
 

 

 

Discovery and Characterization of Novel Antibiotic Synthesis and Resistance 
Determinants from Diverse Microbial Metagenomes 

by 

Larissa Cherie Parsley 

 
 
 
 

A dissertation submitted to the Graduate Faculty of 
Auburn University 

in partial fulfillment of the 
requirements for the Degree of 

Doctor of Philosophy 
 

Auburn, Alabama 
August 9, 2010 

 
 
 
 

Keywotds:  metagenomics, polyketide, antibiotic resistance,  
activated sludge, soil, phylogeny 

 
 

Copyright 2010 by Larissa Cherie Parsley 

 
Approved by 

 
Mark R. Liles, Chair, Assistant Professor of Biological Sciences 

Paul A. Cobine, Assistant Professor of Biological Sciences 
Willie F. Harper, Jr., Associate Professor of Civil and Environmental Engineering 

Omar A. Oyarzabal, Associate Professor of Biological Sciences 



 
 

ii 

 

 

Abstract 
 
 

The application of metagenomics to investigate the genetic and functional 

diversity of as-yet-uncultured microorganisms from natural environments has been one of 

the most significant breakthroughs in molecular microbiology.  Using a variety of 

metagenomic approaches, we conducted several studies of wastewater and soil 

communities, which are known to harbor a dynamic and complex assemblage of 

microorganisms expressing an array of metabolic activities.   

 In the first study, we explored the bacterial and viral diversity in activated sludge 

(AS), its influent (IN, and a laboratory-scale sequencing batch reactor (SBR) originally 

seeded from the AS aeration basin using both culture-based and metagenomic 

approaches.  A total of 91 unique cultured bacterial isolates, 28 cultured bacteriophages, 

1,103 bacterial 16S rDNA clones, and 1,779 viral metagenomic clones were subjected to 

various phylogenetic and functional analyses, including BLAST comparisons, 

microscopic observations, metabolic profiling, and biochemical characterization.  These 

surveys represent the most comprehensive census of wastewater microbial diversity than 

ever performed. 

 The second study focused on discovery of antibiotic resistance determinants 

encoded on bacterial, plasmid, and viral metagenomes.  All three genetic sources  

were screened for resistance to any of 12 antibiotics, and clones or plasmids of interest  
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were subjected to bioinformatic and biochemical analyses.  We identified several 

resistance genes of interest, including six clones that exhibited high levels of 

chloramphenicol (Cm) resistance but that share no homology with any known CmR 

genes.  The potential for the lateral transfer of antibiotic resistance genes was also 

addressed, and several putative mobile genetic elements were identified from all three 

metagenomes, and possible in vivo transposition of kanamycin and ampicillin resistance 

from the multi-drug resistant plasmid pAS1 to E. coli was observed. 

 The third study describes the discovery of novel pathways from a soil 

metagenomic library involved in the biosynthesis of polyketides, a structurally diverse 

group of secondary metabolites that often exhibits antimicrobial activity.  Although many 

of the cloned pathways shared homology with known genes, others appear to be distantly 

related to genes associated with polyketide synthesis.  More specifically, many of the 

pathways may have originated from the Cyanobacterial lineage, and one clone  

exhibited significant similarity with Solibacter usitatus, an as-yet-uncultured species 

from the poorly-characterized bacterial division Acidobacteria. 

 Because metagenomics is an evolving field that depends on the emergence of new 

approaches and technologies for success, we also developed two protocols for the 

characterization of diverse bacterial metagenomes.  The first protocol describes a novel 

process for the recovery, purification, and cloning of pure, high-molecular-weight 

metagenomic DNA from soil and is a valuable contribution toward overcoming the 

challenges of constructing large-insert libraries from complex environments.  The second 

protocol enables the fluorescence in situ hybridization (FISH) of multiple probes to  

 



 
 

iv 

bacteria in pure or mixed cultures and environmental samples using an in-solution  

approach.  This method provides a more cost- and time-effective alternative to traditional 

FISH analyses, and the probed sample can be used directly in downstream applications 

such as flow cytometry or fluorometry. 
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CHAPTER I 

 

LITERATURE REVIEW 

 

A.  METAGENOMICS 

Metagenomic analyses provide extensive information on the structure, 

composition, and predicted gene functions of diverse environmental microbial 

communities. Each environment presents its own unique challenges to metagenomic 

investigation and requires a specifically designed approach to fully characterize the 

functional and genetic diversity of their indigenous microbial communities.  Here, the 

advantages, disadvantages, technical hurdles, and significant discoveries associated with 

metagenomic-based approaches are discussed. 

1.  Accessing As-Yet-Uncultured Microorganisms in Diverse Environments 

Previous cultivation-based studies have already proven natural environments to be 

an excellent resource for the discovery of novel genes, biological activities, and microbial 

species. The extensive genetic diversity of microorganisms makes them a rich reservoir 

of new bioactive compounds and metabolic processes, but the inability to successfully 

cultivate the majority of these microbes has been a deterrent to exploiting microbial 

communities to their full potential.   Overcoming the “great plate count anomaly” (252) 

in order to access both greater numbers and a greater diversity of bacteria has become 

one of the most significant breakthroughs in the field of molecular microbial ecology.  
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Many studies have demonstrated that the true phylogenetic and functional diversity of 

microbes in various habitats, including soil, remains untapped (10, 36, 108, 218, 284).  

Fortunately, the recent development of metagenomic-based approaches now makes it 

possible to further investigate this diversity without the inherent biases of cultivation. 

Metagenomics can be defined as the genomic analysis of the collective microbial 

assemblage found in an environment and often involves cloning the total DNA extracted 

from the community in an appropriate vector followed by expression in a heterologous 

host (94). However, many metagenomic approaches do not depend on cloning, such as 

454 pyrosequencing and community-wide fingerprinting methods (e.g., T-RFLP).  One of 

the main advantages of metagenomics is that it is a powerful technique for identifying 

genes from as-yet-uncultured microbes which have very low or no similarity to known 

genes and may encode novel bioactive compounds or metabolic pathways.  Many studies 

have used metagenomics to characterize the microbial diversity in a number of different 

environments, such as soils (218, 271, 277), the complex microbiome of the rumen (64), 

planktonic marine microbial assemblages (23, 37), deep sea microbiota (135), acid mine 

drains (273), arctic sediments (114) and the Sargasso Sea (276).     

The extent of known microbial diversity is much less than that of the actual 

biodiversity.  Cultivated bacteria constitute only a small fraction of the total bacterial 

diversity found in natural environments (108), but the development of metagenomic 

technologies has enabled better characterization of uncultured microbes both in situ and 

in vitro.  The use of 16S rRNA genes as powerful markers in phylogenic studies due to 

their universal distribution, the presence of extremely conserved and variable regions, 

and the ability to yield an RNA product that serves as a target for hybridization has 
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revolutionized the field of microbial ecology.  PCR amplification of 16S rRNA genes is 

commonly utilized for studying the phylogenetic diversity of microbial consortia using 

community fingerprinting methods such as ribosomal intergenic spacer and terminal 

restriction fragment length polymorphism analyses. 16S rRNA sequences are also used to 

design universal or taxa-specific probes and primers for identifying large genomic 

fragments in environmental DNA libraries (141, 203, 255), as well as fluorescence in situ 

hybridization using 16S rDNA oligonucleotide probes (148, 183, 222, 299).  In addition, 

heterogenous 16S rDNA amplicons obtained from PCR with metagenomic DNA as a 

template can be used to construct clone libraries that can be sequenced and analyzed with 

bioinformatics tools.  In any PCR-based metagenomic survey, it is critical to design 

appropriate primers for successful annealing that allows for the detection of diverse 

bacterial species.  As the number of metagenomic projects increases, however, 

information on more rare 16S rRNA genes will also increase.  

Although culture-independent methods of DNA isolation enable the recovery of 

DNA from a great diversity of microorganisms within environmental samples, they may 

still fail to identify certain members of the microbial community due to biases associated 

with DNA extraction and PCR amplification (16).  An alternative to PCR-based 

phylogenetic analysis lies in large-scale shotgun sequencing (276), which can predict the 

level of diversity within a community but may not necessarily provide information on 

novel genes discovered.    

2.  Challenges to Obtaining High-Quality Metagenomic DNA 

 Environmental metagenomes remain both promising yet problematic microbial 

communities to be explored.  Often, environmental DNA is contaminated with associated 
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organic compounds that can inhibit downstream applications such as PCR and 

metagenomic library construction.  Depending on the physical and chemical composition 

of the environment, these contaminants may include humic acids, polyphenols, 

polysaccharides, and nucleases, which can also degrade DNA (79, 260, 267, 304).  The 

removal of these co-isolated contaminants is critical to successful DNA manipulation, 

and extraction and purification methods should be selected to yield DNA suitable for the 

ultimate metagenomic application.  

2.1.  General Issues Concerning DNA Extraction Methods 

 When obtaining metagenomic DNA for any application, it is critical to isolate 

DNA from diverse microorganisms that are truly representative of the entire community.  

Otherwise, downstream analyses may be biased against or in favor of a particular group 

of microbes, which leads to an incomplete characterization of the metagenome of interest 

(74, 141).  Thus, one of the major issues to consider when extracting metagenomic DNA 

relates to selecting a method that will effectively yield DNA from as many different 

microbes as possible (e.g., both Gram-positive and –negative bacteria). 

 Two general approaches exist for environmental metagenomic DNA extraction: 

1) DNA is directly extracted from the environmental sample; or 2) bacterial cells are 

recovered from the environmental sample prior to lysis and DNA purification (i.e., 

“indirect extraction”).  Direct extraction of metagenomic DNA has many advantages, 

including its decreased processing time and that it provides a greater DNA yield 

compared to other methods (182).  Unfortunately, this method often results in the 

significant co-isolation of contaminants from the environmental sample and a higher 

percentage of non-bacterial DNA (182, 267, 272).  Indirect DNA extraction overcomes 
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some limitations of the direct extraction method because it results in less non-bacterial 

DNA (184) and can yield DNA from phylogenetically diverse origins (81).  However, 

indirect extraction methods are more time-consuming, in general provide lower DNA 

yields, and may bias against microorganisms that are not easily dissociated from the 

environmental matrix.  Selecting which extraction method to adopt depends greatly on 

the desired downstream application.  For example, the direct extraction method is most 

commonly used for PCR-based or pyrosequencing studies.  The DNA template for PCR 

or pyrosequencing must be extensively purified in order to remove environmental 

contaminants, and the purification schemes used will result in genomic DNA 

fragmentation.  The decrease in genomic DNA fragment size resulting from harsh direct 

extraction and purification methods is typically not a problem in PCR-based or 

pyrosequencing studies since the targeted genetic loci are of relatively small size (e.g., 

less than a few kilobase pairs).  Conversely, the indirect extraction method is generally 

used when the size of extracted DNA fragments must be maintained for use in 

constructing large-insert metagenomic libraries and/or a high proportion of bacterial 

DNA template is desired prior to the molecular application. 

 Selecting a cell lysis method is another critical issue, as this will determine if 

DNA from a particular microbial group is preferentially extracted.   In most cases, the 

successful cell lysis method should yield genomic DNA from both Gram-positive and –

negative bacteria.  This is generally achieved by using a combination of mechanical (e.g., 

sonication, bead-beating) and chemical (e.g. lysozyme, detergents) means, which 

provides conditions harsh enough to lyse Gram-positive cells.  Many studies have 

evaluated the efficiency of this “combined lysis” approach and found that although this 
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method yields DNA from diverse bacteria, it also results in sheared DNA that may not be 

suitable for some large-insert applications and can cause PCR artifacts (67, 172, 245).   

 More recently, commercial kits have provided an alternative to these extraction 

methods.  These kits often include one or more purification steps that remove 

environmental contaminants without the need for organic extraction with phenol and 

chloroform.  Another advantage of using commercial kits is that the procedure has been 

standardized, which leads to more consistent DNA yields and decreased processing time.  

However, two major limitations of commercial kits involve the scale of the extraction and 

the size of DNA obtained.  If DNA will be directly extracted from the environmental 

sample, a large quantity of the sample may be required to isolate sufficient DNA for 

downstream applications and a macro-scale commercial kit should be adopted (287).  

Also, column-based methods generally will retain DNA greater than 20 kb and are not 

suitable for large-insert library construction. 

 Although certain DNA extraction methods are appropriate for specific 

metagenomic applications, DNA yield and size are not the only factors to consider when 

choosing an extraction approach; equally important are the purity and integrity of the 

resulting DNA.  Some methods, such as direct extraction, require significant purification 

steps in addition to the extraction protocol, and most molecular applications, such as 

PCR-based studies, depend on high-purity DNA for success.  Therefore, it is essential 

that an effective purification strategy be selected with respect to both the extraction 

method used and the desired downstream application. 
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2.2.  Purification of DNA for PCR-based Applications and Pyrosequencing 

 The use of PCR in various metagenomic approaches has become invaluable in 

determining the phylogenetic diversity of environmental microorganisms, as well as 

identifying genes of interest from as-yet-uncultured microbes.  Methods such as 

denaturing gradient gel electrophoresis, analyses of clone libraries of 16S/18S rDNA or 

specific functional genes, and pyrosequencing-based metagenomic surveys allow for the 

characterization of microbial metagenomes from a variety of habitats.  However, all of 

these techniques rely on a sufficient yield of high-purity DNA from both Gram-positive 

and Gram-negative bacteria, which can be quite challenging with respect to complex 

microbial communities. 

 When selecting which DNA extraction and purification methods to use with 

respect to PCR, there are three major goals to consider: 1) isolating genomic DNA from a 

diverse group of microorganisms that is representative of the entire community; 2) 

obtaining a sufficient amount of DNA as template for PCR; and 3) removing potential 

PCR inhibitors (e.g., humic acids, tannins) that are co-isolated with the DNA.  Regardless 

of which DNA extraction method is used, it is likely that further purification will be 

required for consistent PCR amplification, although the degree of purification necessary 

may be reduced depending on which extraction method is selected.   

 Many DNA purification methods have been developed to remove PCR inhibitors, 

such as the addition of phenol and chloroform, hexadecyltrimethylammonium bromide 

(CTAB), and polyvinylpolypyrrolidone (PVPP), as well as CsCl density centrifugation 

and hydroxyapatite column chromatographic purification (104, 124, 137, 219, 231).  
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However, it has been shown that many of these methods (PVPP addition, CsCl density 

centrifugation, and hydroxyapatite column chromatographic purification) resulted in a 

decreased DNA yield (254).  Some studies have found that a washing step prior to cell 

lysis is useful for the removal of soluble inhibitors and extracellular DNA (97, 297).  The 

precipitation of DNA following cell lysis with ethanol, isopropanol, or 

polyethyleneglycol (PEG) is a common purification step, but it has been found that 

ethanol precipitation often results in a greater co-precipitation of humic acids and a lower 

yield of DNA than PEG precipitation.  However, PEG must be removed by phenol 

extraction because it can interfere with PCR (202).  Unfortunately, many environmental 

samples require a combination of these purification steps, which significantly increases 

processing time and can lead to an even greater loss of DNA.  For example, one study 

compared DNA extracted from five different soils with various organic matter content 

and found that the high organic matter sample required five purification steps to yield 

DNA for PCR (275).  Conversely, if the amount of contaminants is low enough, 

alternative methods may be sufficient to permit PCR amplification, such as diluting the 

DNA template (and thus the contaminants) (4), adding bovine serum albumin to the 

reaction mixture (129), performing sucrose gradient centrifugation (199) or simple 

dialysis (216), and embedding the DNA in agarose prior to the PCR (173, 303).  The 

latter method is most useful when humic acids must be removed and it is desired to use 

the recovered DNA directly for PCR.  Because humic acids migrate through agarose 

more quickly than genomic DNA, electrophoresing the DNA through low-melting-point 

agarose and then extracting it from the gel allows for its direct use in PCR (101, 137, 

302).  Recently, a protocol was developed which allows for the parallel processing of 
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multiple samples with two steps of purification, embedding the DNA in an agarose plug 

and incubating the plug in a formamide and NaCl solution to facilitate the separation of 

contaminants from the DNA while maintaining its integrity (177). 

 Pyrosequencing, a fairly recent alternative to Sanger sequencing, is often referred 

to as “sequencing by synthesis” because it involves DNA polymerase synthesizing a 

complementary strand of DNA in the presence of a single-stranded template (217).  

Because pyrosequencing relies on a previously PCR-amplified target sequence and the 

activity of DNA polymerase during the sequencing reaction, the same environmental 

contamination challenges that apply to other PCR-based applications also apply to 

pyrosequencing.  However, since pyrosequencing currently generates reads only 300-500 

bp in length, obtaining intact, larger DNA is not as critical as it may be in other PCR-

based studies (163). 

2.3.  Preparation of DNA for Small-insert Cloning 

 The construction of small-insert metagenomic libraries is a useful method for the 

identification of specific target genes or for screening metagenomic libraries for a 

functional activity that is encoded by a relatively small genetic locus.  Ideally, these 

libraries should contain DNA reflecting the composition of the microbial community 

from which the library is constructed, but some prokaryotic taxa may be selectively 

omitted given potential biases in cell lysis and cloning.  Therefore, it is important to 

select a DNA extraction method that will successfully lyse both Gram-positive and –

negative cells (if the library is from a bacterial metagenome) and also yield a high 

proportion of DNA from the microorganisms of interest (e.g., bacteria vs. fungi). 
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 The preparation of DNA for small-insert libraries is a somewhat different process 

from that for the preparation of DNA for PCR-based applications, although many of the 

extraction and purification issues are similar.  For example, a significant yield of DNA is 

necessary for successful library construction, and environmental contaminants co-isolated 

with the DNA such as humic acids can interfere with efficient cloning.  DNA extraction 

and purification should be harsh enough to lyse a variety of microbes and remove the 

majority of contaminants but not so stringent that the resulting DNA is significantly 

sheared.  If the desired average insert size of the DNA is < 20 kb, a commercial kit (e.g., 

MoBio Laboratories, Qiagen) may provide a useful method for obtaining DNA of 

sufficient size, purity, and yield for small-insert cloning.  Although many kits do not 

yield DNA pure enough for direct PCR amplification, it is usually unnecessary to 

perform further purification for small-insert cloning.  However, one study using Antarctic 

top soil used two separate commercial kits to further purify the DNA after cell lysis for 

construction of small-insert libraries (46).   In cases when commercial kits are not 

suitable, such as soils with a high clay content, other purification methods such as 

sucrose/Percoll density gradient centrifugation and Nycodenz treatment have been shown 

to generate DNA appropriate for small-insert cloning (18).  Regardless of the extraction 

and purification method chosen, replicate samples may be processed in parallel, pooled 

after the extraction and/or purification, and precipitated in order to concentrate the DNA 

and achieve sufficient yield prior to cloning.  Following extraction and purification of the 

DNA, it may be physically sheared or restriction digested and then size-selected by 

extracting the DNA in the desired size range from an agarose gel.  Because the size-

selected DNA will likely be < 20 kb, it can be column-purified with any number of 
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commercial kits without the need for manual purification methods.  Alternatively, the gel 

slices may be treated with GELase or the DNA may be electroeluted from the gel; both of 

these methods will be discussed below. 

2.4.  Preparation of DNA for Large-insert Cloning 

 Large-insert metagenomic libraries are the most challenging to construct but also 

provide significant advantages since they enable identification and characterization of 

intact functional pathways encoded on large, contiguous DNA fragments (54, 218).  All 

of the considerations discussed previously regarding the selection of DNA extraction and 

purification methods apply to large-insert cloning, along with an additional critical issue: 

the construction of large-insert metagenomic libraries typically depends on obtaining 

DNA in excess of 100 kb.  However, most extraction and purification methods result in 

DNA significantly smaller than this size (130, 164, 269).  Although a few methods can 

yield DNA from soil greater than 1 Mbp in size (24, 142), it has been demonstrated that 

these indirect extraction methods also result in inefficient cloning due to contaminating 

nucleases that are co-isolated with the metagenomic DNA and require further purification 

prior to library construction.   

 The successful recovery of high molecular weight (HMW) metagenomic DNA 

from environmental bacteria presents many extraction and purification challenges.  Since 

the goal of many large-insert libraries is to capture functional pathways from diverse 

bacterial hosts, obtaining DNA from an assemblage of Gram-positive and -negative cells 

that contains little or no contaminating DNA is critical to constructing a metagenomic 

library with representative community DNA.  However, the harsh extraction methods 

necessary to achieve more complete lysis of diverse bacteria also result in sheared DNA 



12 
 

that is much too small for large-insert cloning.  The use of indirect DNA methods can 

somewhat alleviate this dilemma by first separating the cells from the environmental 

sample, embedding them in an agarose plug, and then carefully lysing the cells and 

purifying the resulting DNA rather than performing the extraction in situ.  Repeated 

homogenization and differential centrifugation are often sufficient to separate the cells 

from the environmental sample (73, 105), although other dispersion methods include the 

use of cation-exchange resin (113, 149) and incubating the sample with sodium 

deoxycholate or polyethylene glycol (143). 

Several purification methods can also lead to lower yields and decreased size of 

DNA.  Commercial kits are generally not suitable for isolating HMW DNA from 

environmental samples because many of them have DNA size limitations and do not 

recover enough HMW DNA for efficient cloning.  Often, a combination of 

phenol:chloroform extraction, CTAB treatment to remove polysaccharides (57), and 

incubation with PVPP to remove polyphenols (56) may be needed to achieve high-purity 

DNA, but with each purification step there is a risk of losing DNA and thus lowering the 

resulting yield. 

The choice of extraction and purification method also depends on which large-

insert cloning strategy will be employed, such as fosmid-based or bacterial artificial 

chromosome (BAC)-based.  Metagenomic libraries constructed in a fosmid vector are 

introduced into their heterologous host using a λ phage-based packaging system, which 

limits the clone insert size to 40-50 kb.  Although DNA isolated for fosmid libraries must 

be treated carefully to prevent excessive shearing of DNA, using a fosmid vector does 

allow the use of harsher extraction and purification methods than those that may be used 
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for BAC cloning.  Also, during fosmid library construction, the DNA is typically size-

selected by physically shearing the DNA into fragments of a desired length rather than by 

restriction digestion.  This “direct size-selection” method eliminates the need for gel 

extraction (which can lead to DNA loss) and the possibility of DNA degradation due to 

over-digestion.  An alternative to the physical shearing method was proposed by Quaiser 

and colleagues, who constructed fosmid libraries containing metagenomic DNA 

contaminated with humic and fulvic acids by embedding the DNA in agarose, incubating 

it with polyvinylpyrrolidone (PVP), and then combining the subsequent removal of the 

PVP with the size-selection step.  This method resulted in purified, “clonable” DNA in 

the 30-100 kb size range (203).   In combination with other purification steps, the 

inclusion of a formamide plus NaCl treatment was shown to significantly reduce the level 

of nuclease contamination and allow for the efficient cloning of large DNA fragments 

into fosmid or bacterial artificial chromosome (BAC) vectors (143).  Factors that have 

been demonstrated to affect the size of DNA recovered include not only the DNA 

extraction method used but also the microbial growth status and chemical composition of 

the environment (25).  In general, DNA extracted from bacterial cells is significantly 

larger than DNA directly extracted from the environmental sample but is also found in 

lower yields (143).  

Cloning HMW DNA into a BAC vector presents a unique challenge because the 

DNA must be of sufficient purity, size, and yield to achieve metagenomic libraries with a 

sufficient number of large-insert transformants.  As discussed previously, many of the 

extraction methods available either result in DNA that fits one or two of the above 

criteria but not all three.  Nevertheless, several studies have successfully constructed and 
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screened metagenomic libraries in a BAC vector with DNA from various habitats (68, 

188, 201, 218), emphasizing the necessity of selecting the appropriate combination of 

DNA extraction and purification methods.   

Unlike fosmid cloning, standard BAC library construction methods require that 

DNA be partially restriction digested and size-selected on an agarose gel prior to ligation.  

The efficiency of the restriction digest depends on the purity of the DNA, as co-extracted 

contaminants can inhibit the restriction enzyme and result in insufficient digestion (202, 

213).  While these extra steps serve to further purify the DNA, they also provide an 

opportunity for DNA loss.  After restriction digestion and electrophoresis, gel slices 

containing DNA of the desired size can either be treated with GELase (Epicentre) or 

electroeluted from the agarose (185).  DNA loss can be minimized by running multiple 

size-selection gels, using wide-bore pipet tips to reduce shearing, and keeping gel slices 

as small as possible during size-selection(143) 

3.  Various Metagenomic-Based Approaches 

A variety of approaches may be employed for analyzing environmental 

metagenomes, depending on the specific aims of the study (e.g., phylogenetic survey, 

isolation of functional activity).   The ultimate downstream application should dictate the 

methods used for DNA extraction and purification, library construction, and screening (if 

necessary), as well as the types of analyses that are applied to the environmental sample 

(e.g, in situ methods, PCR).  Selecting the appropriate combination of methods and 

analyses will ensure that a comprehensive and accurate study is performed which is truly 

representative of the microbial community present within the environmental sample.  

When working with environmental samples that have not been well-characterized, it may 
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be advisable to utilize a variety of different methods for DNA extraction and purification 

to empirically determine the ideal combination that will yield high-quality metagenomic 

DNA.  Many of the metagenomic-based approaches used to study environmental 

communities, as well as the approach-specific factors to consider when performing such 

analyses, are discussed below. 

3.1.  In situ methods using fluorescence in situ hybridization (FISH) 

FISH is a powerful tool for the visual identification and enumeration of specific 

bacteria from environmental samples which combines microscopy, phylogenetic analysis, 

and often other methods such as flow cytometry (268).  Fluorescently-labeled 

oligonucleotide probes are designed to target DNA in individual cells within a sample 

without the need for prior cultivation.  With the application of 16S rDNA-based 

phylogenetic typing, the use of this gene target in FISH methods has become a valuable 

means to identify and quantify viable cells with specific taxanomic affiliations (6, 92, 

289) or metabolic abilities (40, 61, 301).  In addition to 16S rDNA genes, FISH has been 

used to target a variety of functional genes (111, 194), investigate bacterial 

endosymbiosis (106, 223), and observe single-cell phylogeny and function (107, 146).  

FISH methods yield best results with samples in which cells are actively growing, as this 

often leads to greater numbers of gene targets and therefore higher levels of fluorescence.  

As an alternative, laser confocal scanning microscopy is an excellent technique for the 

visualization of low fluorescence signals and allows for the observation of microbes 

immobilized in a complex matrix (6).   

One challenge related to FISH methods, especially with highly heterogeneous 

environmental samples such soils, involves the sufficient interaction of the probe with its 
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intended gene target.  Particulates and aggregates can prevent this interaction because 

microbial cells may be sequestered within these complexes, thus the probe cannot 

successfully hybridize to its target.  Secondly, autofluorescence of environmental 

particles and non-specific binding of the probe due to aggregation can adversely affect 

the integrity of the fluorescent signal and make cell enumeration difficult.  To circumvent 

these issues, cell extraction coupled with density gradient centrifugation has been shown 

to yield a high level of cell recovery from environmental samples for clear visualization 

of fluorescence (21), as well as the entrapment of bacteria of interest in cation-exchange 

membranes that can then be hybridized with appropriate probes (133).  However, the 

successful hybridization and subsequent detection of representative microorganisms from 

complex environments remains a significant challenge that must be considered prior to 

employing FISH-based investigations. 

3.2.  In situ Methods using Stable Isotope Probing (SIP) 

SIP is a pioneering molecular technique that links phylogeny with function by 

studying active microorganisms in environmental samples and can be used to 

characterize microbes involved in specific metabolic processes (68).  The underlying 

principle is to use stable isotopes (e.g. [13C]) to label specific substrates provided to a 

microbial community and monitor their subsequent assimilation and/or degradation.  

Although stable isotopes of any element found in the DNA molecule can be used for 

DNA-SIP, [13C]-labeled substrates are often preferred because carbon is the most 

abundant element in DNA and may yield higher levels of isotope detection.  The isolated 

DNA from the treated environmental sample is then subjected to ultracentrifugation or 

isopycnic density gradient centrifugation to separate the labeled DNA for analysis.  Only 
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organisms that utilized the labeled substrate will incorporate the stable isotope into their 

DNA, thus differentiating the active target population from the inactive portion of the 

microbial community.  

The stable isotope labeled-DNA, also referred to as “heavy” DNA, can be used in 

constructing bacterial 16S rRNA gene clone libraries. Subsequent sequencing of the 16S 

rRNA gene helps to identify the microorganism involved in the utilization of the specific 

substrate.  Although 16S rRNA has been widely used for gaining insights into the 

phylogeny of microbial communities, sequence analysis alone gives limited information 

on the functional role of a microorganism in the environment (292).  Metagenomic 

libraries may sometimes fail to capture low-abundance species but, in conjunction with 

DNA-SIP, can recognize a multitude of functional genes because the labeled DNA 

represents the whole genomes of active populations (24) involved in a specific metabolic 

process of interest.  DNA-SIP has also been used to retrieve genomic fragments of an 

active population by cloning the [13C]-incorporated DNA without initial PCR 

amplification (68).  

Thus, SIP coupled with metagenomic techniques is an excellent strategy to 

explore functional genes from uncultivated organisms that are actively involved in the 

utilization of a variety of compounds or in degradation of pollutants in the environment 

but are relatively low in abundance.   Like FISH, SIP analysis of complex microbial 

communities has its limits and is unsuitable for use under certain conditions.  For 

example, unintentional dilution of the labeled substrate with the unlabeled substrate 

before assimilation decreases the relative amount of DNA that is labeled, thus reducing 

the chances of identifying the target microorganisms. Also of concern is the potential 
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incorporation of [13C] from the labeled substrate into metabolic intermediates that might 

be metabolized by other non-primary organisms (68). When using DNA-SIP for 

metagenomic analyses, the small amount of heavy DNA available can also be a hurdle to 

successful library construction.  To overcome this challenge, methods such as multiple-

displacement amplification (43, 68) and community growth enrichment by sediment 

slurries (117) have been used to increase the amount of heavy DNA available for 

analysis.    

3.3.  PCR and Pyrosequencing 

The use of PCR in any metagenomic study is critical in the determination of 

phylogenic diversity of microorganisms and identification of target genes from the as-yet 

uncultured microorganisms. A combination of approaches such as community-wide 

fingerprinting, analysis of 16S/18S rDNA library clones, detection of specific functional 

genes, and pyrosequencing is often used in characterizing the metagenomic diversity of 

the selected environment. For successful amplification in this context, it is important to 

have a sufficient concentration of the DNA template that is free from potential PCR 

inhibitors as described previously.  

The use of universal primers that anneal to conserved regions of phylogenetically 

divergent loci enables the detection of diverse genes but may lack sufficient sensitivity 

when a template of low concentration and/or high degree of heterogeneity is used. 

Specific primers greatly increase the chances of amplifying and detecting a relatively 

minor microbial constituent that may be significant for study but may exclude a divergent 

gene product.  Though PCR-based methods can be used for the rapid identification of 

target sequences from extracted environmental DNA, the quality of the amplicon must be 
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high in order to make accurate predictions as to its encoded product and phylogenetic 

origin.  Thus, designing primers that encompass the entirety of the target sequence 

present the best chance of obtaining high-quality amplicons for downstream (274).  

Pyrosequencing is also known as “sequencing by synthesis,” wherein DNA 

polymerase is used to synthesize a complimentary DNA strand from a single-stranded 

DNA template (217). PCR-amplification of the target sequence is sometimes used prior 

to pyrosequencing and hence it is prone to similar problems related to purity and integrity 

of the isolated DNA.  Pyrosequencing has the capacity to generate thousands of relatively 

short sequences in a single run, and the sequence information obtained has been shown to 

be adequate in differentiating samples based on physiological functions such as carbon 

utilization, nitrogen assimilation, and respiration (10).  This technology has also been 

used to characterize a wide variety of unique sequences from deep sea samples (135).  

Using pyrosequecning for metagenomic analysis eliminates the need for cloning and is 

thus free from the associated biases, which will be discussed later in more detail.  One 

potential drawback to pyrosequencing lies in the difficulty of data interpretation due to 

the sheer volume of resulting sequence information.  Adequate bioinformatics pipelines 

should be in place to enable comprehensive analyses of the resulting sequence data.  

3.4.  Small-Insert Library Construction 

 Small-insert metagenomic libraries provide a means of discovering specific genes 

or functional activities of interest that are encoded within a relatively small region of 

DNA.  Because these clone inserts do not exceeed 20 kb, harsher DNA extraction and 

purification methods may be used, which may result in the collection of more diverse 

metagenomic DNA and increased cloning efficiency due to the use of high-purity DNA.  
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These considerations have been discussed in detail previously; however, the selection of 

an appropriate cloning vector and host also determines the success of small-inset library 

construction and screening. 

Vectors used in construction of small-insert libraries often possess a promoter for 

transcription of the cloned gene inserts and should be compatible with the host selected 

for screening.  A vector with two promoter sites flanking the multi-cloning site facilitates 

gene expression that is independent of gene orientation and the promoters associated with 

inserts (134).  With the possibility of the expressed gene products having toxic effects on 

the host organism, it is important to regulate the expression levels of the cloned genes, 

which can be achieved by using vectors with inducible control over gene expression of 

the insert or plasmid copy number.  Additional issues to consider when selecting a vector 

include its ability to replicate in multiple hosts if heterologous expression is of interest, as 

well as the insert size limitations of the vector.  

The selection of an appropriate host organism is dependent on the ultimate goal of 

the study.  Although the utility of using E. coli as a heterologous host for metagenomic 

library construction has been well-established (87, 94, 195, 218), other bacterial hosts 

may be more suitable for some applications, such as demonstrating horizontal gene 

transfer or reproducing a specific functional activity in a host that represents a dominant 

phylogenetic taxa from the environmental sample.  Regardless of the host species that is 

chosen, its genotype should be considered (e.g., recA-) as well as its suitability for high-

efficiency cloning (e.g, highly electrocompetent). 

 Refer to Figure 1.1 for a schematic representation of the overall steps involved in 

metagenomic library construction. 
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3.5.  Large-Insert Library Construction 

Large-insert metagenomic libraries contain large, contiguous DNA fragments that 

have a high probability of expressing novel compounds or metabolic activities from 

pathways encoded by the cloned genes (54, 218).  This strategy increases the likelihood 

of cloning intact genetic loci involved in the synthesis of antimicrobial compounds, 

multiple enzymes with catabolic activity, or operons encoding other complex metabolic 

functions.   

The challenges of obtaining sufficiently pure HMW DNA has been described 

above, but additional factors can influence the successful construction of large-insert 

libraries, such as host and vector selection.  Because the success of many large-insert 

metagenomic libraries depends on their ability to capture large, intact genetic pathways, 

the selection of an appropriate vector is critical to the maintenance and expression of the 

cloned pathways.  Several vector options exist for cloning HMW DNA from 

environmental samples, such as cosmids, fosmids, and BACs.  The cosmid, a hybrid 

plasmid that contains cos sequences from the λ phage genome, was one of the first 

vectors used for cloning (50).  While typical plasmids can maintain inserts of 1-20 kb, 

cosmids are capable of containing DNA inserts up to 40 kb. They can replicate like 

plasmids in presence of a suitable origin of replication and frequently possess selective 

genes such as antibiotic resistance to facilitate transformant screening. Fosmid vectors, 

which are similar to cosmids but are based on the E. coli F-factor replicon, were 

developed for constructing stable libraries from complex genomes (123).  The low copy 

number of fosmid vectors offers higher stability than comparable high-copy number 
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cosmids.  Fosmid copy number is tightly regulated in E. coli to 1-2 copies per cell, and 

fosmids can typically accommodate cloned inserts between 40 and 50 kb.  BAC vectors 

are based on the same F-factor replicon but have the capacity to maintain large inserts in 

excess of 100 kb (238). Along with the long-term stability conferred by the F-factor for 

maintenance, BAC vectors also possess the property of conditional amplification that 

allows for alternating between single-copy and  high-copy BAC maintenance (291).   

Fosmid vectors have a greater insert size limitation (40-50 kb) when compared to 

BAC vectors, but they result in higher numbers of transformants with cloned inserts.  

Conversely, BAC vectors can accommodate insert sizes in excess of 100 kb, but their 

cloning efficiency is lower than that of fosmid vectors.  As mentioned previously, HMW 

DNA for fosmid-based cloning may be treated with harsher extraction and purification 

methods, which could yield a higher concentration of DNA from more diverse 

microorganisms than that of DNA isolated for BAC-based cloning.  However, because 

BAC vectors can stably maintain cloned inserts hundreds of kilobases in size, they offer a 

greater chance of isolating intact pathways that encode complex functional activities.  

Therefore, the predicted size of the pathway of interest, its native level of activity, and its 

relative abundance within the community must be considered when choosing a suitable 

large-construct vector. 

 Similarly with small-insert libraries, E. coli is the preferred host for the 

construction of large-insert metagenomic libraries because it has been well-characterized 

genetically and provides high-efficiency cloning of DNA.  This host has been 

successfully used as an expression host for the detection of novel compounds from a rich 

diversity of metagenomic DNA by function-based screening methods (95, 99).  In 
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addition, Bacillus subtilis and Streptomyces lividans have been used as successful 

heterologous hosts for library construction, but they have more stringent promoter 

recognition and regulation properties when compared to E. coli (54).  Because large-

insert libraries likely harbor some biologically active pathways that may encode gene 

products that are toxic to the library host, it is important to consider the use of multiple 

hosts to increase the probability of identifying and characterizing the function of interest.  

It has been shown that clones positive for a specific activity detected using one host may 

not be detected in a different host and vice-versa (55, 139). A range of Gram-positive and 

-negative bacteria can be used as hosts for heterologous expression, and the 

corresponding vectors selected should be compatible with those hosts.  In addition, the 

promoter and ribosome binding sites should be compatible with the host machinery. 

Several other factors are necessary for successful expression of the cloned pathways (e.g., 

co-factors, post-translation modification enzymes, inducers, chaperones etc.), which may 

be provided by the vector or the host organism. 

3.6.  Screening of Metagenomic Libraries 

The analysis of metagenomic libraries involves two main strategies, function-

based or sequence-based screening.  The choice of screening method depends on many 

factors, including the type of library constructed, the genetic loci or functional activity of 

interest, and the time and resources available to characterize the library.  Both approaches 

offer advantages and disadvantages, which will be discussed here. 

 Function-based methods involve screening a metagenomic library to detect the 

expression of a particular phenotype conferred on the host by cloned DNA (100).  

Because the frequency of discovering active pathways from metagenomic libraries is 
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often low, high-throughput screening of library clones is the most efficient approach for 

function-based detection of activity, such as biodegradation or the synthesis of 

antimicrobial compounds.  Screening for clones that have acquired resistance to 

antibiotics or heavy metals due to the expression of the cloned genes can be performed by 

excluding microorganisms which are unable to grow in the presence of these selective 

compounds (166, 210).  

 Another approach for the functional screening metagenomic libraries is to use 

host strains or mutants of host strains that require heterologous complementation for 

growth under selective conditions (240).  Growth is exclusively observed in the case of 

recombinant clones that possess the gene of interest and produce an active product.  This 

strategy has been applied for the detection of enzymes involved in poly-3-

hydroxybutyrate metabolism (282), DNA polymerase I (241), operons for biotin 

biosynthesis (72), lysine racemases (42), glycerol dehydratases (125) and naphthalene 

dioxygenase (33).  

 Screening can also be performed by detecting a specific phenotypic characteristic, 

in which individual clones are assayed for a particular trait.  Incorporation of specific 

substrates in the growth medium helps to identify the corresponding enzymatic activities 

encoded by metagenomic clones.  Examples include the identification of esterases (45, 

71) by formation of a clear halo around a colony on the indicator medium and the 

identification of extradiol dioxygenases by the production of a meta-cleavage yellow 

compound (256).  Production of compounds with antimicrobial activity is detected by 

growth inhibition assays of a suitable tester organism using soft agar overlays over the 

clone colonies or a microtiter plate assay using the supernatant extracts from the clone 
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cultures (35, 54, 55, 218).  As discussed previously, substrate-induced gene expression 

screening may be a suitable approach to enhance the discovery of functional pathways 

from microorganisms that exist in the community at a relatively low abundance. 

 Although function-based screening is a powerful tool to identify novel natural 

products or metabolic activities from as-yet-uncultured organisms, it is often limited by a 

number of obstacles which are difficult to overcome.  For example, identifying clones of 

interest depends on a series of successful gene expression steps, such as transcription, 

translation, protein folding, and secretion from the host organism.  As discussed above, 

the gene product may be toxic to the host and is therefore not identified in function-based 

assays, although it may be expressed in a different library host.  In addition, the isolation 

of intact, functionally active pathways relies on the cloning of high-purity HMW DNA 

that is likely to harbor large, contiguous regions of DNA. 

Sequence-based screening involves using conserved nucleotide sequences of 

known genes to design hybridization probes or PCR primers for detection, amplification, 

and identification of specific target genes.  A second approach is the direct sequencing of 

the insert DNA and subjecting the sequences to bioinformatic analyses (83, 244).  

Sequence-based methods often have a limited scope because they rely on sequences of 

known genes for probe or primer design, although universal oligonucleotides targeting 

conserved regions within genes of interest may increase the likelihood of identifying 

novel genes.  Other disadvantages include the lack of functional data from the clone of 

interest, as well as the limited functional information that can be inferred from sequence-

based analyses alone.  However, successful sequence-based screening does not depend on 

the heterologous expression of gene products in the library host, and sequence data can 
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provide insight into the phylogenetic origin of the genetic locus.  Additionally, screening 

a library by hybridization or PCR requires significantly less time and resources than 

function-based screening, and multiple genes of interest within the library can be 

investigated simultaneously.   

3.7  High-Throughput Sequencing 

With advances in automated DNA sequencing, the development of high-

performance computational platforms has provided additional methods for analyzing 

large subsets of metagenomic DNA, such as whole genome shotgun sequencing, 

microarray analysis, and sequencing of large-insert library clones. 

 High-throughput sequencing technologies are very useful in analyzing gene 

functions and have been valuable for identifying genes involved in the synthesis of 

potentially novel antimicrobial compounds.   Random shotgun sequencing of 

metagenomic DNA from natural environments is used to characterize microbial 

communities following the assembly and analysis of large, contiguous sequences.  The 

use of microarrays is another  high throughput strategy for sequence-based screening of 

metagenomic libraries in which vector and insert DNA from the library are spotted onto a 

slide and hybridized with highly specific labeled probes (45, 230).   

 Whole genome shotgun (WGS) sequencing is a rapid and cost-effective method 

for sequencing genomes from microorganisms that are recalcitrant to cultivation.  Large 

fragments of DNA are extracted directly from an environmental sample, clone sequences 

are assembled into contiguous fragments, and gaps are closed by primer walking or 

similar method.  WGS sequencing enables the capture of the entire genetic complement 

within a bacterial community (271).  Novel genes that are unrelated to known genes and 
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cannot be detected by PCR or heterologously expressed in library host bacteria have a 

greater chance of being captured using WGS sequencing. Though increased availability 

of high-throughput sequencing technologies has made it possible for scientists to gain 

access to the genetic diversity within environmental communities (135), a tremendous 

amount of current high-throughput efforts are underway to improve the sequencing and 

analysis methodologies that can be applied to new sets of bulk metagenomic DNA. 

 Massively parallel “sequencing by synthesis” has been used to collate a number of 

sequences in exploring the microbial diversity in various environments.  The next 

generation 454 Life Sciences sequencing platform, the GS FLX Titanium, provides up to 

400 Mb of data per run with an average read length of 400 bp.  This high-throughput 

sequencing technology is superior to Sanger sequencing, as it is more cost- and time-

effective per sequenced nucleotide (109) and has a higher capacity of sequencing in each 

run.  Pyrosequencing (454-based sequencing) has been widely used in the investigations 

of microbial diversity in soil (214), deep sea ecosystems (135) and phage populations 

from various environments (64).  It has revolutionized metagenomic analyses with its 

ability to capture the entire microbial diversity in a sample by eliminating the biases 

associated with PCR and cloning.    

In addition to the sequence-based screening of metagenomic libraries, the entire 

sequence of large-insert clones may be obtained using a high-throughput approach.  

Using 454 pyrosequencing technology, cloned DNA is bar-coded and resulting sequences 

are assembled into contiguous regions that can be annotated for genes of interest.  Site-

directed mutagenesis can then be used to investigate the genes’ activity by analyzing 

loss-of-function mutants, or other bioassays may be employed to assign functionality to 
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predicted open reading frames.  The effective removal of contaminating host genomic 

DNA is absolutely critical to the successful sequencing of large-insert, which can be 

achieved by digesting the cloned DNA with plasmid-safe nucleases and/or extracting the 

cloned DNA from an agarose gel prior to sequencing.     

4.  Natural Product Discovery 

Natural products from cultured soil microorganisms have been an integral part of 

the drug discovery process for many decades.  However, as-yet-uncultured 

microoragnisms are an untapped reservoir for the discovery of novel natural products 

such as antibiotics (87).  Though these microorganisms themselves essentially remain 

inaccessible in the laboratory, the natural products they produce can be accessed via 

metagenomics methods.  The genetic and functional diversity of these uncultured 

microbes can be captured by cloning large fragments of contiguous metagenomic DNA 

into heterologous hosts that are easier to manipulate in vitro, such as E. coli (87, 94, 218).  

Many low molecular weight molecules obtained from natural environments are secondary 

metabolites produced under specific conditions such as during developmental stages, 

starvation, or cell signaling (47) and exhibit bioactive properties.  For many years, 

screening environmental microbial communities for natural products has led to the 

discovery of different bioactive molecules such as polyketides (89, 167, 226, 286) and 

proteolytic systems (23) from a variety of environmental metageomes. 

Complex microbial assemblages are a rich source of antibiotics due to the biotic 

and abiotic stresses that affect them, which often prompts the production of secondary 

metabolites with antimicrobial activity.  Genes encoding the biosynthesis of antibiotics 

are often found in clusters; therefore, the isolation of large contiguous fragments of DNA 
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is necessary to obtain intact biosynthetic pathways.  The construction and screening of 

large-insert (>20 kb) metagenomic libraries remains the most efficient approach for 

harnessing active biosynthetic pathways from as-yet-uncultured microorganisms.  

However, PCR-based approaches and small-insert libraries are often adequate for the 

sequence-based detection of genes of interest. 

 Streptomyces species have been used as hosts for soil DNA libraries because of 

their ability to express polyketide pathways and ease of genetic manipulation due to the 

absence of methylation dependent restriction systems (54).  In another study, a PCR-

based screening approach was used to analyze DNA extracted from desert soil for 

identifying sequences related to OxyC, which is an oxidative coupling enzyme involved 

in the synthesis of glycopeptide antibiotics (19).  The same group also discovered eDNA 

clones producing long-chain N-acyltyrosine antibiotics after screening seven libraries 

constructed from different environmental samples that were geographically distinct (35).  

Additional studies have investigated other metagenomes and have identified pathways 

involved in the biosynthesis of various antimicrobial compounds such as beta-lactamases 

(206, 292) and antifungal agents (45).     

5.  Xenobiotic Degradation Pathways 

The term xenobiotic is derived from the Greek words xenos (foreigner) and bios 

(life) and can be defined as any substance foreign to an entire biological system.  

Xenobiotics often include compounds such as antibiotics, pesticides, hormones, and other 

biological or chemical contaminants that affect a microbial community.  Other examples 

of xenobiotics include aromatic compounds and their derivatives and polychlorinated 

biphenyls (PCBs), which are anthropogenic chemical pollutants that persist in the 
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environment long-term and are recalcitrant to complete removal.  Xenobiotic degradation 

can be achieved by biotic and abiotic reactions or a combination of the two, but many 

techniques used for this purpose are very expensive and have the potential to further 

pollute and adversely affect the contaminated sites.  Harnessing the natural abilities of 

microbial communities in the degradation of xenobiotic compounds has emerged as a 

promising alternative to traditional bioremediation methods and has previously been 

applied as biostimulation, bioventing, bioaugmentation and composting to remove 

pollutants and restore environmental quality of the ecosystem.  More recently, the 

application of metagenomics may aid in the isolation of novel catabolic pathways that 

degrade a wide range of xenobiotic compounds and prove to be a more “natural” 

alternative to mechanical and chemical bioremediative methods.   

A combined approach using metagenomics and other molecular techniques is 

commonly used to deduce genetic information from microorganisms that are involved in 

degradation of xenobiotics in contaminated environments. Labeled substrates have been 

used to target and recover genes from populations involved in the degradation process 

(74).  Sul et al. used [13C]-labeled biphenyl to isolate biphenyl dioxygenase genes from 

bacteria capable of growing in PCB-contaminated river sediments, which are known to 

be involved in PCB oxidation.  Other metagenomic studies have identified catabolic 

pathways that encode nitrilases, which play an important role in both biosynthetic and 

catabolic reactions (212)  and enzymes with catalytic properties that degrade organic 

contaminants (122).   

High throughput screening of environmental metagenomic DNA libraries has also 

led to the discovery of many novel enzymes that are of great use in industrial 



31 
 

applications. Microbes that can digest cellulose and hemicellulose produce special 

enzymes that target specific bonds in these molecules for their breakdown (e.g., 

glucanases and glycosyl hydrolases). A multifunctional glycosyl hydrolase was 

discovered from the diverse microflora of the rumen gut using metagenomic analyses 

(190).  Moreover, a low pH, thermostable α-amylase with high efficiency for starch 

liquefaction was discovered by screening microbial DNA libraries constructed from 

various deep sea and acidic soil environments (208).  Other examples of metagenomic 

analyses involved in the discovery of novel enzymes and biocatalysts include the 

identification of genes encoding pectinolytic lyases (249)  and lipolytic enzymes such as 

esterases and lipases (136). 

Extraction of total metagenomic DNA and cloning to construct libraries requires 

extensive effort and resources.  The number of positive clones obtained from screening 

these libraries for the presence or expression of a specific gene or function is often very 

low because the target pathways comprise a small percentage of the total cloned DNA.  

There are various strategies that can be employed prior to library construction and/or 

screening which can improve the frequency of biosynthetic or catabolic pathway 

isolation.  Although these methods may result in a loss of considerable diversity from the 

environmental sample, they also have the power to select for a particular population or 

function of interest. The loss of diversity can be reduced by altering the degree of the 

selective pressure criteria used.  

Substrate-induced gene expression screening, also known as SIGEX, was 

proposed by Uchiyama et al., in which catabolic gene expression can be induced in the 

presence of relevant substrates and is under the control of regulatory elements proximal 
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to the catabolic genes (274). Another strategy is to enrich the environmental sample so as 

to select for genes of interest and involves exposing the microbial population to different 

physico-chemical factors prior to library construction. Use of a selective medium will 

result in favorable growth and enrichment of the targeted population due to specific 

substrate utilization.  

Direct cloning from enriched cultures enables studying metabolic activities of 

microbial communities. Enrichment cultures are used to select specific microbes that 

produce a compound of interest. Instead of direct DNA extraction from the 

environmental sample, the sample is inoculated in a minimal or oligotrophic medium that 

is enriched with a particular nutrient known to favor the growth of the target microbes. 

Cells from the culture are then lysed, the isolated DNA is ligated to a suitable vector, and 

is then used in the construction of libraries followed by DNA sequencing from harvested 

clones. This approach has been used in the identification of biotin synthesis genes by 

isolation of clones carrying the biotin biosynthesis operon (72).   

6.  Summary 

The development of metagenomic approaches has provided an unprecedented 

level of access to microbial genomes from many different environments, making it 

possible to characterize the phylogenetic and functional diversity of as-yet-uncultured 

microorganisms from various biomes of interest.  Despite the potential power of these 

techniques, the success of metagenomic analyses depends upon the isolation of nucleic 

acids that are of the appropriate size, composition, quantity, and purity for the specific 

metagenomic application to be employed.  Because of inherent physical and chemical 

heterogeneity, environmental samples present many unique and complex challenges for 
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the isolation of metagenomic DNA of sufficient quantity and purity for downstream 

applications.  In addition, the dynamic and competitive nature of many microbial 

populations influence the type of metagenomic approach that is most appropriate for the 

ultimate objective of the study (e.g, PCR, library screening, in situ methods).  Selecting 

the most suitable combination of soil sampling, DNA extraction and purification, cloning, 

and sequencing methods and the type of metagenomic approach that is most appropriate 

for the ultimate objective of the study is vital to the successful characterization of a 

microbial metagenome. 

 The use of cutting-edge metagenomic-based technologies to access as-yet-

uncultured microbial communities has led to a remarkable increase in the discovery of 

pathways that encode a range of important gene products, such as antimicrobial 

compounds and enzymes involved in the catabolism of xenobiotics.  Community-based 

phylogenetic surveys have provided an unparalleled glimpse into the true level of 

biodiversity that exists in the soil biome that was previously poorly characterized by 

cultivation-based methods alone.  Although environmental metagenomes present many 

technical hurdles that must be overcome when performing metagenomic analyses, these 

environments promise to be a rich resource of novel genetic and functional pathways 

from diverse microorganisms that simply await to be discovered.   

 

B.  ANTIBIOTIC RESISTANCE AND SYNTHESIS RELEVANT TO SOIL AND  
      SLUDGE BACTERIA 
 
1.  Mechanisms and Horizontal Transfer of Antibiotic Resistance 

 The rise of antibiotic resistance in microorganisms is one of the most significant 

public health concerns within the past 50 years.  In this “post-antibiotic era,” genetic 
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manipulation, synthetic chemistry, and an enhanced search for natural antibiotic products 

have become our best strategies for combating this developing clinical crisis.  Many 

studies focus on the ecology and evolution of resistance determinants both in the 

environment and in the clinical setting, while others aim to characterize the molecular 

mechanisms of resistance in hopes of integrating this knowledge with the development of 

novel antibiotic strategies.  Current case studies demonstrate the widespread distribution 

of antibiotic resistance as well as the emergence of the “multi-resistance phenomenon,” 

which describes bacteria that are resistant to a host of antibiotic therapies (257).   

1.1.  Origins and Evolution of Antibiotic Resistance Genes 

   Although past horizontal gene transfer of resistance between taxonomically 

distant bacteria is largely responsible for generating a reservoir of resistance genes, this 

interaction is difficult to reproduce in vitro for many reasons (8).  Instead, recent studies 

have focused on a “retrospective analysis” in which phylogenetic tools are used to verify 

this hypothesis and track the origin of various resistances.  A metagenomic survey of 

deep-sea sediments near Papua New Guinea identified a TEM-type β-lactamase from a 

sample estimated to be nearly 10,000 years old (250).  Other studies have discovered the 

presence of resistant bacteria in culture collections that were assembled before the 

appearance of modern-day antibiotics:  Smith identified resistance to sulfadiazine, 

spectinomycin, and tetracycline in E. coli isolates collected before 1950 (246), and 

Barlow demonstrated that ampC β-lactamse genes recovered from Citrobacter freundii 

strains collected in the 1920s were as effective in conferring β-lactam resistance as were 

plasmid-borne resistance genes from more recent clinical isolates (20).  In addition, 
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plasmids found in Gram-negative bacteria that were isolated before the use of modern 

antibiotics are very similar to currently described plasmids (110). 

 A series of experiments by Connell and colleagues (51, 52) described the 

evolution of ribosome protection proteins (RPPs), which confer resistance to tetracycline.  

Their phylogenetic analyses revealed that clusters of tet genes have a monophyletic origin 

and underwent an early branching event that separated them from other classes of RPPs.  

Further studies confirmed the branching and diversification of eight clusters of RPPs well 

before the “antibiotic era” (7).  With respect to macrolide resistance, the ermX gene 

found within one clade of bacteria appears to have evolved prior to similar resistance 

genes in antibiotic-producing microorganisms (8).  One of the most characterized and 

clinically relevant phylogenetic reconstructions pertains to the genes that confer 

resistance to vancomycin.  Most likely, the gene cluster evolved in a soil bacterium but 

was then acquired by Bacillus circulans, a bacterium that inhabits both environmental 

and clinical settings (140).  Further transfer of the van genes into the enterococci was 

probably mediated by the transposon Tn1546, which contributed to the appearance of the 

gene cluster in clinical isolates such as Staphylococcus aureus and Enterococcus faecalis 

(98).  

The phylogenetic reconstruction of resistance evolution, especially those with 

significant clinical implications, is key in determining the origin of various resistance 

genes.  The next step in this process lies in identifying reservoirs of resistance and their 

distribution throughout natural and clinical environments.  In addition, this knowledge 

may allow us to predict the transmission of resistance determinants, not only between 

bacterial species themselves but also between animals and humans. 
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 Although antibiotic resistance in the clinical setting has gained much attention in 

recent years, the occurrence of resistance in natural environments (i.e., soil, marine 

systems) may provide clues to the transmission of resistance genes from native, 

commensal bacteria to pathogenic bacteria across ecological gradients (296).  A review 

by Nwosu (180) identifies four main ecosystems with regard to the transmission of 

antibiotic resistance: soil, water, animals, and humans.   The various mechanisms of 

horizontal gene transfer both within and between these environments will be described in 

a later section, but the modes of resistance will be briefly discussed here.  

 Antibiotic resistance genes found on bacterial chromosomes are generally 

associated with a transposon, integron, or other insertion sequence the bacterium has 

acquired over time (165).  Although the resistance gene(s) may have integrated into the 

host’s chromosome, it is still possible (if not likely) that they may be transferred to other 

bacterial hosts.  For example, a recent study identified a novel transposon that conferred 

erythromycin on various pneumococci that were previously sensitive to tetracycline (48).  

After a series of mating experiments, it was determined that this transposon could be 

successfully transferred from Streptococcus pyogenes and expressed in other 

pneumococcal species.  Several additional studies have described integrons that confer 

resistance to a wide range of antibiotics to bacterial species of Campylobacter, 

Salmonella, Acinetobacter, and Shigella, all of which represent significant human 

pathogens (84, 169, 204, 224, 250).   

 A second well-characterized mode of antibiotic resistance is through plasmids, 

which have the ability to replicate and move between different bacteria.  Plasmids often 

carry genes for resistance to antibiotics and other environmental stresses that may aid the 
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bacterial host in surviving adverse conditions (196).  Many plasmids conferring antibiotic 

resistance in activated sludge communities have been characterized.  Droge and 

colleagues (66) identified 12 unique plasmids from an activated sludge basin that carried 

genes for amoxicillin, spectinomycin, chloramphenicol, and gentamicin resistance, 

among others . All but one of these plasmids was multi-resistant, meaning they conferred 

resistance to more than one antibiotic.  In another study (227), a plasmid containing a 

novel erythromycin resistance gene was isolated from activated sludge and was 

determined to carry a transposon-like element that could potentially move the resistance 

gene from one host to another.  An additional study by the same group (262) also 

characterized the multi-resistance plasmid pRSB101 (also isolated from activated 

sludge), which harbors a 20 kb region of contiguous resistance genes and mobilizable 

elements.  This plasmid is of interest because it encodes a host of diverse resistance 

mechanisms, including a novel multi-drug resistant transport system.   

 A third reservoir for antibiotic resistance lies in bacteriophage and their ability to 

enter bacterial cells and integrate into the host genome (78).  Like plasmids, the phage act 

as vehicles by transferring resistance genes from one host to another but with the 

additional ability to establish themselves within the bacterial chromosome in a process 

known as transduction.  Although there are reports of phage-mediated antibiotic 

resistance between diverse bacteria (44, 60, 115, 156), there appears to be no discussion 

of the transduction of antibiotic resistance in activated sludge microbial communities. 

1.2.  Mechanisms of Antibiotic Resistance Relevant to Activated Sludge Bacteria 

Antibiotics are a structurally and functionally diverse group of natural and 

synthetic molecules used to prevent and eliminate the spread of bacteria in various hosts.  
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They are often classified by their origin, mode of action, or chemical structure.  This 

discussion focuses on the mechanisms of chloramphenicol, ampicillin, and kanamycin 

resistance, which differ in many ways with respect to biochemistry and genetics.  These 

particular antibiotics were chosen for review because we have isolated genes that encode 

their resistances from activated sludge microbial communities.   

 Chloramphenicol was originally isolated from Streptomyces venezuelae and has 

been used for decades to treat infections caused by Salmonella, Neisseria, and 

Streptococcus (120).  This antibiotic inhibits translation by binding to the 50S subunit of 

the bacterial ribosome, which inhibits the peptidyltransferase reaction and therefore 

prevents the formation of the polypeptide chain (76).  Because of its mode of action, 

chloramphenicol has been useful for determining when proteins for cell division and 

chromosome replication are synthesized in the bacterial cell (280). 

 The most common mechanism of resistance depends on chloramphenicol 

acetyltransferase (CAT), a monomeric enzyme that chemically modifies the antibiotic 

and prevents its interaction with 23S rRNA at the 50S subunit (33).  An –OH group at the 

C-3 position of chloramphenicol is necessary for this interaction, during which hydrogen 

bonds form between the antibiotic and a branched loop in the V domain of the 23S rRNA 

region.  The CAT protein, with its cofactor acetyl-CoA, acetylates the C-3 –OH group.  

In a subsequent step, there is a non-enzymatic transfer of the acetyl group from C-3 to C-

1, resulting in a mixture of 1- and 3-O-acetylchloramphenicol.  The 1-O-

acetylechloramphenicol is then available for another round of enzymatic acetylation at C-

3.  Both mono- and diacetylated chloramphenicol are inactive forms of the antibiotic 

(158).   
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 Another mechanism of chloramphenicol resistance was discovered, ironically, in 

the bacterium from which the antibiotic was first isolated, S. venezuelae (112).  Although 

enzymatic modification of the antibiotic took place, it was mediated by a 3-O-

phosphotransferase, not an acetyltransferase.  In this situation, the C-3 –OH group was 

phosphorylated, which prevented the formation of hydrogen bonds between 

chloramphenicol and the 23S rRNA.  This discovery suggests that other enzymatic 

modification systems may exist which mediate resistance to chloramphenicol. 

 Because chloramphenicol resistance arises due to the expression of cat genes 

(resulting in CAT proteins) or other enzymatic modification systems and not a 

spontaneous mutation, its potential for horizontal gene transfer between bacteria is great.  

The cat genes are often associated with integrons and transposons, DNA fragments that 

have the ability to move from one bacterium to another and integrate themselves into the 

host genome (157).  Another common vehicle for the spread of chloramphenicol 

resistance are plasmids, which are extra-chromosomal DNA elements known to harbor 

multiple resistance genes (76).  These plasmids are easily transferred between bacteria, 

thus transferring chloramphenicol resistance with them.  

The fact that resistance to chloramphenicol in a particular bacterium is dependent 

on only one cat gene makes it ideal for its detection in the laboratory.  Previous studies 

describe various classes of cat genes, noting that there appears to be little homology 

between cat genes from Gram positive and Gram negative bacteria (76).  Many sequence-

based techniques have been used to isolate chloramphenicol resistance determinants from 

microbial communities, such as PCR (270) and DNA hybridization (16).  In our study, 
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we have identified 7 unique chloramphenicol resistance determinants from activated 

sludge using a functional screening approach.   

 Ampicillin is a member of the β-lactam group, mostly broad-spectrum antibiotics 

that inhibit cell wall synthesis in both Gram positive and Gram negative bacteria (120).  

However, because of the extra layers of peptidoglycan cross-links that exist in Gram 

positive bacteria that offer a more promising target to β-lactams, these antibiotics are 

mainly used to treat infections caused by species of Staphylococcus, Streptococcus, and 

Enterococcus.  Unfortunately, bacteria have developed widespread resistance to multiple 

β-lactams, including amoxicillin, penicillin, ampicillin, and most recently, methicillin 

(280).   

 During bacterial cell wall synthesis, a transpeptidase enzyme mediates the cross-

linking of peptide chains that provide covalent connectivity and mechanical strength to 

peptidoglycan, thus protecting the cell from osmotic pressure.  The transpeptidase 

belongs to a family of enzymes called active-site serine hydrolases, which carry a serine 

residue as a necessary nucleophile during the cross-linking reaction (158).  When 

ampicillin interacts with the transpeptidase, the enzyme mistakes the antibiotic for 

another substrate to be incorporated into the peptidoglycan cross-link.  Instead, the serine 

active site of the transpeptidase interacts with the β-lactam ring, generating an acylated 

transpeptidase intermediate that cannot continue the cross-linking cycle.  The enzyme 

intermediate is resistant to hydrolysis (and therefore has a long half-life), so incorporation 

of the antibiotic into the cross-link results in eventual cell death (280).  In addition, the 

excess of peptidoglycan precursors triggers the release of autolytic hydrolases, which 

digest existing peptidoglycan without the generation of new cross-links (140). 
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 Many of the enzymes involved in the cross-linking reaction, including the 

transpeptidase, are also known as penicillin binding proteins (PBPs) because of their 

binding affinity for penicillin and its derivatives (220).  PBPs are classified by molecular 

weight and are the most common mediators of β-lactam resistance in Gram positive 

bacteria.  More specifically, Class 4 PBPs show high affinity for ampicillin and have 

become that antibiotic’s primary target (158).  Resistant bacteria possess altered PBPs 

that do not bind effectively to the antibiotic, thus limiting its incorporation into the 

peptidoglycan cross-link.  However, this mechanism of resistance is most notably 

associated with methicillin-resistant Staphylococcus aureus and penicillin-resistant 

Streptococcus pneumoniae, among other Gram positive bacteria (280).        

 A second mechanism more applicable to ampicillin resistance is the bacterial 

expression of β-lactamases, enzymes that chemically destroy the antibiotic by 

hydrolyzing its β-lactam ring (158).  To date, over 250 unique β-lactamases have been 

identified and organized into four classes (A through D) based on their chemical 

structure, molecular weight, and precise mechanism of action (159).  The AmpC protein, 

which mediates ampicillin resistance in E. coli, is a Class C β-lactamase, as are all 

previously described β-lactamases that confer ampicillin resistance (158).  Most β-

lactamases are outer membrane or periplasmic proteins that inactivate their antibiotic 

targets before they can interact with PBPs, but there is evidence for a functional 

relationship between β-lactamases and PBPs that protects the cell with a combination of 

these resistance mechanisms (33).   

 The acquisition of PBP-mediated resistance is often through natural 

transformation or recombination events between neighboring bacteria (33).  Sequence 
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and structural data support the hypothesis that PBPs gave rise to β-lactamases, which are 

more efficient in hydrolyzing and destroying β-lactam antibiotics (161).  These enzymes 

are generally associated with the bacterial genome but are easily moved from one host to 

another by way of integrons, transposons, and other insertion elements (62, 140).  Recent 

studies have also characterized ampicillin resistance mediated by plasmids, with the 

AmpC-encoded β-lactamase often part of a multiple resistance drug cassette (147, 151, 

191).  Because of the extensive use of ampicillin and other β-lactam antibiotics to treat a 

variety of bacterial infections, the emergence of β-lactam resistance is not surprising 

considering the widespread transfer of β-lactamase genes between bacterial species via 

transformation and conjugation (161).  In addition, the fact that only one enzyme is 

necessary for conferring ampicillin resistance makes it an ideal candidate for horizontal 

transfer.  The widespread use of ampicillin and other β-lactams make the horizontal 

transfer of their resistance genes a logical choice for study in the activated sludge 

environment.   

Kanamycin belongs to the aminoglycoside class of antibiotics and is effective 

against both Gram-positive and -negative bacteria (120).  Its modes of action involve the 

inhibition of translocation during translation and the mistranslation of proteins due to its 

interaction with the 30S ribosomal subunit (280).  Because the antibiotic has low-level 

activity against plant cells, it is often used to select for transgenic plants that carry 

bacterial genes for resistance.  The resistance gene is also a popular marker in molecular 

cloning experiments, as spontaneous mutations resulting in kanamycin resistance are very 

rare (248). 
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 Kanamycin, like its close relative spectinomycin, has two modes of action.  Both 

cause aberrant translation in bacterial cells, but two possible targets exist for the 

antibiotic.  In the first mode of action, kanamycin prevents the translocation of the 

aminoacyl-tRNA from the A site to the P site of the ribosome by inhibiting the activity of 

translation elongation factor G (EF-G).  Although the chemical nature of this interaction 

is still unknown, the result is a truncated polypeptide chain at the P site of the ribosome 

and a blocked A site that can no longer accept aminoacyl-tRNA molecules (138, 280). 

 In the second mode of action, kanamycin irreversibly binds to certain domains of 

the 16S rRNA region at the 30S ribosomal subunit, preventing translation of downstream 

mRNA (280).  Various hydroxyl and amino groups within the antibiotic’s cyclitol rings 

provide a high-affinity binding site for the interaction between the antibiotic and the 

ribosomal subunit.  The presence of kanamycin physically blocks translation initiation 

because necessary initiation factors (especially IF-3) cannot mediate the successful 

binding of mRNA to the 30S subunit (158, 280). 

 The primary mechanism of resistance to aminoglycosides occurs through 

enzymatic inactivation in one of three ways: phosphorylation, acetylation, or 

nucleotidylation, although the first two modifications are most common with kanamycin 

resistance (295).  In phosphorylation, an O-phosphotransferase moves a phosphate group 

from ADP to the antibiotic, disrupting the site necessary for binding to the 16S rRNA 

region.  During acetylation, an O-acetyltransferase removes an acetyl group from its 

coenzyme, acetyl-CoA, and disrupts the binding site in a similar way.  Nucloetidylation 

occurs in the same manner, except an O-nucleotidyltransferase transfers a nucleotide 

from an NTP molecule to the antibiotic binding site (138, 158).  Of the three types of 
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modification, phosphorylation is the most energetically favorable, and therefore the most 

common (33).   

 However, other resistance mechanisms have been identified within specific 

groups of bacteria.  For example, an efflux system that could transport kanamycin out of 

the cell was characterized in Burkholderia cepaciae and B. pseudomallei (171).  In 

another study, resistance occurred via target modification, in which mutations in certain 

ribosomal proteins conferred protection from interactions with kanamycin (77).  

Decreased cell permeability is sometimes attributed to aminoglycoside resistance in 

Pseudomonas aeruginosa, which can alter the number of porin channels in its cell 

membrane to prevent kanamycin from entering the cell (200). 

Although kanamycin resistance was first identified in association with the 

transposon Tn5 (248), many studies have demonstrated the movement of resistance genes 

via plasmids, integrons, and other conjugal elements.  Analysis of various bacterial 

genomes, including Mycobacterium tuberculosis, Bacillus subtilis, and Pseudomonas 

aeruginosa, has revealed the presence of resistance genes, suggesting the widespread 

distribution of these genes among very diverse bacteria (235).   

Phosphotransferase genes have been identified on plasmids and transposons in 

Klebsiella pneumoniae (250), Vibrio cholerae (103), and Proteus vulgaris (175), as well 

as within the composite transposon Tn903 in Corynebacterium striatum, which supports 

the idea of horizontal transfer of these genes between both Gram-positive and -negative 

bacteria (265).  Nucleotidyltransferase genes are often carried on small plasmids but have 

also been found on larger conjugative plasmids, the transposon Tn5405, and within the 

bacterial chromosome itself (76).  Acetyltransferase genes are equally ubiquitous, 
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appearing on plasmids, class I integrons, and transposons (157).  It has been hypothesized 

that these “resistance enzymes” evolved from proteins active in normal biosynthetic 

pathways, which could explain their presence in diverse groups of bacteria in a variety of 

genetic contexts (280). 

 Kanamycin resistance genes are ideal targets for our study because of their 

genetic characteristics.  Like ampicillin, only one enzyme is needed for resistance, so the 

isolation of an intact pathway of multiple resistance determinants is not necessary to 

obtain functional clones.  Again, our small-insert libraries should be sufficient to identify 

most genes that encode kanamycin resistance, although other mechanisms such as the 

efflux system may be overlooked because of their potentially large genetic loci. 

Another advantage to screening for kanamycin resistance is that rarely do spontaneous 

mutations give rise to resistance.  Therefore, any clones exhibiting kanamycin resistance 

likely carry the actual resistance determinant and are not harboring mutations.   

 Because only one enzyme (and therefore only one or two genes) is usually 

necessary to confer chloramphenicol, ampicillin, or kanamycin resistance, we are 

confident that we have successfully surveyed the most likely resistance determinants in 

our activated sludge small-insert metagenomic libraries.  Also, given the evidence in 

other studies as well as our own, the horizontal transfer of these resistance genes is of 

great interest, both clinically and ecologically. 

1.3.  Horizontal Transfer of Antibiotic Resistance Genes in Activated Sludge 

Horizontal gene transfer (HGT) is any event which involves the movement of 

genetic material from one organism to another organism that is not its offspring.  In 

recent years, HGT has become notable in microbiology, as it mediates the acquisition of 

genes in bacteria that do not naturally express them.  Although any genetic material can 
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be exchanged by HGT, genes that encode antibiotic resistance are of great public health 

interest because of their ability to confer resistance in bacteria that were previously 

sensitive to clinical antibiotics.  Several mechanisms of HGT exist, which are illustrated 

in Figure 1.2.   

Transformation was the first mechanism of bacterial HGT to be discovered (261).  

In this process, DNA is exchanged between closely-related bacteria that are naturally 

“transformable.”  Although “transformation” has become a generic term for any situation 

in which a bacterium receives foreign DNA, it specifically describes the uptake of DNA 

by a bacterial cell without the aid of transfer elements that are often necessary in other 

HGT events.  The most common transformation event in vivo occurs when a bacterial cell 

absorbs exogenous DNA directly through its cell membrane (271), as first observed in the 

classic experiment by Frederick Griffith in which an avirulent strain of Streptococcus 

pneumoniae gained the ability to produce a virulence capsule after exchanging DNA with 

dead, encapsulated S. pneumoniae cells (150).  Since Griffith’s discovery, many studies 

have described the role of transformation in the dissemination of antibiotic resistance 

genes between various bacteria.  A recent study characterized the transfer of multiple 

antibiotic resistance genes between species of Streptococcus and Gemella without the 

help of mobilizable or conjugal elements (41).  Another study examined the spread of 

antibiotic resistance in hospital-associated bacteria, again mediated by nothing more than 

physical contact between bacterial cells (69).   

A second, more complex HGT mechanism is conjugation, in which a plasmid, 

transposon, integron, or other conjugal element is transferred from one bacterium to 

another by means of a sex pilus (261).  In this situation, there is a defined donor (male) 
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and recipient (female) cell, as well as a possible helper cell that contributes mobilizable 

elements to aid in the stable transfer of DNA.  Unlike transformation, conjugation is a 

common mechanism for genetic exchange between bacteria that may not be closely 

related.  Because of this significant difference, conjugation as a means to transfer 

antibiotic resistance genes is of great interest.  Conjugal plasmids are often a reservoir of 

resistance genes and have been isolated from various environments, including activated 

sludge (59, 66, 227, 257).  In addition, the prevalence of other conjugative elements such 

as transposons and integrons has prompted studies into their role in the spread of 

resistance genes.  Schubert and colleagues (229) identified a novel conjugative element in 

E. coli that encodes multiple resistance genes, an entire Type IV secretion pathway, 

mobilizable elements, and an integrase.  The authors hypothesized that this element is the 

potential precursor for a pathogenicity island found in Yersinia species.  Several studies 

have also described the occurrence of the HGT of antibiotic resistance by transposons, 

segments of DNA that have the ability to “jump” from host to host with the aid of the 

enzyme transposase (48, 140, 281). 

One aspect of conjugation that contributes to its complexity is the variety of 

mechanisms that related to this type of HGT.  For example, the conjugation system in 

Gram-negative bacteria resembles the anatomy of filamentous phage and requires the 

presence of a Type IV secretion system to assemble the sex pilus.  In Gram-positive 

bacteria, conjugation is generally mediated by cell surface proteins that initiate mating-

pair formation (78).  Another level of conjugal complexity lies in the unpredictable need 

for a helper cell and exogenous mobilizable elements.  As mentioned previously, some 

conjugation events occur independently of a “third party” bacterial cell, while others 
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require a complicated system of pili and mobilizable elements in trans (261).  It has also 

been found that through conjugation, large sections of a bacterial chromosome (in 

addition to smaller elements) can also be transferred to the recipient cell (78). 

Transduction, a third HGT mechanism, refers to the transfer of DNA by 

bacteriophage and was first described in 1952 by Zinder and Lederberg (305).  Phage, 

which are the most abundant life forms on Earth (39), possess an enormous range of 

genomic diversity and an impressive repertoire of strategies for invading bacterial cells 

(38).  Lytic phage replicate inside the bacterium and eventually lyse the cell, releasing 

phage, chromosomal, and plasmid (if present) DNA which can be absorbed by 

neighboring cells during transformation.  Lysogenic phage (also called temperate phage) 

integrate into the host’s genome or replicate as plasmids instead of immediately lysing 

the cell.  Environmental stimuli can induce a switch from lysogeny to lysis, during which 

host cell DNA can be packaged and later injected into a new host (55).  During these 

events, a variety of genes may be transferred from one host to another, including those 

for antibiotic resistance.  However, because the transduced chromosomal DNA must be 

able to recombine with the chromosome of the recipient in order to survive, transduction 

is often restricted to bacteria in the same species (78).  Literature describing the 

transduction of antibiotic resistance genes is limited, although a few studies describe this 

phenomenon with respect to gentamicin, ceftazidime, and erythromycin resistance (30, 

31, 34, 198, 276).  To our knowledge, transduction of antibiotic resistance genes in 

activated sludge communities has not been previously characterized. 
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2.  Polyketide Synthase Pathways 

 Microbial metabolites have long been a primary source of therapeutically 

important drugs such as polyketides, .a diverse family of natural products found in 

bacteria, fungi, and plants (237).  Examples of polyketides include the antibiotics 

erythromycin, tylosin, rifamycin, tetracyclines; immunosuppressants FK506 and 

rapamycin; and the antitumor compounds doxorubicin and mithramycin. (64).  See 

Figure 1.3 for examples of common polyketides. 

 Polyketides were discovered serendipitously in 1893 by James Collie, who was 

attempting to determine the structure of dedydroacetic by boiling it with barium 

hydroxide and acid.  He was surprised to find oricinol, an aromatic compound, as one of 

the products.   He proposed the mechanism of oricinol formation, suggesting that a 

polyketone intermediate could be formed from the γ-pyrone of dehydroacetic acid by the 

addition of water and ring opening.  Collie further hypothesized that these polyketone 

intermediates might be generated and produced by living cells, but his peers did not 

readily accept this hypothesis.  In 1917, Robert Robinson’s findings re-affirmed Collie’s 

original belief that polyphenols are produced from polyketones.  Another scientist, Arthur 

Birch, revived the scientific community’s interest in polyketides in the 1950s by 

demonstrating that polyketones could be generated from acetate units by repeated 

condensation reactions, which later became known as the Collie-Birch polyketide 

hypothesis (29), which proposes that polyketide biosynthesis is similar to fatty acid 

synthesis.  Refer to Figure 1.4., which illustrates the complete biochemical mechanism of 

polyketide synthsis  (253). 
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2.1.  Biochemical Synthesis 

 Both fatty acids and polyketides are assembled from acetyl-coenzyme A or 

related acyl-coenzymes in a series of repeated head-to-tail linkages until the desired chain 

length is reached (226, 253).  Experiments with isotope labeling further confirmed the 

Collie-Birch theory, verifying that the mechanisms of polyketide synthesis fall within the 

four types of reactions used to make fatty acids (181).  Although the biosynthetic 

pathways are similar, there is one critical difference between fatty acid synthesis and 

polyketide synthase synthesis: fatty acid biosynthetic pathways reduce and dehydrate 

each resulting β-keto carbon, producing an inert hydrocarbon.  Polyketide systems 

modify or omit some reactions, preserving some chemical reactivity along portions of the 

polyketide chain. Still other polyketide enzymes selectively promote internal cyclization 

and π-bond rearrangements to produce a number of structurally diverse products (15). 

 Polyketide synthases (PKSs), the pathways responsible for polyketide synthesis, 

can be divided into three groups: Type I, Type II, and Type III.  Type I PKSs contain 

multifunctional proteins that are each responsible for a different active site for catalytic 

reactions in polyketide chain assembly (170).  The actinorhodins, or Type II PKSs, are 

composed of individual proteins that perform one enzymatic activity to catalyze the 

formation of aromatic polyketides (170, 237). Type III PKSs, previously thought to be 

found only in plants, participate in the assembly of small aromatic compounds (170). 

 Type I PKSs are large multifunctional proteins organized into modules, each of 

which contains an individual enzyme responsible for the catalysis of polyketide chain 

elongation.  Modular PKSs are exemplified by 6-deoxyerythromycin B synthases, which 

are responsible for the biosynthesis of reduced polyketides such as erythromycin A (237), 
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seen in Figure 1.3.  Three open reading frames (ORFs), eryAI, eryAII, eryAIII, comprise 

the genes responsible for the synthesis of multienzyme polypeptides 1, 2, and 3, 

respectively.  Each ORF is further organized into two modules, which each contain three 

domains to catalyze one cycle of chain extension: a ketosynthase (KS), an acyltransferase 

(AT), and an acyl carrier protein (ACP).  Some modules carry variable domains, such as 

a ketoreductase (KR), a dehydratase (DH) or an enoyl reductase (ER), which are 

responsible for keto-group modification (26, 65).   

 The manipulation and development of PKS pathways offers vast opportunities for 

the isolation of novel compounds.  The modular organization of Type I PKSs present 

diverse possibilities to determine if new metabolites can be discovered from various 

modular arrangements using a combination of genes from individual or multiple 

organisms.  If these rearrangements are successful, this method would provide another 

source of chemical diversity in the quest for new antibiotics (226).  

The structure of Type II PKS is comprised of enzymes similar to those of Type I 

PKSs: α-KS, ACP, chain length factor (CLF) and cyclases (64). These four subunits 

constitute the “minimal PKS” found in all Type II PKSs (15). The CLF controls the chain 

length of the polyketide, while the ACP assembles the polyketone chain from one unit of 

acetyl-CoA and seven units of chain-extending malonyl-CoA.  The cyclases act in 

cyclization and aromatization of the resulting compounds (64, 253).  More specifically, 

after decarboxylation of malonyl-ACP, the acetyl group is transferred to the α-KS active 

site where the first condensation step will occur, resulting in acetoacetyl-ACP.  The 

ketoester is then transferred from the ACP back to α-KS where another cycle of chain 

extension can occur (253).  
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 Type I and Type II PKSs differ in the formation of cyclic aromatic compounds 

that do not require the dehydration and reduction steps required in modular synthesis. 

Type II PKSs were actually discovered several years before Type I PKSs; however, a 

complete set of Type II PKS enzymes has not been found (226).  The first genes 

encoding Type II PKSs were discovered by studying the genetics of actinorhodin 

biosynthesis in Streptomyces coelicolor and tetracenomycin biosynthesis in Streptomyces 

glaucescens (152, 174).  S. coelicolor produces a blue-pigmented polyketide, 

actinorhodin (279), from which Type II PKSs get their name.  For actinorhodin 

biosynthesis, an aromatic polyketide gene cluster encodes the PKS genes involved in 

cyclization, aromatization, and tailoring enzymes.  Further sequence analysis of the PKS-

encoding genes from the granaticin, tetracenomycin, and actinorhodin synthesis pathways 

in Streptomyces violaceoruber was used to confirm the basic design of Type II PKS 

systems (258, 259).  Previous studies involving Type II PKS pathways have revealed 

novel products from new combinations of heterologous bacterial genes. The exact 

functions of many Type II enzymes have yet to be determined and could provide more 

insight into the potential for novel PKS metabolites from these pathways.. 

 In 1999, a third type of PKS was identified:  Type III PKSs are small 

homodimeric proteins that are similar to chalcone synthase (CHS) and stilbene synthase 

(STS) families that were thought to be found only in plants (228, 237). Their sequence 

homology and vague evolutionary history led some to believe that a number of bacteria 

had acquired the CHS-like genes via horizontal gene transfer from plants.  However, the 

recent increase in complete genome sequence data  has revealed only ~ 25% amino acid 

homology with CHS, confirming that Type III PKSs are indeed a novel system found in 
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bacteria (15).  Type III PKSs differ from CHS and STS families in their starter enzymes, 

the number of acetyl additions they catalyze, and their mechanism of chain termination 

(15).  This type of PKS generally uses a malonyl-CoA starter unit, continues through 

malonyl-CoA decarboxylation, polyketide chain elongation, and cyclization, yielding a 

chalcone or stilbene. There are currently 12 known Type III PKS pathways attributed to 

plants and three from bacteria. (15). 

 The first demonstration of the enzymatic production of an aromatic PKS product 

by a Type III polyketide synthase was demonstrated in the Chinese club moss, Huperzia 

serrata.  This study determined that Type III PKS enzymes accept a larger starter 

substrate and possibly contain a larger starter-substrate binding site at the active site than 

chalcone synthase pathways found in other plants (283).  Furthermore, the Type III 

enzyme RppA offers broad substrate specificity and allows for increased diversity in final 

end products, leading some to believe that RppA-like enzymes are involved in the 

biosynthesis of a wide variety of metabolites in various different hosts (80).  

 Currently, two-thirds of known bioactive polyketide natural products originate 

from actinomycetes; other microbial sources of polyketides include myxobacteria, 

cyanobacteria, and fungi (195).  While the exact function of many polyketides is 

unknown, it is thought that in many cases they result as secondary metabolites to aid their 

hosts during competition for nutrients and other resources.   Polyketide synthases have 

several distinguishing characteristics that set them apart from other biosynthetic systems.  

They are quite large, usually 100 to 10,000 kDa, and are soluble cytosolic multienzyme 

systems that require no intracellular substructure or organelle to maintain activity.  The 

possibilities of joining various purified protein components in vitro to yield novel PKS 



54 
 

activity makes these pathways ideal for expression in heterologus hosts (195).  

Heterologus expression can be employed to produce a desired protein in specific 

quantities and can be used to overcome limitations associated with manipulating the 

larger modular arrangement of PKS in native microorganisms. Streptomyces coelicolor 

and E. coli have been engineered in such a way to be able to express PKS pathways that 

might otherwise not be characterized.  The macrocyclic core of the antibiotic 

erythromycin, 6-dEB), is a complex natural product produced by the soil bacterium 

Saccharopolyspora erythraea through a PKS reaction (26). A derivative of Escherichia 

coli has been genetically engineered to convert exogenous propionate into 6-dEB (211).  

The gene encoding dEB- 3, an enzyme proposed to catalyze the fifth and sixth 

condensentation cycle sin the assmelby of 6-dEB, has been engineered into a pT7-based 

expression system for over-expression in Escherichia coli. (211). 

2.2.  Distribution of Polyketide Synthases 

 Although the synthesis of polyketides is most often associated with the 

actinomycetes (195), PKS genes have also been identified in a diverse group of bacteria, 

including species of Pseudomonas  (154, 205), Mycobacterium (126), Stigmatella (54), 

Sorganium (85, 86), and Acidobacteria (285).  The widespread distribution of PKS genes 

is of great interest because additional reservoirs of polyketides likely exist but remain 

uncharacterized due to cultivation-based limitations and the targeting of specific 

phylogenetic groups. 

2.3.  Discovery of Novel Polyketides 

 The isolation of secondary metabolites produced by soil microorganisms has 

historically been an effective means of identifying novel compounds with antimicrobial 
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activity. Soil environments contain an impressive 1016 microbial cells per ton, while only 

an estimated 1% of these have been successfully cultivated in the laboratory (58, 108). 

While this small percentage of cultured soil microorganisms has already illustrated the 

phylogenetic diversity of these communities and have provided many important 

antibiotics to date, a potentially richer resource for novel antibiotic discovery lies with as-

yet-uncultured bacteria (87, 94, 218).  The application of a metagenomic approach to 

isolate large, contiguous regions of DNA from uncultured microorganisms remains a 

good strategy for accessing intact biosynthetic pathways that are involved in 

antimicrobial compound production.  Previous studies have demonstrated the utility of 

screening environmental metagenomic libraries to identify bioactive molecules (54), 

proteolytic systems (23), and polyketide synthases (89, 167, 226, 286) . 

3.  Summary 

The close physical interaction of bacteria within activated sludge provides an 

environment ideal for genetic exchange, more specifically the HGT of antibiotic 

resistance genes.  Because this community contains a diverse array of bacteria, plasmids, 

and phage, it is logical to explore all three mechanisms of HGT with respect to antibiotic 

resistance.  We hypothesize that the prokaryotic community structure of activated sludge 

can serve as a model for various mechanisms of HGT that mediate the spread of 

antibiotic resistance within environmental microbial communities. 

 As microorganisms undergo HGT and become more resistant to known 

antibiotics, the need for innovative pharmaceutical treatment will increase significantly.  

Evolutionary processes have resulted in an incredible diversity of chemical moieties with 

antibiotic activity that remains undiscovered.  To access a greater degree of the 
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biosynthetic capacity of environmental microorganisms, we applied a metagenomic 

approach for the discovery of novel polyketides, combining recent advances in the 

isolation and cloning of HMW DNA from diverse soil microorganisms with both 

sequence-based and function-based screening of soil metagenomic libraries to identify 

recombinant clones either encoding or expressing the biosynthetic machinery for natural 

products with potential antimicrobial activity. 
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Figure 1.1.  Schematic of microbial metagenomic library construction and screening. 
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Figure 1.2.  Mechanisms of horizontal gene transfer among microorganisms (78). 
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   Figure 1.3.  Structural diversity of polyketide compounds. 
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                    Figure 1.4.  Biochemical mechanism of polyketide synthesis (253). 
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CHAPTER II 

 

CHARACTERIZATION OF BACTERIAL AND VIRAL PHYLOGENETIC 

DIVERSITY IN WASTEWATER COMMUNITIES USING BOTH CULTURE-BASED 

AND METAGENOMIC APPROACHES  

 

A.  ABSTRACT 

 We evaluated the bacterial and viral diversity within an activated sludge (AS) 

aeration basin, its influent (IN), and a laboratory-scale sequencing batch reactor (SBR) 

using culture-dependent and culture-independent methods.   A total of 91 unique cultured 

bacterial isolates, 28 cultured bacteriophages, 1,103 bacterial 16S rDNA clones, and 

1,779 viral metagenomic clones were subjected to phylogenetic analyses.   The culture-

dependent survey of bacterial diversity indicated that the AS and SBR microbial 

assemblages were dominated by γ-Proteobacteria, whereas the culture-independent 

survey revealed the dominance of members from the Bacteroidetes division that 

comprised more than half of the rDNA sequences obtained.   Among the cultured 

bacterial isolates, a high frequency (19.7%) of bacterial co-isolation was observed, which 

may be attributable to the intimate bacterial associations present within floc microbial 

assemblages in AS and the SBR.   The bacterial culture collection was also used to 

identify 28 unique bacteriophages that infected members of the Actinobacteria, 
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Firmicute, and γ-Proteobacteria divisions.   The most abundant viral metagenomic 

sequences were used to query the cultured bacteriophages by PCR, revealing two genetic 

loci that had representatives within both the viral metagenome and a cultured 

bacteriophage and very low percent matches within the GenBank nr/nt database.  These 

observations support the premise that the vast majority of microorganisms in AS, IN, and 

SBR communities are not readily cultivated under laboratory conditions and that culture-

dependent and –independent approaches have a limited overlap.  Together, these 

techniques can provide a more complete characterization of the phylogenetic and 

functional diversity of bacteria and viruses in these environments. 

B.  INTRODUCTION 

  The activated sludge system in wastewater treatment plants is an important 

biological process that has a significant impact on both environmental and public health.   

As activated sludge and its influent harbor a functionally diverse microbial population, an 

extensive phylogenetic survey of these communities is important to gain an 

understanding of the complex microbial interactions at a community level.  In addition, 

the use of laboratory-scale bioreactors allows for more controlled studies of phylogeny 

and metabolic activity over time and under various environmental conditions. 

Many studies have explored the abundance of specific bacterial taxa within 

activated sludge and bioreactors, revealing the ubiquity of members from the 

Bacteroidetes and β-Proteobacterial divisions (53, 127, 128, 232, 288), as well as 

bacteria with certain metabolic abilities (32, 107, 145, 183, 234, 250, 299, 302).  

Phylogenetic surveys have targeted a wide range of genetic and physiological markers 

including quinone profiles (102), polyamine patterns (14), functional genes such as amoA 
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(178, 186, 221, 250) and stable isotope probing of precursors utilized during various 

metabolic cycles (88, 153, 179) in activated sludge and bioreactors.  Perhaps the most 

widely-used phylogenetic approach involves sequencing and classifying 16S rRNA genes 

from both cultured isolates (119) and community rDNA clone libraries (145, 160, 242, 

247, 250) and by detecting 16S rRNA genes using various in situ labeling methods (118, 

155, 215).  However, because each of these methods has potential advantages and biases, 

a combination of these approaches remains the best approach to assess the phylogenetic 

diversity of bacteria in activated sludge and bioreactor communities.   

One aspect of activated sludge microbiology which remains relatively 

uncharacterized is the occurrence of bacterial co-isolation, also referred to as co-

aggregation, in wastewater systems.  Inducing co-isolation between diverse bacterial 

species has been used to produce a specific metabolic activity (63) or to isolate obligate 

intracellular bacteria (49), but to our knowledge, only one study has previously 

characterized bacterial co-isolation in the activated sludge environment (115).  However, 

that study focused on the specific interaction of Actinobacteria and Burkholderia bacteria 

within aerobic granules that could degrade phenol, rather than the frequency and 

phylogenetic diversity of co-isolation.  Because co-isolate associations may have 

important implications for bacterial community structure and function, their 

characterization could reveal potentially novel bacterial interactions. 

In addition, bacteriophages play an active role in the ecology of natural 

environments, such as influencing population dynamics (71) and transducing horizontal 

gene transfer between diverse bacterial species.  Historically, the focus of wastewater 

viral studies has been on host/viral interactions and the use of phages as indicators of the 
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presence of specific bacterial hosts.   Total viral counts in AS have varied based on 

isolation techniques and counting methods, but the highest counts were observed by 

Otawa et al. who observed 108 – 109 virus-like particles (VLPs) per ml of AS sample 

(187).  From culture-dependent studies on AS, phages have been isolated from 30%-60% 

of the cultured bacterial isolates from the same source (96, 243, 250).   It has been 

observed in several studies that coliphages are seen in high titers in influent, but seem to 

decline in activated sludge (90, 298).  Otawa et al. also used pulsed-field gel 

electrophoresis to examine viral communities from 14 full-scale wastewater treatment 

plants.  They noted the range of size of viral genomes in AS to be predominately between 

40 and 200 kb, with 40 to 70 kb-sized genomes the most frequent, and similar banding 

patterns were observed between samples, suggesting that the viral communities shared 

many viruses in common among the treatment facilities.  In addition, varying temporal 

patterns in viral populations in a laboratory-scale reactor were observed with two distinct 

bands emerging and disappearing within a short time period (187).   

Recently, there has been discussion of using phages to improve the efficiency of 

the wastewater treatment process, including pathogen control and foam control in the AS 

community  (293).   With the idea of using phages as a means of bacterial population 

control in AS, it is even more important to understand the viral community that exists 

naturally in AS.  Although it has been established that phages exist in high numbers in 

AS (187), to our knowledge a phylogenetic survey of the AS viral community has yet to 

be conducted.   

In this study, we present comparative phylogenetic analyses of bacterial and viral 

diversity in activated sludge, its influent, and a sequencing batch reactor using both 
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culture-dependent and –independent methods.  The rationale for these surveys is three-

fold: 1) to obtain biological materials and knowledge for future studies, especially in 

describing the genetic determinants of antibiotic resistance borne on plasmid, phage, and 

bacterial genomes; 2) to enable comparisons between culture-dependent and -

independent phylogenetic data; and 3) to provide the foundation for additional surveys of 

bacteria, plasmids, and bacteriophages that impact the functional diversity of microbial 

communities in activated sludge, influent, and bioreactors.  This study also demonstrates 

the value of combining both culture-based methods, which yield a resource for the 

characterization of biological activities and interactions, and culture-independent 

methods, which allow for the direct querying of microbial functional and phylogenetic 

diversity without the substantial bias of laboratory cultivation.  A summary and 

comparison of the eight phylogenetic surveys conducted in this study can be found in 

Table 2.1. 

C.  MATERIALS AND METHODS 

1.  Sampling site and bioreactor operation.  Samples were collected from the activated 

sludge (AS) aeration basin at the H.C. Morgan Water Pollution Control Facility 

(HCMWPCF) in Auburn, AL, and a laboratory-scale sequencing batch reactor (SBR) 

originally seeded from the aeration basin.  The HCMWPCF is a dual train, conventional 

activated sludge system that includes grit removal, aeration, secondary clarification, and 

effluent disinfection.  The SBR had a working volume of 4 liters and was operated on a 

continuous 6 h cycle consisting of 4 phases: effluent withdrawal (12 min), nutrient feed 

and deionized water addition (3 min), aeration (280 min), and settling (30 min).  Aerobic 

conditions were maintained by cycling ambient air through a porous diffuser and were 
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verified by measuring dissolved oxygen levels (YSI Model 57 Oxygen Meter, YSI 

Incorporated, Yellow Springs, OH) and redox potential (Model 200, Eutech Instruments, 

Singapore) at regular intervals.  The pH of the SBR was kept between 6.8 and 7.3 by 

adding 0.1M HCl or 0.1M NaOH when appropriate.  The SBR was maintained at 25°C. 

The composition of the synthetic feed was (mg per COD/L): acetate (360), casamino 

acids (20), yeast extract (< 1). The inorganic salts content was (as mg/L total influent 

concentration): KCl (210), MgCl2-6H2O (394), MgSO4-7H2O (26), CaCl2 (80), H3BO3 

(0.11), ZnSO4-7H2O (0.0.50), KI (0.027), CuSO4-5H2O (0.11),  Co(NO3)2-6H2O (0.135), 

NaMoO4-2H2O (0.056), MnSO4-H2O (0.62), and FeSO4-7H2O (0.55). The influent 

phosphate (P) concentration was supplied as NaH2PO4-2H2O and was maintained at 8.0 

mg P/L. The influent nitrogen (N) was supplied as NH4Cl and was maintained at 40.3 mg 

N/L. 

2.  Bacterial culture collection.  Bacterial cultures were obtained by plating serial 

dilutions (10-3 to 10-6 in 1X PBS, pH 7.2) of AS and SBR samples onto LB agar and a 

synthetic wastewater (SWW) medium made from SBR nutrient and mineral stocks  (207).  

The plates were incubated for two weeks at 25°C, and colony forming units per ml were 

determined for AS and SBR on both media at various time points.  Colonies exhibiting a 

unique morphotype were re-streaked for isolation onto their respective medium, and these 

secondary cultures were incubated for 24 or 48 h at 25°C.  Isolated colonies were 

subcultured into LB broth and grown overnight at 37°C with shaking to generate glycerol 

stocks for the bacterial cultured isolate collection. 

3.  Genomic DNA isolation and ribotyping of cultured isolates.  Genomic DNA was 

extracted from a 2 ml overnight culture of each bacterial isolate using the Promega 
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Wizard Genomic DNA extraction protocol for Gram positive bacteria (Promega, 

Madison, WI).  The 16S rRNA gene from each isolate was amplified by PCR in a 50 µl 

reaction containing 1X GoGreen master mix (Promega, Madison, WI) , 20 nM each of 

universal bacterial primers 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) and 1492R (5’-

GYTACCTTGTTACGACTT-3’) (135) and approximately 1µg of DNA template.  The 

thermalcycling conditions included an initial denaturing step at 95°C for 1 min, followed 

by 40 cycles of denaturing (95°C for 30 sec), annealing (55°C for 15 sec), and extension 

(72°C for 2 min) with a final extension step at 72°C for 5 min.  Each amplicon was 

digested with the restriction enzyme RsaI and electrophoresed through a 1X TAE 1.2% 

(w/v) agarose gel for restriction fragment length polymorphism (RFLP) analysis, which 

identified unique cultured isolates from the total culture collection.  Unique 16S rDNA 

fragments were purified using the Wizard PCR Clean-up system (Promega) and 

sequenced at the Lucigen Corporation (Middleton, WI) using dideoxy chain termination 

sequencing reactions. 

4.  Resolution and identification of bacterial co-isolates.   Mixed colony morphologies, 

RFLP analysis, and 16S rDNA sequence chromatograms indicated co-isolation of some 

bacteria in the culture collection.   Gram staining, negative staining, and endospore 

staining confirmed the presence of more than one cell type in the co-aggregates.   

To resolve bacterial co-isolates and identify the separate bacterial constituents, the 

mixed bacterial cultures were sequentially re-streaked multiple times on LB agar to 

obtain separate, isolated colonies.  In several cases, the co-isolate pairs could not be 

physically resolved using this method, so their respective 16S rRNA genes were PCR 

amplified and then separated using denaturing gradient gel electrophoresis (DGGE) 
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according to the following methods:  DNA was used as template in 50 µl PCR reactions 

containing 1X GoGreen master mix (Promega), 20 nM each of the universal primer set 

338F-GC (5’ACTCCTACGGGAGGCAGCAG-3’ plus a GC-clamp at the 5’ end) and 

518R (5’-ATTACCGCGGCTGCTGG-3’) (176) to amplify 16S rDNA for DGGE under 

the following thermalcycling conditions: 95°C for 1 min (initial denaturing), 95°C for 30 

sec, 55°C for 45 sec, 72°C for 1 min (30 cycles), and 72°C for 5 min (final extension).  

The amplicons from each time point were electrophoresed through an 8% (v/v) 

denaturing polyacrylamide gel at a 45%-65% denaturant gradient range for 18 h at 100V 

using the phorU DGGE system (Ingeny, Goes, The Netherlands).  The DNA was 

visualized by low-wavelength UV light excitation after SYBR Gold staining, and 

individual rDNA amplicon bands were extracted from the gel and served as template for 

a secondary PCR using the 338F (without a GC clamp) and 518R primer set.  PCR 

amplicons were purified as described above and sequenced using BigDye sequencing 

reactions at the Auburn University Genetic Analysis Laboratory. 

5.  Characterization of co-isolate AS 6.  For one putative co-isolate (AS 6), DGGE data 

repeatedly yielded only one 16S rRNA gene sequence, although observations on LB agar 

and multiple stains suggested the presence of more than one bacterial morphotype.  A 

panel of biochemical tests (indole, motility, methyl red, Voges-Proskauer, multiple sugar 

fermentations, H2S production, phenylalanine deaminase, and lysine, arginine, and 

ornithine decarboxylase) was performed on AS 6 and the ATCC reference strain 

(Aeromonas caviae, ATCC 14486) of its top hit from the nr/nt database of GenBank.   

In addition, fluorescence in situ hybridization was performed on AS 6 using the 

Aeromonas-specific probe AER66 (5’-CTACTTCCCGCTGCCGC-3’) (118) labeled with 
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FITC and the universal bacterial probe EUB338 (5’-GCTGCCTCCCGTAGGAGT-3’) 

(5) labeled with Texas Red.  An overnight broth culture of AS 6 was centrifuged at 

13,000 x g for 5 min, the cell pellet was resuspended in 4% formaldehyde in 1X PBS, and 

the suspension was incubated at room temperature for 3 h.  The suspension was then 

centrifuged again at 13,000 x g for 5 min and the fixative was discarded.  The pellet was 

sequentially washed at room temperature for 5 min in 50%, 80%, and 95% EtOH and 

dried for 10 min in a SpeedVac (Eppendorf, Westbury, NY).  Hybridization buffer 

(20mM Tris-HCl, pH 8.0, 0.9M NaCl, 0.01% SDS, 40% formamide) was added to the 

dried cell pellet, and the suspension was pre-hybridized at 65°C for 30 min.  The 

appropriate probe was then added to the suspension at a final concentration of 50 ng/µl, 

and the hybridization was carried out at 65°C for 3 h.  After hybridization, the cells were 

washed 2X in 0.1X SSC at 37°C for 30 min, and the final cell pellet was resuspended in 

0.1X SSC.  To prevent photobleaching, SlowFade reagent (Invitrogen, Carlsbad, CA) 

was added to each suspension, which was then viewed using a Zeiss Axiovert 200 

inverted fluorescence microscope (Zeiss, Thornwood, NY) with a Nikon camera 

workstation and Elements imaging software (Nikon, Melville, NY). 

6.  Construction of 16S rDNA clone libraries.  50 ml samples were obtained from the 

AS aeration basin and the SBR in June 2006.  Microbial community genomic DNA was 

isolated using a modified MoBio UltraClean Genomic DNA extraction protocol (MoBio 

Laboratories, Carlsbad, CA) and further purified by CTAB extraction and ethanol 

precipitation.  Briefly, 5M NaCl was added to the genomic DNA to a final concentration 

of 0.7M NaCl.  Then, a solution containing 10% hexadecyltrimethylammonium bromide 

in 0.7M NaCl was added, and the mixture was vortexed and incubated at 65°C for 10 
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min.  Genomic DNA was then extracted using isoamyl alchohol:chloroform (1:1 v/v), 

precipitated with 100% ethanol, and resuspended in TE buffer (10mM Tris-HCl, 1mM 

EDTA).   Samples were run in triplicate and stored at -80°C.   Purified genomic DNA 

from AS and SBR was used as template in separate 50 µl PCR reactions to amplify 

community 16S rDNA under the following conditions:  Each 50 µL reaction contained 

1X Go Green master mix (Promega), 20 nM each of primers 27F and 1492R, and 

approximately 1 µg of DNA template.  The thermalcycling conditions included an initial 

denaturing step at 95°C for 1 min, followed by 40 cycles of denaturing (95°C for 30 sec), 

annealing (55°C for 15 sec), and extension (72°C for 2 min) with a final extension step at 

72°C for 5 min.   Amplicons were purified using the Wizard PCR Clean-up kit (Promega) 

and ligated into the TOPO TA pCR2.1 vector (Invitrogen, Carlsbad, CA) for cloning of 

PCR products.  Ligations were transformed into electrocompetent E. coli DH5α TOP10 

cells (Invitrogen) according to the manufacturer’s instructions.  Transformants were 

robotically picked into 96-well format using the QPix2 colony-picker (Genetix, 

Hampshire, United Kingdom) and submitted for sequencing at the SymBio Corporation 

(Menlo Park, CA).   

7.  Phylogenetic analyses of bacterial 16S rDNA.  Resulting 16S rDNA sequences 

(≥600bp) from the 16S rDNA library clones and bacterial cultured isolates were trimmed 

for quality using ChromasPro software (Technelysium Pty Ltd, Queensland, Australia) 

and compared to the GenBank nr/nt database using the BLASTn algorithm.  Top hits 

from the database with ≥90% similarity to the submitted 16S rRNA gene sequences were 

used to identify a division-level affiliation for each rDNA library clone and cultured 

isolate. 
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 16S rDNA sequences from the library clones were then aligned using ClustalX to 

produce a genetic distance matrix.   The resulting matrix was further analyzed by the 

DOTUR program (292) to generate rarefaction curves to estimate taxa richness.  The 

clone library sequences from AS and SBR were submitted to DOTUR, which assigned 

the sequences to operational taxonomic units at genetic distances of 0.03 (species-level) 

and 0.15 (division-level).   

8.  Analysis of bacterial community structure over time.  Samples were taken from the 

AS aeration basin and the SBR at five time points between June 2006 and January 2007.  

Microbial community genomic DNA was isolated and purified as described above.  The 

resulting DNA was used as template to PCR amplify community 16S rDNA for DGGE 

analysis as described above.   After SYBR Gold staining, the DGGE gel was visualized 

and analyzed using Bionumerics 5.0 (Applied Maths, Austin, TX).  The similarity 

between time points was calculated using the Pearson product-moment correlation 

coefficient, and clustering was performed with the unweighted pair-group method using 

arithmetic averages (UPGMA).   

9.  Identification of cultured bacteriophages.  To determine the best method to extract 

viruses from AS, varying extraction methods were evaluated prior to sampling for viral 

DNA extraction.  Previous studies demonstrated that a beef extract buffer was an 

effective elluent of viruses from activated sludge and solid sludge samples (1, 2, 168).  

Viral extraction trials were performed using varying ratios of beef extract buffer to AS to 

determine the best viral extraction method.  Following the combination of AS and beef 

extract buffer, the samples were agitated at room temperature for 30 min.   Cellular debris 

was spun down by differential centrifugation at 10,000 x g for 30 min.  The VLPs in the 
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resulting supernatant were filtered through a 0.45 µm PVDF filter, stained with SYBR 

Gold, and quantified using a Zeiss Axiovert 200 inverted fluorescence microscope with a 

Nikon 2 Camera with Elements software.  Based on microscopic counts, it was 

determined that 10% beef extract buffer at equal volume or greater ratio with AS 

provided the highest VLP yield (data not shown).  Based on the results of these trials, 

virions were extracted from AS by incubating 200 ml of AS sample with 200 ml of 10% 

beef extract buffer for 18 h at room temperature with continual mixing in a hybridization 

bottle. 

 Subsequently, to prepare viral enrichments for each of the bacterial isolates from 

the culture collection were grown in both LB broth and LB broth supplemented with 1 

mM CaCl2 and 1 mM MgCl2 at room temperature with shaking until log phase growth 

was achieved.  The cultures were then incubated with approximately 1.09 x 106 VLPs 

extracted from AS, and the incubation was continued under the same conditions 

overnight.  Following incubation, the culture solutions were evenly divided, and half the 

culture was chloroform-lysed, while the other half of the culture was stored in a 7% 

DMSO solution at -80°C.  Spot tests with both chloroform-lysed and non-lysed 

enrichment cultures were performed on all of the cultures to observe plaque formation.  

Plaque-positive samples were then purified by serial soft agar isolation, and phages that 

were plaque-purified were collected for DNA extraction. 

 To extract viral DNA, the isolated plaques were treated with 100 µL of benzonase 

(250 U/µl final concentration) at 37˚C overnight to degrade residual bacterial 

chromosomal DNA.  Following benzonase inactivation (addition of 10 mM EDTA and 

heating at 70°C for 10 min), proteinase K (1mg/ml final concentration) and 1% sodium 
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dodecyl sulfate were added, and the mixture was incubated at 37˚C for 2 h to degrade 

viral protein coats.  Proteins were removed by phenol:cholorfom extraction and DNA 

was recovered by isopropanol precipitation.   

10.  Viral metagenomic library construction and sequencing.  IN and AS samples for 

metagenomic library construction were combined with an equal volume of 10% beef 

extract and agitated for 18 h at room temperature, then spun at 10,000 x g for 30 min.  

The supernatant was filtered through a 0.45 µm PVDF filter and precipitated with 

polyethylene glycol (PEG) at 4˚C overnight.  The overnight PEG solution was spun at 

7,000 x g for 45 min, and the resulting viral pellet was resuspended in SM buffer (100 

mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl (pH 7.5)).  The resuspended solution was 

spun again (12,000 x g for 10 min) and the supernatant was loaded onto a cesium 

chloride (CsCl) step gradient and subjected to ultracentrifugation at 100,000 x g for 2 h.  

The viral band evident at the 1.3 mg/ml zone was collected and used for DNA extraction 

and direct counts.  Viral DNA was extracted and purified from this fraction as described 

above. 

 Random shotgun metagenomic libraries of the viral communities from IN and AS 

were prepared at the Lucigen Corporation (37, 288).  Viral DNA isolated from IN and AS 

was fragmented to approximately 1 to 3 kb fragments and end-repaired to blunt-end each 

dsDNA molecule.  The dsDNA was then ligated to an adaptor (20 bp dsDNA sequence), 

and then primers specific to the adaptor sequence were used to PCR amplify the dsDNA 

fragments, using only 15 rounds of amplification.  The viral amplicons were then purified 

over a silica column and ligated into the pSMART-LCKan vector, a low-copy cloning 

vector containing transcriptional terminators flanking the cloning site to prevent 
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transcription of viral genes (and potential toxicity to the E. coli host cell) resulting from 

vector promoters (37, 288).   The ligation was transformed into electrocompetent E. coli 

strain DH10B, and a glycerol stock was prepared of the transformation mixture for 

storage at -80°C.  The transformation mix was shipped to Auburn University, where the 

number of transformants per ml was determined.  Transformants were plated onto LB 

agar containing kanamycin (30 µg/ml) and were picked into 96-well format using the 

QPix2 colony picking robot (Genetix, Hampshire, United Kingdom).  After incubation at 

37°C overnight with shaking, sterile 50% glycerol was added to each well (final 

concentration, 15%) and plates were frozen at -80°C.  Seven 96-well plates (672 clones) 

from IN and 13 96-well plates (1,248 clones) from AS were sent to the Lucigen Corp. 

(Middlteon, WI) for sequencing.   

11.  Sequence analysis of viral metagenomic library clones.  DNA sequences were 

screened for removal of vector and linker sequences, and minimum base quality using 

ChromasPro and Sequencher software packages (Technelysium Pty Ltd; Gene Codes).  

Following removal of nucleotide bases with poor quality reads, there were 1161 quality 

sequences from AS (0.76 Mbp) and 618 quality sequences from IN (0.41Mbp).  For 

taxonomy assignments, sequences were compared against the GenBank nr/nt and env 

databases using the tBLASTx algorithm.  The top five hits were used for analysis, and 

only matches with an E-value of ≤0.001 were considered significant.  Significant 

GenBank database hits were categorized as either viral, bacterial, archeal, eukaryotic, or a 

mobile genetic element.   In cases where multiple significant hits were observed for a 

single query sequence, the sequence was preferentially classified as viral if the hit 

occurred within the top five hits (37).  Mobile elements consisted of plasmids, 



75 
 

transposons, transposases, pathogenicity islands, and insertion sequences.   Significant 

hits to phages were further classified into phage families according to The International 

Committee on Taxonomy of Viruses classification system.  Hits to bacterial genomes 

were further compared to a list of known prophages (http://phage-

finder.sourceforge.net/).  Sequences predicted to be located on the genome of a known 

prophage were categorized in the viral category. 

12.  Estimates of viral diversity and community structure.  The online PHACCS tool  

(http://biome.sdsu.edu/phaccs/) was used for assessing viral community diversity as 

described by Angly et al. (9) The exponential rank abundance form was predicted to be 

the best fit for the AS viral community, and the lognormal rank abundance form was 

predicted by PHACCS to be the best fit for the IN viral community. 

13.  PCR amplification of abundant metagenomic loci.  Contig assembly of viral 

metagenomic sequences was performed using assembly criteria of 80% identity with at 

least a 20 bp overlap in order to assemble sequences from the most abundant viral types 

(37).  These contigs were then analyzed by BLASTx comparisons to GenBank nr/nt and 

env databases, and contigs with significant hits to bacterial taxa that were also present 

within the AS bacterial culture collection were selected.  Primers were designed to target 

regions of the metagenomic contigs that were 100% identical with homologs in 

GenBank.  Touchdown PCR was performed using each metagenomic contig-specifc 

primer set on all cultured phage DNAs under the following conditions:  95°C for 1 min 

(initial denaturing), 95°C for 1 min, step-wise annealing cycles of 65°C to 50°C for 30 

sec each, and 72°C for 1 min (16 cycles) followed by 30 cycles of 95°C for 1 min,  50°C 

for 30 sec, and 72°C for 1 min , followed by a final extension step of 72°C for 5 min.   
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PCR amplicons were analyzed by gel electrophoresis, and amplicons was column 

purified using the Wizard PCR Clean-up kit (Promega).  PCR products were then 

sequenced at the Auburn University Genetic Analysis Laboratory using both forward and 

reverse primer reactions to obtain a consensus sequence. 

14.  Metabolic profiling of viral metagenomic DNA.   Sequences from the IN and AS 

viral metagenomic library clones were analyzed by the MetaGene annotator, which 

identified 933 ORFs from the IN library and 1815 ORFs from the AS library.  The ORF 

sequences were then compared to those found in the SEED platform 

(http://www.theseed.org) and organized into predicted functional categories based on the 

subsystems approach described by Overbeek et al. (189).  

15.  Nucleotide accession numbers.  All 16S rDNA sequences from the cultured isolates 

and bacterial library clones were submitted to GenBank under the accession numbers 

GU002706 to GU003868.  The viral metagenomic DNA sequences were registered as 

part of the Wastewater Viral Metagenome project at GenBank (Trace Archives) and are 

under TI reference numbers 2251203077 to 2251204802. 

D.  RESULTS 

1.  Phylogenetic classification of cultured bacterial isolates.  The bacterial culture 

collection contained 58 unique cultures from AS and 18 from SBR.  Resolution of 

bacterial co-isolate pairs (14 from AS, one from SBR, see below) yielded a total of 91 

bacterial isolates from which at least partial 16S rRNA gene sequences (≥600bp) were 

obtained.  Based on sequence homology with other 16S rRNA genes in the GenBank 

nr/nt database, the AS community was dominated by representatives of the subdivision γ-

Proteobacteria, followed by members of the Firmicute division, whereas the SBR 
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community showed a nearly even representation of members from these divisions (Fig. 

2.1A).  The β-Proteobacteria and Bacteroidetes divisions were present in AS but were 

not represented in the SBR community in these culture-dependent surveys. 

2.  Resolution of bacterial co-isolates.  Sequential re-streaking and DGGE were used to 

identify the separate bacterial taxa that were co-isolated in 14 bacterial cultures from AS 

(24%) and one from SBR (5%).  Sequences of the 16S rDNA amplicons separated by 

DGGE were added to the culture-dependent survey so that each distinct bacterial taxa 

was included in the respective AS and SBR surveys.  The phylogeny of each bacterial co-

isolate pair is given in Table 2.2, which shows that all but three pairs contain bacteria 

from two different bacterial phyla.  The most common bacterial co-isolates involved taxa 

from the Firmicute and γ-Proteobacteria divisions, which comprised 60% of the total co-

isolate pairs identified.  

3.  Identification of a pleiomorphic Aeromonas isolate.  One cultured isolate, AS 6, 

first appeared to be a co-isolate pair due to its morphological characteristics observed on 

LB agar and after Gram staining and negative staining (Fig. 2.2).  However, separated 

16S rDNA sequences obtained from the DGGE analysis repeatedly showed significant 

homology (99%) with only one bacterial species, Aeromonas caviae.  Subsequent 

biochemical tests of AS 6 did not provide a diagnostic profile consistent with that of A. 

caviae, although FISH probing confirmed that only Aeromonas 16S rDNA is present in 

AS 6 (data not shown).   The biochemical profile of AS 6 changed dramatically over time 

(24 h vs. 2 weeks), suggesting that in addition to morphological changes, this culture may 

also be experiencing metabolic variations that have been previously uncharacterized.  The 

morphological and biochemical evidence suggests that AS 6 represents a pleiomorphic 
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Aeromonas species that is structurally and functionally disparate from its top hit in the 

GenBank nr/nt database. 

4.  Culture-independent phylogeny of bacterial 16S rDNA library clones.  Partial 16S 

rRNA genes (≥600bp) from 829 (AS) and 274 (SBR) library clones were analyzed using 

the BLASTn algorithm and assigned to bacterial divisions based on sequence homology 

with 16S rRNA genes in the GenBank nr/nt database.  Figure 2.3 shows the relative 

abundance of representatives from over 10 bacterial divisions in AS and 5 bacterial 

divisions in SBR.  Although very low numbers of AS sequences were affiliated with 

bacterial divisions such as Nitrospira, Acidobacteria, and Planctomycetes, the presence 

of bacteria from these divisions, along with the α- and β-Proteobacteria, account for a 

two-fold increase in the number of divisions represented in AS when compared to SBR.  

Not surprisingly, the SBR community appears to be a subset of the AS community, as the 

bioreactor was originally seeded from the AS aeration basin.  Members of the 

Bacteroidetes division dominated both communities, comprising 51.3% of the AS library 

and 67% of the SBR library, followed by nearly equal representation from members of 

the γ-Proteobacteria division in both communities (25.6% in AS, 26.9% in SBR). 

 The relationship between the total number of sequences and the number of unique 

operational taxonomic units (OTU, defined as “species-level” at 97% identity and 

“division-level” at 85% identity) for the culture-independent 16S rRNA survey are shown 

in Figure 2.4.   In the AS community, the species-level curve continues to increase in a 

nearly linear fashion, even after the analysis of nearly 900 clone sequences, but the 

division-level curve appears to level off slightly (Figure 4A).  Although the number of 

sequences analyzed from the SBR was three-fold less than those analyzed from AS, the 
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slope of its division-level curve has also begun to approach zero (Figure 4B).  Like the 

AS community, the species-level richness of the SBR has not yet been fully sampled.   

5.  Assessment of AS and SBR bacterial community diversity changes over time.  

The dendrogram in Figure 2.5 compares the ribotype richness patterns between AS and 

SBR bacterial communities at five time points.  The greatest ribotype richness appeared 

in AS at the second and third time point (June 27, 2006 and July 25, 2006, respectively), 

and the least richness appeared in SBR at the final time point (January 22, 2007).  At all 

but one time point (June 20, 2006), a greater level of taxa richness was observed for AS 

when compared to SBR.  The UPGMA analysis of the banding patterns at each time 

divided the samples into two distinct groups, one containing AS and SBR from the July, 

October, and January time points, and the other containing AS and SBR from the June 

time points.  This separation indicates a temporal shift in the level of ribotype richness 

and composition of the bacterial communities in both AS and SBR.  In addition, many of 

the AS and SBR samples at various time points shared common bands, suggesting that a 

set of bacterial taxa persist in both communities, often at similar abundances (indicated 

by the intensity of the bands seen in Fig. 2.5).  However, other samples such AS 

(10/12/06) appear to harbor several unique taxa at that time point, even though its 

ribotype richness estimate is one of the lowest among all of the samples.   

6.  Isolation of cultured bacteriophages.  Viral enrichments performed on all of the 

bacterial isolates identified 28 bacterial taxa from which bacteriophages were isolated, 24 

from AS and 4 from SBR.  Of these 28 bacteriophage isolates, only 13 bacteriophages 

were capable of being serially purified from isolated plaques, which suggests the other 15 

bacteriophages may be lysogenic or thermosensitive, as observed by Hantula et al. (96).   
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Seventy-five percent of the AS and SBR bacteriophages were isolated from γ-

Proteobacterial hosts, while the remainder of the phages were isolated from Firmicute 

(AS and SBR) and Actinobacterial (AS only) hosts (data not shown).  Interestingly, it 

was not necessary to use a viral enrichment to identify one of the cultured phages, which 

was determined to be a pseudolysogenic phage from a Brevibacterium spp. bacterial 

isolate.   

7.  Phylogenetic analysis of viral metagenomic library clones.  Following library 

construction and sequencing, the quality sequence reads from AS (n=1161) and IN 

(n=618) were compared to multiple GenBank databases.  Sequences were categorized as: 

1) known, 2) unknown, or 3) novel based on comparison to the non-redundant and 

environmental nucleotide databases by tBLASTx analysis as described previously (294).  

A sequence with a significant hit to the nr/nt database was considered known.  A 

sequence with no significant hit to the nr/nt database and a significant hit to the env/nt 

database was considered as unknown.  A sequence with no significant hit to either 

database was considered novel.  For the AS library, 55% of the sequences were known 

(n=694), 13% were unknown (n=97), and 32% were novel (n=370).  For the IN library, 

74% of the sequences were known (n=457), 8% were unknown (n=47), and 18% were 

novel (n=114).  

The known hits were further categorized into taxonomic groups.  Taxonomic 

assignments were made based on significant hits to the nr/nt database using a tBLASTx 

comparison.  Of the 694 known hits for the AS library, 389 (61%) were similar to 

eubacterial genomes, 191 (22%) were similar to viral genomes, 57 (9%) were similar to 

mobile genetic elements, 55 (8%) were similar to eukaryotic genomes and 2 (<1%) were 
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similar to archaeal genomes (Fig. 2.6A).  Of the 457 known hits for the IN library, 309 

(68%) were similar to bacterial genomes, 76 (17%) were similar to mobile genetic 

elements, 66 (14%) were similar to viral genomes, 6 (1%) were similar to eukaryotic 

genomes.  Of the 191 known sequences with homology to viral genomes, 95% were homologous 

to bacteriophage sequences, within the viral families Myoviridae (40.3%), Siphoviridae (31.9%), 

Podoviridae (25.6%), and to unclassified phage (2.2%), which is illustrated in Figure 2.6B.  

Ninety-five percent of all viral genome hits found in both libraries were similar to DNA 

sequences annotated as bacteriophage in a GenBank database.   

Eleven different bacterial divisions were represented in the 389 AS eubacterial 

sequences.  The phylogenetic breakdown of the AS bacterial hits is illustrated in Figure 

2.6C.  The γ-Proteobacteria were the most dominant bacterial division represented, 

comprising 26% of the total bacterial sequences, while the α- and β-Proteobacteria and 

Firmicute divisions are the second- and third-most dominant taxa present, respectively.  

Interestingly, the phylogenetic distribution of these eubacterial hits does not conform to 

either our culture-dependent or -independent surveys.  For example, only two sequences 

(0.5%) from the AS bacteriophage metagenomic library were highly similar to 

Bacteroidetes DNA found in the nr/nt and env databases; in contrast, 51.3% of the 

sequences from the AS bacterial rDNA library were highly similar to the Bacteroidetes 

division.  In addition, three of the bacterial phyla predicted to be present within the AS 

phage library (Deinococcus, Cyanobacteria, and Spirochetes) were totally absent from 

each of the bacterial phylogenetic surveys.   

Although the IN library contained a slightly higher percentage of hits to bacterial 

genomes, only 10 different bacterial divisions were represented (data not shown).  

Similarly to the AS library, the γ-Proteobacteria were the most dominant division 
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present, representing 58% of the bacterial hits.  The α- and β-Proteobacteria were again 

the second- and third-most dominant divisions in this library.  We observed the same 

disparity between the bacterial division relative abundance patterns of the IN phage 

library and the bacterial phylogenetic surveys.  

8.  Comparison of cultured phage and phage metagenomic DNA sequences.   To 

identify cultured phage genomes containing gene homologs identified from the viral 

metagenomic library, assembled contig data from the AS metagenomic library was 

analyzed.  Contig assembly at 80% mismatch and 20 bp overlap resulted in 152 different 

contigs with at least two sequences per contig.  Contigs were then compared to the 

GenBank nr/nt database using the BLASTx algorithm and sorted based on similarities to 

the cultured bacterial isolate phylogeny.  Four viral metagenomic contigs showed high 

similarity matches to the following bacterial genera that were also represented within the 

bacterial culture collection:  Citrobacter spp., Aeromonas spp., Acinetobacter spp., and 

Klebsiella spp.  Primers were designed to PCR amplify genes identified from viral 

metagenomic sequences in order to identify any homologs within cultured phage 

genomes.  Using this strategy three gene sequences were PCR-amplified, one from 

cultured phage 47 (contig 30) and two from cultured phages 5 and 53 (contig 110), and 

the PCR products were sequenced in both the forward and reverse directions.  A 

phylogenetic analysis was conducted to determine the phylogenetic relationships between 

the cultured phage sequences, the metagenomic sequences, and related sequences in 

GenBank (Fig. 2.7).  In every case, the viral metagenomic sequences were more closely 

related to the cultured phage sequences than to any other sequence in the GenBank 

database.  The phylogenetic affiliation between the culture-independent viral sequences 
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and the culture-dependent viral sequences had high bootstrap support, with >50% values 

for each clade.   

9.  Viral metagenomic library diversity estimates.   Since there is no universally 

conserved set of genetic loci among viruses, assessing the diversity and viral species 

abundance based on metagenomic library sequence data is challenging.  One method of 

estimating viral genotype diversity is by contig assembly, which can be influenced by a 

number of parameters.  Breitbart et al.(37) determined that using the contig assembly 

parameters of 98% identity with a 20 bp overlap enabled differentiation of T3 and T7 

coliphages.  Contig assembly using these parameters was performed on both the AS and 

IN phage metagenomic library sequences.  The contig spectra obtained from both 

libraries (AS: 892 113 32 5 2 0 0 0 0 0 0 and IN: 522 47 13 2 1 0 0 0 0 0 0 0) were then 

processed with the PHACCS tool (http://biome.sdsu.edu/phaccs/) (9).  The exponential 

and the niche-preemption rank-abundance forms were the best fit for the AS library, 

while the lognormal rank-abundance form was the best fit for the IN library (data not 

shown).  Based on the exponential form, the AS community contained 10,001 unique 

predicted viral genotypes with the most abundant virus representing 2.27% of the 

community.   Based on the lognormal form, the IN community contained 160 unique 

predicted viral genotypes with the most abundant virus representing 7% of the 

community.  For direct comparison purposes, the exponential form applied to the IN 

library contig spectra yielded a nine point increase in error over the lognormal form but 

predicted 10,001 different genotypes, with the most abundant virus representing 3.4% of 

the community.   
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10.  Metabolic profiling of viral metagenomic DNA sequences.  Predicted metabolic 

profiles for the IN and AS viral metagenomic libraries using the SEED platform are 

shown in Figure 2.8.  In both libraries, the most dominant functional categories were 

those involved with carbohydrate, amino acid, and protein metabolism.  Although the 

overall profiles for IN and AS are similar, there are some notable differences between the 

two libraries.  For example, ORFs predicted to encode carbohydrate metabolism activities 

(which was the most dominant category for both libraries) accounted for over 40% of 

ORFs in the IN library but only 25% of the AS library, indicating different relative 

abundance patterns may exist for some metabolic activities in these two environments.  

Also, no ORFs with putative involvement in potassium metabolism were found in the IN 

library, although a small number (<5%) were present in the AS library.  Other dominant 

categories found in both libraries included aromatic compound metabolism, virulence, 

and fatty acid metabolism.  Considering the lack of an exhaustive survey of AS viral 

metagenomes, no conclusions may be made regarding changes in the relative dominance 

of each subsystem, but overall there is a striking similarity in the dominant metabolic 

systems distribution in an AS viral metagenome in comparison with viral metagenomes 

from other environments (64). 

11.  Comparison of bacterial and viral phylogenetic affiliations.  Because bacterial 

community structure is expected to be the primary determinant of viral diversity within 

an environment, the relative dominance of bacterial divisions represented in both the 

bacterial and viral phylogenetic surveys is compared in Figure 2.9.   The culture-

independent 16S rDNA clone library revealed more than a three-fold increase in the 

number of represented bacterial divisions (n=10) compared to that observed from the 



85 
 

culture collection (n=3), and a significant shift in the relative dominance of each phylum 

was observed between the two surveys.  Although Proteobacteria taxa dominated the 

culture-dependent survey (58.6% of analyzed sequences), the percentage of sequences 

representing this division in the culture-independent survey dropped to 25.6%.  Similarly, 

Firmicute representation decreased by almost 10-fold in the culture-independent survey 

(35.7% to 3.6%) when compared to the culture-dependent study.  In contrast, the 

Bacteroidetes taxa, which were only minimally represented in the culture-dependent 

survey, comprised over half (51.3%) of the bacterial taxa identified in 16S rDNA 

metagenomic library.  The minimal overlap between data obtained from these culture-

dependent and –independent analyses reflects the strong cultivation bias that is common 

to virtually all environmental studies. 

Viral enrichments performed on all of the bacterial isolates identified 24 bacterial 

hosts from which phage could be isolated.  Seventy-five percent of the phages were 

isolated from γ-Proteobacterial hosts, while the remainder of the phages was isolated 

from Firmicute (8.3%) or Actinobacteria (16.7%) hosts.   The 389 sequences from the 

viral metagenomic library that were most similar to eubacterial genomes were also 

included in this taxonomic classification, as well as the predicted hosts of the 187 viral 

sequences with significant homology to bacteriophage DNA.   

 Although both viral surveys demonstrate similar phylogenetic profiles, the 

distribution of the bacterial hits from the viral metagenomic library does not conform to 

that of either bacterial survey.  For example, only two sequences (0.5%) from the viral 

metagenomic library (0.5%, bacterial hits; 3.1%, phage host hits) were highly similar to 

Bacteroidetes DNA found in the nr/nt and env databases; in contrast, 51.3% of the 
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sequences from the bacterial rDNA library were highly similar to the Bacteroidetes 

division.  In addition, four of the bacterial phyla predicted to be present within the viral 

metagenomic library (Deinococcus, Cyanobacteria, Chloroflexi, and Spirochetes) were 

absent from both of the bacterial phylogenetic surveys.  The Proteobacteria dominated 

every survey except for the bacterial culture-independent study, in which the 

Bacteroidetes division was most represented.  The phylogenetic distribution of the 

predicted phage host sequences most closely resembles that of the bacterial hits from the 

viral metagenomic library, with the Proteobacteria, Firmicute, and Actinobacteria taxa 

dominating both surveys.  Other bacterial divisions with < 2% representation include the 

Chlamydiae (0.1%, Bacterial, CI), Nitrospira (0.2%, Bacterial, CI), Planctomycetes 

(0.7%, Bacterial, CI), Cyanobacteria (1.6%, Viral, CI), Spirochetes (0.7%, Viral, CI), 

Chloroflexi (0.5%, Viral CI) and Deinococcus (0.5%, Viral, CI). 

 E.  DISCUSSION 

 The combined use of culture-dependent and –independent methods to characterize 

bacterial and viral community structure in activated sludge allowed a more extensive 

phylogenetic census of this environment than has been previously reported.  Observations 

made from the culture-dependent bacterial survey (e.g., co-isolation, psuedolysogeny) 

would have gone unnoticed in a culture-independent survey and would not have 

permitted the isolation of cultured bacteriophages.  While many biologically interesting 

phenomena and interactions may be determined from such culture collections, it is also 

clear that the culture-independent surveys in this study revealed substantially higher 

phylogenetic diversity for the bacterial and viral communities compared to culture-based 

methods.   



87 
 

Not surprisingly, both culture-dependent and -independent bacterial phylogenetic 

surveys showed that the SBR community (which was originally seeded from the AS 

aeration basin) was a subset of the AS community (Figs. 2.1, 2.3).  In both surveys, the 

number of bacterial divisions represented in AS was much greater than those represented 

in SBR.  A comparison of the culture-dependent and –independent surveys of both 

communities revealed both the appearance of additional bacterial divisions in the culture-

independent study, as well as a significant shift in the relative abundance of bacterial 

divisions represented in both AS and SBR.  For example, the culture-independent AS 

survey revealed representatives from 10 different bacterial divisions, whereas the culture-

dependent AS survey identified bacteria from only five divisions.  In addition, while the 

γ-Proteobacteria dominated both AS and SBR bacterial culture collections, the 

Bacteroidetes division comprised 51.3% of sequences from the AS rDNA library and 

67% of sequences from the SBR rDNA library. 

 An unexpected observation from the cultivation of bacteria from both AS and 

SBR was a high frequency of co-isolated bacterial taxa.  Over 20% of the cultured 

bacteria exhibited this phenomenon in which multiple bacterial taxa were present within 

seemingly isolated colonies, and in some cases required multiple rounds of sequential 

restreaking for isolation to achieve pure cultures.  The high frequency of co-isolation is 

likely explained by the presence of bacterial assemblages within floc particles.  Bacteria 

become associated with these flocs via glycocalyx formation and/or fimbrial attachment, 

making them difficult to physically separate.  Alternatively, their association may be 

symbiotic or commensal in nature, associations which have evolved over time due to 

their close physical interactions within aggregates and metabolic co-dependence.  No 
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obligate associations were observed among the bacterial co-isolates under the laboratory 

growth conditions employed, although the difficulty in separation of some co-isolate 

pairs suggest active mechanisms of cellular attachment. 

 The bacterial culture collection also provided a resource for the enrichment and 

identification of cultured bacteriophages isolated from AS and SBR.  Of the 91 bacterial 

isolates, 28 exhibited phage plaques when grown on solid media.  Only 13 of the isolated 

phage could be purified by serial plaquing on their respective bacterial host, suggesting 

that the remaining phage may be lysogenic or thermosensitive.  Phages were most 

commonly isolated from bacterial cultures in the γ-Proteobacteria, Firmicute, and 

Actinobacteria divisions, which were also the most commonly represented divisions in 

AS and the only divisions found in SBR.  One pseudolysogenic phage was isolated from 

a bacterial culture with high similarity to Brevibacterium sanguinis, which, to our 

knowledge, is the first time a pseudolysogenic phage has been identified from this 

bacterial species. 

A metagenomic survey of the viral communities in AS and IN revealed a very 

high percentage of novel predicted gene products.  Approximately 37% of sequences 

obtained from the AS viral metagenomic library and 18% of sequences from the IN 

library were considered novel, illustrating a relative scarcity of AS phage DNA 

sequences in the GenBank nr/nt or env databases.  The viral metagenomic surveys also 

indicated that sequences in the AS viral library were less similar to known sequences and 

more phylogenetically diverse than those in the IN sample, suggesting that the AS viral 

community has a greater level of genomic heterogeneity compared to the IN viral 

community.  Of the known sequences in each library, over half of these were most similar 
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to eubacterial DNA sequences in GenBank.  The remaining sequences were classified as 

eukaryotic, mobile genetic elements, archaeal, or viral; the latter comprised only 22% and 

14% of the AS and IN libraries, respectively.  The dominance of viral metagenomic 

sequences with significant homology to eubacterial DNA is likely the consequence of the 

high frequency of prophage sequences within bacterial genomes deposited in GenBank 

databases (9).  The taxonomic heterogeneity of sequences obtained in the viral 

metagenomic library underscores the diversity of the AS system, which receives an influx 

of microbiota from both human and environmental sources.  In addition, these surveys 

revealed a high percentage of novel predicted gene products.  Approximately 30% of the 

total sequences obtained from the metagenomic libraries were considered novel, 

illustrating a relative scarcity of wastewater community phage DNA sequences in the 

GenBank nr/nt or env databases.   

 Metabolic profiles of the viral metagenomic libraries were generated by the SEED 

platform, which classified viral ORFs into 27 predicted metabolic subsystems.  Many of 

the more dominant processes included various macromolecule metabolisms, consistent 

with the most highly represented categories observed by Dinsdale et al. (13).  Despite the 

lack of exhaustiveness of the viral metagenomic libraries in covering the functional 

genomic diversity present in either AS or IN viral communities, there is a striking overall 

similarity in the metabolic category distribution observed with viral metagenomes from 

other environments.     

 Our data support the use of both culture-dependent and –independent approaches 

to gain a more comprehensive understanding of the phylogenetic and functional diversity 

of microbial assemblages within wastewater communities.  There was minimal overlap 
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between data obtained from culture-dependent and –independent analyses, reflecting the 

strong cultivation bias that is common to virtually all environmental studies. These 

surveys will also serve as a valuable resource for further investigations into other aspects 

of bacterial and viral functional diversity within these wastewater communities, as well 

as biological activities (e.g., antibiotic resistance) with ecological and clinical 

implications. 
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Table 2.1.  Summary and comparison of the eight phylogenetic surveys performed in this 

study.  (AS, activated sludge, SBR, sequencing batch reactor; IN, influent) 

 

 

 

 

 

 

 

 

 

Survey Sequences Analyzed No. of Divisions Represented 

Culture-dependent   

               AS, Bacterial 72 5 

               SBR, Bacterial 19 3 

               AS, Phage 24 3 

               SBR, Phage 4 2 

Culture-independent   

               AS, Bacterial 829 10 

               SBR, Bacterial 274 5 

               AS, Phage 1161 11 

               IN, Phage 618 10 
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Figure 2.1.  Phylogenetic breakdown of bacterial cultured isolates from activated sludge 

(Panel A) and a sequencing batch reactor (Panel B). 
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Figure 2.2.  Visualization of culture AS 6, a potentially novel Aeromonas species.  

Panels A and B illustrate the production of a brown pigment and “bull’s-eye” 

morphology when grown on solid medium.  Panel C, showing a negative stain of AS 6, 

supports the hypothesis that this is a pleiomorphic isolate. 
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Table 2.2.  Phylogenetic affiliations of bacterial co-isolates identified from activated 

sludge and a sequencing batch reactor.  The bacterial division with which each bacterial 

isolate is affiliated is indicated followed by its respective genus in parentheses. 

 

 

 

 

Culture Isolate A Isolate B 

AS 4 Actinobacteria (Micrococcus) Firmicute (Staphylococcus) 

AS 7 γ-Proteobacteria (Acinetobacter) γ-Proteobacteria  (Aeromonas) 

AS 13 Firmicute (Bacillus) γ-Proteobacteria  (Klebsiella) 

AS 32 Firmicute (Exiguobacterium) γ-Proteobacteria  (Pantoea) 

AS 37 Firmicute (Staphylococcus) γ-Proteobacteria  (Aeromonas) 

AS 38 Firmicute (Bacillus) γ-Proteobacteria  (Pantoea) 

AS 47 Firmicute (Bacillus) γ-Proteobacteria  (Aeromonas) 

AS 52 Firmicute (Staphylococcus) γ-Proteobacteria  (Acinetobacter) 

AS 57 Actinobacteria (Arthrobacter) γ-Proteobacteria   (Klebsiella) 

AS 61 Bacteroidetes (Chryseobacterium) γ-Proteobacteria   (Citrobacter) 

AS 71 Firmicute (Staphylococcus) γ-Proteobacteria   (Acinetobacter) 

AS 74 γ-Proteobacteria   (Enterobacter) γ-Proteobacteria   (Aeromonas) 

AS 75 Firmicute (Bacillus) γ-Proteobacteria  (Acinetobacter) 

AS 78 Firmicute (Staphylococcus) Firmicute (Bacillus) 

SBR 10 Firmicute (Bacillus) γ-Proteobacteria  (Morganella) 
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Figure 2.3.  Division-level phylogenetic affiliations of sequences from bacterial 16S 

rDNA clone libraries (Panel A, activated sludge; Panel B, sequencing batch reactor).  

Gene sequences were compared to known sequences in the GenBank nr/nt database. 
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Figure 2.4.  Rarefaction analyses of 16S rDNA library sequences from activated sludge 

(AS) and the sequencing batch reactor (SBR). 
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Figure 2.5.  UPGMA dendrogram based on the banding patterns of community 16S 

rDNA from each time point. Cophenetic correlation values are shown at each node.  The 

number given in parenthesis behind each sample name represents the taxa richness 

estimate of that sample. 
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Figure 2.6.  Breakdown of eubactrial and viral hits from the AS viral metagenomic 

library.  Panel A illustrates the overall functional affiliations of the library clones, while 

Panel B and Panel C further separate the the hits by viral family affiliation and 

eubacterial division affiliation, respectively. 
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Figure 2.7.  Maximum parsimony tree of viral gene sequences derived from a cultured 

bacteriophage, a metagenomic sequence, and related gp4 head completion proteins. The 

number at each node represents the bootstrap value after 100 replicates.  
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Figure 2.8.   Comparison of influent and activated sludge metabolic profiles obtained 

from SEED analyses of viral metagenomic DNA.  The y-axis indicates the percentage of 

ORF sequences classified into each metabolic category. 
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Figure 2.9.  Relative dominance of bacterial divisions represented by sequences from the 

bacterial culture collection, 16S rDNA clone library, cultured bacteriophage, and viral 

metagenomic library (eubacterial and phage sequences).  The percentage of sequences affiliated 

with each bacterial division is compared among the four phylogenetic surveys.  (CD, culture-

dependent; CI, culture-independent).  
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CHAPTER III 

 

DIVERSE ANTIMICROBIAL RESISTANCE DETERMINANTS ISOLATED 

FROM BACTERIAL, PLASMID, AND BACTERIOPHAGE METAGENOMES 

IN ACTIVATED SLUDGE 

 

A.  ABSTRACT 

Using both sequence- and function-based approaches, metagenomic libraries were 

constructed from bacterial chromosomes, plasmids, and bacteriophages from an activated 

sludge microbial assemblage, and screened for the presence of genes conferring 

resistance to any of 12 antibiotics to an Escherichia coli heterologous host.  Sampling 

from three genetic sources (i.e., genome, plasmid, and phage) was performed to access 

the extent of antibiotic resistance in this environment amongst each potential reservoir of 

antibiotic resistance determinants.  Our surveys resulted in the identification of nine 

bacterial metagenomic clones encoding resistance to chloramphenicol (n=7), ampicillin 

(n=1), and kanamycin (n=1), a multi-drug resistant plasmid (pAS1), and six phage 

metagenomic clones with sequences similar to those in the GenBank nr/nt database that 

encode resistance to tetracycline, bleomycin, acriflavin, and ampicillin.  Although many 

of the analyzed clone sequences have homology with genes generally associated with 

antibiotic resistance, six of the recombinant clones conferring chloramphenicol resistance 

lacked any significant homology with previously characterized chloramphenicol 
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resistance genes.  In addition to the antibiotic resistance determinants, the metagenomic 

surveys also identified mobile genetic elements (MGEs) from each genetic source, 

indicating the potential for the lateral transfer of antibiotic resistance genes among 

various bacterial hosts.  The antibiotic resistance gene and MGE sequences from all 

surveys represent bacteria from seven distinct taxa, including the Bacteroidetes, 

Proteobacteria, Firmicutes, and Chlamydiae, further demonstrating the benefit of using a 

metagenomic approach to access genomes from phylogenetically diverse bacteria to 

explore the extant diversity of potentially mobile antibiotic resistance determinants.       

B.  INTRODUCTION 

 Biological wastewater treatment systems are engineered to treat polluted 

wastewater before the effluent is discharged into the environment. These systems are 

commonly referred to as the activated sludge process, and the associated microbial 

community is now known to be both dynamic and functionally and phylogenetically 

diverse (32, 107, 145, 183, 192, 234, 250).  Microorganisms in activated sludge play a 

significant role in the wastewater treatment process, as they remove nutrients and degrade 

harmful compounds in wastewater before it is released into the environment (83, 117).  

More specifically, the horizontal genetic transfer (HGT) of antibiotic resistance 

determinants within these microbial communities has become of great interest because 

activated sludge may serve as a reservoir for diverse antibiotic resistance mechanisms 

that can potentially be dispersed throughout the environment, with both public and 

environmental health implications.   

 HGT among microbiota occurs through transformation, conjugation, and 

transduction (22, 187, 225, 266).  Since the activated sludge process promotes close 
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physical interactions among diverse microorganisms, there is great potential for HGT of 

antibiotic resistance genes between microbes in activated sludge and in downstream 

environments.  Several studies have previously identified antibiotic resistance 

determinants from wastewater communities that are encoded on bacterial chromosomes 

(13, 82, 278) and plasmids (227, 262, 263), but to our knowledge, a survey of 

bacteriophage-encoded resistance genes in this environment has not been performed.  To 

achieve a more comprehensive assessment of antibiotic resistance genes in the activated 

sludge microbial community, it is crucial to consider all possible origins of these genes, 

as well as the potential for their lateral transfer among diverse microorganisms.   

 The application of metagenomics to characterize the phylogenetic and functional 

diversity of a microbial community is a powerful tool that can be used to identify gene 

products with specific functions, without a priori knowledge of their genetic 

determinants.  Previous studies have used a metagenomic approach to identify novel 

genetic pathways and specific microbial genomes in wastewater microorganisms, such as 

those encoding aromatic degradation or phosphorus removal (83, 256).  In addition, the 

use of both functional- and sequence-based screening to identify genetic loci encoding 

antibiotic resistance has revealed the presence of novel and diverse resistance 

determinants that can be transferred between bacterial hosts (82, 83, 132).  In this study, 

we have used both functional- and sequence-based metagenomic approaches to identify 

diverse and potentially novel antibiotic resistance determinants encoded on bacterial 

chromosomes, plasmids, or bacteriophages within an activated sludge microbial 

assemblage.   
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C.  MATERIALS AND METHODS 

1.  Isolation of bacterial, plasmid, and bacteriophage metagenomic DNA.   At two 

time points in 2007, samples of activated sludge (AS) from the aeration basin of the H.C. 

Morgan Water Pollution Control Facility in Auburn, AL were collected as previously 

described (192).  Bacterial genomic DNA was extracted from 2 ml aliquots (x10 

replicates) of AS using the MoBio UltraClean Microbial DNA extraction protocol 

(MoBio Laboratories, Carlsbad, CA).  DNA from each aliquot was eluted in 30 µl of 

T10E1 buffer (10 mM Tris-HCl, 1 mM EDTA), pooled, and stored at -20°C.  The pooled 

DNA was then purified by ethanol precipitation and CTAB extraction.  Briefly, 5 M 

NaCl was added to the genomic DNA to a final concentration of 0.7 M NaCl.  Then, a 

solution containing 10% hexadecyltrimethylammonium bromide in 0.7 M NaCl was 

added, and the mixture was vortexed and incubated at 65°C for 10 min.  Genomic DNA 

was then extracted using isoamyl alchohol:chloroform (1:1 v/v), precipitated with 100% 

ethanol, and resuspended in T10E1 buffer (10 mM Tris-HCl, 1mM EDTA).  Purified DNA 

was stored at -20°C. 

 Community plasmid DNA was isolated from a 50 ml sample of AS using a 

manual plasmid extraction method.  Briefly, the AS sample was centrifuged for 10 

minutes at 3600 x g.  The cell pellet was resuspended in Solution P1 (15 mM Tris-HCl, 

10 mM EDTA, 100 µg/mL RNase A) and lysed with Solution P2 (0.2% NaOH, 1% 

SDS).  Cellular proteins were precipitated using Solution P3 (3 M KOAc, pH 5.5), and 

the mixture was centrifuged as before.  Supernatant was aspirated into a fresh tube and 

mixed with 0.6x total volume of 100% isopropanol.  DNA was then precipitated, and the 
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resulting DNA pellet was vacuum-dried and resuspended in 50 µL of T10E1 buffer.  

Plasmid DNA was stored at -20°C. 

 Activated sludge samples for viral DNA isolation were combined with an equal 

volume of 10% beef extract and agitated for 18 h at room temperature, then subjected to 

centrifugation at 10,000 x g for 30 min.  The supernatant was filtered through a 0.45 µm 

PVDF filter and precipitated with polyethylene glycol (PEG) at 4˚C overnight.  The 

overnight PEG solution was centrifuged at 7,000 x g for 45 min, and the resulting viral 

pellet was resuspended in SM buffer (100 mM NaCl, 8 mM MgSO4, 50 mM Tris-HCl, 

pH 7.5).  The resuspended solution was spun again (12,000 x g for 10 min) and the 

supernatant was loaded onto a cesium chloride step gradient and subjected to 

ultracentrifugation at 100,000 x g for 2 h.  The viral band evident at the 1.3 mg/mL zone 

was collected and used for DNA extraction.  The resulting DNA was treated with 100 µl 

of benzonase (250 U/µl final concentration) at 37˚C overnight to degrade extra-viral 

DNA.  Following benzonase inactivation (addition of 10 mM EDTA and heating at 70°C 

for 10 min), proteinase K (1mg/ml final concentration) and 1% sodium dodecyl sulfate 

were added, and the mixture was incubated at 37˚C for 2 h to degrade viral protein coats.  

Proteins were removed by phenol:cholorfom extraction and DNA was recovered by 

isopropanol precipitation.  The purified phage DNA was stored at -20°C. 

2.  Small-insert bacterial metagenomic library construction.  Purified microbial 

metagenomic DNA from AS at two time points was sheared to generate random 

fragments using a HydroShear machine (Gene Machines, Singapore) at a setting of 7, 8, 

or 9 to produce 3-5 kb fragments.  The DNATerminator kit (Lucigen, Middleton, WI) 

was then used to blunt end 3’and 5’ overhangs for efficient cloning.  To size-select 
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repaired fragments, DNA was electrophoresed on a 1X TAE 1% (w/v) HiRes agarose gel 

(ISC BioExpress, Kaysville, UT), stained with SYBR Gold, and visualized on a low-

wavelength UV transilluminator.  DNA in the 1-5 kb range was isolated using the 

QIAquick Gel Extraction kit (Qiagen, Valencia, CA).  Because the amount of DNA in 

this size range was greater than the capacity of a single DNA binding column, multiple 

columns were used, and the resulting eluted DNA was pooled.   The DNA was 

concentrated by ethanol precipitation and resuspended in 20 µL of T10E1 buffer.  The 

purified DNA was then ligated into the pSMART LCKan and LCAmp vectors (Lucigen, 

Middleton, WI), which were chosen because this would allow for “cross-screening” of 

the resulting libraries (i.e., for kanamycin and ampicillin resistance, respectively) and 

because they transcriptional terminators flanking the cloning site to direction by the host 

machinery only.  All ligations were transformed into electrocompetent E. coli DH10B 

Supreme cells (Lucigen, Middleton, WI) at 1800V/cm, plated onto 2xYT agar with 30 

µg/ml kanamycin (LCKan ligation) or 100 µg/ml ampicillin (LCAmp ligation), and 

incubated overnight at 37°C. 

 Ten clones from the kanamycin and ampicillin plates were subcultured into 2xYT 

broth with appropriate antibiotic (Ab), and plasmid DNA from each clone was extracted 

as described above.  Plasmid DNA was then restriction digested with EcoRI and 

electorphoresed through a 1x TAE agarose gel (1.2% w/v) to estimate the average insert 

size and the percentage of clones with insert.  The total amount of cloned metagenomic 

DNA was determined based on estimates of the transformation efficiency, average insert 

size, and the percentage of clones with an insert.  Library statistics are shown in Table 

3.1. 
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3.  Screening bacterial metagenomic libraries for antibiotic resistance.  Each 

metagenomic library transformation mix was plated onto 2xYT agar containing one of 12 

antibiotics (Table 3.2) and incubated overnight at 37°C. All E. coli clones exhibiting 

antibiotic resistance were picked onto a fresh plate of 2xYT agar with appropriate 

antibiotic (Ab).  Viable clones were subcultured into 2xYT broth containing respective 

Ab, incubated overnight at 37°C, and frozen as glycerol stocks.  Plasmid DNA from each 

clone was then extracted as described above and re-transformed into chemically 

competent E. coli DH10B to verify the original phenotype.   

 Clones that exhibited antibiotic resistance upon re-transformation of naïve E. coli 

were subcultured into 2x YT broth and plasmid DNA was extracted as described above.  

To identify unique clones, plasmid DNA was restriction digested with Sau3AI, and 

restriction fragment patterns for each clone were visualized on a 1x TAE agarose gel 

(1.2% w/v).  A representative collection of unique clones is shown in Figure 3.1. 

4.  Sequence analysis of unique chromosomal-encoded antibiotic resistance 

determinants.  Unique clones were grown overnight in 2xYT containing appropriate Abs 

at 37°C and transferred into a 96-well plate.  Glycerol was added to each at well at a final 

concentration of 10% (v/v), and the clones were submitted for sequencing to the Lucigen 

Corp. (Middleton, WI) using vector-specific primers.  Sequences were then trimmed for 

quality using ChromasPro (Technelysium Pty, Queensland, Australia), and the resulting 

sequences were analyzed by the BLASTx algorithm and compared to the non-redundant 

nucleotide database (GenBank, NCBI).  In addition, predicted open reading frames 

(ORFs) were identified using ChromasPro software and the NCBI ORFinder tool.   Each 

ORF was compared to the GenBank non-redundant protein database by the BLASTp 
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algorithm.  Primer walking and additional sequencing reactions were performed to obtain 

longer sequence reads for each insert (≥600 bp) in order to obtain a complete contiguous 

sequence for each cloned insert.   

For six of the chloramphenicol resistant (CmR) clones with no apparent homology 

to known Cm R-associated determinants, transposon mutagenesis was performed to 

identify the genetic loci necessary for antibiotic resistance.  The EZ-Tn5<TET-1> 

transposon (Tn) system (Epicentre, Madison, WI) was used according to the 

manufacturer’s instructions.  Loss-of-function mutants were identified by transformation 

of each mutagenized clone onto 2xYT with selection for the vector AbR (Kan or Amp), 

and then re-plating each transformant onto 2xYT containing Cm to identify CmS clones.  

The insertion site for each loss-of-function transposon mutant was identified by 

sequencing using mutagenized plasmid template with Tn5-specific primers and mapping 

the Tn insertion site against the previously sequenced clone insert DNA sequence.  In the 

two cases where a single ORF was indicated as necessary and sufficient to confer CmR 

(i.e., clones A7 and A10) and significant additional cloned DNA was present within the 

insert, the ORFs identified as responsible for CmR were subcloned with their native 

promoters into the TOPO TA vector (Invitrogen, Carlsbad, CA), transformed into E. coli, 

and screened for CmR.    

The clone sequences were also analyzed by comparing them to their significant 

homologs in the nr/nt database, and to all known genetic loci that can confer CmR (e.g., 

Type I, II, and III chloramphenicol acetyltransferases) (236).  A molecular phylogenetic 

analysis was conducted for each of the ORFs implicated in CmR (total of 10 ORFs within 
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six clones) using ClustalX for multiple alignments and the maximum parsimony method 

with bootstrap support (1000 replicates) on the MEGA 4.1 software package (131, 264). 

5.  Functional analyses of CmR clones.  Minimum inhibitory concentration (MIC) 

values were obtained from each of the six CmR clones that lacked homology with known 

CmR determinants using the macrodilution susceptibility method according to the CLSI 

standardized protocol.  Each clone and E. coli ATCC 25922 (reference strain) were tested 

in triplicate.  The following chloramphenicol concentrations (µg/ml) were tested: 0, 1, 2, 

4, 8, 16, 32, 64, 128, 256, and 512.  

 Chloramphenicol from clone supernatants after overnight incubation detected by 

HPLC (Hewlett-Packard, HP 1200).  The six clones, pSU2719 (positive control plasmid 

carrying the CAT gene), and chloramphenicol alone (negative control) were incubated 

overnight at 37ºC with shaking at 150 rpm.  The supernatants from each culture were 

harvested by subjecting the samples to centrifugation at 13,000 x g for 5 min.  Each 

supernatant was then filtered through a 0.22 µm syringe filter to remove media 

components that may interfere with chloramphenicol detection.  The HPLC system 

consisted of a degasser (G1322A), a quaternary pump (G1311A), an ALS auto-sampler 

(G1313A), a colcomp column oven (G1316A), and variable wavelength UV-VIS detector 

(G1314A). A Hypersil ODS C18 (125x46 mm, 5µm) column was used.  HPLC operating 

conditions were as follows: UV detector wavelength, 197 nm; mobile phase, acetonitrile 

and water (40:60) with solvent delivered at a constant flow rate of 1mL/min; and a run 

time of 15 min.  The profiles for each clone and control were obtained and analyzed 

using the ChemStation/LC software (Agilent Technologies, Santa Clara, CA). 
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 To further explore the mechanism of the CmR clones, each clone was tested for 

susceptibility to florfenicol, a fluorinated synthetic analog of chloramphenicol.  The 

clones were tested against florfenicol (30 µg/ml) using the Kirby-Bauer disk diffusion 

method.  Clones were considered susceptible if they exhibited a zone of inhibition >21 

mm. 

6.  Identification of antibiotic resistance plasmids.  Community plasmid DNA was 

treated with a plasmid-safe exonuclease (Epicentre, Madison, WI) to degrade 

contaminating chromosomal DNA.  A portion of the community plasmids was 

mutagenized with the <R6Kγori/KAN-2> transposon (Epicentre, Madison, WI) to rescue 

plasmids that may be unable to replicate in an E. coli host (116).  The naïve and 

mutagenized plasmids were then transformed into electrocompetent E. coli pir+ 

Transformax EC100 cells (Epicentre, Madison, WI) and plated onto 2xYT agar 

containing one of 12 antibiotics (Table 3.2) and incubated overnight at 37°C.   Plasmid 

DNA was extracted from 20 (10 naïve and 10 mutagenized) plasmids, digested with 

EcoRI, and analyzed for unique restriction patterns.  Unique plasmids were re-

transformed into chemically competent E. coli to verify the AbR phenotype. 

7.  Shotgun subcloning of plasmid pAS1.  The multi-drug resistant plasmid pAS1, 

isolated from both naïve and transposon-rescue transformations, was subcloned into 

pSU2719 to obtain additional sequence data.  E. coli strain DH10B harboring pAS1 was 

grown in 500 ml culture in 2xYT medium containing 50 µg/ml kanamycin overnight with 

shaking at 37°C for large-scale plasmid preparation of pAS1 as described above.  The 

pAS1 DNA was digested with plasmid-safe exonuclease (Epicentre, Madison, WI) for 2 

h at 37°C to remove chromosomal DNA, followed by heat inactivation for 10 min at 
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70°C.  Plasmid DNA was then sheared, end-repaired, and size-selected using the same 

methods described above for bacterial metagenomic library construction.  The pSU2719 

vector was prepared by restriction digestion with SmaI to generate linearized vector and 

treatment with alkaline phosphatase to prevent vector self-ligation.  Purified pAS1 

fragments were then ligated into pSU2719 at 15°C overnight using T4 DNA ligase, and 

the ligation mixture was transformed into electrocompetent E. coli DH10B.  The 

transformation was plated onto 2xYT medium containing 12.5 µg/ml Cm and 30 µg/m X-

gal for transformant selection and blue-white screening.  White transformants were 

picked into 96-well plates with each well containing 1 ml of 2xYT broth containing 12.5 

µg/ml Cm and 25% glycerol.  After overnight incubation at 37°C, the plates were sent to 

the Lucigen Corp. (Middleton, WI) for sequencing.    

8.  Construction of small-insert viral metagenomic libraries.    Random shotgun 

metagenomic libraries of the viral communities in AS were prepared at the Lucigen 

Corporation (Middleton, WI) (193, 288).  Purified phage DNA isolated from AS was 

fragmented to approximately 1-3 kb fragments using a HydroShear machine (Gene 

Machines, Singapore) and end-repaired to blunt-end each dsDNA molecule.  The dsDNA 

was then ligated to an adaptor (20 bp dsDNA sequence), and then primers specific to the 

adaptor sequence were used to PCR amplify the dsDNA fragments using only 15 rounds 

of amplification.  The viral amplicons were then purified over a silica column and ligated 

into the pSMART-LCKan vector, a low-copy cloning vector that has transcriptional 

terminators flanking the cloning site to prevent transcription of viral genes.  The ligation 

was transformed into electrocompetent E. coli strain DH10B, and a glycerol stock was 

prepared of the transformation mixture for storage at -80°C.  The transformation mix was 
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shipped to Auburn University, where the number of transformants per mL was 

determined.  Transformants were plated onto LB agar containing kanamycin (30 µg/mL) 

and were picked into 96-well format using the QPix2 colony picking robot (Genetix, 

Hampshire, United Kingdom).  After incubation at 37°C overnight with shaking, sterile 

50% glycerol was added to each well (final concentration, 15%) and plates were frozen at 

-80°C.  Thirteen 96-well plates (1,248 clones) from AS were sent to the Lucigen Corp. 

(Middlteon, WI) for dideoxy sequencing.   

9.  Identification of antibiotic resistance determinants from viral metagenomic 

libraries.  Resulting clone sequences were screened for vector sequence, linker sequence, 

and minimum base quality using ChromasPro software.  Sequences were then manually 

analyzed for sequence quality.  Following removal of poor sequence, there were 1,161 

quality sequences from AS (approx. 0.76 Mbp).  For taxonomy assignments, sequences 

were compared against the GenBank nr/nt and env databases using the tBLASTx 

algorithm.  The top five hits were used for analysis, and only matches with an E-value of 

≤ 0.001 were considered significant.  Significant GenBank database hits were categorized 

as viral, bacterial, archaeal, eukaryotic, or a mobile genetic element.   In cases where 

multiple significant hits were observed for a single query sequence, the sequence was 

preferentially classified as viral if the hit occurred within the top five hits (37).  Mobile 

elements consisted of plasmids, transposons, transposases, pathogenecity islands, and 

insertion sequences.  Each clone sequence was observed for significant homology with 

known antibiotic resistance determinants in the GenBank databases. 

 The viral metagenomic libraries were also functionally screened for antibiotic 

resistance as described above (bacterial metagenomic library screening), by plating the 
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viral metagenomic library transformation mix onto 2x YT medium containing each of the 

12 respective antibiotics in this study (Table 3.2).   

10.  Nucleotide accession numbers.  Novel chromosomal- and plasmid-encoded 

resistance genes and predicted MGEs are deposited in GenBank under the accession 

numbers GU720994 to GU721005.  The viral metagenomic DNA sequences were 

registered as part of the Wastewater Viral Metagenome project at GenBank (Trace 

Archives) and are under TI reference numbers 2251203077 to 2251204802. 

D.  RESULTS 

1.  Bacterial chromosomal-encoded antibiotic resistance determinants.  The small-

insert bacterial metagenomic libraries contained approximately 1.85 Gbp of cloned DNA, 

or approximately 400 E. coli genome equivalents.  Function-based screening of the 

libraries identified nine unique clones exhibiting resistance to chloramphenicol (n=7), 

ampicillin (n=1), and kanamycin (n=1) whose predicted gene products shared significant 

homology with both known and potentially novel antibiotic resistance determinants in the 

GenBank nr/nt database (Table 3.3).  The clones that conferred resistant to ampicillin and 

kanamycin contain inserts with sequences similar to a Class C β-lactamase and an O-

methyltransferase, respectively.  However, six of the seven clones showing resistance to 

chloramphenicol appeared to encode gene products that are not generally associated with 

chloramphenicol resistance (i.e., chloramphenicol acetyltransferase (CAT)).  Clone A5 

shared no significant homology to any predicted gene products in either the nr/nt or env 

GenBank database, and three of the CmR clones (A9, A10, and B4) showed top BLASTx 

hits to bacterial strains that are typically susceptible to chloramphenicol (28, 121, 251, 

298).  
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 To identify the genetic loci necessary for CmR in these six clones, full-length 

sequences of the clones were obtained, and the clones were mutagenized with a Tn5 

transposon containing a tetracycline resistance cassette to generate loss-of-function 

mutants (Figure 3.2).  In two cases, the interrupted ORFs did not show homology with 

any sequences in the GenBank nr/nt or env databases.  Three clones contained interrupted 

ORFs whose top BLASTx hits indicated hypothetical proteins, including clone B4, which 

contained an additional interrupted ORF with similarity to an ABC transporter protein 

that appeared to be responsible for chloramphenicol resistance. 

 The predicted phylogeny of the AbR determinants from all nine clones is shown in 

Table 3.3.  The cloned inserts showed homology with representatives of the 

Bacteroidetes phylum, as well as all four sub-divisions of the Proteobacteria.  In 

addition, BLAST comparison and multiple alignments of five of the six CmR clones with 

known CmR determinants (Type I, II, and III CATs) revealed that these genes do not 

share any significant similarity with CATs and likely originate from diverse bacterial 

lineages.  Figure 3.3 shows a representative maximum parsimony analysis of clone A4 

and its predicted evolutionary relationship to its nearest significant neighbors in the 

GenBnk nr/nt database.  Predicted gene products from several bacterial taxa are 

represented, including the Firmicutes, Bacteroidetes, and Proteobacteria.  The observed 

similarity between clone A4 and these homologs suggest the gene either be conserved 

among diverse bacterial genomes or that the gene has a monophyletic origin and has been 

laterally transferred among multiple hosts.   

 To further investigate the resistance mechanism(s) encoded by these six CmR 

clones, clone supernatants were analyzed by HPLC, and the resulting profiles were 
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compared to that of pSU2719, a plasmid that encodes the CAT enzyme.  All six of the 

clones showed comparable peak profiles to that of pSU2719 (representative clone shown 

in Figure 3.4), suggesting that in each of the respective clones, the Cm may be 

enzymatically modified and inactivated.   The presence of a CAT-like mechanism was 

further supported by the results of the florfenicol susceptibility testing, in which all six 

CmR clones tested exhibited zones of inhibition measuring ≥25 mm and were considered 

susceptible.  Because florfenicol resistance is typically conferred by efflux pumps which 

also provide resistance to chloramphenicol (290), the observation of the clones’ 

resistance to chloramphenicol but not florfenicol indicates the presence of a Cm-specific 

resistance mechanism.  Interestingly, these functional data do not corroborate the 

sequence data obtained, which did not indicate CAT-associated chloramphenicol 

resistance.  To our knowledge, none of their significant homologs in GenBank have been 

previously linked to chloramphenicol resistance of any kind (e.g., CAT, efflux pumps).  

MIC data obtained for each CmR clone indicates a higher level of resistance than is often 

seen with this particular antibiotic (Table 3.4).  While many of the clones showed similar 

MIC thresholds (64 µg/m), two of the clones exhibited much higher levels of 

chloramphenicol resistance (256 µg/ml). 

 Because a CAT-like mechanism of CmR was indicated by the functional analyses 

of the six CmR clones, the clone inserts were compared to known CAT genes from 

diverse bacteria.  Hydrophobicity plots of predicted ORFs conferring CmR on clone A4 

and the CAT gene found on pSU2719 are compared in Figure 3.5.  The variable profiles 

suggest the proteins display very different primary, secondary, and tertiary structures and 

that the gene product from clone A4 likely contains more hydrophobic domains than the 
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CAT enzyme encoded by pSU2719.  In addition, the predicted ORFs from all six CmR 

clones were compared to known CAT genes from several bacterial hosts by multiple 

alignment (Figure 3.6).  The ORFs did not align with the known CAT genes, although 

several conserved regions were observed among the CAT genes themselves.  Because 

these genes are known to have a high degree of conservation even among diverse 

bacteria, we expected to observe some alignment between the clone ORFs and known 

genes.  However, we observed very little conservation among the sequences analyzed, 

supporting our hypothesis that these clones harbor novel genes encoding CAT-like 

activity that are significantly divergent from known genes involved with Cm resistance.   

2.  Plasmid-encoded antibiotic resistant determinants.  Functional screening of 

community plasmid DNA identified a 4.2 kb multi-drug resistant plasmid, pAS1, which 

was recovered from both direct and transposon-rescued transformations into E. coli.  This 

plasmid conferred both kanamycin and ampicillin resistance on naïve E. coli and showed 

evidence of mediating the transposition of both resistance genes into the host genome 

(Figure 3.7).   A 900 bp fragment present in plasmid preparations from primary 

transformations was absent in all plasmid preparations from downstream transformations, 

yet the antibiotic resistances persisted.  Secondary transformations performed with pAS1 

lacking the 900 bp fragment did not result in any clones resistant to either antibiotic, 

which supports the hypothesis that these resistance genes may be easily transposed from 

plasmid to host genome. 

 Shotgun subcloning and sequence analysis of pAS1 identified two predicted gene 

products most likely responsible for the antibiotic resistance phenotypes, an 

aminoglycoside phosphotransferase from the genus Rhodopseudomonas (α-
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Proteobacteria) and a TEM β-lactamase from the genus Bacillus (Firmicutes) (Table 

3.3).  Further evidence for the transposition of kanamycin and ampicillin resistance into 

the host genome was obtained from the sequencing of pAS1 shotgun subclones, which 

identified two gene fragments sharing 100% homology with two unique γ-

Proteobacterial transposases (Table 3.5). 

3.  Viral-encoded antibiotic resistance determinants.  Functional screening of the viral 

metagenomic libraries did not yield any antibiotic resistant clones.  The small average 

insert size of these clones (662 bp) likely contributed to the inability to isolate any clones 

with intact resistance determinants.  Therefore, a sequence-based approach was employed 

to identify phage-encoded resistance genes from the 1,161 phage metagenomic clones.  

Six unique clone inserts were identified that had homology with antibiotic resistance 

genes in the GenBank nr/nt database, representing bacteria from four distinct taxa, 

including the Bacteroidetes and Chlamydiae divisions and two sub-divisions of the 

Proteobacteria (Table 3.3).  These clones contain putative antibiotic resistance 

determinants which vary in both function and phylogeny when compared to those 

encoded by bacterial chromosomes or plasmids.  Based on BLASTx data, these clones 

appear to carry partial genes that may be responsible for resistance to several antibiotics, 

including tetracycline, ampicillin, acriflavin, and bleomycin, as well as efflux systems 

that may mediate resistance to additional antibiotics.  None of the clones identified by 

sequence analysis conferred their predicted AbR to E. coli when plated onto media 

containing the respective Ab. 

4.  Isolation of mobile genetic elements (MGEs) from bacterial, plasmid, and phage 

metagenomes.  Sequence analysis of DNA from all three metagenomic surveys was 
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performed to identify gene products potentially involved in the lateral transfer of 

antibiotic resistance genes (Table 3.5).  Clone E5, isolated from the bacterial 

metagenomic library, contains an insert sequence with 90% homology to a transposase 

from Acidovorax avenae, a bacterium classified in the β-Proteobacteria sub-division.  

This clone also carries a functional O-methyltransferase that confers kanamycin 

resistance on E. coli but shares significant homology with a gene product from the genus 

Microscilla of the Bacteroidetes division.  The close proximity of the transposase and O-

methyltransferase genes within the E5 clone insert suggests that the O-methyltransferase 

gene, and therefore kanamycin resistance, may be transposed among bacterial hosts. 

 As mentioned previously, the multi-drug resistance plasmid pAS1 also carried 

genes with 100% homology to γ-Proteobacteria transposases, indicating its ability to 

shuttle genes between bacterial hosts not only by plasmid transfer but also transposition 

of specific regions of DNA into the host genome.  The functionality of at least one of 

these transposases was demonstrated by the in vitro transposition of kanamycin and 

ampicillin resistance genes into the E. coli host genome.  Interestingly, the antibiotic 

resistance determinants encoded by pAS1 show strong homology with those from 

bacteria in the α-Proteobacteria and Firmicute divisions, neither of which was indicated 

by sequence analysis of the MGEs from pAS1. 

 Bacteriophages, which in themselves mediate the transduction of genes between 

bacterial hosts, also harbored a phylogenetically diverse group of putative transposases 

identified from the viral metagenomic libraries (Table 3.5).  These transposases may be 

responsible for the transfer of various genetic loci between diverse bacterial hosts, as 
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evidenced by the number of bacterial divisions represented by the antibiotic resistance 

gene and MGE sequences from phage-derived clones.   

E.  DISCUSSION 

 Because activated sludge in wastewater treatment plants is a microbial system that 

constantly receives an influx of organic material and subsequently releases microbiota 

and genetic material into the environment, the occurrence of antibiotic resistance 

determinants in this assemblage and their potential for horizontal gene transfer are of 

great public and environmental health concern.  The phylogenetic diversity of activated 

sludge has been shown to be very complex, consisting of many bacteria that are 

recalcitrant to cultivation in the laboratory, such as members of the Bacteroidetes, 

Acidobacteria, and deeply-branching Proteobacteria clades (75, 119, 193).  Previous 

studies have demonstrated the limitations of culture-based methods for the identification 

and characterization of the microbial assemblages in activated sludge (6, 247); therefore,  

a metagenomic approach was used to identify antibiotic resistance genes that may not 

have been detected by culture-based methods alone.  To access multiple reservoirs of 

antibiotic resistance genes, functional screening and sequence analysis were applied to 

metagenomic libraries constructed from bacterial chromosomal, plasmid, and 

bacteriophage community DNA. 

 Functional screening of bacterial metagenomic libraries yielded nine unique 

clones that conferred to E. coli resistance to one of three antibiotics: chloramphenicol, 

ampicillin, or kanamycin.  Although BLASTx analysis indicated that the ampicillin and 

kanamycin resistance determinants were similar to previously known resistance genes in 

the GenBank nr/nt database, only one of the chloramphenicol resistant clones shared 
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significant homology with a predicted gene product that is generally associated with 

CmR.  Subsequent transposon mutagenesis to identify the genetic loci responsible for 

CmR in the remaining clones confirmed that none of the interrupted ORFs showed 

similarity to chloramphenicol resistance genes in GenBank, which likely originated from 

diverse bacterial lineages.  However, preliminary functional studies to determine the 

mechanism of CmR suggest that these clones harbor resistance determinants that have 

Cm-modifying enzymatic activity.  Further investigations into the specific enzymatic 

modification and resultant structural changes to chloramphenicol by these clones using 

MS/NMR and various in vitro assays will be useful in identifying the mechanism(s) of 

resistance and perhaps attributing a novel phenotype to predicted proteins in the GenBank 

databases. 

 The multi-drug resistant plasmid pAS1, encoding kanamycin and ampicillin 

resistance, was isolated from both directly transformed plasmid DNA as well as plasmid 

DNA that was previously mutagenized with the <R6Kγori/KAN-2> transposon to 

mediate their replication in E. coli.  These results indicate that pAS1 contains an origin of 

replication that allows for its maintenance in E. coli, and presumably other Gram- 

negative hosts.  Interestingly, the TEM β-lactamase gene found on pAS1 shares 95% 

homology with a similar gene from the Gram positive genus Bacillus, suggesting the 

occurrence of previous horizontal gene transfer events between diverse bacterial hosts.    

The significant degree of homology observed for the AbR genes identified on pAS1 is in 

contrast to the poor or nonexistent homology observed for the bacterial chromosome-

derived AbR clones.  This is presumably the result of the much more frequent 

transmission of plasmid-borne AbR within wastewater, other natural environments, and 
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bacterial pathogens resulting in the frequent deposition of plasmid-acquired AbR genes in 

GenBank databases.  The lower degree of homology for AbR genes present within 

bacterial genomes also reflects the latent functional genetic potential resident within 

wastewater metagenomes (e.g., novel CmR determinants) that have the potential for 

future lateral transfer.  In addition, the greater degree of homology observed between the 

plasmid-encoded resistance genes (as opposed to the chromosomal-encoded genes) and 

those found in GenBank supports the hypothesis that plasmids may play a more 

significant role in the lateral transfer of antibiotic resistance genes among prokaryotes 

(93). 

Although no antibiotic resistance clones were isolated from functional screening 

of the viral metagenomic libraries, sequence analysis identified six unique putative 

resistance determinants that may encode direct resistance to tetracycline, bleomycin, 

acriflavin, and ampicillin, as well as drug resistance transport systems that may confer 

antibiotic resistance(s) on their hosts.   

 The phylogenetic diversity of antibiotic resistance determinants identified in this 

survey and the presence of multiple MGEs identified from all three metagenomes 

indicate that activated sludge does serve as a reservoir of AbR genetic determinants that 

may be laterally transferred among diverse bacterial hosts.  Seven distinct bacterial taxa 

were represented in our metagenomic surveys, including the Bacteroidetes, Chlamydiae, 

and Firmicute divisions and all four sub-divisions of the Proteobacteria.  Although all of 

the MGEs identified from the surveys are likely derived from Proteobacteria taxa, the 

observation that they were often linked with antibiotic resistance loci with a high degree 

of homology to AbR genes from other phyla suggests that genes from phylogenetically 
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diverse sources have been transferred through multiple mechanisms (e.g., conjugation, 

transduction, transformation).  Along with the in vitro transposition of kanamycin and 

ampicillin resistance genes into E. coli observed with pAS1, these data reflect the great 

potential for the mobilization, transfer, and persistence of diverse antibiotic resistance 

determinants among various bacterial hosts.   

 The application of sequence- and function-based screening of bacterial, plasmid, 

and bacteriophage metagenomic libraries allowed a more inclusive study into the 

occurrence, phylogenetic origins, and potential transfer of AbR genes in activated sludge 

than has been previously described.  The discovery of these resistance genes illustrates an 

advantage of function-based screening methods, as many of these AbR genes likely would 

not have been identified by sequence-based screening alone.  It should be noted that this 

survey was far from exhaustive nor necessarily representative of all of the major phyla 

present within activated sludge microbial assemblages.  While the selection of E. coli as a 

heterologous host afforded advantages in terms of cloning efficiency and phylogenetic 

relationship to many of the bacterial taxa present in activated sludge, future studies using 

shuttle vectors may expand the diversity of MGEs and AbR loci identified.  Future work 

will also identify the mechanism of action for each of the novel CmR genetic 

determinants.  The identification of these functionally and phylogenetically diverse 

antibiotic resistance determinants and MGEs from all three metagenomes demonstrates 

the widespread occurrence and potential movement of antibiotic resistance that are a 

driving force in prokaryotic evolution within activated sludge microbial communities. 
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   Table 3.1.  Cloning statistics of the small-insert bacterial metagenomic libraries. 

 

 

 

 

 

 

 

 

Library # of 
clones 

Avg. insert 
size 

Cloned 
DNA 

LCKan-1 312,800 2.1 kbp ~656 Mbp 

LCAmp-1 380,000 1.67 kbp ~634 Mbp 

LCKan-2 156,000 1.66 kbp ~259 Mbp 

LCAmp-2 174,400 1.74 kbp ~303 Mbp 

TOTAL 1,023,200 1.79 kbp ~1.85 Gbp 
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Table 3.2.  Antibiotics used in the functional screening of metagenomic libraries and 

plasmids. 

 

 

 

 

Antibiotic Class Concentration 

Ampicillin Pencillins 100 µg/mL 

Azithromycin Macrolides 10 µg/mL 

Ceftriaxone Cephalosporins 25 µg/mL 

Chloramphenicol 50S Inhibitors 12.5 µg/mL 

Ciprofloxacin Fluoroquinolones 10 µg/mL 

Kanamycin Aminoglycosides 50 µg/mL 

Nalidixic Acid Quinolones 15 µg/mL 

Polymyxin B Polypeptides 8 µg/mL 

Rifampicin Rifamycils 150 µg/mL 

Spectinomycin Aminocyclitols 100 µg/mL 

Tetracycline Tetracyclines 25 µg/mL 

Trimethoprim DHFR Inhibitors 1 µg/mL 
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Figure 3.1.  Representative RFLP patterns of unique bacterial metagenomic clones 

conferring an antibiotic resistance phenotype on E. coli. 
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Clone Source AbR Top BLASTx Nearest Neighbor % ID 

A4 
 

Bacterial 
genome Cm PKD-repeating protein 

 Cytophaga hutchinsoni 31% 

A5 Bacterial 
genome  Cm  No significant hits found N/A N/A 

A7 Bacterial 
genome  Cm 

Hypothetical protein 
FB2170 

Flavobacteriales bacterium 
HTCC2170 59% 

A9 Bacterial 
genome  Cm 

Hypothetical protein 
sce4763 Sorangium cellulosum 57% 

A10 Bacterial 
genome  Cm 

Large subunit of N,N-
dimethylformidase 

Hoeflea phototrophica 
DFL-43 29% 

A12 Bacterial 
genome  Cm  Class V aminotransferase Hyphomonas neptunium 33% 

B4 Bacterial 
genome  Cm 

Hypothetical protein 
Mpe_A2882 Methylibium petroleiphilum  67% 

D10 Bacterial 
genome 

Am
p  PBP, Class C β-lactamase Spirosoma linguale 66% 

E5 Bacterial 
genome  Km O-methyltransferase Microscilla sp. 55% 

pAS1 Plasmid Km Aminoglycoside 
phosphotransferase 

Rhodopseudomonas 
palustris 70% 

pAS1 Plasmid Am
p TEM β-lactamase Bacillus sp. BT-192 95% 

Ph-A8 
Phage 

genome 
N/A  Acriflavin resistance 

protein Xanthobacter autotrophicus  53%  

Ph-C2 
Phage 

genome 
N/A 

Drug resistance 
transporter, Bcr/CflA 

subfamily 
Serratia proteamaculans  96%  

Ph-C3 
Phage 

genome 
N/A 

putative transmembrane 
multidrug-efflux system 

lipoprotein 
Ralstonia pickettii  58%  

Ph-D8 
Phage 

genome 
N/A  Class A β-lactamase Capnocytophaga ochracea 93% 

Ph-
E10 

Phage 
genome 

N/A  TetC protein Chlamydia suis 89% 

 

Table 3.3.  Predicted gene products and phylogeny of putative antibiotic resistance 

determinants from metagenomic clones and plasmid pAS1 based on BLASTx output. 
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Figure 3.2.  Transposon insertion maps of metagenomic clones that confer CmR to E. coli 

but have no homology with previously characterized CmR genes.  Triangles indicate the 

transposon insertion site which resulted in loss of the antibiotic resistance phenotype.  
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Figure 3.3.  Phylogenetic relationships between CmR  clone A4 and significant homologs 
in the nr/nt GenBank database were predicted using maximum parsimony analysis.  
Bootstrap values are shown on the nodes of the trees, and each tree was rooted with the 
sequence of a distantly related but non-significant homolog. 
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Figure 3.4.  HPLC profiles of Clone A4 (Panel A) and pSU2719 (Panel B) supernatants 

from cultures grown overnight in the presence of Cm.  Panel C represents the negative 

control in which chloramphenicol only was incubated overnight.  Black arrows indicate 

the appearance of a byproduct with a peak at 4.4 minutes, and the white 

 arrow indicates the native chloramphenicol peak at 2.0 minutes. 
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Clone MIC (µg/ml) 
A4 64 
A5 64 
A7 256 
A9 64 
A10 64 
B4 256 

E. coli ATCC 25922 4 
 
 
 
Table 3.4.  Mininum inhibitory concentration (MIC thresholds for the six CmR clones 

with no significant homology to known resistance determinants and E. coli ATCC 25922 

(reference strain). 
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Figure 3.5.   Hydrophobicity plots of predicted ORFs conferring CmR on clone A4 

(Panels A and B) and the CAT gene on plasmid pSU2719 (Panel C). 
A B C 
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Figure 3.6.  Multiple alignment of ORFs conferring CmR on the bacterial metagenomic 

clones, the CAT enzyme of pSU2719, and phylogenetically diverse CAT gene products 

from the GenBank nr/nt database.  The alignment was performed in ClustalX. 
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Figure 3.7.  Predicted transposition of a 900 bp element from pAS1 into the host 

genome.  Shown are EcoRI restriction digests of pAS1 following primary transformation 

(Lane 1) and secondary transformation (Lane 2).  The 900 bp fragment seen in Lane 1 

was absent in all downstream plasmid preparation, but a loss of antibiotic resistance was 

not observed during the screening of transformants, indicating the transposition of 

antibiotic resistance gene(s) into the E. coli host genome.  (M, molecular marker) 

 

 

 

 

 

M         1          2 
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Sample Source Top BLASTx Nearest Neighbor % Identity 

E5 Bacterial 
genome Transposase Acidovorax avenae 90% 

pAS1 Plasmid IS10 transposase Salmonella enteric 100% 

pAS1 Plasmid ISPsy10 transposase Vibrio sp. Ex 25 100% 

Ph-A11 Phage 
genome  transposase protein A Methylococcus 

capsulatus 50% 

Ph-C11 Phage 
genome  transposase Nitrobacter sp. Nb-

311A 70% 

Ph-C12 Phage 
genome  transposase Gluconobacter 

oxydans 75% 

Ph-E06 Phage 
genome 

transposase, IS605 OrfB 
family 

Burkholderia 
cenocepacia MC03 33% 

Ph-F11 Phage 
genome 

transposase of ISAba1, 
IS4 family 

Acinetobacter 
baumannii 99% 

Ph-G04 Phage 
genome  TniA transposase Pseudomonas 

stutzeri 34% 

 

Table 3.5.  Predicted gene products and phylogeny of putative mobile genetic elements 

identified from metagenomic clones and plasmid pAS1. 
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CHAPTER IV 

 

DISCOVERY OF TYPE I POLYKETIDE SYNTHASE PATHWAYS FROM AN  

ARRAYED SOIL METAGENOMIC LIBRARY 

 

A.  ABSTRACT 

Polyketides are structurally diverse bacterial secondary metabolites, many of which have 

antibiotic or anti-cancer activity. Modular polyketide synthase (PKS) enzymatic 

complexes contain conserved ketoacyl synthase (KS) domains, and most PKS 

biosynthetic pathways exceed 30 kb in size. A fosmid metagenomic library constructed 

from soil at the Hancock Agricultural Research Station in Hancock, WI, (9,216 clones 

with an average insert of 42 kb) was spotted onto a nylon membrane.  The macroarray 

was then screened for the presence of KS domains using a degenerate DNA probe 

targeting a conserved region of this domain.  Thirty-four clones containing KS domains 

were identified by Southern hybridization; however, only 21 of the 34 KS-positive clones 

produced a PCR product using KS-specific primers, indicating that these domains may be 

related yet phylogenetically divergent from known KS genes.  Many of the KS amplicons 

shared significant homology with PKS or non-ribosomal peptide synthesis genes from the 

Cyanobacteria or Proteobacteria phyla.  Sequence analysis from a KS-containing clone 

that was consistently PCR-negative revealed PKS-like domains on the cloned fragment, 
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which is hypothesized to have an origin from the bacterial division Acidobacteria, which 

is prevalent within soils yet has few cultured representatives. 

B.  INTRODUCTION 

 The isolation of secondary metabolites produced by soil microorganisms has 

historically been an effective means of identifying novel compounds with antimicrobial 

activity. Soil contains an impressive 1016 microbial cells per ton, while only an estimated 

1% of these have been cultivated in the laboratory (58, 108). While this small percentage 

of cultured soil microorganisms has already illustrated the phylogenetic diversity of these 

communities and have provided many important antibiotics to date, a potentially richer 

resource for novel antibiotic discovery resides within as-yet-uncultured bacteria (87, 94, 

218).  The application of a metagenomic approach to isolate large, contiguous regions of 

DNA from uncultured microorganisms is a viable strategy to access intact genetic 

pathways that are involved in natural product synthesis.  Previous studies have 

demonstrated the utility of screening environmental metagenomic libraries to identify 

bioactive molecules (54), proteolytic systems (23), and polyketide synthases (89, 167, 

226, 286) . 

 Polyketides are a diverse group of bioactive secondary metabolites produced by 

bacteria, fungi, and plants and include several therapeutically important drugs such as 

erythromycin, tetracyclines, immunosuppressants FK506 and rapamycin, and antitumor 

compounds doxorubicin and mithramycin (226, 253).  Polyketide biosynthetic genes are 

organized into polyketide synthase (PKS) pathways and  are generally classified into 

three major groups: Type I, Type II, or Type III (209).  Type I PKSs contain multi-

functional proteins that are each responsible for a different active site for catalytic 
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reactions in polyketide chain assembly (170). The actinorhodins, or Type II PKSs, are 

composed of individual proteins that perform one enzymatic activity to catalyze the 

formation of aromatic polyketides (170, 237). Type III PKSs, previously thought to be 

found only in plants, participate in the assembly of small aromatic compounds (170).  

This study focuses on the identification of Type I PKSs, which are large, multi-domain 

enzymes organized into modules, each of which contains an individual enzyme 

responsible for the catalysis of polyketide chain elongation.  Type I PKSs  are 

characterized by the presence of a 6-deoxyerythromycin B synthase for the biosynthesis 

of reduced polyketides such as erythromycin A (237), and contain loading and extender 

modules.  The extender module is further organized into three domains that catalyze one 

cycle of chain extension: ketosynthase (KS), acyltransferase (AT), and acyl carrier 

protein (ACP).  Some modules also carry variable domains, such as ketoreductase, 

dehydratase, thioesterase, and enoylreductase , which are responsible for keto-group 

modification and lead to the synthesis of a wide range of combinatorial compounds (26, 

65).  

 Although the synthesis of polyketides is often associated with bacteria within the 

division Actinobacteria (195), PKS genes have also been identified in a diverse group of 

bacteria, including species of Pseudomonas  (154, 205), Mycobacterium (126), 

Stigmatella (54), Sorganium (85, 86), and Acidobacteria (285).  The widespread 

distribution of PKS pathways is of interest because additional reservoirs of polyketides in 

soil microorganisms likely exist but have remained uncharacterized due to cultivation 

bias.  Therefore, we used degenerate probes to identify potentially novel PKS pathways 

from a large-insert soil metagenomic library via macroarray hybridization.  The isolation 
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and manipulation of PKS pathways offers opportunities for the production of novel 

compounds via manipulation of the modular organization of Type I PKSs for synthesis of 

novel metabolites. These PKS pathways can therefore provide another resource for 

chemical diversity in the search for novel antimicrobial compounds (226).  

C.  MATERIALS AND METHODS 

1.  Soil collection and DNA isolation. Soil samples were collected from soil cores (10 

cm to 50 cm depth) from an agricultural soil in the Central Sands area of Wisconsin at the 

University of Wisconsin-Madison’s Hancock Agricultural Research Station (HARS) in 

Hancock, WI.  The soil was a Plainfield loamy sand taken from the plow zone at HARS.  

Bacterial cells were collected by soil homogenization and differential centrifugation and 

then embedded and lysed within an agarose plug.  High molecular weight metagenomic 

DNA was recovered and purified as described previously (143, 144). 

2.  Fosmid library construction.  The metagenomic library was constructed in the 

pCC1FOS vector with the CopyControl™ fosmid library system according to the 

manufacturer’s instructions (Epicentre, Madison, WI).  Briefly, purified metagenomic 

DNA was randomly sheared and size-selected from a pulsed-field agarose gel prior to 

ligation into the pCC1FOS vector.  Ligated DNA was then packaged and plated onto the 

EPI100™-T1 plating strain (Epicentre) and plated onto LB + 12.5 µg/ml 

chloramphenicol for selection of recombinant clones.  Arabinose was used to control the 

copy number of pCC1FOS by activating the PBAD promoter and trfA gene, which in turn 

induces expression of oriV; therefore, the addition of arabinose (0.01% v/v) to media will 

induce a high copy number of the fosmid.  The recombinant E. coli clones were 

robotically picked in duplicate onto nylon membranes at the Clemson University 
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Genomics Institute, resulting in duplicate clone macroarrays.  Macroarrays were 

generated with and without arabinose-induction of fosmid copy number and contained 

9,216 fosmid clones with an average insert size of 42 kb (ca. 100 E. coli genome 

equivalents). 

3.  Screening of fosmid macroarrays.  Pooled fosmid DNA served as template in PCR 

reactions to generate a PKS probe for downstream library screening.  The β-ketosynthase 

(KS) domain was targeted with the degenerate primer set 5LL (5’-

GGRTCNCCIARYTGIGTICCIGTICCRTGIGC) and 4UU (5’-

MGIGARGCIYTICARATGGAYCCICARCARMG) (David Sherman, University of 

Michigan, personal communication).  Seven other Type I and Type II PKS-specific and 

non-ribosomal peptide synthetase-specific primer sets were also evaluated for probe 

synthesis (Table 1) but were not used because they either yielded PCR products from 

control reactions containing E. coli genomic DNA as template or did not yield the 

expected PCR product based on sequences of representative amplicons.  The resulting KS 

domain amplicon was labeled with digoxigenin (DIG) using the DIG PCR Synthesis 

system (Roche, Indianapolis, IN) and used as a probe in macroarray screening by colony 

blot hybridization at 42oC with medium hybridization washing stringency as per 

manufacturer’s instructions.   The hybridization was performed using the DIG detection 

system (Roche) with detection mediated by the CSPD chemiluminescent substrate.  

Imaging of hybridizations was accomplished using autoradiography with multiple 

exposure times for each blot.  Clones that exhibited chemiluminescence in duplicate 

(n=34) were considered KS-positive and subjected to further analyses. 
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4.  Verification and sequencing of KS domains from positive clones.   To confirm that 

the 34 hybridization-positive clones were unique and to estimate insert size, restriction 

fragment length polymorphism (RFLP) profiles were generated for each clone using the 

restriction enzyme BamHI.  Resulting digest reactions were electrophoresed on a 0.8% 

(w/v) 1x TAE pulsed-field agarose gel at 5 V/cm with a 1 to 15 second switch time for 16 

hours.  

Twenty-one of the KS-positive clones produced a KS amplicon following PCR 

with the 5LL/4UU primer set to verify the presence of a KS domain.  To obtain sequence 

data from these clones, the KS primers were modified with T3 (5LL) and T7 (4UU) 

primer recognition sequences at the 5’-end of each respective primer and used in a 

secondary PCR to generate KS amplicons for sequencing.  The KS genes were then 

sequenced using primers T3 and T7, which resulted in higher quality sequence data than 

using either the degenerate 5LL or 4UU primers.  All 34 KS-positive clones were end-

sequenced using vector primers EpiFOSF and EpiFOSR. 

5.  KS domain phylogenetic analysis.  KS gene sequences from the 21 PCR-positive 

clones and known KS gene sequences from bacterial and fungal sources were aligned 

using ClustalX software.  A maximum parsimony phylogenetic tree was generated using 

MEGA4 (131) with 1000 iterations of the maximum parsimony analysis performed for 

the calculation of bootstrap support. 

6.  Southern hybridization of putative KS-positive clones.  To investigate the 13 

clones that were KS-positive after colony blot hybridization but failed to yield a KS PCR 

product, a Southern hybridization was performed using the same DIG-labeled 

heterogeneous KS probe used in previous experiments.  Fosmid DNA from each of the 
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13 clones was restriction digested with BamHI, electrophoresed on a 1% (w/v) 1x TAE 

agarose gel, and transferred to a nylon membrane using the Whatman TurboBlotter 

system (Kent, UK) and hybridized with the KS probe.  Identification of DNA fragments 

hybridized to the KS gene probe was visualized by the NBT/BCIP colorimetric detection 

method (Roche). 

8.  Isolation and 454 sequencing of fosmid DNA.  Ten clones were selected for 

complete insert sequencing by 454 pyrosequencing based on their predicted phylogenetic 

and functional domains.  Fosmid DNA was extracted from clones A2, A3, A11, A12, B1, 

B8, B10, B11, C1, and C5 using the Qiagen Large-Construct DNA Isolation kit (Qiagen, 

Valencia, CA) with an additional plasmid-safe exonuclease digestion step for 4 h at 37ºC 

to remove contaminating genomic DNA.  Purified DNA was sent to the Lucigen 

Corporation (Middleton, WI) for bar-coded shotgun subclone library construction and 

then sequenced at the Engencore Center at the University of South Carolina (Columbia, 

SC) using a Genome Sequencer FLX system (Roche, Nutley, New Jersey) according to 

manufacturer’s instructions.  

9.  Bioinformatic analysis of fosmid-derived open reading frames.  Fosmid DNA 

sequences generated by 454 sequencing were assembled into contiguous fragments 

(contigs) using the CLC Genomics Workbench (Cambridge, MA) assembly algorithm 

and contigs were analyzed for the presence of putative PKS-related genes.  Open reading 

frames were identified using a GeneMark heuristic approach for gene prediction in 

prokaryotes (http://opal.biology.gatech.edu/GeneMark/). Additionally, GLIMMER 3.02, 

and NCBI’s ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) were utilized to 

corroborate the predicted ORFs obtained from GenMark analysis.  Prediction of gene 
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function was done by comparing each phage ORF sequence against the GenBank nr/nt 

database using the BLASTp and BLASTn algorithms (3).  Any predicted ORFs lacking 

any significant homology to other gene products in GenBank (E value > 0.001) were 

further investigated for secondary structures (profiles, patterns, blocks, motifs, and 

protein families) using a web server (http://motif.genome.jp/).   

10.  Analysis of clone A12.  Preliminary sequence data from clone A12 indicated that 

this clone may have significant homology to the genome of Solibacter usitatus from the 

division Acidobacteria.  Because the mtaD homologous gene sequence did not assemble 

with other contigs from this clone during the first sequencing analysis, multiple 

approaches were utilized to verify and characterize its presence on the clone.   

 Primers specific to the putative PKS gene were designed and used to generate a 

DIG-incorporated PCR probe for Southern hybridization.  Purified DNA from A12 was 

restriction digested with the enzymes BamHI, ClaI, EcoRI, EcoRV, Hind III, NotI, PstI, 

SalI, SmaI, SphI, and XbaI and electrophoresed on a 0.8% (w/v) 1x TAE agarose gel.  

The digested DNA was transferred to a nylon membrane and hybridized with the mtaD 

homolog probe as described above for the KS domain probe.   

 To obtain additional data on the regions flanking the mtaD homologous gene, 

shotgun subclone libraries of the A12 insert were constructed.  Purified A12 DNA was 

partially digested with Sau3AI for 1 h, electrophoresed on a 1% (w/v) 1x TAE agarose 

gel, and size-selected.  Fragments approximately 5-8 kb were ligated into the BamHI-cut 

CopyRight BAC vector (Lucigen Corp., Middleton, WI) overnight at 15ºC.  The ligation 

mix was transformed into BAC-optimized electrocompetent E. coli cells, and 

transformants were selected on 2x YT agar supplemented with 12.5 µg/ml of 



144 
 

chloramphenicol (Cm).  Ten random subclones were chosen for library validation.  BAC 

DNA was extracted from 10 clones by alkaline lysis and digested with EcoRI at 37ºC for 

1 h.  The percentage of clones with an insert and the average insert size was determined 

by electrophoresing the restriction digests on a 1% (w/v) 1x TAE agarose gel.  

 The remaining transformation mix was plated onto additional 2x YT+Cm medium 

and incubated overnight at 37ºC.  Colonies were transferred to nitrocellulose membranes 

and hybridized with the DIG-labeled mtaD homolog probe as described above.  

Subclones demonstrating a color change after overnight detection were sequenced and 

included in additional contig assemblies. 

11.  Detection of mtaD homologs from cultured Acidobacteria.  Cultures representing 

multiple subdivisions of Acidobacteria (George et al., manuscript in preparation) were 

screened for mtaD homologous sequences by PCR using mtaD-specific primers (Table 

1).  The following touchdown thermalcycling program was used:  initial denaturing at 

94ºC for 2 min, followed by 14 cycles of denaturing at 94ºC for 30 sec, stepwise 

annealing from 63ºC to 50ºC for 30 sec, and extension at 72ºC for 2 min, and an 

additional 30 cycles of the above with a 50ºC annealing temperature.  Amplicons were 

subcloned into the TOPO-TA pCR 2.1 vector (Invitrogen, Carlsbad, CA) according to the 

manufacturer’s instructions, and inserts were amplified in a colony PCR using vector 

primers M13F and M13R.  The resulting PCR reactions were purified using the Promega 

Wizard PCR Clean-up System (Madison, WI) and submitted to the Auburn University 

Genetic Analysis Laboratory for sequencing.  The sequences were trimmed for quality 

and compared to their nearest significant neighbors in GenBank by multiple alignment 

(ClustalX) and maximum parsimony analysis (MEGA4) (131, 264).   
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D.  RESULTS 

1.  Generation of a KS-specific probe.  Multiple primer sets specific to PKS or NRPS 

pathways were used in this study to prepare a probe for macroarray hybridization (Table 

4.1).   In each experiment, a pooled fosmid library DNA template was used as a template 

with each primer set.  Every primer set that generated a product from library template 

(but not E. coli DNA template) was cloned and a representative number of clones (n=8) 

was sequenced to validate that the amplicon was the intended gene target.  The only 

primer set that produced the desired PCR amplicon using a metagenomic library template 

and not with host genomic DNA template was primer set 4UU/5LL, which is specific to 

the ketosynthase (KS) domain, the most conserved region of Type I PKS pathways (11, 

93).    This universal primer set was selected for DIG-labeling and subsequent 

macroarray hybridization. 

2.  Identification of Type I PKS-containing clones from the fosmid library.  A total of 

34 clones from the arabinose-induced macroarray exhibited chemiluminescence after 

hybridization with the DIG-labeled Type I KS probe (in duplicate), indicating the 

presence of a KS domain and therefore a possible PKS pathway (Fig. 4.1).  Only 19 KS-

containing clones were identified from the macroarray prepared without arabinose 

induction, which were also detected in the arabinose-induced macroarray in addition to 

15 other clones.  The position of the duplicate clones relative to one another enabled 

determination of the specific fosmid clone identity, and RFLP profiles of the 34 clones 

confirmed they contained unique inserts (Fig. 4.2).   Of the 34 fosmid clones that were 

identified by hybridization, only 21 of these clones yielded a PCR product after a 
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secondary PCR with primers 4UU and 5LL, suggesting the remaining 13 clones may 

contain KS domains which are phylogenetically divergent from known genes.      

3.  Phylogenetic analysis of KS-positive clones.   DNA sequences derived from KS 

amplicons obtained from the 21 hybridization-positive clones were compared to the 

GenBank nr/nt database and were found to have homology with known KS genes 

(identities ranging from 51-73%).  As the highest percent homology observed was 73%, 

it is likely that these KS domains are phylogenetically distinct from the previously 

characterized KS domains present in GenBank.  Maximum parsimony analysis of library-

derived KS domains and known KS domains indicates that the KS domains identified 

from the soil metagenomic library represent diverse lineages but are still related to known 

KS domains (Fig. 4.3).  Interestingly, the majority of the library-derived KS domains had 

nearest neighbors among the phylum Cyanobacteria.  Even though this bacterial division 

has been previously associated with polyketide production, we did not expect to find a 

high frequency of Cyanobacteria-derived sequences because the fosmid library was not 

constructed from surface soil.  The KS domains encoded by these fosmid clones showed 

similarity to those found in pathways responsible for a variety of polyketide compounds, 

such as the myxobacterial compounds epothilone and stigmatellin (27), the 

cyanobacterial jamaicamide (70), and the actinobacterial polyketide antibiotics 

erythromycin (65), and pikromycin (300).  Although many of these library-derived KS 

domains have similarity to known KS domains, the resultant chemical moieties produced 

by these pathways in their native host may be structurally distinct from known 

polyketides, as the other modules present in these PKS pathways may not be similar in 

organization to known PKS pathways.   
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4.  Southern hybridization of PCR-negative fosmid clones.  Of the 34 fosmid clones 

identified by the original library macroarray hybridization, 13 clones did not yield a KS 

domain PCR product despite multiple attempts at PCR amplification using a variety of 

reaction conditions.  To determine if each of these fosmid clones actually contained a KS 

domain, a Southern hybridization was performed using a DIG-labeled KS domain probe 

generated by PCR amplification of the KS domains from a pool of the 21 KS domain-

positive fosmid DNAs.  Eight of the 13 PCR-negative clones gave KS-positive Southern 

blot results, thus verifying the presence of a putative KS domain on these clones.  The 

five fosmid clones which were originally considered KS-positive by macroarray 

hybridization but have not yielded a KS PCR product or shown a positive result in 

subsequent hybridizations may represent false positive macroarray hybridizations, 

misidentification of the fosmid clone from the metagenomic library stored at -80oC, or 

may require lower stringency hybridization conditions to be detected. 

5.  454 sequencing of fosmid clones.  Ten PCR-negative, hybridization-positive clones 

were selected for whole-insert sequencing by 454 pyrosequencing based on their 

predicted phylogeny and functional domains.  To date, three of the ten clone inserts have 

been completely assembled and contain many open reading frames (ORFs) with 

similarity to gene products associated with polyketide synthesis, such as acyl-carrier 

proteins and beta-ketoacyl synthases, as well as cell transporters and translocation 

systems from various bacterial lineages (Figure 4.4).  Preliminary annotation of the 

remaining seven clones has also revealed the presence of similar ORFs but also many 

sequences with no significant neighbors in GenBank or which have currently un-assigned 

functions. 
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6.  Bioinformatic analysis of clone A12.  454 sequence data from clone A12 generated 

two points of interest.  First, this clone appears to contain a gene with 52% identity and 

70% similarity to a gene that is homologous to mtaD, known to encode an enzyme from 

the myxobacterium Stigmatella aurantiaca that is involved in chain extension during the 

synthesis of the polyketide myxothiazol (239).  Secondly, the majority of DNA carried by 

A12 shares strong homology with the genome of Solibacter usitatus, a representative of 

the division Acidobacteria (Fig. 4.5).   

 However, the MtaD-like domain did not assemble with other contigs from A12, 

so Southern hybridization was performed to verify its presence on this clone, which 

indicated this may be a repeating domain within the clone (data not shown).  Although 

the mtaD homologous gene sequence can be readily obtained from A12 by PCR, we have 

been unable to detect it in any additional 454 sequencing reactions or contig assemblies 

using a variety of bioinformatics pipelines. 

7.  Identification of mtaD homologous sequences from cultured Acidobacteria.  After 

PCR-based screening of cultured Acidobacteria, we identified three mtaD homologs from 

Acidobacteria representing subdivisions 3, 4, and 6 (Fig. 4.6).  Maximum parsimony 

analysis of these sequences, the mtaD homolog from A12, and other significant 

neighboring sequences from GenBank suggests that this gene (and possibly other PKS 

determinants) is highly conserved among the Acidobacteria but do not group 

significantly with any other specific bacterial phylum.  Solibacter usitatus (nearest 

neighbor of clone A12) and cultured Acidobacteria J13 both represent subdivision 3, yet 

the mtaD homologous sequence from culture H6 (subdivision 4) appears most similar to 
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A12, indicating a widespread distribution of diverse mtaD-like genes among 

Acidobacteria subdivisions. 

E.  DISCUSSION 

 We constructed and screened a large-insert fosmid metagenomic library from soil 

to detect the presence of Type I polyketide synthase pathways using a ketosynthase-

specific probe.  A sequence-based screening approach was selected in order to identify 

PKS pathways derived from phylogenetically diverse prokaryotes that may not be 

expressed in an E. coli host.  Probing of the fosmid library, which is estimated to contain 

over 400 Mbp of cloned metagenomic DNA, revealed the presence of 34 clones that 

appeared to contain a KS domain. With the metagenomic library representing 

approximately 100 E. coli genome equivalents and assuming equal relative abundance of 

prokaryotic genomes within the library, then at this hit frequency approximately 40% of 

the genomes represented within the library showed a KS domain positive hybridization.  

Compared to previous estimates of KS domain-positive cultured soil bacteria of 15-25% 

(209), this is a higher frequency, suggesting at the very least given the assumptions 

necessary in this comparison that a culture-independent survey of PKS pathways is 

capable of identifying a significant yield of PKS-containing clones.  The other 

acknowledged constraint in screening a fosmid library is the limited insert size possible 

for any given clone.  Future soil metagenomic libraries available and being constructed 

exceed the average insert size of this fosmid library, but this study does represent a proof-

of-concept for the detection of KS-positive clones within a macroarrayed metagenomic 

library and permit description of the phylogenetic origin and PKS pathway architecture 

among these clones.    
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 The majority of the 21 PCR-positive clones encoded KS domains most similar to 

those from the Cyanobacteria and Myxobacteria taxa and were phylogenetically and 

functionally diverse, including some expected to be involved in fatty acid synthesis and 

polyketide chain elongation.  Additional bioinformatic analysis of complete insert 

sequences from the PCR-positive clones indicated many predicted ORFs with significant 

homology to sequences encoding β-ketosynthase domains, acyl carrier proteins, and 

enzymes involved in the post-synthesis modification of various polyketides.  The 

predicted bacterial lineages of these sequences included the Acidobacteria, 

Cyanobacteria, and multiple subdivisions of the Proteobacteria. These data clearly 

demonstrate that many soil-derived PKS pathways are present in diverse Gram negative 

bacteria, and that the current public databases may not adequately reflect the extant 

diversity of soil bacterial PKS pathways. 

 A significant percentage of the 34 fosmid clones identified by library macroarray 

hybridization never yielded a KS domain-specific PCR product, leading to the initial 

conclusion that these may be false positive identifications or that the incorrect fosmid 

clones had been selected from the 384-well formatted library. Subsequent Southern 

hybridization analysis indicated that 8 of these 13 clones did contain a KS-homologous 

domain(s).  It is likely possible that base pair mismatches between the KS domain PCR 

primers and fosmid clone DNA prevented successful PCR amplification of KS genes, yet 

they shared homology for successful hybridization.    This is strong supportive data for 

the use of macroarray hybridization rather than PCR-based strategies for identification of 

metagenomic clones representing diverse phyla. 
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  Sequence analysis of the PCR-negative clones revealed the presence of PKS-

related ORFs that appear to originate from diverse bacterial lineages, such as the 

Planctomycetes, Proteobacteria, Acidobacteria, and Cyanobacteria phyla.  Many of the 

predicted gene products appear to be involved in polyketide biosynthesis, post-synthesis 

modification, or the transport of such compounds outside of the cell.  Due to the 

phylogenetically diverse nature of these sequences, it is unlikely that all of the pathways 

would have been functionally active in E. coli, thus underscoring the advantage of a 

sequence-based screening approach for the initial identification, to be followed by 

research to express PKS domains or pathways within a heterologous host(s). 

 Sequence analysis of clone A12 revealed the presence of an MtaD homologous 

domain, which in the myxobacterium Stigmatella aurantiaca is involved in the hybrid 

PKS/NRPS biosynthetic pathway of myxothiazol.  The presence of such a gene on this 

clone suggests that the host organism from which the A12 clone was derived may encode 

a pathway for the synthesis of a myxothiazol-like compound.  Subsequent investigation 

revealed that clone A12 contained ORFS with homology to the genome of Solibacter 

usitatus from the Acidobacteria division.  To our knowledge, no polyketide product has 

been identified from a Acidobacteria spp., although the results of a genome sequencing 

study indicate that members of this division may harbor PKS-related genes (285). These 

findings reflect the scarcity of known Acidobacteria sequences and that these bacteria, 

like many other soil bacteria, may represent an unexplored reservoir of novel PKS 

pathways. 
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1 A3  GCSTACSYSATSTACACSTCSGG 

 A7R  SASGTCVCCSGTSCGGTAS 

2 K1 TSAAGTCSAACATCGGBCA 

 M6R CGCAGGTTSCSGTACCAGTA 

3 KSLF CCSCAGSAGCGCSTSYTSCTSGA 

 KSLR GTSCCSGTSCCGTGSGYSTCSA 

4 KSDPQQF MGNGARGCNNWNSMNATGGAYCCNCARCANMG 

 KSHGTGR GGRTCNCCNARNSWNGTNCCNGTNCCRTG 

5 5LL GGRTCNCCIARYTGIGTICCIGTICCRTGIGC 

 4UU MGIGARGCIYTICARATGGAYCCICARCARMG 

6 F TSGCSTGCTTGGAYGCSATC 

 R TGGAANCCGCCGAABCCGCT 

7 540F GGITGCACSTCIGGIMTSGAC 

 1100R CCGATSGCICCSAGIGAGTG 

8 kSALPHA TTCGGCGGXTTCCAGTCXGCCATG 

 ACP   CCXATGCTCAGCXACCGCGACGACCT 

9 A12-TS-F2 GCGTCGACTTGTCCT 

 A12-TS-R2 GCGCATATTCTGACC 

 

Table 4.1.  Primers used in the generation of ketosynthase-specific probes (17, 89, 162, 

197, 233, 286).  Primer set 5, specific to Type I KS domains, was the only primer set that 

yielded a PCR product with pooled fosmid KS domains while not giving a similar 

product with E.coli template.  Primer set 9 was used to amplify the mtaD homologous 

sequence from clone A12 and the cultured Acidobacteria. 
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Figure 4.1.  Clones from a soil metagenomic library exhibit chemilumniscence after 

hybridization with a KS-specific, DIG-labeled probe.  
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Figure 4.2.  BamHI restriction digests of unique KS-containing clones.  RFLP patterns 

were also used to estimate the insert size of each clone. 
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Figure 4.3.  Maximum parsimony analysis of cloned KS genes and known KS domains 

from GenBank.  KS  domain sequences recovered from the soil metagenomic library are 

underlined, and in bold. Numbers at tree nodes represent bootstrap values, and the tree is 

rooted using the E. coli FabB (KS-ACP) sequence.  
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Figure 4.4.  Predicted ORFs from Clones A2, A11, and C5 after complete insert 

sequencing.  ORFs were categorized based on their predicted functions after comparison 

to the GenBank nr/nt database. 
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ORF Top BLASTp Nearest neighbor E-value % Similarity 

1 ATPase Shewanella amazonensis 7e-168 76% 

2 ATPase Shewanella amazonensis 2e-166 76% 

3 Aspartate aminotransferase Solibacter usitatus 2e-48 64% 

4 Tetratricopeptide TPR_4 Methylobacterium sp. 4-46 2e-124 58% 

5 Amidohydrolase Arthrobacter sp. FB24 5e-47 56% 

6 Fe-S protein, radical SAM 
family Koribacter versatilis  Ellin345 0.0 86% 

7 Hypothetical protein Solibacter usitatus Ellin6076 2e-28 41% 

8 Permease Opitutus terrae PB90-1 5e-121 55% 

9 Hypothetical protein Solibacter usitatus Ellin6076 4e-156 66% 

10 TonB-dependent receptor Acidobacteria sp. Ellin345 2e-72 42% 

11 SSS family sodium symporter Nostoc punctiforme 0.0 85% 

12 RTX toxin Ca2+-binding 
domain Bradyrhizobium sp. BTAi1 1e-52 62% 

13 MtaD, myxothiazol synthesis Stigmatella aurantiaca 1e-25 71% 

 

 

Figure 4.5.  Predicted ORFs from Clone A12, shown with their corresponding predicted 

functions and nearest neighbors in the GenBank nr/nt database. 
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Figure 4.6.  Maximum parsimony analysis of Acidobacteria-derived sequences and 

known MtaD homologs from the GenBank nr/nt database.  Numbers at tree node 

represent bootstrap values (n=1000 repetitions), and the tree was rooted with the MtaD 

homolog from a Methylosinus sp. 
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CHAPTER V 
 
 
 

DEVELOPMENT AND EVALUATION OF METHODS FOR THE 

CHARACTERIZATION OF BACTERIAL METAGENOMES FROM 

ENVIRONMENTAL SAMPLES 

 

A.  ISOLATION AND CLONING OF HIGH MOLECULAR WEIGHT   
      METAGENOMIC DNA FROM SOIL MICROORGANISMS  
 
1.  Introduction 

The successful construction of large-insert metagenomic libraries from natural 

environments is dependent on several parameters, including effective cell lysis, DNA 

purity, and a high transformation efficiency.  One challenge associated with constructing 

metagenomic libraries from soil microbes involves the co-isolation of contaminants that 

leads to the degradation of DNA due to nuclease activity.  As the isolation of intact 

genetic pathways from soil microbes is necessary to characterize their genetic and 

functional diversity, obtaining high-purity, high molecular weight (HMW) DNA for 

library construction is absolutely critical.  The following protocol describes the steps for 

the indirect extraction of bacterial DNA from soil, embedding the DNA in an agarose 

matrix, using a formamide and high salt treatment to eliminate nucleases, size-selecting 

DNA by restriction digestion and pulsed-field gel electrophoresis, and cloning the HMW 

DNA into a large-insert vector.  The resulting metagenomic libraries contain high-purity, 
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stable, HMW DNA that can be screened for various genetic loci (sequence-based) or 

phenotypic traits (function-based).   

2.  Protocol 

2.1. Materials 

Reagents: 

Antibiotic(s) for transformant selection 
 
Agarose, low-melting-point (Promega) in 1x TAE 
 
Agarose, CleanCut (Bio-Rad Laboratories) 
 
Agarose 
 
Bovine serum albumin 
 
Centrifuge bottles, 250 or 500 mL 
 
Cloning vector(s), commercially prepared for large-insert cloning 
 
Conical centrifuge tubes, 15 mL and 50 mL (sterile) 
 
Crombach buffer  
 
Double-distilled H2O 
 
Electrocompetent E. coli cells 
 
Electroporation cuvettes 
 
ESP solution 
 
Formamide, deionized  
 
GELase (Epicentre) 
 
Isopropanol 
 
Ligase, T4 DNA 
 
Ligase buffer, 10X 
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Lysis buffer [R] 
 
Membrane, Type VS (0.025 µm) (Millipore) 
 
Microcentrifuge tubes, 2mL 
 
Polyvinylpolypyrrolidone, acid-washed (optional) 
 
PMSF solution  
 
Restriction enzyme Sau3A1 and HindIII 
 
Restriction enzyme buffer, 10X 
 
Sodium hexametaphosphate ((NaPO3)n, n=6), 2% (w/v) (adjusted to pH 8.5 with 0.2% 
(w/v) Na2CO3) 
 
ST buffer 
 
Storage buffer 
 
Syringes, 1 cc 
 
TAE buffer stock, 50X 
 
T10E1 buffer 
 
Equipment: 
 
Cold room (4°C) or similar environment where gel electrophoresis can be performed 
 
Electroporator 
 
Equipment for running agarose gels 
 
Equipment for running pulsed-field gels 
 
Hybridization oven with rotating cylinders (or equivalent) 
 
Magnetic stir plate 
 
Soil sieve (mesh size 2 mm) 
 
Super-speed centrifuge 
 
Tissue homogenizer 
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Waring blendor 
 

2.2.  Method 

Homogenization of soil and extraction of bacterial cells 

1.  Weigh out a 30 g soil sample that has been passed through a soil sieve. 

Do not use dessicated soil, as this will result in a significant decrease in DNA yield.  
Storage of soil at -20ºC or lower is preferable to storage at 4ºC.  The number of 30 g soil 
samples used is optional, but the parallel processing of multiple samples may be desired 
depending upon the yield of HMW genomic DNA.     
 
2.  Add 100 ml of ice-cold sterile distilled H2O to each portion and homogenize in a   

     Waring  blendor at low speed 3 times for 1 min, with 5 min cooling on ice between   

     each run. 

 If the soil humic acid content is high, 10 g of acid-washed polyvinvylpolypyrrolidone 
(PVPP) can be added to the soil suspension before homogenization.  PVPP will remove 
humic acid from the suspension, but the bacterial cell recovery may be reduced. 
 

3.  Transfer the soil suspensions to 500 ml centrifuge bottles, using 50 ml sterile distilled  

     H2O to wash out blendor bucket.  Centrifuge at 1000 x g for 15 min at 5°C. 

4.  Combine the resulting supernatants and store at 4°C for later steps. 

5.  Transfer the soil pellets back into the Waring blendor with 100 ml fresh sterile  

     distilled H2O and homogenize for 1 min. 

6.  Repeat centrifugation in step 3. 

7.  Pool the resulting supernatant with the previous supernatants at 4°C. 

8.  Repeat the homogenization and centrifugation steps once more. 

The supernatants can be filtered through an 8-ply cheesecloth (or other coarse filter) to 
remove any particulates prior to collection of bacterial cells. 
 
9.  Centrifuge the combined supernatants from the three low-speed spins at 15,000 x  
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      g for 30 min at 5°C.  Discard supernatants but store the bacterial pellets at 4°C.   

10.  Combine the bacterial pellets and resuspend them in 200 ml cold 2% sodium    

       hexametaphosphate solution.  Homogenize in the Waring blendor 3 times for 1 min   

      at low speed with 5 min cooling on ice between each run. 

11.  Centrifuge the homogenate at 15,000 x g for 30 min at 5ºC.  Discard the supernatant. 

12.  Resuspend the pellet in 200 ml Crombach buffer and centrifuge as in step 11. 

It may be necessary to repeat these wash steps with Crombach buffer until the 
supernatant becomes relatively clear. 
 
13.  Transfer the pellet to a new centrifuge bottle containing 3 ml Crombach buffer and  

       centrifuge as in step 11.  Discard the supernatant. 

Generation of agarose plugs and cell lysis 

14.  Prepare a 1.4% low-melting-point agarose solution in 1x TAE and let cool to 45°C. 

15.  Quickly mix 500 µl of the agarose solution with 500 µl of extracted bacterial cells in  

       a 2 ml microcentrifuge tube. 

16.  Draw up the entire solution into a 1 cc syringe.  Place the cap on the syringe and  

       incubate at 4°C for approximately 30 minutes until the plug has set. 

The syringes containing agarose plugs may be stored at 4°C for several weeks, but 
ideally cell lysis is performed immediately after plug preparation. 
 
17.  Extrude the agarose plug from the syringe by removing the plunger, and allow the  

       plug to slide from the syringe into a sterile 50 ml conical tube containing 10 ml of  

       lysis buffer. 

Multiple plugs can be incubated in the same tube if the volume of lysis buffer is increased 
accordingly. 
 
18.  Incubate the plugs for 3 h at 37°C with gentle agitation in a hybridization oven or  

       equivalent. 
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If needed, the lysis step can be extended to 24 h.  This step and subsequent incubations 
are ideally performed in a hybridization oven with rotating cylinders. 
 
19.  Carefully transfer the plugs into a new sterile 50 ml conical tube containing 40 ml of  

       ESP solution and incubate the plugs for 16 h at 55°C with gentle agitation. 

20.  Repeat incubation with 40 ml of fresh ESP solution for an additional 1 to 24 h. 

Up to four 1-cc agarose plugs can be incubated in the same tube containing 40 ml ESP.  
Especially with multiple plugs per tube, this step is repeated with fresh ESP for an 
additional 24 hr. 
 
21.  Remove the ESP solution and wash 3 times with 10 ml T10E1 per 1 cc agarose plug,  

       letting sit at room temp 10 min each time.  Decant and replace with 50 ml of T10E1          

          and 1 mM PMSF solution.  Incubate the plugs for 1 h at room temperature with  

       gentle agitation. Decant solution and repeat PMSF treatment with fresh solution. 

22.  Remove T10E1 buffer and PMSF solution and replace with 10 ml of storage buffer per  

       1-cc agarose plug.  Incubate at 4°C overnight. 

At this stage, the agarose plugs are ready for subsequent steps.  However, plugs can also 
be stored at 4°C in storage buffer for several weeks.  
 
Electrophoresis and formamide treatment of agarose plugs 

23.  Remove the storage buffer from the plugs and wash with 50 ml of T10E1 buffer three  

       times.  After washing, incubate for 1 h at room temperature with gentle agitation. 

These washing steps are critical for the removal of excess EDTA present in the storage  
buffer. 
 
24.  Prepare a 1% agarose gel in 1x TAE.  Cast the gel without wells and reserve 10 ml of  

       the agarose solution for the next step. 

25.  Place the agarose plug along the top of the gel and pipet 10 ml of molten agarose  

       over the plugs to secure them in the gel. 

26.  Electrophorese the DNA from the plugs for 4 to 5 h at 70 V at 4°C (ideally, in a cold  
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       room if available). 

27.  Remove a narrow strip of agarose to stain and visualize the location of the desired  

       DNA. 

28.  Excise the corresponding unstained agarose containing the compressed DNA.  Notch  

       the bottom of the agarose strip to mark its orientation, and place the new plug in a 15  

       ml conical tube containing 8 ml of ST buffer. 

When excising the DNA, try to minimize the amount of agarose transferred to the conical 
tube to prevent a decrease in DNA concentration. 
 
29.  Incubate the plug overnight at 15°C. 

30.  Transfer the agarose plug directly into 1 L of T10E1 at 4°C and gently stir the solution  

       on a magnetic plate for 24 to 48 h, with one exchange of T10E1. 

31.  Place and seal the purified agarose plug along the top of a 1% agarose gel. Align the  

       agarose strip in the same orientation as the prior gel, with the HMW DNA toward the  

       top of the gel. 

For improved restriction digestion within an agarose plug, it is recommended to 
electrophorese the HMW DNA into CleanCut® agarose.  Immediately below the HMW 
plug, and along the entire length of the agarose gel, remove a 3 cm-deep section of 
normal agarose and pour a 1% Clean Cut agarose solution (in 1x TAE) into this trough 
so that the height of the CleanCut agarose is equal to the rest of the gel.   
 
32.  Electrophorese the DNA from the plug for 3 h at 70 V at 4°C.   

33.  Visualize and excise the high molecular weight DNA as described in steps 28-29. 

34.  Immediately slice five 1 mm to 3 mm pieces from the resulting agarose plug, and  

       notch the bottom of each piece to mark the orientation. 

These agarose sections will be used for a test digest.  Store the remaining agarose plug in 
storage buffer at 4°C for up to 24 h until results of the test digest are known. 
 
35.  Place one of the 1 mm to 3 mm pieces in T10E1 on ice as a control to check for  
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       nuclease activity.  Use the remaining 4 pieces to test different levels of restriction  

       enzyme. 

Size-selection of DNA by restriction digestion and PFGE 

The following protocol is designed for production of BAC vector metagenomic libraries.  
There are alternatives to partial restriction digestion to construct libraries, but this is the 
most commonly used protocol.  For production of a fosmid library, which has an 
advantage in terms of numbers of transformants that may be obtained but is limited in 
insert size, blunt-ended fragments of approximately 40 kb should be isolated and then 
ligated into a suitable fosmid vector (e.g., Epicentre’s EpiFOS). 
 
36.  Prepare test digest reaction mixtures (5 total) as follows: 

 DNA (1 mm slice for concentrated DNA, 3 mm slice for more dilute DNA) 

 0 to 5 µl (10U/µl) of HindIII restriction enzyme 

 30 µl of 10X reaction buffer 

 30 µl of 10X bovine serum albumin 

 240 µl of sterile H2O 

Alternatively, the restriction enzyme Sau3A1 may be used instead of HindIII. 

37.  Incubate the test digests at 37°C for 1 h, then replace with new reagents and continue  

       digest for an additional hour at 37°C. 

38.  Immediately load the digested DNA plugs into a 1% agarose gel for pulsed-field gel   

       electrophoresis. 

39.  Electrophorese the digested DNA under the following conditions:  0.3- to 3-s switch  

       time -1.5 ramping factor, 120° angle, and 6 V/cm for 10 to 12  h at 14°C. Stain the  

      gel and visualize the size of the restricted DNA. 

40.  After the optimal digest conditions are determined, repeat digests with the remaining  

       agarose plug sections. 

41.  Perform pulsed-field gel electrophoresis (same conditions as step 40) of the partially  
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       restriction digested DNA. 

42.  Recover DNA of desired size (e.g., greater than 50 kb) from the gel and place gel  

      slice in a microcentrifuge tube. 

43.  Extract partially restriction digested, and size-selected genomic DNA from the  

      agarose gel slice, either using GELase treatment (follow manufacturer’s instructions)  

      or electroelution (185). 

Both of these methods have been used successfully to recover DNA from agarose gel 
slices.    In our labs, electroelution is the method of choice, although it does require some 
experience to achieve reproducible DNA recovery. For electroelution, the agarose gel 
slice is placed within a SpectraPor 12-13 kDa dialysis membrane (previously boiled for 
10 min, and can be stored in 70% EtOH) and a minimal volume of 1x TAE buffer is 
added into the dialysis bag (less than 100 µl).  The HMW DNA is then electroeluted 
within an agarose gel electrophoresis apparatus at 70V for 3-4 h at 4oC.  The dialysis 
bag is placed within ~500 ml of T10E1 buffer for 2-3 h at 4oC to exchange the buffer.  The 
agarose fragment is then carefully removed from the dialysis bag and the volume of 
buffer containing DNA at the bottom of the dialysis bag is then removed with a wide-bore 
pipet tip and placed immediately into a ligation reaction. 
 
Cloning HMW DNA into a BAC (or fosmid) vector 

44.  Ligate the size-selected DNA to a commercially prepared fosmid or bacterial                  

       artificial chromosome vector at a 10:1 molar ratio of insert DNA to vector,    

       respectively.   

     1 µl vector DNA (typically 25 ng/µl) 

  5 to 16 µl of insert DNA (typically 100 ng or greater) 

 1 µl (3 U/µl) of T4 DNA ligase 

 2 µl of 10X reaction buffer 

 sterile H2O to a total volume of 20 µl 

Incubate the ligation mixture overnight at 15°C. 
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 It is critical to determine the optimum insert:vector ratio for each reaction empirically.  
In addition, dephosphorylation of the cloning vector to prevent self-ligation is critical to 
obtain recombinant clones containing genomic DNA inserts. 
 
45.  Heat inactivate the ligation mixture at 65°C for 15 min. 

46.  Dialyze the ligation mixture to remove salts that will interfere with electroporation.   

       A drop dialysis method can be used (spot 10 µl of the ligation onto a Millipore Type  

      VS, 0.025 µm membrane), or alternatively an agarose cone dialysis may be used (12). 

47.  Electroporate the ligation mixture into highly electrocompetent E. coli cells.  Keep  

       the cells on ice for 30 min prior to adding 1 µl of dialyzed ligation mixture.  Use  

      settings according to manufacturer’s instructions for E. coli electroporation.   

      Immediately after electroporation, add 1 ml of 37oC preheated recovery medium (e.g.,  

      SOB) and incubate at 37oC with shaking for 30 min.  

48.  Select for transformants using the appropriate antibiotic on LB media for 15 h at  

       37°C. 

At this stage, LB plates may be sealed and stored at 4°C formany days.  The 
transformants can then be picked into 96- or 384-well format and stored in 10% glycerol 
at -80°C for further analysis by sequence-based or functional screening. 
 
49.  Isolate clone DNA from a representative number of transformants, restriction digest  

       the DNA, and evaluate the average insert size for the metagenomic library.  Based on  

       the estimate of average insert size, and the total number of transformants obtained,  

       the total size (in Gbp, hopefully) of the metagenomic library can be determined. 

2.3. Troubleshooting 

Problem:  Insufficient yield of bacterial cells [Step 12] 

Solution:  The prior step to remove eukaryotic cells and soil particles may have also 

resulted in centrifugation of bacterial cells adherent to particulates.  Increasing the degree 
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of homogenization of the sample may improve bacterial cell recovery.  Alternatively, 

using a different extraction buffer may serve to release bacterial cells that are adsorbed to 

soil surfaces (e.g., metaphosphate or beef extract buffers), thereby improving cell yield.  

Also, increasing the size of the sample used and the number of batches of samples that 

are processed may be helpful in obtaining sufficient biomass for subsequent steps. 

Problem: Insufficient yield of DNA [Step 27] 

Solution:  The efficiency of bacterial cell lysis within a plug will depend upon many 

factors, including cell concentration, the presence of humic acids and other soil derived 

impurities, and the composition of the microbial community.  Efficient Gram-positive 

cell lysis may require additional treatments (e.g., phage-derived lysins that target 

peptidoglycan), as previous work has shown that soil metagenomic libraries produced via 

similar methods have a bias in favor of Gram-negative bacteria (141).  The most 

significant factor affecting DNA yield is the origin of the sample, as the largest 

differences in DNA yield are typically a function of the sampling site, and perhaps time 

of year that the sample is taken.  However, abundant HMW DNA has been obtained from 

a Wisconsin soil sampled in February, so even frozen soil can yield sufficient DNA.  The 

temporal and sampling variability of the site should be evaluated if possible. 

Problem:  Loss of DNA after buffer control experiment [step 35] 

Solution:  This is an important control experiment to determine if DNA degradation 

occurs from a preparation of HMW DNA in the absence of restriction enzyme.  The 

formamide and denaturation buffer has been observed to remove DNA degradative 

activity from multiple soil types; however, it is possible that soils with exceedingly high 

organic/humic acid contents may require extended incubation in the formamide buffer 
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and/or repeated treatments to remove all DNA degradation activity.  Performing more 

bacterial cell washes prior to embedding cells within an agarose plug [steps 10 and 11] 

may also improve the purity of the genomic DNA.  

Problem:  Inefficient restriction digestion [Step 36] 

Solution:  Each environmental sample may require a different amount of restriction 

enzyme to achieve a similar degree of restriction digestion.  It has been observed that two 

different soil samples required consistently different amounts of restriction enzyme to 

achieve the same degree of restriction, which could reflect the different yields of DNA 

and associated impurities from each sample.  Some restriction enzymes (e.g., HindIII and 

Sau3AI) appear to be more tolerant of impurities in the genomic DNA preparation.  Also, 

restriction enzymes from different commercial sources can give radically different 

degrees of restriction digestion, so evaluate each DNA preparation empirically to 

determine the optimal partial digests conditions. 

Problem:  Poor recovery of DNA from size-selection gel [Step 44] 

Solution:  The extraction of DNA from a gel slice can be problematic, as the HMW 

genomic DNA is susceptible to shearing forces present once removed from an agarose 

gel.  A test electroelution (or GELase treatment) of DNA embedded within agarose is 

advisable when beginning this work, to evaluate the time required to electroelute a good 

yield of DNA from a gel slice.  Keeping gel slices as small as possible, while still 

recovering a good fraction of HMW DNA, is the objective.  Be certain to use wide-bore 

pipet tips at all times once DNA has been recovered from a gel slice to prevent DNA 

shearing. 

Problem:  Low efficiency of transformation [Step 48] 
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Solution: A low concentration of DNA, or E. coli cells that have a low transformation 

efficicency, can produce disappointing results for transformations.  Rather than use “lab-

prepared” E. coli cells for transformation, use a commercial supplier with a strain (i.e., E. 

coli strain DH10B) developed for large-insert library generation with excellent 

electroporation efficiency (e.g., greater than 1010 transformants per mg pUC19 DNA).  

Problem:  Poor percentage of insert-containing clones [step 50] 

Solution: There can be many reasons why insert size is poor.  The first question should 

be whether small inserts are present.  If no inserts are observed, the likely problem is with 

vector self-ligation, resulting in a very large number of transformants but without 

observable inserts.  The solution for this result would be to either 1) switch to a different 

phosphatase to achieve better dephosphorylation of the vector prior to ligation with insert 

DNA, or 2) switch to a commercial supplier of ready-to-ligate vector that has been 

quality tested for low cloning background due to vector self-ligation.  If small inserts are 

present, and it does not appear that vector self-ligation is the problem, then removal of 

small DNAs present in the ligation may be the solution.  Various methods have been 

shown to help remove small DNA fragments that have become trapped within HMW 

DNA, particularly when high concentrations of HMW DNA are used.  Running the size-

selection PFGE [step 42] the wrong direction toward the top of the gel by switching the 

electrodes for 20-30 min, prior to electrophoresis toward the bottom of the gel, may help 

remove smaller DNAs that may preferentially ligate into the vector and produce 

transformants.  Running a second size-selection gel may also improve removal of small 

DNAs, but should only be considered when the concentration of HMW DNA is not 

limiting.    
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3.  Evaluation of Protocol 

Genomic DNA isolated from soil microorganisms using harsh extraction methods 

is often less than 100 kb (130, 164, 254).  Unfortunately, this can limit the amount of 

contiguous environmental DNA isolated for metagenomic library construction and 

therefore limit the downstream analyses (e.g., functional screening, phylogenetic 

analysis) performed on the libraries (54).  Various methods for the initial extraction and 

purification of bacterial DNA exist, including direct DNA extraction (267), ion exchange 

for dissociating bacterial cells from soil particles (149), Nycodenz density gradient 

centrifugation (142), and homogenization (24).  Depending on the composition of the soil 

used (i.e., high clay or silt content), a combination of these approaches may be used to 

obtain HMW DNA, and the inclusion of the formamide and high salt treatment may be 

critical in increasing cloning efficiency.   

Liles et al. (143) evaluated the protocol described here by using it to isolate 

HMW metagenomic DNA from multiple soil samples, comparing the yield and purity to 

that of DNA isolated by various methods (e.g., Nycodenz treatment), and constructing 

BAC and fosmid metagenomic libraries from the resulting DNA.   The success of the 

formamide treatment is shown in Figure 5.2, and a summary of library statistics is shown 

in Table 5.1. 

4.  Discussion 

The prevention of DNA degradation due to nuclease activity is a major hurdle in 

the construction of large-insert metagenomic libraries from natural environments.  

Although high molecular weight (HMW) DNA greater than 1 Mbp in size can be isolated 

from soil using the indirect DNA extraction method presented here, the DNA isolated 
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from some samples cannot be readily cloned due to nucleases initially co-isolated with 

the bacterial cells.  To overcome this hurdle, a formamide and high salt treatment of 

agarose plugs containing HMW metagenomic DNA can help eliminate nuclease activity 

and other co-isolated impurities while maintaining integrity of the DNA for subsequent 

cloning.   

The extraction and purification methods presented here provide efficient solutions 

for recovering metagenomic DNA from soil microorganisms.  However, due to soil’s 

complex nature and the need for DNA of high purity, yield, and sometimes size for 

various metagenomic approaches, using only a single method is often insufficient for 

success.  In addition, choosing a DNA extraction and/or purification method that is not 

suited for the ultimate application will likely result in reduced efficiency of the overall 

experimental process.  For example, using a commercial kit for DNA extraction may be 

sufficient for PCR-based studies but not large-insert cloning.  Similarly, performing 

HMW DNA purification techniques (e.g., formamide treatment) is usually not necessary 

for PCR or small-insert cloning.  Fortunately, new methods for metagenomic DNA 

extraction and purification have been developed to allow investigations into the 

functional and phylogenetic diversity of various microbial habitats.  Selecting the 

appropriate combination of DNA extraction and purification methods for the desired 

application remains the best chance for achieving success in any metagenomic approach. 
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Figure 5.1.  Diagram outlining the steps in the the recovery, purification, and cloning of 

HMW metagenomic DNA from soil microorganisms. 
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Lane 1, 1kb DNA Ladder (Promega);  

Lane 2, MidRange II PFGE Marker (New England BioLabs);  

Lane 3, BCEF soil DNA + formamide and salt treatment;  

Lane 4, BCEF soil DNA + formamide and salt treatment + Sau3AI (10U);  

Lane 5, BCEF soil DNA;  

Lane 6, BCEF soil DNA + Sau3AI (10 U).  

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Pulsed field agarose gel of genomic DNA isolated by 1) direct extraction, and 2) 
indirect extraction.  Each lane contains the amount of genomic DNA isolated from approx. 
1 g of soil.  Molecular weight sizes  are based upon yeast chromosomal PFG markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.  Formamide treatment of soil metagenomic DNA prevents its degradation by 

nucleases.  (BCEF, Bonanza Creek Experimental Forest near Fairbanks, Alaska) 
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LIBRARY LIBRARY 

 

NYCODENZ FORMAMIDE NUMBER 

APPROX 

% 

AVG. 

INSERT 

NAME TYPE ISOLATION TREATMENT CLONES INSERT SIZE (kb) 

AK 5 BAC YES NO 2,200 70 33 

AK 7 BAC YES NO 2,300 60 47 

AK 8 BAC YES NO 2,700 70 9 

AK 9 BAC YES NO 2,400 25 20 

AK 13 BAC NO NO 8,400 10 29 

AK 17 BAC NO NO 1,000 20 29 

AK 15 BAC NO YES 32,100 60 20 

AK 19 FOSMID NO YES 3,300 98 31 

AK 20 BAC NO YES 48,100 80 8 

AK 21 FOSMID NO YES 333,700 100 30 

AK 22 FOSMID NO YES 50,500 100 30 

AK 23 FOSMID NO YES 8,200 100 30 

 

Table 5.1.  Soil metagenomic libraries constructed with and without formamide 

treatment. 
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B.  FLUORESCENCE IN SITU HYBRIDIZATION OF BACTERIAL CELL      
      SUSPENSIONS AND ENVIRONMENTAL SAMPLES 
 
1.  Abstract 

The use of fluorescence in situ hybridization (FISH) to identify and enumerate 

specific bacteria within a mixed culture or environmental sample has become a powerful 

tool in combining microscopy with molecular phylogenetic analysis.  However, 

processing a large number of samples in parallel can be difficult because the bacterial 

cells are typically fixed and hybridized on microscope slides rather than processed in 

solution.  In addition, Gram-positive cells and certain environmental samples present a 

unique challenge to achieve adequate cell fixation and uniform hybridization for 

optimum FISH analysis.  Here, we describe a protocol for FISH in solution that can be 

performed entirely in microcentrifuge tubes prior to microscopy and can be applied to 

both Gram-positive and -negative cell and a homogenized environmental sample.  This 

protocol utilized genus-specific oligonucleotide 16S rDNA FISH probes and was able to 

differentiate among three bacterial genera from the γ-Proteobacteria division, as well as 

identify Bacillus spp. from pure and mixed cultures and from catfish gut microbiota.  

Many other phylogenetically informative probes could be used in this protocol.  This 

method is a rapid protocol for performing multiple hybridizations simultaneously, which 

may be used to qualitatively assess the presence of specific phylogenetic groups in 

bacterial cultures or environmental samples and/or directly quantify fluorescence by 

fluorometry or flow cytometry. 
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2.  Protocol 

2.1.  Materials 

Reagents: 

Anti-fade reagent (SlowFade; Invitrogen) 

Deionized H2O 

Ethanol 

 Fixative solution 

 Hybridization solution 

Medium for bacterial broth cultures 

Oligonucleotide probe, labeled with appropriate fluorophore 

PBS, 1X, pH 7.4 

SSC, 0.1X, pH 7.0 

SYBR Gold (optional, for the detection of non-hybridized cells) 

Equipment: 

Aluminum foil 

Cover slips 

Culture tubes 

Fluorescence microscope with appropriate filters 

Microcentrifuge 

Microcentrifuge tubes 

Micropipettor with tips 

Microscope slides, cleaned with ethanol 

Nail polish, clear (or other alternative to tack slides) 

Spectrophotometer 

Speed vacuum dryer or aspirator (to completely dry fixed cells) 
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Water bath, variable temperature 

2.2.  Method 
 
Bacterial cell fixation 
 
The following steps describe the procedure for fixation of Gram-positive bacteria, Gram-
negative bacteria, or an environmental sample. 
 
A.  Gram-positive cell fixation 
 
A1.  For each bacterial culture, inoculate a 2 ml broth culture and incubate at the  
        bacterium’s optimum growth temperature, medium, and incubation conditions. 
 
        After incubation, it may be beneficial to perform cell counts (or OD600   

           spectrophotometer readings) so that the desired cell density may be achieved prior  
       to hybridization.   
 
A2.  Harvest bacterial cells during the logarithmic growth phase (OD600 of 0.4-1.0) by  
        centrifugation at 13,000 x g for 10 min. 
 
         Harvesting the cells during log phase allows for optimum hybridization of  
         vegetative cells only, which is an important consideration for spore-forming  
         bacteria such as Bacillus spp.  Because the cell count at this growth stage may be  
        low, multiple 2 ml cultures can be combined and harvested in the same  
         microcentrifuge tube to increase cell yield. 
 
A3.  Discard supernatant and thoroughly resuspend cells in 1 ml of 1X PBS, pH 7.4. 
 
A4.  Centrifuge cells at 13,000 x g for 10 min and discard supernatant. 
 
A5.  Resuspend cells in 500 µl of 1X PBS, pH 7.4. 
 
A6.  Add 500 µl of cold 100% ethanol and store tubes at -20ºC. 
 
         Fixed cells can be stored at -20ºC for several months. 
 
A7.  Prior to hybridization, pellet the cells by centrifugation at 13,000 x g for 5 min and  
        discard supernatant. 
 
B.  Gram-negative cell dixation 
 
B1.  For each bacterial culture, inoculate a 2 ml broth culture and incubate overnight at  
        the bacterium’s optimum growth temperature, medium, and incubation conditions. 
 
         After incubation, it may be beneficial to perform cell counts (or OD600  

             spectrophotometer readings so that the desired cell density may be achieved prior  
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         to hybridization.   
 
B2.  Transfer the culture into a 2 ml microcentrifuge tube and centrifuge at 13,000 x g for  
        5 min.  Discard supernatant. 
 
B3.  Resuspend the cell pellet in 1 ml fixative solution and incubate at room temperature  
        for 3 h. 
 
B4.  Centrifuge the cell mixture at 13,000 x g for 5 min and discard supernatant. 
 
B5.  Wash the cell pellet by resuspending in 50% ethanol and incubating at room  
         temperature for 5 min.   
 
B6.  Centrifuge tube at 13,000 x g for 2 min and discard supernatant. 
 
B7.  Repeat wash steps with 80% and 95% ethanol. 
 
B8.  Dry cell pellet by aspiration or by placing tubes in a speed vacuum dryer for 10 min. 
     
        It is critical that all residual ethanol be removed from the cell pellets.  Fixed cells  
       may be stored at 4°C for up to 1 month, or they can be immediately processed. 
 
 
C.  Environmental sample fixation 
 
With environmental samples especially, it is necessary to include a sample that is not 
incubated with a labeled probe to assess the degree of autofluorescence present in the  
sample. 
 
C1.  If possible, homogenize the environmental sample to reduce the adverse effects of  
        aggregation on obtaining a high-integrity fluorescent signal.  It may also be  
        advantageous to wash the environmental sample or separate the cells by  
        centrifugation prior to hybridization. 
 
C2.  Proceed with one of the above-described protocols for cell fixation.  If the  
        environmental sample likely contains a mixture of both Gram-positive and –negative  
        bacteria, samples may be processed in parallel and then images may be overlayed  
        after viewing. 
 
 
Pre-hybridization and hybridization 
 
1.  Resuspend fixed cells in 500 µl of hybridization buffer and incubate at 37°C for 30  
     min. 
 
     After the incubation, it is recommended that part of the pre-hybridization mixture  
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      (e.g., 50 µl) be removed for hybridization.  This allows for multiple hybridizations per  
       sample but also decreases the amount of probe and other reagents necessary in each  
       reaction.  
 
2.  Add fluorescently-labeled probe(s) to the pre-hybridization mixture. 
 
       The optimum amount of probe to be used should be determined empirically.  Several  
        factors can affect the amount of probe needed, such as sensitivity of the probe, cell    
       density, and the length of hybridization.  In our experiments, we found that adding 5  
       µl of a 50 ng/µl probe stock to 50 µl of pre-hybridization mixture (5 ng/µl final  
       concentration) yielded consistent and uniform fluorescence. This protocol is  
       optimized for a fluorescently-labeled oligonucleotide probe that does not require  
       denaturation prior to hybridization.  
 
3.   Incubate the hybridization mixture at 37°C to 65°C for 2-3 h in the dark or by  
       completely covering tubes with aluminum foil. 
 
       Because multiple probes were used in our experimental protocol, a high stringency  
       hybridization at 65°C was necessary for specific probe binding.  Depending on other   
       conditions used, a lower temperature may be adequate for specific probe  
       hybridization.  It is recommended to test a range of hybridization temperatures  
       between 37°C and 65°C to  determine the optimum hybridization temperature. Many  
       protocols adopt 42oC and manipulate the formamide concentration (40% in this  
       protocol) to achieve desired stringency. 
 
4.  Centrifuge mixture at 13,000 x g for 5 min and discard supernatant. 
 
5.  Wash cells by resuspending cell pellet in 20 µl 0.1X SSC and incubate at 37°C  
        for 15 min in the dark as in Step 10. 
 
6.  Centrifuge mixture at 13,000 x g for 5 minutes and discard supernatant. 
 
7.  Repeat 0.1X SSC wash steps twice. 
 
8.  Resuspend washed cell pellet in 20 µl 0.1X SSC. 
 
9.  Transfer 10 µl of the sample to a microscope slide that has been cleaned with  
      ethanol.  Add 5 µl of SlowFade reagent (or other reagent to reduce photobleaching)  
      and place a cover slip over the mixture.  If necessary, tack a cover slip to the  
      microscope slide (i.e, if an inverted microscope will be used).  Immediately store  
      slides in the dark. 
 
      Clear acrylic fingernail polish is an inexpensive and effective means to tack the  
       cover slip to the microscope slide.  The remaining hybridization mixture and the  
       prepared slides may be stored in the dark at 4°C for up to 1 week before viewing. 
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10.  View sample using appropriate filters using a fluorescent microscope.   
  
        It is helpful to focus the microscope on a desired field of cells before the  
        fluorescence filters are applied (i.e., in “light only” mode), as this will minimize  
         photobleaching.  Only cells containing hybridized probe will fluoresce, although  
         using a counterstain such as SYBR Gold will allow for the visualization of non- 
         hybridized cells.  In our experiments, we viewed with a Zeiss Axiovert 200 inverted  
         fluorescence microscope with a Nikon camera workstation and Elements imaging  
         software. 
 
         
2.3.  Troubleshooting 

Problem:  There is a poor fluorescent signal observed during viewing of slides. 

[Steps  2, 3, 4, 7, 9] 

Solution:  Several factors can impact the level of signal observed during microscopy, 

either due to a lack of probe hybridization or washing conditions which are too stringent.  

Using a sufficient amount of labeled probe is critical in achieving efficient hybridization 

signal.  In addition, performing the hybridization and subsequent washing steps at a lower 

stringency may produce conditions that are more favorable for hybridization.  The 

following factors may be interfering with obtaining an optimum fluorescent signal and 

should be determined empirically for each sample and probe combination:  

 i)     Hybridization temperature - A lower temperature will result in increased probe  

         hybridization but will also decrease probe specificity. 

ii)     Formamide concentration - A lower concentration of formamide may be needed.   

        Generally, a range of 0%-40% formamide concentrations is tested during pilot  

        experiments. 

iii)    Probe concentration - Depending on which probe(s) is used, more probe may be  

         required for adequate hybridization. 

iv)    Concentration of SSC used in washing steps - Using 1X SSC instead of 0.1X SSC  
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         will decrease the stringency of the washing steps. 

v)      Washing temperature - Although 37°C is generally considered to be the optimum  

        washing temperature, decreasing the temperature in 5ºC increments correlates to               

        less stringent washing conditions. 

vi)   The number of wash steps - Decreasing the number of wash steps decreases the  

        stringency of washing.  However, it is not recommended to perform less than 2  

        washes. 

Also, degradation of fluorescence may occur if the hybridization mixture or prepared 

slides are not stored in the dark or are stored longer than the recommended time prior to 

viewing.   

Problem:  The probe(s) did not specifically hybridize with the desired bacterial cells. 

[Steps 2, 3, 5, 7] 

Solution:  Alternatively, the above conditions may be adjusted to produce a more 

stringent hybridization reaction.  Increasing the hybridization and washing temperatures, 

as well as the number of wash steps, will increase the specificity of probe hybridization 

and the stringency of the washes.  The amount of formamide in the hybridization buffer 

can also be increased, but the recommended maximum (40%) is given in this method.  It 

is recommended to address each of these conditions individually because increasing the 

stringency of the reaction too much will interfere with the hybridization signal achieved. 

Problem:  The fluorescent signal is too great or there is photobleaching. 

[Steps A1, B1, C1, 8] 

Solution:  The following factors that should be considered if an excess of fluorescence is 

observed or there is photobleaching: 
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i)     Cell density - Using too many cells in the hybridization reaction will result in a  

        “crowded” viewing field, which can make it difficult to observe individual cells. 

ii)    Amount of SlowFade reagent - Many anti-fade reagents are available, and we highly  

        recommend the use of these products.  If more or less hybridization mixture is        

        applied  to the slide than what is described in the protocol, the amount of SlowFade  

        reagent should be adjusted accordingly.  In addition, it may be necessary to use  

       different amounts of alternate anti-fade reagents according to the manufacturer’s  

        instructions. 

iii)  Prepared slide storage - Prepared slides should be immediately stored in the dark  

       until they are ready to view.  It is recommended they be kept in the dark until they  

       are transferred to  the microscope and that images be captured as soon as possible  

       during viewing. 

3.  Discussion 

There are many applications for fluorescent in situ hybridization (FISH) in 

environmental microbiology, such as the detection of phylogenetically or functionally 

specific bacteria in a heterogeneous sample (91, 148, 183, 194), bacterial endsymbiosis 

(106, 223), and studies of single-cell phylogeny and function (107, 146) Various genetic 

markers have been utilized for bacterial FISH studies, including the 16S rRNA gene 

(148, 183, 222, 299) and genes encoding certain metabolic activities (111, 194)   In the 

specific experiments being investigated in our laboratory, a bacterial culture obtained 

from an activated sludge microbial assemblage was isolated that exhibited multiple 

colony and cell morphologies, a single ribotype by 16S rRNA gene analysis, and varying 

enzymatic profiles depending upon the age of the bacterial culture.  To resolve whether 
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the differing cell morphologies were two distinct bacterial taxa or was actually a pure 

bacterial culture with pleiomorphic characteristics, the preceding protocol was developed 

to enable FISH in solution prior to applying the hybridized sample onto a slide for 

fluorescent microscopy.  More recently, this protocol was also used to detect the 

prevalence and persistence of Bacillus spp. from the gut microbiota of catfish that had 

been given Bacillus-infused feed for biocontrol purposes.  For many different 

applications, the use of probes specific to different bacterial taxa in addition to a 

universal bacterial probe can be helpful in making a preliminary identification of 

microorganisms within a mixed culture, co-aggregate, or environmental sample.  The 

large database of 16S rDNA gene sequences and available probe sets (e.g., 

http://rdp.cme.msu.edu/) may be utilized for phylogenetic discrimination by using both a 

universal bacterial probe (e.g., EUB338) combined with other taxa-specific probes.  

Since in this protocol the hybridization reactions are carried out in solution rather than on 

microscope slides, it is also easier to process a larger number of samples in parallel and 

manipulate various conditions (e.g., different temperatures, probe concentrations, etc.) 

when optimizing the hybridization reaction and proceed to quantitative measures of 

fluorescence such as fluorometry or flow cytometry. 
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Figure 5.3.  Fluorescence micrographs of bacterial cultures analyzed by in-solution FISH 

probing with Texas Red-labeled EUB338 (A, B, D) or FITC-labeled AER66 (C,D).   
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