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ABSTRACT
MICROBIAL COMMUNITY ANALYSIS ASSESSED BY PYROSEQUENCING OF
rRNA GENE: COMMUNITY COMPARISONS, ORGANISM IDENTIFICATION,
AND ITS ENHANCEMENT
By
Woo Jun Sul

There are more than lO)0 bacteria on Earth, with their members embedding 3.8

billion years evolutionary history and having evolved to take advantage of virtually every
energy-yielding niche hospitable to life. This makes the microbial world extremely
diverse, ubiquitous and essential to Earth’s habitability. Hence, determining which
microbes make up these communities is an initial goal for understanding microbial
communities. Recently, pyrosequencing of ribosomal RNA genes has become a popular
tool for in-depih analyses of microbial communities. I used pyrosequencing of rRNA’s
hypervariable V4-region to characterize a wide variety of microbial communities.

Soil microbial communities in the tropics are potentially more dynamic than
temperate ones due to longer and more favorable temperature, moisture and energy
resources from primary productivity. I studied the effect on soil Bacteria of different soil-
crop management systems in Eastern Ghana, one of which lost 50% of its stored soil
organic carbon (SOC) within 4 years. Canonical correspondence analysis and stepwise
multiple regression of the 290,000 V4-rRNA sequences showed that SOC was the most
important factor that explained differences in microbial community structure among
managements. The data indicate that the use of a pigeon-pea crop (a legume) during the
winter season (normally fallow) promotes a higher microbial diversity and sequesters

more soil organic carbon, which is important for soil structure, nutrient retention and



recycling, and general soil health. I also evaluated analysis methods for 211 rRNA-
determined bacterial assemblages, comprising 1.3 million rRNA sequences from seven
habitat types. A taxonomy-supervised method, using taxonomy-bins, was advantageous
in its ability to compare non-overlapping sequences, and requiring minimal computation
capacity compared to the non-taxonomy-supervised (clustering-determined) method. The-
taxonomy supervised method produced results that were significantly correlated to the
clustering method, which is the current standard, and as taxonomy improves should
provide even better resolution. Because of the much greater depth and replication
provided by pyrosequencing, more robust determination of microbial species distribution,
diversity, organism identification, community comparisons and dynamics is possible.

As a result of microbes’ long history, they harbor considerable genetic diversity

and some of their genes likely have more desirable properties that those known. I used
stable isotope probing (SIP) with [13C]-biphenyl as substrate to retrieve novel biphenyl
dioxygenase subunits bph4 E which showed PCB oxidative activity in the 31.8 kb cosmid

clone made from the [13C]-DNA. The discrepancy of G+C content near the bphAE genes

implies their recent acquisition, possibly by horizontal transfer, and suggests dispersed

dioxygenase gene organization in nature. I also used V4-16S rRNA gene pyrosequencing

of the [BC]-biphenyl-derived DNA from three PCB-contaminated environmental

matrices: rhizosphere, industrial soil, and river sediment to more specifically identify the
PCB- and biphenyl-utilizing populations of the three sites. I found little commonality in
the abundant members of three sites but new candidate groups that may be involved in

PCB degradation.
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CHAPTERI1

WHAT WE LEARN FROM MICROBIAL COMMUNITY PROFILING BY
rRNA GENE PYROSEQUENCING: AN INTRODUCTION

BLOSSOMING OF 16S rRNA GENE SEQUENCES

Since the complete 16S ribosomal RNA gene in Escherichia coli was sequenced
in 1978 (Brosius et al., 1978), the demands and usages of 16S rRNA gene sequencing
have increased in the fields of microbiology and microbial ecology. Ribosomal RNA
genes sequences have been used not only as marker genes to shape bacterial phylogeny
but also as surrogates to reveal microbial community composition. Over past the 30
years, the numbers of rRNA gene sequences per study have greatly increased (Figure 1)
because of lower sequencing costs and, recently, because of massively parallel capacity,
such as by 454’s pyrosecjuencing technology. This technology has been successfully used
as a rapid and efficient tool for in-depth analysis of microbial communities including
comparisons of microbial communities and the pre-diagnosis of microbial communities

prior to metagenomic analysis (Tringe and Hugenholtz, 2008).

DEEP SEQUENCING
Cost-effective microbial community fingerprinting methods such as denaturing
gradient gel electrophoresis (DGGE), temperature gradient gel electrophoresis (TGGE),
single-strand conformation polymorphism (SSCP), terminal restriction fragment length
polymorphism (T-RFLP), amplified rDNA restriction analysis (ARDRA), amplified
ribosomal intergenic spacer analysis (ARISA), were widely applied in the previous

decade due to their reasonable costs and convenience of performing and interpreting data
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(Anderson and Cairney, 2004). However, these methods detected only the most dominant
community members, and thus they have limited resolution for describing microbial
community structure. Conventional 16S rRNA clone libraries determined by Sanger
sequencing are more informative about those members sampled but the cost is too great
to reach the numbers of sequences to provide sufficient community resolution, although a
few studies attained more than ten thousand sequences with incredible sequencing
investments (Ley et al., 2008). Hence, the large numbers of sequences produced by 16S
rTRNA gene pyrosequencing is major breakthrough in overcoming the obstructions in cost
and low resolution of the previous methods. For a similar cost, pyrosequencing can
produce hundreds of times more sequences than the 16S rRNA clone conventional
libraries, thus providing better community descriptions (Figure 2). These huge numbers
of sequences along with phylogenetic information, provide more precise signatures of

microbial communities.

GENERAL PROCEDURE FOR 16S rRNA GENE PYROSEQUENCING

The procedures of 16S rRNA gene pyrosequencing consist of four parts: 1) pre-
sequencing steps include sampling design, DNA extraction, 16S rRNA primer design or
selection, barcodes selection, and PCR to produce the amplicons for pyrosequencing, and
mixing of the amplicons for the sequencing plate or section, 2) pyrosequencing itself, 3)
initial processing of sequences data, including trimming of barcodes, filtering out bad
sequences, alignment of sequences, sequences clustering to generate OTUs, assignment
of sequences’ taxonomy, and 4) data analysis of processed sequences, including

calculation of microbial community richness, evenness, and diversity as well as
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community comparison index to facilitate the interpretation of sequence data, and the

necessary analyses, e.g. statistical, to derive scientific conclusions (Figure 3).

CONSIDERATIONS IN PROCEDURES FOR 16S rRNA PYROSEQUENCING

When selecting or designing 16S rRNA primer sets, several aspects need to be
considered: 1) an appropriate PCR product length for currently available pyrosequencing
reads (~ 240 bps for GS FLX and ~400 bps for GS Titanium), 2) adequacy of 16S
primers for coverage of Bacterial or Archael groups, 3) high resolution and accuracy of
selected regions for organism identification, and 4) low frequency of insertions and
deletions to simplify sequence alignment and to retain more comparable sequences. The
choice of 16S primers strongly influences the coverage of 16S rRNA genes in microbial
communities and, therefore, can lead to a biased representation of microbial
communities. 16S primers preferentially selects or rules out specific taxa (reviewed in
Hamady and Knight, 2009) and over- / underestimates their microbial richness (Youssef
et al., 2009). Different primer selection may potentially lead the different research
conclusions (Hamp et al., 2009). Due to the inability to cover the entire 16S rRNA gene
sequence by current high-throughput sequencing methods, selection of a “good” region is
important for good taxonomy assignment (Liu et al., 2007, Wang et al., 2007).
Furthermore, the low frequency of insertions and deletions in the sequencing region is
also important to simplify sequence alignment and to retain more comparable sequences
(Cole et al., 2009). Currently the more popular regions used in 16S rRNA
pyrosequencing include the regions surrounding V2, V4, and V6 (Sogin et al., 2006;

Huse et al., 2007; Roesch et al., 2007; Andersson et al., 2008; Chapter 2, 4, and 5).
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Figure 1.3. Suggested procedure for 16S rRNA gene pyrosequencing. RDP
Pyrosequencing Pipeline provides a trained aligner on a small hand-curated set of high-
quality, full-length rRNA gene sequences. These aligned sequences can be clustered by
Complete Linkage Clustering, a method of calculating distance between clusters in
hierarchical cluster analysis. For identifying clusters’ bacterial taxonomy, Dereplicate
Request allows users to select a representative sequence from each cluster. The sequence
with the minimum sum of the square of distances between sequences within a cluster is

d as the ive seq for that cluster. Representative sequences can
easily be retrieved from original sample’s sequences using FASTA Sequence Selection.
Alignment Merger helps sequence retrieval from multiple alignment files.




Positioning barcode (key or tag) nucleotides, such as those calculated by
Parameswaran et al. (2007) and Hamady et al. (2009), by positioning them between
adaptor sequences to pyrosequencing beads and 16S rRNA gene primers allows one to
mix multiple samples in one pyrosequencing run (Figure 4). Also, RDP’s Pyrosequencing
Pipeline lists 72 barcodes of 8-base length (V4-adaptor A primer specific) that have a
minimum difference of 2 bases from all other barcodes (Cole et al., 2009), avoid
problematic order of nucleotide addition in pyrosequencing flow, and do not include
homopolymers that increase possibility of sequencing error (Quinlan et al., 2008). The
influence of the barcode sequence on biasing the sequences amplified by extending the
match to the target sequence has not yet been established.

To minimize the potential errors during PCR amplification, all primers have to be
synthesized and purified at least once by HPLC to remove incorrectly synthesized
oligonucleotides. For each sample, more than three replicate PCR reactions with DNA
polymerases with proofreading capability are run in parallel and bands of the expected
size are extracted from a gel after electrophoretic separation in order to remove primer
dimmers and primer residues. When analyzing multiple samples in the same run,
barcoded primers are used for amplification and the amplicons are carefully quantified
and mixed together in equimolar amounts before applying to the sequencing plate.

Processing raw sequence data includes filtering out low-quality reads, although
error rates for pyrosequencing was only 0.4% with the GS 20 instrument (Huse et al.
2007). The suggested procedure is to discard reads with any errors in the 16S primers and
barcodes or below the average quality score of 25 (Huse er al. 2007). In addition,

checking the error in reverse primers (3'end, opposite primer from sequencing start) is a
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further option (allowing maximum reverse primer edit distance) to filter out low-quality
reads because of the greater tendency for errors to occur when sequence reads reach the
3'-end.

Filtered sequences can be assigned to bacterial taxonomy by several applications:
RDP Classifier, a naive Bayesian rRNA classifier (Wang et al., 2007), searching for
nearest neighbor SeqMatch (Wang et al., 2007), SILVA (Pruesse et al., 2007), Greengene
(DeSantis ef al., 2006). In order to cluster the sequences to generate OTUs (operational
taxonomic units), sequence alignment can be performed with the Infernal aligner, a
SCFG-based, secondary-structure aware aligner, (Nawrocki & Eddy, 2009) adapted in
RDP Pyrosequencing Pipeline, and NAST; Nearest Alignment Space Termination

(DeSantis et al., 2006b).

QUANTIFICATION OF COMMUNITY STRUCTURE BY 16S rRNA GENE
PYROSEQUENCING

The quantification of bacterial species abundance by rRNA gene pyrosequencing
has been compared with other abundance measures such as FISH, quantitative PCR and
16S rRNA gene clone libraries. For example, relative abundances of Exiquobacterium
and Psychrobacter measured by V4-rRNA gene pyrosequencing were correlated to
relative abundances from Q-PCR of the same organism’s 16S rRNA gene, after
correction for copy number (Figure 5). The relative abundances of certain bacterial
groups using V4-rRNA pyrosequencing in wastewater treatment systems was found to be
correlated to results from other methods although there were some exceptions:

Chloroflexi and Nitrospira abundances were overestimated by FISH (or underestimated



by rRNA pyrosequencing), while the reverse was true for Betaproteobacteria by clone
libraries (Table 1). The uncertainty, due to potential primer bias, in PCR-based
measurements makes that the reliability of quantification by 16S rRNA pyrosequencing
uncertain (Figure 6). The measurements of Acetobacterium abundances using V6-rRNA
pyrosequencing did not correspond with FISH-measurements using Acetobacterium-
specific probe. The rRNA pyrosequencing result might be over-represented due to a
combination of DNA extraction and PCR bias (Gaidos e al., 2009).

Detection of bacterial species by rRNA pyrosequencing can also be compared to
culture-based methods. When these methods were compared the “culture-
negative/pyrosequencing-positive discordant pairs” (found only in pyrosequencing data
set) were found, but “culture-positive/pyrosequencing-negative discordant pairs” (only by
culturing) were rarely found (Price et al., 2009). The genus Rhodococcus was dominant
by isolation, but ruled not detected in a clone library from a Czech PCB-contaminated
soil (Leigh et al., 2006; Leigh et al., 2007).

However, results of rRNA pyrosequencing showed that Rhodococcus was present

in low abundance but preferentially cultured in this case (Chapter 4).

PHYLOGENY BY 16S rRNA GENE PYROSEQUENCING
Phylogenetic analyses using pyrosequencing data has proven useful (Andersson et
al., 2008; Chapter 2). However, studying the bacterial phylogeny with pyrosequencing
sequences is strictly limited by the degree of polymorphism of bacterial groups within the
sequenced 16S rRNA gene region. Short read lengths makes the phylogenetic analysis

less robust due to decreased resolution, certainly the case at the species level for FLX
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sequencing (Armougom et al., 2009). If two bacteria have the same 16S rRNA gene
sequences within the sequenced region, it is impossible to differentiate their phylogeny.
In addition, there is the discrepancy in phylogenetic relationship between full-length 16S
rRNA gene and short pyrosequencing reads (Figure 7). The phylogenetic trees with short
pyrosequencing read or full-length 16S rRNA gene sequences sometimes conflict with
each other by altering the position of major phyla in the tree. Moreover, the actual
phylogeny could possibly be overwhelmed by inherited pyrosequencing error rates. The

phylogeny with pyrosequencing reads should be carefully done.

DIVERSITY AND SPECIES DISTRIBUTIONS IN BACTERIAL
COMMUNITIES

16S rRNA gene pyrosequencing reveals a “rare biosphere” in that thousands of
low-abundance populations are now detected (Sogin et al., 2006). This large sampling by
this exhaustive sequencing can make more valid richness estimates by assuming a
species/taxa-abundance distribution (TAD). Previously, diversity has been estimated by
fitting data of 16S rRNA gene clone libraries (Hong e al., 2006) or T-RFLP (Doroghazi
and Buckley, 2008) to taxa-abundance curves and extrapolating from this to estimate
richness (Curtis er al., 2006). Having large numbers of sequences circumvents the
limitations of previous sampling methods makes it possible to apply rigorous statistical
methods to fit TADs to rRNA pyrosequencing data, resulting in better prediction of
microbial diversity (Quince et al., 2008). Although the true bacterial taxa-abundance
distribution is unclear as the ultimate statistical model is to fit TADs, estimation of

richness can be used for pre-metagenomic analysis to decide the depth of sequencing
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efforts required to cover the microbial genetic component and is the basis for the
systematic exploration of microbial diversity on the planet.

Non-parametric estimations are used to measure bacterial diversity for practical
reasons although the estimation tends to be underestimated when sampling sizes are
small. Pyrosequencing overcomes the limit of the small sample size, and has been used to
measure and compare diversity. For instance, non-parametric estimate of diversity of
commensal human oral microflora was at least one order of magitude higher (>19,000
species) using pyrosequencing than previous estimates based on (Keijser et al., 2008). It
is worthy to note that short fragment sequences of pyrosequencing, gives various species
richness estimates depending on which variable regions the sequence fragments span. By
comparing to richness estimates from complete 16S rRNA gene fragments, richness
values were overestimated by the V1+V2, and V6 regions, underestimated by V3, V7,
and V7+V8 regions, and nearly comparable by V4, V5+V6, and V6+V7 regions (Youssef
et al., 2009).

In bacterial communities with less taxa at the phyla level but high numbers at the
species and strain level, taxonomic richness would likely be underestimated because short
variable regions of the 16S rRNA gene would have insufficient resolution. An example is
the architecture of highly speciated, but phyla impoverished human gut microbiota. This
is not the case for the soil environment, which has more uniform distributions of its
phylogenetic architecture.

COMMUNITY PROFILING AND COMPARISONS
The main purpose of rRNA gene pyrosequencing is the profiling of various

bacterial communities, for instance, the deep marine biosphere (Sogin e al., 2006; Huber
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et al., 2007), soils (Roesch et al., 2007), oral microflora (Keiser et al., 2008), oligarchic
microbial assemblages in anoxic bottom waters of a volcanic lake (Gaidos et al., 2009),
bacterial and archaeal communities in tidal flat sediments (Kim et al., 2008), active PCB-
degrading populations (Chapter 4), airborne microbial community (Bowers et al., 2009),
rhizosphere soils (Figure 8).

Barcoding of 16S rRNA gene pyrosequencing also provide for analyzing a larger
number of replicates that previously possible by the clone library approach. Hence,
comparisons of microbial communities can be reliably achieved along with changes due
to ecological raison d'étre. We used this strategy to compare different soil management
systems, one of which rapidly altered stored soil carbon, in agricultural plots in Africa.
Soil organic carbon (SOC) was the most important factor that explained differences in
microbial community structure among treatments. Most notably, members of the
Acidobacteria subdivisions GP4, GP6, and Alphaproteobacteria were more abundant in
soils with relatively high SOC whereas Acidobacteria subdivisions GP7 and GPI,
Actinobacteria, and Gemmatimonadetes were more prevalent in soil with lower SOC
(Chapter 2).

Bacterial communities in stools from bio-breeding diabetes-prone, and bio-
breeding diabetes-resistant rats were compared and different species were found to be
dominant. However, the relatedness of these species to diabetes could not be determined
(Roesch et al., 2009a). V6-TRNA pyrosequencing was applied to human microbiomes in
throat, stomach and fecal samples in study focused on effects of the presence of
Helicobactor pylori in stomach. Hierarchical clustering based on Unifrac distance

showed that H. pylori positive stomach samples have a different signature in its bacterial
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community compared to negative H. pylori samples (Andersson et al., 2008). The impact
of diabetes and antibiotics on chronic wound microbiota characterized by V3-16S rRNA
pyrosequencing showed that wound microbiota from antibiotic treated patients was
significantly different from untreated patients. Also, antibiotic use among diabetics
decreased Streptococcaceae abundance, which was more abundant among diabetics as
compared to non-diabetics. The authors conclude that some bacteria might be involved in
the non-healing state of some chronic wounds (Price et al., 2009). Hamsters' fecal
bacterial populations determined by pyrosequencing of 16S rRNA tags were analyzed to
understand the influence of grain sorghum lipid extract (GSL) through feeding the
hamsters GSL. Pyrosequencing results revealed that families Coriobacteriaceae and
Erysipelotrichaceae were negatively correlated to GSL intake, and Allobaculum was
positively correlated with GSL while phylum level composition had no differences.
Hence, alterations of taxa occurred a deeper levels (small groups) were linked to diet
(Martinez et al., 2009). These findings suggest that rRNA gene pyrosequencing can used
to detect and quantify community differences and to analyze disease-associated microbial
gut ecology.
MEASURING BACTERIAL COMMUNITY DYNAMICS

Bacterial community dynamics also can be measured by 16S rRNA gene
pyrosequencing. Population dynamics in fermented foods, e.g. pearl millet slurries,
revealed that Firmicutes and lactic acid bacteria were detected throughout 24 h of
fermentation whereas other bacteria were only detected at beginning of fermentation
(Humblot and Guyot, 2009). Dethlefsen and colleagues (2008) analyzed the antibiotic

(Ciprofloxacin)-associated disturbance of the human gut microbiota. Ciprofloxacin
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treatment influenced the abundance of about a third of the bacterial taxa in the gut, and
decreased the taxonomic richness, diversity, and evenness of the community, however,
the bacterial community returned to the pretreatment state indicating this community’s
resilience. Also, rRNA pyrosequencing may be used to measure the outcome of
management of microbial community composition to aid functional stability in

bioreactors (unpublished) and wastewater treatment systems (Appendix B3).

BACTERIAL GROUPS THAT CORRELATE TO HABITAT
CHARACTERISTICS

Several studies have tried to find correlations between characteristics of habitats
and the presence or relative abundance of certain bacterial groups. Bacterial community
composition from 87 different soils, was significantly correlated with differences in soil
pH, largely driven by changes in the relative abundances of Acidobacteria,
Actinobacteria and Bacteroidetes across the range of soil pHs. Phylogenetic diversity of
the bacterial communities was also correlated with soil pH (Lauber et al., 2009). Relative
abundance, diversity, and composition of the Phylum Acidobacteria were correlated
strongly with soil pH (Jones et al., 2009), suggesting the ecological relevance of this
poorly-cultivated, less-known group — Acidobacteria. Also, a comparison of four
geographically distant microbial communities showed few shared members, indicating
environmental characteristics are strong features determining microbial community

composition (Fulthorpe et al., 2008).
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METHOD VALIDATION

The bias that can be caused by sample handling and experimental procedures such
as sample storage and DNA extraction also can be investigated by rRNA pyrosequencing.
The changes in bacterial community composition and diversity was studied in samples of
healthy children’s feces analyzed immediately at sampling and after storing at room
temperature up to 72h. In the latter samples, members of Bacteroides and Clostridium
decreased and the members of the Enterobacteriaceae increased (Roesch et al., 2009b).
Understanding of the bias of DNA extraction was studied by comparing the bacterial
composition in the DNA recovered after first extraction and 6" serial extraction
(Feinstein et al., 2009). Rarely-cultivated groups such as Acidobacteria,
Gemmatimonades, and Verrucomicrobia were extracted more efficiently in the first

extraction, while proportionally more Proteobacteria and Actinobacteria were recovered

in DNA from the 6'(h extraction.

AMPLICON PYROSEQUENCING OF PROTEIN ENCODING GENES
Describe earlier, short read length offers a limited phylogenetic information for
more conserved genes, like the ribosomal genes, which may be addressed by targeting
genes other, faster-evolving, phylogenetically-informative genes. Pyrosequencing of a
protein-encoding gene, e.g. Chaperonin-60 universal target (cpn60 UT), provided better
resolution at the species level than 16S rRNA genes when describing the vaginal

microbial community (Schellenberg et al., 2009).
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CONCLUSIONS AND FUTURE DIRECTIONS

Pyrosequencing of rRNA genes has been opening a new path to assess microbial
communities, in respect to species distribution, diversity, the organism identification,
community comparisons and dynamics. Although rRNA pyrosequencing is currently
(arguably) the most effective bacterial community analysis method, we have often faced
the problem in linking these 16S rRNA sequences to biological functions in the microbial
community, especially when sequences reflected dominant species whose functions are
unknown (Fulthorpe et al., 2008). Also, rare members, which usually comprise more than
half the species of natural environments, are the outcome of evolutionary history and
have a seemingly the infinite source of genomic inventory (Sogin ef al., 2006). Gathering
genomic information and physiology of unknown groups and rare members is beginning
to be addressed by the GEBA Project (the Genomic Encyclopedia of Bacteria and
Archaea) which aims to systematically fill the gaps in genome sequence of major
branches in Bacterial and Archaeal of the Tree of Life.

Microbial ecologists would benefit from consensus in a standard operating
procedure for rRNA pyrosequencing. Mostly because the short read length of current
pyrosequencing technique, has led to use of different universal primers and targeting of
different regions in SSU rRNA resulting non-comparable datasets generated by numerous
laboratories (discussed in Chapter S). Even though rRNA pyrosequencing is powerful, it
still provides a rather the sketchy vies of microbial communities since the resolution of an
already conserved gene is much, much less that for whole metagenomic analysis.

Community level-MLST/A (Multi Locus Sequence Typing/Analysis) may become
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possible in near future and if so, should provide better insight into microbial community

diversity and perhaps membership, and a good bridge to metagenomic data.
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CHAPTERII

COMMUNITY RESPONSES TO AGRICULTURAL PRACTICES IN TROPICAL
AFRICA ANALYZED BY PYROSEQUENCING
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ABSTRACT

We analyzed the microbial community that developed after four years of testing
different soil-crop management systems in the savannah-forest transition zone of Eastern
Ghana where management systems can rapidly alter stored soil carbon as well as soil
fertility and structure. The treatments were: (i) the native practice of winter regrowth of
native elephant grass (Pennistum purpureum) followed by burning that biomass before
planting maize in the spring, (ii) the same practice but without burning and the maize
received mineral nitrogen fertilizer, (iii) a winter crop of a legume, pigeon pea (Cajanus
cajan), followed by maize, (iv) a treatment kept vegetation free in the winter (bare
fallow) followed by maize and (v) and unmanaged elephant grass-shrub vegetation. The
mean soil carbon contents of the sampled soils were: 1.29, 1.67, 1.54, 0.80 and 1.34,
respectively, differences that could be expected to affect the microbial communities.

From the more than 290,000 sequences obtained by pyrosequencing of the SSU
rRNA gene, 80% belonged to seven bacterial phyla common to most soils; Acidobacteria,
Proteobacteria, Firmicutes, Actinobacteria, Verrucomicrobia, Gemmatimonadetes, and
Bacteroidetes. Less than 5% of all sequences were identical to SSU rRNA gene
sequences previously recovered from cultivated bacteria, most were 90% or more similar
to previous sequences in pubic databases, but 1.2% (2330 sequences) had lower than 85%
similarity to any environmental or isolated sequences suggesting potentially novel phyla.
Canonical correspondence analysis and stepwise multiple regression showed that soil
organic carbon (SOC) was the most important factor that explained differences in
microbial community structure among treatments. Most notably, members of the

Acidobacteria subdivisions GP4, GP6, and Alphaproteobacteria were more abundant in
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soils with relatively high SOC whereas Acidobacteria subdivisions GP7 and GPI,
Actinobacteria, and Gemmatimonadetes were more prevalent in soil with lower SOC.
While community structure was most affected by SOC, diversity appeared to be
influenced by a combination of factors. The data suggest that the use of a pigeon-pea
fallow in tropical agriculture promotes a higher microbial diversity and sequesters more

soil organic carbon, thus improving soil structure, function, and resiliency.

ABBREVIATIONS
ID: Nuleotide identity
SOC: Soil organic carbon
MD: Mean uncorrected nucleotide distance
EbM: Maize-elephant grass (Pennisetum sp) rotation with fallow residue burning
EfM: Fertilized maize-elephant grass rotation with minimum tillage of fallow residue by
hand slashing
PM: Maize-pigeon pea (Cajanus cajan) rotation with minimum tillage of fallow residue
by hand slashing
BF: Maize-bare fallow rotation with complete residue removal during fallow period
Eu: Unmanaged elephant grass

INTRODUCTION

Conversion of natural ecosystems to agriculture results in soil organic carbon

(SOC) losses due to increased organic matter oxidation, leaching, and erosion (1).
Globally, deforestation rates are greater in the tropics than rates of current or historical
changes in any other region (2). SOC retention increases soil cation exchange capacity,
improves structure, and conserves nitrogen, phosphorus, potassium and sulfur.
Cultivation, in concert with fertilizer application, tillage, and residue removal results in

rapid SOC depletion followed by a slower decrease, typically spanning several decades,

before a new steady-state is reached (3). These losses can range between 20% to 70% of
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the original SOC content (4), but can be remediated with the use of cover crops and
minimum tillage, when the residue is not removed (5,6). Reduced tillage increases SOC
retention through macroaggregate preservation (7), and has been proposed as a primary
method for optimizing SOC in fine textured soils (8). Current agricultural practices in
tropical regions typically involve fallow residue removal, either by grazing or burning.
This practice has in recent years been re-evaluated with the goal of gaining benefits from
developing a winter crop that would provide food, sequester more carbon in the soil,
improve soil fertility and structure and provide the potential for earning cash from the
developing carbon markets (9).

While much study has focused on the chemical and physical changes to soil from
different cropping systems, the associated shifts in soil microbial community structure
and function remain largely unknown. Soil harbors the largest reservoir of microbial
diversity due to an enormous number of niches, small-scale spatial isolation (10, 11), and
3.8 billion years of evolution. Soil microbial communities are responsible for carbon and
nutrient cycling and are thus an integral component of the soil productivity and the global
element cycles. Therefore, their response needs to be understood when developing new
agricultural practices. Recent studies assessing soil microbial community changes due to
cropping systems used methods such as clone libraries (12) and denaturing gradient gel
electrophoresis (DGGE) (13), which often lack the coverage and resolution necessary to
reveal changes among treatments. Pyrosequencing (14) now allows us to define diversity
and complexity by targeted SSU rRNA gene sequencing (15-17) at such depth that

community responses may be quantified in contrasting soil management schemes.
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In this study, we utilized SSU rRNA gene pyrosequencing to determine the effect
of different maize-fallow rotations on soil microbial communities in the savannah-forest
transition zone of Ghana (18). Soils were sampled from four replicated plots after maize
harvest and after 4 years of the following annual rotations: 1) EbM: Growth of elephant
grass (Pennistum sp) in the winter with its residue burned followed by maize cultivation
(native practice), 2) PM: winter Pigeon pea (Cajanus cajan) crop, minimal tillage of
fallow residues followed by maize cultivation, 3) EfM: Growth of elephant grass with no
burn and followed by fertilized maize, 4) BF: bare fallow, i.e. no fallow season plant,
followed by maize cultivation and 5) Eu: re-growth of the native elephant grass-shrub

vegetation left unmanaged for 4 years (native condition).

RESULTS

Characterization of Microbial Communities and Phylogenetic Structures.
After trimming of the forward and reverse primers and passage of trimmed reads through
quality filters to minimize the effects of embedded pyrosequencing errors, more than
290,000 sequencing reads with an average length of 207 bp were obtained. The number
of high quality sequences per sample was evenly distributed between 7519 to 12204
(Table 1). When operational taxonomic units (OTUs) were defined at 95% identity (ID),
rarefaction curves indicated that sampling was, as expected, not fully exhaustive. The
phylogenetic architecture (19, 20) of these soil communities showed an extensive deep-
lineage variation, with a phyla rich pattern typical for soil habitats. In contrast, the
microbial community from a carbon amended aquifer exhibited shallow-lineage variation

with a lower taxa level (species) rich pattern, which drastically increased at 98% ID (Fig.
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1A). Based on the non-parametric estimator Chao 1, the fallow plant rotations PM and
EbM led to higher bacterial richness compared to the BF and EfM (P<0.007)(Table 1).

Microbial Members in Ghana Soils. Taxonomic classification of the sequences
was assessed using the RDP Classifier trained on species type-strain sequences from the
Taxonomic Outline of the Bacteria (TOBA; http://www.taxonomicoutline.org/) along
with additional sequences for regions of bacterial diversity not well-covered by TOBA.
The classifier was set to a bootstrap confidence threshold of 50%. Sequences covered by
our newly designed primer set were assigned to 23 phyla, 57 orders, 149 families, and
490 genera. Irrespective of the rotation practice, seven phyla accounted for 73% to 86 %
of total sequences in a given sample: Acidobacteria, Proteobacteria, Firmicutes,
Actinobacteria, Verrucomicrobia, Gemmatimonadetes, and Bacteroidetes (Fig. 1B).
These phyla appear highly ubiquitous as been observed by SSU rRNA clone libraries in
most soil environments (21, 22). Notably, BF significantly contained more
Actinobacteria (15.4, SD 9.7%) sequences than the other treatment samples (ANOVA,
P=0.037) (Fig. 1B).

Structural Differences in Microbial Communities among Agricultural Plots.
In order to identify differences among the microbial communities, all 192,835 sequences
were clustered at 95% ID, yielding 26,287 clusters. All nineteen microbial communities
(including IM), were compared by calculating the pair-wise abundance-based adjusted
Serensen similarity index (23). This index was used in Principle Coordinate Analysis
(PCoA) which showed that the EfM, EbM and PM generally grouped together whereas
BF was unique. The IM was clearly distinct from from the Ghanaian soils, most likely

due to a different soil origin and history (Fig. 2A).
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Canonical Correspondence Analysis (CCA) was implemented in order to establish
the linkage between cluster abundance and the environment by implicitly embedding the
environmental soil data (Table 1) with the cluster abundance. This method explained
36% of the cluster variability at the whole community level. Model significance was
confirmed using anovasim (number of permutations=10000, Pseudo-P<0.005) and
permutation (number of permutations =10000, Pseudo-P<0.02) tests. The first ordination
axis was positively correlated with both TN and SOC while the second ordination axis
correlated with Available P. The BF was negatively correlated with all environmental
variables and is clearly distinguishable from the others. Utilizing two independent
methods, both PCoA and CCA served to illustrate the distinct structure of the BF.

To identify taxonomic groups that were most responsive to fallow practice,
clusters were selected that exhibited at least a three-fold abundance difference in BF
compared to the other agricultural treatment. Using this approach [Supporting
information (SI) text 1], 620 clusters were identified that accounted for approximately
25% of total sequences. Clusters more predominant under fallow rotation were classified
as Acidobacteria GP6 and GP4 (EbM and PM), class Bacilli (EbM), and
Alphaproteobateria (EfM). In contrast, clusters more abundant in BF were mostly
affiliated to Actinobacteria, Acidobacteria GP1, and Gemmatimonadetes (Fig. 3).

In order to investigate the environmental factors that influenced cluster
abundance, stepwise multiple regressions of the 620 clusters was performed. Significant
stepwise multiple regressions were identified with 287 clusters (46%) (adjusted P<0.05).
SOC was the most consistent significant predictor of relative cluster abundance among

the sites, followed by TN and available P. Among those clusters, 182 (63%) included
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SOC in the regression, 132 included total nitrogen, 130 included available P, 90 included
pH, and 35 clusters included microbial biomass. Regression slopes of SOC were
positively correlated to clusters affiliated to mostly Proteobacteria and Acidobacteria
GP4, GPS5, and GP6, reflecting increasing cluster abundance with larger SOC values. In
contrast, Actinobacteria and Verrucomicrobia clusters were negatively correlated to

SOC.

Characterization of New Clades of Sequences Unaffiliated to Known
Sequences. In order to determine the relatedness between our sequences and those in the
public database, the uncorrected nucleotide distance to the closest public isolate and
environmental sequence was calculated. The mean uncorrected nucleotide distance (MD)
when sequences were compared to the environmental plus isolate database (MDENYV) or
isolate database (MDISO) were 96.8% and 88.6% ID, respectively. Interestingly, each
bacterial phyla or class exhibited a distinct MDISO. For Bacilli and Alphaproteobacteria
the MDISO were 98.2% and 95.4%, respectively, whereas for Acidobacteria,
Gemmatimonadetes, Verrucomicrobia, Chloroflexi, Planctomycetes, and Nitrospira the
MDISO were below 90% ID (Fig 4A).

Interestingly, 2330 sequences had a similarity below 85% ID to any
environmental or isolate sequence in public databases. When clustered at 95% ID, 286
OTUs (941 sequences) contained at least two sequences, whereas 1389 OTUs contained a
single sequence. Notably, 144 OTUs (including a large OTU containing 27 sequences)

originated from multiple samples. This suggests that novel, yet to be sequenced bacterial
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clades, exist that are poorly classified by both the modified TOBA (24) and Hugenholtz

schemes (http://greengenes.lbl.gov) (Fig 4B).

DISCUSSION

Pyrosequencing of the SSU rRNA gene was used to contrast microbial
community structures at a greater depth and with more replication than typically
attainable through previous methods. These analyses promote when properly selecting
sequencing region in SSU rRNA genes (SI text 2 and Fig. S1)(25) and providing
highthroughput analysis tools (26).

We identified changes in bacterial community diversity responsive to agricultural
fallow treatments. Bacterial richness was higher in all agricultural plots when compared
to an elephant grass-shrub dominated, unmanaged plot (Eu). This illustrated the influence
of agricultural management on microbial community structure. After four years, bacterial
groups responsive to particular treatments were opportunistic additions to the endogenous
community represented by Eu. These groups are likely part of the “rare biosphere” in the
Eu community and serve as a genetic or functional reservoir. Physical disturbance of the
soil due to plowing, planting and burning of fallow plants may increase spatial resource
competition. Among the treatments, low diversity occurred in the bare fallow treatment
and was likely due to overall resource limitation from low exogenous organic matter
input. However, fertilizer application also restricted diversity, perhaps due to the higher
nutrient availability driving a less metabolically diverse r-selected community. While
fertilizer application exhibited the highest organic matter deposition, the PM treatment

served to sequester carbon in woody biomass. Microbial diversity was highest in this
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treatment, possibly due to slower nutrient release from the more recalcitrant pigeon pea
organic matter structure, steady N addition from N2 fixation, and P solubilization. Based
on these results, pigeon pea appears to be the most appropriate cover crop in a tropical
ecosystem such as this, by sustaining a diverse bacterial community while sequestering
SOC, thus improving overall soil health.

Overall soil microbial community structure and specific taxa distribution were
found to be most affected by SOC abundance. Sequestered carbon appears to largely
influence Actinobacteria abundance in soil. The lowest-SOC, (bare fallow) treatment
consistently exhibited the highest abundance of Actinobacteria, largely of the subclass
Rubrobacteridae. Previously isolated bacteria within this subclass, Rubrobacter (27) and
Thermoleophilum (28), are resistant to radiation and are found primarily in arid soil,
which consistent with the more harsh condition of this soil since the summer maize crop
was meager in years 3 and 4 (Table 1). Though not selected by regression as temperature
was not a variable, the high Bacilli abundance in the burned treatment (EbM) was notable
and may be due to the heat resistance of these spore-forming bacteria. The traditional
burn of the fallow season vegetation has resulted in measured soil temperatures as high as
C (29), which could influence survivors in surface soil communities. In contrast to the
dogma that all Acidobacteria are oligotrophs (20), we found that certain groups were
positively correlated to SOC and were present in high abundance in the nutrient enriched
plots. However, overall it does not appear that Acidobacteria uniformly respond to
environmental variables, which could be expected for this very large and diverse phylum.

Our observations support that SSU rRNA gene pyrosequencing can be used to

assess microbial abundances in soils among different environments, and can be used to
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test widely held inferences that were perhaps based on insufficient data. First, our data
show that 4.1% of sequences were identical to~SSU rRNA gene sequences previously
recovered from cultivated bacteria, in comparison to the common notion that “less than
1% of bacteria are cultivated”. However, since our reads covered only a small portion of
the total SSU rRNA gene and our sampling was not exhuastive, this estimation may be
artificially inflated. In order to extrapolate to the full diversity coverage of the samples,
we calculated the ratio of Chao 1 with sequences identical to isolates at 100% ID against
Chao 1 with all sequences at 100% ID. This estimate was 0.13%, the adjusted value
expected with exhaustive sequencing. Secondly, our data indicate that most members of
the  Acidobacteria,  Verrucomicrobia, @ Gemmatinomadetes, Nitrospira, and
Planctomycetes are poorly cultivated, whereas many Proteobacteria and Firmicutes, and
most of the Bacilli, have been isolated (30, 31). Within the Proteobacteria, however, the
Gammaproteobacteria have a large number of highly divergent, uncultivated members
(Fig. 4A). This is particularly interesting since it has been generally assumed that the
Gammaproteobacteria are easily cultured and most of their diversity is known. . Thirdly,
the massive compilation of SSU rRNA gene sequences yielded highly divergent
sequences from groups that were not previously sequenced. Based on our evidence, we
suggest that the 2330 sequences with less than 85% ID threshold against SSU rRNA
genes sequences in public database, are deeply divergent taxa that have yet to be isolated
or characterized. As such, this method is useful in discovering novel bacterial clades and
in providing potential probes to aid in their recovery of for studying their ecology.

In conclusion, this study illustrates the usefulness of pyrosequencing for the

comparison of microbial community structures. Land use change, including the
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expansion of agriculture in the tropics is having major effects on ecosystems and on our
climate. These changes will most likely change the supporting microbial communities
and perhaps the soil processes and ecosystem services they provide. The new sequencing
methodologies now provide the depth and replication needed to assess microbial change
as a part of evaluating management and land use impacts. In this case, our data suggest
that the use of a pigeon-pea winter crop in tropical agriculture not only promotes a higher
microbial diversity but also serves to sequester soil organic carbon, thus improving soil

structure, function, and resiliency.

MATERIALS AND METHODS

Experimental Design and Sampling. The research site was located at the Kpeve
Agricultural Experimental Station (KAES) in Volta Region, Ghana (coordinates 6o
43.15°N, 0o 20.45’E). Classified as a savanna to forest transitional zone, the area is
dominated by Haplic Lixisols (sandy clay loams), Haplic Acrisols and Leptic Haplic
Acrisols. Soil samples were taken from each of four replicate plots (50 m by 80 m) in a
randomized complete block design with a 2.5 cm x 18.5 cm corer on September 10, 2006
after the maize harvest and after 4 years of the same annual rotations (32). Each replicate
sample was a homogenized composite of ten random sub-samples (18), with the
exception of Eu, composites of two sub-samples, separated by 0.7 m. The soils were
immediately place on ice and then stored at -20C until DNA extraction.. The soil was
cultivated at the time of plot establishment but not after. The Iowa soil (IM), classified as
Tama silty clay loam, was collected on Dec. 1, 2006 following a maize crop which was

preceeded by soybean and was under no-till management for over 5 years.
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SSU rRNA Gene Amplicon Pyrosequencing. Soil DNA was extracted with the
Mobio PowerSoil DNA Isolation Kit (Mobio, Carlsbad, CA) according to the
manufacturer’s instructions. Primers were designed with barcodes for pyrosequencing to
accommodate multiple samples in a single PicoTiterPlate (Roche Applied Science,
Indianapolis, IN). The forward key-tagged primers were composed of sequencing adaptor
A, sample-specific 4 or 6-bp keys, and a eubacterial 563F primer (bold in sequences
below). The reverse fusion primer consisted of sequencing adaptor B, and a eubacterial
802R primer. All primers were passed through dual HPLC-purification (Integrated DNA
Technologies, Coralville, IA) in order to increase specificity of primers and minimize the
miss-sorting of samples by primer synthesis error. The forward primer sequence is 5’-
GCCTCCCTCGCGCCATCAG(keys)AYTGGGYDTAAAGVG-3’ and the reverse
primer is 5’-GCCTTGCCAGCCCGCTCAGTACNVGGGTATCTAATCC-3’. PCR
mixtures contained 1 pM of each primer (IDT, Coralville, IA), 1.8 mM MgCI2, 0.2 M
dNTPs, 1.5 X BSA (New England Biolabs, Beverly, MA), 1 unit of FastStart High
Fidelity PCR System enzyme blend (Roche Applied Science, Indianapolis, IN), and 10
ng of DNA template. Amplification conditions were as follows: initial incubation for 3
min at 950C; 30 cycles of 950C for 45 sec, 570C for 45 sec, and 720C for 1 min; and a
final 4 min incubation at 720C. For each sample, three replicate PCR reactions were run
in parallel, PCR products were purified by agarose gel electrophoresis, and excised bands
of 270-300 bps were combined. Amplicon recovery was performed with Qiagen Gel
extraction (Qiagen, Valencia, CA) followed by an extra Qiagen PCR Purification step.
DNA was quantified spectrophotometrically using the NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, Wilmington, DE) and equimolar amounts
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of each sample were subsequently combined and subjected to pyrosequencing using the
Genome Sequencer FLX System (454 Life Sciences, a Roche company, Bradford, CT)

Pyrosequencing Data. Raw reads were processed, filtered, aligned, clustered,
and bias-corrected Chaol species richness estimates obtained using programs from the
RDP Pyrosequencing Pipeline (26). Sequences were assigned to bacterial taxa using the
RDP Classifier version 2 using the RDP release 9.53 training set (25). Chao’s abundance-
based adjusted Serensen similarity (23) were calculated for each pair of samples using
EstimateS (purl.oclc.org/estimates) after first clustering each sample pair together.

For the phylogenetic tree, aligned representative sequences of 287 selected
clusters were exported and a neighbor-joining phylogenetic tree was constructed (35).
Tree and fold-difference color codes were visualized by iTOL (36) and resorted based on
phylum-level classification. For the NEO plots, sequences were first ordered by
classification results either at the phylum or class level. Each symbol indicates the
uncorrected distance of a given sequence read to its closest match within the isolates
database (ISO) and its closest match within the environmental plus isolates (ENV) SSU
rRNA database. Each sequence was used as a query to the RDP’s SequenceMatch tool
(37, 38) to identify the sequence in the RDP’s database with the largest number of
matching words. The uncorrected pairwise distance was calculated between the aligned
query and the SequenceMatch result sequence.

Statistical Analyses and Implementation. ANOVA and canonical
correspondence analysis (CCA) was performed using the R statistical program (R
Development Core Team) running the vegan package. Clusters were assigned at 5% ID

using the complete linkage clustering method and soil environmental data from each
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replicate was used. The joint effect or “significance” of constraints in the CCA model
was tested using both an anova permutation test (anova.cca, a=0.05, n=10000) and a
CCA permutation test (permutest.cca, n=10000). Except where otherwise indicated,
processing software was written in Java (API v1.5.0) and executed on the Macintosh (OS
10.4) or Linux (2.4.23) operating systems running Java virtual machines from Apple or

Sun, respectively.
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SUPPORTING INFORMATION 1 TEXT

Selection of Clusters Contrast to BFs. These clusters were identified by

pairwise comparison of each practice to BF, with the filtering criteria that: 1) the number
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of sequences in each cluster were found in all replicates, and 2) clusters exhibited at least
a three-fold prevalence as a replicate average in either each of the agricultural plots or
BF. For example, when identifying clusters that are more prevalent in PM compared to
BF, only those clusters with non-zero sequence counts in all PM replicates irrespective of
BF, EbM, and EfM were included. The average number of those clusters among the four

replicates was required to be 3x higher than BF.

SUPPORTING INFORMATION 2 TEXT

Bacterial Primer Design for Pyrosequencing of SSU rRNA Genes. Regions in
the SSU rRNA gene suitable for pyrosequencing were identified that exhibited: 1) an
appropriate amplicon length for pyrosequencing reads, 2) high coverage by bacterial
universal primers, 3) high resolution and accuracy for bacterial classification and
identification, and 4) a low frequency of insertions and deletions to simplify sequence
alignment. A new set of bacterial universal primer, designed that encompassed the
hypervariable V4 region (corresponding to Escherichia coli SSU rRNA gene positions
563 to 802), allows for accurate bacterial taxa identification with the RDP Classifier (1).
Its applicability for pyrosequencing was further supported by in-silico Unifrac analysis
(2). The universality of the primers was determined by internal alignment of perfect
matches against SSU rRNA gene sequences in the Ribosomal Database Project II (RDP)
(94.6% coverage) and from the metagenomic database of the Sorcerer II Global Ocean
Sampling Expedition (94.7% coverage) (3). Specifically, the primers designed in this

study targeted an overwhelming majority of known SSU rRNA gene sequences
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throughout all phyla while providing deep taxa classification useful for community

comparisons (SI Figure 5).

SI MATERIALS AND METHOD

Initial Processing and Filtering. Raw reads were sorted into individual samples
using the assigned tag sequence. Forward and reverse primers were then removed from
the sequences. Trimmed sequences less than 150 bases in length were discarded. Also
discarded were sequences with a simple edit distance of greater than two in the forward
primer sequence. The read length was not always sufficient to cover the entire reverse
primer. Depending on the end point in the reverse primer, a maximum edit distance 0 to 2
to the covered portion of the reverse primer was allowed. After this work was completed,
additional control experiments indicated that sequences with incomplete reverse primer
sequences or imperfect reverse primer sequences had an above average sequence error
rate (not shown). We would suggest that a perfect reverse primer sequence filter be
included in future work.

Sequence alignment. Sequences were aligned using the INFERNAL version 8.1,
a stochastic context-free grammar based aligner (http://infernal.janelia.org/). The rRNA
gene region corresponding to the region between primers (E.coli position 578 to 784) was
extracted from the RDP version 9 alignment for the 5341 representative sequences used
to train the RDP Classifier (1). The INFERNAL aligner was trained using this
subalignment along with the Bacterial 16S rRNA secondary-structure model of Gutell
and colleagues (4). The 205 residues estimated to be present in greater than 95% of all

bacterial 16S rRNA sequences were selected as model positions for training. Sequences
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were aligned using this model and the options “--hbanded” and “--full”. With this short
model, Infernal aligns approximate 2200 reads per minute.

NEO plots. Sequences were first ordered by classification results at the phylum
level, and for Firmicutes and Proteobacteria at the class level. Sequences assigned to each
taxon were then ordered by successive complete linkage clustering at distances between
0.5 and 0.0 with a step size of 0.01. Each sequence was used as query to the RDP’s
SeqMatch tool trained on the RDP release 9.56 data set (6, 7) to find the sequence in the
RDP’s database with the largest number of matching words. The program options were
set to search among all high-quality sequences greater than 1200 bases in length or only

high-quality sequences from cultured isolates of length greater than 1200 bases.
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CHAPTER 111
DNA-STABLE ISOTOPE PROBING INTEGRATED WITH METAGENOMICS:

RETRIEVAL OF BIPHENYL DIOXYGENASE GENES FROM PCB-
CONTAMINATED RIVER SEDIMENT
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ABSTRACT
Stable isotope probing with []3C]-biphenyl was used to explore the genetic

properties of indigenous bacteria able to grow on biphenyl in PCB-contaminated River

Raisin sediment. A bacterial 16S rRNA gene clone library generated from [BC]-DNA

after a 14-day incubation with [13C]-biphenyl revealed the dominant organisms to be

Achromobacter and Pseudomonas. A library from PCR amplification of genes for

aromatic ring hydroxylating dioxygenases from the []3C]-DNA fraction revealed two

sequence groups similar to bphA (encoding biphenyl dioxygenase) of Comamonas

testosteroni strain B-356 and of Rhodococcus sp. RHAL. A library of 1,568 cosmid

clones was produced from the [‘3C]-DNA fraction. A 31.8 kb cosmid clone, detected by

aromatic dioxygenase primers, contained genes of biphenyl dioxygenase subunits bphAE,
while the rest of the clone’s sequence was similar to an unknown y-Proteobacteria. The
discrepancy of G+C content near the bphAE genes implies their recent acquisition
possibly by horizontal transfer. The biphenyl dioxygenase from the cosmid clone
oxidized biphenyl and unsubstituted and para-only substituted rings of polychlorinated
biphenyl (PCB) congeners. DNA-stable isotope probing based cosmid libraries enabled
the retrieval of functional genes from an uncultivated organism capable of PCB

metabolism and suggests dispersed dioxygenase gene organization in nature.

INTRODUCTION
Commercially used polychlorinated biphenyls (PCBs), which are mixtures of

more than 60 individual chlorinated biphenyl congeners, are among the most persistent
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anthropogenic chemical pollutants that threaten natural ecosystems and human health (1).
Numerous biphenyl-degrading microorganisms have been isolated and studied, especially
for the range of PCB congeners degraded. Research has been primarily focused on the
biodegradative pathways and the biphenyl dioxygenases responsible for initial PCB
oxidation by isolated bacteria (14, 27). Knowledge, however, is limited concerning the
indigenous microbial populations that metabolize PCBs in the environment. Stable
isotope probing (SIP) coupled with metagenomics is one approach to more directly
explore which organisms and genetic information may be involved PCB degradation in
PCB contaminated sites.

SIP was developed to separate and concentrate nucleic acids or fatty acids of
microbial populations that metabolize and hence assimilate the isotopically labeled
substrates into new cell material (4, 5, 28). Recently, the active PCB degraders in a
biofilm community on PCB droplets were revealed as Burkholderia species using DNA-

SIP (32). In another DNA-SIP study, 75 different genera that acquired carbon from

[BC]-biphenyl were found in the PCB contaminated root zone of a pine tree (22). In

addition, that heavy [BC]-DNA fraction revealed new dioxygenase sequences and

possible PCB degradation pathways from GeoChip (16) results and from PCR amplified
sequences using primers targeting aromatic ring hydroxylating dioxygenase (ARHD)
genes (22).

A major hurdle in using DNA-SIP for metagenomic analyses (9) is the very small
amount of heavy DNA that is produced and hence recovered making library construction
difficult. Two studies have shown the feasibility of DNA-SIP for metagenomic analyses

for C-1 compound utilizing communities but they first increased the amount of the heavy
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DNA fraction by multiple displacement amplification (6, 10) or enriched the community

by growth in sediment slurries. (18).
In this study, we used [13C]-biphenyl to probe for potential PCB-degrading

populations in a PCB-contaminated river sediment and to recover genes potentially
involved in the critical first step of PCB degradation, the dioxygenase attack. We found a
31.8 kb cosmid clone that contained a biphenyl dioxygenase sequence (bphAE) and

demonstrated its activity on PCBs.

MATERIALS AND METHODS

Sample description and SIP microcosms. Sediment historically contaminated with

Aroclor 1248 at concentrations of 0.2 to 4.6 mg kg-] was collected in October 2000 from

River Raisin at Monroe, Michigan, USA. Sediment samples were stored at 4°C under
river water until use.

Five replicate microcosms, each containing 5 g of sediment amended with 10 mg
of uniformly labeled ['>C]-biphenyl (99 atom % '-C)(Sigma-Aldrich) and 10 ml K1

minimal medium (34) was placed in 160-ml serum bottles. Sample bottles were sealed
with Teflon stoppers and aluminum crimp-caps and incubated at room temperature in the
dark on a horizontal shaker at 150 rpm. The microcosms were aerated by opening flasks
in sterile conditions for 10 min every 3-4 days, and after 14 d, DNA was extracted from
all microcosms.

To monitor biphenyl metabolism, nine microcosms amended with 10 mg

unlabeled-biphenyl, and three sterile microcosms with twice-autoclaved sediment and
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unlabeled-biphenyl were established in parallel and incubated as described above. After
0, 7 and 14 d of incubation, triplicate microcosms were sacrificed for biphenyl extraction
by the addition of 10 ml saturated KCl and 10 ml dichloromethane. Biphenyl
concentrations were determined by gas chromatography with flame ionization detection.
Split injections (50:1) were made on a J&K Scientific ICB-PAH capillary column (15 m,

0.25 mm ID, 0.15 pum film thickness). Temperature conditions were: inlet at 220°C; oven

at 80°C for 1 min and then ramped 40°C min'1 to 220°C; detector at 325°C. Colony

counts at each time point were obtained using R2A (29) agar plates and counted after 3

weeks of incubation.

DNA extraction and [BC]-DNA separation. DNA was extracted following a

previous protocol (35) but modified as follows to recover high molecular weight DNA.
All sediment slurries were centrifuged at 3500 x g and 4 g of sediment pellet was
transferred to a disposable 50-ml polypropylene centrifuge tube where 13.5 ml extraction
buffer containing 0.1 M PIPES (pH 6.4), 100 mM EDTA, 1.5 M NaCl and 1% CTAB
was added. Tubes were amended with 1.5 ml 20% SDS (w/v) and incubated in a 65°C
water bath for 2 h with gentle inversion every 10 min. Supernatant without whitish
material was collected after centrifugation at 3000 x g for 5 min and transferred into
another 50-ml polypropylene tube and extracted with an equal volume of chloroform.
DNA was precipitated with isopropanol, washed with ethanol, and dissolved in water at
50°C. For removing humic substances, the DNA solution was adjusted to 0.3 M NaCl by
adding 1 M NaCl in TE (10 mM TrisCl, pH 8.0) and placed into 1 ml DEAE Sephacel
(Sigma-Aldrich) columns pre-equilibrated with 0.3 M NaCl in TE. The columns were

washed with 4 ml of 0.3 M NaCl in TE, and DNA was eluted with 4 ml of 0.5 M NaCl in
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TE. DNA was again precipitated with isopropanol, washed with ethanol and dissolved in

water at 50°C.

A total of 70 pg DNA at 0 d (Dg) and 14 d (D14) was loaded in 18.5 ml cesium

trifluoroacetate (CsTFA) (Amersham, Piscataway, New Jersey) solution without the

addition of ethidium bromide and with a starting buoyant density of 1.60 g ml'l. The

CsTFA solution with DNA was transferred to 18.5 ml-Ultracrimp tubes (Sorvall,
Waltham, Mass.). The tubes were centrifuged in a TV-865B vertical rotor (Sorvall) at

179,000 x g (43,500 rpm) for 40 h at 20°C. The gradients were fractionated into 500 pl

fractions (up to 37 fractions) by displacement with water using a syringe pump at a flow

rate of 1 ml min-l. The buoyant density of each fraction was measured at 25°C by a

refractometer. DNA fractions were precipitated with 1/10 volume of 3 M sodium acetate
(pH 5.2) and isopropanol. The DNA pellets were then washed and re-suspended in EB
elution buffer (Qiagen, Valencia, Calif.) and incubated at 50°C for 1 h. Fractionated
DNA was quantified with a ND-1000 spectrophotometer (NanoDrop, Wilmington,
Delaware). Secondary isopycnic density gradient centrifugation of combined DNA and
quantitative PCR (Q-PCR) were conducted as described (22).

16S rRNA and Aromatic Ring Hydroxylating Dioxygenase (ARHD) gene

clone libraries. Amplifications of 16S rRNA genes for clone libraries were conducted
using primers 27F (17) and 529R (33), on Dy, and 27F and 1392R (17) on D4H

(H=heavy DNA fraction). Cycling conditions were as follows: denaturation for 5 min at

94°C, then 25 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min (Dg) or 1 min 40 s

(D14H) at 72°C, and an additional 7 min extension at 72°C. PCR amplification of ARHD
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genes was performed using primers ARHDIF (5'-

TTYRYNTGYANNTAYCAYGGNTGGG-3") and ARHD2R (5-

AANTKYTCNGCNGSNRMYTTCCA-3") with Dy4H as previously described (22). PCR

amplicons of both 16S rRNA and ARHD genes were gel-purified using a QIAquick Gel
Extraction Kit (Qiagen) and cloned using a TOPO TA Cloning Kit for Sequencing
(Invitrogen, Carlsbad, Calif.). Clone libraries were sequenced using primers T7 or T3 at
the Michigan State University, Research Technology Support Facility with an ABI 3730
Genetic Analyzer (Applied Biosystems Inc., Foster City, Calif.). The phylogenetic
identification of 16S rRNA gene consensus sequences was performed using the RDP-II
Classifier (7).

Cosmid library construction and screening library with ARHDs primers.
Size-selected D4H (25-40 kb) was obtained by electrophoresis on 1% (w/v) low melting
point agarose TAE gel, and the desired size DNA was recovered using Gelase (Epicentre
Inc., Madison, Wisc.) without UV irradiation, end-repaired with T4 DNA polymerase,

and then inserted into pWEB ™ cosmid (Epicentre Inc.) at Smal site. A cosmid library

was constructed by using pWEB ™ cosmid cloning kit. All cosmid clones were stored at -

80°C. PCR amplification with ARHD primers was used for cosmid library screening as
described above. Every 96 cosmid clones were pooled as templates for PCR screening.
Sequencing cosmid clone and genomic analysis. The cosmid clone L11E10 was
sheared into approximately 4 kb fragments using a GeneMachines HydroShear device
(Genomic Solutions, Ann Arbor, Mich.). The fragments were end repaired with T4 DNA

polymerase and phosphorylated with T4 polynucleotide kinase (Epicentre). The DNA
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fragments were then ligated into the vector pCR-Blunt (Invitrogen) and transformed into

E. coli TOP10. A total of 192 colonies were picked and then grown in LB plus 50 pg ml’

! kanamycin in deep well microtitre plates. Plasmid DNA was isolated using the

Invitrogen PureLink 96 well lysis technique. The two ends of the inserted DNA fragment
were sequenced using either the primer BL (5'-TCGGATCCACTAGTAACGGC-3") or
BR (5'-CCAGTGTGATGGATATCTGC-3'). Sequences were trimmed and assembled
using the Lasergene software (DNAStar, Madison, Wisc.).

PCB transformation by expression in E. coli. The bphAE of Burkholderia
xenovorans 1B400 was amplified from genomic DNA wusing primers (5'-
CACCATGAGTTCAGCAATCAAGAA-3") (Underlined sequences were for directional
cloning described below) for the forward sequence of bph4d and (5°-
CTAGAAGAACATGCTCAGGTT-3’) for reverse sequence of bphE. PCR for LB400-
bphAE was performed with Platinum® Pfx polymerase (Invitrogen) and 30 pmol of each
primer for 25 cycles of 1 min at 94°C, 1 min at 55°C, and 4 min at 72°C. The bphAE
genes of L11E10 were amplified from the cosmid clone DNA using (5-
CACCATGAATACTTTGATCAAAGAA-3') for forward sequence of bphd with |
modification of start codon GTG to ATG and (5'-TTAGAAGAACATGCTCAGGTT-3")
for reverse sequence of bphE. PCR for L11E10 was performed for 25 cycles of 1 min at

94°C, 1 min at 55°C, and 6 min at 68°C. Both pET101[LB400-bph4E] and

pET101[L11E10-bphAE] were generated using Champion™ pET101 Directional TOPO

Expression Kit (Invitrogen). pET101[LB400-bph4E] or pET101[L11E10-bph4E] and

64



pDB31[LB400-bphFGBC](2) were co-transformed into Escherichia coli BL21
Star(DE3).

PCB degradation capabilities of transformants were assessed using a resting cell
assay. E. coli BL21 containirig pET101[LB400-bphAE] or pET101[L11E10-bphAE], plus

pDB31[LB400-bphFGBC] was grown in LB medium containing 100 ug ml"' ampicillin
and 25 pg ml'1 kanamycin in addition to 0.8 mM IPTG at 37°C. Log phase cells were

washed and resuspended to an optical density of 1.75 at 600 nm in M9 medium
containing 0.8 mM IPTG and 0.1% (w/v) sodium acetate. Portions (2 ml) were pipetted
into glass vials, amended separately with one of two PCB mixtures in 10 pl of acetone,
and sealed with Teflon-lined stoppers and aluminum crimp caps. The PCB mixtures
were identical to mixtures 1B and 2B (3) except that 2,2'.4,4',6,6'-CB (chlorinated

biphenyl) was used as the internal standard instead of 2,2'.4,4',6-CB; the final

concentration of each congener was 1 pg ml-l. The tubes were then incubated at 37°C

with shaking at 200 rpm for 18 h. Following incubation, the contents of the tubes were
acidified with three to four drops of concentrated HCI, and the PCBs were extracted three
tirmaes with 1 ml of hexane:acetone (1:1, v:v). The extracts from each sample were
corra bined and analyzed for PCBs using a gas chromatograph fitted with an electron
captwarxe detector and a DB-5 capillary column (30 m length, 0.32 mm ID, 0.25 pm film

thick< xaess). The oven temperature program was 140 °C for 1 min, then increased 2°C

min~ I to 260 °C. The inlet and detector temperatures were 220 °C and 325 °C,

KeSpe «tively. PCBs were quantified using a four-point calibration curve and the internal

sanA =ard method. In a separate experiment, accumulation of 2-hydroxy-6-oxo-6-
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phenylhexa-2,4-dienoate (HOPDA) by transformants was determined at 434 nm (19)
with a UV-Vis spectrophotometer (Varian Inc., Palo Alto, Calif.) after addition of

biphenyl.

Nucleotide sequence accession numbers. The GenBank accession numbers are: ARHD

of Di4H (accession no. GQ231323-GQ231332), 16S rRNA clone libraries of Dj4H

(accession no. GQ231333-GQ231378), and Dg (accession no. GQ231379-GQ231433),

and cosmid clone L11E10 (accession no. GQ231434).

RESULTS
Disappearance of biphenyl during the incubation. To confirm the feasibility of
this sediment for the SIP experiment, biphenyl disappearance was measured in
microcosms incubated with unlabelled biphenyl. Only 0.6% of the biphenyl remained

after a 14 d aerobic incubation, whereas none of the biphenyl disappeared in the sterile
microcosms. During the period, total culturable bacteria increased from 4.6 x 105 to 1.79
X 108 CFU’s g-1 dry sediment as determined by plate counts.

DNA extraction and isopycnic centrifugation. DNA (Dy: DNA from sediment
at 0 time, D4: DNA from sediment in microcosms incubated with [I3C]-biphenyl for 14
d) was extracted by our high molecular weight DNA extraction method. Both Dy and D4

were separately loaded, approximately 70 pg each, to 18.5 ml-scaled isopycnic

centrifugation. [13C]-DNA fractions of D4 were collected for buoyant densities from
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1.634 to 1.656 g ml'l, where DNA was detected in D4 but not in Dy. For confirmation
that this fraction had [13C]-DNA, the collected DNA from the heavy fraction (D4H),

from the unlabeled biphenyl incubated microcosms at 14 d (unlabeled D4), and from D,

were applied to 2 ml-scaled isopycnic centrifugation, followed by quantitative PCR of

16S rRNA genes on the separated fractions (Fig. 1). These results confirmed D 4H
consisted of only [13C]-DNA, clearly separated from either Dy or unlabeled Dy4. The

approximately 3 pg of Dy4H, was enough to construct a 16S rRNA gene clone library, a

metagenomic library, and a PCR-based ARHD library.

Analysis of 16S rRNA and ARHDs genes in clone libraries. Fifty-five 16S
TRNA gene clones from Dy and 46 clones from Dj4H were sequenced. The two libraries
exhibited distinct microbial community composition and diversity (J-LIBSHUFF P
values for both ACxy and ACyx were <0.001) (30). The D4H clone library, which

should include active biphenyl degrading microorganisms, contained members of genera

Achromobacter,  Pseudomonas,  Acidovorax, Ramlibacter,  Azoarcus, and

Hydrogenophaga, which were not found in the Dg clone library (Table 1).

A library of ARHDs gene sequences in Dj4H yielded five unique ARHD

sequences from 10 clones, which could be divided in two groups, based on the translated
amino acid sequences (99-106 aa). Clones 8, 13 (numbers of identical sequences=3), and
17 (n=2) exhibited 92%, 94%, and 94%, respectively, amino acid identities to a biphenyl

dioxygenase large subunit of Comamonas testosteroni strain B-356 (31) (now Pandoraea
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Figure 3.1. Separation of ['2C]- and [">C]-DNA by small-scaled secondary isopycnic
centrifugation and quantified by Q-PCR of 16S rRNA genes on triplicate samples. Solid

circles and lines D4H; open circles and dashed lines Dy: and open triangles and dashed
lines Dy4.
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Number of clones

Phylogenetic group 2 Generab (Number of clones)
Dy D, H .
Actinobacteri a
Intrasporangiaceae (c) 2
Propionibacteriaceae (c) 1
Unclassified Actinobacteria 1
Acidobacteri a 4
Bacteroidetes 3
Chloroflexi
Caldilineacea(c) 7 Levilinea (1*), Leptolinea (1*),
Unclassified Anaerolineae 10
Firmicute s 1
Planctomycetes | Pirellula (1%*)
Proteobacteri a
a-Proteobacteria
Rhodobacteraceae (c) 2 Rhodobacter (1*)
Unclassified a-Proteobacteria 1
B-Proteobacteri a
Rhodocyclaceae(c ) 1 Azoarcus (1)
Gallionellaceae (¢) 1 Gallionella (1%)
Comamonadaceae(c) 1 9 Z;?Z:ngﬁéfﬁ{'iﬁﬁgféil (%)
Alcaligenaceae(c) 22 Achromobacter (22)
Hydrogenophilaceae (c) 2 Thiobacillus (2*)
Unclassified B-Proteobacteria 5 1
y-Proteobacteria
Pseudomonadaceae (c) 9 Pseudomonas (9)
Xanthomonadaceae (c)
O-Proteobacteri a 2 Smithella (1*), Pelobacter (1%*)
Unclassified Proteobacteri a 1
OP10 1
Unclassified bacteria 11 1
Total 55 46

a. The taxonomic assignment was based on the lowest taxonomic level that gave a > than 80% confidence
level for assignment by the RDP-II Classifier release 9.50 (7).

b. Genera is indicated when more than 80% confidence.

c. Indicated taxonomy unit family.

*_ Genera found in Dg

Table 3.1. Phylogenetic classification of 16S rRNA genes in clone libraries at zero (Dg)
and 14 (D4H) days.
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pnomenusa (15)). Another group including clone 11 (n=2) and 12 (n=2) were similar to a
dioxygenase large subunit of the gram-positive Rhodococcus sp. strain RHA1 (24) with
amino acid identities of 82% and 77%, respectively.

Screening for and analysis of biphenyl dioxygenases. A library of 1568 cosmid
clones, which contained DNA inserts averaging 30 to 40 kb (data not shown), from D;4H
was constructed and screened for genes encoding large subunits of biphenyl
dioxygenases (bphAs) using primers to detect ARHD-encoding DNA. Five of the clones
yielded ARHD amplicons of 300-330 bps, but sequencing of the amplicons showed that
only one clone, L11E10, actually contained a bphA4 sequence. The bphA sequence from

L11E10 was not an exact match with any of the PCR amplified ARHD sequences found
in D14H.

The clone L11E10 contained an insert of 31,850 bps with 67.38% G+C content.
Seventeen of 22 open reading frames (ORFs) in L11E10 gave top BlastX hits against
ORFs in the genera of Xanthomonas and Stenotrophomonas. Genes for subunits of the
biphenyl dioxygenase (bphA and E) were found in L11E10. L11E10 contained no other
genes directly relevant to the known biphenyl degradation pathway (Fig 2A). The bphA
was highly similar to bphAd in Pseudomonas sp. strain Cam-1 (90%) and bphAl in
Pseudomonas pseudoalcaligenes KF707 (89.5%)(13). The bphA also encoded the motif
Cys-X-His-X17-Cys-X2-His that forms the Rieske-type [2Fe-2S] cluster of iron-sulfur
proteins. The bphE in L11E10 was 93% identical to bphE (a small subunit of biphenyl
dioxygenase) in B. xenovorans LB400 and bphA2 in P. pseudoalcaligenes KF707.

Functional analysis of biphenyl dioxygenases. To determine the activity of

bphAE encoded in L11E10 (bph4E-L11E10) toward biphenyl and PCBs, bph4E-L11E10
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was expressed in E. coli BL21 along with bphFGBC from B. xenovorans LB400
(bphFGBC-LB400). The bphFGBC-LB400 encodes ferredoxin (BphF), ferredoxin
reductase (BphG), biphenyl-2,3-dihydrodiol 2,3-dehydrogenase (BphB), and 2,3-
dihydroxybiphenyl 1,2-dioxygenase (BphC), involved in the upper pathway of biphenyl
catabolism. In this pathway, biphenyl is transformed to HOPDA producing a yellow color
(23). When E. coli BL21 transformants containing bphAE-L11E10 were induced with
IPTG and incubated with biphenyl, they produced the yellow color indicative of HOPDA
within 2 h. In resting cell assays with PCB mixtures, the same transformants metabolized
2,3-CB, 2,4'-CB, 4,4'-CB, 2,4,4'-CB, and 2,4',5-CB; the 4,4'-CB, 2,4,4'-CB to a greater
extent than similar transformants containing bph4ABFG genes from LB400. These results
are consistent with activities of resting cell assays of P. pseudoalcaligenes KF707 (11),
with the exceptions that KF707 also exhibited some transformation of 2,2',3,3’-CB and

2,3',4,4'-CB (Table 2).

DISCUSSION

A major hurdle in DNA-SIP based metagenomics is the recovery of [13C]-DNA

in sufficient quantity for cosmid library construction and the production of a target

number of clones. Due to these constraints, we used sediment slurries that were able to
increase biphenyl consumption compared to our SIP study using [BC]-biphenyl in
rhizosphere soil (22), thus enhancing the incorporation of labeled carbon into cell

material and obtaining sufficient [13C]-DNA to produce a cosmid library. The resulting

community, Dj4H, seems to have less bacterial diversity than the heavy fraction from
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% Depletion

Congener a a
L11E10 LB400 LB400 KF707

2,2° <10 100 100 5
2,3 100 100 100 100
2,4’ 100 100 100 100
44" 100 <10 15 100
2,2°,5 0 100 100 0
24,4 92 22 45 93
2,54 89 99 94 83
2,2°3,3° <10 96 94 60
2,2°.3,5° 0 96 96 0
2,2°.44° 0 16 38 0
2,2°.5,5° 0 99 95 0
2,3',44° 0 0 16 24
2,3°,4°,5 <10 94 83 0
3,344 0 0 0 0
2,2°.3°4,5 0 <10 38 0
22°34,5° 0 29 58 0
2,2°.45,5° 0 64 73 0

a. Resting-cell assay data were obtained from previous study (11).

Table 3.2. Depletion of PCB congeners by the biphenyl dioxygenases of L11E10 and
LB400.
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using [13C]-biphenyl in rhizosphere soil (22), as would be expected from the addition of

the larger amount of biphenyl. This approach is useful for recovering functional genes
from potentially unculturable populations and for analyzing their natural genetic context,
but would not be useful for recovering genes from populations that might be specialists
for low substrate concentrations. The dioxygenase clone we recovered did not overlap
with the sequences amplified by the ARDH primers. The most likely explanation is that

PCR bias favored genes not recovered in the cosmid.

The Dj4H community analysis showed that the dominant bacterial groups were

closely related to previously known PCB and biphenyl-utilizing bacteria. The most
dominant group, genera Achromobacter, includes Achromobacter xylosoxidans KF701,
which can grow on biphenyl, 4-methylbiphenyl, 2-hydroxybiphenyl, benzoate and
salicylate (12). Seven sequences in family Comamonadaceae, classified as Acidovorax
and Hydrogenphaga by the RDP classifier, are most similar to PCB and biphenyl-
degrading Acidovorax sp. (formerly Pseudomonas sp.) strain KKS102 (20, 26), and
biphenyl-utilizing and PCB-cometabolizing psychrotrophic = Hydrogenophaga
taeniospiralis 1A3-A (21). Also, genera Pseudomonas includes P. pseudoalcaligenes
KF707, a well-known biphenyl and PCB-degrading microorganism.

It is interesting that L11E10 had only the bphAE genes of the biphenyl pathway and
that the genetic organization differs from the upper bph operons of known biphenyl
degrading microorganisms (27). In addition, the G+C content around bph4E was lower
than average for the clone (Fig. 2B). Furthermore, the gene order of rpoE-ORF3-desA-
ORF4-ORF5-cfaA-ORF6-ORF7-ORF8 (Fig. 2A, grey arrows) and recJ-rpfE-greA (black

arrows) in L11E10 were identical to six sequenced Xanthomonas genomes, none of
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which have the upper bph operons. Therefore, bphAE in L11E10 could have been
recently acquired from another microorganism, perhaps an outcome of the at least 40-
year exposure to Aroclor 1248 in these sediments. It is possible that the gene organization
of bph operons in nature is dispersed while the bph operons found in biphenyl-degrading
microorganisms typically isolated by enrichment culture are less common, but better
arranged for rapid growth and hence isolation.

Analysis of the origin of L11E10 suggests that the insert DNA came from a y-
Proteobacterium because the homology in L11E10 of recJ, a single stranded DNA
specific exonuclease required for efficient recovery of DNA synthesis (8), was highly
similar to those in y-Proteobacteria.

BphAE-L11E10 showed a PCB congener transformation spectrum similar to but
narrower than the KF707 biphenyl dioxygenase. It appeared to transform only PCB
congeners without chlorines at the 2,3 positions. This is consistent with BphA protein
sequences in which regions I, II, IIl and IV of L11E10, responsible for substrate
specificity (25), are identical to KF707 biphenyl dioxygenase except Val-337 (L11E10)
instead of Ile-335 (KF707) at LB400 position 336 (Fig. 3). As such, Val-337 (L11E10)
may effect a narrow specificity toward 2,2',3,3'-CB and 2,3',4,4'-CB. Even though the
difference in the N-terminus (31 amino acid differences before position 196) and C-
terminus (11 amino acid differences after position 395) between BphA-L11E10 and
KF707 or LB400 is greater than between LB400 and KF707 (only one amino acid
difference), this does not appear to affect PCB substrate specificity (14).

Combining DNA-SIP and metagenomic analyses should increase our

understanding of genomic features of microbial populations in nature since it avoids
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cultivation bias and minimizes interference from nonfunctional genes. The efficiency of
the methods, particularly the sufficient recovery of labeled nucleic acids of high
molecular weight, and its use under conditions that typify the natural environment, e.g.

little disturbance and natural substrate concentrations, need further development.
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CHAPTER IV

UNIQUE PCB- AND BIPHENYL-UTILIZNG POPULATIONS IN THREE
DIFFERENT ENVIRONMENTAL MATRICES
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ABSTRACT
PCB- and biphenyl-utilizing populations in three PCB-contaminated

environmental matrices: plant rhizosphere, sandy industrial soil, and river sediment were

characterized using stable isotope probing with 13C-biphenyl substrate and subsequent

V4-16S rRNA gene pyrosequencing. Among the sites, PCB- and biphenyl-utilizing
populations were mostly affiliated with Phyla Proteobacteria, Actinobacteria and
Acidobacteria as well as Firmicutes particularly in the sediment. However, there is less
phylogenetic redundancy among these PCB- and biphenyl-utilizing populations.
Abundant members of PCB- and biphenyl-utilizing population were suggested to possess
aromatic degradation genes or to have activity on aromatic compounds from previous
studies. Phylum Acidobacteria and Genus Escherichia are new candidate groups that may
be involved in PCB degradation in the environment. Ratios of richness (biphenyl-
utilizing population / original community) suggested that 10-40% of total bacteria might
utilize biphenyl carbon. Information attained by profiling populations active in PCB
degradation in different environments might provide the clues for bioaugmentation of
PCB.
INTRODUCTION

Polychlorinated biphenyls (PCBs) are widely distributed, persistent,
anthropogenic pollutants (ATSDR, 2000). Removal of PCB from the environment occurs
mostly by the way of bacterial oxidative degradation, anaerobic dechlorination or a
combination of both, an important mechanism for ecosystem sustainability. Laboratory-
based research shows that there were successes in the introduction of bacteria, known as

bioaugmentation, can result inresponsible for extensive PCB degradation from extensive
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laboratory-based research to contaminated site materials (Hickey et al., 1993; Focht and
Brunner, 1985). However, in-situ studies with by introductedion of PCB-degrading
strains to PCB contaminated environments often find that PCB degradation is minimal.
This is thought to be due to several factors including failure of introduced strains to
survive and/or grow, insufficient distribution and poor bioavailability and propagation
failure in natural conditions. It is, therefore, necessary to investigate the composition of
natural PCB-degrading populations in concert with thorough analysis of the chemical and
physical properties of contaminated matrices (Rysavy et al., 2005; Yan et al., 2006). This
will serve as a guide for improving the successful bioaugmentation strategies by selected
indigenous PCB-degrading organisms.

As of February 2009, there were hundreds of 16S rRNA gene sequences that were
“tagged” to “PCB/biphenyl” isolated bacteria deposited in Ribosomal Database Project
(http://rdp.cme.msu.edw/index.jsp). These sequences were mostly affiliated with known
aerobic PCB degraders: Burkholderia, Pseudomonas, and Rhodococcus as well as the
anaerobic Dehalococcoides known for its dechlorination abilities. Although isolation of
bacteria is necessary for evaluation of bioaugmentation strains, there is often a limited
range of bacterial taxa that are cultivated from PCB-contaminated environments (Leigh et
al., 2006). Isolated bacteria likely do not represent actual PCB degrading community
(Leigh et al., 2007).

Thus, culture independent methods, such as 16S rRNA gene clone libraries, have
been employed to study indigenous bacterial communities in PCB-contaminated
environments. Sequences similar to Burkholderia and Sphingomonas, well-known PCB-

degrading bacteria, were retrieved from PCB-contaminated soil. In addition, there were
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numbers of sequences affiliated with the phylum Acidobacteria, which is one of
the most abundant phyla in soil, but are not known PCB-degraders (Nogales et al., 1999;
Nogales et al., 2001). Another study identified increased abundance of Rhizobiales and
Acidobacteria in thizomediated PCB-contaminated sites (de Carcer et al., 2007). These
authors speculated that the identified bacteria were involved in either direct or indirect
PCB utilization since PCB was a major carbon source.

Bacterial members responsive to PCB addition have been determined by assessing
community structure before and after exposure to PCB droplets. Members of the active
PCB-degrading population were found to be closely related to the genera Aquabacterium,
Caulobacter, Imtechiu, Nevskia, Parvibaculum, and Burkholderia (Macedo et al., 2007).

Alternatively, stable isotope probing (SIP) (Radajewski et al., 2000) has been
used to directly trace active bacteria involved in aerobic PCB degradation. This method
takes advantage of the incorporation of labeled substrate into DNA and RNA of cells
growing on the labeled substrate, which allows for taxonomic classification of the
organisms and identification of functional genes that have become labeled. This has been
used to target PCB-degrading bacteria in thé rhizosphere of Austrian pine (Pinus nigra)

growing in a PCB-contaminated industrial site. The most frequently identified members

from the 13C-DNA fraction were Pseudonocardia, Kribella, Nocardiodes and

Sphingomonas (Leigh et al., 2007).

In this study, we investigated active PCB-degrading communities in three PCB-
contaminated environments using a combination of SIP and 16S rRNA gene
pyrosequencing of the hypervariable V4 region. This study focuses on whether common

PCB populations are selected from different soil or sediment communities.
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MATERIALS AND METHODS
Site Description. Rhizosphere (Cz) soil (15 mg/kg of PCB, pH 7.7) was
collected in the root zone of an Austrian pine (Pinus nigra) in the Czech Republic (Leigh
et al., 2006). Sandy soil (Pi) (120 mg/kg of PCB, pH 7) was collected at Picatinny
Arsenal, NJ, USA. Sediment (4.8 mg/kg of PCB, pH 7.6) was collected from River
Raisin, Monroe, MI. DNA of Cz 0d, Cz 4d, Cz 14d, Rr 0d, and Rr 14d (d=days) was

obtained from previous studies (Leigh et al., 2007; Sul et al., 2009). Other DNA was

collected by SIP following incubation with I3C-biphenyl as follows. Microcosms for SIP

were established following previous studies (Leigh et al., 2007). Briefly, uniformly 1 mg

13C-labeled biphenyl was added per 5 g environmental material. Isopycnic density

gradient centrifugation and fractionation protocols were conducted following DNA

extraction as previously described (Leigh et al., 2007). I3C-DNA fractions were

determined by real-time PCR using 16S rRNA genes (Leigh et al., 2007).

V4-16S rRNA Gene Pyrosequencing. PCR for amplicon pyrosequencing was
performed with barcode primers, which targeted the 16S rRNA gene V4 region as
previously described (Chapter 2). Pyrosequencing was performed using the Genome
Sequencer FLX System (454 Life Sciences, Bradford, CT). Raw reads were processed,
filtered, aligned, and clustered through the RDP Pyrosequencing Pipeline (Cole et al.,
2009). All 122,651 sequences were assigned to bacterial taxa with the RDP Classifier
version 2, using the Taxonomic Outline of the Bacteria and Archaea (TOBA), release 7.8

(Cole et al., 2007). Bacterial assemblages were compared with Chao abundance-based
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adjusted Sorensen similarity calculated using EstimateS (purl.oclc.org/estimates) and then
performed Principle Coordinate Analysis (PCoA) using the R statistical program (R
Development Core Team) running the vegan package.

Estimates of Bacterial Richness. We implemented 7 parametric models: single
point mss, gamma, lognormal, Inverse Gaussin, Pareto, mixture of two exponentials, and
mixture of three exponentials to rank-frequency matrix of each sample. Model selection
followed empirical procedures (Bunge and Barger, 2008). Briefly, we require that both
GOFS5 and GOFO > 0.01 and then sort the results first by decreasing "tau" (right
truncation point) and second by increasing AICc. Then the minimum-AIC model within
each tau block (models evaluated at the same tau) is examined, and the one with the
largest fau such that SE<= est/2 is selected. This may result in competing models, in
which case we have to use expert judgment. Also, eleven nonparametric estimators were
calculated using the software SPADE.

RESULTS

Bacterial communities in PCB-contaminated sites and their biphenyl-utilizing
populations. The bacterial composition at the phyla level of three PCB-contaminated
sites (rhizosphere, river sediment, and sandy soil), differed by soil type and PCB
concentration, was determined by V4 16S rRNA gene pyrosequencing. The rhizosphere
soil (Cz 0d) was dominated by three phyla: Proteobacteria, Acidobacteria, and
Verrucomicrobia (Figure 1A). River sediment (Rr 0d) exhibited a high Proteobacterial
abundance and contained more sequences affiliated to Bacteroidetes, Firmicutes, and

Chloroflexi than rhizosphere and sandy soil (Figure 1B). Actinobacteria dominated the
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sandy soil (Pi 0d) and included the genera Streptomyces (5.2%), Nocardioides (2.8%),
and Solirubrobacter (2.6%) (Figure 1C).

Biphenyl-utilizing populations were analyzed using the collected heavy DNA

derived from l3C-biphenyl-SIP after 4 d and 14 d incubations. Both rhizosphere time

points (Cz 4d and Cz 14d) contained sequences most closely classified as Proteobacteria,
Actinobacteria, and Acidobacteria (Figure 1A). Notably, these samples were dominated
by genera affiliated with Actinobacteria: Nocardioides, Pseudonocardia, Kribbella, and
Sphingomonas, and with Proteobacteria: Escherichia, and Bradyrhizobium, and lastly to
Acidobacteria Gp6 (Appendix A). In river sediment (Rr 4d & Rr 14d), Firmicutes were
higher in relative abundance to other soils and were marked by a high abundance of
Proteobacteria and Acidobacteria (Figure 1B). The most dominant genera were Bacillus,
Arthrobacter, Burkholderia, and Escherichia (Appendix A). There was a lower
abundance of sequences affiliated with Bacteroidetes and Chloroflexi, which were more
than 5% of the relative abundance in the original matrix (Rr 0d) (Figure 1B). In the sandy
industrial area soil (Pi), Proteobacteria had grown to 80% at 14d in relative abundance
(20% at 0d) with less Actinobacteria compared to its 45% at 0d (Figure 1C). High
abundances of  Phenylobacterium,  Azospirillum,  Lysobacter, = Wautersia,
Pseudoxanthomonas, Escherichia, Sphingomonas, (ordered by relative abundance) as
well as Acidobacteria Gp6 were identified in Pi at 14d (Appendix A). Among all three
PCB contaminated sites, the '*C-biphenyl utilizing populations were mostly
Proteobacteria, Actinobacteria, Acidobacteria as well as Firmicutes, the later particularly

in the sediment.
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PCB- and Biphenyl- Population Shifts During Incubation. A distance-based
(Chao’s abundance based Sorenson Similarity) principal coordinate analysis (PCoA) at a
97% OTU clustering illustrates the shift in bacterial community structure between that of
the original total community and the biphenyl-utilizing populations over the 14 day
incubation for the three PCB-contaminated sites (Figure 2). Shared OTUs between Cz 4d
and Cz 14d céntain 85% the sequences while shared OTUs between Rr 4d and Rr 14d)
contain 75% of those sequences Most of the lower abundance OTUs in Cz4d were
Actinobacteria whereas Proteobacteria increased at Cz 14d (Figure 5A). This increase
was also found in the Rr incubation at 14d, but was accompanied by a decrease in
Bacillus (Figure 5B).

Richness of both the total bacterial and biphenyl-utilizing communities was
estimated by both parametric and non-parametric methods (supplemental materials).
Regardless of sample origin, an estimation carried out at lower OTUs (90%) selected an
inverse Gaussian as the appropriate abundance model. In contrast, 2-mixed or 3-mixed
exponential models were better fits at higher OTU clustering levels. The proportions of
the biphenyl-utilizing populations relative to total bacteria can be calculated from the
ratio of richness estimations (biphenyl-utilizing population / total bacteria). Ratios at 97%
OTUs are 27% (Cz 4d/Cz 0d with parametric), 27% (Cz 4d/Cz 0d with nonparametric),
43% (Cz 14d/Cz 0d with parametric) and 36% (Cz 14d/Cz 0d with nonparametric). The
sandy soil has a lower proportion of biphenyl-utilizing populations: 16% (Pi 14d/Pi 0d
with parametric), and 10% (Pi 14d/Pi 0d with nonparametric), while richness estimations
of biphenyl-utilizing populations in the sediment were larger than the total bacteria

population estimates: 218%, 153% (Rr 3d/Rr 0d with parametric, nonparametric,
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respectively), 128% and 109% (Rr 14d/Rr 0d with parametric, nonparametric,
respectively) (Table 1, 2, and 3).

Shared OTUs of Three Biphenyl-Utilizing Populations After 14 Days
Incubation. Over the same incubation period (Cz 14d, Rr 14d, Pi 14d), only 46 of 11,951
OTUs of biphenyl-utilizing bacterial populations were shared among all three samples.
Representative sequences of each shared OTU, defined as those with the lowest sum
distance to others within OTU’s, were mostly Acidobacteria, Actinobacteria, and
Proteobacteria. Two OTUs assigned to the genera Escherichia and unclassified
Enterobacteriaceae were present at a relatively high abundance in all three samples
(Figure 4). Most of the remaining OTUs were identified at high abundances in only one
or two samples.

Different Incubation Methods Altered Biphenyl-Utilizing Populations.
Different biphenyl-utilizing populations were detected depending on the SIP incubation
conditions. A previously studied incubation on River Raisin sediments at 14 days (Rr
14d) used a slurry incubation instead of the static one as used in the experiments
presented so far. The dominant genera in the slurry were Pseudomonas (47.8%),
Acidovorax (6.9%), Chitinophaga (4.7%), and Achromobacter (3.6%). Using the static
method these genera comprised less than 0.3% of the community in either Rr 3d or 14d.
The top ten high abundance 97% OTUs of the current Rr 14d are rare members in Rr 14d
slurry: <0.15% of relative abundance (Figure 2). The ten most abundant Rr 14d slurry

OTUs accounted for only 0.46% of the sequences in Rr 14d static.
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non-

at 90% No. of Obseved Parametric Abundance Parametric Estimator
OTUs sequences OTUs estimate Model .
estimate

czod 11400 1390 3171249 Inverse 253054  ACE-1
Gaussian

Cz4d 4089 586 1006273 Inverse 824116 ACE
Gaussian

Cz 14d 12338 898 1270457 Inverse 113819 ACE
Gaussian

Rr0d 12697 1547 33684234 Inverse 2737463 ACE-1
Gaussian

Rr 3d 22716 2274 3535473 2-Mixed 3006¢34  ACE
Exponential

Rr 14d 24217 2167 2856+39 2-Mixed 2551425 ACE
Exponential
2-Mixed

Rr 14ds 21449 551 12494191 . 830+40 ACE
Exponential

Pi 0d 10609 1113 2973+338 Inverse 2108£194  ACE-1
Gaussian

Pi 14d 3136 255 397437  Inverse 338:19  ACE
Gaussian

Table 4.1. Bacterial richness estimations at 90% OTUs. Abundance model of
parametric estimates and estimator of nonparametric estimates were selected by empirical
procedures to calculate “best” estimation.
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97%

No. of

Obseved

Parametric

Abundance

non-

OTUs sequences OTUs estimate Model Para'metnc Estimator
estimate
Cz0d 11400 2846 9060+726 3-Mixed 7451119 ACE-1
Exponential
Cz4d 4089 1075 2456+180 Inverse 2045+192 ACE-1
Gaussian
Czl4d 12338 1871 39384406 3-Mixed 2647+34 ACE
Exponential
Rr 0d 12697 2923 69944241 2-Mixed 6827+114 ACE-1
Exponential :
Rr 3d 22716 6162 1522541447 3-Mixed 10429490 ACE
Exponential
Rrl4d 24217 5493 89524113 3-Mixed 7449454 ACE
Exponential
Rrldds 21449 926 21512155 3-Mixed 20814250  ACE-I
Exponential
Pi 0d 10609 2324 6440358 3-Mixed 6375£130  ACE-I
Exponential
Pi 14d 3136 402 1030159 Inverse 64640 ACE
Gaussian

Table 4.2. Bacterial richness estimations with 97% OTUs.
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non-

99% No. of Obseved Parametric Abundance Parametric Estimator
OTUs sequences OTUs estimate Model .
estimate

Cz0d 11400 3931 18527+2527 3-M1xeq 13556+193  ACE-1
Exponential

Cz4d 4089 1432 3866+283 3-Mixeq 3433181 ACE-1
Exponential

Cz 14d 12338 2824 7306681 3-M1xeq 5573196 ACE-1
Exponential

Rr 0d 12697 4132 147342950 > ~Mixed 12977£182  ACE-l
Exponential

Rr3d 22716 10095 25161+374 2-Mixeq 19373152 ACE
Exponential

Rr 14d 24217 9016 l6864£194 _3-Mixed 13425484  ACE
Exponential

Rr 14ds 21449 1428 3833+273 3-M1xec! 3583+90  ACE-1
Exponential

Pi 0d 10609 3224 12463846 > Mixed 11848£176  ACE-1
Exponential

. 2-Mixed

Pi 14d 3136 542 1326.2+123 . 12724223 ACE-1

Exponential

Table 3. Bacterial richness estimations with 99% OTUs.
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Figure 4.3A. Increase and decrease in relative abundance of shared OTUs in Cz 4d
and Cz 14d. Solid line in the middle represents mean ratio of OTUs’ relative abundance
between two samples. OTUs indicated by lower case characters have at least two fold
higher abundance than Cz 14d and more than 0.5% in relative abundance in Cz 4d. OTUs
representative sequences were classified as: a, Nocardioides; b, unclassified bacteria; c,
unclassified Nocardioidaceae; d, unclassified Micromonosporaceae; e, Nocardioides, f,
Nocardioides, g, Promicromonospora; h, Kribbella, 1, Acidobacteria Gpl6; j,
Acidobacteria Gp6. OTUs indicated by italic characters have consistent abundance both
samples less than two fold difference to either side. OTUs indicated by numbers have at
least two fold higher abundance than Cz 4d and more than 0.5% in relative abundance in
Cz 14d. OTUs representative sequences were classified as: 1, Pedomicrobium; 2,
Escherichia; 3, unclassified Rhizobiales; 4, unclassified Comamonadaceae; 35,
unclassified Comamonadaceae; 6, Sphingomonas, 7, unclassified bacteria; 8,
Verrucomicrobia Subdivision 3; 9, unclassified Rhizobiales; 10, unclassified
Sphingomonadaceae.
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Figure 4.3B. Increase and decrease in relative abundance of shared OTUs in Rr 3d
and Rr 14d. Solid line in the middle represents ratio of OTUs’ relative abundance
between two samples. OTUs indicated by small cap characters have at least two fold
higher abundance than Rr 14d. Notable OTUs’ representative sequences were classified
as: a, Acidobacteria Gp7; b, Acidobacteria Gp4; c, Burkholderia; d, Bacillus;e,
Bradyrhizobium; f, Sporosarcina; g, Acidobacteria GpS5. OTUs indicated by italic
characters have consistent abundance both samples less than two fold difference to either
side. Notable OTUs are: a, b, and ¢, Bacillus; d, Arthrobacter; e and f, Bacillus; g,
Acidobacteria Gp4; h, unclassified Proteobacteria; i, Bacillus; j, Acidobacteria Gp4; k,
Methylobacterium; I, unclassified bacteria; m and n, Acidobacteria Gp6; o,
Verrucomicrobia; p, Acidobacteria Gp4;, q, Blastochloris; r, Acidobacteria Gp6; s,
Escherichia; t, Acidobacteria Gp6; u, Acidobacteria Gp4; v, unclassified bacteria; w,
Rhodoplanes; x, Gemmatimonas; y, Verrucomicrobia. OTUs indicated by numbers have
at least two fold higher abundance than Rr 4d. Notable OTUs’ representative sequences
were classified as: 1, Clostridium; 2, Pseudomonas; 3, unclassified Rhizobiales; 4,
unclassified Sphingomonadaceae; 5, unclassified Beijerinckiaceae; 6, unclassified
Bacteria; 7, Gemmatimonas.
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DISCUSSION

We focused on the characterization of indigenous bacterial communities in three
different PCB-contaminated sites and their PCB- and biphenyl-utilizing populations.
Bacterial communities in these PCB-contaminated sites had very low phylogenetic
commonality. These trends were also found in a previous study that showed four
randomly chosen soils shared just a few common species, <5% at 97% OTUs (Fulthorpe
et al., 2008). Since the presence of PCBs is the only apparent common attribute in our
soils, the differences in geographical distances, soil characteristics, plant interactions, and
PCB concentrations can explain the taxonomic differences.

PCB- and biphenyl-degrading populations in PCB-contaminated sites differed by
sample origin. The dominant genera in these sites are either known as PCB- and
biphenyl-degrading bacteria, possess aromatic compound degradative genes, or were
previously found in PCB-contaminated sites. Among PCB- and biphenyl-degrading
populations of rhizosphere soil, were members of Nocardioides, Pseudonocardia,
Kribbella, and Sphingomonas, which were previously identified in the 16S rRNA clone
library from thee soils (Leigh et al., 2007). In addition, Bradyrhizobium was found,
which has members known to degrade 4-chlorobenezoate (Gentry er al, 2004) was also
found in PCB-contaminated soil (Nogales et al., 1999; Nogales et al., 2001) and in PCB-
bioﬁlms (Tillmann et al., 2005; Macedo et al., 2007). Among PCB-and biphenyl-
degrading populations in river sediment, Bacillus is known a thermophilic PCB-degrader
isolated from compost (Shimura et al., 1999). Arthrobacter can transform PCB congeners
(Kohler et al., 1988), induce PCB degradation by plant compounds (Gilbert and Crowley,

1997) and was also found in a chlorobenzene-contaminated aquifer (Abraham et al.,
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2005) and Antarctica (Michaud et al., 2007). Burkholderia are well-known PCB-
degraders (reviewed in Pieper, 2008). Among PCB- and biphenyl-degrading populations
in sandy soil, Phenylobacterium spp. possessed (herbicide) Chloridazon catechol
dixoygenase (Blecher et al., 1981), Azospirillum species showed chemotaxis to aromatic
compounds such as protocatechuate, catechol, and 4-hydroxybenzoate (Lopez-de-
Victoria and Lovell, 1993), Lysobactor species can degrade naphthalene and
pl-lenanthrene (Maeda et al., 2009), and Pseudoxanthomonas species were able to degrade
BTEX compounds (Kim et al., 2008).

Most of the abundant genera have a felevancy to PCB or its intermediates
degradation, while several dominant bacterial groups in biphenyl-degrading populations
were not previously identified as known PCB- and biphenyl-degraders. The presence of
Acidobacteria in the biphenyl-degrading populations in all three samples is of particular
interest. Acidobacteria, especially of subdivision 4 and 6, may be members of an initial
biphenyl-degrading consortium. However, there is no proof their biphenyl degradation
due to difficulty in cultivation of members of this Phylum. Acidobacteria dominated in a
highly PCB-contaminated soil (Nogales et al., 1999) and the presence of aromatic ring
dioxygenases such as protocatechuate 3,4-dioxygenase, albeit a more common aromatic
metabolism pathway, was found in complete Acidobacteria genomes (Ward et al., 2009).
Surprisingly, sequences of the genera Escherichia was also consistently found in three
biphenyl-degrading populations (Figure 4 and appendix A). Escherichia can be found
outside of animal intestinal tracts, and environmental strains may harbor more metabolic
diversity (Whitman and Nevers, 2003). The biphenyl-selected OTU, whose median

(representative) sequence was classified as Shigella, seems most like clade V of
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environmental E. coli based on sequence identity although there are no polymorphisms
within the V4 region among clade V environmental, pathogenic E. coli, and Shigella.
Regardless of whether this group is environmental E. coli or not, this group of bacteria
hasn’t yet been reported contain any biphenyl degradation related genes, although little is
known about the metabolic capacity of the understudied environmental Escherichia. 1t is
known, however, The E. coli possess enzymes for downstream steps of the biphenyl
pathway. The consistently higher abundance of the Escherichia OTU in 14 d rather than
3d in sediment and rhizosphere soil is consistent with utilization of PCB intermediates.

A caveat of using SIP incubations is that primary biphenyl-degraders initially
metabolize biphenyl but also produce secondary and intermediate metabolites that can be
utilized by cross-feeders or non-specific carbon substrate scavengers. Hence, it is
impossible to distinguish between primary or secondary biphenyl-C utilizing populations.
This complexity is illustrated by the difference in biphenyl degrading populations among
our sites (Figure 6). Although there was a general lack of common biphenyl degrading
populations among our PCB-contaminated sites, 46 OTUs were common and may
represent cosmopolitan bacteria able to degrade biphenyl or consume intermediate
biphenyl substrates regardless of environmental barriers.

The application of deep sequencing to SIP (heavy DNA) samples has advantages
in searching for and identifying less abundant possible PCB-degraders. For instance, in
both Cz 4d and Cz 14d, we found 0.1% of sequences to be of Rhodococcus, which were
previously the dominant isolates from the same sample (Leigh et al., 2006), although not
detected in the previous clone library. Another benefit is more reliable bacterial richness

estimations that enables calculation of the portion of the community that can derive
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Sediment Sandy Soil

Based on
13C-SIP Phenylobacteri
Order Bacillales Lysobacter, i
Primary biphenyl Pseudoxanthomonas,
utilizing bacteria Wautersia,
Caulobacter,
Ensifer,
Ralstonia
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B\
Intermediate substrate E. coli, ified E bactt
Cross-feeder or Acidobacteria Gp4,6,&16
Carbon Scavenger

Figure 4.6. Schematic summary of biphenyl-utilizing bacteria and cross-feeders in three
PCB-contaminated sites.
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carbon from the single source. Based on our calculation, biphenyl can be utilized by 10-
45% of the total community. Estimation ratios between Rr 0d, and RR 3d and RR 14d in
river sediment are not reliable because we altered the environmental condition form
anaerobic to aerobic during incubation. Nonetheless, this might be the first estimation of
single carbon effect in microbial community.

Our comparison of bacterial populations between two different enrichment
methods (Rr 14d slurry and Rr14d static) indicated that the slurry addition caused rapid
growth of specific r-strategy bacterial groups. The slurry condition had greater substrate
availability due to a 10x higher biphenyl concentration and resulted in an even carbon
source distribution. The static conditions probably favored populations like those that
would naturally encounter PCBs while the slurry favored the fast-growing soil

consortium.

Overall, these findings indicate that lJC-biphenyl utilizing population change as a

function of the inherent site characteristics, incubation time, and incubation method. The
lack of a common biphenyl degrading population among sites illustrates that soil
heterogeneity plays a large role in promoting and maintaining these populations. This
suggests that successful bioaugmentation of PCB contaminated soils requires that the
capability of the native soil to sustain an augmented population is known. An appropriate
augmented population can then be chosen to increase success rates in the remediation of

PCB contaminated soils.
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ABSTRACT

Two different species-sites matrices, the abundance list of species as rows and
sites (bacterial assemblages) as columns, from taxonomy-bins based on existing bacterial
taxonomy and non-taxonomy-supervised (clustering-determined) OTUs were compared
by classic Q-mode analysis, to describe interrelationships between sites and bacterial
assemblages. Similarity index measures and morphology of points in principle coordinate
analysis (PCoA) from two matrices based on 1.3 million 16S rRNA gene sequences from
pyrosequencing were significantly correlated to each other. The taxonomy-supervised
method, using taxonomy-bins, is able to compare non-overlapping sequences, which are
often found in various regions within 16S rRNA genes sequences generated by
pyrosequencing, and is not limited by the exhaustive computation required for the
alignment and clustering required by the non-taxonomy-based method, but it does not

resolve as well were the current taxonomy is limited.
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INTRODUCTION

Recently, the increasing abundance of 16S rRNA genes sequences has provided
new insight into the analysis of microbial communities (Tringe and Hugenholtz, 2008),
mostly due to reduced sequencing cost by new sequencing technologies. Although short
read lengths make it difficult to assign sequences for the purpose of bacterial taxonomy,
deep sequencing with these new formats (e.g. 454 pyrosequencing [Margulies et al.,
2005]) is an emerging trend (Sogin et al., 2006; Huber et al., 2007; Roesch et al., 2008;
Chapter 2). More comprehensive sequencing provides better opportunities for intensive
bacterial community profiling and bacterial community comparisons. When comparing
bacterial assemblages with 16S rRNA gene sequences by classic Q-mode analysis to
describe interrelationships between sites (bacterial assemblages), each sequence is
allocated to species or OTUs (operational taxonomic units) by alignment-based clustering
at a specified nucleotide distance, usually at a 97% similarity. This species-site OTU
matrix, which is exclusively based on the nucleotide distances among 16S rRNA
sequences, is aligned as rows with sites or assemblages as columns. This matrix can be
generated and used for measuring site similarities either with presence / absence or
abundance data. Site clustering and site ranking can also be performed with this site-site
distance based matrix by ordination-based or hierarchical clustering. This process is
termed “taxonomy non-supervised analysis”, and is based simply on the distribution of
sequences to OTUs.

When applying taxonomy non-supervised analysis, the large numbers of

sequences (>106) generated by new sequencing technologies are an issue. Analysis

requires a large computational capacity in order to process the sequence data (Hamady
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and Knight, 2009). The alignment and clustering of sequences that requires calculation of
pair-wise nucleotide distances is the bottleneck when this method is used. Taxonomy
non-supervised OTU analysis is advantageous in that it includes sequences which are yet
unassignable to taxonomy. However, the current computational limitations make
pursuing comparisons between among samples difficult.

Thus, we investigated an alternative method which is to allocate sequences into
taxonomy-supervised OTUs or ‘taxonomy-bins’ based on the existing bacterial
taxonomy, which rooted in ‘polyphasic taxonomy’ (Colwell, 1970) reflecting
physiological, morphological, and genetic information. We define taxonomy-bins as all
taxonomic units (Genus to Phylum) provided by the Taxonomic Outline of the Bacteria
and Archaea (TOBA), release 7.8 (Cole et al., 2007) augmented with non-validated taxa
to cover sequences unassigned to the current bacterial taxonomy. Currently, several
ribosomal RNA databases (i.e. RDP [Wang et al., 2007], Greengenes [DeSantis et al.,
2006], and SILVA [Pruesse et al., 2007]) are dedicated to sequence deposition and
provide algorithm-based 16S rRNA gene classification tools.

In this study, taxonomy non-supervised OTUs and taxonomy-bins are compared
using two similarity measures using 1.3 million sequences from 211 bacterial

assemblages (Appendix B3).

MATERIALS AND METHODS
We used approximately 1.3M V4 region-16S rRNA gene sequences collected
from 211 samples previously described in Chapter 2. We choose the following priori: The

habitat grouping was based on the habitat definitions (Category of priori group G01-G11
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were listed in Appendix B2; Group assignment of 211 samples were listed in Appendix
B3.) suggested in Habitat-Lite Version 0.4 (Hirschman et al., 2008; definition of terms
were listed in Appendix B1).

For the non-supervised analysis, species-site matrices were generated as
previously described in appendix BS. Briefly, all sequences were aligned by secondary
structure using Infernal (Nawrocki et al., 2009)), clustered by complete-linkage
clustering, and then allocated into 97% OTUs through RDP’s pyrosequencing pipeline
(Cole et al., 2009).

For the taxonomy-supervised analysis, all sequences were allocated into
taxonomy bins: 1400 genus and 492 artificial ‘unclassified’ taxa provided by RDP
classifier-II at 80%, 50%, and 0% confidence thresholds. Each of the lowest taxonomy
units, i.e. genera and ‘unclassified’ taxa were considered as taxonomy-bins. The
reliability of classification of each sequence was estimated using bootstrapping, and
sequences that could not be assigned, as they were below a bootstrap confidence
threshold, were located to an artificial 'unclassified' taxon.

Similarity measures of 211 samples (bacterial community assemblages) were
calculated by pair-wise Chao’s corrected Sorensen index (quantitative measures)(Chao et
al., 2006) and Jaccard index (presence/absence measures)(Jaccard, 1901) using
EstimateS (http://viceroy.eeb.uconn.edu/EstimateS). Two site-by-site distance based
matrices (1- Chao’s corrected Sorensen index and 1- Jaccard index) from species-sites
matrices of OTUs and taxonomy-bins were compared by Mantel test (Mantel, 1967)
based on Spearman’s rank correlation rho. Site rank (ranks of bacterial assemblages)

based Principal Coordinate Analysis (PCoA) was visualized in two dimensions to
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represent the greatest variability. The shape of points (assemblages) in PCoA plots was
compared by Procrustes analysis, a statistical shape analysis that compares the
distribution of points’ shapes with all 211 points in 210 Principal Coordinates (PC)
dimensions.

Three different sets of full-length (>1200bp) 16S rRNA gene sequence collections
were used: RDP-II classifiers training set, human gut (Dethlefsen et al., 2008), and soil
(Elshahed et al., 2008) were aligned and cut into V3, V4, and V6 hypervariable regions
based on the reference positions of the Escherichia coli 16S rRNA gene. A query of full-
length sequences to RDP-II classifier were compared to the query of the V3, V4, and V6

hypervariable regions.

RESULTS

Allocation of 1.3M sequences to taxonomy-bins or 97% OTUs. Each rRNA
query sequence was assigned to a set of bins, 1400 genus and 492 artificial 'unclassified'
taxa using a naive Bayesian rRNA classifier (RDP-II classifier version 10). When the
Classifier cutoffs were set at 80%, 50%, and 0% threshold (the latter forced all sequences
to genus bins), 48%, 64% and 100% of the sequences were classified up to the genus
level (Figure 1), and total number of taxonomy-bins (genera and ‘unclassified’ taxa)
covering the 1.3 M sequences was 903, 1170, and 1259 bins, at 80%, 50%, and 0%,
respectively. The mean value of maximum distance among the sequences within each bin
was increased when the Classifier threshold was set lower. For taxonomy non-supervised
OTUs, all sequences were clustered into 112,233 OTUs at 97% 16S rRNA sequence

identity.
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A total of 22,154 pair-wise similarity index (Chao s corrected Sorenson similarity
index or Jaccard similarity index) calculations of 211 bacterial assemblages were
performed with both the taxonomy non-supervised OTUs-sites and the taxonomy-bins-
sites matrices. We used Mantel matrix correlation test to compare the two site-site
distance (1-similarity) based matrices (Table 1). The site-site matrix from taxonomy non-
supervised OTUs was significantly and highly correlated with three site-site matrices
from taxonomy-bins (Table 1 and Figure 2). All ordinations of principle coordinated
analysis (PCoA) from the OTU-based dissimilarity matrix and taxonomy-bins-based
dissimilarity matrices were also highly correlated to each other when all ordinations

(k=210) of PCoA plots were compared by Procrustes rotation (Table 1).

DISCUSSION

The major advantage of the taxonomy-supervised method is the possibility for
comparison between any region of the 16S rRNA gene without alignment and clustering,
in contrast to the non-taxonomy supervised OTU method. Depending on the 16S rRNA
sequence length and the resolution of the bacterial taxonomy classification, the
taxonomy-based method can also compare the bacterial assemblages of 16S rRNA
sequences spanning other hypervariable regions or bacterial assemblages with previously
deposited sequences. For example, the RDP classifier-II returns similar classification
results when compared to full-length queries at the genus level, regardless of the
hypervariable region (Table 2). Therefore one can obtain compatible data regardless of

the sequenced region. However, the coverage of the eubacterial primers used must be
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Similarity Comparisons Taxonomy  Taxonomy  Taxonomy

Index bins at 80% bins at 50%  bins at 0%
I-Chao ~ Manteltest 17630 go0g*  0.8146*
corrected r statstics
Sorensen Procrustes x * .
97% OTU- index Analysis (r) 0.9396 0.9406 0.9404
Based Mantel test * . .
1-Jaccard » statstics 0.7856 0.8595 0.7856
index Procrustes

. 0.6853* 0.7007* 0.6853*
analysis (r)

Table 5.1. Similarity index measures and morphology of points in principle coordinate

analysis (PCoA). Mantel statistic based on Spearman’s rank correlation rho and
Procrustes rotation.

a. The significance of the statistic is evaluated by permuting rows and columns of the first
dissimilarity matrix, * P value <0.001
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Rank of distance from 97% OTUs

0 5000 10000 15000 20000

Rank of distance from t: bin at 0% classifier

<

Figure 5.2. Rank comparison of distances (1-Chao’s corrected Sorenson similarity)
calculated using non taxonomy-supervised 97% OTUs and taxonomy-bins at 0% RDP
classifier threshold.
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considered because the different sets of primers preferentially covered or does not cover
certain group of bacteria that derives the conflict community compositions.

Another advantage of the taxonomy-based method is that, due to the fixed number
of taxonomy-bins, it is simple to add and delete bacterial assemblages from a pre-
formulated bacterial assemblage comparison. Using taxonomy non-supervised OTUs, the
addition and deletion of bacterial assemblages affects the species-sites matrices because
the number and composition of sequences within OTUs are affected by re-alignment and
re-clustering causing the addition and deletion of sequences. In addition, taxonomy-bin
allocation is faster computationally than taxonomy non-supervised OTUs, which requires
significantly longer processing times with the addition of sequences (complete linkage
clustering requires increasing memory as the square root of the number of added
sequences).

We focused on defining the differences between using taxonomy non-supervised
OTUs and taxonomy-bin when comparing bacterial assemblages. Both a distance-based
matrix and the morphology of points in PCoA ordinations confirmed that the two
methods are significantly correlated such that the conclusions would be comparable.
However, the resolution in comparing the bacterial assemblages is more limited with the
taxonomy method due to the coarser average distance among taxa. The mean distance
among the sequences inside the taxonomy-bins was 5.6%, 7.4%, 14.6% at 80%, 50%, 0%
threshold, respectively. For example, there was a decreased resolution of priori GOl
(basically soils) in taxonomy-bin based PCoA plots as compared to taxonomy non-
supervised OTUs. This is due to the more limited number of taxonomy-bins in the

Phylum Acidobacteria (26 genera and 4 ‘unclassified’ taxa), Verrucomicrobia (10 genera
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and 8 ‘unclassified’ taxa), and Gemmatimonadetes (2 genera and 5 ‘unclassified’ taxa).
These bins have a relatively large number of sequences in priori GO1 to the low number
of isolated bacteria or described clusters. As such, their taxonomy is currently
incomplete. In contrast, the assemblages in priori G04 (animal feces) were mostly
composed of well-characterized groups and exhibited better separation to other groups
with the taxonomy-bin method rather than the taxonomy non-supervised OTU method.
When better classification of the bacterial taxonomy is available for these phyla and the
‘unclassified’ taxa, the bacterial assemblage comparison result should exhibit a higher
resolution and more accurately reflect microbial community composition.

Revolutionary sequencing technologies continue to emerge, generating
tremendous numbers of 16S rRNA gene sequences. However, current clustering tools are
limited in both their flexibility and computational requirements. The taxonomy-based
method has the potential to overcome these limitations as a fast and simple bacterial
assemblage comparison method. Its value could be further improved if the

microbiologists advanced the taxonomy for the poorly characterized groups.
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Appendix A.

Cz Cz Cz Pi Pi Rr Rr Rr Rr

0d 4d 14d 0d 14d 0d 3d 14d  14ds
no rank Root 100 100 100 100 100 100 100 100 100
domain Bacteria 999 100 100 100 100 999 999 999 100
UC) Bacteria 223 125 130 119 466 250 157 172 230
P) Actinobacteria 725 262 184 | 444 571 | 187 850 875 0.15
C) Actinobacteria 725 262 184 444 571 187 850 875 0.15
UC) Actinobacteria 098 196 166| 248 0.10) 020 2.09 231 0.00
SC) Actinobacteridae 326 194 126 21.1 491 1.18 451 372 0.1
O) Bifidobacteriales 0.01 0.94
F) Bifidobacteriaceae 0.01 0.94
G) Bifidobacterium 0.01 0.94
O) Actinomycetales 322 194 126 21.1 491 | 023 444 369 0.11
UC) Actinomycetales 121 1.10 092 158 0.10f 006 048 049 0.02
SO) Streptosporangineae 002 0.18] 0.08 0.03 0.04 0.08
F) Streptosporangiaceae 0.14 | 0.03 0.00
G) Streptosporangium 0.11 0.00
SO) Micrococcineae 055 213 195] 276 054 006 264 187 0.02
UC) Micrococcineae 0.16 0.17 0.15| 0.08 0.10 0.10
F) Cellulomonadaceae 0.16 007 008 0.10 0.16 0.04 0.05
G) Cellulomonas 0.16 007 0.08] 0.10 O0.16 004 0.05
F) Promicromonosporaceae 003 068 026 006 0.03 0.00
G) Promicromonospora 064 024 0.04
F) Microbacteriaceae 007 042 053] 0.17 0.13| 0.02 0.02 0.03 0.01
UC) Microbacteriaceae 0.04 020 0.19] 008 0.10]| 001 000 0.03
G) Agromyces 001 0.17 025] 004 0.03 0.01 0.01
F) Intrasporangiaceae 0.11 029 033] 035 0.10 0.02 0.04
UC) Intrasporangiaceae 0.03 002 0.16 | 0.12 0.03 0.00 0.01
G) Janibacter 0.09 027 0.11 ] 0.17 0.01
F) Micrococcaceae 003 049 060] 2.01 0.13]| 004 245 164 0.01
UC) Micrococcaceae 0.29 0.17
G) Renibacterium 0.03 002 047 031
G) Arthrobacter 003 049 060| 198 0.13]| 002 1.66 1.16 00!
SO) Frankineae 0.17 0.15 021 076 195] 001 005 0.12 0.03
F) Kineosporiaceae 0.04 0.07 o001] 031 0.13 0.02 0.01
G) Kineosporia 0.04 007 001] 025 0.13 0.01 0.00
F) Nakamurellaceae 0.03 0.06 | 0.17
G) Nakamurella 0.03 0.06 | 0.17
F) Geodermatophilaceae 0.06 0.07 0.11| 020 1.82 0.01 0.08 0.02
G) Blastococcus 0.03 007 006 017 1.79 005 0.02
SO) Pseudonocardineae 008 455 446 | 187 0.10| 003 0.09 0.06 0.00
F) Actinosynnemataceae 0.02 0.17 005] 0.56 0.06] 001 000 001 0.00
G) Actinosynnema 0.18 0.03
G) Lentzea 0.17 0.04| 035 0.03
F) Pseudonocardiaceae 0.06 430 438 1.28 0.03 0.07 0.05
UC) Pseudonocardiaceae 0.01 0.05 0.37] 0.07 0.01
G) Kutzneria 0.01 002 0.09] 0.10
G) Saccharopolyspora 0.04 | 0.50 0.02
G) Pseudonocardia 0.04 423 383 057 0.03 0.04 0.0l
SO) Propionibacterineae 0.77 858 292 | 620 156| 005 039 047 0.00
F) Nocardioidaceae 076 854 292| 620 156| 005 038 045 0.00
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Appendix A cont’d
SO) Propionibacterineae
F) Nocardioidaceae
UC) Nocardioidaceae
G) Nocardioides
G) Kribbella
G) Aeromicrobium
SO) Micromonosporineae
F) Micromonosporaceae
UC) Micromonosporaceae
G) Micromonospora
G) Actinoplanes
SO) Streptomycineae
F) Streptomycetaceae
G) Streptomyces
SO) Glycomycineae
F) Glycomycetaceae
G) Stackebrandtia
G) Glycomyces
SO) Corynebacterineae
F) Nocardiaceae
G) Rhodococcus
F) Mycobacteriaceae
G) Mycobacterium
SC) Rubrobacteridae
O) Rubrobacterales
SO) Rubrobacterineae
UC) Rubrobacterineae
F) Rubrobacteraceae
UC) Rubrobacteraceae
G) Solirubrobacter
G) Conexibacter
G) Thermoleophilum
G) Rubrobacter
SC) Acidimicrobidae
O) Acidimicrobiales
SO) Acidimicrobineae
F) Acidimicrobiaceae
G) Acidimicrobium
P) Bacteroidetes
UC) Bacteroidetes
C) Flavobacteria
O) Flavobacteriales
UC) Flavobacteriales
F) Flavobacteriaceae
G) Flavobacterium
G) Lutibacter
F) Cryomorphaceae
UC) Cryomorphaceae
G) Brumimicrobium
G) Crocinitomix
G) Fluviicola
C) Sphingobacteria

0.77
0.76
0.15
0.55
0.01
0.04
0.04
0.04
0.01

0.02
0.06
0.06
0.03

0.33
0.04
0.02
0.25
0.25
297
297
297
0.37
2.60
1.32
0.57
0.61
0.08
0.02
0.03
0.03
0.03
0.03
0.03
4.99
0.18
2.40
240
0.03
225
2.25

0.13
0.04

0.09
2.38

8.58
8.54
0.22
6.53
1.39
0.34
1.17
1.17
0.32
0.34
0.32
0.78
0.78
0.68
0.32
0.32
0.05
0.27
0.68
0.15
0.10
0.39
0.39
4.72
4.72
4.72
0.44
421
1.66
1.12
1.08
0.34

0.05
0.05
0.05
0.05
0.05
0.95
0.07
0.05
0.05
0.02
0.02
0.02

0.83

292
292
0.11
1.95
0.65
0.17
0.48
0.48
0.06
0.15
0.12
091
091
0.83
0.18
0.18
0.17
0.01
0.35
0.11
0.10
0.21
0.21
4.03
4.03
4.03
0.30
3.67
1.65
0.85
0.95
0.23

0.12
0.12
0.12
0.12
0.12
0.96
0.03
0.07
0.07
0.03
0.01
0.01

0.03
0.02

0.01
0.85
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6.20
6.20
0.77
3.30
0.89
1.14
0.83
0.83
0.34
0.32
0.08
6.08
6.08
5.95

0.96
0.45
0.42
0.49
0.49
20.5
20.5
20.5
0.57
19.9
7.11
4.68
5.14
297
0.08
0.23
0.23
0.23
0.23
0.23
0.44

0.01
0.01

0.01
0.01

043

1.56
1.56

1.31
0.10
0.16
0.03
0.03

0.35
0.35
0.29

0.26
0.13
0.06
0.06
0.06
0.70
0.70
0.70
0.06
0.64
0.13
0.26
0.06

0.19

0.29

0.05
0.05
0.03
0.02

0.02
0.02
0.02

0.01

0.01
0.01
0.47
0.47
0.47
0.09
0.38
0.14
0.02
0.17
0.03
0.01
0.01
0.01
0.01
0.01
0.01
9.17
2.06
5.42
5.42
2.52
0.58
0.28
0.29
2.32
1.31
0.61
0.27
0.13
1.22

0.39
0.38
0.10
0.24
0.01

0.20
0.20
0.13
0.00

0.18
0.18
0.11

0.36
0.02
0.00
0.30
0.30
1.88
1.88
1.88
0.44
1.38
0.86
0.16
0.20
0.09
0.07
0.01
0.01
0.01
0.01
0.01
0.29
0.01
0.00
0.00

0.00

0.47
0.45
0.12
0.27
0.04
0.00
0.14
0.14
0.10
0.01
0.02
0.19
0.19
0.16

0.26
0.00

0.21
0.21
2.70
2.70
2.70
0.58
2.10
1.24
0.23
0.38
0.24
0.00
0.01
0.01
0.01
0.01
0.01
0.44
0.03
0.00
0.00

0.00

0.00

0.40

0.00
0.00

0.00

0.02
0.00
0.00

0.03
0.03
0.03

0.03

0.00
0.02

6.53
0.25
1.05
1.05
0.83
0.13
0.10
0.02
0.10
0.01
0.01
0.07
0.01
5.23

el
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Appendix A cont’d
O) Sphingobacteriales
UC) Sphingobacteriales
F) Crenotrichaceae
UC) Crenotrichaceae
G) Terrimonas
G) Chitinophaga
F) Sphingobacteriaceae
G) Pedobacter
F) Saprospiraceae
G) Lewinella
F) Flexibacteraceae
UC) Flexibacteraceae
G) Niastella
C) Bacteroidetes
0) Bacteroidales
UC) Bacteroidales
F) Porphyromonadaceae
G) Paludibacter
P) Nitrospira

C) Nitrospira

O) Nitrospirales

F) Nitrospiraceae

U C) Nitrospiraceae

) Nitrospira

(&) Magnetobacterium

P) Acidobacteria

) Acidobacteria
) Acidobacteriales
F) Acidobacteriaceae
U C) Acidobacteriaceae
G) Gp4
G) Gp22
G) Gplé6
G) Gplo
G) GpS
G)Gp18
G) Gp6
G) Gp23
G)Gpl1l
G) Gp3
G)Gp1
G) Gp2
G) Gp25
G)Gp17
G) Gp7

P) Pro teobacteria

UC) Proteobacteria

CC)) Ep silonproteobacteria

= )) CC: Axmpylobacterales

G) Catnpylobacteraceae
Axmpylobacter

2.38
0.18
1.52
0.31
1.01
0.19

0.11
0.05
0.58
0.09
0.46
0.03
0.03
0.03

0.07
0.07
0.07
0.07

0.07

14.8
14.8
14.8
14.8
0.32
2.66
0.59
0.46
0.41
0.32
0.02
7.88

0.34
0.43
0.02
0.04
0.12
0.92
0.22
248

5.41
0.03
0.03
0.03
0.03

0.83

0.49
0.10
0.32
0.07
0.02
0.02
0.02

0.29
0.02
0.22

0.15
0.15
0.15
0.15

0.15

17.5
17.5
17.5
17.5
0.05
2.76

2.13
0.05
0.42

9.98

0.12
0.24
0.15
0.02

0.93
0.61
29.1

3.77

0.85
0.05
0.59
0.04
0.43
0.11

0.21
0.03
0.18

12.5
12.5
12.5
12.5

233
0.06
1.51
0.02
0.24
0.01
6.57

0.12
0.31
0.04

0.03
0.81
0.45
41.8

5.61

0.43
0.01
0.30
0.01
0.23
0.07

0.06
0.04
0.07
0.01
0.06

0.06
0.06
0.06
0.06

0.06

10.1
10.1
10.1
10.1
0.06
3.38
0.02
2.18
0.05
0.12
0.03
3.15

0.04
0.34
0.16
0.01
0.07
0.20
0.35
20.7

1.88
0.18
0.18
0.18
0.18

132

0.29

0.10

0.03
0.06
0.19
0.19

5.36
5.36
5.36
5.36
0.06
1.24

0.22

0.03

242

0.64
0.54

0.10
0.10
78.5

0.32

1.22
0.20
0.29

0.20
0.01
0.01
0.01
0.25
0.19
0.47
0.24
0.16
0.47
0.47
0.37
0.10
0.10
0.32
0.32
0.32
0.32
0.13
0.01
0.18
8.06
8.06
8.06
8.06
0.06
0.85
0.02
0.58
0.01
0.08
0.59
4.48
0.65
0.01
0.17
0.05
0.03
0.07
0.18
0.14
358

5.76
0.25
0.25
0.24
0.23

0.26
0.03
0.17

0.12
0.01

0.06
0.01
0.05
0.01
0.01

0.07
0.07
0.07
0.07

0.07

26.7
26.7
26.7
26.7
0.39
7.46
0.07
0.61
0.08
1.35
0.08
114
0.01
0.08
0.56
1.69
0.11
1.35
0.26
1.12
224

235
0.07
0.07

0.40
0.03
0.31
0.02
0.24
0.04

0.07

0.06

0.10
0.10
0.10
0.10

0.10

26.5
26.5
26.5
26.5
0.36
7.09
0.05
0.64
0.02
0.87
0.06
11.2
0.01
0.06
0.79
244
0.10
1.48
0.21
0.94
258

221
0.00
0.00

5.23
0.15
4.79
0.05
0.05
4.69

0.01
0.01
0.28
0.01
0.26
0.01
0.01

0.00
0.00

1.59
1.59
1.59
1.59
0.02
0.09
0.08
0.13
0.05

0.18
0.81
0.08

0.02

0.03
0.08
83.9

0.73




Appendix A cont’d
C) Deltaproteobacteria
U C) Deltaproteobacteria
O) Syntrophobacterales
F) Syntrophaceae
G) Smithella

F) Sy mtrophobacteraceae

UC) Sy/ntrophobacteraceae

G) Sy mtrophobacter

0O) De sulfuromonales

F) G e <>bacteraceae

G) G e Obacter

0) D e ssulfobacterales

F) D e s ulfobacteraceae

UC) I esulfobacteraceae

G) D& ssulfobacterium

G) D& sulfonema

F) D e =sulfobulbaceae

G) D e ssulfobulbus

G) D e ssulfocapsa

0) D& ssulfovibrionales

F) De =sulfovibrionaceae

G) D &= sulfovibrio

0) M~ xococcales

UC) INAyxococcales

SO) C=ystobacterineae

UC) C™ystobacterineae

F) Cy»r sstobacteraceae

G) A xx aeromyxobacter

F) My xococcaceae

SO) IN\J annocystineae

F) N axinocystaceae

UC) TJannocystaceae

F)Ha1 iangiaceae

G) H = liangium

SO) S orangineae

F) Po 1 yangiaceae

UC) ¥>olyangiaceae

G) B3 ssovorax

0) B ellovibrionales

F) BA ellovibrionaceae

G) B A ellovibrio

O A 1 pohaproteobacteria

uc) «, Iphaproteobacteria

0 C = wilobacterales

F) C awalobacteraceae

G C = wlobacter

G)

g; g X~ «vundimonas

nS > hingomonadales

uc> > Thingomonadaceae
== phingomonadaceae

Ph <nylobacterium

3.51
1.90
0.22
0.07

0.15
0.11

0.19
0.13
0.11
0.02

0.02
0.02

0.96
0.55
0.05

0.04
0.03
0.01
0.04
0.03

0.01
0.01
0.32
0.32
0.17
0.08
0.21
0.16
0.16
11.0
0.42
0.87
0.87
0.18

0.55

0.11
0.74
0.74
0.25

2.64
1.12
0.34

0.34
0.29

1.05
0.42
0.27
0.10
0.07
0.02
0.10
0.20
0.10

0.05
0.05
0.17
0.17
0.02
0.12
0.12
0.07
0.07
16.7
0.66
1.20
1.20
0.29

0.71

0.20
2.64
2.64
0.61

3.85
1.36
0.09
0.02

0.06
0.05

0.02
0.02
0.02

232
1.15
0.31
0.15
0.10
0.07
0.06
0.36
0.17
0.12
0.19
0.19
0.49
0.49
0.26
0.10
0.06
0.02
0.02
20.6
0.39
0.74
0.74
0.06

0.61

0.06
5.39
5.39
0.96

1.00
045
0.01

0.01
0.01

0.17
0.17
0.17
0.01

0.01

0.33
0.19
0.03

0.01
0.01
0.02

0.11
0.11
0.08
0.03
0.03
0.03
0.03
14.3
0.26
0.21
0.21
0.01

0.18

0.92
0.92
0.12

133

0.29

0.22
0.03
0.10

0.10

0.10
0.10
0.10

0.06

534
1.21
184
18.4
1.79
16.6

0.03
13.8
13.8
11.3

493
1.82
0.98
0.49
0.37
0.48
0.22
0.18
0.28
0.16
0.13
1.21
0.88
0.37
0.39
0.11
0.32
0.14
0.11
0.19
0.17
0.17
043
0.18
0.16
0.02
0.11
0.10
0.02

0.09
0.09
0.02
0.04
0.04
0.04
0.04
3.43
0.21
0.18
0.18
0.03

0.15

0.64
0.64
0.15

1.81
0.95
0.06
0.02
0.01
0.04
0.02

0.11
0.09
0.01
0.08
0.07
0.01
0.00
0.05
0.01

0.03
0.03
0.03
0.54
0.16
0.24
0.09
0.13
0.04
0.02
0.02

0.01
0.01
0.12
0.12
0.03
0.07
0.04
0.04
0.04
10.3
0.29
0.33
0.33
0.00

0.29

1.80
1.80
0.45

1.88
0.98
0.07
0.03
0.03
0.03
0.02

0.11
0.09

0.03
0.02
0.00
0.01
0.00
0.00
0.00

0.67
0.19
0.28
0.06
0.14
0.05
0.08
0.03
0.02

0.00
0.00
0.17
0.17
0.09
0.04
0.02
0.02
0.02
1.7
0.52
0.35
0.35
0.00

0.26

0.05
242
242
0.82

1.93
0.48
0.32
0.17
0.13
0.13
0.07
0.01
0.03
0.03
0.03
0.71
0.62
0.12
0.14
0.35
0.09
0.07
0.01
0.00
0.00
0.00
0.23
0.00
0.23

0.04
0.03
0.19

0.14
0.05
0.05
4.90
0.04
2.49
2.49
0.45

0.19

1.85
1.02
1.02
0.05




Appendix A cont’d
G INovosphingobium
G ) Sphingosinicella
G ) Sphingomonas
O) Rhodobacterales

F) Rhodobacteraceae

UC)> Rhodobacteraceae

G) A maricoccus

G) R hodobacter

0O) R hodospirillales

UC) KR hodospirillales

F) A.c «=tobacteraceae

UC) .~ cetobacteraceae

G) B e 1napia

G) R o seomonas

G) Ste1la

G) RIxa ©dopila

F) RIx «>dospirillaceae

UC) R hodospirillaceae

G) Sk «mmanella

G) Im «g uilinus

G) A = ©spirillum

0) Rl iizobiales

UC) X=X hizobiales

F) Ph ~~llobacteriaceae

G) M & sorhizobium

G) PIa wilobacterium

F) RIa i zobiaceae

G) En sifer

G) R izobium

F) Br = dyrhizobiaceae

UC) X radyrhizobiaceae

G) Bo sea

G) A fipia

G) R odopseudomonas

G) N i wrobacter

G) B xr adyrhizobium

F) H 'y~ phomicrobiaceae

UC) E-xyphomicrobiaceae

G) R odoplanes

G) P eciomicrobium

G) Hy~ phomicrobium

G) D evosia

6> B 1 =astochloris

) Bei _jerinckiaceae

l(-';) C I elatococcus

G) Me thylocystaceae

F)) N <=thylopila

U CM <= thylobacteriaceae

> PN\ethylobacteriaceae

g)) Nx <=thylobacterium
Nxsi <rovirga

0.08
0.09
0.24
0.31
0.31
0.18
0.11
0.01
1.07
0.17
0.71
0.49

0.06
0.12
0.03
0.19
0.11
0.08
0.01

7.67
1.04
0.26
0.24

0.18
0.04
0.12
434
0.91
0.18
0.10
0.43
0.14
2.56
1.06
0.35
0.11
0.10
0.25
0.04
0.13

0.14
0.05

0.61
0.10
0.22
0.29

0.12
0.32
1.47
0.24
0.24
0.02
0.22

1.98
0.29
1.35
0.95
0.05
0.02
0.15
0.17
0.34
0.05
0.24
0.02
0.02
9.98
0.98
0.44
0.22
0.20
0.34
0.02
032
5.33
1.20
0.42
0.17
0.49
0.20
2.81
2.08
0.64

0.17
0.71
0.49
0.07

0.10
0.02

0.66
0.02
0.32
0.32

0.13
0.71
3.36
0.39
0.39
0.09
0.27
0.02
2.11
0.42
1.45
1.13
0.01

0.23
0.01
0.24
0.15
0.05
0.04

11.6
1.90
0.84
0.52
0.24
0.17
0.03
0.11
448
1.65
0.18
0.17
0.30
0.25
1.94
3.57
1.12
0.13
0.80
0.83
0.36
0.18
0.02
0.10
0.02
0.15
0.15
0.41
0.06
0.17
0.17

0.08
0.09
0.54
0.55
0.55
033
0.15

2.24
0.20
1.44
1.18
0.04
0.01
0.08
0.10
0.60
0.22
0.36
0.03

10.1
1.23
0.26
0.12
0.07
0.24
0.03
0.20
3.44
1.08
0.12
0.03
0.04
0.03
2.14
283
0.63
0.08
0.65
0.94
0.08
0.16
0.18
0.25
0.16
0.02
0.02
1.79
0.41
0.28
1.10

134

0.19
223
0.16
0.16
0.06
0.10

12.5
0.67
5.42
4.11
1.08

0.19
0.03
6.47
0.16
0.51
0.89
491
7.17
0.73
0.45
0.32
0.13
2.01
0.89
1.08
0.96

0.64

0.03

0.29
0.26
0.06

0.10

0.10

0.06
0.03
0.03
0.03
2.61
0.61
0.89
1.12

0.28
0.10
0.04
0.49
0.49
0.14

0.16
0.50
0.07
0.40
0.24

0.13

0.02
0.02

1.41
0.19
0.06
0.02
0.01
0.02

0.01
0.29
0.13
0.01
0.02
0.01
0.02
0.10
0.63
0.24
0.10
0.01
0.13
0.02
0.12

0.06
0.01
0.02

0.06
0.02
0.02
0.01

0.08
0.97
0.22
0.01
0.01
0.01

1.28
0.26
0.81
0.68

0.01
0.07
0.0t
0.21
0.18
0.01
0.01
0.01
6.59
1.18
0.07
0.07

0.18
0.00
0.16
1.41
0.59
0.01
0.03

0.05
0.68
249
1.26
0.50
0.07
0.05
0.05
0.50
0.04
0.10
0.08

1.09
0.25
0.40
0.44

0.04
1.07
0.43
0.01
0.01
0.01

1.43
0.28
0.91
0.80

0.02
0.06
0.00
0.25
0.21
0.03
0.00
0.00
7.02
1.37
0.08
0.05
0.02
0.11

0.08
1.43
0.81
0.05

0.05
0.51
3.03
1.40
0.72
0.14
0.05
0.12
0.52
0.02
0.12
0.04

0.85
0.20
0.39
0.26

0.02
0.00
091
0.03
0.03
0.00

0.02
0.93
0.02
0.33
0.09

0.24

0.58
0.00

0.57
0.39
0.02

0.09

0.09
0.20
0.00
0.18
0.02

0.02
0.00
0.01

0.00

0.03
0.00

0.02
0.00
0.00
0.01




Appendix A cont’d
C) Gammaproteobacteria
U ) Gammaproteobacteria
O) .Alteromonadales
O) Pseudomonadales

F) N oraxellaceae

G) Ascinetobacter

F) P seudomonadaceae

G) Ps<udomonas

G) C e Llvibrio

0O) Erx terobacteriales

F) Ex terobacteriaceae

UC) E=nterobacteriaceae

G) K 1 <bsiella

G) S agella

0) C = womatiales

UC) Chromatiales

F) Ecta>thiorhodospiraceae

uc)y

Ectot®a iorhodospiraceae

F) CIa xomatiaceae

UC) &« "hromatiaceae

G) M =arichromatium

0) M «=thylococcales

F) M« thylococcaceae

UC) INAethylococcaceae

G) M ethylobacter

O) X z=anthomonadales

F) X za mithomonadaceae

UC) <anthomonadaceae

G) L wa teimonas

G) St enotrophomonas

G) L.~ sobacter

G) P s <eudoxanthomonas

O) Le gionellales

F) L e gionellaceae

F) Co xiellaceae

G) R i ckettsiella

G) A quicella

0) O < eanospirillales

F) Ha Yomonadaceae

G) H = lomonas

O Be qaproteobacteria

uc) IXetaproteobacteria

O Ne isseriales

F) Ne asseriaceae

gC) TJeisseriaceae

o) F <> amivibrio

F)) N_l ‘rosomonadales

G) N R Trosomonadaceae

N1 qrosomonas
(F))) <thylophilales
Me thylophilaceae

3.11
1.56
0.01
041
0.02

0.39
0.17
0.22
0.04
0.04
0.01
0.01
0.01
0.18
0.05
0.11

0.10

0.02
0.02

0.52
0.52
0.22
0.20

0.07
0.01
0.34
0.09
0.23
0.11
0.09
0.02

1.70
0.40
0.01
0.01

0.01
0.05
0.05

0.01
0.01

2.96
1.25

0.39
0.22
0.12
0.17
0.17

0.27
0.27

0.27
0.22
0.02
0.20

0.20

0.37
0.37
0.02

0.05
0.24

0.46
0.17
0.29

0.29

3.03
0.10
0.02
0.02
0.02

0.02
0.02

6.75
3.24
0.16
0.72
0.24
0.15
0.48
0.48

1.35
1.35
0.02

1.31
0.40
0.06
0.32

0.32

0.02
0.01

0.63
0.63
0.11
0.05
0.07
0.28
0.01
0.21
0.10
0.10
0.02
0.04
0.03
0.03
0.03
4.97
0.22
0.03
0.03

0.03
0.12
0.12

1.74
0.70

0.28
0.02
0.02
0.26
0.25
0.01
0.17
0.17

0.02
0.14
0.20
0.05
0.15

0.15

0.33
0.33
0.10
0.03
0.03
0.11
0.01
0.06
0.01
0.02

0.01
0.01

1.67
0.39

0.07
0.07
0.01
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11.2
0.19
0.19
0.99
0.26
0.26
0.73
0.73

3.06
3.06
0.10
0.06
281
0.03

0.03
0.03

6.60
6.60

0.06
0.03
3.86
2.65
0.03

0.03

0.03
0.19
0.16
0.16
13.2
0.03
0.03
0.03
0.03

113
8.12
0.02
0.06
0.02
0.01
0.04
0.04

0.16
0.16
0.01

0.13
1.17
0.19
0.31

0.28

0.67
0.47
0.17
0.86
0.86
0.13
0.65
0.65
0.65
0.34
0.13

0.13

0.29
0.01
0.28
0.20
0.04
0.02

10.1
.17
0.24
0.24
0.14
0.10
0.17
0.15
0.06
0.24
0.24

3.99
1.77
0.00
0.28
0.05
0.04
0.23
0.19
0.00
0.88
0.88
0.19
0.09
0.55
0.07
0.03
0.04

0.04

0.00
0.00
0.00

0.42
0.42
0.12
0.03
0.15
0.05
0.01
0.50
0.01
0.45
0.01
0.39
0.01

3.94
0.95
0.14
0.14
0.09
0.05
0.00
0.00

4.62
1.59
0.02
0.34
0.02
0.02
0.32
0.29
0.02
1.16
1.16
0.21
0.13
0.77
0.15
0.05
0.05

0.03

0.04
0.03

1.00
1.00
0.19
0.02
0.57
0.06

0.35
0.03
0.32

0.27
0.01
0.01
0.01
541
1.51
0.19
0.19
0.13
0.06
0.01
0.01
0.00

50.5
0.70

48.5
0.56
0.55
48.0
479

0.11
0.11

0.11
0.01
0.01

0.00
0.00

1.20
1.20
0.06
0.02
0.87
0.23
0.01

0.00

25.8
0.14
0.00
0.00
0.00

0.19
0.19
0.18
0.02
0.02




A ppendix A cont’d
G) Methylophilus
O) Rhodocyclales
F) Rhodocyclaceae
U C) Rhodocyclaceae

G) Dechloromonas

G) A=Zzoarcus

O) Ky drogenophilales

F) Hy drogenophilaceae

G) T I iobacillus

O) Buwarkholderiales

UC) X3urkholderiales

F) O>< alobacteraceae

UC) « Dxalobacteraceae

G) H «<xbaspirillum

G) Dw = ganella

G) NVK =assilia

G) H « xminiimonas

G) Ja xathinobacterium

G) IN =a_xibacter

F) C o mmnamonadaceae

UC) «—omamonadaceae

G) C <> mamonas

G) H~ drogenophaga

G) P Xaromonas

G) A < idovorax

G) 'V &= riovorax

G) R I odoferax

G) Ot rowia

G) R zamlibacter

F) Buwa xrkholderiaceae

G) Ca priavidus

G) W autersia

G) B warkholderia

G) R =& Istonia

F) Im certae sedis 5

UC) X mcertae sedis 5

G) A\ = ohydromonas

G) A g uabacterium

F) A1 caligenaceae

G) Te trathiobacter

G) B rdetella

G) A < hromobacter

P) Ch 10roflexi

C) A x aerolineae

0> A xx gerolinacles

F) A x a@erolinacceea

g) A 1 aerolinea

OC) C aldilineae

F)) < = 1dilineales

U CC #a 1 dilineacea

G) l)_, Caldilineacea
<-ilinea

0.01
0.23
0.23
0.11
0.03
0.06

1.00
0.25
0.11
0.02

0.03
0.04

0.02
0.47
0.25

0.06
0.13
0.01
0.01
0.01

0.17
0.11
0.01
0.04

0.32
0.28

0.28
0.28
0.28
0.12
0.10

0.02
0.05
0.05

0.05

2.84
0.15
0.83
0.07

0.15
0.15
0.29
0.15
0.02
1.17
0.17
0.02

0.37
0.05
0.49

0.07
0.54

0.02
0.12
0.37
0.07
0.05
0.02

0.07
0.02
0.02
0.02
0.39
0.27

0.27
0.27
0.27
0.05
0.15

0.74
0.74
0.62

0.04

3.84
0.20
0.25
0.06
0.01

0.02
0.11
0.03

2.39
0.59
0.01
0.02
0.22
0.06
1.36

0.11
0.02
0.69
0.05

0.58
0.28
0.22
0.02
0.02
0.03
0.02

0.35
0.27

0.27
0.27
0.27
0.12
0.14

0.11
0.11
0.07

0.04

1.10
0.32
0.13
0.05
0.01
0.02
0.02

0.02

0.28
0.08
0.01

0.03
0.03
0.08

0.04
0.03
0.04
0.04

0.31
0.17
0.11

0.02
0.02

0.54
0.27

0.27
0.27
0.27
0.10
0.08
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0.03
0.03
0.03

13.1

2.65
0.19
0.51

0.35
0.03
0.54
1.02
1.18
0.22

0.03

0.03

0.86
4.59
0.83
27
0.03
0.83
3.48
2.65
0.61
0.22
1.21
0.45

0.67
0.22

0.24
1.17
1.17
0.79
0.17
0.0
0.55
0.55
0.55
4.59
2.28
0.08
0.03
0.01
0.01

0.01
0.02

1.43
0.24
0.17
0.02

0.81
0.11

0.06
0.15
0.01

0.02
0.01
0.46
0.23
0.03
0.19
0.18

0.17

5.09
5.04
0.67
0.67
0.67
430
430
430
1.07
1.10

0.12
0.12
0.06
0.02
0.02
0.03
0.03
0.03
2.70
0.53
0.53
0.15
0.02
0.12
0.14
0.05
0.02

0.26
0.12
0.01
0.00
0.00
0.07
0.01

0.00
0.02
1.21
0.02
0.04
1.04
0.09
0.15
0.07
0.05

0.02

0.02
0.26
0.11

0.11
0.11
0.11
0.04
0.04

0.17
0.17
0.08
0.03
0.00
0.10
0.10
0.10
3.43
0.66
0.50
0.16
0.04
0.07
0.17
0.02
0.03

1.37
0.45
0.03
0.49
0.02
0.22
0.04
0.02
0.02
0.08
0.68
0.02
0.01
0.45
0.14
0.19
0.11
0.02

0.03

0.02
0.25
0.11

0.10
0.10
0.10
0.05
0.01

0.02
2.61
2.61
0.03

2.57
0.17
0.17
0.17
227
0.28
1.27
0.87
0.25

0.03
0.01
0.06
0.05
9.05
0.67

0.22
0.03
7.39

0.74
0.14
0.13
0.01

0.05
0.02

0.01
11.9

0.07
11.8
0.17
0.17

0.14
0.14
0.14
0.09
0.02




A ppendix A cont’d
G ) Leptolinea
G ) Caldilinea
C) <Chloroflexi
O) Chloroflexales
U C) Chloroflexales
F) Oscillochloridaceae
G) Oscillochloris
P) T NA7
G) T INAT_genera IS
P) Sp>arochaetes
C) S p> arochaetes
0O) S p» irochaetales
F) Sp>» 1 rochaetaceae
UC) == pirochaetaceae
P) W =53
G) W =53 _genera_IS
P) OX>»i1
G) O XDl _genera IS
PDOEP 10
G) O X¥>10 _genera IS
P) V e=rucomicrobia
C) V' «1rucomicrobiae
O) V «rrucomicrobiales
UC) “S“errucomicrobiales
HSuab3
g)) Swa b3 genera IS

Xiph i mematobacteriaceae
uc
Xiph i mematobacteriaceae
G)
Xiph i mematobacteriaceae
F) Subs
G) Swab5 genera IS
F) O itutaceae
G) Opitutus
F)  exrucomicrobiaceae
UC) ~Uerrucomicrobiaceae
G) WV errucomicrobiaceae
G) P xosthecobacter
G) W errucomicrobium
P) B (i)
G) B XRC1_genera IS
P) Cs anobacteria
O €3~ anobacteria
) Ch loroplast
|(>;) S tareptophyta
U)C F L —mnicutes
0 é X =irmicutes

=2 cilli

g)c D> = Bacilli"
Lactobacillales

0.01
0.05
0.02
0.02
0.01
0.01
0.01
0.18
0.18
0.08
0.08
0.08
0.04
0.02
0.81
0.81
0.46
0.46
0.11
0.11
16.9
16.9
16.9
1.00
5.32
5.32

7.09
0.22

6.82

0.01
0.01
1.52
1.52
1.98
0.27
1.11
0.12
0.48
0.02
0.02
0.36
0.36
0.36
0.36
1.26
0.47
0.15

0.07

0.12
0.12
0.12

0.20
0.20

0.05
0.05
0.32
0.32

3.74
3.74
3.74
0.20
1.20
1.20

1.52
0.02

1.49

0.64
0.64
0.20
0.02
0.07
0.07
0.02

1.05
0.34
0.17

0.05

0.01
0.06
0.06
0.04
0.02
0.02
041
041

0.02
0.02
0.32
0.32
0.03
0.03
447
447
447
0.25
2.42
242

1.22

0.06

1.16

0.58
0.58
0.02
0.01

0.01

0.02
0.02
0.06
0.06
0.06
0.05
0.75
0.46
0.07
0.01
0.01

0.01
0.08
0.22
0.22
0.14
0.03
0.03
0.23
0.23
0.05
0.05
0.05
0.05
0.04
0.11
0.11
0.18
0.18
0.02
0.02
6.17
6.17
6.17
0.17
1.98
1.98

3.81

0.03

3.78

0.17
0.17
0.05

0.05

0.03
0.03
0.02
0.01
1.63
0.20
1.03
0.01
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0.22
0.22

0.19
0.19
2.01
2.01

1.18
1.18
1.18
0.10
0.38
0.38

0.67

0.67

0.03

0.03

0.06
0.06
0.06
0.06
1.02
0.16
0.77

0.13

1.61
0.51
0.01
0.01
0.01

0.02
0.02
0.31
0.31
0.31
0.28
0.19
0.49
0.49
0.05
0.05
0.27
0.27
495
4.95
4.95
0.06
2.57
2.57

0.59

0.59

0.21
0.21
0.09
0.09
1.43
0.09
1.22
0.01
0.09
0.16
0.16
0.02
0.02

6.33
1.17
0.95
0.02
0.07

0.00
0.03
0.10
0.08
0.03

0.39
0.39
0.01
0.01
0.01
0.01

0.32
0.32

0.01
0.01
3.35
3.35
3.35
0.0
0.40
0.40

2.84
0.00

2.83

0.03
0.03
0.04

0.02
0.00
0.01
0.04
0.04
0.10
0.10
0.04
0.00
19.1
0.92
17.6
0.18
0.01

0.04
0.10
0.10
0.03
0.00
0.00
0.59
0.59

0.17
0.17
0.00
0.00
0.03
0.03
3.79
3.79
3.79
0.02
0.41
0.41

3.20
0.01

3.20

0.02
0.02
0.09
0.09
0.05
0.01
0.02
0.01

0.02
0.02
0.11
0.11
0.08
0.05
13.0
0.94
11.2
0.17
0.02

0.01
0.01

0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.14
0.14

0.02
0.02
2.53
2.53
2.53
0.06
1.40
1.40

0.24

0.24

0.38
0.38
0.44
0.01
0.33

0.10
0.01
0.01
0.00
0.00
0.00

2.16
0.50
137
0.00




A ppendix A cont’d
) Bacillales
U C ) Bacillales
F) Bacillaceae
U C ) Bacillaceae
SF) Bacillaceae |
UC) '’ Bacillaceae 1"
superG) Bacillus
UC) Bacillus
G) Bacillusd
G) Bacillush
G) Bacillusc
G) Bacillusk
G) A xaoxybacillus
F) L_1 = teriaceae
SF) ™ zaenibacillaceae 2
G) O >« alophagus
F) P aa «=nibacillaceae
SF) P &:enibacillaceae |
G) B x evibacillus
G) P& enibacillus
G) C <>hnella
F) P1 = nococcaceae
UC) X>lanococcaceae
G) S x> orosarcina
G) P = steuriaceae Incertae
Sedis
C) C 1 ostridia
UC) =~ Clostridia"
O) C 1 ostridiales
UC) Clostridiales
F) Imx ertae Sedis X1
G) S e« dimentibacter
F) Rwaminococcaceae
UC) ** Ruminococcaceae"
G) Al cetivibrio
G) R waminococcaceae IS
F) P e ptococcaceae
F) C1 ostridiaceae
SF) « lostridiaceae 1
G) C 1 ostridium
F) Yra certae Sedis XV
UC) X ncertae Sedis XV
F) Xra ertae Sedis XII
G) F wasibacter
P) G e mmatimonadetes
O G «<=mmatimonadetes
l(-')) <& «mmatimonadales
G)) S « mmatimonadaceae
P) <& «mmatimonas
0 C I lamydiae
0) < halamydiae
<= hlamydiales

0.15
0.03
0.11

0.11
0.02
0.10
0.04

0.04

0.01
0.01

0.64
0.22
041
0.36
0.01
0.01

0.01
0.01
0.01
0.02
0.02

3.06
3.06
3.06
3.06
3.06
0.22
0.22
0.22

0.12

0.05

0.05
0.02
0.02
0.02

0.02
0.02

0.02

0.54
0.15
0.34
0.24
0.02
0.02

0.05
0.05
0.05

6.07
6.07
6.07
6.07
6.07
0.27
0.27
0.27

0.06
0.01
0.01

0.01

0.01

0.03
0.03

0.02
0.01

0.21
0.06
0.15
0.04
0.02
0.02

0.03

5.67
5.67
5.67
5.67
5.67
0.13
0.13
0.13

1.02
0.07
0.80
0.02
0.77
0.19
0.58
0.20
0.14

0.22

0.08
0.08

0.07
0.01
0.07
0.02

0.03

0.41
0.05
0.36
0.25
0.01
0.01

0.03
0.02
0.02
0.02
0.05
0.05

1.42
1.42
1.42
1.42
1.42
0.17
0.17
0.17
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0.64

0.03

0.03

0.03
0.03

0.51
0.51

0.29
0.16

0.10
0.03
0.06
0.03

0.96
0.96
0.96
0.96
0.96

0.86
0.07
0.69
0.02
0.67
0.24
0.35
0.11
0.06
0.01
0.15
0.02
0.07
0.02
0.02
0.02
0.02
0.02
0.01

0.02
0.06
0.03
0.03

422
0.80
3.36
1.88
0.07
0.07
0.43
0.11
0.13
0.19
0.17
0.04
0.03
0.02
0.22
0.20
0.24
0.24
0.50
0.50
0.50
0.50
0.50
0.09
0.09
0.09

17.4
1.27
14.1
0.52
13.5
4.06
931
2.62
3.50
0.47
2.4
0.19
0.21
0.12
0.12
0.08
0.49
0.49
0.11
0.35
0.03
1.35
0.89
0.28

0.11

0.63
0.17
0.44
0.14
0.11
0.11
0.01

0.00
0.00
0.03
0.05
0.05
0.04

0.00
0.00
2.17
2.17
2.17
2.17
2.17

11.0
0.98
8.70
0.41
8.23
2.90
5.22
1.64
1.73
0.19
1.42
0.21
0.12
0.21
0.21
0.19
0.33
0.33
0.03
0.25
0.02
0.76
0.47
0.12

0.12

0.88
0.24
0.64
0.24
0.07
0.07
0.00

0.00

0.05
0.18
0.18
0.17

2.65
2.65
2.65
2.65
2.65
0.01
0.01
0.01

1.36
0.13
0.37

0.37

0.37
0.36

0.00

0.00
0.00

0.86
0.86

0.84

0.29
0.11
0.18
0.06
0.03
0.03
0.00

0.00

0.01
0.00
0.00
0.00

0.03
0.03
0.32
0.32
0.32
0.32
0.32
0.01
0.01
0.01




Appendix A cont’d

F) Parachlamydiaceae 0.12 022 006 0.11 0.01

G) Parachlamydia 0.07 0.15 0.02| 0.07 0.01

P) Planctomycetes 1.76 139 093 1.57 1.13 030 0.30 0.05
C) Planctomycetacia 1.76 139 093} 1.57 1.13 030 030 0.05
O) Planctomycetales 1.76 139 093 | 1.57 1.13 030 030 0.05
F) Planctomycetaceae 1.76 139 093 | 1.57 1.13 030 030 0.05
UC) Planctomycetaceae 0.81 0.51 043 0.64 028 0.10 0.12 0.0l
G) Gemmata 039 046 0.19] 031 005 0.15 0.13

G) Planctomyces 0.28 0.05 0.05| 0.20 0.11 0.02 0.0l

G) Blastopirellula 0.06 0.04 [ 0.05 0.20 0.01
G) Pirellula 021 029 0.14] 025 048 000 0.02 0.02
G) Isosphaera 0.01 0.07 0.09| 0.12 001 002 0.02
Domain Archaea 0.13

P) Euryarchaeota 0.13

C) Methanomicrobia 0.13

0) Methanomicrobiales 0.11

F) Methanomicrobiaceae 0.11

Appendix A. Detailed classification of sequences of bacterial assemblages from
chapter 4

1. P) Phylum, C) class, SC) subclass, O) order, SO) suborder, F) family, SF) subfamily,
G) genus, and U) “unclassified” artificial taxa.

2. Classification is based on RDP classifier result at 50% threshold.

3. Taxons with maximum value of nine samples > 0.1% was shown in this table.

4. “0.00” indicates < 0.05% and > 0.001%.

139



Appendix B1. Habitat-Lite two level scheme and its terms definition

Top level term

Definition

Aquatic

A habitat that is in or on water

Aquatic: Freshwater

A habitat that is in or on a body of water containing low concentrations of
dissolved salts and other total dissolved solids (<0.5 grams dissolved salts per
liter)

Aquatic: Marine

Terrestrial

A habitat that is in or on a sea or ocean containing high concentrations of

dissolved salts and other total dissolved solids (typically >35 grams dissolved
salts per liter)
A habitat that is on or at the boundary of the surface of the Earth

Air

The mixture of gases, roughly (by molar content/volume: 78% nitrogen,
20.95% oxygen, 0.93% argon, 0.038% carbon dioxide, trace amounts of other
gases, and a variable amount [average around 1%] of water vapor), that

i surrounds the planet Earth

Fossil

i The mineralized or otherwise preserved remains or traces (such as footprints)
of animals, plants, and other organisms

Food

A substance, usually composed primarily of carbohydrates, fats, water and/or
proteins, that can be eaten or drunk by an animal or human being for nutrition
or pleasure

Organism-Associated

A habitat that is in or on a living thing L

A habitat having at least one environmental quality that tends towards either

Extreme the largest or smallest element of the set. The physical or geochemical
L extreme conditions found in an extreme
Cultured habitat is an controlled habitat created by humans through laboratory
Cultured techniques usually for the purposes of preparing cell, organ, tissue and plant
tissue cultures
Other

Second level terms

Definition

soil

sediment

sludge

waste water

Any material within 2 m from the Earth's surface that is in conact with the
atmosphere, with the exclusion of living organisms, areas with continuous ice
not covered by other material, and water bodies deeper than 2 m

Sediment is an environmental substance comprised of any particulate matter
that can be transported by fluid flow and which eventually is deposited as a

| layer of solid particles\non the bedor bottom of a body of water or other liquid

The residual semi-solid material left from domestic or industrial processes, or
wastewater treatment processes

A habitat that is in or on a body of water containing low concentrations of
dissolved salts and other total dissolved solids (<0.5 grams dissolved salts per
litre)

hot spring

A spring that is produced by the emergence of geothermally-heated
groundwater from the Earth's crust -

hydrothermal vent

| A fissure in the Earths's surface from which geothermally heated water issues

biofilm

A complex aggregation of microorganisms marked by the excretion of a
protective and adhesive matrix; usually adhering to a substratum

microbial mat

Table 1. Definition of terms in Habitat-Lite version 0.4 (revised May 20, 2009). A
given habit might be described with one or more appropriate Top-level terms, and second
lexr el terms as appropriate (Hirschman et al., 2008).
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Appennc ix B2. Priori groups described by Habitat-Lite

Csroup Numbers of Habitat-Lite description
samples
<501 116 Terrestrial', Soil’
7_7»(3__02 6 Extremel, Soil?
<« 03 12 Terrestrial', Extreme', Soil’
< 04 16 Oragnism-Associated'
<« 05 6 Freshwater', Waste water’
€506 7 Freshwater', Sediment?
< 07 2 Fossil', Oragnism-Associated'
<« 08 10 Marine', Sediment’ 7
<G 09 14 Cultured', Soil® or Sediment’
<5 10 20 Extreme', Freshwater' Sediment’
<511 2 Extreme', Microbial mat®

! Top 1 «velterms in Habitat-Lite
2 Secoxra d level terms
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Appennc ix B3. List of samples and their priori groups

Sample 1D

Sampling description and
location

Habitat Lite Description

Groups

Cz 0>
DuE222 7
DuE2==2_8

Gh BF 1
Gh B F =2
Gh B ¥~ 3
Gh B ¥ <3

Gh B F= <

Gh_ Eb> M1
Gh_ Et M2
Gh_ Eb ™3
Gh Eb ™4

Gh_ Eb ™vc

PCB-contaminated soil under
Austrian pine tree, Czech
Republic

Rhizosphere

Rhizosphere

Bare follow plots (BF),
replication], Kpeve Agricultural
Experimental Station (KAES) in
Volta Region, Ghana

BF, rep2, KAES in Volta
Region, Ghana

BF, rep3, KAES in Volta
Region, Ghana

BF, rep4, KAES in Volta
Region, Ghana

BF, composiite, KAES in Volta
Region, Ghana

Maize-elephant grass
(Pennisetum sp) rotation with
fallow residue burning plot
(EbM), repl, KAES in Volta
Region, Ghana

EbM, rep2, KAES in Volta
Region, Ghana

EbM, rep3, KAES in Volta
Region, Ghana

EbM, rep4, KAES in Volta
Region, Ghana

EbM, composite, KAES in
Volta Region, Ghana

Fertilized maize-elephant grass
rotation with minimum tillage of
fallow residue by hand slashing
(EfM), repl, KAES in Volta
Region, Ghana

EfM, rep2, KAES in Volta
Region, Ghana

EfM, rep3, KAES in Volta
Region, Ghana

EfM, rep4, KAES in Volta
Region, Ghana

EfM, composite, KAES in
Volta Region, Ghana
Unmanaged elephant grass (Eu),
repl, KAES in Volta Region,
Ghana

Eu, rep2, KAES in Volta
Region, Ghana

Eu, composite, KAES in Volta
Region, Ghana
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Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil®

Terrestrial', Soil’
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil’

Terrestrial', Soil’

Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil®

Terrestrial', Soil®

Terrestrial', Soil’
Terrestrial', Soil’
Terrestrial', Soil®
Terrestrial', Soil’

Terrestrial', Soil®

Terrestrial', Soil®
Terrestrial', Soil?

Terrestrial', Soil®

G0l
GO0l
G0l

G0l

G 01

GO0l

GO0l

GO0l

G0l

GO0l

G0l

G0l

G0l

G 01

Gol

Gol

G0l

G 01

G0l

G0l

G0l



Appenn<lix B3 cont’d

Gh_ PN
Gh_PINAA2
Gh_PINA3
Gh_PINA4
HA sitel
HA_site2

HA site3

Hi SO XA 1
Hi SOX3 2
Hi_ SO¥3 4
Hi 52 ¥ |
Hi 52 %3 2
Hi 52 %3 3
Hi 52 X34
HiSaxg
Hi Sq ¥ 2
Hi_ 5aq 33
Hi_S4q ¥ 4
Hi S ) EI
Hi S ) X))
Hi_Sea ¥ 3
Hi_Seg 4

Maize-pigeon pea (Cajanus

cajan) rotation with minimum
tillage of fallow residue by hand
slashing (PM), repl, KAES in

Volta Region, Ghana

PM, rep2, KAES in Volta
Region, Ghana

PM, rep3, KAES in Volta
Region, Ghana

PM, rep4, KAES in Volta
Region, Ghana

Hawaii Mauna Kea
permafrost_locationl
Hawaii Mauna Kea
permafrost_location2
Hawaii Mauna Kea
permafrost_location3

Kanchenjunga glacier (5000 m),

repl, slopes descending from

Drohmo peak (6980 m) in

Himalaya, Nepal (27° 48° 00’

N and 88° 07° 01°” E).
slope at 5000 m, rep2 from
Drohmo peak

slope at 5000 m, rep4 from
Drohmo peak

slope at 5200 m, repl from
Drohmo peak

slope at 5200 m, rep2 from
Drohmo peak

slope at 5200 m, rep3 from
Drohmo peak

slope at 5200 m, rep4 from
Drohmo peak

slope at 5400 m, repl from
Drohmo peak

slope at 5400 m, rep2 from
Drohmo peak

slope at 5400 m, rep3 from
Drohmo peak

slope at 5400 m, rep4 from
Drohmo peak

slope at 5600 m, repl from
Drohmo peak

slope at 5600 m, rep2 from
Drohmo peak

slope at 5600 m, rep3 from
Drohmo peak

slope at 5600 m, rep4 from
Drohmo peak

slope at 5800 m, rep! from
Drohmo peak
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Terrestrial', Soil®
Terrestrial', Soil’
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®

Terrestrial', Soil®

Terrestrial', Soil®
Terrestrial', Soil
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil’
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil’
Terrestrial', Soil®
Terrestrial', Soil®

Terrestrial', Soil®

GOl

Gol

Gol

Gol

Gol

GO0l

Gol

GO0l

GOl

GOl

GO0l

GOl

GOl

Gol1

Gol

GO0l

G ol

GOl

GOl

GOl

GOl

Gol

GO0l

AT



Apperndix B3 cont’d

Hi SSEX_2
Hi SS¥X_3
Hi 5SS EX_4
Hi_ 60 ¥ _1
Hi 60 ¥ _2
Hi_6O E-1_3
ifte3 = I

1A
e A7 =1
A 7= 2
le A7 <8 1
Je A7 <82
Je A7 <3 2
A |
AR 2
le ARy |
e AB<g 2
e G7=> |
le G721
Je G7 g2
e G7 <3 2
e GR > |
le GR 4—1
e GR 4_2
MiA g i
MiAg 2
Mi_A g= 3
MiA e Fel
MiA e FC2
MiA & FC3

Mi_A = sBi

Mi_aA g sp

slope at 5800 m, rep2 from
Drohmo peak
slope at 5800 m, rep3 from
Drohmo peak
slope at 5800 m, rep4 from
Drohmo peak
slope at 6000 m, rep] from
Drohmo peak
slope at 6000 m, rep2 from
Drohmo peak
slope at 6000 m, rep3 from
Drohmo peak
slope at 6000 m, rep4 from
Drohmo peak

lowa farm soil after corping, 1A

, USA

California
California
California
California
California
California
California
California
California
California
California
California
California
California
California

California

MSU farm, East Lansing, corn

MSU farm, East Lansing, corn

MSU farm, East Lansing, corn

MSU farm, East Lansing, canola

MSU farm, East Lansing, canola

MSU farm, East Lansing, canola

MSU farm, East Lansing,
soybean
MSU farm, East Lansing,
soybean
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Terrestrial, Soil
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil?

Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil
Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial’, Soil?
Terrestrial', Soil
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®

Terrestrial', Soil®

Terrestrial', Soil®

GOl

Gol

Gol

G ol

Gol

Gol

G ol

GO0l
GO0l
G0l
Gol
Gol
Gol
G ol
Gol
GOl
G ol
Gol
GOl
Gol
Gol
Gol
GOl
GOl
Gol
GOl
Gol
Gol
GOl
Gol

Gol

G ol



Appcndix B3 cont’d

Mi_A g_ SB3
Mi_A g_ SFI
Mi A g=_ SF2
Mi_A = SF3
Mi_A g£=_ SWI
Mi A g= SW2

Mi A = SW3
Mi Fo_ Ml
Mi Fo_ M2
Mi Fo M3

Mi Fo__ Ul
Mi Fo_ U2
MiFo__ U3

Mi Ro_ C2R
Mi Ro__ C3R
Mi Ro_ C4R
Mi Ro__ FC2R
Mi_ Ro_ FC3R
Mi Ro_ FCaR

M l_R°~R2
Mi_Ro*R:;
Mi_Ro“R4

Mi Ro__ sB2r
Mi Ro__ sB3r
Mi Ro__ sB4r
Mi Ro_ sr2r
Mi Ro_ spr
Mi Ro_ srar

Mi Ro_ sw2r
MiRo _ swir

Mi_ Ro_ swar

MSU farm, East Lansing,
soybean

MSU farm, East Lansing,
sunflower

MSU farm, East Lansing,
sunflower

MSU farm, East Lansing,
sunflower

MSU farm, East Lansing,
switchgrass

MSU farm, East Lansing,
switchgrass

MSU farm, East Lansing,
switchgrass

East Lansing, deciduous forest
East Lansing, deciduous forest

East Lansing, deciduous forest
Chatham, Upper Peninsula, MI,
pine forest

Chatham, Upper Peninsula, MI,
pine forest

Chatham, Upper Peninsula, MI,
pine forest

Rose Township, MI, corn

Rose Township, MI, comn

Rose Township, MI, corn

Rose Township, MI, canola
Rose Township, MI, canola
Rose Township, MI, canola
Rose Township, MI, Trees
Rose Township, MI, Trees
Rose Township, MI, Trees
Rose Township, MI, Soybean
Rose Township, MI, Soybean
Rose Township, MI, Soybean
Rose Township, MI, Sunflower
Rose Township, MI, Sunflower

Rose Township, MI, Sunflower
Rose Township, MI,
Switchgrass

Rose Township, MI,
Switchgrass

Rose Township, MI,
Switchgrass
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Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil’
Terrestrial', Soil?
Terrestrial', Soil’

Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil?

Terrestrial', Soil®
Terrestrial', Soil?

Terrestrial', Soil®
Terrestrial', Soil’
Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil?
Terrestrial', Soil?
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil®
Terrestrial', Soil’
Terrestrial', Soil®
Terrestrial', Soil®

Terrestrial', Soil®
Terrestrial', Soil?

Terrestrial', Soil®

Gol

G ol

G0l

Gol

GOl

GO0l

GOl
Go1
Gol
GO0l

Gol

G ol

Got
Gol
GOl
GOl
Gol
Go1
GO0l
GO0l
GOl
GOl
G ol
Go1l
GO0l
Gol
Go1
Gol1

G ol

G0l

G ol



Apperadix B3 cont’d

Terrestrial', Soil?

OH_ = Mxla Ohio GOl
OH_XE= Mxlb Ohio Terrestrial', Soil’ Gol
OH_IXE Mx6a Ohio Terrestrial', Soil® G ol
OH_ ¥ Mx6b Ohio Terrestriall, Soil? G0l
OH_J==xla Ohio Terrestrial', Soil® Gol
OH_ N==—>x1b Ohio Terrestrial', Soil® G ol
OH_ N= 2x6a Ohio Terrestrial', Soil® G ol
OH_ M=~ =x6b Ohio Terrestrial', Soil’ Gol
PCB-contaminated sandy soil, .1 2
Pi 0> Picatinny arsenal, NJ, US Terrestrial’, Soil G ol
Si_ IOC_120_11  Siberia Extreme', Soil® G 02
Si_ 1S __ <010 Siberia Extreme', Soil® G 02
SIS ___ <07 Siberia Extreme', Soil® G 02
Si2_ 32l Siberia Extreme', Soil? G02
Si2_ 1M 24 Siberia Extreme', Soil® G 02
Si5 M OT14 Siberia Extreme', Soil® G 02
Ant_AL IDI10 Antartica Terrestrial', Extreme', Soil’° G o3
Ant_A D11 Antartica Terrestrial', Extreme’, Soil’> G o3
Ant_IC | Antartica Terrestrial', Extreme’, Soil* G o3
Ant TC=2 Antartica Terrestrial', Extreme', Soil’> G o3
Ant_TXI > Antartica Terrestrial', Extreme', Soil’> G o3
Ant_IXT>? Antartica Terrestrial', Extreme’, Soil> Go3
Ant_CQ 7 Antartica Terrestrial', Extreme’, Soil’> G o3
Ant_Q 8 Antartica Terrestrial', Extreme', Soil*> G o3
Ant_CQ 1H7 Antartica Terrestrial', Extreme', Soil’> Go3
Ant_CQ 108 Antartica Terrestrial', Extreme', Soil’> Go3
St Av 1 Spitsbergen Terrestrial', Extreme', Soil> Go3
StAV Spitsbergen Terrestrial', Extreme', Soil*> Go3
Pig D e>m Pig feces, Oragnism-Associatedl G 04
Pig FO 26 Pig feces, Oragnism-Associated' G 04
g FO 3 Pig feces, Oragnism-Associated' G 04
Pig FO 32 Pig feces, Oragnism-Associated' Go4
Pig FO 35 Pig feces, Oragnism-Associated' G o4
Pg_F 37 Pig feces, Oragnism-Associated' GOo4
Pig ¥ 1 04 Pig feces, Oragnism-Associated' G 04
Pig_ F> Pig feces, Oragnism-Associated’ G 04
Pig_F3 Pig feces, Oragnism-Associated' G 04
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Apperrdix B3 cont’d

Oragnism-Associated'

147

Pig F3 12A Pig feces, G 04
- . . 1
Pig F3 12B Pig feces, Oragnism-Associated G 04
— . . 1
Pig F3 13 Pig feces, Oragnism-Associated G 04
- . . 1
Pig F& Pig feces, Oragnism-Associated G 04
Pig OO Pig feces, Oragnism-Associated' G 04
- . . 1
Pig O O2 Pig feces, Oragnism-Associated G 04
Pig € O3 Pig feces, Oragrxism-Associatedl G 04
WW I __ 0l Urgary Freshwater', Waste water” G os
WWX___02 Urgary Freshwater', Waste water’ G os
WWI__ 03 Urgary Freshwater', Waste water’ G os
WW K __ 04 Urgary Freshwater', Waste water’ G os
WW X~ 05 Urgary Freshwater', Waste water’  Gos
WW X~ 06 Urgary Freshwater', Waste water’  Gos
PCB-contaminated sediment, 1 .
Mi_ R ¥ 0D River Raisin, MI, US Freshwater', Sediment’ G 06
WA__ T oH Washington Freshwater', Sediment® G 06
1 .
WA__¥X an0l Columbina river, Washington Freshwater’, Sediment’ G 06
1 .
WA__E-X an02 Columbina river, Washington Freshwater’, Sediment’ G 06
1 .
WA__¥X an03 Columbina river, Washington Freshwater , Sediment’ G 06
1 .
WA__EX an04 Columbina river, Washington Freshwater’, Sediment’ G 06
1 .
WA__FX an05 Columbina river, Washington Freshwater', Sediment’ G 06
Fossil', Oragnism-
Mam__ _a) Siberia Associated' Go7
Fossil', Oragnism-
Mam e Siberia Associated' G 07
Marine sediment from the
. Northern Adriatic sea, Gulf of .1 . 2
Adria Trieste (45°33'N 13°37E) Marine’, Sediment G o8
Barrow Canyon (BC, 186 m
depth, 71.607N 156.214W) from
the Alaskan maritime in the R ] 2
Bl Chuckchi Sea Marine', Sediment G 08
East Hanna Shoal (EHS, 160 m
depth, 72.637N 158.667W) from
E the Alaskan maritime in the Cl ] 2
HS Chuckchi Sea Marine', Sediment Go08
FL Florida Bay 10 (FL10, 25.025N o )
-10 80.681W) Marine Sediment? G 08
FL Florida Bay 11 (FL11, 24.913N o ) )
~-11 80.938W) Marine', Sediment G 08
FL_o Florida Bay 9 (FL9, 25.177N Marine', Sediment? G 08



Appendix B3 cont’d

80.490W)
(800 m depth, 26.404N R . t2
GM1 96.064W) in the Gulf of Mexico Marine', Sedimen G 08
West of the Juan de Fuca Ridge
(JF, 3869 m depth, 46.783N .1 . 2
JF 133.667W) n the Pacific Ocean ~ Marine ', Sediment G 08
ST 2 Marine', Sediment® Go08
Washington Margin (WM, 1138
m depth, 46.575N 124.822W) n . . 2
WA_Coast the Pacific Ocean Marine', Sediment G 08
PCB- and biphenyl-degrading
population form PCB-
contaminated soil under 1 12
Austrian pine tree at 14 days Cu“.ured 4 Soil” or
Cz_14D_SIP incubation with 13C-biphenyl  Sediment® G 09
PCB- and biphenyl-degrading
population form PCB-
contaminated soil under 1 12
Austrian pine tree at 4 days CUItured ’ Soil” or
Cz_4D_SIP incubation with 13C-biphenyl Sedlmentz G 09
PCB- and biphenyl-degrading
population form PCB-
contaminated River Raisin 1 12
sediment at 14 days incubation Cultured , Soil” or
Mi_RR14D_SIP  with 13C-biphenyl Sediment’ G 09
PCB- and biphenyl-degrading
population form PCB-
contaminated River Raisin 1 12
sediment at 14 days incubation CUItured ’ Soil” or
Mi_RR14Ds_SIP  with 13C-biphenyl with slurry Sediment’ G 09
PCB- and biphenyl-degrading
population form PCB-
contaminated River Raisin 1 12
sediment at 3 days incubation CUIt.ured 3 Soil” or
Mi_RR3DSIP  with 13C-bipheny! Sediment’ G 09
PCB- and biphenyl-degrading
population form PCB-
contaminatedPicatinny sandy 1 12
soil at 14 days incubation with Cultured X Soil” or
Pi_14D SIP 13C-biphenyl Sediment’ G 09
Cultured', Soil® or
St AN1_IN Spitsbergen Sediment’ G 09
Cultured', Soil® or
St AN2_IN Spitsbergen Sediment’ G 09
Cultured', Soil® or
St_anN1_IN Spitsbergen Sediment’ G 09
Cultured', Soil® or
St_anN2_IN Spitsbergen Sediment® G09
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Cultured', Soil® or

St O1_IN Spitsbergen Sediment’ G 09
Cultured', Soil® or

St_02_IN Spitsbergen Sediment’ G 09
Cultured', Soil® or

St ON1_IN Spitsbergen Sediment’ G 09
Cultured’, Soil® or

St ON2 IN Spitsbergen Sediment’ G 09
Extremel,Freshwater Sedi

FRCI FRC ment’ G 10
Extremel,Freshwater' Sedi

FRCI0 FRC ment’ G 10
Extremel,Freshwater' Sedi

FRCI11 FRC ment? G 10
Extremel,Freshwater' Sedi

FRC12 FRC ment? G10
Extremel,Freshwater' Sedi

FRCI13 FRC ment’ G 10
Extremel,Freshwater' Sedi

FRC14 FRC ment? G 10
Extremel,Freshwater' Sedi

FRCI5 FRC ment? G 10
Extremel,Freshwater' Sedi

FRC16 FRC ment? G 10
Extremel,Freshwater' Sedi

FRC17 FRC ment’ G10
Extremel,Freshwater' Sedi

FRCI8 FRC ment’ G10
Extremel,Freshwater' Sedi

FRC2 FRC ment’ G 10
Extremel,Freshwater' Sedi

FRC20 FRC ment’ G 10
Extremel,Freshwater' Sedi

FRC22 FRC ment’ G 10
Extremel,Freshwater' Sedi

FRC23 FRC ment’ G10

FRC24 FRC Extremel,Freshwater'Sedi ¢ 10
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ment’
Extremel,Freshwater' Sedi
ment’

FRC25 FRC G10
Extremel,Freshwater' Sedi

FRC4 FRC ment’ G10
Extremel,Freshwater' Sedi

FRCS FRC ment’ G10
Extremel,Freshwater' Sedi

FRC6 FRC ment’ G10
Extremel,Freshwater' Sedi

FRC9 FRC ment’ G 10

Du_17_1 DUSEL Extreme', Microbial mat’ G1l

Du 17 2 DUSEL Extreme', Microbial mat® G1l1
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Appendix B4. Confusion table of priori groups and bacterial assemblage’ clusters

by average distance clustering

GOl Gz Go3 Goa Gos Gos Go7 Gog OO O Gio G | sum
co1 | 114 4 118
cf 6 “ 7 6
o3 2 14 3 30
cos | 5 5
cos| 2 6 I 9
C06 I I
% | 2 I 3
cos | 6 6
09 | I 1
C10 : 2 8 10
ci | L ; 20 20
C12 | ,, | | 2 | 2
sim] 16 6 12 16 6 7 2 10 6 8 2 2 |21

* G09 were separated in two sub-groups: G09-1, PCB- and biphenyl-utilizing population
(Chapter 4) and G09-2, various enrichments of bacterial community from Spitsbergen
permafrost soil.

Table B4.1. Confusion table of priori groups and bacterial assemblage’ clusters by

average distance clustering

Priori groups (GO01-G11), assigned based on Habitat-Lite based description,
(Appendix B.1.) were compared to bacterial assemblage clusters (C01-C12) using Q-
mode average clustering based on 1- Chao’s corrected Sarensen similarities with at 97%
OTU matrix. Most priori groups and bacterial assemblage clusters were correlated to
each other with a few exceptions. It means that similar bacterial assemblage is present in

the same microbial habitats, congruent with habitat-description.
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Appendix B6. Indicator Species of Selected Priori Groups

Group 01 (Terrestrial’, Soil?)

Bradyrhizobium
Xiphinematobacteriaceae_genera_incertae_sedis
Gemmatimonas

Acidobacteria Gp3

Acidobacteria Gp4

Acidobacteria Gp5S

Acidobacteria Gp6

Acidobacteria Gp7

Unclassified Micromonosporaceae

Group 02 (Extreme’, Soil!)

Psychrobacter
Carboxydocella
Exiguobacterium

Group 08 (Marinel, Sediment>)

Jannaschia

Pelobacter

Desulfuromusa
Desulfosarcina
Desulfatibacillum
Desulfococcus
Desulforhopalus
Owenweeksia

Rubritalea

Acidobacteria Gp9
Acidobacteria Gp21
Acidobacteria Gp26
Caldithrix

Unclassified Myxococcales
Unclassified Desulfuromonaceae

Q-value < 0.05 (false discovery rate significant value)

To find indicator species that represents a specific habitat priori group, RDP
classifier based taxonomy-bins at 50% threshold were used in function “duleg” (Dufrene-
Legendre indicator species analysis in R package “labdsv), which considers the

occurrence frequency, and the relative abundance. Priori GO1 contains the member of the
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phyla Acidobacteria, Verrucomicrobia, and Gemmatimonadetes, which were often found
exclusively in soil habitats. Priori G02, contains 6 Siberian permafrost soils, has as
indicator species, Psychrobacter and Exiguobacterium, which can grow at temperatures
as low as -10 and -5 °C. Exiguobacterium spp. and Psychrobacter spp. abundance in

these sites also were measured by Q-PCR amplification (Rodrigues et al, 2009).
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Appendix B7. Functional Diversity Measures
INTRODUCTION

Functional diversity is "the value and range of the functional traits of the
organisms in a given ecosystem" by definition of Tilman (2001). The distribution of trait
values can be characterized through the average trait value, i.e. community-weighted
mean (CWM) trait value (Violle et al., 2007), which is an indicator of functional
biodiversity and reflects the "average" trait value of dominant species in a community.
METHOD

Calculating community-weighted mean (CWM) trait value:

n
CWM=Y P; * Trait

1
where pi is the relative contribution of species i to the community, and trait i is the trait

value of species i. The total number of species included in the calculation is "n".

I measured the bacterial traits using genomic information: gene copy numbers of
each COG and KEGG categories obtained from complete (782 genomes) and draft
genome (502 genomes) projects (total of 1284 genomes). I randomly selected the
representative genomes of each genus and then match the genera names to taxonomy-bin
names of RDP classifier results. Thus, 236 taxonomy-bins defined by RDP classifier at
50% threshold (for COG; 226 for KEGG) were given the assigned traits and gene
numbers in the COG or KEGG categories. There are two assumptions for this analysis: 1)
higher copy number in a gene category means possibly more diverse functions, and 2) the
intraspecies variances within genera are small. Priori groups were aligned by Habitat-Lite

definition (Appendix B2, and B3).
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Priori A cumulated relative abundance of species

Group included in the calculation

GO1 10.1
G02 43.4
GO03 44.7
G04 18.1
GO05 38.0
G06 11.0
Go07 64.7
GO08 20.3
G09-1 45.1
G09-2 25.7
G10 21.0
Gll1 17.9

Table. B8.1. A cumulated relative abundance of species included in the calculations.

RESULTS

Current genomes information only covers in the range of 10-65 % of the genera in
211 bacterial (community) assemblages. Though the lowest coverage, which is in priory
group GO1, has the highest CWM value in most of the COG categories. This means soil
might possess highly divergent traits that reflects complexity of soil ecological niches.
GO03 (Antarctic rhizosphere) and G04 (animal feces) had the lowest CWM values in
categories involved in metabolism and energy production. Surprisingly, three COG
categories - replication and repair, translation, and transcription - showed constant CWM
values regardless of priori groups. This means that the house-keeping genes, essential to
sustaining bacterial live, is consistently present in all environments at the same level. It

also supports the validity of this approach.
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