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Abstract 

In order to overcome technical hurdles hindering progress in soil microbial ecology, this 

project involved the development and application of a molecular assay for measuring microbial 

community composition and diversity. Serial analysis of ribosomal sequence tags (SARST) 

generates libraries of a short and variable portion of the 16S rRNA gene. A series of enzymatic 

reactions amplifies and ligates ribosomal sequence tags (RSTs) into concatemers that are cloned 

and sequenced. On average, 5-10 RSTs were obtained from multiple phylotypes with each 

sequencing reaction. SARST was initially tested on: 1) activated sludge, 2) boreal forest soil, 3) a 

mixture of pure cultures and 4) duplicate libraries from an arctic tundra soil sample. SARST was 

also used to study microbial communities within soils sampled from Canada and Spain. 

Bacterial diversity of geographically distinct locations was characterized for Canadian 

arctic tundra and boreal forest soil biomes. Composite samples taken from arctic tundra 

demonstrated significantly higher estimates of bacterial diversity than boreal forest soils. Also, 

despite climate differences, the overall phylotype compositions of boreal forest soil libraries did 

not cluster distinctly from tundra samples. As a result of large RST libraries, individual 

phylotypes were identified that were associated with all soil libraries and others were unique to 

specific samples. These sequences represent potentially cosmopolitan and endemic distributions 

of these organisms. 

Several soils in the Basque Country of Spain are contaminated with high concentrations 

of hexachlorocyclohexane (HCH). However, the impact of H C H on soil bacterial community 

structure is not well understood. SARST enabled the design of a community-specific microarray 

for comparing multiple soil samples. The RST array was tested with pure cultures and by 

comparing soil hybridizations to denaturing gradient gel electrophoresis (DGGE) fingerprints 

from these same soils. Hybridization and DGGE results suggested that in contaminated soils, 
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microbial communities were less diverse and had a higher proportion of predominant phylotypes. 

Several probe signals were correlated with H C H contamination (r>0.70), including one 

corresponding to Sphingomonas, a genus with known H C H degraders. Environmental parameters 

such as depth, pH and organic matter were also correlated with community structure in the soil 

samples. 
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Chapter 1 Introduction1 

1.1 Preface 

The focus of this thesis was the analysis of relationships between microbial community 

composition and broad geographic location as well as hydrocarbon contamination. The impact of 

location and pollutant contamination on bacterial communities is poorly understood because the 

field of microbial ecology has been limited by a scarcity of methods useful for describing and 

comparing complex communities. Very few studies approach bacterial diversity per se, but this 

thesis does. In this project, effort was directed toward development and validation of two new 

molecular methods designed to better gauge the impact of location and pollutant contamination 

on microbial community diversity and composition. Serial analysis of ribosomal sequence tags 

(SARST) and a corresponding microarray termed the ribosomal sequence tag array (RST array) 

circumvent some limitations of previously available methodology, enabling improved profiling 

of microbial diversity. Because method development was the initial objective and a major focus 

of this study, the thesis begins with an introduction to methodology used in microbial ecology. 

This discussion is intended to demonstrate the advantages and limitations of each approach and 

provide a context underlining the relevance and benefit of additional method development. The 

introduction then leads into a summary of previous work exploring soil microbial biogeography 

and the response of soil bacterial communities to hexachlorocyclohexane (HCH) contamination. 

Chapter 1 concludes with a description of specific hypotheses and objectives addressed in this 

thesis. 

A version of this chapter has been submitted as: 
Neufeld, J. D., and W. W. Mohn 2005. Assessment of microbial phylogenetic diversity of 
environmental nucleic acids. In E. Stackebrandt (ed.), Molecular Identification, Systematics, and 
Population Structure of Prokaryotes. Springer-Verlag, Heidelberg. Submitted. 
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1.2 Microbial phylogeny 

1.2.1 Culture-based environmental microbiology 

In the late 1800s, Robert Koch grew bacteria on solid culture medium. Subsequently, 

microbiologists have focussed on the physiology of cultured microorganisms and methods of 

cultivation. The physiology of a select few bacteria (Escherichia coli and Bacillus subtilis for 

example) has become better understood, but it has gradually become apparent that 

microorganisms grown on defined media are not representative of the most abundant members of 

natural microbial populations. In fact, by comparing the number of stained viable cells observed 

microscopically to the number of colonies formed on plates, between 0.001 and 15% of 

microorganisms are estimated to be cultured using standard techniques (1). Culture-based studies 

are critical for understanding the physiology and function of microorganisms (2), but these 

approaches alone were insufficient for determining relatedness of different organisms and for 

monitoring the majority of organisms within the environment. Generations of microbiologists 

were aware of the dichotomy between observations of the microbial world through microscopes 

and plate counts. Objective evaluations of community composition, diversity and dynamics were 

so elusive that this problem was even declared unsolvable by some investigations (3,4). 

1.2.2 Molecular phylogeny 

The "great plate count anomaly" (5) was circumvented as molecular sequence 

information for measuring evolutionary relationships began in the 1950s and was established by 

Zuckerkandl and Pauling in 1965 (6). However, it was not until the early 1980s that 

microbiologists used small subunit ribosomal R N A gene sequences for measuring the 

phylogenetic relationships between microorganisms (7). This provided an ordered and logical 

basis for classifying microbial diversity. The small subunit ribosomal R N A gene was selected as 

an ideal phylogenetic marker because of its universal distribution, conserved portions and 
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variable regions. This gene is present in all organisms and contains regions of high sequence 

conservation interspersed with nine highly variable regions (8). Conserved ribosomal domains 

provide "universal" regions (9-11) suitable for probing, PCR priming sites and sequence 

alignments. Bacterial species contain between 1 and 15 rRNA operons per genome (12) and the 

number of operons is correlated with the ability of organisms to quickly respond to changing 

environmental conditions (13). 

Biotechnological innovations (particularly nucleic acid sequencing and PCR) helped 

overcome major methodological hurdles (14, 15) and facilitated the collection of ribosomal 

sequences from cultured isolates and the environment. Comparing ribosomal sequences to one 

another provided a logical and rational manner by which broad scale prokaryotic diversity could 

be organized into categories of similarity. Using such an approach, Carl Woese showed that life 

falls into three broad domains: Bacteria, Eucarya and Archaea (16). Within the bacterial domain, 

Woese identified 12 divisions (16, 17), represented entirely by cultured isolates. By the 1990s, 

sequencing 16S rRNA genes from the environment had revolutionized the study of bacterial 

diversity. In 1998, Hugenholtz and coworkers credited a culture-independent approach with a 

tripling of the number of recognized domains to 36 (18), of which 13 were represented only by 

environmental sequences. By 2003, the number of recognized divisions had jumped again to 53 

(19), of which 26 divisions had no cultured representatives. While the proportion of divisions 

with cultured isolates will likely increase with recent advances in culture techniques (20-22), the 

number of recognized bacterial divisions will surely continue growing as additional 16S rRNA 

gene sequences are collected. 

Ribosomal sequence collection from the environment began in Yellowstone National 

Park hot springs with a collection of 5S rRNA gene sequences (23). However, the description 

and comparison of ribosomal sequences changed from 5S rRNA to 16S rRNA because the 

increased length of the latter gene provides higher phylogenetic resolution. Using the 16S rRNA 



4 

gene, microbial diversity has been studied in many environments, with examples including hot 

springs (18, 24-26), rumen (27), feces (28-30), marine waters (31-33), activated sludge (34-37) 

and soils (38-40). Sequences collected from the environment are deposited in databases such as 

Genbank (41). From here, the Ribosomal Database Project (RDP-II; (42)) retrieves and aligns 

16S rRNA gene sequences on a monthly basis. The extremely rapid rate of ribosomal gene 

discovery from the environment is reflected in the progressive number of aligned sequences 

stored in RDP-II. The total number of 16S rRNA gene sequences was 50,055 in September of 

2002 and had more than doubled to 108,781 as of September, 2004. A recent extrapolation from 

the RDP-II alignment indicated that depending on the criterion selected for identifying unique 

phylotypes, conservative estimates of total global diversity may be in the range of 10,000 to 

325,000 unique taxonomic units (43). However, despite tremendous advances, knowledge of 

bacterial diversity is still under construction. 

The 16S rRNA gene has provided a strong framework for discovering novel microbial 

diversity, but the taxonomic specificity of this gene is uncertain. One of the most important 

criteria for delineating bacterial species is the similarity of its genome to the genomes of other 

organisms (44). In general, a D N A - D N A similarity of 70% is considered sufficient for 

considering two microorganisms as belonging to the same species, coinciding with phenotypic 

uniqueness. Organisms with >70% genome similarity typically have 16S rRNA gene similarities 

of >97% (45) and this ribosomal criterion is often considered as an additional numerical cutoff 

for species identity. However, a reliable correlation does appear to exist between D N A similarity 

and 16S rRNA gene similarity (46). The literature contains examples of distinct species with 

highly similar or identical 16S rRNA genes (47-49), and strains of the same species containing 

highly divergent 16S rRNA genes (50). Although a recent survey of 16S rRNA genes in 55 

sequenced genomes demonstrated a maximum of 98.74% sequence heterogeneity between 

operons within the same organism (51), there are occurrences of individual organisms with 
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multiple highly divergent operons (52, 53). The presence of divergent 16S rRNA gene sequences 

within the same organism suggests that conserved house-keeping genes may not be completely 

free from the impact of horizontal gene transfer (HGT) on prokaryotic evolution (54). HGT is 

thought to have contributed to approximately 18% of the Escherichia coli genome over the past 

100 million years (55), which demonstrates an important role for HGT in shaping bacterial 

genomes. However, Ragan (56) argued that the 16S rRNA gene may be relatively "immune" to 

HGT because the translational components of cells were established early in evolutionary history 

(57, 58), ribosomal R N A molecules are dependent on interactions with many other components 

of the ribosome (59), and phylogenetic trees constructed from microbial genomes generally 

agree with 16S rRNA gene trees (60-62). Although the 16S rRNA gene is not a consistent 

delineator of species identity, 16S rRNA gene sequence collections are useful for phylogenetic 

discovery, surveys of environmental samples, and for initial classification of cultured isolates. 

Until entire chromosome sequencing becomes common practice for isolates and even for whole 

community analysis, the analysis of 16S rRNA may remain the most tractable and practical basis 

for microbial community analysis. 

1.3 Nucleic acid-based methodology in microbial ecology 

1.3.1 Whole- and partial-community analysis 

The advent of molecular biology in microbial ecology has resulted in a rapid proliferation 

of methods geared toward the characterization of microbial diversity. By focusing directly on the 

genetic composition within each community, problems associated with culturing microorganisms 

are circumvented and comparisons of multiple communities are facilitated. This section reviews 

unique advantages and limitations of various methods, linking the suitability of individual 

methodologies to the context of experimental goals. 
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The majority of nucleic acid-based methods fall into two broad categories: whole-

community and partial-community analysis (63). Whole-community analysis involves 

approaches in which D N A extractions are analyzed for specific properties characteristic of the 

entire community. These techniques include the analysis of D N A guanine and cytosine (G + C) 

content by density centrifugation (e.g. 64), genome diversity by measuring reassociation time of 

denatured D N A (e.g. 65), and broad-scale community similarities by cross-community D N A 

hybridizations (e.g. 40). Even though whole-community D N A approaches provide general 

information about community diversity and similarity, these approaches do not provide 

qualitative information about the identities and roles of particular phylotypes within microbial 

populations. Additionally, these approaches have requirements that complicate their routine use 

in the analysis of multiple samples in a relatively unbiased manner. A large amount (>50 p.g) of 

minimally sheared D N A is required for these analyses, which is prohibitive for many 

environmental studies (63). Furthermore, obtaining minimally sheared D N A precludes the use of 

rigorous D N A extraction approaches, such as those involving beadbeating. D N A extracts 

obtained without rigorous D N A extraction will be biased toward organisms that lyse readily, 

such as Gram-negative organisms. Additionally, D N A reassociation approaches are time 

consuming because each sample requires a processing time of up to several weeks before data 

are obtained. 

Partial-community analysis focuses on PCR amplification of specific D N A fragments 

from community D N A extracts, and the 16S rRNA gene is frequently studied with this approach. 

PCR primer sequences can be modified to target different taxonomic levels, either to provide 

"universal" amplification or specificity to individual phylogenetic groups. PCR products are 

analyzed either by gel-based separation (fingerprinting) or by sequencing of individual 

amplicons (Figure 1.1). Separation in a gel matrix distinguishes individual amplicons either by 
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size or nucleotide composition. Some of the most common techniques are discussed in the 

following sections with recent examples of their application in microbial ecology. 

1.3.2 Gel fingerprinting 

Methods in microbial ecology that separate 16S rRNA gene PCR amplicons based on 

sequence heterogeneity include denaturing gradient gel electrophoresis (DGGE), temperature 

gradient gel electrophoresis (TGGE), and single stranded conformational polymorphism (SSCP). 

Since its advent in environmental microbiology in 1993, DGGE has become a popular tool for 

characterizing microbial communities. This method was initially used for detecting mutations 

within the human genome but was modified by Muyzer and coworkers for separation of 16S 

rRNA amplicons (25, 66-68). With DGGE, PCR amplicons migrate into increasing 

concentrations of urea and formamide until individual sequences denature. Due to a 40 bp G + C 

clamp attached to the 5' end of each fragment, denaturation is incomplete and halts migration in 

the gel matrix. Sequence heterogeneity results in a variety of migration distances and produces a 

fingerprint characteristic of a community. Instead of a chemical gradient, TGGE separates PCR 

amplicons in an increasing temperature gradient to denature D N A fragments (66, 68). SSCP 

involves the electrophoresis of single-stranded PCR amplicons. Each denatured sequence 

assumes a unique single-stranded conformation that results in differential electrophoretic 

mobility. Performing SSCP on sequences from different organisms results in fingerprints that are 

characteristic of each sequence mixture. Methods such as DGGE, SSCP and TGGE provide 

advantages of being affordable, relatively easy to use, and amenable to the comparison of 

multiple samples. The development of these methods has enabled their application in a variety of 

environments (66, 69) and for the study of phylogenetically diverse populations (68). D N A 

fragments of interest can be excised from gels and sequenced (25), providing phylogenetic 

information in addition to community profiles. 
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Several other gel-fingerprinting methods separate PCR amplicons by size rather than 

sequence heterogeneity. One example of this approach is to PCR amplify 16S rRNA genes and 

digest the amplicons with combinations of frequent-cutting restriction enzymes (e.g. 69). This 

method is known as amplified ribosomal D N A restriction analysis (ARDRA). However, because 

each digestion yields at least two fragments for a given amplicon, the digested products generate 

a fingerprint which is complex and poorly resolved even for communities with modest diversity. 

Toward solving this dilemma, a modification known as terminal restriction fragment length 

polymorphism (T-RFLP) uses fluorophore labels introduced on one PCR primer in order that 

only the terminal fragment of the digested products fluoresces, greatly simplifying the restriction 

pattern (71). Terminal restriction fragment sizes can be verified against a database with T-RF 

sizes catalogued for different organisms. This provides tentative identification of bands within 

fingerprints although different organisms can certainly contribute T-RF bands of equivalent size. 

The 16S rRNA gene is adjacent to the 23S rRNA gene and is separated by an intervening 

region of variable length. Ribosomal intergenic spacer analysis (RISA) separates PCR products 

that span the 5' end of the 16S gene, through the spacer, and into the conserved 3' end of the 23 S 

gene. Because the intergenic region is not as conserved evolutionarily as the ribosomal genes, 

RISA offers higher resolution than analysis of the 16S rRNA gene. Patterns within a gel are 

possibly reflective of species or sub-species taxonomic distributions (72). A recent study 

demonstrated that isolates of Brevundimonas albus differing substantially in morphology and 

physiology all contained identical 16S rRNA genes, but the spacer region length polymorphism 

correlates with cell morphology polymorphisms (47). 

The advantage of fingerprinting methods is that each pattern is representative of the 

organisms present in each sample. Multiple patterns can be compared to one another and pattern 

similarities quantified in a dendrogram. Comparison of multiple fingerprints is done either by 

matching bands across multiple fingerprints (e.g. 71) or by comparing overall fingerprint 
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intensity profile correlations (e.g. 72). Fingerprint similarities can then be compared to 

environmental factors that may have affected the community structure in the respective samples. 

Fingerprinting approaches do have limitations. DGGE fingerprints, for example, are 

estimated to focus on only the most abundant phylotypes: those that comprise greater than 1% of 

a given community (25). Complex communities with thousands of phylotypes typically generate 

patterns with only 10 to 30 discernible bands and thus do not provide reasonable estimates of 

community diversity and composition. Ribosomal RNA operons contribute multiple bands for 

some organisms and different sequences from distinct organisms may migrate to identical 

positions (75), which further complicate pattern interpretations. Also, bands can be excised from 

gels and sequenced but the technical difficulty of this process hinders the feasibility of this 

approach for studies involving multiple samples from complex microbial communities. 

Therefore, 16S rRNA gene fingerprints provide a rough measure of similarity between the 

predominant organisms within different communities but do not offer a clear indication of which 

organisms are changing in abundance as a response to environmental factors. 

1 . 3 .3 Sequencing 

By cloning and sequencing PCR products of the 16S rRNA gene, information is obtained 

for both the identity and relative abundance of community phylotypes. An advantage of 

sequence-based techniques over gel fingerprints is that each sequence has associated 

phylogenetic information that may be directly related to other samples (Figure 1.1). Cloned 

inserts can either be sequenced directly or subjected to an initial screen to group similar inserts, 

thus requiring fewer sequencing reactions only for representative 16S rRNA gene clones. 

A R D R A of cloned 16S rRNA gene inserts (76) and a variety of hybridization-based screening 

methods (37, 77-79) reduce the number of clones that require sequencing. 
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During the 1990s, clone libraries generated from environmental samples were 

predominantly aimed at describing diversity and discovering novel phylogenetic groups. These 

experiments generated libraries from single samples from environments such as soil (39, 79-81), 

activated sludge (34), and landfill (82). The value of comparing multiple samples has become 

evident and 16S rRNA gene libraries are now more frequently generated from multiple sites, 

related by location or treatment, within individual studies. Comparing the composition and 

diversity of replicate samples from different treatments provides a more robust approach for 

elucidating the impact of environmental factors on community structure. For studies of microbial 

ecology focussing on soil environments, multiple 16S rRNA gene clone libraries have now 

gauged the impact of soil type (83, 84), plant cover (85, 86), time (87), and human disturbance 

(88, 89) on bacterial community composition. 

In order to compare the diversity and composition of multiple samples, environmental 

studies initially compared clone libraries using statistical estimators such as rarefaction curves 

(85), taxonomic richness estimates (90, 91), and general diversity indices (89, 92). However, the 

appropriateness of these statistical approaches was unknown because these approaches were 

developed for the analysis of "macro"organism diversity. Beginning in 2001, Hughes and 

coworkers (93-95) investigated the justification for applying ecological diversity measures to 

16S rRNA clone data. Their novel application of nonparametric diversity estimators such as 

Chaol (96) and A C E (97) to clone library data demonstrated that even though environmental 

clone libraries are dominated by rare sequences (98), the distribution of phylotype frequencies 

can still provide enough information for estimating total bacterial diversity and comparing 

estimates from multiple samples. Since then, the development of novel applications of ecological 

statistics toward the analysis of 16S rRNA gene clone libraries has become a popular approach 

for comparing the diversity (99-102) and composition (103, 104) of these libraries, even for 
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circumstances when all sequenced clones in a library are unique (105), such as those derived 

from Amazon soils (38). 

A major limitation in applying clone library methodology to the analysis of soils is that 

soil microbial communities are too diverse for adequate description and comparison. 

Publications by Vigdis Torsvik's group have used D N A reassociation kinetics to estimate that a 

'pristine' soil environment may contain greater than 10,000 bacterial "types" (69). This number 

exceeded the population obtained on culture media by over 200 times. Druifjrer used similar data 

to predict that 30 grams of forest soil may contain between one billion and one trillion "species" 

(106). Sequencing of 16S rRNA genes has further demonstrated the great diversity of soil 

microbial communities. For example, Borneman and Tripled: (38) sequenced 50 clones from 

each of two Amazonian soils and did not find a single duplicate sequence within those two 

libraries. Furthermore, all clone libraries from soils are predominantly composed of rare 

sequences (98). Cost and labor limitations preclude sufficient sampling of clone libraries to 

enable the detection of significant differences in diversity (86). Because most studies limit 

sampling to several hundred clones per sample at most, perhaps thousands (107) or tens of 

thousands (108) of clones must be sequenced for reliable comparisons of communities as diverse 

as those found in soils. For complete coverage, even more samples are certainly required. Table 

1.1 summarizes the perspective evident in the literature regarding the sample sizes that are 

common for 16S rRNA gene libraries in soil microbial ecology. 

Another difficulty with measurement of clone library diversity and composition is 

gauging the magnitude of bias that affects the resulting data. Bias is introduced at the level of 

sample storage (109), D N A extraction (110), 16S rRNA gene copy number and genome size 

(111), PCR (112-116), and cloning (117). Another PCR-related bias is the generation of chimeric 

sequences (118) which are artificially created by increasing cycles of amplification (113, 119, 

120) and have accumulated in public databases (121). The same or similar biases are common to 
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most molecular-based investigations of community structure. The magnitude of this bias and its 

effect on the resulting data are difficult to measure with environmental data. Molecular 

methodology attempts to minimize this bias and most studies cautiously state conclusions made 

using PCR-amplified nucleic acid. However, considering that bias is common to all techniques, 

and that the bias associated with culture-based descriptions of microbial diversity is worse by 

orders of magnitude, molecular methods remain strong and innovative tools for microbial 

ecologists. 

1.3.4 Microarrays 

Sequencing-based approaches provide phylogenetic information about individual 

communities but are not readily amenable to the comparison of multiple samples with 

replication. Gel fingerprints rapidly compare multiple samples and provide a rough similarity 

measure but do not readily provide phylogenetic information related to community composition. 

Microarray technology shows great promise in microbial ecology because it potentially offers the 

advantage of both sequencing- and gel-based methodology: simultaneous quantitation and 

comparison of many phylotypes and functional guilds in multiple samples (Figure 1.1). The use 

of microarrays in microbial ecology is still in the early stages and has not progressed very far 

beyond the level of initial testing on defined mixtures of known targets. Several studies have 

tested microarrays for projected analysis of catabolic genes (122-125) and phylogenetic markers 

(126-130) in environmental samples. However, very few studies have compared multiple 

microbial communities with microarrays. Attempts include the analysis of landfill-cover 

methanotrophs (131), nitrogen-cycling genes in river sediment (132), and communities from 

estuarine sediment (133). No study has yet applied microarray technology for profiling 16S 

rRNA genes in soil environments. A major obstacle has been the inability to gauge the sensitivity 

and specificity of probe sets when applied to complex and unknown mixtures of nucleic acids 



13 
(134-136). A hybridization probe is only useful i f its desired specificity matches its actual 

specificity. A possibility for circumventing specificity limitations is to gain sufficient empirical 

knowledge of community composition prior to designing probes specific to the most abundant 

members of a particular community (137). Such an approach, as adopted in Chapter 5, would 

generate community-specific probes optimal for comparing a set of samples related by location 

and treatment. Because only the most abundant community members are monitored on such an 

array, sensitivity should be sufficiently high to reliably measure changes in the relative 

abundance of these phylotypes. Until this study, this approach has not been attempted with 

microarray technology in microbial ecology. 

1.4 Soil microbial ecology 

1.4.1 Preface 

In 1996, one of the first studies that examined soil microbial diversity using culture 

independent approaches began by stating that "An enormous amount of effort is being made 

worldwide by microbial ecologists to identify microorganisms in environmental samples" (39). 

Since that time, dozens of articles have been published each year studying soil biodiversity alone 

(138). However, the abundance of studies "does not seem proportional to our understanding of 

the significance of biodiversity for ecological processes in the microbial world..." (138). Many 

basic questions regarding the factors affecting microbial community composition and diversity 

within soil environments remain unanswered. In the present study, soil bacterial diversity and 

composition were investigated in soils differing by geographical source and H C H concentration. 

Here the importance of microbial biodiversity is explained and previous work relevant to these 

topics is summarized. 
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1.4.2 Microbial biodiversity 

Complete descriptions of microbial community composition include phylogenetic and 

functional components. Together, both phylogenetic diversity (species richness and evenness) 

and functional roles reflect microbial community structure. Understanding community structure 

as it relates to environmental factors is especially challenging for microbiologists, due to the 

extreme diversity of most microbial communities. As a result, focusing on a specific component 

of community structure (either functional or phylogenetic diversity) tends to offer the most 

tractable and realistic goals for individual studies in microbial ecology. Nonetheless, since 

microbial diversity is linked to physiological diversity, understanding the magnitude of overall 

genetic diversity in particular environments is an important prerequisite for predicting associated 

biochemical potential. 

Microbial diversity and its controlling factors are major concerns of scientific and 

practical importance for society. A clear understanding of this diversity is critical for 

understanding the relationship between community composition and its function, the impact of 

new species on pre-existing communities, the survival of pathogens in the environment, and the 

impact of anthropogenic factors such as disturbance and climate change on community structure 

and stability. Furthermore, biotechnology over the past 50 years has been deriving products from 

enzymes and secondary metabolites of environmental microorganisms for use in areas of 

medicine, industry and agriculture (139). The majority of these compounds are derived from soil 

microorganisms (140). Efficient exploitation of microbial catalysts and products should be 

preceded by empirical knowledge of prokaryotic diversity in the environment. However, because 

of extremely high prokaryotic diversity in environments such as soil, knowledge of this aspect of 

biodiversity is vague at best. As an example, the observation of globally distributed aquatic 

protozoans has led some to believe that the biosphere is composed of relatively few 

microorganisms, each of which with cosmopolitan distribution (141, 142). On the other hand, 
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apparent endemicity of some soil bacteria has prompted others to claim the opposite (143, 144). 

Without adequate means to test microbial diversity and composition, microbiologists are unable 

to test or apply established ecological theories of biogeography and community structure. 

1.4.3 Soil microbial biodiversity 

Studies in the field of microbial ecology frequently report that bacterial communities in 

soil environments are highly diverse and share similar division-level distributions. One of the 

first soil studies compared two Amazonian soils in which one was deforested (38). Sequencing 

50 16S rRNA gene clones from each of these tropical soils did not reveal a single duplicate 

sequence. Similarly high diversity was observed in a clone library from arctic tundra soil (81) 

and in a library from a soil in Wisconsin (39). In fact, this phenomenon is sufficiently common 

to warrant a statistical approach designed solely for calculating minimum probable diversity for 

soil clone libraries with no duplicate sequences (105). The first molecular soil studies involved 

cloning and sequencing clones from an Australian soil. Of the 113 16S rRNA gene clones 

sequenced, none were identical to sequences from cultured microorganisms (80). In another 

study by Dunbar et al. (85), 179 cultured isolates were distributed in the gram-positive (81%) 

and Proteobacteria (18%) divisions. However, of the 801 PCR-amplified 16S rDNA genes 

sequenced from this sample, 76% of the clones were distributed among Acidobacteria, 

Proteobacteria, Verrucomicrobiales and Gram-positive bacteria. Others were grouped distantly 

within previously described divisions or were from unknown groups. Acidobacteria, a division 

with only three cultured representatives (145), composed 50% of all clone sequences. A more 

recent study showed that cultured isolates from a wheat field were dominated by Gram positives 

but sampled clone libraries failed to produce any Gram-positive sequences (146). Instead, as 

with Dunbar et al. (85), Acidobacteria dominated the sequences. Acidobacteria dominate many 

clone libraries from soil and studies have demonstrated this division's widespread distribution 
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and broad phylogeny (147). Soil 16S rRNA gene libraries are frequently comprised of 

Proteobacteria, Acidobacteria, Planctomycetes, Verrucomicrobia and Gram-positive bacteria 

(85, 88, 89, 146, 148-152) among numerous other divisions. The relative proportion of these 

divisions is variable but the ecological relevance of division-level change is unclear. Smit et al. 

(146) proposed that the observed ratio between Proteobacteria and Acidobacteria might be low 

in oligotrophic soils (39, 85, 153) and high in eutrophic soils (89). Regardless, the implications 

for soil ecosystem function are ambiguous for composition changes at such a high taxonomic 

level (108). 

1.4.4 Microbial diversity and latitude 

A longstanding observation in ecology is that biodiversity decreases as one samples 

closer to the earth's poles. Increasing latitude results in decreased productivity, energy, habitat 

area, speciation rate and the interrelated influence of these factors is thought to be responsible for 

this gradient (154). However, the impact of latitude or similar gradients, such as altitude, on 

microbial diversity is almost completely unknown. Staddon et al. (155) sampled soils from jack 

pine stands in sandy soil along a climatic gradient between Saskatchewan and Alberta, Canada. 

Instead of using molecular techniques, they used sole carbon source utilization assays to look at 

the metabolic diversity of soil organisms along this transect. They reported that soil functional 

diversity decreased as they sampled with increasing latitude. This trend is intuitively correct, but 

the transect was relatively short and it is unclear how functional diversity relates to taxonomic. 

diversity. Furthermore, without related discussion, they reported an even stronger and more 

significant positive correlation between functional diversity and longitude. As a result, the causes 

and implications of the trends observed in that study are unclear. Lawley and coworkers used 

18S rRNA gene clone libraries to measure the diversity of microbial eukaryotic populations in 

soil samples taken along an Antarctic latitudinal transect (156). Although the most southerly 
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sample possessed the lowest diversity, they discovered an unexpected increase in diversity with 

proximity to the South Pole within the maritime Antarctic (60-72°S). 

Latitudinal studies of soil microbial diversity are rare and even fewer studies have 

applied molecular methods to the analysis of polar soil environments. Prior to this work, only 

one 16S rRNA gene clone library was generated, in that case from Siberian arctic tundra (81). 

With only 43 clones sequenced, relative diversity cannot be determined. However, each clone 

was a unique phylotype which indicates highest possible diversity for this sample. Several 

investigations have examined arctic soil communities using methods such as DGGE (157) and 

substrate use microtitre assays (157, 158) for generating phylogenetic and physiological profiles, 

respectively. The authors commented on the high number of bands in DGGE fingerprints but 

these studies did not use methods appropriate for evaluating diversity of these communities 

(157). Despite a lack of evidence, arctic tundra bacterial communities are assumed to be low in 

diversity (159, 160). Chow and coworkers have suggested that community diversity increases 

with increasing nutrients until a threshold nutrient concentration is reached, above which 

diversity begins to decrease again (161). Low nutrient availability is thought to be the cause of 

possibly low diversity in arctic tundra soil (158). 

1.4.5 Hydrocarbon contamination of soils 

In this thesis, the impact of H C H on soil microbial communities was investigated with 

culture-independent methodology. While previous studies examining the impact of H C H on 

bacterial community structure are uncommon, the impacts of other hydrocarbons on community 

structure are better characterized. David Juck and coworkers used a combination of D G G E and 

carbon source utilization assays to determine the impact of petroleum hydrocarbon 

contamination on community structure and function in two northern Canadian environments 

(157). They were unable to link the presence of hydrocarbons to a specific community response. 



18 

The presence of hydrocarbons appeared to be associated with increased diversity at one site 

whereas the converse observation was made for the other site. They also indicated that 

geographic source seemed to be the clearest factor governing community characteristics. Even 

though active degradation of petroleum hydrocarbons was clearly demonstrated and stimulated 

(162), Margesin and coworkers (163) used a culture-dependent approach and failed to detect a 

correlation between hydrocarbon contamination and the abundance of culturable degraders. Two 

other studies used extracted D N A and RNA to generate separate 16S rRNA gene clone libraries 

from polychlorinated biphenyl (PCB)-polluted soil near Wittenberg, Germany (151, 152). The 

rRNA-based library was intended to provide an estimate of the phylotypes involved in active 

metabolism, presumably those organisms involved in degrading this pollutant. Despite 

methodological differences inherent to the generation of these data sets, they observed a good 

correspondence between the two libraries. Assuming that clone libraries sample the most 

abundant sequences in environmental samples, these studies provide evidence that the most 

abundant organisms in the studied soils are also those that are most metabolically active. The 

libraries had substantial representation by division members of Acidobacteria, and the alpha- and 

beta-subdivisions of the Proteobacteria. Among the Proteobacteria sequences, Burkholderia, 

Nevskia and Sphingomonas sp. were well represented, indicating their possible involvement in 

hydrocarbon degradation. In particular, Sphingomonas is likely involved in soil hydrocarbon 

degradation because isolates are recognized for the ability to degrade multiple nonchlorinated 

and chlorinated hydrocarbons including naphthalene (164), pentachlorophenol (165), and H C H 

(166, 167). However, without replication and clearer evidence implicating specific phylotypes 

with hydrocarbon degradation, the results presented by Nogales et al., "are merely indicative and 

not definitive" (151). Thus there is no strong evidence demonstrating an enrichment of particular 

hydrocarbon-degrading bacteria in these soil environments, nor are there clear implications for 

which organisms are involved in situ. 
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Hexachlorocyclohexane (HCH) is a chlorinated cyclic saturated hydrocarbon with several 

isomers (alpha, beta, gamma, delta) that differ in the relative orientation of chlorine constituents 

relative to carbon atoms. The gamma isomer of H C H is called lindane and was widely used as a 

pesticide for crop protection. Gamma H C H is highly recalcitrant, has dispersed throughout the 

biosphere, and has bioaccumulated in many species. Industrial production of technical grade 

lindane generates a large proportion of other H C H isomers (alpha, beta, delta). The process of 

refining lindane from this mixture resulted in large quantities of H C H isomer waste being 

deposited in soils near the production facilities, primarily in the Netherlands (168) and Spain 

(169). In some areas, the concentration of H C H isomers remains at such high levels that H C H 

crystals are clearly visible in the soils (167). Natural degradation of H C H is attributed to 

microbial activity and as a result, bioremediation is considered a potential strategy for long term 

in situ attenuation of H C H contamination. The support for this strategy comes from studies 

suggesting that H C H degradation occurs in a variety of soil types including aerobic and 

anaerobic soils (170, 171) and that the organisms responsible for this degradation are enriched 

with repeated application of lindane (172). In addition, HCH-degrading organisms have been 

isolated from contaminated soils. Isolates include mainly Sphingomonas sp. strains (167, 173, 

174) as well as a Rhodanobacter sp. (175, 176), and a Pandoraea sp. (177). However, there is 

some evidence that organisms grown in lab conditions may not necessarily reflect the phylotypes 

responsible for H C H degradation in situ (167). This is consistent with the understanding that 

most microorganisms from natural environments are not successfully cultured using standard 

microbiological culture techniques (1). As a result, there remains a need to explore H C H -

degrading community composition further with culture-independent approaches, attempting to 

pinpoint key organisms involved in natural attenuation of polluted soils. 
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1.5 Summary of thesis 

The goal of this research was to investigate bacterial community composition to gain a 

clearer understanding of the factors affecting microbial diversity and composition in soils. The 

objective was to identify trends of bacterial diversity and composition in soils separated by 

gradients of latitude and longitude within two major Canadian biomes: arctic tundra and boreal 

forest. Because biodiversity tends to decrease with increasing latitude, the hypothesis was that 

bacterial diversity would be lowest in the northenmost tundra samples. Because environmental 

factors are different between these biomes, another expectation was that boreal forest soil 

samples would share similar bacterial composition and diversity and likewise, arctic tundra 

samples would be represented by similar phylotype profiles. As part of an international 

collaboration, another objective was to evaluate the impact of chlorinated hydrocarbon 

contamination on bacterial communities within soils sampled in the Basque country of northern 

Spain. The objective was to test the hypothesis that contamination lowers overall soil diversity, 

enriches for specific phylotypes, and that Sphingomonas sp. would be a phylotype associated 

with the presence of H C H . 

Unfortunately, available methods were unable to adequately test the hypotheses described 

above. Gel fingerprinting approaches provide an indication of community similarity but not of 

diversity or phylogenetic composition. Cloning and sequencing approaches generate sample 

sizes that are insufficient for describing and comparing bacterial diversity in soils. In order to 

gauge and compare the phylogenetic diversity of Canadian soils and determine the impact of 

chlorinated hydrocarbon contamination of Basque soils, there remained a need to develop more 

suitable molecular methods. As a result, a further objective of this project was to develop 

molecular methods that circumvent limitations of available approaches for analyzing microbial 

diversity and composition of soil samples. 
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Toward solving an analogous dilemma, serial analysis of gene expression (SAGE) 

concatenates short fragments from isolated mRNA molecules from eukaryotic organisms (178). 

Subsequent sequencing of each concatemer generates sequence data from multiple tags that are 

theoretically specific to individual mRNA molecules. Expressed sequence tag libraries can be 

compared to one another to determine which genes are differentially expressed under certain 

conditions. Since then, this approach has been substantially modified for rapidly profiling 

microbial genomic D N A sequences (179) and also for measuring gene expression in microbial 

eukaryotic species (180). Toward profiling prokaryotic ribosomal gene sequences in a similar 

manner, an online publication by Borneman et al. (181) proposed to ligate and sequence PCR-

amplified variable regions from the 16S rRNA gene (V9 region) from soil communities. They 

claimed that this would increase 16S rRNA gene sequences obtained per sequencing reaction by 

a factor of five. In this thesis, this approach was developed and catered to the analysis of 

bacterial communities (SARST). Furthermore, the resulting community-specific sequence data 

were used to generate hybridization probes for a microarray platform (RST array). Together 

these methods provided a novel approach for describing microbial diversity and composition in 

relation to geographic location and pollutant contamination. 

Chapter 2 provides a description of SARST development and an initial assessment with 

samples of activated sludge and soil. This chapter provides information on ribosomal sequence 

tag (RST) length, specificity, and a discussion of challenges faced while developing SARST. 

This chapter also contains a detailed step-by-step protocol beginning with D N A extraction and 

ending with RST sequence analysis. 

Chapter 3 continues the evaluation of SARST by measuring bias, PCR-related artifacts, 

reproducibility, and testing bioinformatics approaches required for data analysis. A defined 

mixture of pure cultures was examined with both conventional and high-fidelity Taq and the data 

demonstrated that SARST offered high reproducibility, low bias, and generated few PCR-related 
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artifacts. Furthermore, clustering of RSTs provided a rational means by which community 

composition and diversity was described and compared. 

The application of SARST toward the analysis of Canadian and Basque soil samples 

provided new insight into microbial community diversity and composition. Chapter 4 describes 

an extensive field-scale comparison of geographically distant soil bacterial communities, 

collecting 12,850 RSTs from six composite soil samples. These libraries indicated that bacterial 

communities from undisturbed arctic tundra are more diverse than those in boreal forest soils, 

with the highest measured diversity from an extreme northern location (82°N). The lowest 

diversity was associated with a disturbed arctic soil sample, taken from a pad constructed for the 

support of a fuel tank at an arctic research station (Cape Dyer, Nunavut). The results from 

pristine soils challenged the longstanding observation that biological diversity decreases with 

increasing latitude, and indicated that factors other than those related to latitude influenced the 

phylogenetic composition of these samples because these two biomes did not form distinct 

clusters on the basis of SARST data and DGGE fingerprints. The high number of sequences 

obtained from these soils enabled the identification of ribosomal sequences that reflect potential 

cosmopolitan and endemic bacterial distributions in particular soils. 

As part of a collaboration with a European research team, Chapter 5 applied microarray 

technology to the characterization and comparison of HCH-contaminated soils from the Basque 

country in the northern Iberian Peninsula. SARST generated a library of 2,290 RSTs from a 

composite of soils used in this study. By designing hybridization probes specific to the 100 most 

abundant RSTs in the composite library, the RST array was community-specific and predicted to 

monitor the most abundant phylotypes in the individual samples. The measured composition of 

several contaminated and uncontaminated soils using the RST array was compared with 

fingerprint profiles using DGGE. These approaches identified phylotypes that were correlated 
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with chlorinated hydrocarbon contamination. This chapter highlights the power of community-

specific microarrays for comparing complex microbial communities. 

Overall, this research demonstrated the utility of SARST and the RST array for 

supporting basic research in microbial ecology. The use of these methods provided novel insight 

into microbial community composition and diversity in soils differing by geographic source and 

chlorinated hydrocarbon contamination. Because environmental problems and processes are 

linked to the composition of the microbial communities they are associated with, improved 

knowledge of microbial community structure greatly benefits areas of health, pollutant 

biodegradation, wastewater treatment and ecosystem management. 



Table 1.1 Citations commenting on the inadequacy of clone-based sample sizes. 

Citation Reference 
"Because of the very high SSU rDNA diversity that seems to be prevalent (81) 
in soils, comparisons among different microbial communities can only be 
preliminary; the sample size is probably still too small." 

"The great diversity and low number of clones analyzed can be (146) 
responsible for this phenomenon." 

".. .construction and screening of clone libraries are laborious." (36) 

"...their presence is at a level too low to be detected in a clone library of (82) 
only 71 clones..." 

"...a sequence analysis of 100 SSU rDNA clones is insufficient to (38) 
describe changes in the microbial community that occur with 
deforestation." 

"Sequence analysis was limited to ~137 clones for each grassland type, (150) 
and it is likely that discrimination would have been achieved i f higher 
numbers of clones had been screened." 

"The substantial richness found within the soil bacterial community and (63) 
the number of clones per library (usually about 100 clones) preclude the 
application of diversity measurements in terms of species evenness." 

"...16S rDNA clone libraries and culture collections document the (85) 
similarities inadequately due to the large abundance of rare phylotypes 
typical for such collections." 

"Ideally, large data sets should be gathered to evaluate better the bias and (95) 
precision of different nonparametric estimators, such as Chaol and A C E . " 

"The cloning approach, however, is considerably more cumbersome and (182) 
time consuming." 

"It is not possible using current rDNA-based technology to account for (183) 
potentially greater than 10,000 distinct species in a single sample." 

"No study has yet provided a complete survey of the bacterial community (86) 
in a single soil sample, or even an adequate set of surveys for field-scale 
community comparisons." 

"Prokaryote diversity in the soil community was not addressed in this (156) 
study, due to the prohibitive number of clones that would have been 
required to perform an extensive survey." 
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Figure 1.1 PCR-based approaches for analyzing 16S rRNA gene diversity in the 
environment. 

Strengths and limitations associated with methods used for assessing the phylogenetic diversity 
of environmental nucleic acids. SARST, serial analysis of ribosomal sequence tags; SSCP, single 
stranded conformational polymorphism; DGGE, denaturing gradient gel electrophoresis; TGGE, 
Temperature gradient gel electrophoresis; T-RFLP, terminal fragment length polymorphism; 
A R D R A , amplified ribosomal D N A restriction analysis; RISA, ribosomal intergenic spacer 
analysis. 
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Chapter 2 The SARST protocol1 

2.1 Introduction 

The study of the diversity and ecology of microbial communities has been greatly 

advanced by the advent of molecular approaches that do not depend on culturing 

microorganisms. These new approaches have been used to explore the microbial diversity of 

complex communities, such as those in soil, water, and other environments. The most commonly 

used molecular approach involves sequencing individual clones in libraries constructed from 

PCR-amplified 16S rRNA gene fragments. The fragments are amplified from community D N A 

using broadly specific primers. Unique sequences constitute phylotypes that are presumed to 

represent unique community members. 

Analysis of 16S rRNA gene clone libraries provides fundamental information about both 

the composition and diversity of complex microbial communities. Sequence data can be. 

compared to entries in databases such as Genbank (1), the Ribosomal Database Project (RDP-II) 

(2), or the European database on SSU rRNA (3) to obtain phylogenetic information about the 

organisms from which the sequences originated. For certain phylogenetic groups, inferences 

about physiology based on their phylogeny are also possible. Statistical estimators of clone 

library richness and evenness can be determined and used for meaningful comparisons of 

communities (4). This is possible because the composition of 16S rRNA gene clone libraries is a 

function of community composition. An important caveat is that such libraries cannot represent 

communities without certain biases. However, biases are inherent to all means of observation, 

1 A version of this chapter has been published as: 
Neufeld, J. D., Z. Yu , W. Lam, and W. W. Mohn 2004. SARST, Serial Analysis of Ribosomal 
Sequence Tags, p. 543-568. In G. A. Kowalchuk, F. J. de Bruijn, I. M . Head, A . D. Akkermans, 
and J. D. van Elsas (eds), Molecular Microbial Ecology Manual (MMEM), 2nd edition, Kluwer 
Academic Publishing, London. 
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and when the limitations that they impose are reckoned with, valid comparisons of similarly 

derived data sets are possible. From analyses of 16S rRNA gene clone libraries, patterns may 

emerge that reveal ecological factors governing microbial community organization and function. 

Thus, knowledge of community composition is an important first step in understanding the 

processes or functions that occur in microbial communities. 

Despite the utility of 16S rRNA gene clone library analyses, screening and sequencing 

individual clones are costly and cumbersome procedures. The literature contains many examples 

of 16S rRNA gene surveys that were frustrated by inadequate data sets generated by 

conventional clone library analyses (see Chapter 1). The most comprehensive 16S rRNA gene 

surveys involve sequencing a few hundred clones per library (5-9). Various statistical approaches 

were applied to several of these data sets to generate comparative diversity estimates for the 

various communities being sampled (10, 11). However, no complex microbial community such 

as soil has ever been analyzed sufficiently for confident descriptions or comparisons of 

community richness and evenness (12). 

Several screening methods have increased the throughput capacity of clone library 

analysis. Amplified ribosomal D N A restriction analysis (ARDRA) is commonly applied to clone 

libraries in order to group redundant clones, thereby requiring sequencing of only one or two 

representative clones from each group (phylotype). Screening clone libraries with hybridization 

probes can provide group-specific affiliations of clones as a preliminary screening method (13, 

14). Using hybridization probes and a clone library spotted on a microarray, Valinsky et al. (15) 

screened 1,536 clones from two soil clone libraries with species-level resolution. To a lesser 

extent, denaturing gradient gel electrophoresis (DGGE) has been used to screen clone libraries 

prior to sequencing representative clones (16, 17). The above screening approaches permit more 

extensive analysis of SSU clone libraries than previously possible, but still have not permitted 

comprehensive analysis of libraries from very complex communities. Despite these advances, 
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characterizing complex microbial communities with 16S rRNA gene clone libraries has been 

criticized for being too sensitive, because the high resolution makes adequate surveys of these 

populations impractical (18). On the other hand, gel-based methods (fingerprinting) for broader 

scale comparisons between communities such as DGGE, while more appropriate for comparison 

of large number of samples, are criticized for having too low a resolution (19). Ideally, improved 

techniques should combine similar phylogenetic information and resolution as provided by clone 

libraries with high-throughput capability of methods such as DGGE. 

SARST allows microbial communities to be surveyed more comprehensively and with a 

degree of resolution that was previously unattainable due to labor and cost limitations (20; 

Chapter 3). SARST is based on serial analysis of gene expression (SAGE) (21) and also has 

similarities to a method for analysis of microbial communities proposed by Borneman et al. (22). 

SARST uses PCR to amplify a small, hypervariable portion of the bacterial 16S rRNA gene 

(Helix 6 or the V I region). These amplicons serve as ribosomal sequence tags (RSTs). 

Subsequently, a series of enzymatic reactions removes the conserved primer sequences and 

ligates the RSTs into concatemers that are then cloned and sequenced (Figure 2.1). Each 

concatemer contains up to twenty RSTs, each of which represents an individual 16S rRNA gene 

phylotype. Thus, with an equivalent sequencing effort, SARST can permit analysis of up to 20-

times as many phylotypes from a bacterial community as can conventional cloning and 

sequencing methods. This greater capacity of SARST may be sufficient to overcome some of the 

limitations of conventional analyses. In at least some bacterial communities, SARST will permit 

comprehensive analysis of amplified 16S rRNA gene phylotypes, and so, yield much improved 

knowledge of the diversity and composition of these communities. The SARST protocol 

described here relates to the analysis of bacterial populations in general, however design of 

appropriate primers will also permit the analysis of defined subsets of the bacterial communities. 
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In principle, SARST can also be modified to permit analysis of archaeal or eukaryotic 

components of microbial communities. 

2.2 Materials 

Primer and linker sequences 

Unless otherwise mentioned, all oligomers were ordered from Integrated D N A 

Technologies (IDT, Coralville, IA) with HPLC purification. Primer 5' extensions are in brackets. 

Bac64f-.Bp/nI (250 nmole, 5' dual biotin) 

5' (TTT A C C TGG A G C C)TW A N R CAT G C A A G T CG 

Bacl04r-5sgl (250 nmole, 5' dual biotin) 

5' (TTG CTG TGC AG)T A C K C A C C C G T B Y GCC 

LinkerA 1 (100 nmole, 5' phosphorylation) 

5' CTA GTA CGT GCT GGT 

LinkerA2 (100 nmole, 5' dual biotin) 

5' A A C A C C A G C A C G T A C T A G TC 

LinkerBl (100 nmole, 5' phosphorylation) 

5' C T A G C A A C G TGC TGG T 

LinkerB2 (100 nmole, 5' dual biotin) 

5' A A C A C C A G C A C G TTG CTA GCC 

modM13f (50 nmole, standard desalting) 

5' C G C C A G G G T T T T C C C A G T C A C G A 

modM13r (50 nmole, standard desalting) 

5' A G C G A A T A A C A A T T T C A C A C A G G A 

M13r (50 nmole, standard desalting) 



5' C A G G A A A C A G C T A T G A C C 
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Enzymes 

Taq D N A polymerase (Qiagen) 

Bsgl (New England Biolabs, NEB) 

Bpml (NEB) 

Spel (NEB) 

Nhel (NEB) 

T4 D N A ligase HC (5 units/ul; Invitrogen) 

Solutions 

Annealed linker A : 

Dissolve linker A l and linker A2 to 90 uM in sterile dH 2 0. Mix 50 ul A l and 50 ul A2. Heat at 

95°C for 30 seconds in a thermal cycler, then turn off instrument and allow to cool slowly for 1 

hour. Store at -20°C. 

Annealed linker B : 

Dissolve linker B l and linker B2 to 90 uM in sterile dH20. Prepare as described for linker A 

above. 

2X B+W Buffer: 

10mMTris-HCl(pH7.5) 

1 m M EDTA 

2 M NaCl 

Mix autoclaved components in sterile dH20 and store at room temperature. 
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LoTE: 

3 m M Tris-HCl (pH 7.5) 

0.2 m M EDTA (pH 7.5) 

Mix autoclaved components in sterile df^O and store at 4°C. 

1 OX loading buffer: 

50% glycerol 

0.2 M EDTA (pH 7.5) 

0.05% bromophenol blue 

Phenol:Chloroform (PC8): 

48 ml Phenol (warm to 65°C) 

32 ml 0.5 M Tris-HCl (pH 8.0) 

64 ml Chloroform 

Add in sequence, shake, and place at 4°C. After 2-3 hours, shake again. 

Store at 4°C (good for at least 6 months). 

50X T A E (for 1 litre): 

242 g Tris-base 

82 g sodium acetate (anhydrous) 

18.6 gdisodium EDTA 

100 ml glacial acetic acid 
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Other materials 

FastDNA SPIN kit (Qbiogene, Carlsbad, CA, USA) 

Dynabeads M-280 Strepdavidin (Dynal, Skoyen, Norway) 

MPC Magnet (Dynal) 

Spin-X tubes (Corning Inc., Corning, N Y , USA) 

Glycogen (Roche) 

Bovine Serum Albumin (Sigma) 

dNTPs (Invitrogen) 

10-bp D N A ladder (Invitrogen) 

1-kb D N A ladder (Invitrogen) 

Mini-Protean II Cell electrophoresis unit (Bio-Rad) 

GelStar nucleic acid stain (BioWhittaker Molecular Applications, Rockland, M E , USA) 

MinElute Reaction Cleanup Kit (Qiagen) 

pZErO-2 Zero Background/Kan Cloning kit (Invitrogen) 

BigDye Terminator v3.1 (Applied Biosystems) 

Centrisep 96 plates (Princeton Separations, Adelphia, NJ, USA) 

Sephadex G-50 Fine (Amersham Biosciences, Piscataway, NJ, USA) 

2.3 Experimental procedures 

From sample D N A extraction to sequencing of RST concatemers, the SARST protocol 

takes approximately seven to eight working days. Two or three samples are typically prepared 

simultaneously. 
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Sampling and DNA extraction (Figure 2.1 A). 

Depending on the environment being studied and the specific objectives of the 

investigation, different sampling and D N A extraction protocols may be used. D N A from 

activated sludge samples is typically extracted according to previously described protocols (23, 

24). For soil, composite samples are prepared (2-10 samples of equal size, thoroughly mixed), 

and D N A is extracted from three replicate 0.5-g subsamples of the composite sample. D N A is 

extracted and purified with the soil FastDNA SPIN kit in conjunction with a FastPrep Instrument 

(Qbiogene, Carlsbad, C A , USA) with the following modification to the manufacturer's protocol. 

After removing the supernatant from the first lysis and centrifugation steps, sodium phosphate 

buffer and M T buffer are added again to the soil and the lysis and centrifugation steps are 

repeated. The second extraction typically yields a similar amount of D N A as the first extraction. 

D N A recovered in the second extraction is possibly from organisms relatively resistant to lysis. 

A l l extracted soil D N A samples (six total) are combined at the end of the extraction protocol to 

produce one sample for SARST. 

PCR (Figure 2. IB) 

It is critical that the PCR work area and materials be kept free from contamination by 

D N A and DNases. Always include a negative (no DNA) control for SARST PCR. Using a 25-

cycle PCR introduces less bias than greater numbers of cycles (25, 26), and also generates few or 

no detectable heteroduplex molecules which are visible in polyacrylamide gels (27, 28) and 

typical of greater cycle numbers (29). 

1. In addition to PCR buffer, include the following components per 50 pi reaction: 25 pmoles of 

Bac64f-/3pml, 25 pmoles of Bacl04r-fegl, 200 u M dNTPs, 2.0 m M M g C l 2 , 1 pi of 3.36% 

(w/v) BSA, 1.25 U Tag D N A polymerase, and 5 ng of extracted D N A as template. 
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2. Prepare a master mix for 20 reactions with all components except template. Mix components 

on ice in a PCR-safe location (free from contamination by D N A and DNases). Centrifuge 

tube briefly, then transfer 49 ul to the no D N A control tube and add 1 ul of sterile dF^O to 

this tube. 

3. Add 19 ul of 5 ng/pl template D N A sample and mix. 

4. Distribute 50 ul aliquots to the remaining 18 tubes (discard the small amount of PCR mix 

that remains). 

5. PCR profile: Load PCR tubes into a thermocycler at 90°C (simplified hot-start), 95°C/2 min, 

25 cycles x (94°C/30 sec, 50°C/30 sec, 72°C/10 sec), 72°C/5 min. 

Concentration and clean up of the PCR product 

Unless otherwise specified, load 300 ng of a 10-bp ladder in an adjacent lane for all 12% P A G E 

gels. 

1. Pool the PCR product into a 1.5-ml tube. 

2. Run 5 nl on a 12% PAGE gel (19:1; 150V for 50 min for the Bio-Rad Mini -PROTEAN II 

Cell) to check the apparent 75-110 bp products (bands are slightly shifted upwards due to the 

biotin label). 

3. Distribute the PCR product into 3 x 300 ul amounts in 1.5-ml tubes. 

4. Extract the pooled PCR product in the three tubes, using equal volumes of 

PhenokChloroform (PC8). Back extract the used PC8 with 100 ul LoTE and pool the 

aqueous phases from the three back extractions. The total number of 300-ul aliquots should 

now be four. 

5. Precipitate the D N A by adding 5 ul glycogen (carrier for precipitation), 133 ul of 7.5 M 

ammonium acetate, and 1 ml 100% ethanol. Leave on ice for 30 min after mixing. Centrifuge 
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for 15 min at 4°C and carefully aspirate the supernatant. Wash the pellets twice with 80% 

ethanol. For each wash, centrifuge 5 min at 4°C then carefully aspirate the 80% ethanol 

without touching the D N A pellets, because the pellets will sometimes dissociate from the 

tube wall. Dry the pellets for 10-15 min at room temperature and suspend each in 8.75 pi of 

LoTE. Let D N A dissolve for 30 minutes on ice with occasional finger tapping to mix. 

Combine PCR products into one tube. 

Digest with Bpml and Bsgl (Figure 2.1 CI) 

1. Add 5 pi of 10X NEBuffer 3 (NEB), 2.5 pi of fresh 20X S-adenosylmethionine (SAM; S A M 

is supplied from NEB at 400X), 2.5 pi 20X BSA (supplied at 100X from NEB), 2.5 pi (5 U) 

Bpml, 2.5 pi (7.5U) of Bsgl. Incubate at 37°C for 2-3 hours. 

•2. To complete the digestion, add 35 pi LoTE, 5 pi of 10X NEBuffer 3, 2.5 pi of 20X S A M , 2.5 

pi 20X BSA, 2.5 pi Bpml, and 2.5 pi of Bsgl. Incubate at 37°C overnight. 

3. Run 1 pi of reaction mixture on a 12% P A G E gel (19:1) to check the completeness of the 

digestion. The intense -30 bp band at the bottom of the gel represents the biotinylated 

primer. 

Remove primers with streptavidin beads (Figure 2.1C2) 

Three sequential streptavidin-bead purifications are required to remove all the 

biotinylated primers. If the number of initial PCRs is increased to obtain a higher yield for this 

protocol, the number of sequential purification steps will also need to be increased. 

1. Prepare the beads by aliquoting 200 pi Dynal M-280 beads (2 mg) to each of three 1.5-ml 

tubes labeled A, B, and C. Place the tubes in an M P C magnet for 2 minutes then aspirate the 
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supernatant. Wash the beads twice with 200 ul of I X B+W. Do not aspirate the supernatant 

from tubes B and C after the second wash. 

2. Add 100 ul of 2X B+W buffer to 99 ul of double-digested sample. Mix by tapping and 

transfer the solution to tube A (containing washed beads). Mix by end-over-end inversions on 

a tube rocker at room temperature for 15 minutes, with frequent inspections to ensure that 

liquid is not clinging to one end of the tube. 

3. After this incubation, spin the tube very briefly (3 seconds maximum) in a microcentrifuge to 

bring all fluid and beads to the bottom of the tube. 

4. Place tube A in the MPC magnet for 2 minutes and aspirate the supernatant from tube B. 

Using a pipettor, transfer the supernatant of tube A to tube B. Add 100 ul of I X B+W to tube 

A (to collect residual RSTs). Incubate both tubes A and B on a tube rocker for 15 minutes. 

Spin briefly as in step 3. 

5. Place tube A and tube B in the MPC magnet for 2 min and aspirate the supernatant from tube 

C. Transfer the supernatant from tube B to tube C; and tube A to tube B. Incubate tube B and 

C on a tube rocker for 15 minutes. Spin briefly as in step 3. 

6. Place tube B and tube C in the M P C magnet for 2 min. Transfer the supernatant of tube C to 

a fresh tube and from tube B to tube C. Incubate tube C on tube rocker for 15 min. Spin 

briefly as in step 3. 

7. Place tube C next in the M P C magnet for 2 min and transfer the supernatant to the same fresh 

tube mentioned in step 6 (300 ul total volume). 

8. Extract the purified RSTs once with 300 ul PC8. 

9. Precipitate the D N A by adding 5 ul glycogen, 100 ul of 7.5 M ammonium acetate, and 1 ml 

100% ethanol. Mix and leave on ice for 30 min. Centrifuge for 15 min at 4°C and carefully 

aspirate the supernatant. Wash the pellet twice with 80% ethanol. Dry the pellet (10-15 min 
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at room temperature) and suspend in 42.5 pi of LoTE. Let D N A dissolve for 30 minutes on 

ice with occasional finger tapping to mix. 

10. Run 0.5 pi of the D N A solution on a 12% PAGE gel (19:1). Ensure that undigested product 

was removed and the intense band corresponding to primers is almost gone (there will remain 

some D N A of ~30 bp consisting of short RSTs). 

Ligate the RSTs and linkers (Figure 2.1D1) 

A previous unpublished variation of the SARST method involved concatemers of RSTs 

in alternating "ditag" orientations (as in the SAGE method). These inverted RSTs formed 

additional hairpins that caused PCR screening and sequencing reactions to fail. In order to ligate 

RSTs unidirectionally, in a "tail-to-head" manner, linkers A and B were designed for the current 

method. Linker A and linker B contain restriction sites (Spel and Nhel, respectively) that 

generate compatible overhangs. In a method based on a previously described protocol (30), 

ligation of short D N A fragments in the presence of Spel and Nhel yielded primarily "tail-to-

head" ligations, while preventing problematic "tail-to-tail" and "head-to-head" ligations, which 

are cleaved by the restriction enzymes. This modification has greatly increased the efficiency of 

SARST library generation and sequencing (i.e., increased the number of RSTs determined per 

sequencing reaction). 

1. To the 42 pi RST solution, add 10 pi of annealed linker A and 10 pi of annealed linker B, 18 

pi 5X ligase buffer (Invitrogen); heat the tube for 2 min at 40°C, then incubate at room 

temperature for 15 minutes. 

2. Add 10 pi T4 D N A ligase HC (50 U), then incubate at 23°C for 4 h or overnight (total 

volume is 90 pi). 

3. Run 1 pi on a 12% (19:1) P A G E gel to check the ligation efficiency. 
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Purify RST-linker ligation products with PAGE (Figure 2.1D2) 

PAGE purification is required because linkers A and B were provided in excess and the 

above ligation does not go to completion, probably due to incorrect overhangs left by Bpml 

digestion (data not shown). For unknown reasons, a small proportion of RSTs digested with 

Bpml have incorrect overhangs that do not ligate to linker A. In addition, despite incompatible 

overhangs, linker A ligates to linker B to some extent (strong band at -45 bp). Careful P A G E 

purification isolates RSTs with both linker A and linker B attached. 

1. Add 10 ul of 10X loading buffer to the ligation product. Load the entire sample on a large 

well (6 - 7 cm wide) in a 12% P A G E gel (19:1), with 1 ug 10-bp ladder as standard in a 

separate lane. The large well can be made by taping around eight teeth of a Protean II mini 

comb. Run the gel at 75 V for 150 min. 

2. Stain the gel with ethidium bromide. Check the separation under long-wave U V and very 

carefully cut out the gel slice corresponding to -70 to 100 bp. 

3. Pierce the bottoms of three 0.5-ml tubes with a 22-guage needle and place these tubes into 2-

ml tubes. Divide the gel slices into the three 0.5-ml tubes, and centrifuge at maximum speed 

for 2 minutes to slurry the gel slices. Discard the empty 0.5-ml tubes. 

4. To disassociate D N A from gel, add 250 ul LoTE and 50 u.1 7.5 M ammonium acetate to each 

2-ml tube. Vortex briefly. Incubate the tubes at 50°C for 10 min. Chill on ice for another 10 

min and then place at 50°C for 10 min (the tubes can then be stored at 4°C overnight i f 

desired). 

5. Load the gel slurries (using large-bore pipette tips) onto 3 Spin-X columns and centrifuge at 

maximum speed for 5 min. Transfer the eluates into new 1.5-ml tubes. Add 84 ul LoTE and 

17 ul 7.5 M ammonium acetate to the gel material in each Spin-X column. Repeat the 
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heating and cooling cycles in step 4. Centrifuge at high speed for 5 min and pool all these 

eluates in a fresh 1.5-ml tube. 

6. Precipitate the D N A in each sample (4 x 300 pi) by adding to each 5 pi glycogen, 83 pi 7.5 

M ammonium acetate, and 1 ml 100% ethanol. Leave on ice for 30 min after mixing. 

Centrifuge for 15 min at 4°C and carefully aspirate the supernatant. Wash the pellet twice 

with 80% ethanol. Dry the pellets (10-15 min at room temperature) and suspend each in 9.5 

pi of LoTE. Let D N A dissolve for 30 minutes on ice with occasional finger tapping to mix. 

7. Pool dissolved RSTs. Run 0.5 pi of the solution on a 12% PAGE gel (19:1) to check purity. 

Release RSTs from linkers A and B with Spel and Nhel (Figure 2.1E1) 

This digestion does not go to completion. Subsequent streptavidin purification isolates 

the desired RSTs. 

1. To the remaining 37.5 pi of the RST solution, add 5 pi 1 OX NEBuffer 2, 2.5 pi 20X BSA, 

2.5 pi Spel (25U), and 2.5 pi Nhel (25U). Incubate at 37°C for 4 h with frequent gentle 

mixing. 

2. To further this reaction, add 37.5 pi LoTE, 5 pi 10X NEBuffer 2, 2.5 pi 20X BSA, 2.5 pi 

Spel, and 2.5 pi Nhel (total volume is 100 pi). Incubate at 37°C overnight. 

3. Run 2 pi on a 12% P A G E gel (19:1) to check i f the digestion is complete. 

Remove linkers with streptavidin beads (Figure 2.1E2) 

1. Aliquot 200 pi Dynal M-280 beads (2 mg) to each of two 1.5-ml tubes: A and B. Prepare the 

beads and remove the linkers as described in section 2.4.5 (omit steps involving tube C). 

2. Extract the purified RSTs with 300 pi PC8. 

3. Run 5 pi of extract on a 12% (19:1) PAGE to check removal of linkers. 
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4. Precipitate the D N A by adding 5 ul glycogen, 100 pi of 7.5 M ammonium acetate, and 1 ml 

100% ethanol. Leave on ice for 30 min after mixing. Centrifuge for 15 min at 4°C and 

carefully aspirate the supernatant. Wash the pellet twice with 80% ethanol. Dry the pellet 

(10-15 min at room temperature) and suspend in 10 ul LoTE. Let D N A dissolve 30 minutes 

on ice with occasional finger tapping to mix. 

Ligation of RSTs to form concatemers (Figure 2. IF) 

The concatemer-forming ligation takes place in the presence of T4 D N A ligase HC, Spel, 

and Nhel. The restriction enzymes are included in order to cleave head-to-head and tail-to-tail 

RST ligations, which potentially yield hairpin structures interfering with reactions involving 

single-stranded DNA, such as PCR and sequencing. The ligation described below yields a smear 

of concatemers in a polyacrylamide gel that are cut from the gel and ligated into vector. The 

majority of the smear is of low molecular weight (<500 bp). Higher molecular weight 

concatemers seem to result from adding a higher concentration of RSTs to the ligation mixture. 

However, having at least some of the concatemer smear visible in the desired size range is 

usually sufficient to successfully prepare a library. 

1. To a fresh tube, add 4.38 ul of the purified RSTs, 1.25 ul of 5X ligation buffer, 0.25 ul Spel, 

0.25 jal Nhel, and then 0.125 ul T4 D N A ligase HC. Mix and incubate for 10 minutes at 

23°C. 

2. Incubate at 65°C for 10 min and then at room temperature for 5 minutes. 

3. Add 1 ul of 5X ligation buffer, 3.5 ul H 2 0 , 0.25 ul Spel, and 0.25 ul Nhel. Incubate for 1 

hour at 37°C. Add 1.5 ul 10X loading buffer, heat to 65 °C for 15 min, cool on ice for 10 

minutes. 



56 

4. Run entire sample in one lane of an 8% P A G E (37.5:1) at 100 V for 90 min. Include 500 ng 

of a 1-kb D N A ladder on either side of the sample lane. 

5. Stain the gel with GelStar; cut out the 300-500 and 500-700 bp (and optionally the 700-1000 

bp) size ranges, placing the gel slices into separate 0.5 ml tubes (bottoms pierced with a 22-

gauge needle). 

6. Put the 0.5-ml tubes in a 2-ml tubes, centrifuge for 2 min at maximum speed. Discard the 

empty 0.5-ml tubes. 

7. Add 300 pi of LoTE to each of the 2-ml tubes. Vortex briefly. Heat to 65°C for 10 min; then 

divide each sample into two Spin-X tubes. Centrifuge at full speed for 5 min. For each size 

range, combine eluates into one new 1.5-ml tube. 

8. Precipitate the D N A by adding 3 pi glycogen, 133 pi of 7.5 M ammonium acetate, and 1 ml 

100% ethanol. Leave on ice for 30 min after mixing. Centrifuge for 15 min at 4°C and 

carefully aspirate the supernatant. Wash each pellet twice with 80% ethanol. Dry the pellet 

(10-15 min at room temperature) and suspend each in 7 pi of LoTE. Let D N A dissolve for 30 

minutes on ice with occasional finger tapping to mix. 

Regions of the gel corresponding to 500-700 bp and 700-1000 bp are typically cut from 

the gel for generating SARST libraries. However, while generating libraries for Chapter 4, 

cloning the 300-500 bp region provided the most successful set of suitable inserts (Table 2.1). 

Smaller size ranges provided smaller inserts and higher sequence quality which leads to higher 

RST yields. Observations from SAGE experiments reflected a similar trend (31). 

Cloning of concatemers 

During the concatenation, ligation into vector, and transformation of competent cells, 

some concatemer solution and ligation reaction mixture remains unused. These unused portions 

can be stored at -20°C and used at a future date to generate additional RST libraries. 
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1. Set up ligations as follows: 3.5 ul H2O, 3 ul gel-purified concatemer, 1 ul of Spel-cut 

pZErO-2 (digest pZErO-2 according to Invitrogen protocols), and 2 ul of 5X ligase buffer. 

Include "vector only" and "no ligase" controls. 

2. Heat at 50°C for 2 min then cool on bench for 10 min. 

3. Add 0.5 ul of T4 D N A ligase HC, mix by finger tapping, and incubate at 16°C for 30 min. 

4. Purify the reaction products with the MinElute Reaction Cleanup Kit (Qiagen) according to 

manufacturer's protocols. Elute in 11 JJ.1 sterile dH20. 

5. Transform electrocompetent TOP 10 cells (Invitrogen) by electroporation using 5 ul of 

ligation product. Rescue transformants in 0.5 ml SOC medium for 1 h at 37°C with shaking. 

6. Prepare ten low salt LB/Kan (50 p.g/ml) plates and spread 40 pi of 20 mg/ml X-gal in 

dimethyl formamide on the surface of each plate. Pre-warm plates for 30-60 min at 37°C. 

7. Spread 50 ul aliquots of the transformed cells onto pre-warmed LB/Kan/X-gal plates. 

Incubate the plates inverted at 37°C for 16-24 h. Transfer plates to 4°C for several hours to 

see full blue-color development. Each plate typically contains several hundred colonies of 

which most are white. 

Blue/white screening is not required for zero-background vectors such as pZErO-2 

(Invitrogen). However, for SAGE screening, small inserts or no inserts still permit some colonies 

to grow with functional LacZ-ccdB fusion protein expression. These may form blue colonies in 

the presence of X-gal (32). Blue/white screening has proven helpful in SARST for avoiding 

small inserts in the PCR screening and sequencing steps. 

PCR screening and sequencing (Figure 2.1G) 

Approximately 80% of screened colonies typically contain suitable inserts for sequencing 

(>600 bp, sharp band; see Figure 2.1G for a sample gel). Smearing of PCR product or multiple 
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bands in the gel indicate problematic secondary structures that will potentially cause sequencing 

reactions to fail. The primers and protocols for screening and sequencing will vary depending on 

the user's resources. The protocol described below has worked well. 

1. PCR screen white colonies using modM13f and modMl3r primers. Adding 5% DMSO to the 

PCR helps prevent secondary structures from affecting the PCR amplification. Using sterile 

toothpicks, first pick colonies directly into 96-well PCR plates containing 20-pl PCR master 

mix per well. If plasmid sequencing is desired, using these same toothpicks, streak 96 

quadrants on LB/Kan (50 pg/ml) plates and incubate overnight at 37°C for later plasmid 

extraction. 

2. PCR profile: Load PCR tubes at 95°C, 95°C/5 min, 30 x (95°C/1 min, 55°C/1 min, 72°C/1 

min 30 sec), 72°C/7 min, store at 4°C 

3. Run 5 pi from each reaction on a 1.5% agarose gel to check insert sizes. 

4. Purify suitable PCR products for sequencing using a commercially-available 96-well 

purification kit. Centrisep 96 plates (Princeton Separations) are used, refilled with autoclaved 

7% (w/vol H2O) Sephadex G-50 Fine (Amersham Biosciences). 

5. Sequence clean PCR products with a robust sequencing chemistry such as BigDye 

Terminator v3.1 according to the manufacturer's protocol. 1/8 reactions are typically 

performed: 1 pi BigDye mix in a 5 pi reaction. Centrisep 96 plates are used to clean 

sequencing reactions, refilling the plates with Sephadex G-50 as described above. Several 

test reactions are strongly recommended to identify optimal conditions for high-throughput 

sequencing. 

Sequence data processing 

In order to process sequence data generated by SARST, a software application called 

SARSTeditor (33) was designed to extract RSTs from their corresponding sequencing files. 
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Although the concatemer-forrning reaction yields primarily tail-to-head ligation, some head-to-

head and tail-to-tail ligations still occur. In addition to the vector border sequences, all of these 

possible ligations create a variety of different border sequences (Table 2.2). SARSTeditor was 

designed to extract RSTs from intervening border sequences into a FASTA format outfile, in the 

5' to 3' orientation, with individual RSTs labeled with unique identifiers. The formatting of the 

outfile greatly facilitates data analysis with a number of phylogenetic analysis programs. 

Individual RSTs can be compared to database sequences to identify community members and 

used to analyze and compare microbial communities (see below). 

2.4 Primer and linker design 

Primers were designed that anneal to highly conserved regions of the 16S rRNA gene 

flanking the hypervariable VI region. For designing SARST primers, Alignment Scanner (34) 

was developed to analyze ribosomal alignment slices from RDP-II. By downloading individual 

1-bp slices from RDP-II representing positions flanking the RST region, Alignment Scanner 

provided the percent representation of each nucleotide at each position (data not shown). Using 

the most current RDP-II data (release 8.1) to design SARST primers, Bac64f and Bacl04r are 

almost identical to those designed by Bertilsson et al. (35) using the previous RDP-II release. 

One of the primers (Bacl04r) differs from theirs in having less degeneracy at one position. In 

addition to the 3' region, which is complimentary to almost all known bacterial 16S rRNA gene 

sequences in the RDP-II alignment, both of the primers have 5' extensions that contain a 

recognition site for subsequent removal with type IIS restriction enzymes (Bpml on Bac64f and 

Bsgl on Bacl04r). The recognition sites are positioned such that the cut sites flank the RST, 

allowing linker ligation to specific two-nucleotide overhangs in a downstream step. Both primers 

were synthesized with dual 5' biotin label (for later removal using streptavidin-coated magnetic 

beads) and were HPLC purified. 
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2.5 Application of the method 

Using a previous modification of the SARST procedure described above, RSTs were 

sequenced from a soil sample from a forest fire site in Alberta (n=1,002 RSTs) and from a pulp 

and paper mill activated sludge wastewater treatment system in British Columbia (n=323 RSTs). 

These RSTs were generated during optimization of the procedure in reactions that yielded an 

average of approximately ten RSTs per sequencing reaction. SARSTeditor extracted the RSTs 

into FASTA format files that were clustered using Fast group (36), which groups identical RSTs 

together. Identical RSTs were considered to represent the same phylotype. Using this criterion, 

450 and 79 unique phylotypes were obtained from the soil and activated-sludge RST libraries, 

respectively. The Fastgroup coverage.txt outfiles were modified to serve as an infiles for 

Estimates (version 5.0.1; R. Colwell, University of Connecticut, 

http://viceroy.eeb.uconn.edu/estimates). Using Estimates as previously described (11), 

accumulation curves and statistical estimators were generated for the RST libraries. 

Accumulation curves indicate the extent to which RST libraries were sampled. The closer an 

accumulation curve is to reaching its asymptote, the better sampled the library. Thus, the 

activated sludge RST library was more completely sampled than the forest soil library, despite 

having sequenced fewer RSTs from the former (Figure 2.2). Estimates provided values for 

statistical estimators of phylotype richness (Chaol) and diversity (richness and evenness; 

Shannon diversity index) for the RST libraries. These estimators indicated that the forest soil 

RST library (Chaol, 1118 ± 117; Shannon diversity index, 5.42) was significantly more diverse 

than the activated sludge RST library (Chaol, 209 ± 69; Shannon diversity index, 3.38). This 

expected result provided evidence that SARST permits meaningful comparisons of community 

diversity. 

By comparing RST sequences with sequences in databases such as Genbank, 

phylogenetic information was assigned to each RST. To B L A S T large numbers of RSTs 

http://viceroy.eeb.uconn.edu/estimates
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simultaneously, we used blastcl3, a software tool available from the NCBI website as an 

executable file called netblastz (ftp://ftp.ncbi.nlm.nih.gov/blast/blastcl3). Division-level 

distributions of RSTs in the forest soil and activated sludge libraries were calculated (Figure 2.3) 

and sample RSTs from the divisions represented in these libraries are listed in Table 2.3. The soil 

library contained RSTs from a greater number of divisions (twelve) than the activated sludge 

library (eight). This suggests that greater diversity of the soil community than the sludge 

community is at high taxonomic levels as well as at the genus level. In addition, the soil library 

contained a higher proportion of unidentified RSTs that either have no nearly identical sequences 

in the database or are similar to unidentified environmental clone sequences. Of these, soil and 

sludge RSTs matched unclassified environmental 16S rRNA gene clones that originated from 

soil and sludge, respectively (see Table 2.3 for examples). Thus RST libraries were composed of 

RSTs associated with studies of similar microbial communities. The sludge RST library was 

dominated by a- and ^-Proteobacteria RSTs, which was consistent with previous findings that 

Proteobacteria are dominant in activated sludge communities (14, 37-39). While the distribution 

of phylogenetic groups varies between 16S rRNA gene soil clone libraries, the predominance of 

16S rRNA gene sequences belonging to Proteobacteria, Acidobacteria, Verrucomicrobia, and 

Gram-positive bacteria (primarily Actinobacteria) is commonly reported (6, 8, 40, 41). This was 

in agreement with the distribution of RSTs in the soil library. 

2.6 Length and specificity 

Using Alignment Scanner, the sizes of bacterial VI-region RSTs were measured from the 

entire alignment of 12,247 bacterial 16S rRNA gene sequences that span this region in RDP-II 

release 8.1. Most bacterial RSTs ranged in size from 19-51 bp with two size ranges being the 

most abundant (Figure 2.4). This clustered distribution of VI-region sizes was apparent when the 

V I region was amplified, as two or three prominent PCR products were typically visible in 

http://ftp.ncbi.nlm.nih.gov/blast/blastcl3
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electrophoretic analysis (Figure 2.IB). Size periodicity of V I regions was noted; with lengths 

varying by multiples of two base pairs (Figure 2.4). This was intuitively correct because the V I 

region forms a hairpin in the secondary structure of 16S rRNA (42). In order to preserve 

secondary structure, one would expect additions or deletions to involve paired nucleotides. 

RST sequences are shorter than full-length 16S rRNA gene rRNA genes but they 

generally provide sufficient phylogenetic information to resolve organisms at the genus or 

species level (20; Chapter 3). To further demonstrate RST specificity, the reference set of 218 

16S rRNA gene sequences were obtained from the RDP-II, serving as representatives of 

recognized bacterial groups. The RST region was isolated in silico from all cultured bacterial 

representatives in this reference set and compared those RST sequences to Genbank using 

blastcl3 as described above, assessing the specificity of RSTs for matching their targets. Of the 

164 RSTs originating in cultured bacteria, 92 (56%) were specific to the species level, 26 (16%) 

were specific to the genus level, and 46 (28%) were shared between closely related organisms in 

different genera. In many cases, RSTs shared between different genera reflected tight clustering 

of these genera in published 16S rRNA gene studies. Only one short RST (19 bp) was shared 

between organisms in different divisions, Rhodobium orientis from the a-Proteobacteria and 

Synechococcus sp. from the Cyanobacteria (Genbank accession numbers D30792 and 

AF448067, respectively). The full length 16S rRNA gene sequences of these organisms were 

77% similar. These specificity estimates should be taken as rough estimates at best. Poor 

representation of cultured organisms in certain groups may make RST specificity appear higher. 

Inconsistencies in taxonomic designations and incomplete Genbank representation of 16S rRNA 

gene sequences prevent objective evaluations of Vl-region specificity. The specificity of the 

RST regions generated by SARST is not the same as full-length 16S rRNA gene sequences. 

RSTs are not suitable for exact phylogenetic placement of the organisms identified. The strength 

of SARST lies in its ability to improve sampling from highly diverse microbial communities. 
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Improved sampling efficiency permits more meaningful evaluation of the broadscale patterns in 

microbial communities that can provide valuable ecological information on the nature of the 

communities. 

2.7 Conclusions 

SARST, when used as a tool for surveying and comparing microbial communities, can 

generate data useful for further analysis of the original D N A samples. Sequence data from RSTs 

of interest can be used to design PCR primers to retrieve nearly-complete 16S rRNA gene 

sequences (20; Chapter 3). In addition, Bertilsson et al. (35) developed a method for generating 

hybridization probes from the 16S rRNA gene V I region and tested some of these using pure 

cultures. SARST complements this approach by generating large libraries of community-specific 

V I regions that can serve as hybridization probes, which perhaps will be useful for microarray 

applications. 

SARST is a powerful tool for examining microbial diversity and community composition 

more comprehensively than conventional sequencing of individual 16S rRNA gene clones. With 

moderate sequencing effort, 5,000 to 10,000 RSTs can be sequenced from any microbial 

community. Such capacity is not practical with conventional sequencing of individual 16S rRNA 

gene clones. The preliminary data from the soil and activated sludge samples demonstrated that 

SARST may permit meaningful descriptions and comparisons of diversity in any microbial 

community, as well as useful identification of phylotypes. 
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Table 2.1 Summary of boreal forest library concatemer insert sizes and RST yield. 

Narrow Hills Montmorency Mixedwood 
Criteria 520-750 350-520 520-750 350-520 520-750 350-520 
Average insert size1 

Total RSTs obtained2 

1 , r . , 

652(296) 434(183) 
86 89 

539(163) 364(71) 
92 111 

640(249) 413(163) 
59 86 

Values were calculated by subtracting 271 bp (vector sequence and primers) from the PCR 
product length. Standard deviations (in brackets) are based on 16 replicates. 
2 Based on 16 sequencing reactions conducted as described in the materials and methods. 
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Table 2.2 Possible border sequences using M13r primer and pZErO-2 vector. 

Border type Sequence Insert location 
vector to head G A T C C A C T A G T C G beginning 
vector to tail G A T C C A C T A G C C beginning 
tail to head G G C T A G T C G middle 
head to tail C G A C T A G C C middle 
tail to tail G G C T A G C C middle 
head to head C G A C T A G T C G middle 
tail to end G G C T A G T A A C G G end 
head to end C G A C T A G T A A C G G end 
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Table 2.3 Examples of abundant RSTs generated by SARST. 

RST library Abun
dance 
(%) 

RST division 
affiliation 

RST sequence (5'to 3') Similarity 
to BLAST 
hit (bp, %) 

Closest BLAST hits 

soil 3.3 Unclassified AGCGAGGGCTTATTTCT 40/40,100 soil clone 
bacteria CGCAAGAGAGATGAGTT 

CCTAGC 
activated 22.3 a-Proteobacteria AACGCTGTAGCAATACA 21/21, 100 Hyphomicrobium 
sludge GAGT species, Type II 

methanotrophs, 
environmental clones 

soil 2.1 Acidobacteria AACGAGAAAGCAGGAG 34/34, 100 soil clone 
CAATCTTGTGAGTAAAG 
T 

soil 1.5 Actinobacteria 
1 
AGCGAGAACCAGTCCTT 33/33, 100 soil clones 
CGGGACTGGGGACAGC 

soil 1.3 Verrucomicrobia AACGGGAACTTTACTTG 39/41,95 soil clone 
TAGCAATACAGGTGAAG 
TTCTAGT 

activated 0.9 y-Proteobacteria AGCGCGAAAGTTCTTCG 30/30, 100 Cellvibrio species 
sludge 

y-Proteobacteria 
GAATGAGTAAAGC 

activated 6.2 ^-Proteobacteria AGCGGCAGCGCGGGGC 31/31,100 activated sludge, 
sludge1 

^-Proteobacteria 
AACCTGGCGGCGAGC sediment, soil clones 

activated 0.6 8-Proteobacteria AACGGGGAAAGCTTTCG 19/19,100 Bdellovibrio species 
sludge GG 
soil 0.3 Firmicutes AGCGGACGGAAGGGAG 35/35, 100 soil clone, Bacillus 

CTTGCTCCCGGAAGTCA isolates 

sludge 1.2 CFB2 AGGGGCAGCATGAGTGT 37/39, 94 activated sludge, 
AGCAATACACTTGATGG water clones 
CGACC 

soil 0.1 Candidate AGCGGTGAACCGGGCTT 31/33,94 soil clones 
division BD CGGCCCGGGGATCAGC 

soil 0.1 Planctomycetes AACGGGGCCCGCAAGG 22/23, 95 soil clones 
GTTCAGT 

soil 0.1 Candidate AGAAAGTCCTTCGGGAT 26/26, 100 soil clones 
division TM6 GAGTACAGC 

' This is the most abundant ^-Proteobacteria RST in both the activated sludge (6.2%) and forest soil (1.2%) RST 
libararies. 

2 CFB is Cytophaga-Flexibacter-Bacteroides. 
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Figure 2.1 Flow diagram of the serial analysis of ribosomal sequence tags (SARST). 

Polyacrylamide gel ( P A G E ) purifications and streptavidin bead purifications (SBP) using a dual 
biotin label (B) are used to isolate desired D N A intermediates for subsequent steps in the 
procedure. Polyacrylamide gel images are included in the protocol to illustrate the process of 
R S T modification. Gels A , F, and G contain 1-kb ladder (Invitrogen) as size standard. For 
fragment sizes in gels B through E2, refer to the 10-bp ladder (Invitrogen) included in gel B. 
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Figure 2.2 Accumulation curves for forest soil and activated sludge. 

Accumulation curves were averaged over 50 simulations using Estimates. The inset represents 
these curves standardized for the number of RSTs sequenced and observed. Each unique 
bacterial 16S rRNA gene sequence tag is considered as an individual phylotype. Information 
from the accumulation curve is used to predict total population richness and diversity using 
statistical estimators (Chaol and Shannon diversity index, respectively). 
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Figure 2.3 Bacterial division-level distribution of RSTs in the forest soil and activated 
sludge libraries. 

CFB is Cytophaga-Flexibacter-Bacteroides. 
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Chapter 3 Evaluation of S A R S T 1 

3.1 Introduction 

Complex microbial communities such as those found in soil, sediment and activated 

sludge are commonly characterized using a diverse set of culture-independent tools. Of those that 

rely on 16S rRNA gene sequence heterogeneity, methods usually involve either D N A 

fingerprinting or sequencing of individual PCR-amplified fragments. While useful for quick 

comparisons of multiple communities, the drawbacks to fingerprint-based methods include a lack 

of resolution provided by gel-based separation and also difficulty in assigning phylogenetic 

information to the complex banding patterns that are usually obtained. While 16S rRNA gene 

clone libraries provide useful phylogenetic information that is reflective of community 

composition and relative distributions of organisms, small sample sizes prevent adequate 

representation of microbial community phylotypes due to cost and labor limitations. Some of the 

largest clone libraries have been limited to the sequencing of several hundred clones per library 

(1-6). Larger sample sizes, perhaps by an order of magnitude, are required for exploring and 

comparing the high diversity common to most microbial communities and for adequate microbial 

community comparisons (7). 

Because the number of clones that can be sequenced in a clone library is limited by cost 

and sequencing capacity, a number of methods have attempted to increase the throughput of 

clone library characterization. Amplified ribosomal D N A restriction analysis (ARDRA) of 

cloned 16S rRNA gene inserts (8) and a variety of hybridization-based screening methods (9-11) 

A version of this chapter has been published as: 
Neufeld, J. D., Z. Yu , W. Lam, and W. W. Mohn. 2004. Serial Analysis of Ribosomal Sequence 
Tags (SARST): a high-throughput method for profiling complex microbial communities. 
Environ. Microbiol. 6:131-144. 
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have reduced the number of clones that require sequencing. However, the number of organisms 

screened is limited to the number of clones that can be processed. 

Toward solving an analogous challenge, the advent of serial analysis of gene expression 

(SAGE) greatly facilitated the comparison of mRNA abundances in eukaryotic cells by 

generating large libraries of sequence tags from individual mRNA transcripts (12). In 

prokaryotes, a recently developed approach generates large libraries of short genomic sequence 

tags (GSTs) derived from bacterial genomic D N A (13). Here we present serial analysis of 

ribosomal sequence tags (SARST) for high-throughput determination of short ribosomal 

sequence tags (RSTs) from the genomic D N A of any microbial community. SARST is similar in 

concept to an approach proposed by Borneman and Triplett (14) but differs in the methodology, 

which is based on SAGE. SARST uses PCR to specifically amplify a short and hypervariable 

region (VI region; 65-103 Escherichia coli numbering) of the 16S rRNA gene from extracted 

genomic DNA. Through sequential enzymatic manipulations, the RSTs are isolated with 

compatible ends and specific border sequences that allow ligation of individual RSTs into 

concatemers that are cloned and sequenced. The power of this novel method is a significant 

increase in throughput, because RSTs from many organisms can be read serially in each 

sequencing reaction. These large RST libraries provide high-resolution profiles that reflect the 

sampled community composition. 

Here, in addition to presenting the method, some of the potential bias associated with 

SARST was quantified. Bias is inherent to any method used to measure the relative abundance of 

microorganisms in communities, but molecular methods have a unique set of challenges that 

include D N A extraction, PCR copy fidelity, PCR artifacts, and sequencing error (15). To assess 

the extent of some of these biases using SARST, large RST libraries were generated from a 

defined mixture of pure cultures with known RST sequences and operon copy numbers. Along 

with tests for copy fidelity and D N A extraction bias, two polymerase mixtures with different 
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reported fidelities were tested to measure the frequency of mis-incorporated nucleotides during 

PCR. Also, by preparing large duplicate RST libraries from arctic soil genomic DNA, the 

reproducibility of SARST-generated data was demonstrated. The RST sequences obtained from 

the arctic soil genomic D N A provided enough specificity for primer design to amplify a larger 

portion of the corresponding 16S rRNA gene for further phylogenetic analysis. SARST 

facilitated high-throughput 16S rRNA gene screening of complex microbial communities. 

3.2 Experimental procedures 

Pure cultures and soil samples 

Escherichia coli K12 (ATCC 10798), Staphylococcus aureus N C T C 8325, Bacillus 

subtilis strain 168 (ATCC 23857) were grown in Tripticase soy broth medium (Difco). 

Caulobacter crescentus CB15 (ATCC 19089) and Burkholderia sp. LB400 were grown on 

peptone-yeast extract (PYE) medium (0.2% peptone, 0.1% yeast extract, 0.01% CaC12, 0.02% 

MgS04). A l l cultures were grown at 30°C to early stationary phase then placed on ice. Aliquots 

of serial dilutions were plated in five replicates on their corresponding solid medium. Using 

these same aliquots, acridine orange direct counts (AODC) were performed as previously 

described (16). Culture aliquots were immediately frozen at -80°C until D N A extraction. Mean 

C F U counts from the solid media and viable cell counts from A O D C were averaged. These cell 

count estimates were used to mix 2.3 x 108 cells from each culture, making up a total volume of 

0.5 ml for D N A extraction. 

Pristine surface soil samples were obtained beside Nadluardjuk Lake, at a former 

auxiliary Defense Early Warning site called FOX-B, on the west side of Baffin Island (73° 12' 

N , 68° 37' W) in Nunavut, Canada. Ten replicate soil samples were taken from a defined grid 

and stored at 4°C during transport. The ten soil samples were sieved (5 mm) and an equal weight 
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of each sample was mixed to form a composite. The composite was mixed well prior to D N A 

extraction. 

DNA extraction 

The FOX-B composite soil sample was split into duplicate portions (FOX-B1, FOX-B2) 

and D N A was extracted from triplicate 0.5-g subsamples from each portion using the soil 

FastDNA SPIN kit in conjunction with a FastPrep Instrument (Qbiogene, Carlsbad, CA), with 

the following modification to the manufacturer's protocol. Sodium phosphate buffer and M T 

buffer were added again to each of the triplicates after removing the supernatant from the first 

lysis and centrifugation steps and these steps were repeated to ensure maximal yields of D N A . 

Combining triplicate D N A solutions from both the first and second lysis steps produced one 

D N A extract for SARST. D N A extractions from 0.5 ml of individual pure cultures or from the 

defined mixed culture were done without replication but with the same modification described 

above. A l l extracted D N A was quantified in a 1% agarose gel stained with ethidium bromide 

using an Alphalmager 1200 (Alpha Innotech, San Leandro, CA) and diluted in sterile d H 2 0 to 

give equal concentrations (5 ng pi"1) for PCR. 

SARST 

A schematic representation of SARST is shown in Figure 3.1 and RST libraries were 

prepared as described in Chapter 2 (17). For the defined community, RST libraries were prepared 

using both Taq D N A polymerase (Taq) and a high fidelity enzyme mixture (HiFi). For the HiFi 

library we used the PCR buffer, magnesium, and enzyme from the supplier (Platinum Taq 

Polymerase High Fidelity, Invitrogen, Burlington, ON) but otherwise used identical reaction 

component concentrations and cycling conditions as described in Chapter 2 (17). After the 

concatemer-forming reaction, regions of the gel corresponding to 500-700 bp, and 700-1000 bp 

were carefully retrieved. We have since found that cloning the 300-500-bp region can also 
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provide a successful set of suitable inserts. In fact, smaller size ranges typically provide smaller, 

but more reliable insert sizes for us and observations of SAGE data seems to confirm this (18). 

A l l grouping of individual RSTs was done using Fastgroup (19) with the following 

changes to the default settings. The entire sequence was used for grouping, the search window 

size was set to 5 nucleotides, the percent sequence identity for RSTs was set to either 100% or 

95%, and the minimum sequence length was set to 10. The resulting Fastgroup data files (e.g. 

coverage.txt) were organized in an Excel spreadsheet and modified to serve as an infile for 

Estimates. RST accumulation curves and richness estimators were generated using Estimates 

(version 5.0.1; R. Colwell, University of Connecticut, http://viceroy.eeb.uconn.edu/estimates) as 

previously described (20). Divisions were assigned to individual RSTs based on the phylogenetic 

affiliation of the closest database hit in the RDP-II version 9.0 (21). A l l RSTs were deposited in 

GEO with accession numbers GSM14854 (FOX-B1) and GSM14855 (FOX-B2). 

RST primer design and conditions 

Secondary structure prediction of RSTs prior to primer design was done online using 

GeneBee software (www.genebee.msu.su/genebee.html). RST-specific primers were designed to 

be approximately 20 nucleotides long. The 5' end was positioned within the conserved region 

targeted by the Bac64f primer and the 3' end targeted half of the RST, flanking the loop of the 

Vl-region hairpin. For each RST primer, a range of annealing temperatures (59.3, 61.0, 63.5, and 

65.0°C) was tested on a PTC-200 thermal cycler (MJ Research) using a mixture of FOX-B1 and 

FOX-B2 D N A as template and the 907r reverse primer (5 ' -CCGTCAATTCMTTTGAGTTT) . 

The PCR consisted of an initial denaturation at 95°C for 2 min, followed by 30 cycles at 94°C for 

30 sec, the selected annealing temperature for 30 sec, and 72°C for 1 min, with a final extension 

of 72°C for 7 min. Three pi of each reaction were run on a 1.5% agarose gel. Aliquots from the 

highest annealing temperatures that yielded visible product were cloned into TOPO T A plasmids 

(Invitrogen) and electrocompetent TOP 10 cells were transformed according to the 

http://viceroy.eeb.uconn.edu/estimates
http://www.genebee.msu.su/genebee.html
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manufacturer's protocols. Nine transformant colonies were screened by PCR using M13f and 

M13r primers and all PCR products were sequenced from both ends. The C H E C K C H I M E R A 

program of the RDP-II (22) failed to detect chimeric artifacts in the partial sequences of the 38 

clones. D N A sequences with correct corresponding 3' RST regions corresponding to 

approximate E. coll positions 83-534 were aligned using ClustalX (23). A neighbor-joining 

phylogenetic tree was generated with 100 bootstraps using TreeCon for Windows 1.3b (24). A l l 

alignment positions were used with insertions and deletions taken into account while calculating 

Jukes-Cantor distance. Classification of partial 16S rRNA gene sequences was based on the 

closest matching sequences in Genbank (25). The sequences generated with RST primers were 

deposited in Genbank with accession numbers AY330232-AY330269. 

3.3 Overview of SARST 

Figure 3.1 illustrates the SARST procedure for generating RSTs. SARST PCR primers 

have 3' regions almost identical to primers designed by Bertilsson et al. (26), except Bacl04r 

differs from theirs in having less degeneracy at one position. The 3' regions are complimentary 

to almost all known bacterial 16S rRNA gene sequences in the RDP-II alignment. SARST 

primers also have 5' extensions that contain recognition sites for subsequent removal with type 

IIS restriction enzymes (Bpml on Bac64f and Bsgl on Bacl04r). The resulting cut sites from 

digestion with these enzymes leave specific two-nucleotide overhangs immediately flanking the 

RSTs. D N A linkers are ligated to each side of the RSTs. Enzymatic digestion of these linkers 

creates compatible overhangs for RST ligation into concatemers. Concatemers contain predicted 

border sequences that demarcate the position and polarity of RSTs. Digesting the RST-linker 

D N A with Spel (cuts within Linker A) and Nhel (cuts within Linker B) frees the RSTs for 

purification and concatenation. 
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A critical step in the SARST protocol is the concatemer-forming ligation. Spel and Nhel 

digest overhangs are eligible for "like" (Spel-Spel; Nhel-Nhel) or "unlike" (Spel-Nhel) end 

ligation. Like ligations have proven problematic in previous methods for SARST, because the 

RSTs on either side of a like border are similar reverse complements. These complementary 

RSTs can form hairpins that frustrate single-strand reactions such as PCR screening and 

sequencing. This problem would be especially pronounced when preparing libraries from 

relatively simple communities such as defined mixtures of pure cultures, in which similar or 

identical RSTs more frequently ligate adjacently. The current protocol concatenates RSTs with 

T4 D N A ligase in the presence of both Spel and Nhel, which recognize and cut borders formed 

between like ligations (Chapter 2). As a result, the concatemer-forming reaction is a series of 

ligations and digestions occurring simultaneously. This approach has greatly decreased 

unsuccessful sequencing reactions and increased the number of RSTs obtained per sequencing 

reaction. 

3.4 RST specificity 

Because the RST region surveyed by SARST is short (17-55 bp), understanding the 

specificity of these regions is critical for understanding the phylogenetic resolution this approach 

offers. Towards testing RST region specificity, RSTs were tested in silico from a dataset of 3850 

type-strain sequences from the most recent release of the RDP-II (April 2003). Each of the RST 

regions were removed from the dataset and then screened against the entire dataset to assess its 

specificity. Approximately 78% of the RSTs were specific to the genus level, which was the 

highest phylogenetic level that could be reliably tested using this Sequence Match approach (27). 

Sequence data were also obtained from a previously published forest soil 16S rRNA gene clone 

library (n=709) that spans the VI-V3 variable regions (6). The sequences (-450 base pair) were 

aligned using POA (28) and sequences which aligned poorly were removed from the analysis. In 
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order to organize the 16S rRNA gene clones and RSTs into like groups, a program called 

Fastgroup (19) was used. Fastgroup clusters sequences based on a user-defined similarity value 

and was developed with the intention of managing rDNA clone-library sequence data. Fastgroup 

clustered the set of sequences with 95% sequence similarity grouping, because this is the lowest 

threshold typically used to demarcate species (20). RSTs derived from this same dataset were 

grouped using identical criteria. Out of 702 sequences, the longer 16S rRNA gene sequences 

formed 413 unique groups while the RSTs formed 312 unique groups. Even with 100% sequence 

similarity grouping, the RSTs formed 360 unique groups, which is substantially less than the 

number of groups formed with the longer sequences. Thus, RSTs provide somewhat lower 

resolution than longer rDNA fragments. 

3.5 Defined community analysis 

In order to test the ability of SARST data to reflect the actual composition of a 

community, a simple defined community was constructed and analyzed (Table 3.1). Five 

organisms were chosen because they represent phylogenetic groups that differ in their 

susceptibility to lysis due to their cell wall compositions. Also, the five strains have sequenced 

genomes, and are known to have a range of ribosomal copy numbers. One of the difficulties in 

measuring bias is that different sources of bias are difficult to isolate and measure separately. 

Escherichia coli K12 and Bacillus subtilis strain 168 were selected because these organisms have 

multiple rrn operons with RST sequences differing between some of the individual operons 

(Table 3.1). As a result, the ratio of the different rrn operons for these organisms reflects PCR 

copy fidelity independent of other sources of bias. The ratio of the RSTs between the different 

organisms indicates the extent to which other bias (DNA extraction in particular) might have 

affected the results. To simulate the treatment of soil samples for SARST, a soil FastDNA SPIN 

kit (Qbiogene, Carlsbad, CA) in conjunction with a beadbeater was used to extract D N A from an 
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equal-ratio mixture of the five strains. SARST was used to generate RST libraries using Taq 

polymerase (Taq) and a high fidelity enzyme mixture for PCR (HiFi). Testing these two enzyme 

mixtures enabled PCR-generated errors and artifacts to be measured (see below). Figure 3.2 

shows the predicted and actual distribution of RSTs in the SARST libraries. The Taq (n=341 

RSTs) and HiFi (n=276 RSTs) library distributions were positively correlated with the expected 

distribution, assuming an equal ratio of cells from each species (r=0.79 and 0.72, respectively). 

The distribution of RSTs in the Taq and HiFi libraries were also strongly correlated (r=0.98), 

which indicates that the data generated by SARST are reproducible. The multiple-operon ratios 

between the RST types from E. coli and B. subtilis were close to the expected ratios, which 

suggests that the PCR bias was not significant given the conditions and templates chosen here. 

Even though the overall RST ratios between the different organisms vary somewhat from the 

expected ratios, they do reflect the overall composition and relative abundance. The B. subtilis 

and Burkholderia sp. LB400 RST abundances were notably different from those expected. For B. 

subtilis, this difference is likely explained by a poorer yield of D N A than from the other 

organisms, due to its Gram-positive cell wall. D N A was extracted from each of these cultures 

individually and D N A yield was less from B. subtilis than from the other pure cultures (data not 

shown). In addition, counting cells with A O D C is somewhat subjective because cells are in 

various stages of cell division. Thus, some of the discrepancy may result from cell counting, 

rather than from SARST. 

3.6 PCR artifacts 

By sequencing a large number of RSTs from libraries prepared with Taq polymerase and 

a high fidelity enzyme mixture, the number of PCR-generated errors and artifacts in the form of 

mis-incorporated nucleotides and chimeric sequences was measured. Platinum Taq D N A 

polymerase High Fidelity (Invitrogen) was selected because this enzyme mixture provided a 
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comparable amount of reaction product with the defined community D N A as template for PCR. 

The error rates for the Taq and HiFi enzyme mixtures were 1 in 1760 (5.7 x 10"4) and 1 in 1430 

(7.0 x 10"4) nucleotides, respectively. This translates into approximately 1 in 50 and 1 in 40 RSTs 

with an erroneous base, respectively. This error frequency was unexpectedly high for the HiFi 

library because the high fidelity enzyme mix is reported to have a 6-fold higher fidelity than Taq 

polymerase due to the 3'-5' exonuclease activity provided by the addition of Pyrococcus species 

GB-D polymerase (manufacturer's protocols). The PCR conditions used in this experiment were 

not identical to the manufacturer's protocol for the high fidelity enzyme mixture. The presence 

of B S A and higher extension temperature (72°C instead of 68°C) enabled consistent conditions 

between the two reaction mixtures but may have negatively affected the proofreading ability of 

the Pyrococcus species GB-D polymerase. While not optimal, 72°C is within the range of 

acceptable temperatures for this enzyme (29). Regardless, the literature reports a wide range of 

error rates for Taq polymerase (15) and those reported here were consistent with those estimates. 

Because Taq polymerase provided the highest yield of amplified D N A with all templates used in 

this study, this enzyme is appropriate and sufficient for SARST. In addition to mis-incorporated 

nucleotides, PCR generates chimeric sequences formed between amplified sequences from 

multiple organisms. From a total of 617 RSTs in the defined community libraries, a single 

chimeric sequence was detected. Although this chimera was detectable using 

C H E C K C H I M E R A , an online tool at the RDP-II (22), RST sequences are too short to routinely 

and reliably screen with this method. The presence of chimeras has received attention in the 

literature (30-35) with the reported frequency of chimeric molecules in 16S rRNA gene libraries 

from model communities ranging between undetectable (32) to over 30% (33). Chimera 

formation, caused by incomplete extension of the polymerase, decreases with decreasing PCR 

cycles, with increasing extension times, and with decreasing sequence similarity of the mixed 

templates (31-33). Because the PCR template was a defined community and the number of PCR 
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cycles was limited, it is not surprising that chimeric sequences were almost undetectable. There 

remains the possibility that chimeric RSTs might be more numerous in libraries generated from 

communities with a gradient in similarity of V I regions. However, Borneman et al. (36) reported 

a low frequency of chimera formation in their soil-derived 16S rRNA gene library comprised of 

-200 bp sequences. The short length of the RST region may minimize the abundance of chimeric 

molecules in SARST-generated RST libraries. 

An RST sequence artifact detected in the RST sequences is a missing nucleotide at the 3' 

end of some RSTs. This occurred in 1-2% of the RSTs in the Taq and HiFi libraries. Nucleotides 

cleaved from the 3' end might be caused by exonuclease contamination during enzymatic 

reactions or from incorrect cleavage of the D N A by the star activity of restriction endonucleases 

used in SARST. Nonetheless, these sequences were correctly grouped with their corresponding 

full-length sequences, with either a 100% or 95% similarity threshold setting with Fastgroup. A 

single unexpected RST was also detected that likely represented a low-frequency PCR 

contaminant. This 39 bp RST (5' - A A C G G C A G C A C A G A G G A G C T T G C T C C T T 

GGGTGGCGAGT-3 ' ) has perfect matches to several Xanthomonadaceae (e.g. Lysobacter sp. 

C3, Genbank accession AY074793) within the ^-Proteobacteria. This indicated that caution is 

required for manipulation of all components of the SARST PCR. 

3.7 RST clustering 

The appropriate similarity cutoff for grouping RSTs was uncertain. When full length 16S 

rRNA gene sequences are grouped, commonly used thresholds for operational taxonomic units 

(OTUs) range from 95%-99% (20), ideally providing species-level grouping. Grouping RSTs 

with 100% sequence similarity would theoretically provide at least genus-level grouping. 

However, as Figure 3.3 illustrates, when a grouping criterion of 100% identity was selected for 

all 617 RSTs in the defined communities, ungrouped multiple operons from individual 
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organisms and PCR-generated errors led to an overestimation of the total richness of RST groups 

contained in the community. Thus, a grouping threshhold of 95% identity was also tested, which 

allowed for one or two base differences depending on the RST length (Figure 3.3). This grouping 

threshhold correctly grouped RST sequences with PCR errors as well as the multiple operons of 

Bacillis subtilis. Therefore, 95% grouping was chosen as a means of organizing RSTs into their 

respective OTUs. The grouping threshold can be varied to balance between resolution and 

compensation for errors and rrn operon variability, but consistency is necessary for comparing 

the composition and diversity of multiple communities. 

3.8 Arctic soil community analysis 

In order to test SARST on a complex microbial community, an arctic soil sample (FOX-

B) was tested with SARST. Concatemer inserts of transformant colonies were screened in two 

96-well plates for duplicate, composite samples. Because the number of suitable inserts was high 

(>80%), PCR products from all clones were sequenced regardless of size. From these sequence 

data, duplicate RST libraries were generated: FOX-B1 and FOX-B2 with 1,345 and 1,217 RSTs, 

respectively. Preparing libraries from separate D N A extractions enabled an assessment of how 

well a D N A sample represents the soil sample from which it was extracted. After grouping all 

the RSTs in each library with Fastgroup, using a 95% sequence similarity threshold, the FOX-B1 

and FOX-B2 duplicate libraries were found to have a broadly similar composition. Figure 3.4 

demonstrates that most of the abundant RST groups (>0.5% of total) were well represented by 

both libraries. A simple correlation analysis of all RST groups in the FOX-B1 and FOX-B2 

libraries indicated that they are strongly correlated (r=0.90). The division-level distribution of 

RSTs in these two libraries (Figure 3.5) was also very similar (r=0.99). Divisions were assigned 

to individual RSTs based on the reference sequence in the RDP-II version 9.0 with the highest 

Sequence Match similarity score. The most abundant divisions in this RST library are from the 
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Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, Planctomycetes, Acidobacteria, and 

Verrucomicrobia divisions. Some RSTs defined as putative chimeras were not chimeric 

themselves, but were affiliated with full-length database sequences that were recently determined 

to be of chimeric origin (35). A problem with using Sequence Match for phylogenetic affiliation 

is that some affiliations are incorrect, because the database is lacking coverage and because some 

database sequences that are potentially affiliated with known groups have not yet been classified. 

However, the bias with this procedure was similar for both the FOX-B libraries, and the data are 

still useful for the purpose of comparison. Until more efficient and accurate means exist for 

determining the phylogenetic affiliations for hundreds or thousands of query sequences 

simultaneously, some degree of error will always be present. 

Using Estimates to analyze a modified Fastgroup outfile, Chaol richness estimates and 

Shannon diversity indeces were calculated for each FOX-B dataset (Table 3.2). The Chaol 

richness estimator provides an estimate of the total number of RSTs that are predicted to exist in 

the sample, based on the numbers of singletons and doubletons in the library (37). The Shannon-

Weiner index, when applied to clone library analysis, was recently described as a measure of the 

difficulty of predicting the next clone drawn at random (38). This index is positively correlated 

with species diversity, which includes both richness and evenness. As expected, the data for the 

duplicate libraries had similar Chaol and Shannon-Weiner values. By pooling the RSTs from the 

two libraries it becomes clear that the FOX-B arctic soil is still inadequately sampled, because 

the proportion of singletons in the library to the total number of groups is similar. For the 

combined library, the Chaol richness estimate and Shannon diversity index were both greater 

than for the individual libraries. This suggests that more RSTs are required to adequately 

characterize the diversity of this particular arctic soil microbial community. 
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3.9 RST-based primer design 

Nine RSTs were selected from a range of phylogenetic groups among the predominant 

phylotypes in both the FOX-B1 and FOX-B2 libraries. These RSTs were selected for the design 

of specific primers to PCR amplify a larger portion of the corresponding 16S rDNA sequences 

(Table 3.3). A l l primers amplified sequences of the expected size using the 907r reverse primer. 

By cloning and sequencing PCR products from the highest annealing temperature that yielded 

product, we were able to identify the correct RST 3' end for 8 of the 9 RSTs. The shortest and 

least abundant RST selected for primer design, g2, did not successfully amplify the correct 3' 

sequence in the 9 inserts screened. However, 3' ends were detected that differed by only 1 bp 

from that expected. The short RST length of g2 may have prevented sufficient primer specificity, 

and the low relative abundance (0.16%) of this RST may have increased the likelihood of 

amplifying similar non-target templates. With the 8 successful amplifications, double-pass 

sequence data were prepared for all inserts with the correct 3' RST end. A phylogenetic tree was 

constructed to compare the -450 bp amplicons (Figure 3.6). For each RST primer, most of the 

resulting PCR products clustered closely within the same clade, suggesting that the sequences 

originate within the same organism (with small differences likely due to multiple operons having 

sequence variability) or from closely related organisms. One apparent exception was g 6 - B l l , 

which likely represents an RST shared between two different species within the Acidobacteria 

division. Finally, the Acidobacteria primer could conceivably amplify RSTs from two different 

groups in the RST library that contained RSTs differing by a single base close to the 3' end. 

Based on the abundance in the RST library, we correctly predicted that the more abundant RST 

group (g31) would also be the SSU-rDNA sequence that would be preferentially amplified using 

the RST-specific primer. Finally, the g64 RST, which shared identity with rDNA sequences from 

several different divisions, seems to originate from an organism with no affiliation to known 

bacterial divisions. 
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3.10 Discussion 

SARST produces large libraries of VI-region sequence tags from bacterial communities 

of defined and unknown compositions. This method provides a more efficient way of surveying 

a larger proportion of microbial communities than previously feasible with traditional rDNA 

clone library analysis. Bacteria-specific SARST primers can easily be modified to prepare RST 

libraries from the Archaea or Eukaryotes. High throughput is the strength of this method, 

because up to 20 OTUs may be obtained with the sequencing effort required to obtain a single 

OTU in a conventional rDNA clone library. Even though the RST region is the most variable 

region of the 16S rRNA gene, it is shorter and has less specificity than the full gene sequence. A 

benefit of lower specificity is more comprehensive sampling of a community with a given 

number of sequences. Thus, lower resolution of RSTs, relative to larger 16S rRNA gene 

fragments, contributes to the objective of a relatively comprehensive survey of a microbial 

community. The results of this study show that SARST is functional, reproducible, and that the 

distribution of RSTs in the defined community library reflected the theoretical composition of 

the original sample. 

While the defined community RST library was similar to the predicted distribution of 

RSTs, it is clear that the distribution of sequences in RST or traditional rDNA clone libraries do 

not quantitatively measure the relative abundance of different species in the sample. Because the 

number of rrn operons varies widely between different organisms (39), the distributions of 

sampled sequences will be biased by multiple operons (40-42). Sequence heterogeneity of 

operons within the same organism (43) and similarities between 16S rRNA gene sequences of 

different species (44) further inhibit accurate quantitative inferences. However, clone libraries 

are generally used for making comparisons between samples or treatments. While the absolute 

abundance of 16S rRNA gene sequences may be inaccurate, the increase or decrease in specific 

sequence representation between libraries should reflect real population trends. 
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The FOX-B arctic soil RST library is dominated by bacterial divisions that are well 

represented in other soil clone library analyses. The relative abundance of phylogenetic groups 

varies from soil to soil, but the predominance of 16S rRNA gene sequences belonging to 

Proteobacteria, Acidobacteria, Planctomycetes, Verrucomicrobia, and Gram-positive bacteria 

(primarily Actinobacteria) is commonly reported (2-4, 6, 45-49). This is in agreement with the 

distribution of RSTs in the soil library. Division-level profiling of 16S rRNA gene sequence 

libraries is one of the strengths of traditional clone libraries. Even with limited sample sizes, 

division-level trends become apparent and rarefaction curves of division-level diversity come 

close to reaching an asymptote (50). However, the implications of division-level diversity are 

ambiguous for soil ecosystem function (50). SARST facilitates a more in-depth analysis of the 

diversity present within each of the sampled divisions. By grouping like sequences from multiple 

RST libraries, the fine-scale abundance of individual RSTs will help to reveal populations in flux 

as a response to environmental parameters. 

Clone libraries are frequently generated from genomic D N A extracted from soil and yet 

the question of representation is unanswered because 16S rRNA gene clone based studies do not 

prepare replicate libraries from the same soil sample. Generating clone libraries in replicate is 

not usually feasible, yet comparison of multiple samples is often an objective. Using SARST, the 

results indicated that, provided soil composites are carefully prepared and a rigorous D N A 

extraction protocol is employed, clone library-generated data are reproducible. However, there 

were some differences in the representation within the most abundant groups. The number of 

groups and the statistical estimators employed all suggested that the FOX-B2 RST library might 

be somewhat less diverse than the FOX-B 1 library (Table 3.2). In addition, FOX-B2 is missing 

RST representation in two of the most abundant RST groups (Figure 3.4). So even though the 

replicates were highly correlated, there were still some differences that were presumably caused 



91 

by the soil sample heterogeneity. As a result, caution must accompany interpretation of 

sequence-based library comparisons, and replication should be included whenever possible. 

Using SARST, over 2,500 RSTs were collected from a single composite soil sample. To 

date, this is the largest number of 16S rRNA gene sequences collected from a single microbial 

community. However, from the FOX-B RST data it is clear that even with numerous sequences 

accounted for, the microbial community requires further sampling to achieve more 

comprehensive coverage. The presence of numerous singletons is common with soil library 16S 

rRNA gene clone library screening (20), and remains a characteristic of the FOX-B community 

where more than half of the RST groups are represented by a single RST (Table 3.2). 

Inadequately sampled clone libraries tend to underestimate the richness of the samples being 

studied. Perhaps not surprisingly, the Shannon index and Chaol richness estimator both 

increased when the individual FOX-B replicate data was combined and neither reached a 

maximum (data not shown). Larger libraries of RSTs would be required to more completely, or 

exhaustively, profile the RST sequences in the FOX-B library. FOX-B was prepared as a 

composite soil sample and several D N A extractions were combined prior to SARST PCR. These 

steps were taken to ensure that the resulting RST library was representative of this particular 

arctic soil microbial community. However, while the sample may be representative, the RST 

richness may have been compounded by mixing composites and multiple D N A extracts. For 

other soil samples where representation of a large soil area is not required, or for less diverse 

microbial communities, such as the rumen or activated sludge, we suspect that SARST will 

permit extensive or possibly complete coverage of microbial RST diversity. The actual number 

of sequences that must be sampled to allow reliable field-scale comparisons of multiple soil 

samples has recently been predicted. Estimates range between hundreds or thousands of clones 

(7, 20), to several hundred thousand clones (50). With thousands of bacterial species present in 
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every gram of soil (51), the number of clones that must be sequenced must at least be in the 

thousands. SARST provides a high-throughput way to generate RST sample sizes of this order. 

Because the RST sequences generated specific primers, the specificity of V I regions 

could also be sufficient for the design of hybridization probes. Bertilsson et al. (26) have 

explored the possibility of using the bacterial VI-region for hybridization with initial success. 

Clone-library-based methods are not easily amenable to the comparison of numerous samples 

with replication. But, the successful use of microarrays would permit comparisons of many 

samples with a desired level of replication. SARST data provides abundant RST sequence 

information, specific to a microbial community of interest, which could then be helpful in the 

design of community-specific microarrays. 
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Table 3.1 Organisms selected for a defined community. 

Organism rrn 
copies 

RST code 5'-3' RST sequence (inter-operon differences in brackets) 

Bacillus subtilis strain 168 (ATCC 23857) 8 BS1 AGCG(G)ACAG(A)TGGGAGCTTGCTCCCTGATGTTAGC 
1 BS2 AGCG(A)ACAG(A)TGGGAGCTTGCTCCCTGATGTTAGC 
1 BS3 AGCG(G)ACAG(G)TGGGAGCTTGCTCCCTGATGTTAGC 

Escherichia coli K12 (ATCC 10798) 2 EC1 AACGGTAACAGGAA(AC)AGCTTGCT(GT)TT(C)GCTGACGAGT 
1 EC2 AACGGTAACAGGAA(GC)AGCTTGCT(GC)TT(C)GCTGACGAGT 
4 EC3 AACGGTAACAGGAA(GA)AGCTTGCT(TC)TT(T)GCTGACGAGT 

Staphylococcus aureus NCTC 8325 5 SA AGCGAACGGACGAGAAGCTTGCTTCTCTGATGTTAGC 
Caulobacter crescentus CB15 (ATCC 19089) 2 CC AACGGATCCTTCGGGATTAGT 
Burkholderia sp. LB400 1 LB400 AACGGCAGCACGGGGGCAACCCTGGTGGCGAGT 



94 

Table 3.2 Summary of FOX-B arctic soil RST libraries. 

Library Total RSTs RST groups' Singletons Chaol (SD) Shannon index 
FOX-A1 1,345 525 342 1,269(121) 5.53 
FOX-A2 1,217 505 338 1,206 (113) 5.50 
Combined 2,562 806 510 1,904(145) 5.72 
Unique RST groups based on Fastgroup 95% similarity threshold. 
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Table 3.3 P C R primers designed on the basis of RST sequences. 

Group RST phylogenetic affiliation (%) Abundance (%) Primer and RST sequence 
g i3 Uncultured y-Proteobacteria (100) 5 07 GTCG-AGCGGTAACAGGTGTAGCAATACATGCTGACGAGC 
g6/g31 Uncultured Acidobacteria (100) 1 68/4.96 CAAGTCG-AACGAGAAAGTGGAGCAATCCATGAGTA(C/A)AGT 
g51 a-Proteobacteria (100) 2 03 TGCAAGTCG-AACGCCGTAGCAATACGGAGT 
g66 a-Proteobacteria (100) 2 07 CAAGTCG-AGCGGGCGTAGCAATACGTCAGC 
g20 Uncultured bacteria clone (100) 2 65 TCG-AGCGGTAACGCGGGAGCAATCCTGGCGACGAGC 
gl6 y-Proteobacteria (100) 1 88 CG-AACGGCAGCACAGAGGAGCTTGCTCCTTGGGTGGCGAGT 
g2 a-Proteobacteria (100), 0 16 GCAAGTCG-AACGCACCTTCGGGTGAGT 

Cyanobacteria (100) 
g99 Actinobacteria (100) 1 68 TCG-AGCGGAAAGGCCCTTCGGGGTACTCGAGC 
g64 Firmicutes (100), Uncultured <x- 1 25 GCAAGTCG-AACGAGGTAGCAATACCTAGT 

(100), y-Proteobacteria (100) 
Percent similarity to closest BLAST hit in Genbank 

2Primer sequence is underlined and RST sequence follows the dash. 
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Figure 3.1 Flow diagram of serial analysis of ribosomal sequence tags (SARST). 

Polyacrylamide gel electrophoresis (PAGE) purifications and streptavidin bead purifications 
(SBP) using biotin label (B) isolate desired D N A intermediates for subsequent steps. 
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Figure 3.2 Expected and observed RST abundance in the defined community library. 

Expected distribution compared to the observed distributions in libraries prepared with Taq 
polymerase (Taq; n=341 RSTs) and a high fidelity enzyme mixture (HiFi; n=276 RSTs). Also 
indicated in different shades are the expected and observed proportions of the different RST 
types for Escherichia coli K12 (EC) and Bacillus subtilis strain 168 (BS). Other bacterial strains 
are Staphylococcus aureus (SA), Caulobacter crescentus CB15 (CC) and Burkholderia sp. 
LB400 (LB400). 
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Figure 3.3 Clustering of RSTs using different similarity criteria. 

Relationship between the number of unique RST groups formed using Fastgroup with either a 
100% or 95% grouping cutoff on the combined Taq/HiFi RST libraries (n=617 RSTs). Bacterial 
strains are Escherichia coli K12 (EC) and Bacillus subtilis strain 168 (BS), Staphylococcus 
aureus (SA), Caulobacter crescentus CB15 (CC) and Burkholderia sp. LB400 (LB400). 



99 

5 10 15 20 25 30 
Abundant R S T groups 

Figure 3.4 Overlap between predominant RSTs in replicate arctic tundra libraries. 

A comparison of the proportion of FOX-B 1 (n= 1,345 RSTs) and FOX-B2 (n=l,217 RSTs) RST 
sequences in their respective libraries sorted by the most abundant RST groups (>0.5% 
representation in library) in the FOX-B 1 (A) and in the FOX-B2 (B) libraries. Also indicated are 
the groups that were selected for RST primer design. 
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Figure 3.5 Division-level distribution of RST sequences in the F O X - B duplicate 
libraries. 

The proportions indicate the percent representation of each division in the respective library. 
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Figure 3.6 Phylogenetic tree of the partial 16S rRNA gene sequences amplified using 
RST-specific primers. 

These 38 sequences all originated from the FOX-B arctic soil. The tree was rooted with an 
Acidobacteria sequence (g6-Bl 1) and bootstrap values were calculated from 100 bootstraps. 
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Chapter 4 Unexpectedly high bacterial diversity in arctic tundra soils 

4.1 Introduction 

Gaining a clearer description of global microbial diversity and its underlying causes is of 

great scientific and practical importance. Understanding taxonomic diversity and its influencing 

factors is critical to understanding the relationship between community composition and 

function, the effects of introduced species on communities, the survival and spread of pathogens 

in the environment, and the potential impact of anthropogenic factors (e.g. disturbance, climate 

change) on community stability and structure. Many biodiversity principles are well documented 

for fish, birds, mammals, insects, and plants. For example, a well-demonstrated pattern in 

ecology is that the taxonomic diversity of flora and fauna decreases as one samples with 

increasing latitude (1), forming a latitudinal biodiversity gradient. However, very little is known 

about geographic patterns of bacterial diversity. The reasons for this are clearly related to 

methodological challenges unique to the study of microbial communities, particularly the fact 

that most microorganisms have not been cultivated. Consequently, molecular methods have 

become the prevalent approach for characterising microbial communities. 

Cloning and sequencing of PCR-amplified 16S rRNA genes are commonly used methods 

for profiling microbial community composition. However, labor and cost limitations usually 

preclude sample sizes of greater than a few hundred sequences. These sample sizes are too small 

to adequately describe and compare multiple microbial communities containing thousands of 

species, such as those found in pristine soil and sediment samples (2, 3). To counter these 

limitations, serial analysis of ribosomal sequence tags (SARST) was developed for amplification 

1 A version of this chapter has been submitted as: 
Neufeld, J. D., and W. W. Mohn. 2004. Unexpectedly high bacterial diversity in arctic tundra 
relative to boreal forest soils revealed with serial analysis of ribosomal sequence tags (SARST). 
Appl. Environ. Microbiol. Submitted. 
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of a highly variable region of the 16S rRNA gene and ligation of these fragments into 

concatemers that are cloned and sequenced (4; Chapter 3). The power of this method is that 

variable regions from many different organisms are obtained from each sequencing reaction. 

Low bias and high reproducibility of SARST was recently reported (4; Chapter 3) and the 

method was described in a detailed protocol (5, Chapter 2). Another modification of SARST 

enabled the collection of an alternative 16S rRNA gene variable region (6) and thus increased the 

flexibility of this method. 

Here, SARST and denaturing gradient gel electrophoresis (DGGE) were used to 

characterize the relative abundance and diversity of bacteria in composite soil samples from five 

undisturbed sites in the boreal forest and arctic tundra biomes. A sample from a disturbed arctic 

site was also characterized, where the soil was compacted during construction of a pad 

supporting a fuel storage tank. Analysis of between 1,487 and 2,659 ribosomal sequence tags 

(RSTs) from each sample, with a total of 12,850 RSTs, provided the basis for robust estimates of 

phylotype richness and composition. We tested the hypothesis that soil bacterial diversity 

decreases with increasing latitude, following the latitudinal biodiversity gradient observed for 

plants and animals. Furthermore, similarity analysis of SARST and D G G E data determined 

whether biome-specific samples cluster, reflecting latitudinal factors that may govern the 

composition of these geographically distant soils. Unexpectedly, the RST libraries generated in 

this study demonstrated a positive correlation between diversity and latitude and did not form 

discrete biome-specific similarity clusters. This large collection of RSTs provided evidence for 

potentially endemic and cosmopolitan distributions of bacteria within these soil environments. 
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4.2 Experimental procedures 

Soil samples 

Surface mineral soil subsamples (3-10 samples; 0-10 cm) were collected during the 

summer from two undisturbed arctic tundra sites and from three undisturbed boreal forest sites in 

Canada (Figure 4.1 A). For the forest soils, samples were obtained from beneath the litter layer 

from within three different forest types (balsam fir, jack pine, and spruce-aspen mixedwood) to 

obtain soil samples that were representative of the major boreal forest systems. In addition, a 

composite soil sample was taken from different depths within the top 100 cm of a soil pad 

constructed to support a fuel tank at a former DEW Line station (DYE-MAESf). Despite fuel 

hydrocarbon contamination being below the detection limit (data not shown), the characteristics 

of this compacted soil sample were expected to be dissimilar to the other samples. A l l soils, 

associated letter codes, and measured soil properties are indicated in Table 4.1. Subsamples were 

kept at 4°C for transport back to the laboratory and used immediately or frozen at -80°C. For 

each soil, subsamples were sieved (5 mm) and an equal portion (by weight) was added from each 

to form a representative composite, which was thoroughly mixed. A portion of each composite 

was sent for analysis of soil physical and chemical properties to Pacific Soil Analysis 

(Richmond, BC). 

SARST 

D N A extraction, SARST, colony PCR, and sequencing of inserts were done as described 

by Neufeld et al. (4, 5; Chapters 3 and 2). A l l RSTs, site coordinates, and associated soil 

chemical properties were deposited in the Gene Expression Omnibus (GEO) database (7). Within 

GEO, SARST data is stored in platform GPL919 and the RST libraries from this study are 

entered in series GSE949. Corresponding sample accession numbers are Nadluardjuk Lake 

replicates (GSM14854, GSM14855), Alert (GSM35149), Narrow Hills (GSM35162), Peace 

River (GSM35163), Montmorency (GSM35161), and Cape Dyer (GSM35159). RST data from 
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the Nadluarjuk Lake site (FOX-B) was previously published as a duplicate library to confirm the 

reproducibility of SARST (4; Chapter 3) and is included in this report for the purpose of 

comparison. 

In order to make comparisons of RST library diversity and composition, RSTs from all 

libraries were clustered based on similarity using SARSTgrouper 

(http://www.microbiology.ubc.ca/Mohn/SARST). By specifying a similarity threshold of 95% 

for clustering RSTs, the influence of PCR errors and variable intra-specific 16S rRNA gene 

operons on clustering was minimized (4; Chapter 3). For identifying potential endemic and 

cosmopolitan RSTs, libraries were grouped together by exact matching using SARSTgrouper 

and then sorted to identify abundant RSTs (>10 total) found in one or more Arctic soil libraries, 

one or more boreal forest libraries, or predominant (>20 total) in all of the libraries. 

RST analysis 

Rarefaction curves, Chaol richness estimates, and Shannon-Weiner diversity indices 

were calculated from clustered RST libraries using Estimates (version 5.0.1; R. Colwell, 

University of Connecticut, http://viceroy.eeb.uconn.edu/estimates) as described previously (8, 9). 

Chaol 95% confidence intervals and Bray-Curtis similarity indices (10) were calculated using 

formulas formatted for compatibility with clone libraries (8). Because the RST libraries contain 

different numbers of RSTs (Table 4.1), 1,487 RSTs were randomly extracted from each library 

for generating Bray-Curtis similarity indices and Shannon-Weiner diversity indices because 

these measures are sensitive to sample size. Subtraction of the Bray-Curtis similarities from 

100% provided a dissimilarity matrix for creating dendrograms (UPGMA) using the neighbor-

joining program of the Phylip package (11). Divisions were assigned to individual RSTs based 

on the phylogenetic affiliation of the closest database hit in the RDP-II version 9.0 (12). Bray-

Curtis similarity indices were calculated for division-level profiles, and U P G M A dendrograms 

were created as described above. 

http://www.microbiology.ubc.ca/Mohn/SARST
http://viceroy.eeb.uconn.edu/estimates
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DGGE 

Using primers 63f-GC and 518r and 5 ng extracted soil D N A as template in each 

reaction, PCR and DGGE were done as described previously (13) with minor modifications. 

PCR (25 cycles) amplified a -490 bp fragment and was carried out in a PTC-100 thermocycler 

(MJ Research, Waltham, MA) . PCR products were quantified by comparison to a 1 kb ladder 

(Invitrogen, Burlington, ON) in a 1.5% agarose gel. DGGE electrophoresis was done using the 

Bio-Rad D-Code System (Bio-Rad, Hercules, CA) according to the manufacturer's directions. 

Gels had a denaturing gradient of 40-70% (100% denaturant contains 7.0 M urea and 40% 

deionized formamide). Standard markers were generated with equal-volume mixtures of PCR 

products from ten 16S rDNA fragments cloned from cultured isolates or previously run soil 

DGGE fingerprints. Electrophoresis was carried out for 14 h at 60°C and 85 V . Gels were 

stained with SYBR Green I nucleic acid gel stain (Molecular Probes, Eugene, OR) at 1:10,000 

dilution for 1 hour. DGGE gels were scanned with a Typhoon 9400 (Amersham Biosciences, 

Piscataway, NJ). DGGE fingerprints were compared using Gel Compar II (Applied Maths, 

Belgium). Gel images were normalized using standards run in the outside and middle lanes. 

Fingerprint patterns were analyzed using Pearson's product moment correlations, providing 

pairwise percent similarity values for all fingerprint densitometric curves. A U P G M A 

dendrogram was created from this similarity matrix as described above. 

Bands of interest were excised from the gel with large bore pipette tips. The gel 

fragments were incubated overnight 5 pi of TE buffer and 1 pi of this mixture was then used as 

template for PCR with the same primers and conditions used above but without a GC clamp. The 

-490 bp PCR products were cleaned with Sephadex G-50 and sequenced as described previously 

(4; Chapter 3). Bands providing high-quality sequence data without any ambiguous base calling 

were submitted to Genbank. Other bands yielded less clear sequence data but were still useful for 

confirming their similarity to bands in other lanes, and specifically for confirming an identical 
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RST to other bands. Because one band yielded unclear sequence data (band C), the PCR 

products were cloned using the TOPO-TA cloning kit (Invitrogen) and five inserts were 

sequenced to identify the insert that most closely resembled the data in the original sequencing 

reaction. Sequences for DGGE bands A , B, and C were deposited in Genbank with accession 

numbers AY823417 (band A, Cape Dyer), AY823416 (band B, Peace River), AY823415 (band 

C, Peace River), and AY847702 (band B, Narrow Hills). Fingerprint band D also provided clear 

sequence data and was stored in Genbank with accession numbers AY847703 and AY847704 for 

Narrow Hills and Peace River, respectively. 

4.3 RST library diversity 

Composite soil samples were taken from three arctic tundra sites and three boreal forest 

locations (Figure 4.1 A). From each soil composite sample, between 1,487 and 2,659 RSTs were 

obtained using SARST (Table 4.1), representing a total of 12,850 RSTs. With approximately 400 

concatamer inserts sequenced per soil regardless of insert size or quality, SARST generated an 

average of over five RSTs per sequencing reaction. The largest concatamer yielded 18 RSTs in a 

single reaction. These represent the largest 16S rRNA gene sequence data sets from individual 

environmental samples reported to date. Because the majority of RSTs are genus- or species-

specific (4, 5; Chapters 3 and 2), clustering of RSTs is comparable to clustering of corresponding 

longer 16S rRNA gene sequences. Therefore, trends evident in the RST libraries should reflect 

trends evident by using traditional 16S rRNA gene clone libraries and provide meaningful 

estimates of bacterial community composition. 

Surprisingly, three diversity measures consistently indicated that the undisturbed arctic 

tundra soils have greater bacterial diversity than the boreal forest soils. Rarefaction analysis, 

which averages randomizations of the species-accumulation curve, indicated that the observed 

diversity of RST libraries from the two tundra soils were greater than those of the three boreal 
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forest soils (Figure 4.IB). The library from the disturbed soil at Cape Dyer exhibited the lowest 

richness. Rarefaction is arguably the best means to compare the libraries, but a disadvantage of 

using rarefaction is that curves may cross with further sampling (9). In addition, the confidence 

intervals around rarefaction curves reflect the error associated with reordering individual sub-

samples and do not reflect the precision of the observed richness. Assuming that the RST 

libraries reflect the actual soil bacterial community composition, the total richness of the soil 

bacterial communities can be extrapolated from sub-samples of RST libraries using a 

nonparametric richness estimator. 

Nonparametric estimators, compared to rarefaction, provide more meaningful projections 

of the actual diversity within the sampled environment (9). Nonparametric Chaol estimates, 

which predict the point at which an accumulation curve will reach an asymptote, also indicated 

that the richness of the undisturbed arctic tundra soil RST libraries is significantly greater than in 

the boreal forest soil RST libraries (Figure 4.1C, D) and is significantly lesser in the disturbed 

arctic soil than in all the other soil sample libraries. For equivalent subsamples from undisturbed 

soils, the Chaol richness estimates are positively correlated with latitude (r=0.94, p=0.017, n=5). 

The Shannon-Weiner diversity index (FT) reflects both phylotype richness and evenness and is 

thus a good overall measure of diversity. The FT values for the undisturbed soils (Figure 4.ID) 

indicate that with equivalent subsample size, the tundra soil RST libraries have greater bacterial 

diversity than the forest soil RST libraries, and this diversity measure is also positively correlated 

with latitude (r=0.88, p=0.046, n=5). The RST library from the disturbed Cape Dyer soil has the 

least diversity with a Shannon index of only 4.61. 

The distribution of unique RSTs in each library provides a visual explanation for the 

factors influencing the diversity estimates (Figure 4.2). The three forest soils contain a higher 

proportion of predominant RSTs, and the disturbed arctic soil contains one dominant RST. These 

indicate a lower evenness of RST distributions and impact the Shannon-Weiner diversity index, 
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in particular. In addition, the undisturbed tundra libraries have a higher proportion of rare RST 

sequences than do the forest, or the Cape Dyer, libraries. Rare RSTs are those that occur once 

(singletons) or twice (doubletons) in each library. Because the Chaol diversity estimate uses the 

relative proportions of singletons and doubletons for calculating estimated diversity, this 

abundance of rare sequences in tundra soils leads to higher estimates of richness. 

4.4 RST library composition 

A closer examination of the structure of the RST libraries indicated that despite 

geographic isolation, as well as differences in soil chemistry and ground vegetation, the 

undisturbed tundra and forest soils have similar division-level representation (Figure 4.3A). The 

taxanomic affiliations of RSTs demonstrate a dominance of Proteobacteria and substantial 

proportions of Actinobacteria, Acidobacteria, Firmicutes, Bacteroidetes, Verrucomicrobia and 

Cyanobacteria. A l l libraries contain a large proportion of RSTs (-10-25%) with close affiliations 

to 16S rRNA gene sequences of unknown phylogenetic affiliation. The Bray-Curtis index (10) 

was used for a similarity comparison of overall RST composition and relative abundance and 

also for comparing the division-level distribution for each of the soils (Figure 4.3B). There was 

no strong clustering trend among the samples, particularly no trend separating forest and tundra 

samples. The Bray-Curtis index indicates that the Narrow Hills and Peace River soils had the 

greatest similarity. Also, one of the arctic tundra samples (Nadluardjuk Lake) was more similar 

to one of the boreal forest soils (Montmorency) than to other samples. The D G G E fingerprints 

for each of these soil samples (Figure 4.4A) were compared to one another and the resulting 

DGGE fingerprint dendrogram (Figure 4.3B) also clustered Narrow Hills and Peace River 

samples together, as well as the Nadluardjuk Lake and Montmorency samples. Thus, similar 

topographical features of these dendrograms indicate agreement between these analyses. 
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4.5 RST distributions 

Several relatively abundant RSTs were associated solely with soils from one or the other 

biome, potentially representing populations endemic to either arctic tundra or boreal forest soils 

(Figure 4.4, Table 4.2). Of the abundant RST groups (195 total), 25 were unique to one or more 

tundra libraries, and 17 were present in at least one of the three forest libraries but not in the 

tundra libraries. These potentially represent populations endemic to their respective biomes. Of 

the very abundant RST groups (90 total), 18 were common to all libraries, potentially 

representing cosmopolitan populations. The Ribosomal Database Project (RDP-II) contains 

sequences identical to all of the abundant RSTs found in every sample of this study (i.e., 

ubiquitous RSTs) (Table 4.2), indicating their frequent occurrence in clone libraries from other 

sources. In contrast, database sequences were identical to only 24% of the RSTs found solely in 

forest libraries and 60% of the RSTs found solely in tundra libraries. Most of the RSTs that were 

solely associated with either tundra or forest soils were collected from one particular soil 

(primarily Cape Dyer, Montmorency, and Alert) instead of being associated with multiple soils 

from a given biome. 

DGGE analysis confirmed the most abundant RST distributions, because relatively 

intense bands in the fingerprints (Figure 4.4A) were sequenced and found to correspond to 

predominant RSTs. The relative band intensities for each sample was similar to the relative 

abundances of the corresponding RST in the sequence libraries. For example, band A was only 

visibly apparent in arctic soil DGGE fingerprints. The sequence obtained from this band 

corresponds to an RST found only in the arctic soil RST libraries. The 417-bp sequence is 

identical to the corresponding sequences of clinical and environmental isolates of antibiotic- and 

siderophore-producing strains of Stenotrophomonas maltophilia, which have been isolated from 

a variety of environments. Bands B and C appear to be present in most or all of the sample 

DGGE fingerprints, and corresponding RSTs for these bands were associated with all soil 



116 

libraries. Band B has 100% identity to strains of Afipia broomeae, which are common soil 

inhabitants and closely related to Bradyrhizobium species. Band C differs by only one base from 

bacterial 16S rRNA gene clones from soil (unknown taxanomic affiliation) and is 93% similar to 

clones from cultured Gamma Proteobacteria from Australian soil isolates. Band D is 

pronounced in the Narrow Hills and Peace River samples and the sequences from these samples 

possess a single nucleotide mismatch to band B across the ~400 bp sequences. The RSTs in band 

B and D sequences were identical. 

4.6 Discussion 

Arctic and boreal environments cover 22% of the terrestrial surface of the planet, are 

sensitive to climate change, and changes in their productivity have substantial impacts on the 

global climate (14). Considering the critical role that the microbial components of these soils 

play, it is surprising how little is known about their composition and distribution. In particular, 

arctic tundra soil is poorly studied, and its microbial communities are commonly assumed to be 

species-poor (15, 16). In fact, the application of genomic research in polar biology is considered 

a "test bed" for extrapolation to more complex ecosystems (17). However, recent results suggest 

that polar environments may contain substantial microbial diversity. Schadt et al. (18) used 

biomass measurements and fungal sequence libraries to describe unexpectedly high fungal 

diversity and activity in snow-covered tundra soils. Furthermore, D N A reassociation analysis 

from a variety of soils suggested that genetic diversity in high arctic tundra was similar to that of 

temperate soils (19). Prior to this investigation, only one study directly investigated tundra 

bacterial diversity by examining a 16S rRNA gene clone library. Zhou et al. (20) screened 43 

clones from a Siberian tundra using restriction fragment length polymorphism (RFLP). They 

demonstrated maximum possible diversity because all clones had unique RFLP patterns. Similar 

high diversity was observed for Wisconsin agricultural soil (21) and a tropical forest soil (22). 
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However, these studies all involved small clone libraries, which precluded relative comparisons 

of diversity. Prior to this study, there was no published evidence suggesting that bacterial 

diversity in arctic tundra was higher or lower than that in different geographical regions. 

The current investigation provided a comprehensive culture-independent analysis of 

bacterial communities from arctic tundra soils and represents the first comparison of those 

communities to ones from another biome, the temperate boreal forest. The results challenge the 

oldest recognized pattern in ecology: that the taxonomic diversity of flora and fauna decreases as 

one samples closer to polar regions (1). While this pattern is well established, its causes remain 

unresolved, and multiple interrelated factors are likely responsible (23). RST library richness 

indicated that bacterial diversity in some arctic tundra soils may surpass that of boreal forest soils 

(Figure 4.1). Further, the most diverse sequence library originated from extremely high latitude, 

the northern tip of Ellesmere Island, Nunavut. Previous studies of microbial community diversity 

along latitudinal gradients are almost non existent. Staddon et al. (24) reported decreasing soil 

functional diversity moving northward along a latitudinal transect through Canadian boreal forest 

in parts of Saskatchewan and Manitoba. Although this trend was intuitively correct, the transect 

was relatively short, and it is unclear how functional diversity relates to taxonomic diversity. 

Another study used clone libraries to measure the diversity of microbial eukaryotic organisms 

along a latitudinal transect proximal to the South Pole (25). While the most southerly sample 

possessed the lowest diversity, they discovered an unexpected increase in diversity with 

proximity to the South Pole within the maritime Antarctic (60-72°S). Notably, many exceptions 

to the latitudinal biodiversity gradient occur in studies that sample across relatively short 

latitudinal ranges of less than 20° (1), suggesting that local inversions of the gradient may not be 

uncommon. 

This study underlines the value of measuring broad-scale microbial diversity using 

consistent methodology. The samples analyzed here were obtained from a relatively broad 
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latitudinal range (47-82°N) and involved 16S rRNA gene libraries of sufficient size to enable the 

detection of statistically significant differences in diversity estimates for these samples (Figure 

4.1). Overlapping confidence intervals for diversity estimates are a result of insufficient sampling 

and are common for comparisons of rarefaction and Chaol estimates in species-rich 

environments. The large confidence intervals often preclude detection of statistically significant 

differences in diversity estimates (26-28). The large libraries generated by SARST overcame that 

limitation. Subsets of the RST libraries the size of traditional 16S rRNA gene clone libraries 

(~100-300 clones) were insufficient to discriminate between any of the soils. Subsets of 

approximately 1000 RST sequences were sufficient to statistically discriminate between forest 

and tundra soil diversity estimates (Figure 4.IB, C). However, the number of rare sequences in 

each library is high (Figure 4.2). Further, the Chaol estimates do not reach asymptotes (Figure 

4.1C), and as with rarefaction curves, these estimates might cross with further sampling. 

Therefore, even with thousands of RSTs sequenced, library sizes were inadequate for 

comprehensive coverage of these soil bacterial communities. Because this is the first substantial 

investigation of arctic tundra soil microbial diversity, further research is needed to confirm the 

observations reported here. For example, measuring the diversity of additional tundra and boreal 

forest samples, as well as the diversity in lower-latitude samples from tropical and regions in the 

southern hemisphere would provide additional insight into this possible biodiversity trend. 

Unexpectedly high bacterial diversity measured in arctic tundra soils suggests that factors 

governing biodiversity in macrobiological communities have different influences on 

microbiological communities. Relative to arctic tundra soils, boreal forest soils have higher 

carbon flux due to leaf decomposition and higher average temperatures leading to longer annual 

periods of high metabolic activity. These productivity factors might be selective pressures 

contributing to decreased bacterial diversity, although the inverse could also be argued (1). The 

lower pH of forest soils (Table 4.1) might favor fungal populations (29), leading to increased 
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competition between fungal and bacterial populations. The influence of soil pH on bacterial 

diversity is unknown but this may have been a factor contributing to lower bacterial diversity 

observed in the forest libraries. Another possibility is that the relatively great bacterial diversity 

of tundra soils may largely reflect allochthonous organisms having low metabolic activity and 

little functional significance in the soil systems. Such organisms may enter the soil via 

atmospheric transport, and low arctic temperatures may foster their persistence. Further, low 

carbon flux and nutrient cycling rates in arctic tundra soils may result in proportionally small 

active autochthonous populations, relative to allochthonous populations. The tundra libraries had 

fewer predominant RST groups and a higher proportion of rare RSTs compared to boreal forest 

libraries (Figure 4.2). If allochthonous populations, preserved by low temperatures, contributed 

substantially to the observed diversity of these RST libraries, the corresponding sequences of 

allochthonous bacteria might be represented by sequences of low relative abundance. However, 

by eliminating all singletons from each library and repeating the diversity analyses, the relative 

ranking of soil diversity was identical to that using the full sequence set (data not shown). This 

suggests that high bacterial diversity observed in these arctic tundra soils was not simply an 

artifact of allochthonous cell preservation. Further investigations focussing on metabolically 

active bacteria (e.g., ribosomal R N A analysis) would help determine the effect of allochthonous 

organisms on microbial diversity in arctic soils and other environments and help understand the 

functional significance of microbial diversity. 

The phylogenetic divisions associated with RSTs in this study were commonly associated 

with soil clone libraries (30-32). The significance of specific observations, such as the lower 

relative abundance of Acidobacteria in the Alert sample is unclear. It has been suggested that 

relative proportions of certain divisions (Acidobacteria and Proteobacteria for example) might 

be governed by soil physicochemical parameters (33), reflecting the nutrient status of soils. 

However, others have argued that at these high taxonomic levels the ecological significance of 
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division-level abundances cannot be determined without first considering the function of the 

particular organisms (34). One hypothesis was that the arctic tundra and boreal forest soils 

contain unique RST distributions governed primarily by latitude- or biome-associated factors. 

However, despite geographic separation, differences in soil chemistry and ground vegetation, the 

overall division-level structure of tundra and forest soil microbial communities were similar 

(Figure 4.3A) and biome-specific samples did not form distinguishable clusters based on 

dissimilarity dendrograms (Figure 4.3B). The lack of biome-specific clustering suggests that the 

overall structure of these soil microbial communities is governed by more factors than those 

related to latitude (annual temperature, insolation, seasonality). If anything, undisturbed soils 

from the east and west clustered more closely and the RST composition for Alert was unique 

among the soil samples (Figure 4.3B). Longitudinal clustering may be an initial indication that 

bacterial distribution by atmospheric vectors is an important determinant of soil community 

structure (35). 

The Peace River and Narrow Hills RST libraries share identical predominant RST and 

DGGE-band phylotypes as gauged by sequence data for the most intense bands for both of these 

samples. Other studies have reported similar DGGE patterns between samples despite 

separations of distance (36), treatment (37), or forest type and soil chemical parameters (13). 

Provided that soils host an abundant range of microhabitats, that microorganisms persist despite 

unfavorable growth conditions, and that dispersal occurs by air and water vectors, it is not 

unrealistic that 'everything is everywhere' and similar communities are established where similar 

conditions exist. The disadvantage of DGGE is that the majority of the pattern for each soil is an 

unresolved smear with a small number of distinct predominant bands. This poorly resolved 

banding pattern contributed to a higher correlation between samples with similar smears, 

regardless of the identities of the myriad bands. Thus, more specific relationships between 

samples cannot be determined as accurately as it can for RST library compositions. 
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The Cape Dyer soil sample is unique in its low carbon and D N A concentration (Table 

4.1), reduced RST library diversity (Figure 4.IB, C), predominance of a single RST phylotype 

and DGGE band (Figure 4.2, Figure 4.4, Table 4.2), and for a substantially different 

phylogenetic composition than the other soil samples (Figure 4.3). This could be an example of 

the effect of disturbance on microbial community structure. Perturbation has been previously 

associated with reduced microbial biodiversity (38). Comparison of pad samples with pristine 

soil samples obtained from surrounding Cape Dyer tundra would be required to further support 

this observation. The dominant RST and DGGE band associated with the Cape Dyer sample was 

also the most abundant RST phylotype associated with all three of the arctic tundra soils (Figure 

4.4, Table 4.2). This DGGE band sequence was identical to the 16S rRNA gene sequence of 

Stenotrophomonas maltophilia, which is a well-characterized organism of clinical and 

environmental relevance (39). Isolates of this organism possess high genetic diversity despite 

low 16S rRNA gene heterogeneity (40). This abundant phylotype was unlikely enriched due to 

fuel spills at the sampling site, because fuel contamination was undetectable (data not shown) 

and the same RST and DGGE band were also predominant in the two undisturbed arctic tundra 

soils (Figure 4.4, Table 4.2). Thus, the ecological significance of this abundant sequence in arctic 

tundra soils is unknown. 

Analysis of the RST libraries and the D G G E fingerprints identified numerous phylotypes 

that appeared to be cosmopolitan and others that were potentially endemic to either arctic tundra 

or forest soil (Figure 4.4, Table 4.2). The ubiquitous distribution of RSTs was not difficult to 

demonstrate, but true endemicity is not possible to confirm by sampling sequences from the 

environment, even when the sampled coverage of a population is high (25). However, complete 

database representation for ubiquitous RSTs and only partial representation of the uniquely 

distributed RSTs (Table 4.2) provided additional support for the ubiquitous and limited 

distributions of certain phylotypes observed in this study. To confirm the cosmopolitan or 
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endemic nature of organisms and the underlying causes of their distributions, further 

physiological and phylogenetic information would be required. Culture-based approaches are 

thus critical to understanding bacterial distributions, and fortunately, are becoming possible even 

for previously uncultured organisms (41). Because RSTs can be used for designing phylotype-

specific PCR primers (4; Chapter 3), more phylogenetic information (a larger portion of the 16S 

rRNA gene sequence) can be obtained for an RST. Based on the high number of soil-specific and 

ubiquitous sequences identified in RST libraries (Table 4.2), the ability of SARST to identify and 

compare potentially endemic and cosmopolitan populations of soil microorganisms surpasses 

that of D G G E or any other available method. This ability will help guide culture-based 

identification of ecologically important, endemic organisms. SARST provides an efficient way 

of quantifying microbial distributions that reflect the environmental conditions enabling 

phylotype growth and persistence in specific environments. 

Despite the difficulty and great expense of accessing arctic study sites, organized 

research efforts are beginning to recognize the substantial ecological and industrial importance of 

investigating arctic tundra soils (17). Not only are cold-adapted organisms and enzymes likely 

abundant in arctic tundra environments, but this report demonstrates that the arctic serves as an 

unrecognized reservoir of microbial diversity, and so, of biochemical potential. An appreciation 

of the magnitude of arctic microbial biodiversity is a critical foundation for studies of its 

ecological and industrial significance and an important first step toward gauging the impact of 

climate change on this poorly studied biome. 
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Table 4.1 Composite soil sample characteristics. 

Soil sample Soil type 
Sample 
date Latitude Longitude Location H 2 0 

(%) 
Soil type pH cm 

ratio 
DNA 
(ug/g) 

Organic 
(%). 

RSTs 
sequenced 

Alert (AL) Tundra 980804 82 30' N 62 19'W Nunavut 19.0 Silty Loam 7.6 31.4 30.0 9.2 2,117 
Nadluardjuk Lake (NL) Tundra 020815 68 37' N 73 12'W Nunavut 2.5 Sandy Loam 5.3 16.0 8.5 1.4 2,562 
Cape Dyer (CD) Fuel pad 021104 66 36' N 61 34'W Nunavut 11.0 Loamy sand 6.0 8.7 0.4 0.3 1,785 
Montmorency (MM) Balsam fir 030909 47 19' N 71 06'W Quebec 24.6 Sandy loam 4.7 25.3 26.0 6.1 2,659 
Nairow Hills (NH) Jack pine 030624 53 54' N 104 41'W Saskatchewan 7.9 Sand 5.3 37.1 19.2 3.2 2,240 
Peace River (PR) Mixedwood 030613 56 46' N 118 22'W Alberta 27.2 Silty Loam 4.5 24.4 19.3 6.3 1,487 
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Table 4.2 The distributions of abundant RSTs. 

RSTs associated with all samples (RST code C), boreal forest soils (RST code B), or arctic 
tundra soils (RST code A), corresponding phylogenetic affiliations, and the similarity score 
(S_ab) of the closest match in the Ribosomal Database Project (RDP-II). 

RST (DGGE 
band) 

Sab Closest RDP affiliation CD AL NL M M NH PR RST Sequence 

CI (Band C) 1 Unclassified Proteobacteria 6 13 123 200 175 210 AGCGGTAACAGGTGTAGCAATACATGCTGACGAGC 

C2 (Band B, D) 1 Alpha Proteobacteria 23 5 48 57 157 98 AGCGGGCGTAGCAATACGTCAGC 

C3 1 Beta Proteobacteria 16 36 10 39 72 15 AACGGCAGCACGGGGGCAACCCTGGTGGCGAGT 

C4 1 Actinobacteria 10 22 37 36 11 16 AGCGGAAAGGCCCTTCGGGGTACTCGAGC 

C5 1 Beta Proteobacteria 43 25 18 4 12 6 AGCGGCAGCGCGGGGCAACCTGGCGGCGAGC 

C6 1 Beta Proteobacteria 64 12 7 4 15 1 AACGGCAGCACGGGAGCAATCCTGGTGGCGAGT 

C7 1 Gamma Proteobacteria 5 1 66 23 4 2 AGCGGTAACGCGGGAGCAATCCTGGCGACGAGC 

C8 1 Gamma Proteobacteria 8 12 19 17 11 9 AGCGGCAGCGCGGGGGCAACCCTGGCGGCGAGC 

C9 1 Unclassified 4 2 15 28 5 1 AACGCGAAAGTCCCGCAAGGGATCAGTAGAGT 

CIO 1 Unclassified 6 11 5 21 4 3 AACGCGAAAGTCCCGCAAGGGATGAGTAGAGT 

C U 1 Acidobacteria 1 5 9 24 4 2 AACGAGAAAGGGGAGCAATCCCTGAGTAAAGT 

C12 1 Unclassified 11 3 14 6 8 3 AACGCGAAAGTCCCGCAAGGGATAAGTAGAGT 

C13 1 Alpha Proteobacteria 2 2 7 2 20 8 AACGCGTGTAGCAATACACGAGT 

C14 1 Gamma Proteobacteria 3 1 5 8 9 13 AACGGTAACAGGCCCGCAAGGGTGCTGACGAGT 

C15 1 Beta Proteobacteria 2 7 5 3 13 2 AACGGTAACGCGGGGGCAACCCTGGCGACGAGT 

C16 1 Unclassified Proteobacteria 6 1 5 6 10 4 AACGCGAAAGTCCCGCAAGGGATTAGTAGAGT 

C17 1 Alpha Proteobacteria 6 1 11 3 3 3 AACGATAAGCCACCTTCGGGTGGTGGACAGT 

C18 1 Alpha Proteobacteria 1 4 9 3 3 1 AACGCCCCGCAAGGGGAGT 

Bl 0.89 Gamma Proteobacteria 49 AACGTGAAAGCGGGGCAACCCGCAAGTAGAGT 

B2 0.67 Delta Proteobacteria 33 AGGGAGAAAGCCCGCAAGGGTTAGTAAACC 

B3 0.50 Firmicutes 24 AACGAGCTGGTTTTCTTCGGAGAGCGAGCGAGT 

B4 0.50 Alpha Proteobacteria 16 AACGCCCTTTGTCTCGCAAGAGAGGGAGGGAGT 

B5 1 Unclassified 12 1 1 AACGCGCAGCAGTTTGTAGCAATACAGATTGTGGGCGCGT 

B6 0.56 Delta Proteobacteria 14 AACGCCCTTTGTCTCGCAAGAGAGGAAGGGAGT 

B7 0.75 Aquificae 14 AACGGGTGCTAACTGCCCGCAAGGGT 

B8 0.68 Unclassified 13 AACGCGCAGTTTCCTGTAGCAATACAGGGAATGGGCGCGT 

B9 0.60 Actinobacteria 12 AACGGTGACCTCACTTCGGTGGGTGATCAGT 

BIO 0.49 Unclassified 11 AACGAGGATCATCGGGTTAGCAATAATTCGGTGGTCCTAGT 

B l l 0.72 Firmicutes 5 6 AGCGAATCTTTAGGAGCTTGCTCCTATTGGTTAGC 

B12 1 Alpha Proteobacteria 2 5 4 AACGCGACCTTCGGGTCGAGT 

B13 0.40 Actinobacteria 10 AGCGTGGGCGTGCTGTCTCGCAAGAGATGGCACGTTCTAGC 

B14 1 Unclassified 10 CACGAGAAACTCTGTAGCAATACGGGGCGGTAAAGT 

B15 0.52 Firmicutes 10 AACGAGTTTGTCTTCTTCGGAAGATGAGCGAGT 

B16 1 Nitrospira 10 AACGAGAAGGCGTAGCAATACGCTTGTAAAGT 

B17 0.96 Delta Proteobacteria 10 AGCGAGAAAGGGGCAACCCCGGTAAAGC 

A l (Band A) 1 Gamma Proteobacteria 284 23 42 AACGGCAGCACAGAGGAGCTTGCTCCTTGGGTGGCGAGT 

A2 1 Beta Proteobacteria 51 2 AACGGTAGAGTAGCAATACTCGAGAGT 

A3 1 Actinobacteria 10 13 AACGGTGAACCGGGCTTCGGCCCGGGGATCAGT 

A4 1 Beta Proteobacteria 10 10 AACGGTAACGCGGGGCAACCTGGCGACGAGT 

A5 0.57 Beta Proteobacteria 19 AACGGCAGCACGGGACTCAGGCAACTGAGCCCTGGTGGCGAGT 

A6 0.67 Planctomycetes 18 AGCGAGAACCTAGGCTTCGGCTTAGGGGACAGC 

A7 0.78 Gamma Proteobacteria 17 AACGGTAACAGACCCTTCGGGGTGCTGACGAGT 

A8 1 Unclassified 6 11 AACGCGAAAGGGGCTTCGGCCCTGAGTAGAGT 

A9 0.46 Cyanobacteria 16 TACGGGAAATATCCTAGTGGTGTTTCCAGT 



125 
A10 1 Delta Proteobacteria 16 AACGCGAAAGTCCTTCGGGATGAGTAAAGT 

A l l 1 VeiTucomicrobia 6 9 AACGGGATTACTTTTGGTAGCAATACCGAAAGTGATTCAGT 

A12 . 1 Actinobacteria 11 3 AGCGAGAACCAGGCCTTCGGGCCTGGGGACAGC 

A13 0.65 Unclassified 3 11 AACGGGTGTTAGCTGCCCGCAAGGGT 

A14 0.89 Gamma Proteobacteria 12 AACGGTAACGGGCCCTTCGGGGTGCTGACGAGT 

A15 0.49 Verrucomicrobia 11 AACGGGAACTCTTTTGGTAGCAATACCGGGAGAGTTCTAGT 

A16 1 Cyanobacteria 11 AACGGTAACAGGAAACAGCTTGCTGTTTCGCTGACGAGT 

A17 1 Unclassified 2 9 AACGCGAAAGTCCCCTTCGGGGGGCGAGTAGAGT 

A18 1 Actinobacteria 11 AGCGAGAACCGGACCTTCGGGTCCGGGGACAGC 

A19 0.59 Alpha Proteobacteria 11 AACGGGGTCTTTCGGGATCTAGT 

A20 1 Gamma Proteobacteria 6 4 AACGGCAGCACAGAGGAGCTTGCTCCTTGGGTGGCGAG 

A21 1 Beta Proteobacteria 10 AGCGGACAGATGGGAGCTTGCTCCCTGATGTTAGC 

A22 0.89 Unclassified 9 1 AACGCGAAAACCCCGCAAGGGGTTAGTAGAGT 

A23 0.64 Finnicutes 10 AACGGATCTTTTCCTTCGGGGAAAGGTTAGT 

A24 1 Actinobacteria 10 AACGAGAAAGCCCTTCGGGGTTAGTAAAGT 

A25 1 Cyanobacteria 10 AACGGAATCTTTCGGGATTTAGT 
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Figure 4.1 Source and diversity of soil RST libraries. 

A l l symbols correspond to sources of libraries in panel A . (A) The geographical locations and 
biomes of sampling sites. This map was modified with permission from Natural Resource 
Canada. (B) Rarefaction curves. Error bars are 95% confidence intervals from 100 
randomizations of each library. (C) Chaol richness estimates. Error bars are 95% confidence 
intervals from 100 randomizations of each library. (D) Relationship between latitude and 
diversity for undisturbed soil samples, shown as both Shannon-Weiner indices (richness and 
evenness; open symbols) and Chaol estimates (richness; filled symbols) for equivalent size RST 
library subsamples (1,487 RSTs). 
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Figure 4.2 RST frequency histogram for the six soil composites. 

RST frequency is plotted on a logarithmic scale against abundance class. Singletons, doubletons, 
and predominant RSTs are indicated within the graph area for convenience. Dark bars indicate 
boreal forest soil samples. Sample locations are Alert (AL), Nadluardjuk Lake (NL), Cape Dyer 
(CD), Montmorency (MM), Narrow Hills (NH), and Peace River (PR). 
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Figure 4.3 Comparison of RST library composition. 

(A) Abundance of phylogenetic divisions for each soil library. Dark bars indicate boreal forest 
soil samples. (B) U P G M A dendrograms showing Bray-curtis similarity indices for phylogenetic 
divisions (Divisions), RST distributions (RSTs), and Pearson correlations of DGGE fingerprint 
patterns (DGGE). Scale bar indicates 10% dissimilarity between samples. Bold sample codes 
indicate boreal forest soil samples. 



Figure 4.4 Comparison of abundant phylotypes with potential cosmopolitan and 
endemic distributions for each biome. 

(A) Soil DGGE fingerprints with an indication of bands selected for sequencing. Hollow arrows 
indicate bands that provided excellent sequence data. Filled arrows generated mixed sequence 
data but were nonetheless sufficient for confirming the sequence as being identical to the 
corresponding high-quality sequences. (B) Abundant RST phylotypes associated with either 
biome or with all samples. Dark bars indicate boreal forest soil samples. Letter codes with 
arrows indicate RSTs that were present in all libraries (C, B, D) or only in the tundra libraries 
(A) that matched sequenced DGGE bands. Sample locations are Alert (AL), Nadluardjuk Lake 
(NL), Cape Dyer (CD), Montmorency (MM), Narrow Hills (NH), and Peace River (PR). 
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Chapter 5 Composition of microbial consortia in hexachlorocyclohexane (HCH) 

contaminated soils from the Basque Country revealed with a community-

specific microarray1 

5.1 Introduction 

Despite being banned commercially for decades (1), hexachlorocyclohexane (HCH) 

remains a persistent soil contaminant in many soils. The y isomer of H C H is known as lindane 

and was widely used as a pesticide. This compound is highly recalcitrant, has dispersed 

throughout the biosphere, and has bioaccumulated in many species. Other H C H isomers (a, P, 8) 

were byproducts of lindane production and are contaminants in soils where this waste was 

deposited. In some areas the concentrations of H C H isomers remains at such high levels that 

H C H crystals are visible in the soils (2). 

Because natural attenuation of H C H is attributed to microbial activity, bioremediation is 

considered a potential strategy for long term in situ attenuation of H C H contamination. The 

support for this strategy comes from studies suggesting that H C H degradation occurs in a variety 

of soil types including aerobic and anaerobic soils (3, 4) and that the organisms responsible for 

this degradation are enriched with repeated application of lindane (5). In addition, H C H -

degrading organisms have been isolated from contaminated soils. Isolates include mainly 

Sphingomonas sp. strains (2, 6, 7) as well as a Rhodanobacter sp. (8, 9), and a Pandoraea sp. 

(10). However, there is some evidence that organisms grown in lab conditions may not 

necessarily reflect the most enriched phylotypes in contaminated soils (2). As a result, organisms 

characterized on defined media may not reflect the organisms primarily responsible for H C H 

1 A version of this chapter has been submitted as: 
Neufeld, J. D., W. W. Mohn, and V . de Lorenzo. 2004. Composition of microbial consortia in 
hexachlorocyclohexane (HCH) contaminated soils from the Basque Country revealed with a 
community-specific microarray. Environ. Microbiol. Submitted. 
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degradation in situ. This is consistent with the understanding that most microorganisms from 

natural environments are not successfully cultured using standard microbiological culture 

techniques (11). As a result, there remains a need to explore HCH-degrading community 

structure further with culture-independent approaches, attempting to pinpoint key organisms 

involved in natural attenuation of polluted soils. 

Unfortunately, the extent of microbial community complexity frustrates attempts at soil 

sample description and comparison to other samples. Toward overcoming these limitations, 

microarray technology shows promise for simultaneous quantitation and comparison of many 

phylotypes and functional guilds in multiple samples. However, the use of microarrays in 

microbial ecology is still in the early stages. Several studies have focussed on the initial testing 

of microarrays toward the eventual goal of characterizing classes of catabolic genes (12-15) and 

phylogenetic markers (16-19) in environmental samples. Very few studies have successfully 

compared multiple complex communities with microarrays. Examples of these attempts include 

the analysis of landfill cover methanotrophs (20), nitrogen-cycling genes in river sediment (21), 

and communities from estuarine sediment (22). To our knowledge, no study has yet applied 

microarray technology toward profiling 16S rRNA gene distributions in soil environments. A 

major obstacle is the inability to gauge the sensitivity and specificity of probe sets when applied 

to complex and unknown mixtures of nucleic acids (23-25). A possibility for circumventing 

these limitations would be to gain sufficient empirical knowledge of the community composition 

prior to designing probes specific to the most abundant members of that community. The initial 

information could be used to generate community-specific probes for comparing samples from 

similar communities. Because only the most abundant community members are monitored on 

such an array, sensitivity should not be a limiting factor. 

In this work, the community composition of HCH-polluted soil was examined by means 

of serial analysis of ribosomal sequence tags (SARST), a method developed to rapidly profile 
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short 16S rRNA gene sequences from complex microbial communities (26-28; Chapters 3 and 

2). A microarray was designed with probes having maximum specificity for the 100 most 

abundant phylotypes in the composite ribosomal sequence tag (RST) library derived from 

various contaminated sites. Hybridization specificity and sensitivity were evaluated with pure-

culture specific probes, and RST probe hybridization signals were compared with denaturing 

gradient gel electrophoresis (DGGE) fingerprints generated from the same soil samples. In 

addition, by hybridizing PCR products generated from these individual soils, correlations were 

identified between soil characteristics (including H C H contamination) and signal intensities of 

specific probes. This study substantiates the value of 16S rRNA gene-based microarrays for 

profiling soil microbial communities and for monitoring biological changes associated with soil 

pollutant contamination. 

5.2 Experimental procedures 

Pure cultures 

Escherichia coli K12 (ATCC 10798), Staphylococcus aureus (NCTC 8325), Bacillus 

subtilis strain 168 (ATCC 23857) were grown in Tripticase soy broth medium (Difco). 

Caulobacter crescentus CB15 (ATCC 19089) and Burkholderia sp. LB400 were grown on 

peptone-yeast extract (PYE) medium (0.2% peptone, 0.1% yeast extract, 0.01% CaC12, 0.02% 

MgS04). A l l cultures were grown at 30°C to early stationary phase then placed on ice. D N A was 

extracted and quantified as previously described (27; Chapter 3). PCR amplified and cloned 16S 

rRNA genes from each of these organisms were required as a template for generating labeled 

target for hybridization. Prior to PCR, genomic D N A was diluted to 5 ng pi" 1. The 16S rDNA 

was amplified from each culture with primer set 27f-1492r (29). The PCR consisted of an initial 

denaturation at 95°C for 2 min, followed by 30 cycles at 94°C for 30 sec, 50°C for 30 sec, and 

72°C for 1.5 min, with a final extension of 72°C for 7 min. Aliquots were cloned into TOPO T A 
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plasmids (Invitrogen) and electrocompetent TOP 10 cells were transformed according to the 

manufacturer's protocols. Transformant colonies were PCR screened using M13f and M13r 

primers and these PCR products were sequenced with 27f as a primer to confirm the identity and 

operon of the cloned fragments. Plasmids were extracted from representative transformant 

colonies and sequenced using the 27f primer to confirm the sequence of each plasmid insert. For 

microarray target labeling, plasmid extract solutions were diluted one-thousand fold to serve as 

template for PCR. 

Soil samples 

Soil samples were obtained from three HCH-contaminated sites near Bilbao in the 

Basque Country. The samples used in this study are a representative subset of eight soils (Table 

5.1) from those used previously for the enrichment and isolation of HCH-degrading 

Sphingomonas sp. (2). S4 was obtained from Ansio and is almost entirely contaminated by a 

H C H (3.8 mg g"1 HCH). S5 was obtained from Portugalete and has low overall H C H 

contamination (<10 ng g"1 HCH). S10, S l l , S12, and S16 were obtained from Artxanda and all 

contain very low H C H contamination (<1 ug g"1 HCH). S14 and S15 were also sampled from 

Artxanda but contain high H C H contamination (13.5 mg g"1 H C H and 21.8 mg g"1 H C H , 

respectively), primarily of the 8 H C H isomer. Full soil sampling details and measured soil 

parameters were published elsewhere (2) and are included here in Table 5.1. These sub-samples 

were stored at -80°C and were thawed prior to D N A extraction with the Bio 101 Soil D N A 

Extraction kit (Q-Biogene), according to the manufacturer's instructions. D N A extracts were 

quantified on a 1% agarose gel and a 5 ng uT1 mixture of total D N A for SARST was prepared by 

mixing equal ratios of extracts from each soil (0.625 ng u.1"1 each). For microarray target 

labelling and DGGE, individual soil D N A solutions were diluted to 0.625 ng pi"1 to serve as 

template for PCR. 
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SARST and microarray design 

SARST was carried out as described previously (27, 28; Chapters 3 and 2) using the 

above-described mixture of soil genomic D N A as template. Approximately 400 concatemer 

inserts were sequenced resulting in a total of 2,288 RSTs. A l l RSTs were deposited in Gene 

Expression Omnibus (GEO) at the National Center for Biotechnology Information (NCBI) under 

the accession number (GSM35164). Using Fastgroup (30), RSTs were clustered into groups of 

identical RSTs using a setting of 100% similarity. The 100 most abundant RST groups were 

selected for probe design. Subsequently, SARSTgrouper was used to cluster RSTs with 95% 

similarity (1 or 2 nucleotide variations within a group depending on RST length) and generate a 

series of outfiles, including grouper_estimates.txt, which serves as a suitable infile for Estimates 

(version 5.0.1; R. Colwell, University of Connecticut, http://viceroy.eeb.uconn.edu/estimates). 

Estimates generated rarefaction curves and Chaol diversity estimates according to previously 

described methods (31, 32). 

Hybridization probes for the 100 most abundant RSTs were designed with the goals of 

uniform melting temperature, uniform length, and maximum specificity. In designing 

hybridization probes, specificity was assessed against the total set of 933 unique RSTs (based on 

Fastgroup 100% clustering). Two companies, Bioalma (Madrid, Spain) and Qiagen 

(Mississauga, ON), each designed a set of 100 probes for the most abundant RSTs. Probes were 

also designed to hybridize to 16S rRNA gene V I regions of Escherichia coli K12 (EC1), 

Staphylococcus aureus NCTC 8325 (SA), Bacillus subtilis strain 168 (BSI), Caulobacter 

crescentus CB15 (CC), and Burkholderia sp. LB400 (LB400). Probes were also designed for the 

inter-operon variations within the genomes of E. coli (EC2, EC3) and B. subtilis (BS2, BS3) to 

serve as mismatch controls. Sequences for these different RSTs were previously published (27; 

Chapter 3). In addition, negative controls included individual genes from Arabidopsis thaliana, 

http://viceroy.eeb.uconn.edu/estimates
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Pseudomonas aeruginosa, and Saccharomyces cerevisiae. In total, 112 probes were 

independently designed by each company and all 224 oligonucleotides were synthesized by 

Qiagen with amino linkers at the 5' end. Probe sequences from both companies were deposited 

in GEO at NCBI in platform GPL1705. Oligonucleotides were suspended in 384 well flat-bottom 

plates (Nunc, Rochester, N Y ) at a concentration of 30 uM in 3X SSC (600 pmol of oligo per 20 

ul 3X SSC). 

Arrays were printed at the Jack Bell Research Center (Vancouver, BC) with Biorobotics 

MicroGrid TASII robots using Microspot 10k pins (Genomic Solutions, Ann Arbor, MI) in a 16-

pin format. Approximately 0.5 nl (0.015 pmol) of each oligo was deposited as a single spot 

within each of three replicate print fields per slide. PCR-amplified GFP cDNA (Genbank 

accession U17997, Clontech, Mississauga, ON) was used as an orientation marker in the corners 

of each subgrid. The pitch of the grids used for this library was 0.3 mm. Print batches used for all 

pure culture and soil hybridizations, DI008, DI011, and DI012, were printed on EZ-Rays 

aminosilane slides (Matrix Technologies, Hudson, NH). For a comparison of slide surface 

chemistries, print batch DK025 was printed on a variety of slide types, including EZ-Rays 

aminosilane, Erie Aldehyde (Erie Scientific, Portsmouth, NH), Erie Aldehyde ES (Erie 

Scientific, Portsmouth, NH), Arrayit Superaldehyde (Telechem International, Sunnyvale, CA), 

Arrayit Superepoxy (Telechem International, Sunnyvale, CA), Schott Aldehydesilane (Schott 

North America, Elmsford, NY) , and Schott Epoxysilane (Schott North America, Elmsford, N Y ) 

according to each manufacturer's protocols. The humidity range within the robot during each 

print run was approximately 50-60%, and the temperature, 23 °C. Following printing, slides were 

allowed to dry and then U V cross-linked at 3000 x 100 uJ using a U V Stratalinker 2400 

(Stratagene, La Jolla, CA), unless otherwise specified. Slides were stored at room temperature in 

the dark. 
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DGGE and band sequencing 

For all PCR, the same bacteria-specific forward primer were used: 63f, 5 ' -CAG GCC 

T A A C A C A T G C A A GTC (33), and universal reverse primer: 517r, 5'- ATT A C C G C G GCT 

GCT G G (34). Reactions for DGGE used 63f with an attached GC clamp (34) at the 5' end. PCR 

(25 cycles) amplified a -490 bp 16S rRNA gene fragment from 1 pi of diluted total D N A 

following a previously described protocol (35). An equal ratio of each soil's PCR amplification 

was mixed to form a single composite. To each lane, 300 ng of each soil PCR product was 

applied. 

DGGE was performed using the Bio-Rad D-Code System (Bio-Rad, Hercules, CA) , with 

modifications to a previously described protocol (34). Briefly, DGGE gels were prepared with 

6% (37.5:1) polyacrylamide in 1 x T A E buffer (40 m M Tris base, 20 m M sodium acetate, 1 m M 

Na 2 -EDTA, pH 8). Gels had a denaturing gradient of 40-70%, for which 100% denaturant 

contains 7.0 M urea and 40% deionized formamide. Electrophoresis was carried out for 14 h at 

60°C and 85 V . After electrophoresis, gels were stained with SYBR Green I nucleic acid gel 

stain (Molecular Probes, Eugene, OR) at 1:10,000 dilution for 1 hour, then scanned with a 

Typhoon 9400 (Amersham Biosciences, Piscataway, NJ). Fingerprint pattern Pearsons product 

moment correlations were calculated with Gelcompar II (Applied Maths, Belgium). 

A l l distinct bands (60 total) were excised from the gel with large-bore pipette tips. The 

gel plugs were incubated overnight in 5 pi of TE buffer and 1 pi of this mixture was used as 

template for PCR with the same primers and conditions used above but without a GC clamp. The 

-490 bp PCR products were cleaned with Sephadex G-50 and sequenced as described previously 

(27; Chapter 3). Most templates gave poor sequence data and were subsequently cloned using the 

TOPO-TA cloning kit (Invitrogen, Burlington, ON). Five clone inserts from each band were 

sequenced to confirm the insert that most closely resembled the data in the original sequencing 
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reaction. A l l confirmed sequences were deposited in Genbank with accession numbers 

AY823418-AY823467. 

Target labeling 

For each pure culture plasmid and soil D N A sample, three PCR amplifications were 

conducted to generate enough labeled target for the hybridizations described in this study. A 5'-

dual biotin-labeled forward primer (63f-B) was applied to enable the generation of single-strand 

target for labeling and hybridization. For each 50-ul reaction: 1 X Qiagen PCR buffer (1.5 m M 

MgCE.), 25 pmoles of 63f-B, 25 pmoles of 518r, 670 ng pi"1 bovine serum albumin, 50 pmoles 

each dATP, dGTP, dCTP, 25 pmoles dTTP, 25 pmoles amino ally! dUTP (Amersham 

Biosciences, Baie d'Urfe, QC), and 1.25 U Taq D N A polymerase (Qiagen, Mississauga, ON). 1 

pi of diluted template was added to 49 ui of mastermix. A no-DNA control was included to 

check for contamination. After PCR, products from each template were combined and purified 

with a QIAquick PCR purification kit (Qiagen) and eluted in 30 pi EB buffer (Qiagen). A n 

aliquot (1 pi) was run on a 1.5% agarose gel. A modification of a previously described protocol 

was used to generate single-stranded fragments for labeling (36). To each 30 pi target mixture, 

an equal volume of 2 X B+W buffer (10 m M Tris-HCl (pH 7.5), 1 m M EDTA, 2 M NaCl) was 

added. This mixture was added to 50 pi strepdavidin-coated Dynabeads M-280 (Dynal, Skoyen, 

Norway) and washed twice according to the manufacturer's protocols. This bead suspension was 

incubated with inversions for 30 min. After immobilizing beads to the tube wall with an MPC 

Magnet, the supernatant was removed and the beads were washed once with 1 X B+W buffer. 

The second supernatant was removed and 8 pi fresh 0.1 M NaOH was added to the beads and 

incubated at room temperature for 5 min to denature the PCR products. After immobilizing the 

beads, the NaOH supernatant was recovered and a second 8 pi of 0.1 M NaOH was applied to 

the beads for another 5 min incubation. The supernatant was recovered after bead immobilization 
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for a total recovery of 16 pi. The addition of 8 pi fresh 0.2 M HC1 and 1 ul 1 M Tris-HCl (pH 8) 

neutralized this solution. After adding 475 pi sterile nanopure H 2 0 the solution was concentrated 

and purified with a Microcon YM-30 (Millipore, Nepean, ON) column. After spinning most of 

the liquid through, 500 pi of H2O was added and spun through the column leaving approximately 

20 pi above the membrane. This 20 pi was recovered and dried to -1-2 pi in a Speedvac 

concentrator (Thermo Savant, Holbrook, NY) . In order to label single-stranded target, 4.5 pi of 

fresh 0.1 M sodium bicarbonate (pH 9.0) and 4.5 pi of Cy5 dye suspended in DMSO according 

to the manufacturer's instructions (Amersham) was added and incubated in the dark at room 

temperature. After adding 500 pi buffer PB (Qiagen), this solution was purified with a QIAquick 

PCR purification kit according to the manufacturer's instructions except that two 700-pl washes 

with buffer PE (Qiagen) were done to thoroughly purify target from unincorporated dye 

molecules. The target was eluted twice with 200 pi of buffer EB (Qiagen). This eluate was 

concentrated to -20-30 pi with a Microcon YM-30 column as described above. To check the 

purity, quality, and quantity of labeled target, 2 pi of each target was run on a 1.5% agarose gel 

and 2 pi was spotted on a glass slide with a known concentration of a Cy5-labeled oligo as a 

control. Both the gel and the glass slide were scanned using a photomultiplier tube setting of 550 

on a Typhoon 9400 scanner. ImageQuant T L (Amersham Biosciences, Piscataway, NJ) was used 

to measure fluorescence intensity by highlighting each band or spot with a drawn object of 

constant size. Absolute fluorescence signal intensities of labeled targets spotted on the slide were 

used to quantify target used for each hybridization. 

Microarray hybridization 

In staining jars, slides were washed twice in 0.1% SDS for 10 min with shaking. Five 1 

min washes in nanopure H 2 0 with shaking helped remove the residual SDS. Slides were dried by 

centrifiigation at 1,500 rpm for 5 min. Prehybridization buffer consisting of 5 X SSC, 0.1% SDS, 

and 0.2% B S A (Sigma, Oakville, ON) was warmed to 48°C for 30 min and slides were then 



143 

added and incubated for 45 min with occasional inversions. Slides were washed by dipping up 

and down several times in two different staining jars of H 2 0 and then several times in 

isopropanol. A final centrifugation at 1,500 rpm for 5 min helped dry the slides prior to 

hybridization. Slides were then mounted in a GeneMachines HybStation (Genomic Solutions, 

Ann Arbor, MI) and warmed to 48°C prior to addition of the hybridization solution. 

For pure culture controls, target concentrations used in each hybridization ranged from 

-0.01 to 100 million fluorescence unit equivalents. Within-slide variation is reflected in the 

triplicate spot standard deviations for pure culture hybridizations. GFP signals were averaged for 

each slide and the probe signals were adjusted so that GFP signals were the same for each slide. 

This was done because slightly lower scanning intensities were used for the highest probe 

concentration to avoid saturation of the resulting image. For each soil, a total of 80 million 

fluorescence unit equivalents was selected as the amount of labeled target added to each 

hybridization. In addition, a mixture of 10 million fluorescence unit equivalents from each soil 

labeled target were mixed to generate a composite sample (80 million total). For soil target 

hybridizations, each soil product and the composite (mix) were hybridized on duplicate arrays 

providing six individual data points for each probe for more reliable estimates of target 

abundance. To a specified volume of labeled target (1-15 pi depending on fluorescence), 1 pi 

labeled GFP D N A was added and the mixture heated to 95°C for 5 minutes then cooled to 68°C. 

For each target, 120 pi of preheated SlideHyb#l hybridization solution (Ambion, Austin, TX) 

was added. This hybridization solution was then applied to each slide in the GeneMachines 

Hybstation and the hybridization procedure was as follows. Slides were hybridized for 18 h at 

42°C. The post hybridization wash cycles involved 10 sec flow and 20 sec hold. Washes were: 3 

cycles at 42°C with 2 X SSC and 0.1% SDS, 3 cycles at 25°C with 0.1 X SSC and 0.05% SDS, 

and 3 cycles at 25°C with 0.1 X SSC. Slides were drained and then quickly rinsed prior to 
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scanning by dipping in 0.2 X SSC. A final centrifugation at 1,500 rpm for 5 min was used to dry 

the slides for scanning. 

Slides were scanned with a GenePix 4000B scanner (Axon Instruments, Union City, CA). 

For pure culture hybridizations, multiple PMT scan intensities were selected to avoid spot signal 

saturation for the highest target concentrations. For labeled soil target hybridizations, a PMT 

setting of 720 was used for all scans to provide consistent sensitivity and strong spot signals 

without saturation. Scanned images were analyzed with Imagene 6.0 (Biodiscovery, El Segundo, 

CA) to identify spots and quantify signal. A spot diameter range of 6-8 pixels was chosen to best 

represent the spot sizes on the array. Auto-spot detection was used to identify and quantify probe 

signals. For all probes, spot-signal means minus background means provided a final signal mean. 

For pure culture dilution series, the signals for all probes on the array were adjusted slightly 

based on a conversion factor. The conversion factor was calculated by adjusting each array's 

average GFP signal to the signal of the no-DNA control GFP signal. For soil target 

hybridizations, no normalization was used and the final signal mean was used for the comparison 

of array hybridizations. A l l hybridization data for soil hybridizations were deposited in GEO 

(NCBI) in series GSE1985. Comparisons of soil hybridizations and Pearsons product moment 

correlations of probe signals were performed with Genespring 7 (Silicon Genetics, Redwood 

City, CA). Matrices of Pearson correlation coefficients generated from DGGE fingerprints and 

probe hybridization signals were imported into PC-ORD (MjM Software Design, Gleneden 

Beach, OR) and a Mantel test was performed to measure the correlations between the matrices. 

Genespring was also used to measure the correlations between log-transformed probe 

signals and previously reported soil H C H concentrations (2). In order to summarize the variance 

in the probe signals and demonstrate its relation to soil physicochemical parameters, the final 

signal means from all slides and the soil parameters were imported into PC-ORD. Using PC-

ORD, non-metric multidimensional scaling (NMS) was used to calculate a set of two significant 
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axes (p<0.05) that explained a total of 83.3% of the probe-signal variance. A Sorensen (Bray-

Curtis) distance measure was used for generating the NMS plot and significance was determined 

with a Monte Carlo test by comparing results from 100 iterations with real data to those from 

100 iterations with randomized data. Correlation vectors for all soil parameters with r 2 values of 

greater than 0.3 were superimposed on the NMS plot. Classification of RSTs or DGGE band 

sequences corresponding to highly significant RST probes were based on the closest matching 

sequences in Genbank (37). 

5.3 Rationale for construction of an RST library and probe design. 

An overall summary of the experimental approach is represented in Figure 5.1. The eight 

soils included in this study comprise a representative subset of samples previously characterized 

for H C H contamination and ability to produce HCH-degrading enrichments and isolates (2). 

These soils originated in the Basque Country and possessed varying levels of H C H 

contamination. In order to generate hybridization probes specific for these soils, SARST was 

used to prepare an RST library from a mixture of each individual soil's D N A (Figure 5.1). As a 

result, the 2,288 RSTs derived from the composite is an average, representing the most abundant 

phylotypes in the corresponding individual soils. There were 973 unique phylotypes in the RST 

library (Figure 5.2), the majority of which were present in low relative abundance, represented 

by only one or two RSTs. The apparent diversity of this soil D N A mixture is sufficiently high 

that by grouping the RSTs based on 95% similarity (allowing one or two mismatches depending 

on length), the rarefaction curve does not near an asymptote, and the Chaol estimate continues to 

increase with increasing subsample size (Figure 5.2 inset). Comprehensive coverage of this 

composite D N A mixture was impractical, but selecting the most abundant phylotypes for 

hybridization probe design was possible. The 100 most abundant phylotypes were chosen for 

probe design as were several positive and negative controls. Two independent bioinformatics 
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companies, Bioalma and Qiagen, designed probes with the objectives of uniform length, T m , and 

with maximal specificity. Specificity during probe design was assessed by checking each probe 

against the set of all unique RSTs. With sequences from all soil samples, pure cultures, and 

negative controls, the total number of probes designed by each company was 112 and the 

average length of RSTs used for probe design was approximately 35 nucleotides (Table 5.2). In 

general, probes designed by Bioalma were longer, with a higher Tm and slightly lower GC 

content than probes designed by Qiagen (Table 5.2). Of the 100 probes designed by Bioalma and 

Qiagen, 9 and 12 probes, respectively, have perfect matches to non-target RSTs in the full 2,288-

RST library. Due to their greater length, fewer probes designed by Bioalma had identity to non-

target RSTs. Figure 5.3 (Top) illustrates the layout of the array probes and indicates the locations 

of the various controls and green fluorescent protein (GFP) marker spots. This represents a single 

grid in which each probe is printed singly. The grid was replicated three times on each slide. 

5.4 Microarray and target labeling optimization. 

There were several stages of optimization prior to selecting the microarray methodology 

presented in this report. Protocols were optimized for slide chemistry, probe labeling, and 

hybridization approach. Microarrays were printed on aminosilane, aldehyde, and epoxy slide 

surfaces to verify probe spot shape and size quality, and hybridization signal intensity and 

consistency. The aminosilane coated slides provided comparable or improved spot diameter, 

consistency, and hybridization signals to aldehyde and epoxy slide chemistries (data not shown). 

Aminosilane slides were chosen for this study because the available printing facility has 

extensive experience with this slide chemistry and this was also the most economical approach. 

One disadvantage with aminosilane slides in our hands was a higher background observed for 

Cy3 target hybridization (data not shown). This inhibited attempts at signal normalization and for 

this study, precluded differential display comparisons of Cy5 and Cy3 array signals. 
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In order to label target for array hybridization three different approaches were tested, 

involving the labeling of PCR products from the soil samples. Prior to single-stranded target 

generation, approaches involved (1) generating short VI-region PCR products (using SARST 

primers) with a single 5'-terminal Cy5 attached to the forward primer, (2) generating VI -V3 

region PCR products (using DGGE primers) with a single 5'-terminal Cy5 attached to the 

forward primer, and (3) generating VI-V3 region PCR products (using D G G E primers) with 

amino-allyl dUTP for subsequent incorporation of multiple fluorophores. The resulting 

hybridization signals for method 2 were much lower than for 1 and 3, which had comparable 

signals (data not shown). The longer target fragments likely result in increased secondary 

structures which inhibit hybridization to the oligonucleotide probes on the array. Method 3 

(dUTP incorporation) was selected in this study for the comparison of microarray signals and 

DGGE fingerprint data. 

For quantitative analysis, a reference sample comprising a composite of Cy5-labeled 

target from each soil was hybridized in parallel to labeled target from individual samples. Each 

labeled sample was hybridized to two RST arrays, providing duplicates that were averaged. 

Probe signals from individual samples were expressed relative to the corresponding probe signal 

of the reference sample. By comparing single hybridizations from the composite target without 

normalization, only six probes of the total 224 probes on the array had average signal intensities 

differing by greater than a factor of two (data not shown). These six probes had low signal 

intensity, which would explain their relative variability. This indicates that reproducibility is 

high, slide-to-slide variations are small, and background subtracted signals can be compared 

reliably without the need for additional normalization. 
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5.5 Pure-culture testing 

Hybridizing dilutions of labeled PCR amplicons from pure-culture 16S rRNA genes 

provided an indication that the array hybridizations were performing in the expected manner 

(Figure 5.3 Bottom). Each pure-culture probe designed by either Bioalma or Qiagen hybridized 

to the correct target with low overall background signal. Dilution series for a mixture of single-

stranded Cy5-labeled amplicons were prepared from E. coli, S. aureus, B. subtilis, and C. 

crescentus. For these targets, a linear relationship between target concentration and normalized 

probe signal (r2 = 0.89-1.00) were obtained for the five highest data points with a range of almost 

three orders of magnitude (Figure 5.4). Probes from both the Qiagen and Bioalma designs 

hybridized well but the relative ranking of signal intensities varied between the two probe sets. 

The relative intensity differences for pure-cultures between the two probe sets are likely caused 

by a combination of factors including length, GC content, and the selection of a different portion 

of the RST for probe design. EC1 probes had the lowest signal intensities and narrowest dynamic 

range. A low GC content (Qiagen, 50%; Bioalma, 44%) and Tm (Qiagen, 60°C; Bioalma, 64°C) 

compared to the averages of the probe sets (Table 5.2) likely accounts for this low signal 

intensity. EC1 probes designed by Bioalma and Qiagen likely have similar overall signals 

because length discrepancies compensate for differences in the GC content and Tm 

characteristics (Qiagen, 20 bases; Bioalma, 25 bases). 

Figure 5.5 summarizes the signal intensities for hybridization with equal quantities of 

labeled target from E. coli (EC1), B. subtilis (BSI), C. crescentus (CC), and S. aureus (SA). 

Results are summarized for probes designed by both Bioalma (Figure 5.5A) and Qiagen (Figure 

5.5B). For both of these probe sets, the expected hybridizations produced strong signals 

compared to the negative control probes with very low or undetectable signals. The signals for 

the different probes varied substantially in their overall intensities reflecting differences in length 

and GC content. Very few probes had unexpected hybridization with these four pure culture 
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targets. For the Bioalma probes, BS2 and BS3 produce the strongest unexpected hybridization. 

These probes have one nucleotide mismatches to BSI and differ in length by being one 

nucleotide longer and shorter, respectively. Unexpectedly, while the vast majority of the Qiagen 

probes had very low non-specific hybridization to these four targets, a one nucleotide mismatch 

probe (BS3) had a higher signal than the expected BSI hybridization. This may reflect 

differences in probe binding efficiency to the slide surface, an error during probe production and 

printing, or an artifact underlining the complex interactions involved in oligonucleotide 

hybridization. Labeled target from Burkholderia sp. LB400 was hybridized separately because 

the signals for this probe and its mismatches were higher than for the other pure cultures tested in 

this study (Figure 5.5C). One abundant RST selected for probe design (g39) was identical to that 

of LB400. As a result, the probes designed for LB400 and g39 were identical and included 

together in this analysis. While the negative control signals were low, there were several 

unexpected hybridizations that involved probes with similarity (sequence, GC content) to the 

RST of LB400. Overall the probes for the pure culture targets responded as expected in these test 

hybridizations with a very small proportion of non-specific hybridizations and broad dynamic 

ranges. 

5.6 Soil sample hybridization and D G G E 

Prior to analyzing microarray hybridization data, DGGE was used to confirm that the 

RST array probes were specific to the soils selected for this study. Figure 5.6A shows the D G G E 

fingerprint patterns for the 8 soils from the Basque Country. Obtaining ~500 bp of sequence data 

contained in each prominent band of the DGGE fingerprint enabled a comparison of prominent 

fingerprint sequences to RSTs in the SARST-derived library. From the fingerprints, 60 bands 

were isolated, PCR amplified and sequenced. Amplicons yielding poor sequence data were 

cloned and several inserts were sequenced for each band. A total of 50 band sequences were 
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identified reliably by matching cloned insert sequences to the raw sequence data. The remaining 

bands appeared to contain multiple sequences in relatively high abundance. Of the 50 sequences 

identified, eight contained RSTs that were not profiled with SARST, nine had RSTs of low 

abundance in the RST library, and 33 had RSTs that were chosen for probe design due to their 

prevalence in the composite RST library. This strong overlap between the two independent data 

sets supports the accuracy of the community-specific RST array. 

DGGE was compared to the hybridization patterns on the microarray for the soil samples 

used in this study. Because soil samples S4 (primarily a-HCH contamination) and S14 (primarily 

5-HCH contamination) provided multiple prominent DGGE band sequences, these two samples 

were used to compare the microarray and DGGE results. A l l of the RST probes corresponding to 

S4 DGGE bands had greater signal intensity in S4 than in the composite sample, and the 

majority of probes corresponding to bands from other soil samples had signals substantially 

lower in S4 than the composite (Figure 5.6B). This trend was also evident for S14 (Figure 5.6C). 

Three of the four bands from other lanes with high-signal probes are the result of similar DGGE 

fingerprint sequences with identical RSTs. Examples of this include S4-3 and S5-1, SI4-1 and 

SI 1-1, and SI4-9 and SI5-5. Thus, this provides an indication that the RST array provides 

results that are consistent with DGGE fingerprint data. 

To further evaluate the correlation between array probe signals and the DGGE 

fingerprints, Pearson correlation profiles were generated for comparisons of each of the soils and 

the composite sample. A dendrogram generated with DGGE fingerprints (Figure 5.7A) was 

similar (r = 0.69, p = 0.012) to a dendrogram calculated with probe signals corresponding to 

DGGE bands (Figure 5.7B). This similarity matrix Mantel test correlation indicates that the 

results provided by DGGE fingerprints are highly similar to the results provided by probes 

corresponding to prominent bands. The corresponding dendrogram from signal profiles for all 

soil-specific probes (Figure 5.7C) was highly correlated with the dendrogram based on probe 
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signals corresponding to DGGE bands (r = 0.92, p = 0.001) but somewhat less correlated to the 

dendrogram generated by the DGGE fingerprints (r = 0.54, p = 0.069). In general, these three 

dendrograms share similar overall topology. Samples with relatively low contamination (S5, 

S10, SI 1, SI2, SI6) are clustered and S4 (a-HCH contamination) is unique from the other soils. 

S14 and SI5 have high 8-HCH contamination and cluster with the composite sample in two of 

the three dendrograms. The overall microarray results correlated well with the analysis based on 

DGGE and suggests that the probes on the RST array hybridize predictably. 

The probe signals for each of the soils were clustered with non-metric multidimensional 

scaling (NMS), explaining a total of 83.3% of the probe signal variance (Figure 5.8). The N M S 

soil clustering was similar to that of the Pearson correlation dendrograms (Figure 5.7). 

Superimposed on the N M S plot are the correlation vectors for soil physical parameters. Also 

indicated in the NMS plot are the probes with signals correlated to total H C H and others with 

high correlation to a-HCH. The correlation strengths and phylogenetic affiliations of RSTs and 

DGGE band sequences corresponding to these probes are listed in Table 5.3. Table 5.3 contains 

examples of probes targeting the same RST designed by both Qiagen and Bioalma, and 

demonstrates consistency between the two probe sets. Probes with highest correlation to the 

presence of H C H have phylogenetic affiliations to several Proteobacteria (Alpha, Beta, 

Gamma), Actinobacteria, and Acidobacteria. Of these, several have been affiliated with pollutant 

degrading cultures or enrichments. Others are similar to sequences from peat bogs, acidophilic 

Acidobacteria, and an acidophilic enrichment. The probes with signals most highly correlated 

with a H C H were those corresponding to Sphingomonas which is a known H C H degrader. 

Supporting this observation, the DGGE band corresponding to this Sphingomonas probe (S4-2) 

was an intense band in the fingerprint from the a-HCH contaminated sample. The other 

sequences in this group were from uncultured environmental sequences with no known 

functional significance. The probes positively correlated with total H C H were also correlated 
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with organic matter and fungi counts and inversely correlated with pH. The a-HCH correlated 

probes were associated with a sample taken from a greater depth and collected from a different 

site. As a result, the phylotypes identified in Table 5.3 may have responded to other factors than 

H C H alone. 

5.7 Discussion 

Methodology 

16S rRNA gene approaches provide convenient and powerful tools for characterizing 

microbial communities in which the vast majority of organisms are unable to be cultured 

efficiently. Recently, the use of microarrays for the study of environmental samples has focussed 

on the 16S rRNA gene as an appropriate target for community comparisons. However, this 

approach has specific limitations, which are primarily focused on the sensitivity and specificity 

of microarray probes. Sensitivity is governed by several factors including choice of target, 

labeling method, and probe length. Given the abundance of the 16S rRNA in active cells, the 

choice of this target is not likely to be a factor hindering adequate sensitivity. However, using the 

corresponding D N A for this gene as target for microarray hybridization is not currently feasible 

without prior PCR amplification. Perhaps a more problematic obstacle is the difficulty in 

assessing specificity for the probes designed for environmental samples. Microarrays are often 

developed for expression studies in organisms for which the genome is sequenced. As a result, 

probe specificity can be assessed by a rational design in which the sequence of all hybridized 

D N A is known beforehand. However, the specificity and quality of probes targeting particular 

organisms in the environment is largely unknown because the background of D N A in a given 

sample is extensive and also uncharacterized. Prior to the use of microarrays in microbial 

ecology, Mau and Timmis (38) recognized this problem and suggested a novel solution by 

designing habitat-based probes for the study of microbial communities in a particular sample. 
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Their approach generated probes specific within the context of the communities being studied. 

Here a similar conceptual approach was employed toward designing microarray probes for 

comparing multiple complex communities. Using SARST, a large library of 16S rRNA gene 

sequences was generated from a composite of the soils analyzed in this study. Probes were 

designed for the 100 most abundant RSTs in this library and maximized their specificity against 

all the sequences in the RST library. This unique rational design theoretically generates a set of 

community-specific probes capable of monitoring the most abundant phylotypes in the original 

communities. 

The V I hypervariable region selected for SARST is the most variable region of the 16S 

rRNA gene (39, 40). Prior to the development of SARST and the RST array, this region 

successfully generated hybridization probes specific for particular organisms (41), although the 

specificity of this region is insufficient for discrimination of some closely related bacteria. Here 

sufficient sequence information was generated from the samples being studied to enable high 

probe specificity within the context of those samples. Despite the short length of this variable 

region, there was flexibility for probe design because only two of 100 probes were identical in 

the sets designed by Bioalma and Qiagen. When compared to the 973 phylotypes in the soil 

composite RST library, approximately 90% of the probes were identical only to the RSTs for 

which they were designed. This indicates that a small proportion of the probes would likely 

cross-hybridize to different RST phylotypes. However, because the probes were designed for the 

most abundant RSTs, it is unlikely that these less abundant RSTs will contribute substantial 

cross-hybridization signal. The hybridization results from the soils in this study also indicated 

that the probes were specific and provided consistent results because most probes listed with 

high correlations to environmental factors includes probes designed by both Bioalma and Qiagen 

(Table 5.3). Therefore, the variable region collected by SARST provides adequate specificity and 

sufficient length for flexible oligonucleotide probe design. 
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With the RST array, dilutions of control targets demonstrated a range of linear signal 

response spanning almost three orders of magnitude. The detection limit of individual sequences 

within the mixed community is at least within the range of 1-5% of the community, similar to the 

range reported for other microarray studies (15, 16). For the duplicate soil hybridizations in this 

study, labeled target was added at a concentration equal to the highest amount tested for pure 

cultures (-80 million arbitrary fluorescence units). The objective was to maximize signal for 

detection of community members of lesser abundance. Some non-specific hybridizations were 

observed for the pure culture targets tested in this study (Figure 5.5) but considering that 200 

soil-specific probes were present on the array, the proportion of expected hybridization to 

unexpected hybridization was very high. With oligonucleotide probes, non-specific hybridization 

occurs and is often associated with obvious probe similarity with few mismatches (15). Given 

the infrequent occurrence of non-specific hybridization, the influence of non-specific 

hybridization on the microarray data obtained is expected to be low. 

Few studies have compared microarray results to independent analyses by other methods. 

Koizumi et al. (42) found general overall agreement between DGGE, microarray, and membrane 

hybridizations when analyzing the dominant members of enrichment cultures. Peplies et al. (16) 

compared fluorescent in situ hybridization (FISH) to microarray results from marine 

bacterioplankton communities. In this study, extensive sequencing of DGGE bands enabled a 

robust comparison of fingerprint profiles and microarray data from contaminated soil samples. 

Despite using different forward and reverse primers for SARST and DGGE, 84% of the RSTs 

from sequenced predominant DGGE bands were present in the SARST-derived library, and 66% 

of the RSTs from sequenced predominant DGGE bands were sufficiently abundant to have been 

included in the microarray probe design. RST probes for two samples with prominent bands (S4, 

SI4) had expected hybridization results, including the probes having low signal intensity relative 

to the composite (Figure 5.6B, C). Data generated from DGGE provided relatedness 
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dendrograms of similar topology to those generated from the analysis of RST probes (Figure 

5.7). Although DGGE fingerprints provided an indication of prominent phylotypes in a given 

sample, the microarray designed in this study offered information on phylotypes that were both 

abundant and rare in each sample. 

HCH-contamination and microbial communities 

The results of this study indicate differences in soil microbial composition and diversity, 

associated with H C H presence. Samples with low (less than -50 ppm) or no detectable H C H 

contamination (S5, SIO, SI 1, S12, S16) had similar microarray probe patterns (Figure 5.7B,C) 

and DGGE fingerprints (Figure 5.7A). Microarray and DGGE approaches characterized the 

HCH-contaminated samples (S4, S14, and SI5) as having substantially distinct phylotype 

distributions. This implies that the presence of H C H influenced microbial community structure, 

enriching for populations adapted to the conditions present in contaminated soils or tolerant of 

those conditions. The separate clustering of S4 from S14 and S15 may indicate different 

phylotypes were enriched by or tolerant of different H C H isomers; although S4 was from a 

different site and greater depth than the other samples. Location and depth may be additional 

factors influencing the community structure of S4. The presence of H C H contamination 

apparently reduced the bacterial diversity of these soils. Shannon indices were calculated for the 

microarray probe signals, providing an indication of the proportion of probes with measurable 

signal and the evenness of probe signal distribution. While not statistically significant, the mean 

Shannon index for the uncontaminated soils (3.92 +/- 0.14) was higher than for the contaminated 

samples (3.60 +/- 0.25). Such a comparison may not be entirely valid because DGGE revealed 

that not all predominant PCR products had corresponding probes on the microarray (Figure 

5.6A). However, the DGGE fingerprints for the contaminated samples had lower evenness in 
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band intensities than the uncontaminated sample fingerprints (Figure 5.6), further supporting the 

lower diversity (particularly evenness) of contaminated soil PCR products. 

Several probes were identified with signal intensities correlated with a H C H or total 

H C H contamination (Table 5.3). Many of the probes correlated with total H C H contamination 

represent phylotypes affiliated with pollutant-degrading organisms and enrichment cultures as 

well as acid-tolerant organisms. HCH concentrations in these soils have previously been shown 

to be inversely correlated with pH (2), and this is also clear using NMS in this study (Figure 5.8). 

These trends supported the hypothesis that H C H has an influence on soil parameters and 

microbial community composition. Previous work on these soils indicated that HCHTdegrading 

organisms isolated from these soils were members of the genus Sphingomonas (2), but that study 

was not able to link the isolated Sphingomonas sp. isolates with DGGE phylotypes detected in 

the soils from which they originated. However, they identified a single predominant D G G E 

phylotype corresponding to a unique Sphingomonas phylotype (not isolated) from the soil 

sample with the highest a-HCH contamination. In the present study, the probe signal with the 

highest correlation to a-HCH (Table 5.3) also corresponded to a DGGE phylotype (S4-2; Figure 

5.6), which was affiliated with the genus Sphingomonas. However, this DGGE band sequence 

from S4 did not perfectly match sequences from DGGE phylotypes or isolates from the previous 

study (2). The microarray and DGGE approaches employed here further support the assertion 

that members of Sphingomonas, which includes known HCH-degraders, were enriched in at least 

two soil samples with high a-HCH contamination. 

The approach presented in this report has several limitations. To some extent, the bias 

inherent in PCR amplification affects the resulting data (43). Gel-based fingerprinting methods, 

clone libraries, and microarray studies must accept this bias as one limitation that accompanies 

the benefits of PCR-based methodologies. Improvements to microarray hybridization techniques 

will hopefully improve sensitivity and obviate the need for PCR amplification. In addition, the 
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slide chemistry used in this study had a high background when hybridized with Cy3-labeled 

target and precluded accurate differential-display comparisons. For studies involving more 

samples, a different slide chemistry such as aldehyde would be preferable over aminosilane for 

oligonucleotide probe attachment. 

The ability to process multiple samples and isolate patterns of probe intensities related to 

factors such as pollutant contamination demonstrated an advantage of the community-specific 

RST array over conventional approaches such as DGGE. Correlations of H C H contamination 

with particular phylotypes were framed within other environmental factors, which obviously 

contribute to the final community profile. The data in this investigation clearly points out the 

need to give proper weights to the interrelated variables which specifically influence community 

structure. This study represents an attempt to use 16S rDNA arrays on complex soil microbial 

communities. A key factor contributing to the initial success of this array was the novel design 

and application of probes specific to the community of interest. Future research should involve 

the comparison of more samples, ideally with hybridization of 16S rRNA, reflecting phylotypes 

most actively participating in H C H degradation within these soils. 
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a- P- y- 8- e- Total Fungi Organic 
Sample, Depth HCH HCH HCH HCH HCH HCH CFU matter 
Location (cm) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (xlO3) (%) P H 

S4, Ansio 
90-
100 3580 144 15.3 1.2 14.2 3750 3.5 4.0 5.9 

S5, Portugalete 0-10 4.36 4.19 0.08 0.05 0.27 8.95 22.0 3.3 8.4 
S10, Artxanda 3-15 ND 2 0.01 ND 0.02 ND 0.03 7.4 21.2 5.4 
SI 1, Artxanda 0-10 ND ND ND 0.01 ND 0.01 9.3 9.1 8.1 
SI2, Artxanda 0-8 0.17 0.01 0.03 0.04 0.06 0.40 6.4 31.8 7.6 
SI4, Artxanda 0-10 1270 793 298 9750 1438 13500 41.8 96.4 3.6 
SI5, Artxanda 0-10 1900 263 98.6 18300 1224 21800 46.3 18.6 4.4 
SI6, Artxanda 0-10 17.7 7.81 1.01 18.0 8.7 53.3 10.5 31.9 7.2 
These data were previously published (2) and are included here for reference. 

2 N D , not detected. 
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Table 5.2 Predominant RST summary and probe parameters. 

Characteristics Bioalma Qiagen 
Total probes designed 112 
RST length 31.5 (5.2) 
Maximum RST length 39 
Minimum RST length 19 
Average T m 65.5 (3.0) 62.8 (2.9) 
Maximum T m 72 69 
Minimum T m 56 55 
Average length 21.3 (2.3) 19.8(1.6) 
Maximum length 25 20 
Minimum length 18 15 
% GC content 55.3 (9.5) 56.9 (8.2) 
Maximum % GC 78 75 
Minimum % GC 39 36 
Undesired matches' 9 12 

Number of probes with 100% similarity to other 
RSTs in the full library. 
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Table 5.3 Probe signals having high correlations with total HCH and a HCH. 

DGGE bands corresponding to RST array probes are listed along with highest Genbank 
affiliations for either DGGE bands or RST sequences corresponding to each probe. 

Probe name r D G G E band 
Similarity 

(%) 
Genbank 

ID Division Genus (if known) 

g376->SS3-H4_4_alma 1.00 S15-1 97 AY043684 Gamma Prot. Forest soil clone 
g376->SS3-H4_4_qiagen 0.99 S15-1 97 AY043684 Gamma Prot. Forest soil clone 
g86->SS1-D9_1_qiagen 0.96 S14-9.S15-5 95 AY144255 Gamma Prot. Petroleum-degrading clone 
g86->SS1-D9_1_alma 0.96 S14-9.S15-5 95 AY144255 Gamma Prot. Petroleum-degrading clone 
g52->SS 1-D12_7_qiagen 0.92 100 X92701 Actinobacteria Peat bog clone 
g52->SS1-D12_7_alma 0.81 100 X92701 Actinobacteria Peat bog clone 
g102->SS2-C9_8_qiagen 0.87 100 AJ227809 Alpha Prot. Maricaulis 
g24->SS1-C3_2_alma 0.81 100 AF210716 Unknown Rhizosphere clone 

X g24->SS1-C3_2_qiagen 0.80 100 AF210716 Unknown Rhizosphere clone 
O g43->SS1-D10_8_alma 0.78 100 AF162266 Bacteroidetes Flavobacterium 
_ g135->SS2-D6_2_qiagen 0.77 S15-2 98 AB011750 Gamma Prot. Uncultured clone 

2 g135->SS2-D6_2_alma 0.74 S15-2 98 AB011750 Gamma Prot. Uncultured clone 

I- g41->SS1-D10_6_alma 0.77 S14-11 98 D26171 Acidobacteria Acidophilic Acidobacterium 

g41->SS1-D10_6_qiagen 0.71 S14-11 98 D26171 Acidobacteria Acidophilic Acidobacterium 
g 148->SS2-D8_7_alma 0.75 100 AY177374 Actinobacteria Phenanthrene degrader 1 

g51->SS1-D12_6_qiagen 0.75 S14-10 97 AJ583181 Gamma Prot. Ground-water clone 
g122->SS2-D2_3_alma 0.75 100 AB089126 Acidobacteria Uncultured clone 
g69->SS 1 -D6_3_alma 0.75 100 AF524859 Acidobacteria Acidophilic enrichment clone 

g69->SS1-D6_3_qiagen 0.71 100 AF524859 Acidobacteria Acidophilic enrichment clone 

g2->SS1-C1_2_alma 0.72 100 AY177371 Beta Prot. Phenanthrene degrader 1 

g2->SS1-C1_2_qiagen 0.71 100 AY177371 Beta Prot. Phenanthrene degrader 1 

g47->SS1-D12_2_alma 0.84 S4-2 98 AY081166 Alpha Prot. Sphingomonas 
^ g47->SS1-D12_2_qiagen 0.79 S4-2 98 AY081166 Alpha Prot. Sphingomonas 
O g276->SS3-D12_1_alma 0.84 100 AJ252649 Unknown Agricultural clone 
1 g276->SS3-D12_1_qiagen 0.79 100 AJ252649 Unknown Agricultural clone 
JH g49->SS1-D12_4_qiagen 0.83 S4-8.S4-9 93 AF431498 Acidobacteria Uncultured clone 

3 g49->SS1-D12_4_alma 0.80 S4-8.S4-9 93 AF431498 Acidobacteria Uncultured clone 
ro g147->SS2-D8_6_alma 0.83 100 AY632471 Acidobacteria Uncultured clone 

g249->SS3-C6_1_qiagen 0.76 100 AY632489 Beta Prot. Uncultured clone 
1 Other database matches had equal similarity to the query sequence. 
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Figure 5 .1 Outline of experimental approach. 

(Samples) DNA extractions from individual soil samples were combined to form a composite 
(mix) for generating an RST library. (SARST) RSTs were collected from the composite to 
identify predominant sequences for oligonucleotide probe design. (Microarray) A community-
specific microarray was printed with probes specific for predominant RSTs designed by both 
Bioalma and Qiagen. The array was used to compare hybridizations of the individual soil 
samples. (DGGE) Gel fingerprints were obtained for each sample and intense bands sequenced 
to confirm the community-specific nature of the microarray and enable the validation of bulk 
probe hybridization signals. 
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Figure 5.2 Rank-abundance curve of unique RST abundance. 

Curves were calculated from a SARST-derived library generated from the composite soil. 
Hybridization probes were designed to match the 100 most abundant RSTs, indicated to the left 
of the dashed line cutoff. Inset: Randomized accumulation curve (95% C.I. contained within the 
symbols) and associated estimate of the accumulation curve asymptote (Chaol estimate with 
95% C.I.). 
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Figure 5.3 RST array probe layout and representative hybridizations. 

Top: Layout of probes on the RST array. Image represents one grid which was printed in 
triplicate on each slide. Pure culture controls probes are EC1 (E. coli), BSI (B. subtilis), SA (S. 
aureus), CC (C. crescentus), LB400 (B. cepacea sp. LB400). Bottom: Sample hybridizations of 
labeled control and soil sample targets. Images on the left depict the Bioalma-designed probe and 
on the right depict the Qiagen probe for each control. The sample images from S14 represent 
selected replicate subgrids providing an indication of across-slide reproducibility. 



164 

^ f j O L • • • • • 1 • • ' I I I I I M i l I I I I l l l l l l 

0 . 0 0 1 0 .01 0.1 1 1 0 1 0 0 

Target (millions of arbitrary fluorescent units) 

Figure 5.4 Dilution series of labeled targets from pure cultures for Bioalma and Qiagen 
probes. 

Linear correlation strengths (r2 values) between 0.1 and 100 million fluorescence units are 
indicated in brackets. Error bars represent standard deviation from triplicate spots. 
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Figure 5.5 Summary of control hybridizations. 

Positive controls, negative controls, and unexpected hybridizations for all Bioalma (A) and 
Qiagen (B) probes hybridized against a mixture of labeled pure culture targets (10 million 
arbitrary fluorescence units of target). LB400 was hybridized separately (C) because the signals 
were higher. Error bars represent standard deviation from triplicate spots. 
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Figure 5.6 DGGE confirmation of community-specific probes and soil hybridization. 

Identical DGGE gel copied three times to show (A) bands in which high quality cloned sequence 
data are available and/or have probe coverage on the RST array, (B) comparison of S4 RST array 
hybridization signals to those from the soil composite (mix) (C) comparison of S14 RST array 
hybridization signals to those from the soil composite (mix). 
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Figure 5.7 Pearson correlation U P G M A dendrograms for the RST array and D G G E . 

Dendrograms for DGGE fingerprints (A), microarray signals for probes corresponding to DGGE 
bands (B), and microarray signals for all probes on the array (C). RST array probe signal 
intensities are indicated with arbitrary shading. The darkest fill represents the most intense 
signal. 
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Figure 5.8 Analysis of RST array soil hybridizations and correlations with soil 
parameters. 

A non-metric multidimensional scaling plot (NMS) showing soil samples separated in two 
dimensions by probe signal variance. The overlay shows the correlations of several soil 
parameters to the two axes and a summary of the correlation vector strengths (r2 values) are 
given on the right side. Probes with the highest Pearson correlations to the two parameters: a 
H C H and Total H C H , are shaded. The identities of these correlated probes are summarized in 
Table 5.3. 
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Chapter 6 General discussion and perspectives 

6.1 Insight into soil microbial ecology 

This study involved an examination of soil microbial community composition. In Chapter 

4, large libraries of bacterial RST phylotypes enabled differentiation between diversity estimates 

of boreal forest and arctic tundra soils (Figure 4.1). Contrary to the original thesis hypothesis, the 

estimated diversity of undisturbed Arctic tundra soil samples was higher than for boreal forest 

soil samples. The lowest diversity estimate was associated with the library prepared from a 

disturbed arctic site. Phylogenetic compositions of arctic tundra and boreal forest soils did not 

clearly reflect distinct microbial communities adapted to each biome because RST libraries did 

not cluster separately by biome and the overall division-level RST distributions were similar for 

all libraries (Figure 4.3). As a result, biome-specific factors may not have provided consistent 

influences on community composition in these samples. Sorting of RST library data identified 

sequences that were associated with all samples or affiliated with samples from individual 

biomes (Figure 4.4). The phylogenetic affiliations of sequences with potentially cosmopolitan or 

endemic distributions did not infer physiological roles that would provide an explanation for 

these distributions. 

The high diversity of arctic tundra samples relative to boreal forest samples is of broad 

interest because this finding challenges a longstanding hypothesis in ecology and affirms arctic 

tundra soil as an unrecognized reservoir of biological diversity and therefore, biochemical 

potential. High tundra diversity reinvigorates debate about factors controlling biological 

diversity, bringing microbes to the forefront of the discussion. Microbiologists remain woefully 

ignorant of most of earth's biodiversity because so few studies have focused on microbes. 

Continued application of advanced molecular methods will contribute to an improved 

understanding of which bacteria are present in the environment and what functions they 
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contribute. Such knowledge of basic bacterial biodiversity can be used to support new advances 

in areas of biotechnology and understanding of factors influencing global nutrient cycling. 

Chapter 5 involved a comparison of microbial communities in HCH-contaminated and 

uncontaminated soils. RST probe signals and D G G E fingerprints of contaminated samples were 

dissimilar to uncontaminated samples (Figure 5.7). HCH-contaminated samples were associated 

with lower measured diversity and an abundance of particular RST phylotypes. Abundant 

phylotypes that correlated with H C H concentration corresponded both to potential hydrocarbon-

degrading bacteria and to Sphingomonas spp. (Table 5.3). The latter affiliation suggests that 

Sphingomonas is involved in hydrocarbon degradation in the environment as has been suggested 

in other studies (1, 2). Chapter 5 also indicated that environmental factors such as pH, organic 

matter and depth were correlated with the relative abundance of HCH-associated phylotypes 

(Figure 5.8) and may have also affected community structure in these samples. 

Microbial ecologists seek to understand the relationship between community composition 

and environmental factors. The questions that are ultimately being addressed include: What 

factors influence microbial diversity and community composition? How do community changes 

affect changes in the activity or functional ability of communities? How resilient are bacterial 

communities following disturbance? How do human activities impact microbial communities in 

the environment? And, how lasting are these impacts? Microbial communities are responsible for 

transformations of myriad compounds such as plant and animal carbon, atmospheric gases and 

anthropogenic pollutants. As a result, knowledge of microbial community composition is linked 

to knowledge of physiological capabilities of those communities. Because phylogenetic diversity 

is linked to physiological diversity, knowledge of the magnitude of overall genetic diversity in 

microbial communities is an important prerequisite for predicting the biochemical potential of 

individual environments. 
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In this study, SARST and a corresponding microarray were used to profile the 

composition and diversity of complex soil communities. The objective was to begin associating 

soil microorganisms with environmental factors that may be responsible for influencing 

community composition such as temperature, vegetation or pollutant contamination. SARST 

involves random sequencing of 16S rRNA gene D N A from environmental samples and 

therefore, information is only obtained for the most abundant phylotypes in a given community. 

Such an approach enables estimates of overall taxonomic diversity, phylogenetic composition of 

predominant phylotypes, and permits comparisons of diversity and composition between 

different libraries. However, there were questions that remained unanswered due to limitations 

inherent in the chosen methodologies. These limitations are related to 1) high bacterial diversity 

in soil which prevented stable estimates and comparisons of richness, 2) the inability of SARST 

and the RST array to monitor microorganisms of lesser abundance and 3) the difficulty in 

gauging which phylotypes are important for community function. 

With equivalent sequencing effort, SARST generated sequence libraries containing five-

to ten-fold more sequences than traditional 16S rRNA gene clone libraries (Chapters 2-5). 

Regardless, the high diversity of soil microbial communities within arctic tundra, boreal forest 

and Basque soils prevented conclusive estimates of total diversity (Figure 4.1). In Chapters 3, 4 

and 5, the total richness of RST libraries was calculated using Chaol estimates, which compare 

the ratio of singletons and doubletons in random library subsamples for all possible subsample 

sizes. For all RST libraries, the Chaol richness estimates increased with increasing subsample 

size. SARST libraries, even with thousands of RSTs collected, possessed large proportions of 

singleton and doubleton RSTs (Figure 4.2) and were thus insufficiently large to generate stable 

richness estimates or accumulation curves that reached asymptotes. The literature indicates that 

stable richness estimates are the most suitable criteria for determining whether clone libraries are 

"large enough" to enable reliable comparisons of sequence library diversity between different 
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samples (3,4). Most clone libraries from environmental samples are not considered large enough 

by this standard (4) and the insufficiency of SARST data to generate stable richness estimates 

further supports the suggestion that soil microbial communities possess astounding diversity that 

continues to evade adequate characterization. Curtis et al.(5) estimated that a single gram of soil 

may contain between 6,000 and 60,000 bacterial phylotypes. If this is accurate, then the 

composite soil samples studied in this thesis may indeed be representative of a particular 

location, but may contain even greater phylotype richness than that typically found in a gram of 

soil. Thus, as with standard clone libraries, sequence sample sizes obtained in this thesis were 

considered small in comparison to total soil bacterial diversity. 

Despite the inability of RST libraries to generate stable richness estimates, the data were 

sufficient for certain analyses. RST libraries distinguished between the apparent richness of 

undisturbed boreal forest and arctic tundra samples with equivalent subsample size (Figure 4.1), 

where typical 16S rRNA gene clone libraries of a few hundred phylotypes would have failed to 

do so. Because the estimates based on RSTs were increasing with increasing subsample size, 

there remains the possibility that estimates would cross with further sampling. However, by 

considering the most predominant phylotypes within RST libraries, arctic tundra libraries were 

estimated to have significantly higher richness than boreal forest samples. While the estimates 

were not stable, uncertainty will always accompany richness estimates provided a community 

has not been sampled to completion and the total richness is then known. As a result, comparing 

the richness of equivalent size subsamples should be considered legitimate provided that 

conclusions are framed within the context of the subsample size. Also, because clustering of 

RSTs yielded a similar number of phylotypes as did clustering of longer 16S rRNA gene 

sequences (Chapter 3), SARST-generated libraries provided more extensive profiles of 

phylotype composition than possible with equivalent sequencing effort with traditional clone 

libraries. Large sequence libraries strengthen overall sample comparisons using the Bray-Curtis 
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index (Chapter 4), for example. Finally, because the community-specific nature of the RST array 

was dependent on an extensive sequence library, the large number of RSTs collected with 

SARST were critical for identifying predominant phylotypes for hybridization probe design 

(Chapter 5). 

By measuring RST phylotype relative abundance by means of SARST, the RST array and 

DGGE, the analyses in this thesis considered the influence of location and pollutant 

contamination on the predominant phylotypes in each sample. This raises the question: Are the 

most abundant organisms the most important organisms in terms of community function? This 

study may have overlooked low-abundance phylotypes with important metabolic relevance for 

community function. Possible examples of important but rare organisms include methanotrophic 

and nitrifying bacteria. The relative abundance of these organisms within total soil bacterial 

populations may be low (6, 7) but these groups have substantial involvement in methane and 

ammonium oxidation. SARST and the RST array, as presented in this thesis, may poorly sample 

subdominant populations and underestimate the relevance of changes in their abundance. As a 

result, the questions addressed in this thesis were restricted to those that addressed a census of 

the population. These questions include: How is community diversity and composition related to 

location? Does pollutant contamination result in changes in community composition? Other 

approaches would be required to follow up these major questions with more specific questions 

that are discussed later in this chapter. 

Another disadvantage with monitoring the presence of abundant community phylotypes 

is that this approach does not consider the metabolic activity of individual RST phylotypes. A 

correlation between the abundance of particular phylotypes and environmental factors does not 

necessarily imply an active involvement of these phylotypes with these factors. For example, in 

Chapter 4, RST data was unable to indicate whether the sequences obtained from arctic tundra 

and boreal forest soils reflected viable and active organisms within these environments. Further, 
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in Chapter 5 the relative abundance of HCH-degrading phylotypes in HCH-contaminated 

samples was insufficient to confirm that these phylotypes were involved in H C H degradation in 

situ. This limitation prevented clear conclusions regarding the underlying cause of observed 

arctic tundra diversity and the significance of abundant phylotypes in contaminated Basque soils 

using the RST array. Further experimental evidence using other methodology would be required 

to link phylotypes with metabolic function. A combined characterization of both ribosomal D N A 

and ribosomal RNA may help determine whether abundant D N A sequences reflect viable and 

active organisms, specifically within arctic tundra soil communities where the incidence of cell 

and D N A preservation is far more likely given the lower annual temperatures. The possible 

combination of stable isotope probing (8) and heavy carbon-labeled pollutants (9), combined 

with the RST array, may provide a better indication of the bacteria that are directly involved in 

natural attenuation of pollutants such as H C H . Alternatively, analysis of genes relevant to H C H 

degradation would enable HCH-degrading population abundances to be measured directly. 

Similar approaches to those suggested above could substantially improve the ability to 

distinguish between multiple interrelated factors that contribute to community structure in soil 

environments. 

6.2 Methodological considerations 

While SARST was used to recover large sequence libraries from soil samples, several 

weaknesses were identified with SARST-related methodology and experimental design. 

Although sequencing concatemer inserts is efficient, the SARST protocol (Chapter 2) contains 

steps that are technically challenging, time consuming and reagent intensive. Each sample 

required 7-8 days between extracting community D N A and sequencing of concatemer inserts and 

only a few samples could reasonably be processed simultaneously. The most laborious steps 

involved the attachment and subsequent removal of linkers prior to ligation of RSTs into 
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concatemers. Linker steps required multiple enzymatic reactions, purchased oligonucleotides, 

and polyacrylamide gel electrophoresis (PAGE) purification. Linkers were designed as a 

component of SARST because primer locations were not identified that offered compatible 

overhangs following an initial digestion of primers from the VI-region PCR amplicons. 

Enzymatic removal of primers and subsequent ligation of RSTs would obviate the need for 

linkers, providing a more efficient protocol. Toward circumventing the limitation of linkers, 

Kysela and coworkers have since developed a modification of SARST that was termed SARST-

V6 and targets the V6 region of the 16S rRNA gene (10). This method was reported to be more 

rapid than SARST because an initial digestion of PCR amplicons generates overhangs that are 

compatible for an efficient ligation into concatemers. However, the average length of V6-region 

RSTs (66 bp) is too long for efficient sequencing throughput. Furthermore, additional 

manipulations (blunt end polishing, adenine overhang generation) required by the absence of 

linker steps could offset the efficiency of removing linker ligation. In an almost identical 

approach, Y u and coworkers developed an "improved" SARST protocol (iSARST) that targets 

the V I region and circumvents the use of linkers (11). This method requires an additional step 

prior to cloning (blunt end polishing), but the reagents and time required for iSARST are 

approximately half of that required by SARST. iSARST yielded fewer RSTs per reaction (11) 

than Chapter 2 of this thesis, suggesting that iSARST may not yet be fully optimized. 

Another drawback to the use of SARST is that the taxonomic specificity of short D N A 

sequences is uncertain and their use for establishing phylogenetic relationships is unclear. 

Although full-length 16S rRNA gene sequences have been questioned for their ability to identify 

organisms at the species level (12-14), there has also been a recent "unfortunate trend" (15) 

towards using shorter sequence alignments to determine phylogenetic relationships between 

microorganisms. However, even short 16S rRNA gene sequences (-250 bp) are useful for 

generating phylogenetic trees provided a variable region is included in the analysis (2, 16). The 
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RSTs collected with SARST originate in the VI-region, which is the most variable region of the 

16S rRNA gene (17). This thesis determined that RSTs generally possess sufficient specificity 

for broad identification of genus- or species-level affiliations (Chapters 2 and 3). Furthermore, 

within the context of individual soil microbial communities, the specificity of this variable region 

enabled the design of phylotype-specific PCR primers (Chapter 3) and hybridization probes 

(Chapter 5). 

In contrast, preliminary tests demonstrated that RST V I regions were inappropriate for 

determining phylogenetic relatedness by means of sequence alignments (data not shown). High 

variability of V I regions from distinct phylogenetic groups prevented accurate sequence 

alignments and subsequent phylogenetic dendrogram construction. A related drawback is that 

community-specific information obtained by SARST does not readily contribute to the survey of 

global microbial diversity (18) because sequences are too short for alignment and are stored in a 

separate database. The short length of RSTs prevented storage in RDP-II and inclusion in 

Genbank B L A S T searches. Instead, RSTs collected in this thesis and other work (11) were stored 

permanently within the Gene Expression Omnibus (GEO) of the NCBI (19). One convenience of 

GEO is that RST probe information and hybridization data from Chapter 5 were also stored 

within this database. 

The application of SARST and the RST array were complemented by D G G E (Chapters 4 

and 5) and offered an additional perspective on community structure and changes in predominant 

phylotypes. One drawback encountered using DGGE was poor resolution offered by 

polyacrylamide gel electrophoresis of many unique 16S rRNA gene fragments. DGGE 

fingerprints were largely composed of unresolved 'smears'. As a result, poor gel resolution 

prevented the retrieval of high quality sequence information from all discernible fingerprint 

bands. In Chapters 4 and 5, only the most intense bands yielded reliable sequence information 

and even then, cloning of excised band PCR amplicons was a necessary prerequisite for most 
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bands. The advantage of SARST and the RST array over DGGE was that these methods not only 

provided community profiles for sample comparison, but each phylotype was associated with 

sequence information which facilitated sample comparisons and descriptions of community 

composition that were not feasible using fingerprinting approaches. DGGE served as a useful 

complement to the methods developed in this thesis but fingerprints alone were unable to provide 

sufficient estimates of community richness and composition for sample description and 

comparison. 

The RST array was designed to monitor the most abundant phylotypes in soil samples 

and the results agreed with data generated by DGGE because sample dendrograms and measured 

phylotype abundances were similar (Figure 5.6, Figure 5.7). This agreement helps support the 

community-specific design of the array, but the interpretation of data in this chapter may have 

been strengthened by including more samples representing more sites, treatments, and 

replication. A disadvantage to the RST array is that the sample set is derived from samples 

combined to generate the composite for SARST. This precludes the analysis of additional 

samples without first generating new SARST libraries and designing additional probes. While 

this underlines the importance of careful initial experimental design, the necessary sample set 

cannot always be predicted prior to initial experimentation. A possible solution is to conduct an 

initial screen with a method such as DGGE to identify representative samples for the subsequent 

design of a community-specific array. 

As with SARST, the RST array was dependent on PCR to generate sufficient target for 

detection. As a result, the data obtained by both methods are subject to bias associated with all 

PCR-based methods in microbial ecology, as discussed in Chapter 1. One possible advantage to 

the use of microarrays in microbial ecology is that the additional bias inherent in PCR 

amplification can potentially be circumvented by the extraction and labeling of ribosomal RNA. 

Such an approach has already been demonstrated for environmental microarray studies (20, 21) 



182 
and could provide a less biased analysis of the metabolically active members of microbial 

communities. 

6.3 Future investigations 

Method development in microbial ecology is not yet fully matured and improvements 

will continue to strengthen the ability to test ecological hypotheses involving microbial 

community composition. The results presented in Chapter 4 and Chapter 5 raise specific 

questions and objectives that are appropriate for future investigations. Chapter 4 raises questions 

such as: Is bacterial diversity positively correlated with latitude in the northern and southern 

hemisphere? What factors influence the composition and diversity in soils? How does the impact 

of these factors differ for microbial and "macrobial" communities? Does high abundance and 

diversity of arctic tundra communities require a reevaluation of the functional impact of northern 

soils on nutrient cycling and atmospheric trace gas conversions? Do isolated organisms with 

phylotypes that match potentially endemic and cosmopolitan RSTs have genomes and 

physiologies that reflect niche adaptation and help explain their distributions? Can altitude act as 

a surrogate of latitude and facilitate studying the impact of similar gradients on microbial 

diversity? Chapter 5 addressed HCH-contaminated soils and identified phylotypes associated 

with contaminated samples. These results raise other questions including: Do the predominant 

phylotypes associated with H C H contamination (including Sphingomonas spp.) contribute to the 

attenuation of this pollutant in situ"? Do different H C H isomers enrich for different degrading 

phylotypes? How do factors such as pH, organic matter and fungal populations influence 

bacterial community composition as it relates to H C H attenuation? How quickly is H C H being 

degraded in these soils? How lasting is the impact of H C H on microbial community 

composition? 
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As discussed above, the sequence libraries generated by SARST contained a large 

proportion of singletons and doubletons (Figure 4.1). Rare RSTs likely represent organisms of 

low relative abundance, and are possibly sequences that are poorly sampled by means of 

traditional clone libraries. As a result, rare RSTs may represent a large pool of potentially 

undescribed phylogenetic diversity. Because the number of recognized prokaryotic divisions 

increases as new sequences are sampled from the environment (22), the high resolution offered 

by SARST may provide additional access to low-abundance sequences originating in previously 

undescribed organisms. The ability of RSTs to serve as specific PCR primers (Figure 3.6) would 

facilitate the amplification of full-length 16S rRNA genes from rare organisms for further 

phylogenetic analysis. 

The results presented in this thesis advance the understanding of soil microbial 

community diversity and composition. This work is an important first step toward answering 

basic questions in microbial ecology and has also helped identify new questions that 

microbiologists have yet to address. Prior to this work, no available methodologies provided 

profiles of bacterial community structure as efficiently as SARST nor monitored large numbers 

of phylotypes in multiple samples to the same extent as the RST array. Addressing the questions 

raised above will require a combined approach using multiple methodologies. The advent of 

methods such as SARST and the RST array, improvements such as SARST-V6 and iSARST, 

and recent advances in metagenomics (23), stable-isotope probing (8), and culturing organisms 

(24) will strengthen experimental approaches and continue offering new insight into soil 

microbial ecology. 
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Appendix A SARST-specific software 

A. l Preface 

During development of serial analysis of ribosomal sequence tags (SARST), aspects of 

the protocol required software to facilitate tasks that were too time-consuming to complete 

otherwise. Alignment Scanner was written to facilitate the design of bacteria-specific primers for 

SARST. Alignment scanner was also intended to calculate the frequency with which restriction 

enzymes in SARST methodology would recognize sequences internal to the ribosomal sequence 

tag (RST) region itself. SARSTeditor was the second software tool that was developed to process 

raw sequence files, parsing concatemer sequences and arranging RSTs into FASTA format 

which was required for further analysis. SARSTgrouper clusters RSTs by a user-defined 

similarity cutoff and generates multiple outfiles that are useful for subsequent analysis and 

comparison of RST libraries. Alignment Scanner and SARSTeditor were developed with the 

programming help of Aaron Visser and programming for SARSTgrouper was conducted by Paul 

Sue. A l l three programs are included on a compact disc which is included with this thesis. 

Alignment Scanner and SARSTeditor require a Visual Basic run-time installation. This 

installation can be downloaded from (http://www.microsoft.com/downloads/release.asp? 

releaseid=28337&area=top&ordinal=23). SARSTgrouper was written in PERL and requires the 

latest version of PERL. This can also be downloaded (http://www.perl.com/). 

A.2 Alignment Scanner 

Alignment Scanner was designed as a tool to be used in conjunction with the online 

analysis section of the former Ribosomal Database Project II (RDP-II; http://rdp8.cme.msu.edu). 

The RDP-II contains aligned small and large subunit rRNA genes from all Bacteria, Eukarya, 

and Archaea. The former database allows one or more columns (slices) to be retrieved from these 

http://www.microsoft.com/downloads/release.asp
http://www.perl.com/
http://rdp8.cme.msu.edu
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alignments. These columns were useful for identifying unique sequences throughout the slice, 

such as primer target consensus or restriction enzyme recognition sites. Being able to quantify 

the nucleotide composition within each column is important for universal primer design and for 

the development of novel molecular techniques such as SARST. The RDP-II has since been 

updated (http://rdp.cme.msu.edu/index.jsp) and even though alignment slices can still be 

obtained from the former site, this database is no longer being maintained. Here a brief 

description of the applications and use of Alignment Scanner is included. 

Alignment scanner provides (a) the fraction of the sequences in the global alignement 

that spans the region of the selected slice, (b) the frequency that user-specified sequences occur, 

and (c) a summary of the lengths of the sequences in the alignment slice. The simple procedure 

for using Alignment scanner is as follows: 

1. Download an alignment slice from RDP-II. Select text file for download and save with a '.txt' 

extension to any folder. 

2. From Alignment Scanner select 'Open' and choose the desired file. 

3. Select a search string. Uracil and thymidine are interchangeable, input is not case sensitive, 

and IUB codes for mixed bases are accepted. 

A.3 SARSTeditor 

SARSTeditor is an application designed to edit SARST sequence files into individual 

RSTs in FASTA format. SARSTeditor accepts any number of separate text sequence files (with 

.seq extensions) as infiles. It identifies user-specified begin, border, and end sequences and 

confirms that concatemers are correctly assembled. Individual RSTs are isolated from border 

sequences and tail-to-head RSTs are reverse complemented to be in 5' to 3' orientation. RSTs 

within FASTA-format outfiles are given unique designators adapted from the infile names. 

Sequence files must be user edited to correct for misnamed bases and identify areas of poor 

http://rdp.cme.msu.edu/index.jsp
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sequence quality. Such sequencing-specific errors must not be included in the analysis and are 

not identified be SARSTgrouper. To prematurely terminate sequence traces before poor 

sequence begins, artificial end sequences can be added by manually entering " T A G T A G T A G " in 

the sequence infile. The RST containing the artificial end sequence will be removed from the 

output file when processed by SARSTgrouper. 

A.4 SARSTgrouper 

SARSTgrouper was used to cluster RSTs organized in FASTA-format by percent 

similarity, number of mismatches, or by exact match. The SARSTeditor batch outfile is designed 

to be used directly as an infile for SARSTgrouper. SARSTgrouper generates several outfiles 

summarizing the resulting RST groups. F A S T A labels for infiles should be organized with 

unique labels including two-character library designations. SARSTgrouper was developed to 

circumvent some of the shortcomings of Fastgroup. Fastgroup was initially designed to cluster 

16S rRNA gene sequences by percent similarity but performed poorly, primarily because it 

clustered new sequences into existing groups i f any sequence within that group was sufficiently 

similar to itself. In this manner, substantially different sequences can be falsely clustered into 

similarity groups. SARSTgrouper avoids this limitation and is additionally useful because it 

generates outfiles that facilitate the analysis of RST libraries. The outfiles and their descriptions 

are included below. 

grouper_infile.txt: provides the date, time, grouping threshold, total number of RSTs grouped, 

and the number of unique groups formed by clustering. 

grouper_sequences.txt: list of individual groups and clustered sequences. 

grouper_groups.txt: list of individual groups and a representative sequence from each. 

grouper_fiIes.txt: list of individual groups, percent representation of that group out of the total 

number of groups, and FASTA labels of clustered sequences. 
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grouper_estimates.txt: a "Format 3" infile for processing by Estimates as previously described. 

grouper_coverage.txt: a tab-delimited spreadsheet with group numbers, RST sequence, and 

both count and percent representation of each group. If multiple libraries are processed together, 

the file will contain columns for each library. Libraries are distinguished by virtue of the first 

two characters in the FASTA labels. 
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Appendix B Fluorophore-labeled primers and DGGE 1 

B.l Preface 

Denaturing gradient gel electrophoresis (DGGE) is widely used in microbial ecology. 

During the course of this thesis, DGGE gel inconsistencies and problematic normalizations were 

noted. The development and testing of fluorophore-labeled primers for DGGE was undertaken 

and the results are described. The ability of fluorophore-labeled primers to provide high 

sensitivity and enable running intra-lane standards with each sample was tested, in addition to 

measuring the the impact of fluorophores on band migration. Fluorophores improved DGGE 

fingerprint detection and facilitated normalization of samples from multiple gels. 

B.2 Introduction 

Since its advent in environmental microbiology, denaturing gradient gel electrophoresis 

(DGGE) has become a popular tool for characterizing microbial communities. DGGE and other 

fingerprinting methods provide advantages of being affordable, relatively easy to use, and 

amenable to the rapid comparison of multiple samples. Unlike fingerprinting methods that use 

commercially available size standards, DGGE suffers from a lack of consensus regarding 

standards for normalization of multiple fingerprints. Gradients formed in different gels are 

somewhat variable, and without rigorous normalization, gel-to-gel comparisons can be difficult 

(1, 2). Nonetheless, obtaining fingerprints from various sites and treatments, ideally with 

replication, usually requires the analysis of multiple gels (1, 3, 4). 

1 A version of this chapter has been submitted as: 
Neufeld, J. D., and W. W. Mohn. 2005. Fluorophore-labeled primers improve the sensitivity, 
versatility and normalization of denaturing gradient gel electrophoresis (DGGE). Appl. Environ. 
Microbiol. In press. 
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Toward solving a similar dilemma, terminal restriction fragment length polymorphism 

(T-RFLP) introduces fluorophore labels on one PCR primer enabling intra-lane size standards 

labeled with a separate fluorophore (5). Muyzer and coworkers proposed using terminal 

fluorophores in DGGE and temperature gradient gel electrophoresis (TGGE) to enable running 

intra-lane standards, providing improved sample-to-sample comparisons (6, 7). Ferrari and 

Hollibaugh indicated that the use of fluorescent-labeled primers would eliminate the problem of 

variable gel staining while minimizing gel handling (1). Hollibaugh and coworkers have used 

fluorescein-labeled primers for DGGE-based studies of oceanic nitrifiers (8, 9), planktonic 

bacteria (10) and Archaea (11). Although these studies have begun using this modification, the 

impact of fluorophore-labeled primers on the migration of bands in D G G E fingerprints and 

sensitivity of detection remains unknown. Furthermore, running internal standards with D G G E 

samples had not yet been demonstrated. This report demonstrates that fluorophore-labeled 

primers provide high sensitivity and increased versatility, because intra-lane standards improve 

fingerprint normalization within and between gels. 

B.3 Experimental procedures 

Soil samples were taken from Ansio (S4) and Artxanda (SIO and SI4) in the Basque 

Country of Spain during October and November, 2002. D N A was extracted using the FastDNA 

SPIN Kit for Soil (Q-Biogene, Carlsbad, CA). A l l PCR amplifications used the same bacteria-

specific forward primer: 63f, 5 ' -CAG GCC T A A C A C A T G C A A GTC (12) with a GC clamp 

attached at the 5' end (13), and PAGE purified by Integrated D N A Technologies (Coralville, 

IA). The universal reverse primer was 517r, 5'- ATT A C C G C G GCT GCT G G (13). This 

primer was synthesized alone or with the addition of a 5' terminal Cy5, Cy3, or 6-

carboxyfluorescein (FAM). Fluorophore-labeled primers were purified by HPLC. Primers were 

dissolved in sterile water to a concentration of 100 p M between December, 2003 and April , 2004 
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and were stored frozen (-20°C). PCR amplifications described here were conducted in August, 

2004. There was no noticeable effect of long-term storage on fluorophore stability. PCR (25 

cycles) amplified a -490 bp 16S rRNA gene (rDNA) fragment from 1 pi of diluted soil D N A 

(0.625 ng/pl) in a PTC-200 thermalcycler (MJ Research, Waltham, M A ) , following a previously 

described protocol (4). PCR products were quantified by comparison to a lkb D N A ladder 

(Invitrogen, Burlington, ON) in a 1.5% agarose gel stained with ethidium bromide and viewed 

by U V transillumination. 

DGGE was performed using the Bio-Rad D-Code System (Bio-Rad, Hercules, CA) 

according to the manufacturer's directions using 6% (37.5:1) polyacrylamide gels with a 

denaturing gradient of 40-70%. Standard markers were generated with equal-volume mixtures of 

PCR products from ten 16S rDNA fragments cloned from cultured isolates or previously run soil 

DGGE fingerprints (4). For gels in which standards were run with samples, 4 pi (160 ng) of the 

standard mixture and 100 ng of each soil PCR product was loaded in each lane. Electrophoresis 

was carried out for 14 h at 60°C and 85 V . After electrophoresis, gels were imaged directly or 

first stained with SYBR Green I (Molecular Probes, Eugene, OR) at 1:10,000 dilution for 1 hour, 

then destained for 15 minutes in 1 x T A E buffer. Gel images were obtained at 100 pm resolution 

with a Typhoon 9400 Variable Mode Imager (Amersham Biosciences, Piscataway, NJ) or by 

CCD image capture from U V transillumination with an Alphalmager 1200 (Alpha Innotech, CA) 

using a SYBR green I filter. Typhoon scans were done using the excitation laser and emission 

filter recommended by the manufacturer for each fluorophore. A l l gels were scanned with 

photomultiplier tube voltages set to maximize signal without saturating fingerprint bands. 

B . 4 Effects of fluorophores 

Three different soil D N A extracts (S4, S10, SI4) were used to determine the impact of 

Cy5-, Cy3-, and FAM-labeled primers on D G G E fingerprints. Figure B . l shows a gel with 
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D G G E fingerprints stained with SYBR green I, comparing patterns from different fluorophores 

with a control (no fluorophore label). These fingerprints demonstrated that the fingerprints from 

Cy5, Cy3, and control samples were almost identical, indicating that these fluorophores had a 

negligible impact on band migration. Each of the F A M fingerprints was shifted upwards in the 

gel relative to the other patterns for an unknown reason. Additionally, when gels were 

sequentially scanned for different fluorophores, faint spectral contamination was observed from 

both Cy3 and Cy5 fingerprints for F A M scans, whereas scans for Cy3 and Cy5 produced no 

signal from the other fluorophores (data not shown). As a result, FAM-labeled sample 

fingerprints should not be compared to other fluorophore-labeled samples or run with Cy3- or 

Cy5-labeled intra-lane standards. An appropriate application of F A M is its use as a standard 

label because spectral cross contamination and uniform alteration of patterns should have no 

negative impact on the normalization of DGGE gels. 

B .5 Quantitation 

By preparing dilution series for DGGE with S14 PCR products labeled either with Cy5, 

Cy3, F A M , or without label, relative sample signal to gel background ratios were compared 

(Figure B.2). A sample gel image is provided (Figure B.2 inset) in which the original unsaturated 

image intensity was increased to show the fingerprints from the lower sample concentrations. A 

well-isolated band at the top of the pattern proved useful for quantitative comparisons. Using 

ImageQuant T L (Amersham Biosciences), bands for each dilution were surrounded by a drawn 

object of constant size for quantification. In order to obtain meaningful estimates of average gel 

background, ten band-sized objects were randomly sampled from the background of the gel and 

averaged. Using the delta-method, the standard deviation from the gel background average was 

converted to 95% confidence intervals for sample signal to gel background ratios. Because each 

sample concentration was run only once, the confidence intervals reflect the variability of the 
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ratio based on background variation (noise). Cy5-labeled fingerprints provided the highest 

sample signals relative to gel background with low background noise (Figure B.2). Cy3- and 

FAM-labeled fingerprints had somewhat lower signal to background ratios than SYBR green I. 

The lowest signal-to-background ratio was observed for unlabeled DGGE fingerprints stained 

with SYBR green I and imaged using U V transillumination. This is likely a result of both lower 

image quality obtained using the CCD camera and a lower excitation of SYBR Green I under 

U V light compared to laser scanning at 488 run. For DGGE, between 100 and 500 ng of 

environmental PCR products are commonly loaded in each lane. Here high sample signal to gel 

background ratios were demonstrated using Cy5-labeled primers even with only 10-100 ng 

loaded per lane (Figure B.2 inset). Low background increases the detection of less intense bands 

in complex fingerprints and reduced sample loading facilitates running multiple samples and 

standards within each lane. 

B.6 Internal standards 

The most significant advantage of using fluorophore-labeled primers is intra-lane 

normalization that is permitted by running each sample with a corresponding internal standard. 

To demonstrate this application, Cy5-labeled PCR products from the three soils were run in 

triplicate on each of two different gels (Figure B.3A). Both gels were loaded in an identical 

manner and samples were not run in the middle or outside lanes to enable inter-lane 

normalization. FAM-labeled standards were loaded in each lane of the gel with the Cy5-labeled 

PCR products, and were also loaded in the middle and outside lanes (Figure B.3A). The presence 

of FAM-labeled standard did not impact sample fingerprints because the addition of as much as 

400 ng of FAM-labeled intra-lane standard (highest amount tested) had no discernible effect on 

Cy5-labeled fingerprints relative to samples run without standard (data not shown). Cy5-scanned 

gels were either normalized to the outside and middle lane ladders (inter-lane normalization), or 
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normalized to all lanes (intra-lane normalization) using Gel Compar II (Applied Maths, 

Belgium). A setting of zero optimization was selected in calculating the Pearson correlation 

values and constructing corresponding U P G M A dendrograms. This ensured that dendrograms 

differed only on the basis of normalization quality. Figure B.3B shows the Pearson correlations 

between each of the samples using inter-lane normalization. The dendrogram in Figure B.3C 

represents the results of intra-lane normalization. Both dendrograms have similar fingerprint 

clusters. With one exception (S4, Figure B.3B), replicate samples from different gels clustered 

separately. Replicates from within each gel generally clustered more tightly with intra-lane 

normalization. The average within-gel Pearson similarity value for replicate clusters was 89.2% 

(range, 78.1% - 97.8%) for inter-lane normalization and 93.6% (range, 88.5% - 96.9%) for intra-

lane normalization. As expected, tighter clustering of replicate samples with intra-lane 

normalization was more apparent with fingerprints collected from Gel 2, which had more 

distortion than Gel 1 (Figure B.3A). Furthermore, for each soil sample, the overall six-replicate 

clusters including both gels were more tightly grouped in the dendrogram generated using intra-

lane normalization (average similarity, 83.7%) than in the inter-lane normalized dendrogram 

(average similarity, 81.1%). This is the first reported use of intra-lane standards with DGGE, and 

the results clearly demonstrate an overall improvement in gel normalization. 

B.7 Method evaluation 

The fluorophore-labeled primers used in this study are inexpensive. On average, each 

PCR with a fluorescent primer costs an additional 25 cents and this expense is largely offset by 

obviating the time and cost associated with post-staining gels with chemical stain. In addition, by 

running standards in each lane, three additional samples may be added to each gel in lanes 

formally occupied by standards. The caveat is that access to an expensive laser-scanning 
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instrument is required, which may limit widespread use of this application at this time. However, 

in many research institutes such scanners are becoming available. 

This simple DGGE modification enables a number of additional extended applications, 

including running DNA- and RNA-derived patterns in the same lane, PCR products from 

cultured isolates with the original soil community fingerprint, and confirming excised band PCR 

products prior to sequencing. The advantages of intra-lane normalization with internal standards 

as demonstrated here should become more apparent with larger studies involving many samples 

and multiple gels. 
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Figure B.l Impact of fluorophore incorporation on DGGE fingerprints. 

This SYBR green I stained gel contains PCR products from three soils with and without 
fluorophore labels. A n asterisk indicates the position of two gradient-sensitive bands in the S14 
fingerprints that appear either singly or as two closely associated bands. This fingerprint 
variation is not fluorophore-specific and simply reflects the challenge of obtaining reproducible 
fingerprints using DGGE. Instead of 100 ng as for the other samples, only 50 ng of FAM-labeled 
samples were run in this gel to equalize signal intensities because F A M fluoresces at the same 
excitation wavelength as S Y B R green I. The amount loaded did not affect fingerprint migration 
(data not shown). 
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Figure B.2 Comparison of sample signal to gel background ratios. 

Ratios were calculated for fluorophore-labeled or unlabeled PCR product dilutions. Error bars 
represent 95% confidence intervals for the ratios and were calculated from the standard deviation 
of the background signals (noise). Unlabeled products were stained with SYBR green I and 
detected with either a Typhoon imager (SYBR) or a U V transilluminator (SYBR UV). Inset: 
Example of a PCR product dilution series (Cy5) indicating the band selected for quantification. 
This band represents approximately 2.5% of the total fingerprint intensity. While image intensity 
has been increased for this figure, the original image contains clear patterns for all samples 
without any saturated pixels. 
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Figure B.3 Comparison of inter-lane and intra-lane normalization. 

(A) Images of duplicate gels scanned for either Cy5 (samples) or F A M (standards). Triplicate 
samples were arranged in an alternating S4, S10, S14 order in two gels. (B) U P G M A 
dendrograms of Pearson correlation matrices generated by inter-lane normalization. (C). 
U P G M A dendrograms of Pearson correlation generated by intra-lane normalization. Fingerprint 
ordering is identical between the two dendrograms from top to bottom to facilitate comparison. 
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