26, 40, 62, 63, 73, 86), and the inorganic electron donor hydrogen also has been 

shown to support biological perchlorate reduction (41, 73, 75).  

The mixed microbial communities present at perchlorate-contaminated sites or in 

perchlorate treatment bioreactors will contain PRB and non-PRB species. The choice of 

electron donor, the availability of nutrients (e.g., phosphorus) (18), and the types and 

concentrations of competing electron acceptors may impact the relative quantities, 

locations, and activities of PRB and non-PRB species within bioreactors. The relationship 

between influent water constituents or reactor operation and the quantity, distribution, 

and activity of PRB has not been delineated. 

Although the feasibility of biological perchlorate treatment has been 

demonstrated, barriers still exist (e.g., the possibility of process upsets) that prevent its 

widespread application. Fixed-bed bioreactors require periodic backwashing to remove 

biomass and prevent filter clogging. Upsets can be caused by over-backwashing (26), by 

changes in influent water characteristics (33), or by disruptions to the primary substrate 



 17 

feed.  More work is needed to understand how microbial communities respond to varying 

influent water characteristics and operational problems. Furthermore, MBTs are needed 

to track the microbial communities in biological perchlorate treatment processes during 

routine operation or after process upsets to ensure that there are no long-term negative 

impacts on the perchlorate-reducing microbial community. These tools would support the 

development and implementation of full-scale perchlorate treatment bioreactors for 

drinking water. 
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Chapter  3:  A Targeted Method to Identify Differentially Expressed 
Genes: Prokaryotic Suppression Subtractive Hybr idization PCR cDNA 

Subtraction1

3.1 INTRODUCTION 

 

Molecular tools such as quantitative PCR (qPCR) (28, 48, 49, 70, 71), 

fluorescence in situ hybridization (5, 95, 110, 115, 135), and microarrays (59, 66, 78) are 

increasingly employed to interrogate biological treatment processes (77, 102, 106). When 

functional genes (i.e., those that encode proteins) are assessed with these tools, the results 

provide direct evidence of a microbial community’s capabilities. Few, if any, relevant 

functional gene sequences are known for many systems, and this lack of sequences is a 

fundamental barrier to the effective application of molecular tools in environmental 

systems (2). 

Several methods are available for identifying prokaryotic functional genes. 

Transposon mutagenesis has been used, but it requires an appropriate phenotypic screen. 

Methods based on differential gene expression, including microarrays, differential 

display (DD), RNA arbitrarily primed PCR (RAP-PCR), and representational difference 

analysis (RDA), also have been used (9, 11, 32, 36, 94, 103, 107). Although microarrays 

are powerful tools for identifying differentially expressed genes, the design of new 

microarrays requires significant investment. Also, DD, RAP-PCR, and RDA often have 

high false-positive rates and might miss some differentially expressed genes due to PCR 

biases (17, 36, 88, 94, 103, 107). Furthermore, RDA uses multiple high stringency 

                                                 
1 This chapter was based on the following publication: 
 De Long, S. K., K. A. Kinney, and M. J. Kirisits. 2008. Prokaryotic suppression subtractive hybridization 

PCR cDNA subtraction, a targeted method to identify differentially expressed genes. Appl 
Environ Microbiol 74:225-32. 

Section 3.4 contains the results of experiments conducted after the publication of this manuscript. 
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hybridizations, which could result in the loss of low-abundance, up-regulated genes (9, 

11). 

Suppression Subtractive Hybridization (SSH) PCR cDNA Subtraction is an 

alternative gene-identification method that has gained favor for eukaryotic applications 

but has not yet been applied to prokaryotes. This method can identify rare and abundant 

genes, potentially yielding a more diverse gene pool. The existing eukaryotic SSH PCR 

cDNA Subtraction methods cannot be directly applied to prokaryotes, so I adapted those 

methods to develop a prokaryotic SSH PCR cDNA Subtraction protocol. A bacterium 

with a fully sequenced genome, Pseudomonas putida mt-2, degrading toluene was 

selected as a model system for developing and validating this methodology (43, 89). 

While my particular interest is to identify pollutant biodegradation genes in prokaryotes 

with unsequenced genomes, other potential applications exist for this technique (e.g., 

identifying genes involved in pathogenesis or antibiotic resistance). 

 

3.2 MATERIALS AND METHODS 

3.2.1 Method Synopsis 

Below the steps in SSH PCR cDNA Subtraction are briefly outlined. The 

microorganism of interest is cultured under two conditions: for example, with a control 

substrate such as acetate (i.e., driver culture) and a pollutant such as toluene (i.e., tester 

culture). RNA is extracted and used to generate double-stranded cDNA. The cDNA is 

digested with a restriction enzyme to produce fragments of suitable size and to prepare 

the cDNA for adaptor ligation. Tester cDNA is split into two pools, and each pool is 

ligated to Adaptor 1 or Adaptor 2 (Figure 3.1, step I). The tester cDNA pools are heat-

denatured and separately hybridized to an excess of heat-denatured driver cDNA (Figure 
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3.1, step II). These two pools are mixed together with additional heat-denatured driver 

cDNA for a second hybridization, and the overhang ends are filled in with DNA 

polymerase (Figure 3.1, step III). cDNA fragments in the Tester 1 pool that were single-

stranded after the first hybridization can now hybridize to their complements in the Tester 

2 pool. This results in double-stranded cDNA fragments of differentially expressed genes 

that have Adaptor 1 on one end and Adaptor 2 on the other end. 

Suppression PCR selectively amplifies up-regulated genes, which have different 

adaptors on each end (type a in Figure 3.1, step III), using primers that are 

complementary to the adaptors (Figure 3.1, step IV). Fragments with no adaptors or those 

with adaptors on one end only (type b, e, f, and g in Figure 3.1, step III) cannot be 

amplified because they do not have primer binding sites on both ends. Amplification of 

molecules with the same adaptor on both ends (type c and d in Figure 3.1, step III) is 

suppressed because of intramolecular hybridization between the adaptor on the 5’ end of 

the molecule and its complement on the 3’ end of the molecule. During the first 

hybridization, abundant genes form more hybrids with the same adaptor on both ends 

than do rare genes because hybridization rates are governed by second-order kinetics. 

Suppressing the amplification of these molecules reduces the amount of abundant genes, 

thereby increasing the diversity of the subtracted gene pool. The suppression PCR 

amplicon is used to generate a clone library (Figure 3.1, step V), and clone inserts are 

sequenced. 
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Figure 3.1:  Schematic of SSH PCR cDNA Subtraction for the model system. 

 

Reagents for eukaryotic SSH PCR cDNA Subtraction are commercially available 

(PCR-Select™ cDNA Subtraction Kit, Clontech, Mountain View, CA). Whenever 

possible, reagents from this kit were used according to the manufacturer’s instructions. 

SSH PCR cDNA subtractions were run with two sets of independently cultured cells (1 

set for development and 1 set for the replicate subtraction). 
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3.2.2 Bacter ial Strain and Cultur ing Conditions 

Pseudomonas putida mt-2 (ATCC® 33015) was grown at 30̊C in 250 -ml glass 

bottles containing 50 ml of M9 medium (80), supplemented with 50 µl of Stock Salt 

Solution (10), and sealed with Teflon®-lined Mininert™ caps (Alltech, Deerfield, IL). To 

ensure that the TOL plasmid was present, cultures were initially grown in M9 medium 

with 675 mg/l of m-toluate and then transferred to medium with 50 mg/l of toluene or 600 

mg/l acetate. Toluene headspace samples were analyzed with an isothermal program at 

60˚C in  a Hewlett-Packard 5890 gas chromatograph equipped with a Restek RTX-624 

capillary column and a flame ionization detector. 

 

3.2.3 Messenger  RNA (mRNA) Isolation 

Total RNA was isolated from ~1x1010 log-phase P. putida cells (measured by 

plate counts) grown on toluene or acetate using the RiboPure™Bacteria Kit (Ambion, 

Austin, TX). Total RNA was DNase-treated with DNA-free™ (Ambion, Austin, TX), 

and the absence of contaminating DNA was verified by PCR (see primer sequences for 

rplU21 in Table 3.1). mRNA was isolated from 180 μg total RNA for each substrate 

using the MICROBExpress™ Bacterial mRNA Enrichment Kit (Ambion, Austin, TX). 

Multiple preps for each substrate were pooled before ethanol-precipitation. Only 10 μl of 

glycogen (5 mg/ml) were added to each pooled sample. Residual ribosomal RNA (rRNA) 

was removed by re-purifying 20 μg of the ethanol-precipitated RNA with the 

MICROBExpress™ Kit. No glycogen was added during the ethanol precipitation of the 

second round of mRNA purification to ensure that the glycogen concentration remained 

below the inhibitory level (2 mg/ml) (39). RNA quantity was measured by absorbance at 

260 nm, and quality was assessed on a 6.7% formaldehyde gel. 
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Table 3.1: Primer sequences for PCR and reverse transcription qPCR (RT-qPCR) 

Gene Name Forward Primer Sequence Reverse Primer Sequence
benzyl alcohol dehydrogenase (xylB ) 5’-TGG TTT GTC GCG ATC AGC AT-3’ 5’-ACC GAG CGC CCC ATA AAG TT-3’
benzaldehyde dehydrogenase (xylC ) 5’-TCC AGG GCG CAT GAA TCT TT-3’ 5’-AAT TCC GGA GTT CGC AAC CA-3’
4-hydroxy-2-oxovalerate aldolase (xylK ) 5’-CGA AGT GAC CCA CGG TGA TG-3’ 5’-GTG TCC ATG CCC AGT TCA CG-3’
2-hydroxymuconic semi-aldehyde dehydrogenase (xylG ) 5’-CGG TGG TCA CCG AGG AAA TC-3’ 5’-CCA GCT GTT GAC CCA GAC GA-3’
catechol 2,3-oxygenase (xylE ) 5’-GTC GAG TTG CTG GGC CTG AT-3’ 5’-CTC CAG TTG CCG GAG AGC AT-3’
toluate1,2 dioxygenase subunit (xylX ) 5’-GAC CAG TTC GGC TCG CAG TT-3’ 5’-CCC CTC GAT CCA GTG TTT GG-3’
regulatory protein (xylR) 5’-TAT GCG CTC AAG GGG ATG GT-3’ 5’-ATC AGG CCC AGC TCA GTT CG-3’
regulatory protein (xylS ) 5’-AAT GCT GGG CAG CAA TGT CA-3’ 5’-GAG CGA GCG TGG ACT CAT CA-3’
benzoate dioxygenase large subunit (benA ) 5’-AGG CGG GTG ACG AGA TCA AG-3’ 5’-GGG GTA CAG GCA CAG GTT GC-3’
benzoate dioxygenase reductase subunit (benC ) 5’-ACG GCG TGA CCA ACG ACT TT-3’ 5’-GGT ACT GGC TGT CCG GGT TG-3’
acetylornithine aminotransferase (argD ) 5’-TCG CGA GCT GAT CGA CTT TG-3’ 5’-GGA GAC GTG CCA GAG GGT GT-3’
ribosomal protein L21 (rplU21 ) 5’-GGT CGC CAA CGG TGA AGA AG-3’ 5’-TGC CGG TGA TTT TGA TCT CG-3’
RNA polymerase sigma factor (rpoD ) 5’-CGA ATA TGA CCG CGT CAC CA-3’ 5’-GAT CGG ATA CCG CAC CGA AG-3’  
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3.2.4 cDNA Synthesis 

I designed a Prokaryotic cDNA Subtraction (PCS) primer (5’-

TTTTGTACAAGCTN8-3’), which contains an RsaI site (underlined) close to a random-

octamer (N8

Second-strand synthesis was performed according to the instructions in the PCR-

Select™ cDNA Subtraction Kit. Afterward, the reactions were heated to 70̊C for 10 min 

to inactivate the polymerases and placed on ice. One μl of DNase-free RNase (500 

µg/ml) (Roche, Germany) was added to each tube, the tubes were incubated at 37̊ C for 

30 min, and then placed on ice. This step enabled accurate cDNA quantification but may 

be omitted. Three to four cDNA synthesis reactions were pooled and purified with the 

QIAquick® PCR Purification Kit (Qiagen, Valencia, CA). cDNA yields were quantified 

by absorbance at 260 nm. 

) mRNA-binding region. For first-strand cDNA synthesis, 2 μg of mRNA 

were mixed with 2 μl of PCS primer (10 μM) and nuclease-free water to a final volume 

of 11 μl. The mixture was denatured at 70˚C for 10 min and placed on ice. Four μl of 5X 

First-Strand Buffer, 2 μl of 0.1 M DTT, 1 μl dNTP mix (10 mM each dNTP, New 

England Biolabs, Beverly, MA), and 2 μl of SuperScript™ III reverse transcriptase (200 

units/µl) were added to each reaction, which were incubated for 10 min at 25̊C followed 

by 1.5 h at 42̊ C. Then, an additional 2 μl of SuperScript™ III reverse transcriptase were 

added, and the incubation continued for 1.5 h at 42˚C. 

 

3.2.5 cDNA Digestion and Adaptor  Ligation 

Tester and driver cDNA were digested with RsaI, and purified using the 

MinElute® Reaction Cleanup Kit (Qiagen, Valencia, CA). Digested cDNA was 
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electrophoresed on a 1% agarose gel and stained with SYBR® Gold (Molecular Probes, 

Eugene, OR). 

Adaptors 1 and 2 2

 

 from the PCR-Select™ cDNA Subtraction Kit were ligated to 

tester cDNA. To assess ligation efficiency, a PCR amplification test was performed 

according to the protocol in the PCR-Select™ cDNA Subtraction Kit using two 

housekeeping genes not differentially expressed in the presence of toluene (32, 81): RNA 

polymerase sigma factor (rpoD) and ribosomal protein L21 (rplU21), Table 3.1. 

3.2.6 First and Second Hybr idizations and Suppression PCR 

The first and second hybridizations were performed according to the PCR-

Select™ cDNA Subtraction Kit protocol with the exception that 4 μl of freshly denatured 

driver cDNA was added during the second hybridization. Primary and secondary nested 

suppression PCR reactions were run with Advantage™ cDNA Polymerase Mix 

(Clontech, Mountain View, CA) according to the PCR-Select™ cDNA Subtraction Kit 

protocol, except where noted. The primary PCR primer (PCR primer 1, which is 

complementary to both adaptors), and secondary nested PCR primers (Nested PCR 

primer 1 and Nested PCR primer 2, which are complementary to Adaptors 1 and 2, 

respectively) were provided by the PCR-Select™ cDNA Subtraction Kit. 

To test the effect of the Nested PCR primer 2 concentration on suppression 

efficiency, I conducted suppression PCR experiments using 50-400 nM Nested PCR 

primer 2 and 400 nM nested PCR primer 1. Purified plasmid DNA from cDNA 

subtraction clones with an insert containing Adaptor 1 at both ends (1,1-clone), Adaptor 2 

at both ends (2,2-clone), or Adaptor 1 at one end and Adaptor 2 at the other end (1,2-
                                                 
2 The adaptors and corresponding secondary PCR primers provided in the PCR-Select™ cDNA Subtraction 
Kit used for this study are labeled 1 and 2R by Clontech (Mountain View, CA). For simplicity, we refer to 
Adaptor 2R and Nested PCR primer 2R as Adaptor 2 and Nested PCR primer 2, respectively. 
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clone) was used as the template. Identities of the clone inserts are shown in Table 3.2. 

Twenty-seven cycles of suppression PCR were conducted according to the secondary 

PCR protocol using 10 ng of plasmid DNA from one or all three clones as a template. 

PCR products were electrophoresed, and product size and mass were determined on an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 

 

Table 3.2: Clones used for suppression PCR optimization 

Name Actual 

Length(bp)a
Adaptors Gene Identityb Gene Name Identity (%)

31 634 1,1 16S 16S 99(633/634)

32 456 1,2 pWW0:72946-73401 xylC 98 (449/456)
33 731 2,2 pWW0:74007-74737 xylW 99 (730/731)  a Lengths do not include adaptors; b

 

 pWW0 accession no. is AJ344068, Pseudomonas putida KT2440 
accession no. is AE015451.The ratio in parentheses represents the number of matching bases over the total 
number of bases used by the blastn algorithm.  

To optimize the Nested PCR primer 2 concentration for sufficient suppression 

efficiency, secondary PCR reactions were run on hybridized cDNA with a Nested PCR 

primer 2 concentration of 50-400 nM. Amplicon from each suppression PCR reaction 

was cloned, and clones were screened using a PCR adaptor screen as described below. 

For subsequent subtractions, suppression PCR was conducted with 50 nM Nested PCR 

primer 2. 

 

3.2.7 Clone Screening and Fragment Sequencing 

Amplicon from the secondary nested PCR reaction was cloned using the TOPO 

TA Cloning® Kit for Sequencing (Invitrogen, Carlsbad, CA). Twenty to forty clones 

were selected and screened using the following PCR adaptor screen. For each clone, three 

PCR reactions were run using the following thermocycler program: 30 cycles: 94ºC for 
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30 s, 68̊ C for 30 s, 72˚C for 1.5 min; 72˚C for 10 min. The reactions contained Nested 

PCR primer 1 only, Nested PCR primer 2 only, or both primers. A master mix was 

prepared for each primer combination by mixing 18.9 µl of water, 2.5 µl of 10X 

Thermopol reaction buffer (New England Biolabs, Beverly, MA), 0.5 µl dNTP mix (10 

mM of each dNTP, New England Biolabs, Beverly, MA), 2 µl total of primers (10 µM), 

and 0.1 µl Taq DNA Polymerase (5 units/µl) (New England Biolabs, Beverly, MA) per 

reaction. Cells were used directly as the PCR template. Amplicon was visualized on a 2% 

agarose gel stained with ethidium bromide. Clones yielding a band when only Nested 

PCR primer 1 was present were identified as 1,1-clones. Clones yielding a band when 

only Nested PCR primer 2 was present were identified as 2,2-clones. Clones that only 

produced a band when both primers were present were identified as 1,2-clones. 

Those identified as 1,2-clones were screened further using a HaeIII digest. Five µl 

of each 1,2-clone amplicon were incubated with 0.5 µl of HaeIII (New England Biolabs, 

Beverly, MA) at 37̊C for 1 h, followed by enzyme inactivation at 65˚C for 20 min. The 

amplicon was electrophoresed on a 2% agarose gel. Gel images were captured using the 

Gel Logic 100 Imaging System, and KODAK 1D Image Analysis Software (Eastman 

Kodak Company, Rochester, NY) was used to determine approximate molecular weights 

for each band. Clones showing a unique restriction pattern were retained for sequencing. 

Plasmids were isolated from selected clones using the FastPlasmid™ Mini Kit 

(Eppendorf, Westbury, NY). Clone inserts were sequenced at the University of Texas at 

Austin ICMB DNA Sequencing facility using M13 forward and reverse primers. The 

sequences were compared to publicly available sequences using the blastn algorithm 

(www.ncbi.mlm.nih.gov/BLAST). 

 

http://www.ncbi.mlm.nih.gov/BLAST�
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3.2.8 RT-qPCR 

To synthesize cDNA, 4 µg of DNase-treated total RNA (isolated as described 

above) were mixed with 2 μl of random hexamer primer (10 μM) and nuclease-free water 

(Ambion, Austin, TX) to a final volume of 10 μl. The mixture was denatured at 70̊C for 

5 min and placed on ice. Four μl of 5X First-Strand Buffer, 2 μl of dNTP mix (10 mM of 

each dNTP, New England Biolabs, Beverly, MA), 2  μl o f water,  an d  2  μl o f AMV 

reverse transcriptase (Roche, Germany) were mixed and incubated at 42ºC for 1.5 h. 

Negative controls, to verify the absence of contaminating genomic DNA, were prepared 

by omitting the reverse transcriptase. qPCR reactions were run on a 7900HT Real-Time 

PCR System (Applied Biosystems, Foster City, CA) using Power SYBR® Green PCR 

Master Mix (Applied Biosystems, Foster City, CA) and 0.3 µM of each primer (Table 

3.1). The following thermocycler program was used: 50̊ C for 2 min; 95 ˚C for 10 min; 40 

cycles: 95˚C for 15 s and 60˚C for 60 s. Five-fold serial dilutions of cDNA from toluene-

grown cells were used to construct a standard curve. Transcript quantities of each target 

gene were normalized to the transcript quantities of housekeeping gene rplU21 for the 

same culturing conditions. Then, fold up-regulation was calculated for toluene-grown 

cultures compared to acetate-grown cultures. 

 

3.3 RESULTS AND DISCUSSION 

While some steps of SSH PCR cDNA Subtraction required significant 

methodology development for application to prokaryotes, other steps only needed 

verification that methods previously developed for eukaryotes remained valid for 

prokaryotes. Adaptations of the eukaryotic protocol as well as results of the prokaryotic 

SSH PCR cDNA Subtractions conducted for the model system are presented. 
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3.3.1 cDNA Synthesis and Adaptor Ligation 

I designed a PCS primer with an RsaI site at the 5’ end (to enable adaptor 

ligation) and a random-octamer mRNA-binding region at the 3’ end. Because only the 

random-octamer region is likely to bind to mRNA while the RsaI site remains single-

stranded, binding of the PCS primer to mRNA is not as energetically favorable as is 

binding of a standard random primer or the eukaryotic cDNA Subtraction primer, which 

has 30 thymine residues that can bind to the polyA tail of eukaryotic mRNA. cDNA 

yields with the PCS primer were significantly less than those with a random hexamer 

primer or with the eukaryotic cDNA Subtraction primer (data not shown). To improve 

cDNA yield, SuperScript™ III was used in a 3-h incubation for first-strand synthesis, and 

a second aliquot of SuperScript™ III was added after the first 1.5 h. Using this protocol, 

2 to 4 cDNA synthesis reactions produced sufficient cDNA (1-2 µg) (data not shown). 

Additionally, this cDNA had an adaptor ligation efficiency of nearly 100% (data not 

shown). 

 

3.3.2 Hybr idizations, Suppression PCR, and Cloning 

A set of clones for the model system was initially generated according to the 

eukaryotic suppression PCR protocol, and I observed that 75% of 22 clone inserts were 

2,2-clones, 0% were 1,1-clones, and 25% were the desired 1,2-clones. The cause of the 

high percentage of 2,2-clones remains unknown; the predominance of 2,2-clones was 

reproducible in the model system but did not occur when a control cDNA subtraction was 

performed with eukaryotic mRNA as prescribed by the PCR-Select™ cDNA Subtraction 

Kit (data not shown). Because clones with the same adaptor on both ends (e.g., 2,2-

clones) represent non-target gene fragments, suppression PCR was modified to reduce the 

amplification of 2,2-fragments. 
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During suppression PCR, primer annealing competes with intramolecular pan 

structure formation (Figure 3.1, step IV). Lower primer concentrations favor pan 

formation, and temperature dictates the stability of binding. The Nested PCR primer 1 

binding region within Adaptor 1 has a melting temperature that is 4-5°C greater than that 

of the Nested PCR primer 2 binding region within Adaptor 2. Therefore 1,1-pan 

structures are more stable than 2,2-pan structures once formed, which supports the 

observed bias towards amplification of 2,2-fragments. 

I conducted suppression PCR experiments with a purified 1,1-clone, 2,2-clone, 

and 1,2-clone; when all three templates were present with a Nested PCR primer 2 

concentration of 400 nM, 2,2-clones and 1,2-clones were exponentially amplified, while 

1,1-clones were not (Figure 3.2A). Furthermore, I determined that decreasing the Nested 

PCR primer 2 concentration to 50 nM resulted in significant quantities of 1,2-amplicon 

while keeping the 2,2-amplicon below the detection limit (0.5 ng) (Figure 3.2A). 
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Figure 3.2:  Effect of Nested PCR primer 2 (NP2) concentration on the abundance of 
1,1-, 2,2- and 1,2-clones. A: Amount of each clone type when suppression 
PCR was conducted using purified plasmids as template. Each reaction 
contained a plasmid with an insert with Adaptor 1 on both ends (1,1-clone), 
a plasmid with an insert with Adaptor 2 on both ends (2,2-clone), a plasmid 
with an insert with one of each adaptor (1,2-clone), or all three plasmids 
(All). B: Percentage of each clone type when suppression PCR was 
conducted using hybridized cDNA as template. Prokaryotic SSH PCR 
cDNA Subtraction clone libraries were generated with the specified Nested 
PCR primer 2 concentration, and the percentage of 1,1-, 2,2-, and 1,2-clones 
was determined by the PCR adaptor screen. A minimum of 20 clones from 
each library was screened. 

 

To select an appropriate Nested PCR primer 2 concentration for prokaryotic SSH 

PCR cDNA Subtraction, new suppression PCR reactions were run on hybridized cDNA 
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(from Figure 3.1, Step III) with 400 nM, 200 nM, 100 nM, or 50 nM Nested PCR primer 

2, and subtracted clone libraries were generated. Selected clones were screened using the 

PCR adaptor screen; a representative gel is shown in Figure 3.3A. The percentages of 

1,2-clones were 25 %, 17%, 22%, and 77% for 400 nM, 200 nM, 100 nM, and 50 nM 

Nested PCR primer 2, respectively (Figure 3.2B). Therefore, 50 nM Nested PCR primer 

2 was selected as the optimal concentration.  
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Figure 3.3:  Representative electrophoresis gels for clone screening. A: Electrophoresis 
gel of 4 clones screened to identify 1,2-clones using the PCR adaptor screen. 
Lanes (1) DNA marker, (2)-(4) Clone 11, (5)-(7) Clone 14, (8)-(10) 
unsequenced 2,2-Clone, (11)-(13) Clone 21. Reactions in lanes 2, 5, 8, and 
11 contained Nested PCR primer 1 only. Reactions in lanes 3, 6, 9, and 12 
contained Nested PCR primer 2 only. Reactions in lanes 4, 7, 10, and 13 
contained Nested PCR primers 1 and 2. Lanes 8-10 show a 2,2-clone, and 
the other three clones shown are 1,2-clones. See Table 3.3 for clone 
identities. B: Electrophoresis gel for 6 clones screened using the HaeIII 
digest screen. Lanes (1) DNA marker, (2) Clone 16, (3) Clone 19, (4) Clone 
1, (5) Clone 30, (6) Clone 21, (7) Clone 2. 

Reducing the Nested PCR primer 2 concentration from 400 nM to 50 nM 

significantly increased the percentage of 1,2-clones, but it resulted in a mild increase in 

the number of chimeric clones (from 5% to 14%). In an attempt to reduce chimera  
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Table 3.3: Gene fragments from the replicate cDNA subtraction 

Name Actual 
Length 

(bp)a

Expected 
Length 

(bp)b 

Gene Identityc Gene Name Identity (%)

1 452 400 pWW0: 68700-69151 xylB 100(452/452)
2 478 450 pWW0: 68715-69153, 68681-68711 xylB d 100(31/31), 99(437/439)e

3 811 750 pWW0: 69309-70119 xylB/xylA 99(809/811)
4 823 800 pWW0: 70467-71282 xylA/xylM 99(813/816)e

5 274 250 pWW0: 71537-71810 xylM 100(274/274)
6 559 550 pWW0: 71811-72360 xylM/xylC 99(548/550)e

7 901 850 pWW0: 71811-72711 xylM/xylC 99(900/901)
8 434 450 pWW0: 72286-72711 xylM/xylC 99(425/426)e

9 639 600 pWW0: 71811-72449 xylM/xylC 99(637/639)
10 184 200 pWW0: 72712-72895 xylC 100(184/184)
11 322 300 pWW0: 72946-73267 xylC 100(322/322)
12 456 450 pWW0: 72946-73401 xylC 100(456/456)
13 464 550 pWW0:74007-74470 xylW 99(462/464)
14 731 750 pWW0: 74007-74737 xylW 99(730/731)
15 889 850 pWW0:50905-51793 xylE 99(888/889)
16 412 400 pWW0:51382-51793 xylE 100(412/412)
17 567 550 pWW0: 53831-54397 xylZ/xylY 99(565/568)
18 229 250 pWW0:55219-55445 xylX 98(223/227)e

19 406 400 pWW0: 55043-55445 xylX 98(400/406)
20 585 550 pWW0: 55512-56096 xylX 100(585/585)
21 480 450 KT2440: 3585932-3586411 benK 100(480/480)
22 242 200 KT2440: 5091076-5091317 argD 100(242/242)
23 409 400 KT2440: 23S, KT2440: 5390011-

5390127
23S , hypothetical proteind 99(288/289), 

100(117/117)e

24 731 700 KT2440: 23S 23S d 100(89/89), 100(642/642)
25 800 same as 4
26 600 same as 9
27 600 same as 9
28 550 same as 13
29 850 same as 15
30 400 same as 19  a Lengths do not include adaptors; b Expected lengths were based on the estimated sizes of the amplicons 
from the PCR adaptor screen and include adaptors; c pWW0 accession no. is AJ344068, Pseudomonas 
putida KT2440 accession no. is AE015451; d Insert contained chimera; e

 

 BLAST identity was not based on 
entire insert sequence. The ratio in parentheses represents the number of matching bases over the total 
number of bases used by the blastn algorithm.  
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formation, shorter denaturation times (10 s instead of 30 s) were used in suppression PCR 

because heating DNA can lead to depurination (45, 104) and thereby induce chimera 

formation (93). However, this modification did not reduce chimera formation. 

 

3.3.3 Screening Clones for  Sequencing 

The PCR adaptor screen can be used to discard 1,1- and 2,2-clones. Amplicon 

from 1,2-clones should be digested and electrophoresed to select unique clone inserts for 

sequencing. Amplicon from several 1,2-clones was digested with HaeIII and analyzed by 

gel electrophoresis. Figure 3.3B shows a representative gel. Clones 19 and 30 appeared to 

be identical by this screen, which was confirmed by sequencing; the other clones 

appeared to be distinct from one another by this screen, which was confirmed by 

sequencing. All twenty-eight 1,2-clones from the subtraction library generated using 50 

nM Nested PCR primer 2 were sequenced, and the validity of the PCR adaptor screen and 

the restriction digest screen was verified (data not shown). 

For future applications, it will be necessary to verify that sequences obtained via 

prokaryotic SSH PCR cDNA Subtraction represent differentially expressed genes. 

Screening clones for differential expression can be conducted prior to sequencing (e.g., 

by generating Northern blot probes from cloned fragments) or after sequencing (e.g., by 

RT-qPCR). Because prokaryotic SSH PCR cDNA Subtraction produces gene fragments, 

a downstream tool such as gene walking is required to obtain complete gene sequences. 

 

3.3.4 Analysis of Gene Fragments Isolated using Prokaryotic SSH PCR cDNA 
Subtraction 

A total of 71 clones were sequenced during the development of the prokaryotic 

SSH PCR cDNA Subtraction protocol. Ninety-two percent of these clones contained 
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fragments of genes known to be involved in toluene degradation (data not shown). The 

majority of these clones contained fragments of genes from the TOL plasmid upper or 

meta operons, which contain the key metabolic genes involved in toluene degradation 

(24, 37). These upper and meta operon genes have been shown to be highly up-regulated 

in the presence of toluene (32) and therefore are the key genes that prokaryotic SSH PCR 

cDNA Subtraction was expected to identify in the model system. 

Following the development phase, I examined the reproducibility of the 

prokaryotic SSH PCR cDNA Subtraction protocol by performing a replicate subtraction 

on an independent cell culture for the model system. Eighty-eight percent of 24 unique 

clones sequenced from this replicate subtraction contained sequences of genes previously 

shown to be related to toluene degradation (Table 3.3) (32). Twenty of these clone 

fragments were from genes in the upper and meta operons. Figure 3.4 is an alignment 

between clone fragments from this replicate subtraction and the upper and meta operons. 

With only 24 clones, I identified fragments of 9 of the 20 genes found in the upper and 

meta operons. Because each operon is transcribed as a single mRNA molecule, some 

clones contain fragments of two genes within an operon as well as the intergenic 

sequence.
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Figure 3.4:  Comparison of clones obtained from the replicate prokaryotic SSH PCR cDNA Subtraction to the corresponding 
segments of the upper and meta operon genes of the TOL plasmid. Clone fragments have been arbitrarily 
designated as fragments 1-20. See Table 3.3 for their respective gene identities.



 38 

In addition to the plasmid-borne genes of the upper and meta operons, fragments 

of four chromosomal genes were obtained (Table 3.3). Clone 21 contained a benzoate 

transporter gene (benK), which is part of the benABCDKEZF operon that is involved in 

benzoate metabolism (55). Benzoate is a by-product of toluene degradation; although 

there is functional redundancy between many of the ben genes and upper operon genes, 

ben genes have been shown to be up-regulated in the presence of toluene (9). Overall, the 

replicate subtraction successfully identified fragments representing 10 distinct toluene-

related genes within three key operons (upper, meta, and ben). Clone 22 contained an 

acetylornithine aminotransferase gene (argD), which is involved in arginine biosynthesis. 

Other genes involved in arginine biosynthesis (i.e., argA, argF, and argJ) have 

previously been shown to be up-regulated in the presence of toluene (32). Two clones (23 

and 24) contained rRNA sequences. A small percentage of rRNA clones were expected 

because rRNA is still present in the purified mRNA.  

Overall, a total of 95 clones were sequenced from the compiled subtractions 

(developmental plus replicate subtractions). In addition to the genes shown in Figure 3.4 

from the replicate subtraction, xylR, xylN, xylI, xylK3, xylQ3

 

, xylF, xylT, xylL, benA, and 

benD also were isolated from the developmental subtraction. Additional clone 

sequencing should yield sequences for the remaining genes found on the upper, meta and 

benABCDKEZF operons. Alternatively, these sequences could be obtained via gene 

walking, which is likely to yield sequences of functionally related genes in prokaryotes 

where operons are common. 

                                                 
3 These genes were found in chimeric clones. 
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3.3.5 RT-qPCR 

To assess the fold up-regulation of xyl and ben genes under the culturing 

conditions used for prokaryotic SSH PCR cDNA Subtraction, RT-qPCR was conducted 

for selected genes (Figure 3.5). xylB and xylC were highly up-regulated as a result of 

toluene exposure, and almost all of the upper operon genes were identified from the 

compiled prokaryotic SSH PCR cDNA Subtractions. xylK, xylG, xylE, and xylX were not 

quite as highly up-regulated, and many meta operon genes were identified by prokaryotic 

SSH PCR cDNA Subtraction. The regulatory genes xylR and xylS were up-regulated 16-

fold and 70-fold, respectively, which is consistent with these genes being identified less 

frequently than were upper and meta operon genes (only one of 95 clones contained a 

fragment of the xylR gene). The selected chromosomal genes, benA and benC, were up-

regulated to levels similar to or greater than the upper operon genes. Consistent with RT-

qPCR data, benA, benD and benK were isolated by prokaryotic SSH PCR cDNA 

Subtraction. Prokaryotic SSH PCR cDNA Subtraction identified argD, which has not 

previously been shown to be up-regulated in response to toluene, and RT-qPCR showed 

that argD was 4-fold up-regulated when cells were grown on toluene as compared to 

acetate. 
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Figure 3.5:  Fold up-regulation of selected genes in toluene-grown cultures relative to 
acetate-grown cultures. Transcript quantities of each target gene were 
normalized to the housekeeping gene rplU21 for each culturing condition 
prior to calculating fold up-regulation. All qPCR reactions were conducted 
in triplicate, and error bars represent one standard deviation. Similar results 
were obtained when transcript quantities were normalized to housekeeping 
gene rpoD (data not shown). 

Prokaryotic SSH PCR cDNA Subtraction was highly successful at isolating genes 

involved in toluene degradation; however, a few highly up-regulated genes were not 

among the sequenced clones. For example, although xylG and xylE were up-regulated to 

nearly the same level as one another (Figure 3.5), xylE was isolated by prokaryotic SSH 

PCR cDNA Subtraction while xylG was not. Although the fold up-regulation may be a 

predictor of which genes might be isolated by prokaryotic SSH PCR cDNA Subtraction, 

the absolute quantity of gene transcripts (i.e., not relative to levels present in acetate-

grown cells) also is important. When a small number of clones are selected for 

sequencing, the probability that fragments of a given gene will be sequenced depends on 
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the prevalence of an amplicon from that gene in the suppression PCR pool. Some degree 

of equalization between high and low abundance genes occurs during SSH PCR cDNA 

Subtraction due to the second-order kinetics of hybridization; however, the quantity of a 

given gene in the suppression PCR pool depends on its fold up-regulation, the absolute 

quantity of transcripts for that gene in the mRNA pool, and the size and number of cDNA 

fragments for that gene. For the eukaryotic protocol, a target gene must be more than 

0.01% of the total cDNA by mass and more than 5-fold up-regulated to be isolated (54). 

For some genes, the restriction enzyme used may not produce a sufficient number of gene 

fragments of the appropriate size (approximately 100-900 bp) for isolation via SSH PCR 

cDNA Subtraction. A combination of these factors results in some genes being isolated 

repeatedly while others are not among the selected clones. 

I have demonstrated that the methodology developed for prokaryotic SSH PCR 

cDNA Subtraction can be used to identify pollutant degradation genes from prokaryotes. 

Overall, 91% of the 95 clones sequenced from the compiled prokaryotic SSH PCR cDNA 

Subtractions contained fragments of genes previously shown to be related to toluene 

degradation, and I successfully identified fragments of 20 genes known to be relevant to 

toluene degradation. Just 6% of the clones from the compiled subtractions contained only 

rRNA fragments (false-positives). Domínguez-Cuevas et al. (32) showed that 180 genes 

are up-regulated in P. putida mt-2 to varying degrees in response to toluene. The pool of 

genes isolated via prokaryotic SSH PCR cDNA Subtraction did not show this kind of 

diversity. Rather, the pool was dominated by genes encoding enzymes involved in 

toluene degradation, which would be most useful for interrogating biological treatment 

systems. Prokaryotic SSH PCR cDNA Subtraction makes it possible to obtain the 

sequences of key genes within a few weeks. Because prokaryotic SSH PCR cDNA 

Subtraction requires no a priori knowledge of the genetics of a given bacterium, this 
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technique has the potential to be used on any isolated bacterium for which appropriate 

culturing conditions have been identified.  

 

3.4 APPLICATION OF PROKARYOTIC SSH PCR CDNA SUBTRACTION TO A 
PERCHLORATE-REDUCING BACTERIA (PRB) 

The prokaryotic SSH PCR cDNA Subtraction procedure was applied to PRB 

strain JDS4, which was isolated from a perchlorate-contaminated site (109). Gene 

sequences for pcrA and cld were not available for JDS4, and this strain is 

phylogenetically distinct from the PRB strains for which pcrA and cld sequences are 

known. Therefore, JDS4 was considered a promising strain for identifying novel gene 

sequences relevant to microbial perchlorate reduction.  

One hundred and fifty-five clones from the cDNA Subtraction clone library were 

selected for screening to identify target 1,2-clones. Thirty-one clones met the screening 

criteria and were selected for sequencing, and clone inserts were identified using the 

blastn algorithm (www.ncbi.mlm.nih.gov/BLAST). Four clone inserts were similar to 

sequences of 16S rRNA genes, 25 clone inserts were similar to sequences for the 23S 

rRNA gene, and 1 clone insert was similar to the sequence of an RNA polymerase 

subunit (Table 3.4). Although many clones were screened, no clones were isolated that 

contained fragments of pcrA or cld genes. This is likely due to the dominance of rRNA in 

the total RNA pool despite specific method steps designed to remove the majority of 

rRNA. In strain JDS4, pcrA and cld transcript copy numbers were over an order of 

magnitude higher under perchlorate-reducing conditions as compared to aerobic growth 

(see section 4.5), indicating that these genes were likely sufficiently up-regulated for 

isolation via prokaryotic SSH PCR cDNA Subtraction.  However, results to date indicate 

that method modifications are still needed to effectively identify target biodegradation 

genes in strain JDS4.  

http://www.ncbi.mlm.nih.gov/BLAST�
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Table 3.4: Gene fragments from the JDS4 cDNA subtraction 

Name Gene Identity
1 16S
2 23S
3 23S
4 23S
5 16S
6 16S
7 23S
8 23S
9 23S
10 23S
11 23S
12 23S
13 23S
14 23S
15 23S
16 23S
17 23S
18 23S
19 23S
20 23S
21 23S
22 RNA polymerase, alpha subunit*

23 23S

24 23S
25 23S
26 16S
27 23S
28 23S
29 23S
30 23S
31 23S

* Gene identity based on 79% sequence similarity (303/ 383 bp)

with DNA-directed RNA polymerase, alpha subunit from

 Bulkholderia thailandensis, accession no. CP000086.1  
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It is possible that the rRNA removal method was ineffective for strain JDS4 due 

to poor complementarity between the rRNA and the capture oligos found in the 

MICROBExpress™ Bacterial mRNA Enrichment Kit (Ambion, Austin, TX), which are 

supposed to bind and remove rRNA. Alternatively, a higher rRNA removal efficiency 

might be required for JDS4 than was required for the model system. Thus, even if the 

capture oligos are 100% complementary to their targets, the current rRNA removal 

procedure might be insufficient for this particular strain. rRNA constitutes around 95% of 

total rRNA. Therefore, if 95% of the rRNA is removed, rRNA still constitutes 50% of the 

remaining RNA. Therefore, isolation of functional genes from JDS4 may require that 

rRNA removal efficiency is nearly 100%. 

It might be necessary to remove essentially all of the rRNA if the target gene 

transcripts are not highly up-regulated. The prokaryotic SSH PCR cDNA Subtraction tool 

was developed and validated using the model system Pseudomonas putida mt-2 

degrading toluene. The genes involved in toluene degradation are found on a plasmid, are 

highly up-regulated (300- to 4000-fold), and likely represent a large fraction of the total 

RNA pool as compared to chromosomal genes. In contrast, the perchlorate reduction 

genes were not as highly up-regulated (10- to 40-fold, see section 4.6), are found on the 

chromosome, and may be a much smaller fraction of the total RNA pool. Future 

modifications to the prokaryotic SSH PCR cDNA Subtraction technique are needed to 

effectively apply it to JDS4. Since no new sequences related to perchlorate reduction 

were identified, my subsequent work was completed using previously available gene 

sequences related to perchlorate reduction.
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Chapter  4:  qPCR Assays Targeting Genes and Gene Expression for  
Microbial Perchlorate Reduction4

4.1 INTRODUCTION 

  

Perchlorate contamination of groundwater and surface water is widespread (120) 

and it represents a public health concern (129). Perchlorate-reducing bacteria (PRB) are 

ubiquitous in the environment (27), and biological perchlorate treatment has been 

demonstrated at the laboratory- and pilot-scale (21, 40, 50, 62, 63, 73, 86, 135). PRB 

reduce perchlorate to chlorate and chlorite with perchlorate reductase (encoded by 

pcrABCD) (16). Chlorite is toxic, and, therefore, PRB reduce chlorite to chloride with 

chlorite dismutase (encoded by cld) (14). However, very little is known about the 

quantity of PRB at perchlorate-contaminated sites and in bioreactors treating perchlorate-

contaminated water. Furthermore, to my knowledge, no studies have quantified gene 

transcription related to perchlorate reduction. 

Molecular biology tools (MBTs) are becoming increasingly popular for the 

interrogation of biological treatment processes (77, 102, 106). Since PRB are 

phylogenetically diverse (27), tools that interrogate functional genes related to 

perchlorate reduction (e.g., pcrA and cld) provide more information than do phylogenetic 

tools. Nozawa-Inoue et al. (91) developed a set of primers and a quantitative PCR 

(qPCR) assay targeting pcrA and detected pcrA in pure cultures and soil samples. Bender 

et al. (15) developed a set of nested PCR primers targeting cld and successfully detected 

cld in laboratory cultures and environmental samples. Table 4.1 shows selected PRB 

strains, including those used in the design of these primers and other PRB that were 

                                                 
4 This chapter was formatted as a technical note for submission to Applied and Environmental 
Microbiology. Supplemental data and information were inserted where appropriate. 
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detected using these primers. Additionally, some PRB that were not interrogated with 

these primers are shown; it is not known if pcrA and cld found in these strains can be 

detected with available primers. 

 

Table 4.1: Selected PRB strains including those used in primer design 

Selected strains cld  primersa pcr A primersb

Dechloromonas agitata  P  P
Dechloromonas aromatica  P  P

Azospira  sp. (Dechlorosoma sp. )  P     d
Dechloromarinus  sp.  P
Dechlorospirillum  sp.  P     d

Pseudomonas sp. strain PK  P
Azospirillum  spp.     d

Moorella perchloratireducens
Wolinella succinogenes  HAP-1  

a Bender et al. (2004). b 

 

Nozawa- Inoue et al. (2008). “P” indicates that sequences from the strain were 
used in primer design. “d” indicates that Nozawa-Inoue et al. detected pcrA by PCR in the strain using the 
primers. 

To aid the development and optimization of biological perchlorate reduction 

processes, it is desirable to have tools to quantify PRB and expression of pcrA and cld. 

Monitoring cld alone may give misleading information because some bacteria, such as 

chlorate-reducing bacteria, contain cld but cannot reduce perchlorate (15, 79, 91, 114). 

Furthermore, it is unknown whether monitoring pcrA alone can be used to specifically 

detect bacteria that can reduce perchlorate completely to chloride. Some bacteria, such as 

nitrate-reducing bacteria, can reduce perchlorate to chlorite (14, 60), but chlorite builds 

up to toxic levels because these bacteria do not posses cld (14, 131). Nozawa-Inoue et al. 

(91) designed primers targeting pcrA based on gene sequences from only two PRB 

strains, and the possibility remains that these primers may detect some bacteria that are 
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incapable of complete perchlorate reduction. It is therefore desirable to monitor both pcr 

and cld. 

In this work, I developed a qPCR assay targeting cld. This assay and the 

previously developed pcrA qPCR assay (91) were used to quantify gene expression in the 

presence and absence of dissolved oxygen (DO) and nitrate, which act as competing 

electron acceptors, for PRB strain JDS4. 

 

4.2 MICROBIAL COMMUNITY CHARACTERIZATION 

The microbial communities in two pilot-scale biologically active carbon (BAC) 

filters (F120 and F130 operated by Carollo Engineers in Rialto, CA) were characterized 

to determine if the PRB present were likely to be detected by available PCR primers 

targeting pcrA and cld. BAC samples were collected from the influent end of the reactors 

during active perchlorate reduction. I developed an enrichment culture by inoculating an 

anaerobic minimal environmental medium (3, 38) containing 5 mg/l of perchlorate with 

BAC. Perchlorate degradation was verified by ion chromatography with EPA method 314 

using a Dionex DX-600 ion chromatograph equipped with an AS-16 column, potassium 

hydroxide eluant, and a 1000-µl injection loop. The microbial community in the 

enrichment culture was also characterized. 

To assess the community in the pilot-scale bioreactors, BAC samples were 

sonicated in phosphate buffered saline. The buffer was transferred to a separate tube, and 

cells were collected by centrifugation. For the BAC samples and the enrichment culture, 

DNA was isolated using the UltraClean™ Soil DNA Isolation Kit (Mo Bio Laboratories, 

Carlsbad, CA). Terminal restriction fragment length polymorphism (T-RFLP) was 

conducted as described previously (34, 82). Briefly, the 16S ribosomal RNA (rRNA) 

genes were amplified using a set of primers that can amplify all Bacteria (8F and 1492R); 
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the forward primer was fluorescently labeled with FAM. Enrichment culture DNA was 

PCR-amplified for 16 cycles. BAC DNA was first PCR-amplified for 16 cycles, and then 

amplicon from the first reaction was amplified for an additional 25 cycles in a second 

reaction to produce sufficient amplicon for T-RFLP analysis. For all samples, duplicate 

PCR reactions were combined and subjected to post-amplification with Klenow to fill in 

partially single-stranded amplicon (34). Amplicon was electrophoresed to verify that a 

single PCR product was present for each sample. In cases where significant background 

bands were observed, the desired PCR product was gel-purified. The amplicon (100 ng) 

was digested with one of three restriction enzymes (HhaI, MspI, RsaI) for 3h at 37ºC, 

desalted using the Millipore Microcon kit (Fisher Scientific, Pittsburgh, PA), and 

fragments were separated on an ABI 3130 DNA analyzer. In silico restriction digests of 

the 16S rRNA gene sequence database were generated using the T-RFLP Analysis 

Program (TAP T-RFLP) (83), and T-RFLP electropherograms were compared to the in 

silico digest patterns to infer putative phylogenetic identities. 

For each restriction enzyme, percent similarity between samples was calculated as 

the number of common fragment peaks between two samples divided by the average 

number of fragment peaks in the two samples (121). Fragments were considered to be the 

same if their respective sizes did not differ by more than 2 bases (35). The microbial 

communities in the pilot-scale reactors and enrichment culture were highly similar; the 

percent similarity was as high as 89%, depending on the restriction enzyme used and 

which sample was selected as the baseline for comparison (Table 4.2). Figure 4.1 shows 

representative T-RFLP electropherograms for one of the pilot-scale reactors. Restriction 

fragments for PRB in the Dechloromonas genus were putatively identified. Peaks 

putatively identified as Dechloromonas also might correspond to other members of the 

Rhodocyclaceae family, which includes Dechloromonas and other known PRB (14, 27). 
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Xu et al. (133) generated a 16S rRNA gene clone library for the pilot-scale reactor, and 

putative identifications from T-RFLP agreed with clone library data. 

 

Table 4.2: T-RFLP restriction fragments and percent similarity 

Sample Enzyme
HhaI 139 204 364 563 73%
MspI 113 137 428 485 594 911 40%
RsaI 118 469 57%

HhaI 154 211 223 366 371 568 570 907 17% 13%
MspI 175 482 487 492 534 601 17% 20%
RsaI 118 469 639 80% 75%

HhaI 138 197 204 330 355 364 563 73%
MspI 113 147 479 485 40%
RsaI 118 469 639 730 909 57%

HhaI 139 204 364 563 100% 73%
MspI 113 147 181 436 438 476 485 532 585 594 910 47% 40%
RsaI 118 469 639 910 67% 89%

HhaI 138 204 364 563 813 89% 67%
MspI 137 428 485 594 673 910 83% 20%
RsaI 118 472 643 915 67% 22%

HhaI 139 204 364 563 813 89% 67%
MspI 137 485 594 673 60% 25%
RsaI 118 472 643 915 33% 22%

* Enrichment Culture

E.C.

Fragment length (bp)

BaselineF120

F120

F130

Similarity

Baseline

F130

E.C.*
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Figure 4.1: Microbial community profiling by T-RFLP in a pilot-scale perchlorate-
reducing reactor. Representative electropherograms for three restriction 
enzymes (HhaI, MspI, and RsaI) are shown for the microbial community 
present in BAC samples collected from one of the pilot-scale reactors. Sizes 
are indicated for the restriction fragments that correspond to Dechloromonas 
spp. 

 

Thirteen PRB were isolated by plating serial dilutions of the enrichment culture 

on anaerobic minimal environmental medium (3, 38) supplemented with 100 mg/l 

perchlorate and incubating at 30°C.  Single colonies were selected and struck to purity 

twice. The isolates were screened for their ability to reduce perchlorate in batch culture 

grown in liquid minimal environmental medium (3, 38) supplemented with 100 mg/l 

perchlorate using a perchlorate selective electrode (Thermo Electron Corp., Beverly, 
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MA). DNA was isolated from each perchlorate-reducing culture, and the isolates were 

phylogenetically identified by sequencing the 16S rRNA gene. All of the isolates were 

found to be Dechlorospirillum spp. Dechlorospirillum was not detected via T-RFLP, 

which may indicate that it represented a small fraction of the microbial community. 

Using culture-based and non-culture-based techniques, no known PRB outside the 

Dechloromonas, Rhodocyclaceae and Dechlorospirillum groups were identified in the 

pilot-scale reactors or enrichment culture. This suggests that previously developed PCR 

primers targeting pcrA and cld (15, 91) are likely to detect a reasonable fraction of the 

perchlorate reduction genes present in these systems. However, it is still unknown if these 

primers can detect all PRB found at other sites. 

 

4.3 QPCR ASSAY TARGETING CLD  

A qPCR assay targeting cld was developed using primers UCD-238F and UCD-

646R (Table 4.3), which are the secondary, more specific primers of the previously  

 

Table 4.3: Primer sequences for perchlorate-reduction genes 

Gene Name Primer Name Primer Sequence

pcrA320Fa 5’-GCG CCC ACC ACT ACA TGT AYG GNC C-3’

pcrA598Ra 5’-GGT GGT CGC CGT ACC ART CRA A-3’

UCD-238Fb 5’-TYG AVA ARC AYA AGG AHA AVG T-3’

UCD-646Rb 5’-GAG TGG TAV ARY TTV CGY TT-3’
a Nozawa-Inoue et al. (2008) 

b 
Bender et al. (2004)

 pcrA

 cld

 

 

described nested cld PCR primer set (15). qPCR reactions contained 1X Power SYBR 

Green Master Mix (Applied Biosystems, Foster City, CA), 0.4 µM primers, and 5 ng of 

template DNA. qPCR reactions were run on an ABI 7900HT Real-Time PCR System 
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using the following parameters: 50˚C for 2 min; 95˚C for 10 min; 40 cycles: 95˚C for 15 

s, 50˚C for 45 s, and 60˚C for 60 s. Real-time PCR product dissociation curves were used 

to verify the specificity of the amplified product. The amplicon for this primer set is 

approximately 400 bp, which is longer than the optimal qPCR amplicon length (typically 

<200 bp), and, thus, I optimized the elongation time. Elongation time was varied from 1 

to 2.5 min (Figure 4.2), but increased elongation times did not improve the assay 

detection limit (i.e., lower the threshold cycles (CT

 

) for quantification). Therefore, the 

minimum elongation time of 1 min was selected for the cld qPCR assay.  
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Figure 4.2: Optimization of elongation time in the qPCR assay targeting cld. The 
number of qPCR cycles to reach the quantification threshold (CT) as a 
function of cld copies in D. aromatica genomic DNA is shown for a range 
of elongation times (1 to 2.5 min). A best-fit line is shown for the 1-min 
data. 

    102                     103                       104                     105                      106 
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4.4 QPCR ASSAY COPY NUMBER STANDARD  

To compare qPCR data between different systems, it is desirable to have 

quantification standards to determine absolute copy number of the target genes. Nozawa-

Inoue et al. (91) developed a pcrA copy number plasmid by amplifying pcrA from D. 

agitata and cloning it into a standard vector. To determine if this standard copy number 

plasmid could be used to accurately quantify copy number in genomic DNA samples, 

pcrA copies present in D. agitata genomic DNA were quantified using the copy number 

plasmid as the qPCR standard with the previously described pcrA qPCR assay (91). 

Briefly, pcrA was amplified with previously described PCR primers (pcrA320F and 

pcrA598R) (91). Primer sequences are shown in Table 4.3. qPCR reactions contained 

Power SYBR Green Master Mix and 5 ng template. Primers were provided at a final 

concentration of 0.2 µM each (91), and  reactions were run on an ABI 7900HT Real-

Time PCR System using the following parameters: 50ºC for 2 min; 95ºC for 10 min; 40 

cycles: 95ºC for 15 s and 60ºC for 60 s. Gene copy number was determined from the CT 

(copy number at which fluorescence crosses a selected threshold that occurs during the 

exponential phase of amplification) by comparison with the copy number standard.  

Figure 4.3 shows the measured number of pcrA copies as a function of the 

theoretical number of copies. The theoretical copy number was calculated assuming that 

only one copy of pcrA is present in the genome, as has been shown for other PRB (D. 

aromatica, genome sequence publically available online). For all copy numbers tested, 

the measured number of copies was approximately 2 orders of magnitude smaller than 

the theoretical number of copies. If multiple copies of pcrA are present in the D. agitata 

genome, then the measured number of copies is more than 2 orders of magnitude smaller 

than the actual number of copies. This indicates that the primer annealing efficiency or  
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Figure 4.3: Measured vs. theoretical number of pcrA copies in D. agitata genomic 
DNA. The measured number of pcrA copies is plotted as a function of the 
theoretical number of pcrA copies. A previously described copy number 
plasmid (91) was used as the quantification standard for qPCR. The number 
of qPCR cycles to reach the quantification threshold (CT) as a function of 
pcrA copies for the copy number plasmid is shown in Figure 4.4. 

 

the amplification efficiency is much lower for the D. agitata genomic DNA as compared 

to the plasmid copy number standard. Although the pcrA sequence from D. agitata was 

considered in the design of the pcrA primers, there are some mismatches between the 

primers and D. agitata pcrA (1 mismatch with pcrA320F and 3 mismatches with 

pcrA598R) that may result in a lower annealing efficiency. The primer sequences with 

the mismatches highlighted in gray are shown below. 
 
pcrA320F: 5’-GCG CCC ACC ACT ACA TGT AYG GNC C-3’ 
 
pcrA598R: 5’-GGT GGT CGC CGT ACC ART CRA A-3’ 

     1              10            102           103            104            105            106   

   106 
 
 
 

   105 

 
 
 

   104 

 
 
 

   103 

 
 
 

   102 

 
 
 

   10 

 
 
 

    1 



 55 

 

0

5

10

15

20

25

30

35

40

45

1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10

No. of pcrA  gene copies

C T

 

Figure 4.4:  Standard curve for qPCR assay targeting pcrA. The number of qPCR cycles 
to reach the quantification threshold (CT) as a function of pcrA gene copies 
for the pcrA copy number plasmid (91) is shown.  

 

The plasmid copy number standard also was used to quantify copies of pcrA in 

the perchlorate-reducing enrichment culture. The copy number detected was used to 

estimate the percentage of PRB in the community assuming that pcrA was present in a 

single copy for each PRB and an average genome size of 4501 kb (D. aromatica genome 

size) for all bacteria in the enrichment culture. The percent PRB was calculated to be 

2.9%, which was considered unlikely given that the culture was grown under perchlorate-

reducing conditions (i.e., no DO or nitrate) to enrich for PRB. Therefore, genomic DNA 

from the completely sequenced PRB strain D. aromatica, which is known to have single 

copies of pcrA and cld, was used as a copy number standard. The percent PRB in the 

    102        103         104         105        106         107        108         109        1010 
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enrichment culture with this standard was calculated to be 46%, which was considered 

more reasonable under the selective enrichment conditions. Therefore, D. aromatica 

genomic DNA was used as the copy number standard for both pcrA and cld for this 

study. Figure 4.5 shows a qPCR standard curve for cld using genomic DNA from D. 

aromatica. Five ng of genomic DNA were used as the qPCR template for the reaction 

with the highest copy number. The qPCR assay developed in this work detected cld 

copies over 4 orders of magnitude with a linear standard curve (R2

 

=0.994), and the 

detection limit was approximately 100 copies/ reaction. 
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Figure 4.5: Standard curve for qPCR assay targeting cld. The number of qPCR cycles to 
reach the quantification threshold (CT) as a function of cld gene copies in D. 
aromatica genomic DNA is shown. Copy numbers were calculated for D. 
aromatica, which is known to contain a single copy of cld (1), using the 
genome size of 4501 kb. Means and standard deviations shown represent 6 
qPCR replicates from a single sample of D. aromatica DNA. 

 

4.5 REVERSE TRANSCRIPTION QPCR (RT-QPCR) ASSAYS TARGETING PCRA AND 
CLD 

PRB are facultative aerobes and can use a wide array of electron acceptors in 

addition to perchlorate, including DO and nitrate (23, 27, 60). DO and nitrate have been 

shown to inhibit microbial perchlorate reduction (25, 51, 74, 86, 92, 112, 117, 135), and, 

therefore, I considered it likely that DO and nitrate would inhibit the transcription of pcrA 

and cld. In some cases, post-transcriptional regulation might not lead to an active 

   102                     103                       104                     105                      106 



 58 

enzyme; however, the presence of gene transcripts generally indicates production of the 

encoded enzyme (102). 

Rhodocyclaceae PRB strain JDS4, which was isolated from a perchlorate-

contaminated site (109), was selected for this experiment. Three replicate batch cultures 

of JDS4 were grown anaerobically at room temperature in minimal environmental 

medium (3, 38) with 100 mg/l perchlorate under perchlorate-reducing conditions. To 

prepare the anaerobic culture medium, 100 ml of medium were added to the serum 

bottles, and the bottles were sealed, purged with nitrogen gas for 30 min, and autoclaved. 

Perchlorate concentrations were measured using the perchlorate-selective electrode. Two-

ml samples were taken aseptically with syringe needles, and sterile nitrogen gas was 

injected to replace the liquid volume removed to maintain anaerobic conditions. The 

samples were diluted 1/10 in Milli-Q (Millipore, Billerica, MA) water for a total volume 

of 20 ml, and 400 µl of Ionic Strength Adjuster (Thermo Electron Corp., Beverly, MA) 

were added to each sample. Then the samples were mixed, and the perchlorate 

concentration was measured. 

After establishing active perchlorate reduction in all cultures, one culture was 

continuously exposed to DO, the second culture was spiked with 100 mg/l nitrate, and the 

third culture was maintained under perchlorate-reducing conditions as a control. Oxygen 

was introduced by transferring the culture from a sealed anaerobic serum bottle to a 

sterile Erlenmeyer flask and shaken, which allowed oxygen to diffuse freely into the 

culture. Nitrate was introduced by spiking the sealed anaerobic serum bottle with sodium 

nitrate. For 20 hours after the addition of competing electron acceptors, perchlorate 

reduction and gene expression of pcrA and cld were measured. Within 4 hours of the 

addition of oxygen or nitrate, perchlorate reduction could not be detected in the nitrate- 

and oxygen-amended bottles using the perchlorate-selective electrode, while perchlorate 
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reduction proceeded in the control bottle (Figure 4.6). The slight increase in perchlorate 

concentration in the oxygen-amended bottle at 4 hours was likely due to a measurement 

error at that time point. 
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Figure 4.6: Perchlorate reduction as a function of culturing conditions in strain JDS4. 
Perchlorate concentration was measured in three JDS4 cultures (control, 
nitrate-amended, and oxygen-amended cultures) 0, 4, and 20 hours after the 
addition of competing electron acceptors DO and nitrate. 

 

RNA was extracted from the cultures using the RiboPureTM-Bacteria Kit 

(Ambion, Austin, TX). Procedures were performed according to the manufacturer’s 

instructions with the exception that cells were lysed with 500 µl RNAwiz lysis buffer 

using Lysing Matrix E tubes and the Fast Prep 24 system (MP Biomedicals, Solon, OH). 

To synthesize cDNA, 2 µg of total RNA were mixed with 2 μl of random hexamer primer 
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(10 μM) and nuclease-free water (Ambion, Austin, TX) to a final volume of 10 μl. The 

mixture was denatured at 70̊C for 10 min and placed on ice. Four μl  of 5X First-Strand 

Buffer (Invitrogen, Carlsbad, CA), 2 μl of 0.1M DTT, 1 µl of dNTP mix (10 mM of each 

dNTP, New England Biolabs, Beverly, MA) and 2 μl of SuperScriptTM

Figure 4.7 shows transcript levels for pcrA and cld as a function of culturing 

conditions. In the control culture, pcrA transcript copies remained relatively stable. In the 

nitrate-amended culture, pcrA transcript copies declined after 4 hours and decreased by 

over an order of magnitude after 20 hours. In the oxygen-amended culture, pcrA 

transcript copies declined by over an order of magnitude after 4 hours and remained at 

this level. Similar patterns were seen for cld transcript copies. Therefore, transcription of 

pcrA and cld was higher in the presence of active perchlorate reduction as compared to 

when perchlorate reduction was inhibited. Thus, a reduction in the quantity of pcrA and 

cld transcripts indicates inhibition of perchlorate reduction. However, transcripts were 

detected even in the absence of perchlorate reduction. This could indicate that transcripts 

produced during active perchlorate reduction are still present 20 hours after the 

introduction of competing electron acceptors, which could occur if these transcripts have 

long half-lives. Additionally, both genes may be transcribed at a basal level in the 

absence of perchlorate reduction for strain JDS4. Lee et al. (71) observed that transcripts  

 III reverse 

transcriptase (Invitrogen, Carlsbad, CA) were added. The reactions were incubated for 10 

min at 25ºC followed by 1.5 h at 42ºC. cDNA reactions were diluted 1/50 in DNA-free 

water, and 4 µl of diluted cDNA were used as the template for RT-qPCR. cld transcripts 

were quantified with the qPCR assay developed in this work. pcrA transcripts were 

quantified using the previously described qPCR assay (91). D. aromatica genomic DNA 

was used as a RT-qPCR copy number standard for both genes.  
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Figure 4.7: Gene transcript copy numbers per µg of total RNA for pcrA and cld as a 
function of culturing conditions for PRB strain JDS4. Competing electron 
acceptors (DO and nitrate) were introduced into perchlorate-reducing 
cultures, and gene transcripts were quantified over time. RNA isolated from 
each culture was used to conduct duplicate cDNA synthesis reactions, and 
qPCR assays were conducted in triplicate for each cDNA synthesis reaction. 
Error bars represent standard deviations for the six assays. 
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involved in trichloroethene degradation had relatively long half-lives (4.8 to 6.1 hours) 

and required 2 days to reach background levels. Furthermore, Bender et al. (14) observed 

basal transcription of cld under aerobic conditions in D. agitata via Northern blot 

analysis. Therefore, to draw meaningful conclusions regarding pcrA and cld expression, it 

is important to compare gene transcription between distinct culturing conditions. 

The RT-qPCR assays developed here also were applied to the enrichment culture 

under perchlorate-reducing conditions. Interestingly, while this culture appeared to 

express pcrA at a similar level (2.19 X 107 transcript copies/ µg RNA) to JDS4, cld was 

expressed at almost an order of magnitude higher level (8.86 X 108

The qPCR and RT-qPCR assays developed in this work could be applied to 

support the development of bioreactors for drinking water treatment. These assays could 

be used to determine how reactor design and operation impacts the perchlorate-reducing 

microbial communities and facilitate the development of full-scale treatment processes. 

Additionally, these assays could be applied to quantify PRB and the expression of genes 

related to perchlorate reduction at perchlorate-contaminated field sites to aid in the 

development and verification of bioremediation and biostimulation protocols (e.g., 

selection of electron donor). Furthermore, these assays could provide an additional line of 

evidence that microbial perchlorate reduction is occurring in biological perchlorate 

treatment processes. 

 transcript copies/ µg 

RNA) than for JDS4. This could indicate that cld is more highly expressed than is pcrA in 

the PRB present in the enrichment culture. It also might suggest that the pcrA RT-qPCR 

assay is not detecting all of the pcrA transcripts present in the enrichment culture, which 

may occur if some PRB present in the enrichment culture have pcrA genes with 

sequences that are distinct from the sequences used to design the pcrA primers. Further 

investigation would be required to test these hypotheses. 
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Chapter  5:  Quantification of Genes and Gene Expression for  Microbial 
Perchlorate Reduction in Fixed-Bed Bioreactors5

5.1 INTRODUCTION 

 

Widespread contamination of drinking water sources by perchlorate in the United 

States (100) is a concern because perchlorate is known to cause adverse human health 

effects including thyroid disruption (42, 44, 129). In October 2008, the United States 

Environmental Protection Agency (US EPA) made a preliminary decision not to regulate 

perchlorate citing a lack of conclusive evidence (96, 105). However the US EPA has set 

an interim public health advisory level at 15 µg/l and is currently seeking further advice 

from the National Academy of Sciences before deciding if a national perchlorate drinking 

water standard should be set (105).  The California Department of Public Health has 

established a more stringent maximum contaminant level of 6 µg/l (CDPH, 2007) for 

sites in California, which represent more than one-third of the perchlorate-contaminated 

public water sources in the United States (105).  To meet these regulatory requirements 

and to protect human health, reliable, cost effective treatment options are needed for 

perchlorate-contaminated water.  

Biological treatment is a promising approach because perchlorate is transformed 

into innocuous chloride and water (50). Perchlorate-reducing bacteria (PRB) can use 

perchlorate as an electron acceptor, degrading perchlorate under anaerobic conditions 

(132). Perchlorate is reduced to chlorate and chlorite by perchlorate reductase (encoded 

by pcrABCD) (16). Chlorite is a toxic byproduct that is reduced to chloride by chlorite 

dismutase (encoded by cld). A number of different organic electron donors have been 
                                                 
5 This chapter is based on a manuscript in preparation for submission to Applied and Environmental 
Microbiology.  Pilot-scale reactors were operated by Carollo Engineers, and pilot-scale reactor performance 
data were generated at the University of Michigan. Xu Li, Jess Brown, Lutgarde Raskin are co-authors on 
this manuscript for contributions to the pilot-scale tests. 
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used successfully to support perchlorate reduction including acetate, ethanol, lactate, and 

pyruvate (20, 21, 26, 40, 62, 63, 73, 86); the inorganic donor hydrogen also has been 

shown to support biological perchlorate reduction (41, 73, 75). Sufficient electron donor 

must be added to reduce the competing electron acceptors (e.g., oxygen and nitrate) as 

well as perchlorate (21). 

Biological perchlorate treatment has been shown to be a viable option at the 

laboratory scale (20, 21, 26, 40, 41, 62, 63, 73, 75, 85, 86, 125), and recently, this 

technology has been evaluated at the pilot scale for drinking water applications (19). 

While these studies have demonstrated the feasibility of biological perchlorate treatment, 

the development of full-scale biological processes for perchlorate reduction in drinking 

water would benefit from tools that could be used to track the location, quantity, and gene 

expression of PRB. These tools would facilitate improvements in full-scale design and 

operation by allowing researchers to better determine the impact of parameters such as 

the type and amount of electron donor, backwashing protocols, and nutrient addition on 

the perchlorate-reducing microbial community. 

The quantity of PRB can be estimated and the location of PRB can be determined 

using quantitative PCR (qPCR) assays that quantify copies of pcrA and cld. However, the 

presence of PRB is not necessarily indicative of active perchlorate reduction because 

complete perchlorate reduction requires the expression of both pcrA and cld.  All known 

PRB are facultative aerobes, and most can use nitrate as an electron acceptor (23, 27).  

Therefore, PRB that are present in a bioreactor might not be growing on perchlorate, and 

it is not known whether the quantity of PRB present is a good indicator of bioreactor 

performance. Furthermore, previous studies of environmentally relevant processes, such 

as toluene degradation and nitrite reduction, have shown that gene copy numbers are not 
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necessarily good predictors of biodegradation activity (13) or gene expression rates (97). 

Therefore, it is desirable to quantify gene expression in addition to gene copy numbers. 

The objective of this work was to determine if pcrA and cld gene copy numbers 

and transcript copy numbers correlate with perchlorate removal in bioreactors treating 

perchlorate-contaminated groundwater. To this end, perchlorate removal and electron 

donor and acceptor concentrations were monitored as a function of depth in laboratory-

scale fixed-bed bioreactors. Previously developed qPCR and RT-qPCR assays targeting 

pcrA and cld (see Chapter 4) were applied to quantify the number of gene copies and 

transcript copies with depth under normal operating conditions and near-failure 

conditions in the bioreactor. Perchlorate removal, electron donor and acceptor 

concentrations, and gene copy number profiles also were measured in two pilot-scale 

fixed-bed bioreactors performing differently with respect to perchlorate removal. To my 

knowledge, this work represents the first demonstration of quantitatively tracking PRB 

gene expression in bioreactors for perchlorate treatment. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Pilot-Scale Fixed-bed Bioreactors 

Two pilot-scale biologically active carbon (BAC) filters (F120 and F130) were 

operated at a perchlorate-contaminated groundwater well in Rialto, CA. Both bioreactors 

had a diameter of 2 ft, and F120 and F130 had fixed-bed depths of 4 and 5 ft, 

respectively. The filters were packed with F-816 Calgon granular activated carbon 

(GAC), and indigenous bacteria were allowed to colonize the bioreactors. The influent 

groundwater was pH 7.5 and contained approximately 50 µg/l perchlorate, 6 mg/l nitrate 

as N, and 8 mg/l dissolved oxygen (DO). Both bioreactors were provided with 
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approximately 100 mg/l acetate using acetic acid as the electron donor. During the 

optimization period, the bioreactors were operated at empty bed contact times (EBCTs) 

of 5-18 min. Column performance profile measurements were taken during the 

optimization period (i.e., when the bioreactors might not have been at steady state) when 

F120 was operated at an EBCT of 15 min and F130 was operated at an EBCT of 18 min. 

At the time of biomass sample collection, F120 was operated at an EBCT of 10 min and 

F130 was operated at an EBCT of 15 min. 

Perchlorate concentrations were measured using an Agilent Chemistation ion 

chromatograph (Agilent, Santa Clara, CA) according to EPA method 314.1. Acetate and 

nitrate concentrations were measured using a Dionex DX 100 ion chromatograph with a 

conductivity detector (Dionex, Sunnyvale, CA) according to Standard Methods (3). An 

AG-14 guard column and an AS-14 analytical column were used, and the eluant 

contained 1.0 mM bicarbonate and 3.5 mM carbonate. DO was measured using an in-line 

HACH sc100™ LDO™ probe. 

 

5.2.2 Laboratory-Scale Fixed-bed Bioreactors 

A laboratory-scale fixed-bed bioreactor was designed to allow liquid-phase 

sampling along the length of the bioreactor (Figure 5.1A and B). The bioreactor consisted 

of 4 fixed-bed sections with 3-way valves located between the sections to divert flow for 

sample collection. The diameter of the bioreactor sections was 1 in; each section was 

packed to a height of 1 in for a total fixed-bed depth of 4 in. The packing consisted of 2-

mm diameter glass beads that were etched with hydrofluoric acid as described previously 

(26). The bioreactor was operated in up-flow mode at an EBCT of 5 minutes, which was 

the shortest EBCT tested for the pilot-scale bioreactors. The laboratory-scale bioreactor 

was run for a period of 6 weeks. 
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Figure 5.1: Schematic of the laboratory-scale bioreactor setup. A. Diagram of the 
bioreactor with fixed-bed sections (1-4) and 3-way valves in between the 
sections. B. Photograph of the bioreactor. C. Diagram of the entire 
bioreactor setup. 
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The bioreactor influent consisted of synthetic groundwater supplemented with 

acetate, phosphorus, trace metals, and vitamins. The groundwater composition was based 

on analysis of groundwater anion concentrations at the site of the pilot-scale bioreactors. 

The influent contained 0.05 mM K2CO3, 3.4 mM NaHCO3, 0.13 mM Na2SO4, 0.1 mM 

CaCl2, 0.1 mM MgCl2, and 0.4 mM NaNO3. Perchlorate was added at a concentration of 

100 µg/l, which was slightly higher than observed for the pilot-scale bioreactors. 

Phosphorus was added at 145 µg/l, and metals and vitamins were added using previously 

described stock solutions (76, 113). To prevent iron from precipitating out of the 

concentrated metals solution, the pH was reduced to 3.5, and the solution was sparged 

with nitrogen gas. Acetate was provided as the electron donor at an average influent 

concentration of 87 mg/l. The influent synthetic groundwater contained 3 to 9 mg/l DO. 

For the majority of the bioreactor operating period, influent DO was approximately 7 

mg/l. To test bioreactor performance with lower influent DO concentrations for a short-

term (48-hour) test, the constant-head distilled water tank (Figure 5.1C) was sparged with 

nitrogen gas overnight. At the conclusion of the test with low influent DO, air was 

bubbled into the distilled water tank to return the DO concentration to saturation.  

The bioreactor was inoculated with an enrichment culture developed from the 

pilot-scale bioreactors. The enrichment culture, described in Chapter 4, was developed by 

inoculating anaerobic minimal medium (3, 38) containing 5 mg/l perchlorate with BAC 

samples from the two pilot-scale bioreactors. The culture was transferred to fresh 

medium approximately 5 times, and perchlorate degradation was confirmed by ion 

chromatography. To inoculate the laboratory-scale bioreactor, the enrichment culture was 

pumped into the fixed-bed, incubated without flow overnight, and then the bioreactor was 

run in recirculation mode at a flow rate of 1.7 ml/min (30-min EBCT) for 22 hours. After 
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inoculation, the bioreactor was fed supplemented synthetic groundwater, at a flow-rate of 

10 ml/min using the configuration shown in Figure 1C. 

The bioreactor was backwashed periodically by pouring the contents of each 

bioreactor section into a 150-ml beaker containing 50 ml of effluent and swirling gently 

or stirring on a stir plate for 1 min similar to Choi et al. (26). The liquid was decanted and 

the beads with remaining biomass were returned to their respective bioreactor section. 

Under normal operating conditions, the bioreactor was backwashed every 3 to 4 days. In 

the absence of backwashing, bioreactor performance (i.e., removal of perchlorate and 

competing electron acceptors) declined as has been observed previously (21).  Therefore, 

backwashing was delayed to induce bioreactor failure. For the purposes of this study, 

normal operation is defined as greater than 50% perchlorate removal and near-failure is 

defined as less than 25% perchlorate removal. 

To monitor bioreactor performance, liquid samples were collected from the 

influent, effluent, and intermediate sampling points between bioreactor sections (Figure 

5.1). The concentration of perchlorate was measured via EPA method 314 using a Dionex 

DX-600 ion chromatograph (Sunnyvale, CA) equipped with an AG-16 guard column and 

an AS-16 column, Dionex EGC II potassium hydroxide eluent cartridge, and a 1000-µl 

sample loop. Nitrate and acetate were measured on a Metrohm ion chromatograph 

(Houston, TX) using a Metrosep A Supp 5 column, and a 20-µl sample loop. The eluent 

contained 3.2 mM Na2CO3 and 1.0 mM NaHCO3. DO was measured using a YSI 54A 

oxygen meter with a YSI 5905 BOD probe, and a custom flow cell with a number 19 

standard taper flask length joint fitting for the DO probe. Bioreactor flow was passed 

through the flow cell until a steady value was reached for DO concentration. The DO 

probe has a range of 0-20 mg/l ± 0.1 mg/l.  
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5.2.3 DNA and RNA Extraction 

For the laboratory-scale bioreactors, biomass samples were collected on one day 

during normal operation and one day during near-failure conditions. Biomass was 

collected from each bioreactor section for DNA and RNA extraction. Approximately 50 

beads with attached biofilm were removed from the top, middle, and bottom of each 

bioreactor section and separately placed in three Lysing Matrix E tubes (MP 

Biomedicals, Solon, OH) for DNA extractions. Therefore, 150 beads total were removed 

from each bioreactor section, which represented approximately 5% of the packing. Clean 

beads were added to replace the beads that were removed. Biomass samples were stored 

at 4ºC until DNA isolation. DNA was isolated using the MP Bio FastDNA Spin Kit for 

Soil and the Fast Prep 24 system (MP Biomedicals, Solon, OH). Cells were lysed with 

the Fast Prep 24 by bead-beating two times for 30 seconds with the instrument set at 5.5 

m/s. DNA isolated from the top, middle and bottom of each bioreactor section was 

pooled for qPCR analysis. DNA yield was quantified using the Quant-iT™ dsDNA 

Assay Kit, High Sensitivity (Invitrogen, Carlsbad, CA). 

Approximately 50 beads also were removed from the top, middle, and bottom of 

each bioreactor section and placed in Lysing Matrix E tubes for RNA isolation, and RNA 

was isolated immediately. RNA was isolated using the RiboPureTM-Bacteria Kit 

(Ambion, Austin, TX). Procedures were performed according to the manufacturer’s 

instructions with the exception that cells were lysed with 750 µl lysis buffer using Lysing 

Matrix E tubes and the Fast Prep 24 system. Cells were lysed with the Fast Prep 24 by 

bead-beating two times for 30 seconds with the instrument set at 6 m/s. Lysates from the 

top, middle and bottom of each bioreactor section were pooled and purified over a single 

RiboPureTM-Bacteria Filter Cartridge. RNA yield was quantified using the Quant-iT™ 

RNA BR Assay Kit (Invitrogen, Carlsbad, CA). 
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For the pilot-scale bioreactors, BAC samples were collected from F120 and F130 

at depths of 0-4 ft. Samples were frozen at -80ºC until DNA could be extracted. DNA 

was isolated from each sample as described above with the MP Bio FastDNA Spin Kit 

for Soil and the Fast Prep 24 system (MP Biomedicals, Solon, OH). DNA yield was 

quantified using the Quant-iT™ dsDNA Assay Kit, High Sensitivity (Invitrogen, 

Carlsbad, CA). 

 

5.2.4 Quantifying Genes and Transcr ipts 

To synthesize cDNA, 10 µl of total RNA were mixed with 3 μl of random 

hexamer primer (10 μM) and 1 µl of dNTP mix (10 mM of each dNTP, New England 

Biolabs, Beverly, MA). The mixture was denatured at 65ºC for 5 min and placed on ice. 

Four μl of 5X First-Strand Buffer, 1 μl of 0.1 M DTT, and 1 μl of SuperScriptTM

pcrA and cld and their transcripts were quantified as described previously (see 

Chapter 4). Briefly, for qPCR, 5 ng of DNA were used as the template. For RT-qPCR, 

cDNA reactions were diluted 1/50 in DNA-free water, and 4 µl of diluted cDNA were 

used as the template. Genomic DNA from PRB strain Dechloromonas aromatica was 

used as a copy number standard for qPCR and RT-qPCR for both genes. Gene copies 

were normalized to mass of genomic DNA for qPCR reactions; transcript copies were 

normalized to mass of total RNA for RT-qPCR reactions. qPCR reactions were 

conducted in triplicate from pooled DNA samples or pooled cDNA synthesis reactions. 

 III 

reverse transcriptase (Invitrogen, Carlsbad, CA) were added. The reactions were 

incubated for 5 min at 25ºC followed by 1 h at 50ºC; the enzyme was inactivated by 

incubating for 15 min at 70ºC. RNA isolated from each bioreactor section was used to 

conduct duplicate cDNA synthesis reactions, and the duplicate reactions were pooled.  
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cld copy numbers measured by qPCR were used to estimate the percent of PRB in 

the microbial communities present in the laboratory-scale and pilot-scale bioreactors. 

Percent PRB in a sample was estimated according to the following equation: 

 

 100*
*

















=

G
CM

N
Q

P   

 

P indicates the percent PRB. Q is the number of cld copies detected per qPCR 

reaction, which was used to estimate the number of PRB detected per qPCR reaction. N 

is the number of cld copies/ PRB genome, which was assumed to be 1 based on the D. 

aromatica genome which contains one copy of cld (1).  M is the mass of genomic DNA 

(ng) per qPCR reaction. C is a constant equal to 9.13 X 1011

  

 base pairs/ ng DNA, and G is 

an estimated bacterial genome size of 4501 kb (genome size for D. aromatica). cld 

quantities were used for this calculation, as opposed to pcrA copies, because the cld 

qPCR assay appeared to be more accurate than the pcrA qPCR assay (see section 5.3.2) 

5.3 RESULTS AND DISCUSSION 

5.3.1 Laboratory-Scale Bioreactor  Performance 

Oxygen and nitrate generally are preferred electron acceptors as compared to 

perchlorate (25, 92, 112, 135), and data that delineate perchlorate removal with depth in 

fixed-bed bioreactors in the presence of DO and nitrate are limited (86, 135). To provide 

these profile data, the laboratory-scale bioreactor used in this research was designed with 

4 sections to facilitate sampling of bulk water and biomass with depth. The bioreactor 
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influent was synthetic groundwater containing a low concentration of perchlorate (100 

µg/l), which would be typical for contaminated water that could be used as a drinking 

water source. 

Perchlorate, nitrate, and acetate removal in the bioreactor as a function of days of 

operation is shown in Figure 5.2. Although the bioreactor was typically operated at a 

short EBCT (5 min) with high influent concentrations of competing electron acceptors 

similar to the pilot-scale bioreactors (DO concentration of 7 mg/l and nitrate 

concentration of 5.3 mg/l as N), effluent perchlorate concentrations of less than 4 µg/l 

could be achieved (Figure 5.2). To better understand perchlorate removal, concentration 

profiles for perchlorate, DO, and nitrate were generated on selected days (Figure 5.3, 

days of operation at the time of profile determination indicated in Figure 5.2). 
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Figure 5.3: Bioreactor performance with depth in the laboratory-scale bioreactor. A and 
B. Chemical profiles for perchlorate, DO, nitrate, and acetate during normal 
operating conditions. C and D. Chemical profiles for perchlorate, DO, 
nitrate, and acetate during near-failure conditions. Perchlorate profiles are 
shown as cumulative percent removal. 

A. 

D. 

C. 

B. 
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Although a previous completely-mixed bioreactor study showed that bulk DO levels 

above 0.2 mg/l inhibited perchlorate removal (26), my laboratory-scale fixed-bed 

bioreactor showed simultaneous removal of perchlorate, nitrate, and DO in all 4 

bioreactor sections during normal bioreactor operation (Figure 5.3A and B). Perchlorate 

was actively removed even in the first bioreactor section where the influent DO 

concentration was as high as 7.3 mg/l and the nitrate concentration was as high as 5.4 

mg/l as N (Figure 5.3A). The simultaneous removals were likely due to the development 

of a thick biofilm and microbial aggregates in between the glass beads that contained 

nitrate-reducing and perchlorate-reducing zones due to oxygen mass transfer limitations. 

Laurent et al. (68, 69) observed anoxic zones inside microbial aggregates present in bulk 

aerobic processes that reduced the overall efficiency of the aerobic processes, and Kim et 

al. (61) attributed denitrification in a bioreactor with high bulk water DO concentrations 

to anoxic zones in the biofilm. Recently a model was developed for fixed-bed perchlorate 

treatment bioreactors, and this model predicted that up to 60% perchlorate removal could 

be achieved with a 2.7-min EBCT in the presence of bulk concentrations of 7 mg/l DO 

and 7 mg/l nitrate as N if the most favorable kinetic parameters for microbial perchlorate 

reduction were used (19). 

Although perchlorate removal occurred in all bioreactor sections during normal 

operation, the amount of perchlorate removed per section increased with fixed-bed depth 

as the DO and nitrate concentrations decreased (Figure 5.3A-D). Bioreactor profile data 

showed that the percent of total perchlorate removed was 8.5-14.4% per section in 

section 1 (where bulk DO and nitrate concentrations were higher) while values ranged 

from 19.9-26.8% per section in section 4 (where bulk DO and nitrate concentrations were 

lower). This is consistent with previous studies showing that DO and nitrate inhibit 

perchlorate reduction (25, 26, 74). 
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While high perchlorate removal could be achieved in the bioreactor, the effluent 

concentrations of perchlorate, DO, and nitrate increased with time between backwashing 

events (Figure 5.2A and B). Backwashing was required every 3 to 4 days to maintain 

perchlorate removal above 50%. Perchlorate, DO, and nitrate concentrations in each 

bioreactor section also increased between backwashing events. Figure 5.3A shows 

concentration profiles just after backwashing when perchlorate removal was 96%, and 

Figure 5.3B shows concentration profiles just before backwashing when perchlorate 

removal was only 57%. This decrease in bioreactor performance was likely due to build 

up of biomass between backwashing events that caused channeling and a decrease in 

hydraulic residence time, as has been observed previously (21). 

Despite regular backwashing, bioreactor performance (i.e., removal of perchlorate 

and competing electron acceptors) declined overall through the course of the study. 

Effluent acetate concentrations remained high indicating that electron donor 

concentrations were not limiting (Figure 5.2C). However, after 31 days, the effluent 

perchlorate concentration was as high as 70 µg/l even 1 day after backwashing (Figure 

5.2A). At this time, the bioreactor was backwashed again, but backwashing did not 

restore perchlorate removal. To determine if the loss of perchlorate removal was caused 

by a lack of PRB, the constant-head distilled water tank (Figure 5.1C) was sparged with 

nitrogen gas overnight to reduce the influent DO concentration from 7.6 mg/l to 3 mg/l. 

After the reduction in the influent DO concentration, the effluent perchlorate 

concentration decreased to from 83 µg/l to 28 µg/l, indicating that sufficient PRB were 

present to reduce approximately 70% of the influent perchlorate under low DO 

conditions. After nitrogen sparging was ceased, the influent DO concentration was 

allowed to gradually increase for 1 day, and then air was bubbled into the distilled water 

tank to return the DO concentration to saturation. At this point, the influent DO 



 78 

concentration was 7 mg/l, and the effluent perchlorate concentration was 78 µg/l (23% 

removal). No significant perchlorate removal was observed in the first three bioreactor 

sections (Figure 5.3D). Therefore, over the course of the study, the percent removal for 

perchlorate declined from 96% (after 21 days) to 23% (after 37 days) when the influent 

DO concentration was 7 mg/l. A possible explanation for the change in bioreactor 

performance was a change in the microbial community. This possibility was investigated 

using qPCR and RT-qPCR assays targeting perchlorate reduction genes. 

 

5.3.2 Quantification of Genes 

The microbial community in the laboratory-scale bioreactor likely contained both 

PRB and non-PRB. Terminal restriction fragment length polymorphism (T-RFLP) 

analysis of the enrichment culture used for inoculation detected peaks that were 

putatively identified as Dechloromonas and many peaks that did not pertain to any 

known PRB (see section 4.2). Furthermore, non-PRB could have been present in the 

bioreactor influent. qPCR assays targeting pcrA and cld were used to detect changes in 

the quantity of PRB in the bioreactor before and after near-failure and with depth in the 

bioreactor. For this analysis, biomass samples were collected during normal operation 

(after 26 days, B in Figure 5.2) and during near-failure conditions (after 37 days, D in 

Figure 5.2).  

Both pcrA and cld were detected in all bioreactor sections during normal 

operation and near-failure conditions, indicating that PRB were present throughout the 

bioreactor even during near-failure (Figure 5.4). This is consistent with the observed 

immediate recovery in bioreactor performance when the influent DO concentration was 

reduced to 3 mg/l (Figure 5.2). For pcrA, no change in the number of copies per µg DNA  
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Figure 5.4:  Quantification of pcrA and cld with depth in the laboratory-scale bioreactor. 
A. pcrA gene copies and perchlorate removal during normal operation (dark 
gray bars and diamonds, respectively) and near-failure conditions (light gray 
bars and diamonds, respectively). B. cld gene copies and perchlorate removal 
during normal operation and near-failure conditions. Error bars represent the 
standard deviation of qPCR assays conducted in triplicate for the pooled 
DNA sample from each column section and do not represent triplicate 
biomass samples. 

could be detected with depth or between normal operation and near-failure conditions 

(Figure 5.4A). Furthermore, no correlation could be detected between the number of pcrA 

copies and the mass of perchlorate removed (Figure 5.5A). However, the copy numbers 

detected for pcrA were 2 to 3 orders of magnitude less than those detected for cld (Figure 

5.4A-B). It is possible that some members of the microbial community contain multiple 
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copies of cld, or that some contain cld but not pcrA (79, 114, 118). However, this cannot 

fully account for the magnitude of the differences, and both of these genes have been 

shown to be present at one copy each for the completely sequenced PRB D. aromatica 

(genome sequence available online). It seems more likely that these primers cannot 

amplify pcrA genes for some of the PRB present in the laboratory-scale bioreactor. This 

could occur if the sequences of the pcrA genes present in the laboratory-scale bioreactor 

are distinct from those used in the design of the pcrA qPCR primers. These primers were 

designed based on the gene sequences of only 2 PRB and were able to amplify pcrA in 3 

other PRB (91). Additionally, the amplification efficiency for some pcrA genes might be 

significantly lower than 100%, which would cause this qPCR assay to underestimate the 

pcrA copy number.  

The cld qPCR assay appeared to be more useful for this system. The number of 

copies of cld per µg DNA did not vary significantly with depth in the bioreactor (Figure 

5.4B), indicating that the quantity of PRB was relatively consistent with depth. This is 

not unexpected because all known PRB are facultative aerobes and most can reduce 

nitrate (23, 27), and DO and nitrate were removed throughout the bioreactor (Figure 5.3). 

However, during near-failure conditions, the number of cld copies was 2- to 3-fold lower 

than during normal operation (Figure 5.4B). This suggests that the near-failure in the 

bioreactor might have been due, at least in part, to a loss of PRB. In general, the higher 

number of cld copies during normal operation reflected higher perchlorate removal. 

However, no quantitative correlation between number of cld copies and mass of 

perchlorate removed was observed (Figure 5.5B).  
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Figure 5.5:  Comparison between gene copies and mass of perchlorate removed. A. pcrA 
gene copies vs. mass of perchlorate removed per section. B. cld gene copies 
vs. mass of perchlorate removed. Error bars represent the standard deviation 
of qPCR assays conducted in triplicate for the pooled DNA sample from each 
column section. 

5.3.3 Quantification of Gene Transcr ipts 

Although the quantity and location of PRB may give some insight into bioreactor 

performance, the presence of PRB does not indicate perchlorate-reducing activity. PRB 

detected in the bioreactor could be using oxygen or nitrate as electron acceptors, or they 

might be present in inactive portions of the biofilm. Therefore, RT-qPCR assays targeting 
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pcrA and cld transcripts were used to quantify gene expression with depth in the 

laboratory-scale bioreactor during normal operation and near-failure conditions. 

Expression of pcrABCD and activity of perchlorate reductase alone could result in the 

disappearance of perchlorate; however, without cld expression and activity of chlorite 

dismutase, chlorite would build up to toxic levels and eventually kill the biofilm 

Therefore, pcrA or cld are likely to be expressed simultaneously and both could be useful 

for predicting perchlorate-reducing activity. Expression of both genes was detected in all 

bioreactor sections during both normal operation and near-failure conditions (Figure 5.6) 

even where perchlorate was not actively being removed (Figure 5.6, bioreactor near-

failure, bioreactor sections 3).  
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Figure 5.6:  Quantification of pcrA and cld transcripts with depth in the laboratory-scale 
bioreactor. A. pcrA transcript copies and perchlorate removal during normal 
operation (dark gray bars and diamonds, respectively) and near-failure 
conditions (light gray bars and diamonds, respectively). B. cld transcript 
copies and perchlorate removal during normal operation and near-failure 
conditions. Error bars represent the standard deviation of RT-qPCR assays 
conducted in triplicate for the pooled cDNA synthesis reactions from each 
column section and do not represent triplicate biomass samples. 

 

This might indicate constitutive basal expression, which has been observed 

previously in Dechloromonas agitata via Northern blot analysis (14). A complementary 

explanation is that pcrA and cld transcripts might have relatively long half-lives, which 

has been observed previously for other environmentally relevant genes. Lee et al. (71) 

observed that reductive dehalogenase (RDase) transcripts had long half-lives (4.8 to 6.1 
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hours). In this case, pcrA and cld transcripts could be detected during near-failure 

conditions if that followed a period of active perchlorate reduction as occurred in the 

laboratory-scale bioreactor (Figure 5.2). If pcrA and cld transcripts have long half-lives, 

this could indicate that the perchlorate-reducing microbial community would recover 

more quickly from stressful conditions (i.e., oxygen spikes or interruption of the acetate 

feed), because translation of perchlorate reductase and chlorite dismutase could resume 

immediately after stresses were removed without de novo transcription. However, the 

presence of pcrA and cld transcripts in the absence of significant perchlorate removal 

decreases the utility of these targets as biomarkers for monitoring the perchlorate-

reducing community in perchlorate treatment bioreactors. To draw meaningful 

conclusions, transcript copy numbers must be contrasted between bioreactors or 

bioreactor sections with significant differences in perchlorate removal. 

The mass of perchlorate removed per min for each individual bioreactor section 

was compared to transcript copy numbers for that section. During normal operation, pcrA 

transcript copies per µg RNA showed a modest increase in the first three bioreactor 

sections where perchlorate removal also showed a modest increase, though transcript 

copies were lowest in bioreactor section 4 where perchlorate removal was the highest 

(Figure 5.6A). The low copy number value obtained for section 4 during normal 

operation may be due to measurement error. The error bars shown in Figure 5.6 indicate 

the error in the qPCR assay only because qPCR assays were conducted in triplicate for 

pooled cDNA samples; error bars do not represent triplicate biomass samples and do not 

indicate variations in the biofilm. However, to minimize error due to biofilm 

heterogeneity, biomass samples were collected from the top, middle and bottom of each 

column section, and DNA from each section was pooled for qPCR analysis. During near-

failure conditions when perchlorate was not removed until bioreactor section 4, a modest 
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increase (2-fold) in pcrA transcript copies was observed in section 4 with respect to the 

other sections. The pcrA assay did not detect any differences in pcrA transcript copy 

numbers between normal operation and near-failure conditions in bioreactor sections 1-3; 

in section 4, higher transcript copy numbers were detected during near-failure conditions 

than during normal operation (Figure 5.6A). Therefore, in this system, the quantity of 

pcrA transcript copies does not show a consistent correlation with perchlorate removal. 

As was observed for the pcrA qPCR assay, the pcrA RT-qPCR assay detected 2-3 orders 

of magnitude less copies than did the cld assay. It is possible that the pcrA RT-qPCR 

assay is less accurate than the cld RT-qPCR assay as discussed for the pcrA qPCR assay. 

During normal operation, cld transcript copies varied with depth, but copy 

numbers did not correlate with perchlorate removal (Figure 5.6B). During near-failure 

conditions, the number of cld transcript copies was similar in the first three sections and 

then increased slightly in section 4 where the highest perchlorate removal was observed. 

More substantial differences in copy number were observed for cld transcripts between 

normal operation and near-failure conditions (2- to 8-fold higher during normal 

operation) indicating that relative changes in cld transcript copy numbers may be useful 

for investigating differences in perchlorate removal performance. A quantitative 

correlation between cld copies and mass of perchlorate removed was not observed 

(Figure 5.7B). This lack of a quantitative correlation between transcript copies and 

degradation rates also has been observed for dechlorination of chlorinated ethenes. Lee et 

al. (71) found that RDase transcripts were generally higher during dechlorination, but no 

quantitative relationship between transcript copy numbers and  dechlorination rates was 

observed. Similarly, higher cld transcript copies were observed when the laboratory-scale 

bioreactor performance was superior. However, no quantitative correlation between pcrA 

or cld transcript copies and mass of perchlorate removed was observed (Figure 5.7).  
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Figure 5.7:  Comparison between transcript copies and mass of perchlorate removed. A. 
pcrA transcript copies vs. mass of perchlorate removed per section. B. cld 
transcript copies vs. mass of perchlorate removed. Error bars represent the 
standard deviation of RT-qPCR assays conducted in triplicate for the pooled 
cDNA synthesis reactions from each column section. 

5.3.4 Determination of Relative Abundance of PRB and Gene Expression Levels 

The number of copies of cld was used to estimate the percent of PRB in the 

microbial community in the laboratory-scale bioreactor. During normal bioreactor 
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operation, the percent PRB was estimated to be 23-32% (Figure 5.8).  These values could 

be underestimates if some PRB strains were not detected by the cld qPCR assay; 

however, in a similar laboratory-scale fixed-bed bioreactor with a different inoculum, Xu 

et al. (133) found that the microbial community present contained a similar percent 

(15.2%) of one genera of PRB (Dechloromonas spp.) using a clone library. The fraction 

of PRB present during normal operation was higher than would be present if the PRB 

were using perchlorate as the sole electron acceptor because perchlorate is present at low 

µg/l levels while DO and nitrate are present at mg/l levels. Therefore, it appears that PRB 

were able to compete favorably with non-PRB for electron donor and acceptors.  

 

 

Figure 5.8:  Quantification of percent PRB with depth in the laboratory-scale bioreactor. 
Estimated percent PRB is based on copies of cld. Normal operation (dark 
gray bars) and near-failure conditions (light gray bars). Error bars represent 
the standard deviation of qPCR assays conducted in triplicate for the pooled 
DNA sample from each column section. 

Using FISH, Nerenberg et al. (90) also found more PRB than could be supported by the 

amount of perchlorate present in hydrogen-based membrane bioreactors that contained 

DO and nitrate. 

However, during near-failure conditions in the laboratory-scale bioreactor, the 

percent PRB was reduced to only 8-17%, which indicates that the percent of PRB 
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decreased over the course of the bioreactor study as the perchlorate removal also 

declined. The percent of PRB might have been higher during the first few weeks of 

operation as compared to later because the laboratory-scale bioreactor was originally 

inoculated with a perchlorate-reducing enrichment culture that was grown anaerobically. 

It is possible that PRB were lost during backwashing events, and the percent of non-PRB 

present in the bioreactor increased over time because both DO and nitrate were present. 

Further investigation is required to understand how the percent PRB changes over time 

and as a function of bioreactor operating conditions including backwashing protocols.  

The high percent of PRB in the laboratory-scale bioreactor suggests that only a 

small fraction of the PRB present was actively reducing perchlorate. Correspondingly, 

cld expression levels (transcript copies/ gene copy) were less than one in all bioreactor 

sections for both normal operation and near-failure conditions (Figure 5.9), indicating 

that only a fraction of the PRB were expressing cld because multiple transcript copies per 

gene copy are typically present in each cell expressing a given gene. Furthermore, in 

bioreactor sections 1-3 expression levels were lower during near-failure conditions than 

during normal operation. Therefore, during near-failure conditions, in addition to lower 

numbers of PRB, the PRB present were less active with respect to perchlorate reduction 

as measured by cld expression. 
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Figure 5.9:  Quantification of gene expression levels with depth in the laboratory-scale 
bioreactor. Normal operation (dark gray bars) and near-failure conditions 
(light gray bars). Error bars represent the propagated standard deviation for 
RT-qPCR assays conducted in triplicate for the pooled cDNA synthesis 
reactions from each column section and qPCR assays conducted in triplicate 
for the pooled DNA sample from each column section.  

5.3.5 Application of qPCR Assays to the Pilot-scale Bioreactors  

During the pilot-scale optimization period, bioreactors F120 and F130 removed 

perchlorate, DO, and nitrate simultaneously (i.e., within the same fixed-bed region) 

(Figure 5.10), as was observed for the laboratory-scale bioreactor. Perchlorate was 

removed in the presence of 8 mg/l DO and 6 mg/l nitrate as N for both pilot-scale 

bioreactors. This suggests the presence of a thick biofilm with nitrate-reducing and 

perchlorate-reducing zones, which we also presume to have been present in the 

laboratory-scale bioreactor. However, F120 showed superior performance to F130 

despite the fact that both bioreactors were operated at the same groundwater well with 

acetate as the electron donor, and F120 was operated at a shorter EBCT than F130. At the 

time that the chemical profile data were collected, perchlorate removal was 90% for F120 

(15 min EBCT) but only 63% for F130 (18 min EBCT) (Figure 5.10). Profile data also 
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show that perchlorate, DO and nitrate concentrations were generally lower throughout 

F120 than in F130. 
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Figure 5.10: Bioreactor performance with depth in the pilot-scale bioreactors. A. Profiles 
for perchlorate, DO, nitrate, and acetate in bioreactor F120. B. Profiles for 
perchlorate, DO, nitrate, and acetate in bioreactor F130. At the time that 
profile data were collected, F120 was operated at an EBCT of 15 min and 
F130 was operated at an EBCT of 18 min.  

The pcrA and cld qPCR assays were used to quantify gene copies with depth in 

both bioreactors to determine if there were differences in the microbial communities 

between the two bioreactors. For both F120 and F130, pcrA and cld gene copy numbers 

were highest at the top of the bed (Figure 5.11) where perchlorate removal was the 

A. 

B. 
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highest (Figure 5.10). However, pcrA copies were 2- to 3-fold higher and cld copies were 

3- to 4-fold higher throughout the fixed-bed in F120 as compared to F130. This indicates  

 

 

Figure 5.11:  Quantification of pcrA and cld with depth in the pilot-scale bioreactors. A. 
pcrA gene copies in bioreactor F120 (dark gray bars) and in bioreactor F130 
(light gray bars). B. cld gene copies in bioreactor F120 (dark gray bars) and 
in bioreactor F130 (light gray bars).  At the time that biomass samples were 
collected, F120 was operated at an EBCT of 10 min and F130 was operated 
at an EBCT of 15 min. A biomass sample was not collected for bioreactor  
F120 at 4 ft. Error bars represent the standard deviation of qPCR assays 
conducted in triplicate for a single DNA sample from each column section. 
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that a greater fraction of the microbial community was PRB in F120, which may account 

for the superior performance assuming that both bioreactors had similar amounts of total 

biomass. The reason for the differences in the microbial communities is unknown. 

However, F130 had a deeper fixed bed and proved more difficult to backwash; this might 

have resulted in clogging of the bioreactor and short-circuiting that allowed DO and 

nitrate to penetrate farther into the fixed bed, and therefore, increased growth of non-

PRB. Although, higher pcrA and cld copy numbers generally were observed when 

perchlorate removal was higher, a quantitative correlation between gene copies and 

perchlorate removal was not observed (data not shown). 

In the pilot-scale bioreactors, similar patterns were observed for pcrA as 

compared to cld, although, as observed for the laboratory-scale bioreactor, the pcrA assay 

detected fewer gene copies than did the cld assay. In the pilot-scale bioreactors, the 

number of cld copies was only 0.5-1 order of magnitude higher than the number of pcrA 

copies. This suggests that the perchlorate-reducing microbial community present in the 

pilot-scale bioreactor was different than that in the laboratory-scale bioreactor and that 

the pcrA primers were better suited to the PRB present in the pilot-scale bioreactor than 

to the PRB in the laboratory-scale bioreactor. Furthermore, the percent PRB in the pilot-

scale bioreactors, as estimated from cld copy numbers, was much lower than in the 

laboratory-scale reactor. The percent PRB ranged from 1.2 to 4.3% for F120 and 0.3 to 

1.2% for F130 (data not shown). Previous studies also found low percent PRB in these 

pilot-scale bioreactors. Xu et al. (133) generated a clone library for F130 BAC samples 

and found that 7.1% of the microbial community was Dechloromonas spp. The percent 

PRB might have been higher in the laboratory-scale reactor because it was originally 

inoculated with a perchlorate-reducing enrichment culture, while indigenous bacteria 

present in the groundwater were allowed to colonize the pilot-scale bioreactors. 
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For pcrA and cld, the number of gene copies was higher at the inlet and near the 

outlet of both bioreactors than in the middle (Figure 5.11). This was an unexpected 

finding, and may be due to variations in biofilm thickness with depth in the fixed-beds. 

Alternatively, this pattern in gene copies may indicate the presence of two distinct types 

of PRB with different growth characteristics. Copy numbers of both genes were 

normalized to mass of DNA, and therefore, the values indicate how well the PRB were 

able to compete with non-PRB for resources (i.e., electron donor and acceptor) under the 

conditions present in each bioreactor region. Further investigation would be required to 

test these hypotheses. 

In this study, gene copy numbers and transcript copy numbers for genes involved 

in perchlorate reduction were generally higher when bioreactor performance (i.e., 

perchlorate removal) was superior, but no quantitative correlations were observed. 

Improvements to the accuracy of the qPCR and RT-qPCR assays, especially the pcrA 

assays, or improvements in DNA and RNA extraction efficiencies might be required to 

develop quantitative correlations. Alternatively, other factors in addition to gene copies 

and gene transcription may control the rates of perchlorate removal. For example, 

perchlorate reductase and chlorite dismutase may be subject to post-translational 

regulation. Despite these limitations, meaningful conclusions can be drawn by comparing 

copy numbers over the course of bioreactor operation or between bioreactors performing 

differently with respect to perchlorate removal.  

The qPCR and RT-qPCR assays applied in this study were used to quantify copies 

of pcrA and cld and their transcripts in fixed-bed bioreactors. This marks the first 

application of qPCR to quantify genes and transcripts required for complete perchlorate 

reduction in bioreactors. qPCR and RT-qPCR assays are rapid and cost-effective and can 

readily be applied to a large number of bioreactor samples, making them ideal for 
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comparing the quantity of PRB and gene expression for microbial communities present in 

bioreactors over a wide range of operating conditions. Therefore, these pcrA and cld 

qPCR and RT-qPCR assays can offer insight into the quantity and gene expression of 

PRB and be applied to support the development of biological perchlorate treatment 

processes. 
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Chapter  6:  Conclusions and Recommendations for  Future Research 

6.1  CONCLUSIONS 

Task 1 resulted in a new tool (prokaryotic Suppression Subtractive Hybridization 

(SSH) PCR complementary DNA (cDNA) Subtraction) for isolating and sequencing key 

genes from environmental bacteria. This tool will facilitate acquisition of the gene 

sequences required to develop molecular biology tools (MBTs) targeting functional genes 

for application to biological treatment processes. In Task 2, new quantitative PCR 

(qPCR) and reverse transcription qPCR (RT-qPCR) assays targeting perchlorate 

reduction genes were developed. In Task 3, these assays were applied to fixed-bed 

bioreactors for perchlorate reduction. The qPCR and RT-qPCR assays detected 

differences in the quantity of PRB and changes in gene expression levels during the 

course of bioreactor operation and between bioreactors with different perchlorate removal 

performance. 

 

6.1.1 Prokaryotic SSH PCR cDNA Subtraction 

Application of MBTs to environmental systems has been hindered by a lack of 

functional gene sequences. To address this need, I developed prokaryotic SSH PCR 

cDNA Subtraction to isolate and sequence functional genes from environmentally 

relevant bacteria. This tool shows promise as a method for rapidly obtaining functional 

gene sequences. In the model system used for developing and validating the method, 

Pseudomonas putida mt-2 degrading toluene, over 90% of the gene fragments isolated 

were related to toluene degradation, and 20 genes from 3 key operons were identified. 

Because this tool is based on differential gene expression, it can simultaneously isolate 
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multiple genes involved in a biodegradation process. Furthermore, this method does not 

require any a priori gene sequences making it suitable for application to bacteria with 

unsequenced genomes that have been isolated from the environment or engineered 

systems. 

In this work, I applied prokaryotic SSH PCR cDNA Subtraction to perchlorate-

reducing bacteria (PRB) strain JDS4, which was isolated from a perchlorate-

contaminated site. However, none of the isolated gene fragments were related to 

perchlorate reduction, and the majority of the gene fragments were from the 16S and 23S 

ribosomal RNA (rRNA) genes. This result indicates that more work is needed to develop 

prokaryotic SSH PCR cDNA Subtraction for application to strain JDS4. It is likely that 

the protocol used to remove rRNA from the total RNA pool was insufficient for this 

strain. Furthermore, it is likely that pcrA and cld transcripts were not as abundant in JDS4 

as were transcripts for toluene-related genes in P. putida mt-2. pcrA and cld are 

chromosomal genes and are likely present in single copy in JDS4 as has been observed 

for other PRB, while many of the toluene-related genes are found in P. putida on a 

plasmid that is present in multiple copies per cell. Furthermore, toluene-related 

transcripts are likely more abundant because they are highly up-regulated (300- to 4000-

fold) as compared to the up-regulation of perchlorate-related transcripts (10- to 40-fold). 

The eukaryotic SSH PCR cDNA Subtraction method is capable of isolating genes with 

rare transcripts, and previous studies have shown that genes that are at least 5-fold up-

regulated can be isolated. However, the prokaryotic SSH PCR cDNA Subtraction method 

may need to be optimized further to isolate genes with less abundant transcripts than what 

I had in my model system. 
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6.1.2 Biological Perchlorate Treatment 

To support the development of biological perchlorate treatment processes, 

quantitative PCR (qPCR) and reverse transcription qPCR (RT-qPCR) assays were 

developed, and the RT-qPCR assays were applied to PRB strain JDS4. In batch cultures, 

transcript copy numbers for pcrA and cld were over an order of magnitude higher during 

perchlorate reduction as compared to when perchlorate reduction was inhibited by the 

presence of dissolved oxygen (DO) or nitrate. However, pcrA and cld transcripts were 

detected even in the absence of perchlorate reduction. Therefore, meaningful conclusions 

could only be drawn by comparing transcript copy numbers of pcrA and cld between 

batch cultures grown under different conditions (e.g., presence and absence of DO). 

The qPCR and RT-qPCR assays were applied to quantify pcrA and cld genes and 

transcripts in laboratory- and pilot-scale perchlorate treatment bioreactors for drinking 

water. In both the laboratory- and pilot-scale bioreactors, perchlorate concentration 

profiles showed that perchlorate was removed even in the presence of high concentrations 

of DO and nitrate in the bulk water; consistent with this result, pcrA and cld genes and 

transcripts were detected throughout the bioreactors. In the laboratory-scale bioreactor, 

perchlorate removal declined over the course of operation, and cld gene copy numbers 

per µg DNA and cld transcript copy numbers per µg RNA also declined. In the pilot-

scale bioreactors, higher perchlorate removal was observed in one bioreactor (F120) as 

compared to the other reactor (F130) despite similar operating conditions; consistent with 

this, higher cld gene copy numbers per µg DNA were observed in bioreactor F120. In 

general, superior perchlorate removal was reflected in higher quantities of pcrA and cld 

genes and transcripts in the bioreactors, but no quantitative relationship was identified 

between quantities of genes or transcripts and perchlorate removal. However, this marks 
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the first application of qPCR and RT-qPCR assays to quantify genes and transcripts 

required for perchlorate reduction in fixed-bed bioreactors.  

Neither the qPCR assays nor the RT-qPCR assays are well-suited for short-term 

monitoring of bioreactors treating perchlorate-contaminated water because only small 

changes in gene and transcript quantities were detected despite substantial changes in 

bioreactor performance, and the presence of pcrA and cld genes could not be used to 

predict perchlorate removal rates. However, these assays can be used to detect relative 

changes in copy numbers of genes and transcripts. Therefore, these assays might be 

useful for investigating the effects of reactor design and operational parameters such as 

electron donor concentration, empty bed contact time (EBCT), and backwashing 

protocols where gene and transcript copy numbers can be compared across a range of 

operating conditions. For example, quantifying the percent of PRB that are removed with 

backwashing would be useful for monitoring various backwashing procedures to 

optimize biomass removal while maintaining a sufficient quantity of PRB. These tools 

also might be used to help diagnose the cause of a bioreactor failure once it has occurred 

because these assays can be used to determine if the bioreactor has lost PRB or if gene 

expression of pcrA and cld is inhibited. Furthermore, these assays could provide an 

additional line of evidence that microbial perchlorate reduction is occurring in bioreactors 

used for drinking water treatment. 

These assays also might be useful for application to in situ bioremediation of 

perchlorate-contaminated groundwater. Genes and transcripts might be quantified before 

and after addition of an exogenous electron donor to determine if the donor is stimulating 

the growth of PRB and increasing the expression of pcrA and cld. Furthermore, these 

assays could be used to compare different electron donors to determine if some electron 

donors favor the growth or activity of PRB. In this way, these pcrA and cld qPCR and 
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RT-qPCR assays can be applied to support the development of biological perchlorate 

treatment processes. 

 

6.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

6.2.1 Prokaryotic SSH PCR cDNA Subtraction 

For PRB strain JDS4, the majority of gene fragments isolated by prokaryotic SSH 

PCR cDNA Subtraction were fragments of rRNA genes. This indicates that the rRNA 

removal method did not remove a sufficient fraction of the rRNA. The rRNA removal 

method utilizes capture oligonucleotides that are complementary to the 16S and 23S 

rRNA transcripts to bind and remove rRNA. Although the capture oligonucleotides are 

designed to target conserved regions, it is possible that the 16S and 23S rRNA transcripts 

are not 100% complementary to the capture oligonucleotides, and therefore, the rRNA 

removal efficiency likely is lower for JDS4 than it is for P. putida. The 16S and 23S 

rRNA gene sequences could be compared to the capture oligonucleotide sequences to 

determine the percent complementarity. If the percent complementarity is less than 

100%, new capture oligonucleotides could be designed for JDS4. Furthermore, other 

modifications to the procedure, such as more rounds of messenger RNA purification, 

might be required.  

Other modifications to the prokaryotic SSH PCR cDNA Subtraction protocol 

might be required to isolate genes that are expressed at low levels. The protocol involves 

two hybridization steps to remove commonly expressed genes. For both hybridizations, 

the mass of driver (control culture) cDNA is higher than the mass of tester (culture grown 

on the target pollutant). These ratios were optimized previously for eukaryotic SSH PCR 
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cDNA Subtraction and might require further optimization to isolate prokaryotic genes 

that are not highly up-regulated.  

 

6.2.2 pcrA and cld qPCR and RT-qPCR assays 

In this research, the qPCR and RT-qPCR assays were applied to quantify pcrA 

and cld genes and transcripts with fixed-bed depth in bioreactors, and the gene and 

transcript quantities were compared between bioreactors that were performing well and 

those that were performing poorly. It also would be informative to determine the quantity 

of PRB with depth in the biofilm. The fraction of PRB may be relatively constant with 

depth in the biofilm, or PRB may be more dominant in the deep biofilm where 

perchlorate-reducing conditions are present. This analysis could be coupled with an 

analysis of gene expression with depth in the biofilm. Furthermore, these assays could be 

applied to optimize bioreactor design and operational parameters including electron 

donor concentration, EBCT, and backwashing protocols. 

In this work, the pcrA qPCR and RT-qPCR assays detected far fewer gene copies 

and transcript copies than did the cld assays, which suggested that the existing pcrA 

primers cannot detect pcrA in some of the PRB present in the microbial communities 

examined in this work. The pcrA primers were designed based on sequences from only 

two PRB and may not be well-suited to other PRB if they have pcrA genes with distinct 

sequences. Additional pcrA sequences could be obtained by applying prokaryotic SSH 

PCR cDNA Subtraction (after further development) to other PRB strains. The pcrA 

primers could be redesigned based on a larger number of pcrA sequences to improve the 

qPCR and RT-qPCR assays. 
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Additionally, more research is required to determine if a quantitative correlation 

exists between gene or gene transcript quantities and bioreactor performance. It is 

possible that with further optimization the accuracy of the qPCR and RT-qPCR assays 

could be improved and quantitative correlations could be established. The assays might 

benefit from further optimization as follows: 

•  Improvement of DNA and RNA extraction efficiency for biomass samples; 

•  Redesign of primers (when new sequences are acquired); and  

•  Development of appropriate internal controls for qPCR and RT-qPCR to 

account for differences in DNA and RNA extraction and reverse transcription 

efficiency. 

These modifications would improve the accuracy of these assays, which would 

increase the likelihood that a quantitative correlation between gene or transcript copies 

and perchlorate removal could be identified. However, there simply might not be a 

quantitative correlation at the level of gene or transcript copies. Perchlorate reductase and 

chlorite dismutase activity might be regulated at the level of translation of the pcrA and 

cld transcripts or the enzymes might be regulated post-translationally. 
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