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We describe the use of a tensor mode-1 higher-order singular value decom-
position (HOSVD) in the analyses of alignments of 16S and 23S ribosomal RNA
(rRNA) sequences, each encoded in a cuboid of frequencies of nucleotides across
positions and organisms. This mode-1 HOSVD separates the data cuboids into
combinations of patterns of nucleotide frequency variation across the positions and
organisms, i.e., “‘eigenorganisms” and corresponding nucleotide-specific segments
of “eigenpositions,” respectively, independent of a-priori knowledge of the taxo-
nomic groups and their relationships, or the rRNA structures. We show that this
mode-1 HOSVD provides a mathematical framework for modeling the sequence
alignments where the mathematical variables, i.e., the significant eigenpositions
and eigenorganisms, are consistent with current biological understanding of the

16S and 23S rRNAs.
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First, the significant eigenpositions identify multiple relations of similarity
and dissimilarity among the taxonomic groups, some known and some previously

unknown.

Second, the corresponding eigenorganisms identify positions of nucleotides
exclusively conserved within the corresponding taxonomic groups, but not among
them, that map out entire substructures inserted or deleted within one taxonomic
group relative to another. These positions are also enriched in adenosines that
are unpaired in the rRNA secondary structure, the majority of which participate
in tertiary structure interactions, and some also map to the same substructures. This
demonstrates that an organism’s evolutionary pathway is correlated and possibly
also causally coordinated with insertions or deletions of entire rRNA substructures
and unpaired adenosines, i.e., structural motifs which are involved in rRNA folding

and function.

Third, this mode-1 HOSVD reveals two previously unknown subgenic rela-
tionships of convergence and divergence between the Archaea and Microsporidia,
that might correspond to two evolutionary pathways, in both the 16S and 23S rRNA
alignments. This demonstrates that even on the level of a single rRNA molecule,
an organism’s evolutionary pathway is composed of different types of changes in

structure in reaction to multiple concurrent evolutionary forces.
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Chapter 1

Introduction

1.1 Motivation

Rapid advances in high-throughput sequencing technologies have created
an abundance of DNA and RNA sequence data. To make sense of this data is a
challenge that requires, in addition to increased understanding of the biology of
cells and organisms, methods to organize and classify the data. The comparative
analysis and mathematical modeling of these data holds the key to fundamental

understanding of biological processes, evolution, and human diseases.

The International HapMap project [25] catalogs human single nucleotide
polymorphisms (SNPs), with the aim of associating allelic variation with disease
phenotypes. The analysis of these SNPs is already providing causative linkages for
common human diseases, while also uncovering therapeutic targets [53]. It is now
becoming increasingly clear that future predictive power, discovery, and control in
biology and medicine will result from the ability to accurately analyse and model

these large-scale sequence data.



1.2 Ribosomal RNA Sequence Alignments

The ribosomal RNA (rRNA) is an essential component of the ribosome,
the cellular organelle that associates the cell’s genotype with its phenotype by
catalyzing protein synthesis in all known organisms, and therefore also underlies
cellular evolution [113]. RNAs are thought to be among the most primordial
macromolecules. This is because an RNA template, similar to a DNA template,
can be used to synthesize DNA and RNA, while RNA, similar to proteins, can form
three-dimensional structures and catalyze reactions. It was suggested, therefore,
that rRNA sequences and structures, that are similar or dissimilar among groups of
organisms, are indicative of the relative evolutionary pathways of these organisms

[26,82,111].

Advances in sequencing technologies have resulted in an abundance of
rRNA sequences from organisms spanning all taxonomic groups. Today, the
small subunit ribosomal RNA (16S rRNA) is the gene with the largest number of
determined sequences. Comparative analyses of these rRNA sequences promise to
give insights into the universality and specialization of evolutionary, genetic and
biochemical pathways. These analyses may also prove useful in drug design, since

most natural as well as synthetic antibiotics target the ribosome.

The analysis of RNA sequences is made complicated by the fact that most
functional RNAs conserve structure more than they conserve sequence. Ribosomal
RNAs also exhibit a significant degree of non-canonical base pairing, and, as
observed in the crystal structure of the 30S ribosomal subunit, short single-stranded

RNA segments make idiosyncratic long-range interactions to stabilize the packing



of helical elements [109]. These interactions determine not only folding pathways,
but in many cases, rRNA function as well [41]. Therefore, methods used to analyse
RNA alignments should be, in principle, able to capture this complexity of the data,

by integrating diverse sources of biological information.

1.2.1 16S Ribosomal RNA

The 16S rRNA is part of the small subunit (SSU) of the ribosome, which
functions in protein translation by providing the mRNA-binding machinery and
most components that control translation fidelity [11]. Prokaryotic 16S rRNAs
consist of ~1500 nucleotides, while their eukaryotic counterparts, the 16S rRNAs,
are ~1900 nucleotides long. In prokaryotes, the 3* end of the 16S rRNA consists
of a pyrimidine-rich region (‘anti Shine-Dalgarno’), which assists in mRNA

placement.

The 16S ribosomal RNA shows a high degree of sequence conservation
across all organisms [114] (Figure 1.1). Its universal distribution, high conservation,
some moderate variability, and minimal lateral genetic transfer have made the 16S
rRNA a good candidate for use in phylogenetic analyses of widely varying species
[112]. The discovery of the microbial kingdom Archaea [40, 113], and later, the
reorganization of life into the three domains, Archaea, Bacteria, and Eukarya [115],

can be attributed to comparative studies of the 16S rRNA.

There are now 73640 16S rRNA sequences and 662 comparative secondary
structure models available on the CRW [16]. Like many functional RNAs, the 16S

rRNA structure is highly conserved across all organisms (Figure 1.1).
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Fig. 1.1: The conserved secondary structure of the 16S ribosomal RNA.
Positions in the 16S ribosomal RNA with a nucleotide in more than 95% of
the sequences are shown superimposed onto the E. coli secondary structure.
Phylogenetic conservation is derived from the comparative analysis of 6326
sequences (Reproduced from CRW).



1.2.2 23S Ribosomal RNA

The 23S rRNA is part of the large subunit (LSU) of the ribosome, which is
the center of amino acid polymerization, the main catalytic function during protein
translation [11]. The 23S rRNAs are not as highly conserved as the 16S, varying in
length from ~2900 nucleotides (prokaryotic 23S) to ~4700 nucleotides (eukaryotic
285).

The 23S rRNA sequence was first reported in 1980 [12], and was soon
followed by a comparative secondary structure model [78]. The CRW now lists
a total of 11610 23S rRNA sequences, and 86 comparative secondary structure

models [16].

1.2.3 Evolution of ribosomal RNAs

Sites in the rRNAs do not evolve independently, but are constrained by
selection to maintain base complementarity in the paired regions. Both paired and

unpaired regions have been shown to contain phylogenetic signal [29].

Because stems in rRNAs are assumed to be largely structural, any substitu-
tion of one base pair for another should typically be acceptable, borne out by the
extensive presence of non-canonical base pairs. In contrast, unpaired regions are
thought to depend more specifically on their sequence. It has been observed that
most of the highly conserved regions in 16S rRNAs, with little to no variability
at the sequence level, were unpaired. Base pairing, therefore, appears to be a weak
constraint on sequence compared to other influences on the sequence near the active

site of the ribosome.
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Different categories of rRNA secondary structure show distinct, character-
istic base compositions. However, these patterns of variation are similar among
sequences from 16S and 23S rRNAs, and across all domains of life [95]. Structural
categories in the ribosomal RNA have been found to evolve at different rates, with
the rates varying across phylogenetic domains: in the bacteria and the archaea,
stems evolve faster, while in the eukarya, loops evolve faster. While highly

conserved regions tend to be unpaired, the converse is not always true [94].

1.2.4 Comparative Analysis of RNA sequences

Zuckerkandl and Pauling observed in 1962, from a comparison of the amino
acid sequence of haemoglobin from various species, that the more varied two
species are, their haemoglobin sequences differ by a greater number of amino acids

[117].

All the above studies use folding free energies to quantify the potential of a
sequence to form secondary structure. While this approach has been successful in
predicting the structures of small RNAs, it may be undesirable for the analysis of
longer RNAs for several reasons. First, the minimum free energy structure may not
be the structure that is formed in vivo, due to the effect of several factors like the
directionality and velocity of transcription, binding of ribosomes, RNA chaperones
and other RNA binding proteins, presence of metal ions and small noncoding
RNAs, etc. [91]. Second, it has been shown that as the length of RNA increases,
fold prediction methods that rely on free energy criteria perform less accurately

[57]. Finally, it is now recognized that RNA sequence evolution is constrained



by structure. It is therefore desirable to infer RNA structure and function using

comparative methods.

Comparative analyses of TRNA sequences are already being used to de-
termine the two-dimensional, i.e., secondary structure of rRNAs and enhance
fundamental understanding of the rRNAs three-dimensional, i.e., tertiary structure.
The underlying assumption of these comparative analyses is that sequence positions
with similar patterns of variation across multiple organisms are base-paired in
the rRNA structure [33,48,49]. The determination of the high resolution crystal
structures of the ribosome [10, 90, 109] substantiate these secondary and tertiary
structure models, with approximately 97% of the proposed base pairs present in the

crystal structures.

The comparative analyses of sequence alignments require mathematical
tools that are able to simultaneously identify relations of similarity and dissimilarity
among the organisms, as well as the corresponding sequence positions and
nucleotides that underlie these relations. These tools should provide mathematical
frameworks for the modeling of these data, where the mathematical variables, i.e.,
significant patterns, that are uncovered in the data, of nucleotide-specific frequency

variation across the organisms and sequence positions, represent biological reality.

1.3 Genomic Signal Processing

Tools from matrix algebra have been used, with great success, for the inte-
grative analysis and modeling of large-scale biological data. Studies on genome-

wide microarray expression data have shown that singular value decomposition



describes the overall observed signal as the outcome of a simple network, where a
few independent sources of variation affect the genes and samples in the dataset [3].
This model has been successfully extended to the comparative analysis of mRNA
expression from two organisms using the generalized singular value decomposition
[4], and in the integrative analysis of mRNA expression as well as DNA copy

number data using pseudo-inverse projection [5] (Figure 1.4).

,

Fig. 1.4: Mathematical models for DNA microarray data derived from genomic
signal processing techniques (reproduced from Alter, 2007 [2]).

(a) The SVD model describes the data as the outcome of a simple linear network,
with a few independent sources (experimental or biological) affecting all the genes
and arrays in the dataset. (b) The GSVD model describes the two datasets as the
outcome of a simple linear comparative network, with a few independent sources,
some common to both datasets whereas some are exclusive to one dataset or
the other, affect all the genes in both datasets. (c) The pseudoinverse projection
integrative model approximates any number of datasets as the outcome of a simple
linear integrative network, where the cellular states, which correspond to one
chosen basis set of observed samples, affect all the samples, or arrays, in each
dataset.

Recently, the application of tensor decomposition methods has resulted in

the prediction as well as experimental verification of genome-scale correlations

10



between DNA replication and mRNA transcription in S. cerevisiae [80,81]. The
application of these signal processing methods has now created a framework where

biological data may be analysed and modeled the way physical systems are today.

1.4 Mathematical Framework

1.4.1 Singular Value Decomposition

The Singular Value Decomposition (SVD) [45] is also known as Karhunen—
Loeve expansion in pattern recognition, and is similar to Principal Component
Analysis (PCA) in statistics. SVD finds applications in signal processing, image
compression, solutions to inverse problems, etc. Singular value decomposition
is closely related to the eigenvalue decomposition, and in the case of Hermitian

positive semi-definite matrices, the SVD is the same as the EVD.

If D is an mxn matrix with m>n then the SVD of D is the linear

transformation is given by:

D=UxV" (1.1

U,sn, and VT

-, are orthogonal matrices, and X, ., 1s a diagonal matrix

whose elements are the ordered singular values of D. Each column of U is
associated with only the row of VT, with the corresponding ¢ indicating their

relative significance.

11



1.4.2 Tensors

A tensor is a multidimensional or N-way array [67]. Tensors have been
recognized as a logical way to model multidimensional biological data, and
have been used successfully in chemometrics [93], psychometrics [51], and more

recently, in genomic signal processing [80].

Of the several tensor decompositions, CANDECOMP/PARAFAC and Tucker
decomposition (N-mode SVD) can be considered higher-order generalizations
of the matrix SVD. The PARAFAC (Parallel Factorization) or CANDECOMP
(Canonical Decomposition), variously attributed to Hitchcock [54, 55], Cattell [20,
21], Carroll and Chang [17], and Harshman [51], is a rank-k approximation that
preserves the diagonality of the core tensor. The Tucker decomposition [106]
or HOSVD [28], on the other hand, is an exact decomposition that preserves
the orthogonality of the singular vectors. This is the decomposition that will be

discussed for our application.

143 HOSVD

The N = 3-mode SVD, a Higher-Order SVD (HOSVD) [28] of the third-
order data tensor, is a multilinear transformation of the data tensor T’y 1« s given

by:

T=Rx,UxuVyx.V, (1.2)

where x,U, x;V,, and x.V, denote multiplications of the tensor and the

12



matrices U, V,, and V,,, which contract the first, second, and third indices of with
the second indices of U, V,, and V|, or, equivalently, the first indices of U T V;:T,

T .
and Vy , respectively.

To ensure ease of interpretation, the decomposition in (Eq 2.2) may be
reformulated such that it decomposes 7' into a linear superposition of rank-1

subtensors, with the superposition coefficients tabulated in the core tensor R [66]:

LM L M LM L M
T=> 3 Raella®V,,, @V, => > " RaeS(a,b,c) (1.3)
a=1 b=1 c=1 a=1 b=1 c=1

where the subtensor S(a, b, ¢) is the outer product of the eigenvectors U. 4,

T T
Vip-and V.

T

In the integrative analysis of DNA microarray data from different studies,
HOSVD has been shown to identify the effects of different drugs on cell cycle

progression, and the genes associated with these effects [80].

1.4.4 Matrix Decompositions and Sequence Analysis

Several matrix-based methods have found application in the analysis of

sequences of proteins, RNAs, and even whole genomes.

Fogolari et al. used the SVD as a dimensionality-reduction tool, to analyze

a matrix of pairwise similarity scores of proteins in the calycin superfamily [39].

13



Lee and Seung pioneered the use of the Non-negative Matrix Factorization
(NMF) for image analysis, with the aim of obtaining basis vectors that are non-
subtractive linear combinations of the data [69]. Heger and Holm applied this
principle to a hierarchical clustering of distantly related proteins (40% overall
sequence homology) from the urease superfamily, in order to obtain ‘fuzzy’

alignments [52].

Stuart and Berry developed an SVD-based method for reconstructing
phylogeny from whole genome sequences of bacteria, encoded using a correlated
peptide score [98]. Kitazoe et al. reformulated the phylogeny reconstruction
problem as the successive splitting of branch vectors in a multidimensional vector

space (MVS) [64, 65].

Pazos et al. used the Multiple Correspondence Analysis (MCA), a mul-
tivariate extension of the PCA, on protein sequence similarity scores, to detect
functionally significant residues in SH3 domains and TIM-barrel hydrolases [84].
Their method claims to be independent of phylogeny, in that it uses an a priori
definition of functional classes that is independent of the phylogeny implicit in the

sequence alignment.

Paschou et al. used a PCA-based algorithm to detect population structure
in SNPs derived from admixed human populations, without prior knowledge of
ancestry [83]. Building upon this idea, Mahoney and Drineas proposed the CUR
decomposition, a low-rank matrix decomposition, as a more biologically relevant

representation of the SNP data [72].
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Casari et al. first proposed the PCA as a tool to analyze protein sequence
similarity in the Ras-Rab-Rho superfamily [18]. They showed that the principal
components of the protein similarity matrix identify the directions in protein
sequence space most strongly populated by members of the three protein families.
Although they used a 20-bit vector representation for each protein sequence,
they did not explore this dimension of the data in their analysis. Building
upon this idea, Sagara et al. used PCA recursively on an alignment of tRNA
sequences, to detect amino acid-specific clusters in sequence space [88]. They
then used multi-dimensional scaling (MDS) to trace the principal components back
to individual bases and positions that characterize individual groups. Suh et al.
found from the PCA analysis of a matrix of Group 1 intron sequence distances
that several previously unclassified sequences clustered together, separately from
the recognized structural classes, leading them to propose a new class of Group 1

introns [99].

While the above studies illustrate the widespread applicability of matrix
decompositions in the analysis of sequence data to derive biologically meaningful
results, they suffer from two major limitations. First, the studies that use the SVD
fail to fully exploit its ability to simultaneously classify sequences along not one,
but both dimensions of the matrix. Second, they flatten inherently cuboidal data

into a matrix, thus losing information along the third dimension of nucleotides.
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1.5 Our Aims

The evolutionary forces that act on genomes are essentially stochastic.
Detecting significant similarities between anciently diverged sequences in the
background of random mutation, natural selection, and genetic drift may therefore

be viewed as a signal to noise problem.

We therefore propose matrix decomposition-based algorithms for the com-
parative analysis of sequences, as a method to simultaneously classify sequences
in an alignment into clusters and identify the signatures defining these clusters,
compare these patterns among different datasets, and integrate data from various
sources, with the ultimate goal of being able to create predictive models. By
using a tensor HOSVD, we ensure that the information contained in the nucleotide

dimension is not lost.

Our method will be data-driven, and allow for the simultaneous classifi-
cation of the sequences in the alignment, and identification of positions in the
alignment that contribute to the classes, without requiring a priori definitions of
the classes, to enable the discovery of known as well as new relationships between

sequences in the data.

We use the rRNA as our model so that the relationships we discover among
the sequences may be verified against known phylogenetic relationships. We use
only sequences with known structure models, so that the positions we identify may
be correlated with structure elements, and lead to hypotheses about RNA folding

and function.
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1.6 Organization

This dissertation is organized as follows. Chapter 2 describes the data used
in our HOSVD analyses, along with the mathematical and computational methods
developed for this purpose. Chapter 3 lists the results we obtained from the analysis
of 16S and 23S rRNA alignments. A discussion of these results in an evolutionary
and structural context is presented in Chapter 4, followed by conclusions and

proposed future research.

We also analysed an alignment of 5S rRNA using the mode-1 HOSVD: a
discussion of these results appears in Appendix 1. Finally, supplementary tables are

presented in Appendix 2.
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Chapter 2

Materials and Methods

This chapter describes the mathematical and computational methods we
developed for the mode-1 HOSVD analysis of rRNA sequence alignments. Figure
2.1 gives an overview of the steps involved in the analysis. These steps are described

in detail in the sections to follow.

2.1 Data
2.1.1 Alignment

We describe results from the analysis of 16S and 23S rRNA sequence
alignments. The sequences, obtained from the Comparative RNA Website (CRW)
[16], represent all 16S, 23S, and 5S sequences for which a secondary structure
model is available. The organisms in these alignments are from different National

Center for Biotechnology Information (NCBI) Taxonomy Browser groups [89].

The compositions of the three ribosomal RNA alignments we analyzed are

shown in Table 2.1.
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Organisms

rRNA Alignment - Positions Total Archaea Bacteria Eukarya

16S 3249 339 21 175 143
23S 6636 75 6 57 12
5S 152 242 28 83 131

Table 2.1: Composition of rRNA alignments

2.1.2 Structure

For each sequence in the 16S and 23S rRNA alignments, we obtain base
pairing (‘*.bpseq’) files from the CRW [16]. These files tabulate each nucleotide’s
base-pairing status, and where relevant, list the position that the nucleotide is base-
paired to. We also obtain for each sequence, the structure (‘*.alden’) files from the
CRW, which classify each nucleotide into one of six structural categories, following

Smit, et. al. (Figure 2.2, [95]).

These base-pairing and structure files are then used to annotate each position

in the alignment, as described in Section 2.3.2.1.

2.1.3 Taxonomy

For each sequence in the alignment, we retrieve its organismal taxonomy
from the NCBI Taxonomy Browser [89]. We then assign to each sequence five
annotations, based on the five topmost hierarchical levels defined in the Taxonomy

Browser for that organism. The sequences in the 16S, 23S, and 5S alignments are
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Fig. 2.2: Structure categories in the ribosomal RNAs (reproduced from Smit,
et. al., 2006 [95])

listed in Appendix 2 along with their NCBI Taxonomy annotations.

2.2 Mathematical Framework
2.2.1 Encoding

The 16S alignment matrix we analyze tabulates six sequence elements or
“nucleotides,” i.e., A, C, G and U nucleotides, unknown (“N”) and gap (“—7),
across the 339 organisms and the 3249 sequence positions with A, C, G or U
nucleotides in at least 1% of the 339 organisms. Similarly, the 23S alignment matrix
tabulates six sequence elements across the 75 organisms and the 6636 sequence

positions with A, C, G or U nucleotides in at least 1% of the 75 organisms.

A six-bit binary encoding [88],
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transforms each alignment matrix into a third-order tensor, i.e., a cuboid, of
six “slices,” one slice for each nucleotide, tabulating the frequency of this nucleotide

across the organisms and positions (Figure 2.3).

2.2.2 Mode-1 HOSVD

The mode-1 HOSVD transforms each K-organisms X L=6-nucleotides X
M -positions data tensor D into the reduced and diagonalized K -“eigenpositions” X
K-“eigenorganisms” matrix X, by using the K -eigenorganisms X L=6-nucleotides
x M -positions transformation tensor U and the /K -organisms x K-eigenpositions

transformation matrix V7,

D

u xvt. (2.2)

This mode-1 HOSVD is computed from the singular value decomposition

(SVD) [3, 45, 80, 81] of each data tensor unfolded along the K -organisms axis such
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that its nucleotide-specific slices D; are appended along the organisms axis,

Dy Uy

D¢ Uc

Dg | | Usg T

Do = U, YVE. (2.3)
Dy Un

D_ U_

The transformation tensor U is obtained by stacking the nucleotide-specific

slices U; along the organisms axis.

2.2.3 Interpretation

The “eigenpositions”, or V;I, are the patterns of variation among the
organisms. We show in the following sections that these eigenpositions correspond
to phylogenetic variation among the organisms examined. The “eigenorganisms”,
or nucleotide-specific U;, are patterns of variation among the positions in the
alignment. They represent the relative nucleotide frequency of positions in the
alignment, and identify positions that uniquely characterize taxonomic groups

uncovered by the corresponding eigenposition.

Eigenposition: An eigenposition is a position-like vector that describes
the variation in the data across the organisms. The eigenpositions are
orthogonal to one another, i.e., the patterns of variation that they describe
are uncorrelated. There are as many eigenpositions as there are organisms.

The significance of each eigenposition and the corresponding eigenorgan-

ism, is defined in terms of the fraction of the overall information that these
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orthogonal patterns of nucleotide frequency variation across the K -organisms and
L=6-nucleotides x M -positions, respectively, capture in the data tensor and is
proportional to the corresponding singular value that is listed in 3, that is, 0;. These
singular values are ordered in decreasing order, such that the patterns are ordered in

decreasing order of their relative significance.

This fraction p; is calculated as:

o2

pi= —i— 2.4)
25:1 ‘71%

The normalized Shannon entropy of the dataset:

L
1
0<d=—73 pilogpy <1 (2.5)

k=1

measures the complexity of the data from the distribution of the overall nu-
cleotide frequency variation between the different eigenpositions and corresponding
eigenorganisms, where d = 0 corresponds to an ordered and redundant dataset in
which all nucleotide frequency variation is captured by one eigenposition and the
corresponding eigenarray, and d = 1 corresponds to a disordered and random dataset

where all eigenpositions and eigenorganisms are equally significant.

Eigenorganism: An eigenorganism is an organism-like vector that
describes the variation in the data across the nucleotidesx positions. The
eigenorganisms, like the eigenpositions, are orthogonal to one another,
i.e., they describe uncorrelated patterns of variation. There are as many
eigenorganisms as there are organisms, and each eigenorganism is associated
with one eigenposition.
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Figure 2.3 shows the Mode-1 higher-order singular value decomposition
(HOSVD) of the 16S rRNA alignment. The structure of the alignment is of an
order higher than that of a matrix. The organisms, the positions, as well as the
“nucleotides,” i.e., sequence elements (Equation 2.3), each represent a degree of
freedom in a cuboid, i.e., a third-order tensor. We compare these data by using
a tensor mode-1 HOSVD, which uncovers in the data tensor ‘“‘eigenpositions”
and nulceotide-specific segments of “eigenorganisms,”’ i.e., patterns of nucleotide
frequency variation across the organisms and positions, respectively (Equation 2.2).
This is depicted in a raster display with increased nucleotide frequency (red), no
change in frequency (black) and decreased frequency (green) relative to the average
frequency variation across the organisms and positions, which is captured by the

most significant eigenposition and eigenorganism, respectively.

2.3 Data Analysis
2.3.1 Organisms

Eigenpositions are correlated and anticorrelated with taxonomic groups
in a data-driven manner as follows. For each eigenposition, we calculate the
probabilistic enrichment of all five taxonomic levels among the organisms most
correlated and anticorrelated with the eigenposition, under the assumption of the
hypergeometric distribution, as described by Tavazoie et al [102]. The P-value of
a given association is the hypergeometric probability of the J annotations among
the K organisms, and of the subset of ;7 C J annotations among the subset of &k

organisms:
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Fig. 2.3: Mode-1 higher-order singular value decomposition (HOSVD) of the

16S rRNA alignment.
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where (ZZ ) is the Newton binomial coefficient, given by:

@) = NlpI"{(N —n)!™* (2.7)

The taxonomic groups with the most significant enrichments in the subsets
of £ most correlated and anticorrelated organisms are then used for the analysis of

the corresponding eigenorganisms.

2.3.2 Positions

We annotate positions based on structure information obtained from the
CRW. For the analysis of each eigenorganism, we annotate all positions according
to the phylogenetic groups separated by the corresponding eigenposition, as

described below.

2.3.2.1 Conservation

We define exclusive nucleotide or gap conservation as conservation of
the nucleotide or gap within at least 80% of the organisms of the corresponding

taxonomic group but in less than 20% of the remaining organisms.

Similarly, we define exclusive paired (or unpaired) nucleotide conservation
as conservation of the nucleotide within at least 80% of the organisms of the group

but in less than 20% of the remaining organisms, together with greater frequency of
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paired (or unpaired) nucleotides within the group rather than among the remaining

organisms.

We define structure motifs as conservation of the motif within at least 60%

of the organisms of the group.

2.3.2.2 Enrichment

We calculate the enrichment of each structural attribute (nucleotides, paired
or unpaired nucleotides, structure motifs) in the positions most positively and
negatively correlated with each eigenorganism. The P-value of a given association
is calculated assuming hypergeometric probability distribution of the J annotations
among the /K total positions in the alignment, and of the subset of 7 C .J annotations
among the subset of £ positions most positively and negatively correlated with each

eigenorganism, as described by Tavazoie et al [102] (Equation 2.6).

Figure 2.4 shows the significant eigenpositions uncovered by the mode-1
HOSVD in the 16S rRNA alignment, and their correlation with taxonomic groups
from the NCBI Taxonomy Browser [89]. The classification of the organisms
in the alignment into taxonomic groups according to the top six hierarchical
levels of the NCBI Taxonomy Browser is shown in (a). The 25 most significant
eigenpositions are displayed in raster form in (b), with increased frequency (red),
no change in frequency (black) and decreased frequency (green) relative to the
average frequency variation across the organisms, captured by the most significant
eigenposition. The fractions of nucleotide frequency variation that the 25 most

significant eigenpositions capture in the 16S alignment is displayed as a bar chart
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The corresponding results for the 23S rRNA alignment are displayed in

Figure 2.5 (a), (b), and (c) respectively.
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Chapter 3

Results

In this chapter, the results from the Mode-1 HOSVD on the 339-sequence
16S rRNA alignment and the 75-sequence 23S rRNA alignment are presented [76].

We correlate and anticorrelate an eigenposition with increased relative
nucleotide frequency across a taxonomic group according to the NCBI Taxonomy
Browser annotations [89] (Figures 2.4 and 2.5) of the two groups of k£ organisms
each, with largest and smallest levels of nucleotide frequency in this eigenposition
among all K organisms, respectively. The P-value of a given association is
calculated assuming hypergeometric probability distribution of the J annotations
among the K organisms, and of the subset of j C J annotations among the subset

of k organisms (Equation 2.6) [102].

3.1 Most significant eigenposition is invariant

In the 16S alignment, the seven most significant eigenpositions and cor-
responding eigenorganisms uncovered capture ~88% of the nucleotide frequency
information in the alignment (Figures 2.4). Similarly, in the 23S alignment, the five
most significant eigenpositions and corresponding eigenorganisms capture 87% of

the information (Figure 2.5). In both alignments, the most significant eigenposition
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is approximately invariant across the organisms, and correlates with the average
frequency of all nucleotides across the positions with the correlation > 0.995
[15]. The correlation of each nucleotide-specific segment of the most significant
eigenorganism with the average frequency of this nucleotide across the positions is

> 0.999.

We interpret the remaining eigenpositions and the nucleotide-specific seg-
ments of the corresponding eigenorganisms as patterns of nucleotide frequency
variation relative to these averages. We find that the patterns uncovered in the 16S

and 23S are qualitatively similar.

3.2 Eigenpositions correspond to phylogenetic groups

The remaining significant eigenpositions uncovered in both the 16S (Figure
3.1) and 23S (Figure 3.2) data cuboids reveal the dominant taxonomic groups

among the organisms and their relations of similarity and dissimilarity.

3.2.1 Eigenpositions in the 16S rRNA

Among the 16S rRNAs, the second through seventh most significant
eigenpositions (Figure 3.1) describe relationships among the taxonomic groups
as follows. The second most significant eigenposition ((a), red) differentiates
the Eukarya excluding the Microsporidia from the Bacteria, as indicated by the
color bar (Table 3.1(a)). The fourth ((a), blue) distinguishes between the Gamma
Proteobacteria and the Actinobacteria and Archaea. The third ((b), red) and fifth

((b), blue) eigenpositions describe the similar and dissimilar among the Archaea
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and Microsporidia, respectively. The sixth ((c), red) and seventh ((c), blue)
eigenpositions differentiate the Fungi/Metazoa excluding the Microsporidia from

the Rhodophyta and the Alveolata, respectively.
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Fig. 3.1: Significant 16S eigenpositions. Line-joined graphs of the second
through seventh 16S eigenpositions, i.e., patterns of nucleotide frequency across the
organisms, and their correlation with the taxonomic groups in the 16S alignment,
classified according to the top six hierarchical levels of the NCBI Taxonomy
Browser [89] (Figure 2.4).
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3.2.2 Eigenpositions in the 23S rRNA

In the 23S rRNA alignment, the second through fifth most significant
eigenpositions in the 23S rRNAs describe relationships among the organisms
similar to those in the 16S rRNA, as observed in Figure 3.2. The second
most significant eigenposition ((a), red) differentiates the Eukarya excluding the
Microsporidia from the Bacteria, as indicated by the color bar (Table 3.1(b)). The
fourth ((a), blue) distinguishes between the Proteobacteria and the Firmicutes. The
third ((b), red) and fifth ((b), blue) eigenpositions describe the similar and the

dissimilar among the Archaea and Microsporidia, respectively.

3.3 Eigenorganisms identify positions uniquely conserved within

phylogenetic groups

We correlate and anticorrelate an eigenposition with increased relative
nucleotide frequency across a taxonomic group according to the NCBI Taxonomy
Browser annotations [89] (Figures 2.4 and 2.5) of the two groups of £ organisms
each, with largest and smallest levels of nucleotide frequency in this eigenposition
among all K organisms, respectively. The P-value of a given association is
calculated assuming hypergeometric probability distribution of the J annotations
among the K organisms, and of the subset of j C .J annotations among the subset

of k organisms, as described by Tavazoie et al [102] (Equation 2.6).

The significant enrichments are listed in Tables 3.2 and 3.3, and are
discussed in detail, in the context of phylogenetic relationships, in the following

sections.
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Fig. 3.2: Significant 23S eigenpositions. Line-joined graphs of the second through
fifth 23S eigenpositions, i.e., patterns of nucleotide frequency across the organisms,
and their correlation with the taxonomic groups in the 23S alignment, classified
according to the top six hierarchical levels of the NCBI Taxonomy Browser [89]
(Figure 2.5).
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The P-value of each enrichment is calculated as described [102] assuming,

for each nucleotide, hypergeometric distribution of the motifs among the positions.

Exclusive sequence gap conservation is defined as conservation of gaps
within at least 80% of the organisms of the corresponding taxonomic group but
in less than 20% of the remaining organisms. Exclusive unpaired A nucleotide
conservation is defined as conservation of an adenosine within at least 80% of the
organisms of the group but in less than 20% of the remaining organisms, together
with greater frequency of unpaired nucleotides within the group rather than among

the remaining organisms.

3.3.1 Naming conventions for figures

In this section, significant positions identified by each eigenorganism are
displayed in two ways. First, they are mapped on the secondary structure of
the corresponding taxonomic group. The secondary structures shown here were

modified from the Comparative RNA Website (www.rna.ccbb.utexas.edu) [16].

Second, the significant positions are displayed as rasters, to visualize the
nucleotide variation at these positions across the alignment. The nucleotides are
color-coded A (red), C (green), G (blue), U (yellow), unknown (gray) and gap
(black). The color bars above the rasters highlight the taxonomic groups that are
differentiated by the second 23S eigenposition and eigenorganism, i.e., the Eukarya
excluding the Microsporidia and the Bacteria, and correspond to the trees in Figures

??and 2.5

41



3.3.2 Eigenposition 2 separates the Bacteria and Eukarya

In both alignments, the second most significant eigenposition captures the
dissimilarities between the Eukarya excluding the Microsporidia, and the Bacteria.
These patterns of relative nucleotide frequency across the organisms correlate with
increased frequency across the Eukarya excluding the Microsporidia, and decreased
frequency across the Bacteria, with both P-values < 107%° and < 1072 in the 16S

and 23S alignments, respectively.

In Figure 3.3, the sequence gaps conserved exclusively in the Eukarya
and Bacteria, identified by second most significant eigenorganism, are mapped on
the secondary structure diagrams of E. coli and S. cerevisiae respectively. These
positions identify gaps exclusively conserved in either the Eukarya excluding the
Microsporidia, or the Bacteria (Table 3.2), that map out known as well as previously
unrecognized entire substructures deleted or inserted, respectively, in the Eukarya

relative to the Bacteria.

The 124 positions with largest increase in relative nucleotide frequency
in the gap segment of the second eigenorganism, i.e., the 124 positions of gap
variation across the organisms most correlated with the second eigenposition, map
out the exclusively conserved substructures in the secondary structure model of the
bacterium E. coli [16] (Figure 3.3(a)). The substructures I and II were identified
by Winker & Woese [110] (Figure 3.4), and the substructures III and IV were

previously unrecognized.

Of the 100 positions of gap variation across the organisms most anticor-
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Fig. 3.3: Sequence gaps exclusive to Eukarya or Bacteria 16S rRNAs. (a) The
124 positions of gap variation across the organisms most correlated with the
second eigenposition, shown on the secondary structure model of E. coli, and in
raster (inset). (b) The 100 positions of gap variation across the organisms most
anticorrelated with the second eigenposition, shown on secondary structure model

of S. cerevisiae, and in raster (inset).
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related with the second eigenposition, 99 map out the substructures V and VI in
the secondary structure model of the eukaryote S. cerevisiae (Figure 3.3(b)). The
100th position is an unknown nucleotide at the 3’-end of the molecule, which is not

displayed. These 100 positions are also displayed in the inset raster.

3.3.3 Other significant eigenpositions

The fourth 16S eigenposition correlates with increased nucleotide frequency
across the Gamma Proteobacteria and decreased frequency across the Actinobacte-
ria and Archaea, with both P-values < 10~2%. The Gamma Proteobacteria and the
Actinobacteria are the two largest bacterial groups in this alignment. The fourth 23S
eigenposition captures the dissimilar between the Proteobacteria and the Firmicutes,

the two largest bacterial groups in this alignment.

In both alignments, the third and fifth eigenpositions capture the similarities
and dissimilarities between the Archaea and Microsporidia, respectively. In the 16S
alignment, the sixth and seventh eigenpositions identify dissimilarities among the
Fungi/Metazoa excluding the Microsporidia and the Rhodophyta and separately the

Alveolata, respectively.

3.4 Eigenorganisms identify characteristic sites

Consistent with the eigenpositions, the corresponding 16S and 23S eigenor-
ganisms identify positions of nucleotides that are approximately conserved within
the respective taxonomic groups, but not among them. These positions are signif-

icantly enriched in conserved sequence gaps which map out entire substructures
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inserted or deleted in the 16S and 23S rRNAs of one taxonomic group relative to
another as well as adenosines that are unpaired in the rRNA secondary structure
and are conserved exclusively in the respective taxonomic groups. The majority of
these adenosines participate in tertiary structure interactions, and some also map
to the same substructures. We consider the m positions with largest increase or
decrease in the relative nucleotide frequency in each nucleotide-specific segment of

each eigenorganism (Table 3.2 and 3.3 ).

These positions exhibit the frequency variations across the organisms
that are most correlated or anticorrelated, respectively, with the corresponding
eigenposition. We calculate the P-value of the enrichment of these positions
in sequence and structure motifs conserved across the corresponding taxonomic
groups by assuming hypergeometric probability distribution of the N conserved
motifs among the M positions, and of the subset of n C /N motifs among the subset

of m positions, as described [102], P(n;m, M, N) = (%)_1 S (Y (M.

i=n \1 m—1

3.4.1 Sites are insertions/deletions of structure motifs

The positions identified by the eigenorganisms include entire substructures
inserted or deleted in the structure of one taxonomic group relative to another.
Consider for example the 124 positions with largest nucleotide frequency increase
in the gap segment of the second most significant 16S eigenorganism, i.e., the
positions for which the frequency of gaps across the organisms is most correlated
with the second eigenposition. These positions are enriched in sequence gaps

conserved in the Eukarya excluding the Microsporidia (Figure 3.5(a)). These
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include 13 of the 50 positions with unpaired A nucleotides exclusively conserved
in the Bacteria (Figure 3.8). The 100 positions with largest frequency decrease
are enriched in gaps conserved in the Bacteria (Figure 3.5(b)). These include 8 of
the 66 positions with unpaired A nucleotides exclusively conserved in the Eukarya

(Figure 3.9). Both P-values < 107%,

Mapped onto the secondary structure models of the bacterium E. coli and the
eukaryote S. cerevisiae [16], these positions map out known as well as previously
unrecognized insertions and deletions of not only isolated nucleotides but entire

substructures in the Eukarya with respect to the Bacteria [110] (Figure 3.3).

Similarly, the positions identified by the gap segment of the second 23S
eigenorganism map out entire substructures inserted and deleted in 23S rRNAs of

the Eukarya excluding the Microsporidia relative to the Bacteria.

In Figure 3.6, the positions of gap variation most correlated and anticorre-
lated with the second eigenposition are marked on the secondary structure models of
the bacterium E. coli and the eukaryote S. cerevisiae respectively. The 200 positions
of gap variation across the organisms most correlated with the second eigenposition
(green), map out entire substructures in the secondary structure model of the
bacterium E. coli (Figure 3.6(a), yellow). The 200 positions with largest frequency
decrease in the A nucleotide segment of the same eigenorganism, identify all 41
unpaired A nucleotides that are exclusively conserved in the Bacteria (red). Of
these, 15 correspond to gaps conserved in the Eukarya excluding the Microsporidia.
The 91 positions of gap variation across the organisms most anticorrelated with the

second eigenposition (green) map out entire substructures in the secondary structure
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Fig. 3.5: Sequence gaps exclusive to Eukarya or Bacteria 16S rRNAs Raster
displays of the positions in the alignment for which the gap frequency variation
is most correlated or anticorrelated with the second eigenposition (Figure 3.3),
as identified by the gap segment of the second eigenorganism. (a) The 124
correlated positions display gaps exclusively conserved in the Eukarya. (b) The
100 anticorrelated positions display gaps exclusively conserved in the Bacteria.
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model of the eukaryote S. cerevisiae (Figure 3.6(b), yellow). The 200 positions with
largest frequency increase in the A nucleotide segment of the same eigenorganism,
identify all 59 unpaired A nucleotides that are exclusively conserved in the Eukarya
excluding the Microsporidia (red). Of these, eight correspond to gaps conserved in

the Bacteria.

Figure 3.7 shows the raster displays of these 200 and 91 positions in
the 23S alignment for which the gap frequency variation is most correlated or
anticorrelated, respectively, with the second 23S eigenposition (Figure 3.2), as
identified by the gap segment of the second eigenorganism (Table 3.3). The 200
correlated positions display gaps exclusively conserved in the Eukarya, plotted on

the secondary structure model of the eukaryote S. cerevisiae.

3.4.2 Sites are structure motifs: Unpaired adenosines

The eigenorganisms identify adenosines, unpaired in the rRNA secondary
structure, which are conserved exclusively in the respective taxonomic groups, most
of which participate in tertiary structure interactions and map to the substructures

inserted or deleted within taxonomic groups.

We find the positions with largest nucleotide frequency increase in the A
segment of the second 16S eigenorganism to be enriched in unpaired adenosines,
which are exclusively conserved in the Eukarya excluding the Microsporidia
(Figures 3.2 and 3.5). The positions with largest decrease in relative nucleotide
frequency include all 50 unpaired adenosines exclusively conserved in the Bacteria

(P-values < 10792, Table 3.1).
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Fig. 3.7: Sequence gaps exclusive to Eukarya excluding Microsporidia or
Bacteria 23S rRNAs. (a) The 200 correlated positions display gaps exclusively
conserved in the Eukarya. (b) The 91 anticorrelated positions display gaps
exclusively conserved in the Bacteria.
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Fig. 3.8: Unpaired adenosines exclusive to Bacteria 16S rRNAs. The 100
positions with largest decrease in relative A nucleotide frequency in the second
eigenorganism are mapped on the E. coli secondary structure [70], and displayed in
raster (inset). The blue and green lines indicate known tertiary base-base and base-
backbone interactions respectively, from the crystal structure of 7. thermophilus.
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In Figure 3.8, the 100 positions identified in the A nucleotide segment of
the second eigenorganism with the largest decrease in relative nucleotide frequency
include all 50 positions (red) in the alignment with unpaired A nucleotides
exclusively conserved in the Bacteria. Of these 50 positions, 28 (yellow) map to
known tertiary interactions in the crystal structure of the bacterium 7. thermophilus,
plotted on the secondary structure model of the bacterium E. coli [16]. These
include 22 base-base interactions (blue) and eight base-backbone interactions
(green). These interactions represent a significant enrichment among all tertiary
interactions in the 16S rRNA crystal structure of the bacterium 7. thermophilus

(Table 3.4).

Of the 50 positions of unpaired A nucleotides exclusively conserved in the
Bacteria, 13 correspond to gaps conserved exclusively in the Eukarya excluding the
Microsporidia (P-value < 10~7). These 13 positions map to the entire 16S rRNA
substructures that are deleted in the Eukarya with respect to the Bacteria (gray),

identified by the gap segment of the second eigenorganism.

The 100 most anticorrelated A positions are also displayed in raster form in

Figure 3.10(b). The color bars highlight the Bacteria.

Similarly, in Figure 3.9, the 100 positions identified in the A nucleotide
segment of the second eigenorganism with the largest increase in relative nucleotide
frequency include 48 of the 66 positions (red) in the alignment with unpaired
A nucleotides conserved exclusively in the Eukarya. Eight of these 48 positions
correspond to gaps conserved exclusively in the Bacteria, and map to the entire 16S

rRNA substructures that are inserted in the Eukarya with respect to the Bacteria,

53



]
quu WA Ay
U v
g gz¢
U-G
? Ay cery, G o AU u
A uGta Ac U ACGAAC cuuaa=—ccutcuaa®Vacuce GCUAGCA,
A AAUUS UuavuaaaCAcu*CUCUsce G 1ielll R N RN N
8 a0 ! o 11 A U:GUGBBUUG  GGAGUU GGA GAUU, UCACC, LGGUCGU
G A U-G A

A G, UGGAG, oG ouh COA y-e I Z g :
A u o U As® u A A
A 20 A ceu G-—cC
a -G cAg U—A G-y
G =C A c U—A u=—A
u =c AGA G U G-C, A—U
A oA c u v, 7% c—ch G—C
c A u A ua./,cy c—G c—G
G — A c @70 U G - U c—a
A T8 G-C 7,0V % G-U
U on u-6 G-y AU
N -c a0 U—aS Agu
u — Gy A G [Y)
; o i 2 .
i Y ¢ it
A Lig Qpuel e_c

A G - U,
c Ga—c u
Y u ey U A
c u A-U A
GUUAUGCGGACGAAACUUGUGAGAUUAAAAAAGUUUCAUUY, Ao U—A

/ U—a

Y AA AG—CCAy

G A c
eYeacucuuas © A ccaaca u A
U T-llleel] [ G @ A, A
UGCUBAGUUCC A 4 y ¢ GGUCUUG
U c
ue ey A% U
yUuCE "ACUGG CCAACGGGGCCU",
U BTl -0l TIIl el llley
UyAGC  UGGCC GGUUGGCCCGGG

C»5c®

a-gY
G-C
U=A
C—G
G—c Ga G,
A = U /A UUGACGAAGGGC]
a-¢ ceucg, | [REER RNy
z AN AC,UGU UUCCCG
U—A QU A c A
U=a g @%"ue A
CGGGUCUUGUA UUG UGC c
v ol . AN
Yorrrerarinn e O S aa
ACCCGGGACAU AGCAAUA A W G—¢ .
u\° CeA, G
PO c A a -
AN ’C % _ gV
A uBoelcY é-¢ a7 "Rt
UCAGGG A GGUAG\O,A vy uuuccauacay, VA c—%
vuelll« 1111 A c—a sl g u-Gy %,A
AAUCCU CCAUA G A GAAGGCGUCCA g c  Qeyy
UA cent § Aclt A G
A U—A u U u
c A-U g UaA
: §=5 &
c-cp Aen U
e ug c-a ¢ :
PP C—G Organisms
-g 2 8 3 . . Eukarya-
Ac $-Ga wth Bacteria Microsporidia
A G =G A=-U
C.7 Ay qCAG=C A—U
Cyle’a A y-a
A
ACG c U v UA G-
A cUa aYha aa z
A Tacypgd 6U Acl  ac*Y S o
9 CIGIIO” Lo i -1 . Ue 9
s . .
5650UC AGag ca UCAAAGUGACAU Azy i
A Uy 8A, A G §2¢ -
TR A G A
Yand leog d*\¢ A A A 2
Gty Nuwea v G- )
GGA CAU gg 8\
& u ¢ B
N A ¢ [}
GNcceuAh A=
chAAc ‘e -y <
v e Y U-—A Go A
Yy cy ¢c-a AO ]
GN A uou U= =
G\ a u U c-
u . C U—A 0~ kel
AN, W A=Ug G- ﬁ
I\ As oY A—UG c-¢
AU ec U—A L]
@ A-Uy U-G ~
60,V c A AeA [
oIt u U G-—C H
Ys A % a2d 3
Gau c K20 o
u
Iy cCuy g2e 2
G V] G-¢C a
u& GUuchguAy, G:U S
UGCUG GCGA CAUG ACUGUGGU A G—C =
v Ty [N ollel-1 SRS o
Ugcceaucaeu GUAC CGAGAUCyYY o
AR Ay AU -
A c fuaa g
§ ; 5
U v 4
u A g
% A
c A <
A A w
A Y o
U
AN WU yaUZ S
A BOA s’/ ca @
RN A A o
A L) o
v G Apn”C 1
A [ i}
A &” U -
e U u %]
A o
AN A &
CEOAAA
cUuNc!
U YA
A
AC\ u
G
e
CUU

Fig. 3.9: Unpaired adenosines exclusive to Eukarya excluding Microsporidia
16S rRNAs. The 100 positions identified in the A nucleotide segment of the second
eigenorganism with the largest increase in relative nucleotide frequency plotted on
the secondary structure model of S. cerevisiae and displayed in raster (inset).
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Fig. 3.10: Unpaired adenosines exclusive to Eukarya excluding Microsporidia
or Bacteria 16S rRNAs. Raster displays of the 100 positions in the alignment
for which the A nucleotide frequency variation is most correlated or anticorrelated
with the second eigenposition, as identified by the A segment of the second
eigenorganism. (a) The 100 correlated positions include 48 of the 66 unpaired
A nucleotides exclusively conserved in the Eukarya excluding the Microsporidia
(Figure 3.9). (b) The 100 anticorrelated positions include all 50 unpaired A
nucleotides exclusively conserved in the Bacteria (Figure 3.8).

55



Tertiary Interaction N n p-value

Unpaired A Backbone 25 9 23x10°°
Unpaired A Base-base 41 14 48x107'2
Paired A Backbone 28 7 15x107°
Paired A Base-base 48 18 4.4 x 10716

Nucleotides involved in at least one tertiary interaction 303 44 1.1 x 1072

Table 3.4: Enrichment of tertiary interactions in the 100 nucleotides in the A
segment most negatively correlated with the second eigenorganism.

These include the 50 unpaired A’s annotated as conserved exclusively in the
Bacteria. P-values were calculated under the assumption of the hypergeometric
distribution, with £=100. The variables k, n, and /N are as described in Equation
2.6

identified by the gap segment of the second eigenorganism (Figure 3.3). A raster
of these same 100 positions can be seen in Figure 3.10(a). The color bars highlight

the Eukarya excluding the Microsporidia.

In the 23S rRNAs, the second most significant eigenorganism identifies
gaps exclusively conserved in either the Eukarya excluding the Microsporidia or
the Bacteria (Table 3.3) that map out entire substructures deleted or inserted,
respectively, in the Bacteria relative to the Eukarya. The same eigenorganism
also identifies unpaired adenosines, exclusively conserved in either the Eukarya
excluding the Microsporidia or the Bacteria, some of which map to the same
substructures. The 200 positions with largest frequency decrease in the A nucleotide
segment of the same eigenorganism identify all 41 unpaired A nucleotides that are
exclusively conserved in the Bacteria (Figure 3.11(b)). Of these, 15 correspond to
gaps conserved in the Eukarya excluding the Microsporidia. The 200 positions with

largest frequency increase in the A nucleotide segment of the same eigenorganism,
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Fig. 3.11: Unpaired adenosines exclusive to Eukarya excluding Microsporidia
or Bacteria 23S rRNAs. Raster displays of the 200 positions in the 23S alignment
for which the A nucleotide frequency variation is most (a) correlated or (b)
anticorrelated with the second eigenposition, as identified by the A segment of the

second eigenorganism (Figure 3.6).
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identify all 59 unpaired A nucleotides that are exclusively conserved in the Eukarya
excluding the Microsporidia (Figure 3.11(a))). Of these, eight correspond to gaps

conserved in the Bacteria.

In addition, the 200 correlated gap positions exclusively conserved in the
Eukarya include 15 of the 41 positions with unpaired A nucleotides exclusively
conserved in the Bacteria (Figure 3.7(a)) . The 91 anticorrelated gap positions
exclusively conserved in the Bacteria include eight of the 59 positions with unpaired
A nucleotides exclusively conserved in the Eukarya excluding the Microsporidia

(Figure 3.7(b)).

We find a similar enrichment of unpaired A nucleotides exclusively con-
served in the taxonomic groups identified by the fourth through seventh 16S
eigenpositions and by the third through fifth 23S eigenpositions. In the 16S, the 100
positions with largest frequency increase or decrease in the A nucleotide segment of
the fourth, fifth, sixth, and seventh eigenorganism, i.e., the positions for which the
A nucleotide frequency across the organisms is most correlated or anticorrelated,
respectively, with the fourth, fifth, sixth or seventh eigenposition, include all or
most of the unpaired A nucleotides exclusively conserved in either the Gamma
Proteobacteria, Archaea, Rhodophyta, Alveolata or Fungi/Metazoa excluding the
Microsporidia, with all P-values < 10~ (Table 3.2). In the 128, the 200
positions with largest frequency increase or decrease in the A nucleotide segment
of the third, fourth or fifth eigenorganism include all or most of the unpaired A
nucleotides exclusively conserved in either the Proteobacteria, Firmicutes, Archaea

or Microsporidia, with all P-values < 10~ (Table 3.3).
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3.5 Eigenpositions identify multiple pathways of evolution

We find twopreviously unknown relationships between the Archaea and
Microsporidia: the third eigenposition captures the similarities between these

groups, while the fifth eigenposition captures the dissimilarities.

3.5.1 Eigenposition 3 shows that Archaea are similar to Microsporidia

In both 16S and 23S alignments, the third most significant eigenposition
captures the similarities among the Archaea and the Microsporidia, and correlates
with decreased nucleotide frequency across both the Archaea and Microsporidia
relative to all other organisms with the P-values < 10723 and 1079, respectively.
The 100 positions with largest nucleotide frequency decrease in the gap segment of
the third 16S eigenorganism identify all six gaps exclusively conserved in both the
Archaea and Microsporidia with the corresponding P-value < 10~?. Mapped onto
the secondary structure model of the bacterium E. coli, these 100 positions identify
deletions of not only isolated nucleotides but entire substructures in the Archaea

and Microsporidia with respect to the Bacteria (Figure 3.12(a), substructures I-III).

In Figure 3.12(c), the same 100 positions from (b) are displayed across
an alignment of 858 mitochondrial 16S rRNA sequences. These positions show
that the gaps are conserved in most Metazoan mitochondria. The other groups of
Eukarya represented in the mitochondrial alignment are Alveolata (1), Euglenozoa

(2), Fungi (3) and Rhodophyta and Viridiplantae (4).

The 100 positions with the largest nucleotide frequency decrease in the C,

G, and U nucelotide segments (Figure 3.13) are enriched in helices, i.e., base-paired
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nucleotides, exclusively conserved in both the Archaea and Microsporidia, with the

P-values < 1077,

Similar to the results observed in the 16S rRNA, the 100 positions with
largest nucleotide frequency decrease in the gap segment of the third 23S eigenor-
ganism identify 41 of the 45 gaps that are exclusively conserved in both the
Archaea and Microsporidia (Figure 3.14). The 200 correlated positions identified
in the A segment include 28 of 41 unpaired A nucleotides exclusively conserved
in the Bacteria, while the 200 anticorrelated positions include all 11 unpaired A
nucleotides exclusively conserved in the Archaea and Microsporidia (Figure 3.15).

All three P-values < 10716,

3.5.2 Eigenposition 5 shows that Archaea are dissimilar to Microsporidia

The fifth 16S and 23S eigenpositions both capture the dissimilarities
between Archaea and Microsporidia and correlate with increased and decreased
frequency across the Microsporidia and the Archaea, with the P-values < 10~

and 1072, respectively.

In the gap segment of the 16S fifth eigenorganism, the 100 positions
with largest nucleotide frequency increase include seven of the 14 unpaired A
nucleotides exclusively conserved in the Archaea, implying that these seven
unpaired adenosines are exclusively missing in the Microsporidia (Figure 3.16(c)).
The 100 positions with largest nucleotide frequency increase in the C and U
segments of the fifth eigenorganism are enriched in helices exclusively conserved

in the Microsporidia (Figure 3.16 (a,b)).
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Fig. 3.12: Sequence gaps exclusive to both Archaea and Microsporidia 16S
rRNAs.
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in relative nucleotide frequency.
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Fig. 3.14: Sequence gaps exclusive to Bacteria or Archaea and Microsporidia
23S rRNAs. Raster displays of the 200 and 100 positions in the 23S alignment
for which the gap frequency variation is most (a) correlated or (b) anticorrelated,
respectively, with the third 23S eigenposition, as identified by the gap segment of
the third eigenorganism.
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Fig. 3.15: Unpaired adenosines exclusive to Bacteria or Archaea and
Microsporidia 23S rRNAs. Raster displays of the 200 positions in the 23S
alignment for which the A nucleotide frequency variation is most (a) correlated
or (b) anticorrelated with the third eigenposition, as identified by the A segment of
the third eigenorganism.
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The 100 positions with largest nucleotide frequency decrease in the A
nucleotide segment of this eigenorganism include all 14 unpaired A nucleotides
exclusively conserved in the Archaea (Figure 3.17(a)), implying that these seven
unpaired adenosines are exclusively missing in the Microsporidia. In the C, G and U
segments, the 100 positions with largest nucleotide frequency decrease are enriched
in helices exclusively conserved in the Archaea (Figure 3.17(b) and Figure 3.18),
with the P-values < 10~8. These same positions in the mitochodrial 16S rRNA do

not follow a trend similar to either the Archaea or the Microsporidia.

The fifth most significant 23S eigenorganism identifies gaps exclusively
conserved in either the Microsporidia or the Archaea (Table 3.3) that map out entire
substructures (yellow) deleted or inserted, respectively, in the Microsporidia relative
to the Archaea, and vice versa (Figure 3.19). The gap segment of the 23S fifth
eigenorganism identifies 191 of the 387 and 15 of the 59 sequence gaps exclusive

to the Microsporidia and the Archaea, respectively, with both P-values < 1077.

The same eigenorganism also identifies unpaired adenosines, exclusively
conserved in either the Microsporidia or the Archaea, some of which map to the
same substructures. The 200 positions with largest frequency decrease in the A
nucleotide segment of the same eigenorganism identify 39 of the 49 unpaired A
nucleotides that are exclusively conserved in the Archaea (Figure 3.19(a), red).
The 200 positions with largest frequency increase in the A nucleotide segment
of the same eigenorganism identify 16 of the 31 unpaired A nucleotides that
are exclusively conserved in the Microsporidia (Figure 3.19(b)). Of these, nine

correspond to gaps conserved in the Archaea.
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Fig. 3.16: Nucleotides exclusive to Microsporidia 16S rRNAs. Raster displays
of the 100 positions each identified in the (@) C and (b) U nucleotide and (c) gap
segments of the fifth eigenorganism with the largest increase in relative nucleotide
frequency.
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Fig. 3.17: Adenosine and Cytosine nucleotides exclusive to Archaea 16S
rRNAs. Raster displays of the 100 positions each identified in the (a) A and (b) C
nucleotide segments of the fifth eigenorganism with the largest decrease in relative
nucleotide frequency.
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Fig. 3.18: Guanosine and Uracil nucleotides exclusive to Archaea 16S rRNAs.
Raster displays of the 100 positions each identified in the (c) G and (d) U nucleotide
segments of the fifth eigenorganism with the largest decrease in relative nucleotide
frequency.
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The A nucleotide segment of this eigenorganism identifies 16 of the 31
adenosines exclusively conserved in the Microsporidia, and 39 of the 49 unpaired
adenosines exclusively conserved in the Archaea, respectively, with both P-values

< 10716 (Figure 3.21).
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Fig. 3.19: Sequence gaps and unpaired adenosines exclusive to Microsporidia
or Archaea 23S rRNAs. (a) The 200 positions of gap variation (green) across
the organisms most correlated with the fifth eigenposition plotted on the secondary
structure model of M. jannaschii . (b) The 199 positions of gap variation (green)
across the organisms most anticorrelated with the fifth eigenposition plotted on the
secondary structure model E. cuniculi.
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Fig. 3.20: Sequence gaps exclusive to Archaea or Microsporidia 23S rRNAs.
Raster displays of the 200 and 199 positions in the 23S alignment for which the A
nucleotide frequency variation is most (a) correlated or (b) anticorrelated with the
fifth eigenposition, as identified by the gap segment of the fifth eigenorganism.
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Fig. 3.21: Unpaired adenosines exclusive to Archaea or Microsporidia 23S
rRNAs. Raster displays of the 200 positions in the 23S alignment for which the
A nucleotide frequency variation is most (a) correlated or (b) anticorrelated with
the second eigenposition, as identified by the A nucleotide segment of the second

eigenorganism.
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[_E. coli position number [ Secondary interaction | Secondary Motif [ Tertiary interaction | Interaction type

179 A179:A196

181 G181:U182

195 A195:U180 U222:A141 Backbone (U:A).(A.U)

196 A196:A179 C221:G142 Backbone (A:A).(C:G)
G142:C221 Base-base (A:A)(G:C)

197 G220:A143 Base-base (G:A)A

300 A300:G297 AA.AG@helix.ends U565 Base-base (G:A)U

382 Tetraloop Go64 Backbone G.A

411 A430 Base-base AA

414 A430 Base-base AA

430 A411 Base-base AA

A414 Base-base AA

431

432 A432:G410 AA.AG@helix.ends

448 A448:U486 E loop, Tandem GA

451 A373 Backbone A.A

452 A452:U480

482 G391:C370 Base-base (G:C)A

487 A487:G447 AA.AG@helix.ends, E loop

495 A495:U438 LUA @helix.ends

510 A510:C508 G542:C503 Base-base (C:A)(C:G)

563 A563:U884 LUA @helix.ends

607 G309:C291 Backbone (G:C).A

608 G292:C308 Base-base (G:C)A

609

621 C401:G41 Backbone (C:G).A

622 A622:C618 G42:C400 Base-base (C:A)(G:C)

642 A642: U641 U598:A640 Base-base (U:A)(U:A)

675 A675:AT715

702 K-turn

994

1004 A1035:G1026 Base-base (G:A)A

1014 Tetraloop U1219:A986 Backbone (U:A).A

1016 A1016:G1013 Tetraloop, AA.AG @helix.ends G988:C1217 Base-base (C:G)(A:G)
C1217:G988 Backbone (G:C).(A:G)

1046 A1046:U1211 A1213:U991 Base-base (U:A)(A:U)

C995 Base-base (U:A)C

1110

1130

1146 G1127:C1145 Base-base (C:G)A

1188

1248 A1248:A1289 AA.AG@helix.ends

1250

1261 A1261:G1274 AA.AG@helix.ends, GGA/GAA

1269 A1269:G1266 Tetraloops, AA.AG@helix.ends G1312:C1325 Base-base (G:A)(G:C)

1275 A1275:C1260 GGA/GAA

1279

1280 C1149:G1124 Base-base (G:C)A

1287 G1370:C1352 Base-base (C:G)A

1288 A1288:C1249

1289 A1289:A1248 AA.AG@helix.ends G1371:U1351 Base-base (A:A)(G:U)

1299 A1299:A1239

1408 A1408:A1493 AA.AG@helix.ends

1447 A1447:G1459

Table 3.5: Unpaired Adenosines exclusively conserved in the Bacterial 16S
rRNA, and their tertiary interactions.
coli) that are significantly anticorrelated with the second eigenorganism are listed
here, along with their secondary and tertiary interactions, derived from the T

The 50 unpaired A’s in Bacteria (E.

thermophilus crystal structure (compiled from RNA2DMap v2 [16]).
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Chapter 4

Discussion

We describe here a novel application of the matrix decomposition tech-
niques in the analysis of RNA sequence alignments. A six-bit binary code is used to
convert the alphanumeric alignments to numeric tensors. The tensors are flattened
back into matrices, and SVD or mode-1 HOSVD is applied. Results are presented
from the analysis of alignments of 16S and 23S ribosomal RNA sequences. In each
case, the decompositions simultaneously uncover uncorrelated patterns of variation

across both dimensions of the alignments.

4.1 Most significant eigenposition is invariant

We find that the most significant eigenposition in our rRNA datasets, which
captures ~70% of the variation in the data, is approximately invariant across
the organisms. This eigenposition correlates with the average frequency of all
nucleotides across the positions, consistent with the most significant principal

component in the PCA of an uncentered matrix [15].

We interpret the remaining eigenpositions and the nucleotide-specific seg-
ments of the corresponding eigenorganisms as patterns of nucleotide frequency

variation relative to these averages.
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4.2 Eigenpositions correspond to phylogenetic groups

The remaining significant eigenpositions uncovered in both the 16S and
23S data cuboids identify the dominant taxonomic groups among the organisms
and their relations of similarity and dissimilarity. Further, the taxonomic groups
identified in the various rRNA datasets examined are qualitatively similar (Table

4.1).

In more general terms, the eigenpositions can be understood as a clustering
of sequences in the alignment (See Section 2.2.3 on page 23). In the case of
the rRNA sequences, this similarity is correlated with taxonomic groups, owing
to the high degree of sequence conservation of the rRNAs. Our preliminary
studies of Group I introns from various structural classes suggest that the principal
components uncovered in the data are indeed correlated with the structural classes
(data not shown). In preliminary analyses of mouse SNPs, we found that
eigenpositions are correlated with the mouse strains from which the SNPs are

derived (data not shown).

4.3 Eigenorganisms identify positions uniquely conserved within
phylogenetic groups
The eigenorganisms in our 16S and 23S data cuboids identify positions in
the rRNA structure that are uniquely conserved in the taxonomic groups separated
by the corresponding eigenpositions. The eigenorganisms indicate the degree of
correlation of positions in the alignment with the eigenpositions. They may be

thought of as identifying positions that confer similarity or dissimilarity upon the
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organisms (See Section 2.2.3 on page 24).

We are able to identify, from the second eigenorganism, previously known
as well as new structure motifs that uniquely define the Bacterial 16S rRNA struc-
ture (Figure 3.3, compare with Figure 3.4). Similarly, the second eigenorganism
in the 23S data identifies structure motifs uniquely conserved in the Bacterial and

Eukaryotic 23S (Figure 3.6, regions marked in yellow).

The positions of nucleotide variation that are most correlated and anticorre-
lated with each eigenorganism map out not only isolated nucleotides, but also entire
substructures deleted or inserted in one taxonomic group with respect to another.
This suggests that entire structure motifs are involved in rRNA function and folding,
and that mutational changes in isolated nucleotides often result in compensatory

changes, or insertions and deletions, in interacting nucleotides.

4.4 Unpaired adenosines are significant in distinguishing struc-
ture motifs
The eigenorganisms identify adenosines, unpaired in the rRNA secondary
structure, which are conserved exclusively in the respective taxonomic groups, most
of which participate in tertiary structure interactions and map to the substructures

inserted or deleted within taxonomic groups.

Previous comparative studies observed that nearly 66% of all A nucleotides
in Bacterial rRNAs (from an analysis of 66017 sequences) are unpaired, as
compared to 24%, 30%, and 40% of C’s, G’s, and U’s respectively [47,49]. Both
the 16S and 23S rRNAs show this marked bias towards unpaired A’s (Figure 4.1).
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Fig. 4.1: Relative percentages of paired and unpaired nucleotides in Bacterial
rRNAs (data from CRW [16]).

(a) Nucleotide statistics from 59711 16S rRNA sequences, showing that 66.1% of
A’s are unpaired, in comparison with 24.6% C’s, 30.2% G’s, and 41% U’s.

(b) Nucleotide statistics from 66017 23S rRNA sequences, showing that 66.4% of
A’s are unpaired, in comparison with 21.5% C’s, 30.2% G’s, and 40.7% U’s.
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It was also noted that these unpaired adenosines are especially abundant in tertiary
structure motifs such as tetraloops [116], E-loops [42], adenosine platforms [19],

and AA side-step [24].

Tetraloops: Tetraloops are four-base hairpin loops that cap many double helices
in rRNAs. It was observed from comparative analysis of 16S rRNAs that tetraloop
sequences are highly constrained, independent of the location of the loops in the
secondary structure [116]. Of the 256 possible tetraloop sequence configurations,
only 16 occur in nature, and the majority of tetraloops fit the sequence pattern

GNRA [74].

Experimental studies of naturally occurring tetraloop sequences show a
positive selection for thermodynamic stability [8], suggesting a significant role
in RNA folding [105]. The recognition of both the 16S and 23S rRNAs by
the cytotoxic protein ricin is mediated by GNRA tetraloops [44]. Experimental
observations of intra- and intermolecular interactions involving these loops and
other motifs rich in unpaired adenosines [19] suggested a role for these unpaired
nucleotides in a universal mode of RNA helical packing [30,77] as well as in the
accuracy and specificity of the translational function of the rRNA protein synthesis

[58,68,71,79].

Our results show an enrichment of unpaired A’s in positions that distinguish
taxonomic groups. A significant number of these unpaired A’s we identify as
distinguishing the Bacteria from the Eukarya are involved in tertiary base-base and
base-backbone interactions in the bacterial 16S rRNA crystal structure (Tables 3.4,

3.5) [22]. In the absence of 16S crystal structures from other domains, we cannot
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rule out the possibility of compensatory tertiary interactions that result in similar

thermodynamic and folding profiles.

However, the exclusive conservation of different sets of unpaired A’s in
several phylogenetic groups in both the 16S and 23S rRNAs, combined with the
preponderence of unpaired A’s in structure motifs experimentally verified to be
significant in RNA function and folding, leads us to believe that the unpaired A’s
are indeed determinants of folding pathways that are unique to the phylogenetic

groups.

We hypothesize, therefore, that though the 16S and 23S rRNA possess a
high degree of sequence similarity across the tree of life, these differences in motifs
involved in rRNA folding and function could result in significant differences in

transcriptional regulation and efficiency.

4.5 Eigenpositions identify multiple pathways of evolution

The third and fifth eigenpositions and eigenorganisms in the 16S and 23S
data reveal two orthogonal, i.e., uncorrelated, evolutionary pathways relating the
Archaea and Microsporidia, demonstrating the ability of this mode-1 HOSVD to
uncover multiple subgenic patterns of evolution in an aligment of sequences of a

single rRNA molecule.

4.5.1 The Archaea

The Archaea are single cell prokaryotes of extremely small genomes.

Archaeal rRNAs are more similar to bacterial rather than eukaryotic rRNAs.
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Archaeal ribosomal proteins, however, are more similar to eukaryotic rather than

bacterial ribosomal proteins [115].

4.5.2 The Microsporidia

The Microsporidia are a diverse, species-rich group of unicellular eukary-
otes. They are obligate intracellular parasites which infect a wide variety of
animals, as well as certain ciliates and gregarine apicomplexa [38]. They have also
been used as agents for biological control of insect pests (e.g., Nosema locustae
against tropical grasshoppers) [43]. There has been a renewed interest in the
study of microsporidia since their discovery as major opportunistic pathogens in

immunocompromised HIV patients [73].

Outside their host cells, microsporidia exist as hardy spores protected
by protein and chitin walls. Infection occurs by the piercing of the host cell
by a tightly-bound organelle called the polar tubule [38]. Apart from their
curious infection mechanism, the microsporidia have been an interesting group
in systematics owing to their largely simplified genomes [38]. They are not only
one of three major amitochondriate eukaryotic lineages, but also lack most other
membrane-bound organelles like the Golgi complex, peroxisomes, etc. This led to
considerable ambiguity in their phylogenetic position by traditional morphology-
based systematics. For a long time, they were grouped along with such diverse
organisms as the archamoebae and the parabasala [108]. A chief concern in

assigning phylogenetic positions to such organisms is the fact that, unlike plants and
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animals, they share no true synapomorphies, that is, there is no trait that unifies them
to the exclusion of other groups [96]. With the advent of molecular systematics,
there has been a re-classification of these amitochondriate eukaryotes, leading to a

re-thinking of hypotheses about events in early eukaryotic evolution.

4.5.2.1 The Archezoa Hypothesis

Early eukaryotic evolution has been hypothesized as a period of anaerobic
evolution producing a nucleated phagocytic cell which engulfed a mitochondrial
endosymbiont, thought to be an a-proteobacterium [14,36]. The acquisition of
this endosymbiont was thought to confer an evolutionary advantage to the host
cell, allowing it to colonize emerging aerobic environments. The existence of
anaerobic, amitochondriate eukaryotes lent credence to this theory, since they
were thought to be examples of primitive organisms which were hosts to the
endosymbiont [36]. Building on this hypothesis, in 1983, Cavalier-Smith proposed
a eukaryotic subkingdom, the Archezoa, which included eukaryotes that predated
the mitochondrial acquisition. Historically, this group has included four phyla: the
Archamoebae (e.g., Entamoeba), the Metamonads (e.g., Giardia), the Parabasala

(e.g., Trichomonas), and the Microsporidia [87].

Shortly after, this hypothesis gained support from Vossbrinck et. al. [108],
who first included a microsporidian, Vairimorpha necatrix, in their phylogenetic
analysis of 18S small sub unit (SSU) rRNA sequences from 10 eukaryotes. Using a

distance-based approach as well as maximum parsimony on this data, they inferred
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a phylogeny in which the microsporidia were at the base of the eukaryotic tree
(Figure 4.3). Based on this tree, they hypothesized that the microsporidia-eukaryote
divergence must have occurred very early in time, possibly 2.9-2.7 BYA, when the
earth’s atmosphere lacked free oxygen. The authors however caution that the V.
necatrix SSU rRNA molecule “lacks various regions of the molecule considered to

s 9

be ‘eukaryotic’ , and this deviation from the mean SSU rRNA length may have

had an effect on their analysis.

Brown and Doolittle [13] attempted to reconstruct a rooted universal tree
using aminoacyl-tRNA synthetases, which are thought to have diverged prior to
the emergence of prokaryotic and eukaryotic lineages. The phylogenies reported
in this study, derived from a consensus parsimony analysis as well as neighbor
joining analysis, support the basal positioning of the microsporidia. Kamaishi
and coworkers [59,60] found further support for the early divergence of the
microsporidia, from the analysis of elongation factors EF-1av and EF-2 from
the microsporidian Glugea plecoglossi. Thus, early molecular data apparently

confirmed the Archezoa, or the “Microsporidia-early” hypothesis.

4.5.2.2 Conflicting phylogenies from other genes

The first evidence contradicting the basal position of the microsporidia came
from «- and (-tubulins, whose phylogenetic analysis showed that the microsporidia
surprisingly emerged within the fungi, with strong bootstrap support [61]. This

result was further supported by a congruent 3-tubulin tree, leading the authors to
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Fig. 4.2: A eukaryotic tree from early SSU rRNA analysis (reproduced from
Embley, 2006 [35]). The tree supports the Archezoa hypothesis, which classifies

the microsporidia as basal Eukarya. Analysis of elongation factors EF-1« and EF-2
also supported similar tree topologies.
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consider the possibility that earlier support for the archezoa hypothesis may have
been an artifact of long-branch attraction. Independent of these results, Edlind et.
al. [34] found that an analysis of §-tubulin sequences from a set of eukaryotes
including four microsporidia, using both distance-based methods and parsimony,
grouped the microsporidia as a sister group of the fungi. Again, this led them to
hypothesize that the microsporidia are not primitive at all, but rather, have evolved

degeneratively from higher, free-living eukaryotes.

In the analysis of sequences of the TATA box-Binding Protein (TBP), a
universal transcription factor, from the microsporidian Nosema locustae, maximum
likelihood (ML) and neighbour-joining analysis showed a weak but consistent
fungal affinity for the microsporidian [37]. Stiller and Hall carried out an
investigation to see if the earlier results from SSU rRNA that supported the basal
positioning of microsporidia [108] were indeed artifacts of systematic phylogenetic
reconstruction error [97]. They note that the sequences that cluster near the base
of the eukaryotic tree (Microsporidia and Diplomonads) tend to be more similar
in length to one another than to the “crown taxa”. Also, when the archaeal
outgroups in the analysis were replaced with randomly generated sequences with
base composition similar to that of eukaryotes, they clustered along with the
Microsporidia. Although there was no observable correlation between variation
from the “standard” 1.8 kb sequence length and position on the tree, a study of
previously published eukaryotic trees from rRNA sequences showed that in all
cases, the variation in sequence lengths of basal taxa is highly significant. This led

the authors to hypothesize that “large insertions or deletions in rRNA genes could
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be either the cause or a consequence of an increased rate of sequence evolution”.
Together, their analyses indicate that the “crown taxa” are merely a group of
eukaryotes that have undergone a more normal mode of evolution, while the “basal

eukaryotes” represent an artificial clustering of more rapidly evolving sequences.

Van de Peer and coworkers [107] constructed a large subunit (LSU)
rRNA phylogenetic tree based on 42 sequences of representatives of the different
eukaryotic crown taxa plus the sequences of the microsporidia Nosema and
Encephalitozoon. They found that the microsporidia diverged from within the
fungal cluster with a relatively low bootstrap support (62%), which they explain

as caused by the long branch.

This conflict in gene trees can be explained in two different ways: the
phylogenies of one or the other of these genes is reconstructed incorrectly owing to
an artifact in the reconstruction method, or that microsporidia may have acquired
a subset of genes, such as the tubulins, by lateral transfer from their hosts [87].
Uneven taxonomic sampling, wide disparities in evolutionary rates among lineages,
and/or inadequate characterization have been suggested as causes for artifacts in
phylogenetic reconstruction. Baldauf ef al. [9] created a phylogeny comparable to
that of SSU rRNA by combining the deduced amino acid sequences of four protein-
encoding genes. The encoded proteins a-tubulin, G-tubulin, actin, and elongation
factor lalpha (EF-1«) were analysed using the phylogeny inference package PAUP
[100]. Their analyses places the Microsporidia along with Fungi, with a strong

bootstrap support of 95%, suggesting that the early branching of Microsporidia is
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an artifact of their accelerated evolutionary rates for these genes.

More evidence for the long-branch attraction artifact came from the work
of Philippe and Germot [85], who performed a combined analysis of SSU and
LSU rRNA from around 136 eukaryotes and archaea. They found that the ML tree
inferred assuming the model of equal evolutionary rates across sites (E) was similar
to the one obtained from the analysis of SSU rRNA alone, while the tree inferred
assuming a gamma distribution of rates (I') placed the Archezoa no longer basal to
the other species. Conclusive evidence for the long-branch attraction artifact came
much later, when in 1995, Fischer and Palmer showed, from an analysis of SSU
rRNA from 83 available eukaryotic species, that “a fungal origin of Microsporidia
is not statistically distinguishable from an ancient origin”, and that “a basal position

of Microsporidia is no better than a position within the eukaryotic crown”.

Thus, most evidence subsequent to the first SSU rRNA analysis seems to
indicate that the basal positioning of the microsporidia in that analysis was due to
the fast-evolving long branches of the microsporidia being falsely attracted towards
the long branch of the archaeal outgroup [9, 27, 85, 97], which can be attributed to
differing G+C contents, rate heterogeneity, and an increased proportion of variable
positions in these sequences. Improved phylogenetic reconstruction methods,
accounting for among-sites rate variation, and additional taxon sampling have been
suggested as solutions to overcome this problem. Noting that sequence data is prone

to systematic errors due to homoplasy, Baldauf [9] suggested that, in addition to

86



increased taxon sampling, it may be necessary to sample more than one molecule
to be able to reconstruct higher-order taxonomy. Another alternative would be to
use phylogenetic markers such as insertions and deletions, which although not free
from homoplasy, make it easier to detect. Indeed, Baldauf’s analysis of the 12-
aa insertion in the EF-1a molecule, shared by all major animal and plant lineages
and the microsporidia, but not by ciliates and other protists [9], strongly supports
the fungal placement of the microsporidia. The disadvantage of such an approach,
especially true in the case of organisms with highly reduced genomes, is that it is

not trivial to find such conserved markers for analysis.

4.5.3 Archaea/Microsporidia relationship in the rRNAs

We uncover, from the analysis of a single alignment, two orthogonal
relations between the Archaea and Microsporidia - one showing similarity, and one

showing dissimilarity between the two groups.

4.5.3.1 Similarity between the Archaea and the Microsporidia

In both 16S and 23S alignments, the third most significant eigenposition
captures the similarities among the Archaea and the Microsporidia, and correlates
with decreased nucleotide frequency across both the Archaea and Microsporidia

relative to all other organisms.

The 100 positions with largest nucleotide frequency decrease in the gap seg-
ment of the third 16S eigenorganism identify all six gaps exclusively conserved in

both the Archaea and Microsporidia. Mapped onto the secondary structure model of
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E. coli, these 100 positions identify deletions of entire substructures in the Archaea
and Microsporidia with respect to the Bacteria (Figure 3.12(a), substructures I-I1II),
indicating a convergent loss in both the Archaea and Microsporidia with respect to

the Bacteria as well as the Eukarya.

4.5.3.2 Dissimilarity between the Archaea and the Microsporidia

The fifth 16S and 23S eigenpositions both capture the dissimilarities
between Archaea and Microsporidia and correlate with increased frequency across

the Microsporidia, and decreased frequency across the Archaea.

The positions that are exclusively conserved in the Microsporidia include C
and U nucleotides in helix regions, in addition to unpaired A’s (Figure 3.16). The
positions exclusively conserved in the Archaea include C, G, and U nucleotides in
helix regions, as well as unpaired A’s (Figure 3.17). These same positions in the
mitochodrial 16S rRNA do not follow a trend similar to either the Archaea or the

Microsporidia.

We observe these similarities and differences in the 23S rRNA as well,

which follow the same trends as the 16S rRNA.

Together, the third and fifth eigenpositions and eigenorganisms reveal
two orthogonal, i.e., uncorrelated, evolutionary pathways relating the Archaea
and Microsporidia, demonstrating the ability of this mode-1 HOSVD to uncover
multiple subgenic patterns of evolution in an aligment of sequences of a single

rRNA molecule.
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4.5.4 Genome compaction and evolution

The loss of identical structures in the Archaea and the Microsporidia could
be either due to independent convergent events or the result of a single evolutionary
pressure. However, given that the Mitochondria also show a loss of the same

structures, the first scenario seems unlikely.

It has been noted that the microsporidian genomes are very small in size,
ranging from 19.5 Mbp in Glugea atherinae, to only 2.3 Mbp in Encephalitozoon
cuniculi [62]. The E. cuniculi genome codes for only about 2000 proteins,
indicating genome compaction by substantial gene loss. It was observed that
gene loss is not random: although genes for certain metabolic pathways are
completely absent, genes related to basic cellular processes like DNA replication
and transcription are conserved [63]. This loss has been attributed to the parasitic
lifestyle of the organism. Mitochondria are believed have undergone a similar
compaction in their genomes [23]. Although the Archaea do not share this
characteristic, their 16S rRNAs are comparable in size to those of the Microsporidia

and the mitochondria.

We examined the positions that indicate similarity between Archaea and
Microsporidia 16S, in a mitochondrial 16S rRNA alignment (Figure 3.12(c)), and
found that the gaps conserved among the Archaea and Microsporidia are also
conserved across the Metazoan mitochondrial 16S rRNA, but not among the other
eukaryotic mitochondrial rRNA. Together, these results suggest that the similarity
between the Archaea and the Microsporidia could be explained best by losses due

to evolutionary forces driving genome compaction, and particularly, compaction of
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the 16S rRNA.

4.6 Robustness

Our analysis is data-driven; therefore, the relationships between organisms
that are retrieved by the eigenpositions are dictated by the composition of the
alignment. However, we find that the phylogenetic relationships retrieved by
the most dominant eigenpositions are fairly robust to perturbations in the rRNA

alignments.

4.6.1 Domain relationships

We performed the mode-1 HOSVD analysis on several 16S rRNA align-
ments with different taxonomic compositions, all derived from the same super
alignment in the CRW, and also 23S and 5S rRNA alignments. In each case, the
most significant eigenpositions differentiate the three domains, Archaea, Bacteria,
and Eukarya (Table 4.1(a)). The enrichments of the taxonomic groups and of the
structure motifs conserved within these groups, was, as expected, dependent on the

number of organisms as well as positions in the alignment.

4.6.2 Archaea and Microsporidia relationship

The multiple evolutionary pathways that connect the Archaea and the
Microsporidia are also robust to changes in the composition of the datasets. In
the 339-organism 16S alignment, the two relationships are revealed even upon the

removal of the Bacteria or the Eukarya (excluding the Microsporidia) (Figure 4.4
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and Table 4.1(b)). In the 23S dataset, we see these two relationships despite the

reduced number of Archaea and Microsporidia in the alignment (Table 4.1(b)).
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4.7 Conclusions

It was shown that the singular value decomposition (SVD) provides a
mathematical framework for the modeling of DNA microarray data, where the
mathematical variables and operations represent biological reality [1]. The vari-
ables, significant patterns uncovered in the data, correlate with activities of
cellular elements, such as regulators or transcription factors. The operations,
such as classification, rotation or reconstruction in subspaces of these patterns,
were shown to simulate experimental observation of the correlations and possibly
even the causal coordination of these activities. Recent experimental results [81]
demonstrate that SVD modeling of DNA microarray data can be used to predict

previously unknown cellular mechanisms [5, 80].

We now show that the mode-1 HOSVD, which is computed by using the
SVD, provides a mathematical framework for the modeling of rRNA sequence
alignments, independent of a-priori knowledge of the taxonomic groups and their
relationships, or the rRNA structures, where the mathematical variables, significant
eigenpositions and corresponding nucleotide-specific segments of eigenorganisms,

represent multiple subgenic patterns of evolution.

The eigenpositions identify multiple orthogonal i.e., uncorrelated, relations
of similarity and dissimilarity among the taxonomic groups of organisms, that might
result from convergent as well as divergent evolutionary pathways. The correspond-
ing eigenorganisms identify positions of nucleotides exclusively conserved within
the taxonomic groups, but not among them, which map out entire substructures

inserted or deleted in one taxonomic group relative to another, and are enriched
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in unpaired adenosines. These results suggest that insertions or deletions of entire
substructures and unpaired adenosines, motifs which are known to be involved in
rRNA folding and function, are correlated and possibly also causally coordinated

with an organism’s evolutionary pathway.

We also find in our analysis two orthogonal, i.e., uncorrelated, evolutionary
pathways relating the Archaea and Microsporidia, demonstrating the ability of this
mode-1 HOSVD to uncover multiple subgenic patterns of evolution in an aligment

of sequences of a single rRNA molecule.

4.8 Implications for Future Research

We have created, in this work, a novel framework for the analysis of
sequence alignments. Our methods provide a way for the data-driven classification
of a set of aligned sequences, based on some metric of similarity, without a priori
knowledge of the classes. We envision this property to be useful in the analysis of
protein sequence alignments, to detect residues that confer binding specificities or

functional diversity among proteins with sequence homology.

While it is common practice to infer phylogenetic trees from sequence
alignments, it is now recognized that the true phylogeny of a set of organisms
is more likely a network, with more than one line of descent [46,75]. The
phylogenetic tree of a group of organisms may be viewed as resulting from the
superposition of multiple evolutionary pressures. Our methods enable us not only
to detect these evolutionary forces, and the groups of organisms they act upon, but

also identify sites in the alignment that are mutated as a result of these forces.
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In recent years, genome-wide association studies [53] have identified
multiple loci contributing to several human diseases involving complex traits, most
notably type-2 diabetes [92], Crohn’s disease [50], breast cancer [32], prostate
cancer [104], lung cancer [7], and colorectal cancer [103]. Our HOSVD framework
may be adapted to the analysis of SNPs, to simultaneously associate SNPs with
disease phenotypes, and also to detect and remove systematic biases arising from

population stratification in allele frequency data [86].
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Appendix A

Mode-1 HOSVD analysis of SS rRNA

A.1 Introduction

The 5S ribosomal RNA is the smallest component of the large subunit, and
is present in almost all organisms. It was found to be absent from the mitochondrial
ribosomes of some fungi, vertebrates and most protists. It is approximate;y
120 nucleotides long, and like other rRNAs, has a strongly conserved secondary
structure (Figure A.1). It has been observed that a small number of nucleotides in
the internal loop E of the 5S rRNA are notable in distinguishing the bacterial 5S

from its eukaryotic and archaeal counterparts [101].

The precise role of 5S rRNA in ribosome function is not fully understood. It
has been suggested to play a role as a signal transducer between the peptidyltrans-
ferase centre and domain Il responsible for translocation [31], or as a determinant of
large-subunit stability [56]. It is, however, essential for protein biosynthesis: in E.
coli, the deletion of more than one copy of the 5S rRNA is shown to impair growth

rate [6].
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Fig. A.1: The conserved secondary structure of the 5S ribosomal RNA.
Positions in the 5S ribosomal RNA with a nucleotide in more than 95% of
the sequences are shown superimposed onto the E. coli secondary structure.
Phylogenetic conservation is derived from the comparative analysis of 682
sequences (Reproduced from CRW).

A.2 Data

We performed our Mode-1 HOSVD analysis described previously on an
alignment of 242 5S rRNA sequences from the CRW (Table ??) [16]. The

taxonomy of the sequences in this alignment is shown in Table B.3.

A.3 Results

The four most significant eigenpositions and corresponding eigenorganisms
capture ~79% of the nucleotide frequency information in the alignment . The
most significant eigenposition, which captures ~63% of the nucleotide frequency
informationis approximately invariant across the organisms. The remaining signif-

icant eigenpositions uncovered identify the dominant taxonomic groups among the
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organisms and their relations of similarity and dissimilarity.

The second most significant eigenposition (Figure A.2 (a)) differentiates

the Bacteria from the Eukarya, as indicated by the color bar (Table A.1). The third

(b) distinguishes between the Archaea and the Actinobacteria, the largest Bacterial

subgroup in the alignment. The fourth (c¢) distinguishes the Fungi/Metazoa and the

Viridiplantae, the two largest Eukaryotic subgroups in this alignment.

The results described here are qualitatively similar to those obtained from

the analysis of the 16S and 23S rRNA sequence alignments.

We did not

detect significant enrichments of structure motifs among the most correlated and

anticorrelated positions in the corresponding eigenorganisms, conceivably due to

the small number of positions in the alignment.

5S Eigenposition Correlated Anticorrelated
genp Group | n [ N | p-value Group | n [ N | p-value
2 Bacteria 50 [ 83 [ 6.8 x 1070 Eukarya 50 [ 131 [ 2.2 x 10716
3 Archaea 28 | 28 | 1.5 x 10726 | Proteobacteria | 47 | 56 | 3.6 x 10737
4 Fungi/Metazoa | 48 | 83 | 1.8 x 102° | Viridiplantae | 24 | 24 | 1.5 x 10~

Table A.1: Probabilistic significance of the enrichment of the £=50 organisms

in the 5S rRNA.

101




ax

s T st
1 = T A i

5 .03

T e o 2 BRI e o J

= ] 100 150 200

2

b}

nucleotde

-0.2
-0.3

Drganisms

alignment, classified according to the
Taxonomy Browser [89].

Fig. A.2: Significant 5S eigenpositions. Line-joined graphs of the (a) second,
(b) third, and (c) fourth 5S eigenpositions, i.e., patterns of nucleotide frequency
across the organisms, and their correlation with the taxonomic groups in the 5S
top six hierarchical levels of the NCBI
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Appendix B

Taxonomy of sequences in the rRNA Datasets

Tables B.1, B.2, and B.3 list the organisms in the 16S, 23S, and 5S datasets
respectively, along with their taxonomic groups. This data was retrieved from the
NCBI Taxonomy Browser [89]. Although only the taxonomic groups from the
three top hierarchical levels are shown, six levels were used for the calculation of

enrichment of taxonomic groups among eigenpositions.

103



93ed 1xou UO panunuo)

eroyorqoordeydy BLI9)OBqO010I1d BLIIORY “ds 19)08qOISE[g 62
er110eqodjoideydry BII9)0BQ03101d BLIIORY suepourned Wniqoziyiozy 87
err10eqodjoideydyy BII9)08q0101d BLI10RY SISUQJI[OW B[[9oNIg 1T
eujoeqoajoxdeydry BLI91OBQO101] eLIgORY wnoruodel winiqoziyikpelg 97
eu10eqojoadeydry BLIIOBQO)0I] BLIORY eurjuInb e[oUOLIRYg Gz
erroyorqodordeydy BLI9)OBqO0Id BLI910Rg Je[osuay e[[ouoyeg T
eroyoeqoodeydy BLI9)0BqO010I1d BLIOIORY TTUOSUIA B[[oUOMEY €T
er110eqojoideydyy BII9)0Bq03101d BLI1ORY suaroejonbif 19108q0190BUOIN]D) w
eyewsedourroy ], BlOQRYOIRAING BORYOIY wnjrydoproe ewisejdourroy ], 12
100000WLIAY ], BlOQRYOIRAING BORYOIY IO SNO2020WIAY ], 0T
190000WLIAY [, BlOQRYOIRAINT BORYOIY IIYSOYLIOY SNO20201AJ 61
100000WLIAY ], BlOQRYOIRAINT BORYOIY snsoLINy SnOJ0201KJ 81
T00000WLIAY ], BlO09RYOIRAING BORYOIY ‘1ssAQe $N00000IAJ LT
BIQOIDTWOURYIIN BlOQRYOIRAING BORYOIY roreSuny wny[urdsoueyo 91
100000URTIIIA BlOQRYOIRAING BORYOIY TI[OTUUBA STIOO0I0UBYIOIA ST
BLISIORQOUBYIIN Bl0dRYOIRAINT eoRyOIY | WnOdono)neourlay) WNLLORqOUBYRN | 1
BLISIORQOUBYIIN BlOQRYOIRAINT eoeyory | wnorydonojneowlay) WNLIAOBQOUBYIRN | €]
BLIO)OBQOURYIOIA BjO9BYOIRAING BORYOIY WNOIOIUWLIO} WNLIQJORQOURTIA 71
BII9)OBqO[EH BlOQRYOIRAING BORYOIY JsuaSueq WINLIAOBQOUOIIEN 11
BII9)ORQO[EH BlOQRYOIRAING BORYOIY *9RI[0SUOWLISUUT WNLISIOBQOUOIEN 01
BLI9)OBQO[EH BJOdRYOIRAINT BORYOIY ITUBD[OA XBIQJO[eH 6
BLI9)ORQO[EH BlO9RYOIRAINT BORYOIY INJIOWSLIBW B[NOIEO[RH 8
BLI9)ORqO[EH BlOQRYOIRAINT BORYOIY TN)JOWSLIEW B[NOJRO[RH L
1qo[3ooryory BjO9BYOIRAING BIRYOIY snp13[nJ snqo[30aeyoIy 9
1ojordourroy ], BJOQBYOIBUSI)) BORYOIY "xeu9) snajordowrayy, S
19joxdounioy ], BJOQBYOIBUID) BORYOIY SNOLIBIRJ[OS SNQO[OJ[NS ¥
1j01doway ], BJOJBYDIIRUID) BORYOIY SNLIBP[BOOPIOE SNQO[0J[NS €
1ojoxdoway |, BJOJBYOIIBUID) BORYOIY wn}[Nod0 WNIIPoILd e
19101dowioy J, BJOOBYOIBUAID) BIRYOIY x1urod wnikdoroy I
£ PAYT P 7 I PAYT dwieu wisiue3I) ‘ON
Lwouoxey, :

*sdnoas Sruouoxe) pajerdosse IRy} JY)

pue ‘)asejep YN S9T dduanbas-gee ay ur swisiueSiQ (g 9[qelL

104



a3ed 1xou Uo panunuo)

er1a)oeqodjordeuuren) BII910RQO0I] erro)oeg qezuanpur snjiydoweeq ]S
er1o)orqojoideururen) BII0)0RQOJ0I] erIo)oeg sezuongurl snrydowoeq LS
er1o)orqojoideururen) B119)0BqQ0J0IJ erIo)oeyg TN)IOWSLIRW J9}0BQOTRYOWIOIY)) 96
eLIR)ORqOoIdeWILIED) B110)0BqQ0J0I] elIo)oeyg s1so[noraqniopnasd eIuISIox o
eLI9)oRqOdjoIdewIuuen B1I0)OBQOI0I] eLIO)ORY snsad eruIsIox ¥S
el1)0RqOd01detIR D BII9)08q0101d BLIIORY QeLIOJUASAp B[[eS1YS €6
er1ajorqojordeururen) BII010BQOJ0I] erro)oeg wnonuwiyd£) e[euouies S
er1ojorqojoideururen) B1I9)0BQOJ0I] erIo)oeyg SIIe3[na snajoig IS
er1o)orqojoideururen) B110)0BqQ0J0I] erIo)oeyg SOPIO[[o3IYS SBUOWOISI[J 0S
eLI9)orqOdjoIdewIuen B1I0)OBQOI0I] eLIo)ORyg LSTO T[09 BIYOLIQYISH 6%
eL19)0RqOd0IdetIRD) BI19)08q03101d BLIIORY LST0 109 BIYOLIaYOSH St
er1a)orqodjordeururen) BII0)0BQO0I] erIo)oeg T[0 BIYOIIOYOSH Lt
er1o)orqojoideururen) BII0)0BQOJ0I] erIo)oeg epIe) R[[OISpIRMPH 9
eLI9)ORqOjoIdeIILIED) B110)0BqQ0J0I] erIo)oeyg SNSOPOU 19)0eqO[YII(] <%
eLI9)orqOdjoIdewruren B1I0)0BqQOI0I] eLIo)oRyg BPIOTUOW]ES SRUOWOIOY e
el1a10RqO)01de)og BII9)08q03101d BLIIORY SIPHISUTUSW BLISSSTON] I
erra)oeqoajorderog BII010RQO0I] BLI1ORY SIPNISUTUSW BLIOSSTON W
erra)oeqoojoiderog BII0)0BQOJ0I] erro)oeg 9BOOYIIOUOS BIIASSTON It
erro)oeqoojoidelog B1I0)0BQOJ0I] erIo)oeyg siiiqerra erdonne | oy
er1o)orqoojoidejog B110)0BqQ0J0I] eLIo)oRyg TUO0I9)S0]$9) SRUOWERO)) 6<
ero)orqoojoidejog B1I0)OBQOI0I] vLIO)ORY sissmuxad e[pelopiog 8¢
el1a10RqOj01de)og BII9)0BQ0101d BLI1ORY sissmradered e[ejopiog LE
errajoeqoajordeydry BII9}0RQO0I] erro)oeg TI[9q BISNIOTY ¢
errojoeqoajordeydry B1I0)0BQOJ0I] erIo)oeg mjezemoid e1spoyory ds
er1o)orqoajordeydyy B110)0BqQ0J0I] erIo)oeyg TISNIOYOLI BISHNOTY €
er)orqoajoideydyy B1I0)OBQOI0I] eLIo)ORyg jozemoid eispoyory €€
er110eqojoideydy BII9)08q03101d BLIIORY SIIUSLIO WINIGOPOY €
errajoeqoajordeydry BII910BQO0I] erro)oeg SuQIORJOWIN) WNTLINNOLQOISY 1€
errajoeqoajordeydry BII0)0RQOJ0IJ erro)oeg TJ0[ WINTQOZIYIOSIIA o€
£ PAYT TP 7 I PAYY Juwreu wisiue3iQ ‘ON
Awouoxe],

3ded snoradad woay panunuod — 1°g dqeL

105



a3ed 1xou Uo panunuo)

(sse[o) eLI9)0RqOUNOY BLI210RQOUTIOY BLI10RY WNIAR WINLISIOBQOIATA L8
(sse[o) eLR)ORqOUNOY BLI9)ORQOUNOY BLIORg seuoyydIp WNLISOLQIUAIOD) 98
(sse[o) eLIR)ORqOUNOY BLISIORQOUNOY aeiblde| TI[ORIST SOOAWOUNIY G8
BLI9)OBQOJ0IJ POYISSE[oun BLI9)OBqO010Id BLIIORY “ds seuowopnasq $8
suorsialpqns uojisdoyeljop BLI9)0BqO010Id BLIOIORY 66[ HO[Ad 19108qOOI[OH €8
suorsiatpqns uojrsda/e)jop BII9)08q0101d BLIIORY $699¢ 1101Ad 19108qQOOT[eH 78
suotsiatpqns uofrsda/e)jop BII9)OBQ010I] nesiblde | 110[Ad 19108qOOT[OH I8
suorsialpqns uofisdo/eiop BLI91OBQO)0I] BLIIORY wnioinds 1930eqojAdwe) 08
suorsiAlpqns uofisdo/eyop BLIIOBQO)0I] BLIORY ‘unfaf 1910eqojAdwe) 6L
suorsiarpqns uojisdoye)jop B1I0)OBQOI0I] eLIo)ORyg runfof 1910eqoAdure) 8L
suorsiatpqns uojrsda/e)jop BI19)08q03101d BLIIORY SnYIuEX SNOJ0I0XAIN LL
suorsiarpqns uofrsda/ejop BII9)0BQO010Id BLI1ORY SUBOLINI[NSIP OLIGIAOJ[NSA 9L
eL19)0vqOdoIdeuen) BLI9)OBQO00Id neiblde| BSOIPTISE] B[[A[AX SL
eL19)0RqOdoIdeuen BLI9)OBQO0I] BLIIORg sisodwed seuowoyuey yL
eL19)0RqOd0Idewuen BLI9)0BqO00I1d BLIOORY SUBQUIIQ[® SBUOWOYIULRY €L
el19)10RqOd0IdeHIIRD) BII9)08q03101d BLIIORY JRIS[OYD OLIQIA 7L
eL1)0RqOd0IdewIR D) BII9)0Bq0101d BLI1ORY QRIS[OYD OLIQIA 1L
eL1)0RqOdoIdewuen) BII9)OBQO00Id nesibolde QRIS[OYD OLIQIA oL
eL19)0RqOdoIdeuen) BLI9)OBQO0I] eLIORg QrIS[OYD) OLIQIA 69
eL19)0RqOdoIdewuen) BLI9)0BqO00Id BLI91ORg QRIJ[OYD OLIQIA 89
eL19)0RqOdj0Idewen BLI9)0BqO010Id BLIOIORY QRIJ[OYD OLIQIA L9
el19)0RqOd01detIR D) BII9)0BQ0101d BLI1ORY “ds voje13Sag 99
eL19)0RqOdjoIdeten) BII9)OBQ010Id BLI1ORYg SISUQIR[N) B[[OSIOURI] S9
eL19)0RqOdoIdewuen) BLI9)OBQO00I] aeiblde| epnnd seuowropnasg $9
eL19)0RqOdoIdewuen BLI9)ORQO0I] BLI91ORg BSOUIINIOR SBUOWOPNAS] €9
eL1910RqOd0IdewueD BLI0)OBqO0Id BLIOIORY s1suaogroed 19108qOIYIASq 79
eL1)0RqOd01detIRD) BII9)08q03101d BLIIORY "BPIOO)[NUW B[[INA)SEJ 19
eL19)0RqOd0IdeTIIRD) BII9)0BQ010Id BLI10RY gezuanpur snjiydowerq 09
eL1d)0RqOdoIdeen) BLI9)OBQO00Id eLIORg oezuangur snjiydoweeq 6S
€ BAYT s T BAYT 7 I BAY] Jureu wisfuesI) ‘ON
WOUOXE],

3ded snoradad woay panunuod — 1°g dqeL

106



a3ed 1xou Uo panunuo)

(sse[o) eLI9)0RqOUNOY BLI210RQOUTIOY BLI10RY sIsuaupooul] saoAwoydons 911
(sse[o) eLR)ORqOUNOY BLI9)ORQOUNOY BLIORg snsow] sedAwoydong ST
(sse[o) eLIR)ORqOUNOY BLISIORQOUNOY aeiblde| snipouur seoAwoydong yI1
(sse[o) eLRIORqOUNOY BLI9IOBQOUNOY eLIORY sno1doosoI3AY seokwoydong €11
(sse[o) eLIRIOBRqOUNIY BLI2IORQOUNDY BLIOIORY snasu3 seokwoydong AN
(sse[o) eLI9)0RqOUNIOY BLI210BQOUTIOY BLIIORY moIa8nos seokwoidang 111
(sse[o) eLI9)0RqOUNOY BLI9)ORQOUTIOY nesiblde | "sudsaone[3 seokwoidong 011
(sse[o) eLIR)ORqOUNOY BLI9IORQOUNOY aeiblde| snqres seoAwoydons 601
(SSe[d) BLIAIORQOUIIOY BLISIORQOUNDY BLIIORY sno[[o} seokwoydons 801
(SSe1d) BLIAIORQOUIIOY BLI2IORQOUNDY BLIOIORY SNUIAYIAIND saoAwoydong LO1
(sse[o) eLI910RqOUNIOY BLI31ORQOUTIOY BLIIORY snsourdsa sooAwoydonsg 901
(sse[o) eLI9)0RqOUNOY BLI2)ORQOUNOY BLI1ORY souagowoIyo0jeIseIp seokwoydons SOT
(sse[o) eLIR)ORqOUNOY BLIS)ORQOUNOY neiblde| s1yso[erd sadAwoldong ¥01
(SSe[o) BLIAIORQOUIIOY BLISIORQOUNDY BLIIORg sisuadomoq seoAwoldong €01
(SSe[d) BLIAIORQOUIIOY BLI2IORQOUNDY BLIOORY ‘sisuan|q seokwoydonsg 201
(sse[o) eLI910RqOUNOY BLI310RQOUTIOY BLIIORY sIsuarunyIq seoAkwoldong 101
(sse[o) eLI9)0RqOUNOY BII9)0RQOUTIOY BLI1ORY suaroejoquue saoAwoydons 001
(ssepo) eL9)0RqOUNOY BLI2)ORQOUNOY nesibolde snaegopiqre seoAwoldens 66
(sse[o) eLIR)ORqOUNOY BLISIORQOUNOY eLIORg soIqeosiproe seokwoidons 86
(sse[o) eLIRIORqOUNOY BLISIORQOUNDY BLI91ORg SIULIOJIQO[S 1910BqOIYITY L6
(sse[o) eLIRIORqOUNIY BLI2IORQOUNDY BLIOIORY “ds en[uely 96
(sse[o) eLI910RqOUNIOY BLI2)0RQOUTIOY BLI1ORY srfodoIyA1a SN20000poTy S6
(sse[o) eLI9)0RqOUNOY BLI9)ORQOUNIOY BLI1ORYg SOPIOIQ)SE BIPIBOON 76
(sse[o) eLIR)ORqOUNOY BLIS)ORQOUNOY aeiblde| 1SSTOAD SISO[NdIaqN) WNLIOBGOIAIN €6
(SSe[d) BLIAIORQOUIIOY BLISIORQOUNDY BLI91ORg SISO[NJI9qN) WNLINOBQOIKIN 6
(SSe[d) BLIAIORQOUIIOY BLISIORQOUNDY BLIOIORY SISO[NOIdQN) WNLINOBqOIKIA 16
(sse[o) eLI9)0RqOUNOY BLI21OBQOUTIOY BLIIORY SISO[NOISQN) WNLINJOROIATA 06
(sse[o) eLI930RqOUNOY BLI9)ORQOUNIOY BLI10RY qexdo] WINII0)ORqOIAIN 68
(sse[o) eLR)ORqOUNOY BLI9)ORQOUNOY eLIORg qexdo] WINLI0)ORQOIAIN 88

€ BAYT s T BAYT 7 I BAY] Jureu wisfuesI) ‘ON

WOUOXE],

3ded snoradad woay panunuod — 1°g dqeL

107



a3ed 1xou Uo panunuo)

oeg SOINOTULIT,] eLRloRyg snoe] “dsqns s1oR] SN00000308 T S¥l

oeg SOINOTULIT] eLIR)ORyg WNIO9.J SNOJ000IUH el

oeg SOINOTWLIT] eLI9)oRyg SI[BO9BJ SNO0000IAUY Pl

1oeq SOINOTWLIT] eLIQ)ORyg snoine snododo[Aydels wl

1oeg SOINOTWLIT] eLI9)oRyg snoine snododo[Aydels 11

foeg SINOTULIT] BLROBY sInqns snfjioeg orl

oeg SOINOTULIT,] eLR)ORyg sueInporey snfroeq 6€1

oeg SOINOTULIT] eLIR)oRyg SNAIAD sn[Ioeyg 8¢
(sse[o) BlI1930BqOUNOY BLI9)OBQOUNOY eLQ)oRyg sueSnaountoy) sookwoldons LET
(sse[o) BLI1930BqOUNOY BLIJOBQOUNOY eLI9)ORyg sueoyINIuOWLIAY) sadAwoidong o¢1
(sse[o) eLIg1ORqOUNOY BLIS)ORQOUNOY eLglORy snaoe[orAouLIay) saokwoldong GET
(sse[o) BLIg10RqOUNOY BLIS)ORQOUNOY eLRloRyg snyeaurjoulIay) saokwoldong P€1
(sse[d) elI910BqOUTIOY BLI9)OBQOUTIOY eLR)oRyg snoneIseIpowIay) sadkwoldens €€l
(sse[o) Bl1930BqOUNOY BLI9)OBQOUTIOY eL9)oRyg oepuo) seokwoydong €1
(sse[o) eL1930BqOUNOY BLI)OBQOUNOY eLIQ)ORyg snniqns sedAkwoidong I€1
(sse[o) eLIg1ORQOUNOY BLISIORQOUNOY eLIglORy ‘ds seokwordong 0S1
(sse[d) eLIg)ORqOUNOY BLIS)ORQOUNOY eLRloRyg Tu01as saokwoydang 621
(sse[o) BlI910BqOUTIOY BLI9)0BQOUNOY eLIR)ORyg so1qeos saokwoydeng 8Tl
(sse[o) elI9}0BqOUNOY BLI9)OBQOUTIOY eLQ)oRyg nuosdures seoAwoydong LT]
(sse[o) BlI1930BqOUNOY BLI)OBQOUNOY eLQ)ORyg s1suosIoSinI sookwoldong 971
(sse[o) BL19}0BqOUNOY BLIO)OBQOUNOY eLIo)oRyg snsowlr saoAwoydong 4
(sse[o) eLIg1ORqOUNOY BLIS)ORQOUNOY eLgloRy snjoastiSopnasd saokwordeng Al
(sse[o) BLI910BqOUTIOY BLI9)OBRQOUNOY eLIR)ORyg snyeuIo saokwoldeng €Tl
(sse[d) elI910BqOUTOY BLI9)0BqOUNOY eLR)oRyg Ioj110p0 sadAwoydeng i
(sse[o) el1930BqOUNOY BLI9)OBQOUNOY eLQ)ORyg ‘snsopou seokwojdong 121
(sse[o) eL1930BqOUNOY BLIJOBQOUNOY eLI9)ORyg sisuoemedeLou saokwoydong 0z1
(sse[o) eLIg1ORqOUNOY BLIS)ORQOUNOY eLgloRy sniodseSouwr sookwoldong 611
(sse[o) eLIg1ORqOUNOY BLI9)OBRQOUNOY eLRloRyg sisuanysew sadAwordang 811
(sse[o) BlI910BqOUTOY BLI9)0BQOUTIOY eLIR)oRyg sniodsoroewr saoAwoideng LT

€ BAYT %Ec:oxwrm PAYT [ 1Py Juwreu wisiuesIQ ‘ON

3ded snoradad woay panunuod — 1°g dqeL

108



a3ed 1xou Uo panunuo)

100000UT(] SNULISY],-SNO2000UTd(] BLI10RY snorenbe snurey, YL1
100000UI(] SNULISY],-SNO000UTd(] BLIORg SUBINPOIPEI SNIOD0I0UIA(] €LT
190090U1(] SNULISY ] -SNO20J0UIdJ aeiblde| SUBINPOIPEI SNID0I0UIA(] Ll
(sse[o) Qe3ojowIay], JeSojowIay ], BLIIORY BUINLIEW BF0JOWLIdY ], L1
(sse[o) se3ojowray], JeojowIay], BLIOIORY BUINLEW B30JOUWLIdY ], 0L1
(ssepo) se3ojowIay, JeSojownIay, BLIIORY eULISYIOTW B30j019d 691
(sse[o) se3ojowIay ], qe3ojowIay, nesiblde | BOURIISIQNS BF01090) 891
(sse[o) sajoeyooads sayeeyooadg BLIIORY wnprred ewouodai], 191
(sse[o) sayoeyoondg sojoeyoodg BLIIORY ITUOSIOPUE BUIAUIAIY 991
(sse[o) sayoeyooadg sojoeyoondg BLIOIORY TISULIQY BI[QLIOY G91
(sse[o) sayeryooardg sojeeyoondg BLIIORY 119J10p3Inq BI[o1IOyg 91
(ssepo) sayeryooardg sojeeyoondg BLI1ORY ‘LI9JI0p3Ing eI[RIIOY €91
(sse[o) sajoeyooads sareeyooadg BLIORY nuasiajedsioq endsoido 791
(sse[o) sajoryooads sayaeyooaidg BLIORY ur(r ewauoydo| 191
(sse[o) sayoeyooadg sajoeyoondg eLIo)oRyg SeLIUAsApoAY erdsAyoeig 091
BIORJQOAWIO)OUR[] s9100AWwo0UR[J BLIIORY “ds seoAwojoue[q 6S1
BIORJQOAWIO)OUR[ s9100Aw00uR[J BLI1ORY SNQO[S1INISqO BJRUIWIAL) 8T
SQINOI[OIN SOINOTULIL] nesibolde wnonATeain ewserdeain LST
SINJI[OIA] SINOTWLIL] BLIIORY seruownaudoAy ewse[dooK N 961
SINJI[OIA] SINOTWLIL] BLIORY umondosires ewse[dooAN 49|
SIINOI[ON SOINOTULIL] BLIOIORY wnjoorded ewse[dooAN $S1
BIPISO[D) SOINOTULIL] BLI1ORY -ds wnrosidoindg €S1
BIPIISO[D) SOINOTULIL] BLI1ORYg WNIOTYO WNLIAIORQOI[OH ST
BIPLISO[D SOINOTWLIL] aeiblde| Ayoe1q wnieloeqnyg IS1
BIPLISO[D SOINOTUWLIL] BLI91ORg TUe}9) WNIPLISO[D) 0S1
BIPLISO[D SOINOTULIL] BLIOIORY suaguryrod wniprnsor) 6t1
BIPINSO[D SOINOTWLIL] BLIIORY wnuInoq WNIpLIsor) 81
1roeq SINOTULIL] eLIgORY soua3oAd snoooooydons L1
oeg SOINOTULIL] eLIORg oeruownaud snoo020ydens 91
€ BAYT s xﬁm PAYT 7 I BAY] Jureu wisfuesI) ‘ON
wouo

3ded snoradad woay panunuod — 1°g dqeL

109



a3ed 1xou Uo panunuo)

vioydorr) BIR[OOATY eloAIeyng smnuIooLIpenb snwoIpoydAuQ €0Z
eaoydorr) BIB[OOATY eloAIRNg snye[norpae sajordnyg 70T
exo[dwoordy BIB[OAA]Y vlOAIRNg SIued eisaqeq 102
exo[dwooidy BIB[OJA]Y vlOAIR Ny eutwagdiq eisaqeg 002
exodwoordy BIB[OQAY vloAIeyng XBAIA WNIPOWISB[] 661
exordwoordy BIB[OAA]Y vloAIRYNg (e8e)s ) winrediofey wnipowse[q %61
BQROWRYULDY JepIqeoWRIUBIY eloAIeyNng TTUR[[9)SBD BQROWRYJUBIY L61
(SSe[9) BIQOIOTWOULIY ], IX9OIO[YD aeiblde| WNIsOI WNIGOIOTWOWIAY ], 961
(sse[o) eLI91OBqOSN,] BLI91OBqOSN,] BLIIORY sruLojifruowt snfroeqoidens S61
(sse[o) eLIR10BqQOSN,] BLI01OBqOSN,{ BLIOIORY wnioydoroou wnLR}oeqosn,j ¥61
(SSB[O) S91910qLIISJa(] S9I910BQLIIdJO(] BLIIORY snydourioy) 19)0eqLIIRja(] €61
(ssepo) seoymby seoymby BLI1ORY 'SnoT[09e XoJInby 761
BLIQIORQOPIOY dnoi3 e119108qOPIOY/S219108q0IqL] BLIORY epnooy e3eydojoy 161
BLISIORQOPIOY dnoi3 e119)08qOPIOY/S91910BqOIqL] BLIIORg wnjensded WNL9)OBqOPIOY 061
so[erewIouo3Ng eLIO)ORqOUBAD) eLIo)oRyg “ds s1sdoooj3oIoy) 631
soresdeooino[g BLIO)ORQOUBKD) BLIO)ORY ‘ds esdeooino[g Q81
SO[RLIOIR[[IOSO BII9)OBQOUBAD) BLI1ORY ypIese BLOR[[I0SO L81
SO[BO0ISON BLI9)ORQOURAD) nesibolde WNIOOSNW J0)SON 981
$9[82000001Y)D) BLIS)ORQOUBAD) eLIORg €089DDd SUSAd0YIoUAS G81
S9[B2205001Y)) BLIJIOBQOURAD) BLIORY “ds sno2020YduAg $81
S9[B2200001Y)D) BLIO)ORQOUBAD) BLIOIORY BSOUISNIOR SIISADOIOIN €81
eIpAweyD dnoi3 e1qOISTWOONIIGA /ORIpAWRIYD | BLISORY 8¢ 1 [ orruownaud epiydopAwrey) 781
aerpAwrey) dnoi3 v1qOIOIWOINIIAA /QRIPAWR[YD | ®BLIIORY seruownaud eqrydopAweyD 181
erpAwrey) dnoi3 v1qOIOIWOONIIAA /QRIpPAWR[YD | ®BLIIORY spewoydeI} BIpAWE[YD) 081
erpAwrey) dnoi3 v1qOIOIIOONIIdA /QRIpPAWER[Y) | ®BLIIORY spewoyde1) BIpAWE[YD) 6L1
1qoIo[yD dnoi3 1qo1o[y)H/sareproraioeg BLIOIORY QULIOJOLIQIA WNIGOIO[YD) 8L1
sqjoproIdloeyg dnoi3 1qoIo[y)/sejeprorojoeg BLIO)ORY sirear3uId seuowolAydiog LL1
sojoproIIORg dnoi3 1qoio[y)/sareproaioeg BLI10RY siISe1y soproieoeg 9.1
100000UI(] SNULISY],-SNO000UId( eLIORg snprydouroy) snuLIay, SLI
€ BAYT T BAYT 7 I BAY] Jureu wisfuesI) ‘ON
Awouoxe],

3ded snoradad woay panunuod — 1°g dqeL

110



a3ed 1xou Uo panunuo)

eA1ey1q 13ung vloAIRNg suedIq[e epIpue)) €T
eh1ey1q 13ung vlOAIRNg QBISIAQIQD SQOAWOIRYIIRS 1€2
ek1ey1q 13ung vlOAIRNg esse1d e1odsoInoN 0€C
eAIRYIQ 13unyg vlOAIR Ny SHIWWI SAPOIPIII0)) 67T
eAIRYIQ 13un,j BloAIRNg snaep sn[31odsy 87T
QBPIOROYIULIY epieSegoueoy)) vloAIeyng stpueid eosoueyder(q LTT
QBPIOAOYIUBIY epresegoueoy) eloAIeyNng eyenomsun sisdooooyiueoy 97C
oepiqoowre3nseN BpnuoIqo[dd eloAIeyNng jnweeq eqaOWe eIy [Sd
eprxAwoydo 8350qO] vloAIRNnyg ‘SLR[[LIpUBW BIYINWER[RY 7T
S9[B)LYO030[D) Jea0AydoisAooonern BloAIRNg "BUBTYO0INIM 9)BYI00[D) €T
So[eISA00oNR[D) orooAydolsLooone[n) vloAIRyNyg WNIBAUIYD0)SOU SIISAO0oNE[D) 7T
aeaoeioydouek) aeaoAydolskoooneH vlOAIRNg exopeied eioydouek) 122
eprydA[Sng BOZ0OJI3D) vlOAIRNg eioydojewoIyd g[[auIneq 02e
epydA[Sng BOZ0OJ12)) vlOAIRNg epumoz eyd4[3ng 612
oeookydour(g BIB[OQATY vloAIeyng 9suakpuny wWNLIpUBX[Y 81C
rioydoriy BIR[ORAY BloAIeyNg ‘stpueI3 B[A)1SoI1n) L1T
eloydor) BIB[OAA]Y vloAIRYNg 'so0s1d smdojoin 91C
eloydor) BIB[OAA]Y vlOAIRNg “eurred smdojoin SIT
eroydor) BIB[OAA]Y vlOAIRNg ewsido] smdajoinieq ¥1C
rroydor) BIR[OQA]Y vloAIEyNng sninAuw eryokuo[£1§ €1e
eroydor) BIR[OQAY vloAIeyNng SRUW BIYDAUO[AIS 71T
vioydorr) BIB[OATY vloAIeyNng "£JO[090UR] BYILNOINJ[J 11¢C
vloydor) BIB[OAA]Y vlOAIRNg “B3UO[ BYOIIAXQ 012
eroydor) BIB[OAA]Y vlOAIRNg RIQJI[NURIS BYILIAXQ 60T
eroydor) BIB[OJA]Y BlOAIRNg BIQJINUBIS BYILIAX( 807
eroydor) BIR[OQATY BloAIRNg TOUIQ)S B[A)SOIISBD) L0T
rioydoriy BIB[OOA]Y vloAIeyNng BULIIO BUSWAYOMAD) 90C
vioydorr) BIB[OOATY eloAIeyng SI[IqowW e[[TuuBWRSUL S0z
eroydor) BIB[OAA]Y vlOAIRYNg 19ss1oMm e[AlsoInered 07

€ BAYT %Ec:cxwrm PAYT 7 I BAY] Jureu wisfuesI) ‘ON

3ded snoradad woay panunuod — 1°g dqeL

111



a3ed 1xou Uo panunuo)

eIpLIOdSOIDIA 13ung vloAIRNg sijoydoue erueyorayered 192
eIPLIOdSOIDIIA 13ung vlOAIRNg “ds eiodsoA[quy 092
eIpLIOdSOIDNA 13ung vlOAIRNg SNo10aUU0d BI0dSOA[qQUIY 6ST
BIpLIOdSOIOTIA] 13ung eloAIRNg 1319qnYos snie[nonIopuyg 86T
BIPLIOdSOIOTA 13ung vloAIeyng “ds w3 oIoTjA LST
BIPLIOdSOIOTA 13ung vloAIRYNg ds uoozojeydeouyg 96T
eIPLIOdSOIDIIA 13ung vlOAIRNg wa[[ay uoozoyfeydedouyg GGz
eIPLIOdSOIDIA 13ung BlOAIRNg 1[norund uoozojeydoouyg 6T
BIPLIOdSOIDIA 13ung vloAIRNnyg ‘1iydof ean3eidg €67
BIpLIOdSOIOTIA] 13un,j BloAIRNg JBOUIOD BUWIOJENIA ST
BIPLIOdSOIOTIA] 13ung eloAIeyng XIIJBOQU BWASON 1S2
eIPLIOdSOIDIIA 13ung vlOAIRNg SI0AQUIOQ BUWSON] 0SC
eIpLIOdSOIDIIA 13ung vlOAIRNg ‘side ewasoN 61C
eIPLIOdSOIDNA 13ung vlOAIRNg *9rIA3[B BWASON 1T
RIPLIOdSOIOTA 13ung vloAIeyng ds wniprrodsoAyiyor YT
BIPLIOdSOIOTA 13ung vlokIeyng “ds wniprroeg 9T
BIPLIOdSOIOTA 13ung vloAIRYNg “ISNAURIQ U00Z0}Kd0IUY S¥C
BIPLIOdSOIDIIA 13ung vlOAIRNg ByeUN| B[[210dsoorn) e
SIPas 9vlIAdUI 13UN] 13ung vlOAIRNg snziyare sndoziyy YT
SIPas Qe1Ieoul 13Un,j 13un,g eloAIRNg SNSOWABI JOONA we
SIPas 9e1Ieoul 13un,j 13un,j BloAIRNg SNOTUEIISN “J SOPIO[[OUIOID JOONIA 1544
SIpas QelIaoul 13un 13ung vloAIRyNng RIOJIQUIAIOD BIPISQY ove
SIpas 9vlIadUI I3UN, 13ung vlOAIRNg BISJIqQUIAIOD BIPISQY 65T
SIpas 9rlIdUI 13UN 13ung vlOAIRNg 9e1aSI[NO WNIPIWS ]€T
BJOJAWOIPR[D0ISEI g 13ung BlOAIRNg ITUOSIQW B[[AIPE[J0ISe[g L€T
©j0oAWIOIPR[O0ISBIg 13ung vlokIeyng SNuUASoI10BW SOAWO[[Y 9¢T
BAIRYI( 13ung vloAIRyNg sipAewr o3e[nsn GeT
eA1ey1q 13ung vlOAIRYNg { 2d£31019s sueuLIOJOAU B[[AIPISEQO[L] €T
eA1ey1q 13ung vlOAIRYNg HIULIRD S1ISAd0owWnaug €€T

€ BAYT s ﬁm PAYT 7 I BAY] Jureu wisfuesI) ‘ON

WOUoX

3ded snoradad woay panunuod — 1°g dqeL

112



a3ed 1xou Uo panunuo)

BOZEBJOWING BOZBIOIN eloAIeyng SI[ensne snuojo0IpuUy 062
BOZEJOWING BOZBIOIN eloAIRNg snorue[odew uojoadoor[d 68T
rOZRJOWINY BOZRJIIN vlOAIRNg SInpa snRAN 887
BOZEJoWNG BOZBIOIN eloAIRNg s1ade] sndouay L8T
BOZEJOWNG BOZBIOIN BloAIRNg sirearoq sndouay 987
BOZEBJOWING BOZEIOIN vloAIeyng SN[NOSNUW SNJA] G]T
BOZEBJOWING BOZBIOIN eloAIeyNng suardes owoy ¥8C
rOZRJOWNY BOZRJIIN BlOAIRNg sn[noIUNd Sn3e[010K10 €8T
BOZEJOWNG BOZBIOIN BloAIRNg SNSO[NUBIS SNO2000UIYIH 78T
©a10dSOAYIYOT SIPaS 9B1IOUT BOZBJIIN/ITUN,] BloAIRNg T[oyo9ey wnruadsolosq 182
ea10dsoAyIyo[ SIPas 9BIIaOUT BOZBIQIA/ISUN] vloAIRyNyg “ds winipns£oouwroq 082
eIPLIOdSOIDIIA 13ung vlOAIRNg ‘snJeydoprioe BLIBASOASIA 6LC
eIpLIOdSOIDIIA 13ung vlOAIRNg wnidosoid wniprrodsoIdry 8LT
eIPLIOdSOIDNA 13ung vlOAIRNg '98/S wnIpLIodSoIdTA LLT
BIPLIOdSOIOTIA] 13un,j BloAIR N SIpae BIpIeZBYpH 9.C
BIPLIOdSOIOTA 13ung vlokIeyng aeonoos eiodsouojuy SlT
BIPHIOdSOIOTIA] 1Sung eloAreyng SI[ORYOTW UOSIUWY VLT
BIPLIOdSOIOTA] 13unq eloAIeyNng IXNAISTEQAP BIYoORUR[ €17
BIPLIOdSOIDIA 13ung vlOAIRNg aesdouojos erueyoO[Y [, LT
eIpLIOdSOIDIA 13unyg vloAIRNnyg nnwis eruaiAdsipAiod 1T
BIPLIOdSOIDTIA 13un,j BloAIRNg “SIOIND BIBIABA 0LZ
BIPLIOdSOIOTA 13ung vloAIRyNng sturwoy eroydojstordmyoeiy, 69C
eIpLIOdSOIdIA 13ung eloATeynyg 0+00$ DOLV "ds eroydoisiod 89C
BIPLIOdSOIDIIA 13ung vlOAIRNg ‘ST ds eroydoisiolq 19T
eIpLIOdSOIDIA 13ung BlOAIRNg -oe[[opueaiuu eioydoisto[d 997
BIPLIOdSOIOTA 13ung vlokIeyng ‘soaprosso[3oddiy eioydojstojq 59T
BIPLIOdSOIOTIA] 15ung eloAreyng QRULISOE BWIO| 92
eIPLIOdSOIDIIA 13ung vlOAIRYNg X11o9u eydIowWLITe €97
eIPLIOdSOIDIIA 13ung vlOAIRYNg ©109)10dwr eydiownirep 792
€ BAYT %Ec:oxwrm PAYT 7 I BAY] Jureu wisfuesI) ‘ON

3ded snoradad woay panunuod — 1°g dqeL

113



a3ed 1xou Uo panunuo)

aeaoAydoopuior e1kydopoy vloAIRNg e[[Aydoida] eruawApoyy 61¢
aeaoAydoopuior e1kydopoyy vlOAIRNg SISU9MOQALLIED U03I030poyYy 81¢
JeaoAydoopuio[ e1kydopoyy vlOAIRNg BIRUIA[Nd XB[OD0IWERIO[] L1€
JeaoAydoopuio[ e1kydopoyy vlOAIR Ny SOPIOYIUIW[AY UOI[BWAN 91¢
oeookydoopuiof e1kydopoyy vloAIeyng rIQNI BIPURIQUOP[TH SIg
qeookydoopuof e1kydopoy vloAIRYNg ‘eue[d eruowA[eH Aty
aeaoAydoopuior e1kydopoy vlOAIRNg 1-pue[Suyg “ds sisdorrejioein €I¢
aeaoAydoopuior v1kydopoyy BlOAIRNg snds11o snipuoy) ALy
JeaoAydoopuior v1kydopoyy vloAIRNnyg wngea WNIPIRD 11¢€
oeookydoopuiof eikydopoyy vloAIeyng SI[EUIOLJO BUI[[BIOD) 01¢€
qeookydoopuof e1Aydopouy vloAIRyNyg ‘BURIZ)LIOW BIYIAN)SOg 60€
aeaoAydoopuior e1kydopoyy vlOAIRNg wnIqnl wnruers)) R0¢
aeaoAydoopuior v1kydopoyy vlOAIRNg BIQJIWEY BIUOSTRWAUUOY LOS
JeaoAydoopuior e1kydopoyy vlOAIRNg “BOOR[OIA BAIOY], 90¢
oeookydoopuiof eikydopoyy vloAIeyng eson}10) sisdouoreuroN So¢€
oeookydoopuof e1kydopouyy vlokIeyng wniodsoroew wnwradsoyoeneg 0§
aeaoAydoopuior e1kydopoyy vloAIRYNg wnsoune[a3 wnuadsoyoeneg €0¢
aeaoAydoopuio[ v1kydopoyy vlOAIRNg vyeond enjojuyy 20¢
JeaoAydoopuio[ e1kydopoyy vlOAIRNg UUBWLIdY B[[oUINOPNY 10€
JeooKydoapuiofq elAydopoyy vloAIEyNng JeAsep g[oumopny 00¢€
oeookydorSueg e1kydopoyy vloAIeyNng BIR[NOBW B[[OPOYY 66C
qeookydorSueg e1kydopoyy vloAIRyNng wnaurgnior wnpuAydiog 867
seaokydoi3ueg e1kydopoyy vlOAIRNg BAUIRD BIYOLNOIYIAIT L6C
seaoAydordueg v1kydopoyy vlOAIRNg *sna[nIe0d uo3odosduwio) 967
JedoAydordueg v1kydopoyy BlOAIRNg (LSIA/spuels uidip ) -ds eidueg S6C
oeookydorSueg eikydopoyy vlokIeyng (3Iv/essery) “ds eisueg ¥6C
rOZEBJOWING BOZBIOIN eloAreyng sIsuayeIn euedeuey €62
BOZEBJOWING BOZBIOIN eloAIeyng 19)seSoueowr errydosorq 76T
rOZEBJOWING BOZBIOIN eloAIeyng BUI[ES BIWURMY 16¢

€ BAYT T BAYT 7 I BAY] Jureu wisfuesI) ‘ON

Awouoxe],

3ded snoradad woay panunuod — 1°g dqeL

114



epryIuLIAqe| soridouswrens BloAIRNg BINUIW SOpIO[NIULIAQe ] 6€€
eiAydorre[roeg sordousuwrens vloAIRyNyg qeo13[oq srouoydery ]¢¢
e1kydoure[roeg soidousurens vlOAIRNg e[NIeLYS BLIR[ISRI] LEE
e1kydoure[roeg soidouswrens vlOAIRNg BOLIIUQDD? BIISOISSE[RY ], 9¢¢
e1lydoureroeg soidousuwrens vlOAIRNg “WNJeISOd BWAUO0JI[S Gee
elAydoure[oeg soridouswrens BloAIR N ‘TPMIYSLIq wnjAg yc€
eikydornre[roeg soridousuwrens eloAIeyng "SI[eaI0q BLIOpNE T €ce
eikydoure[roeg soidousurens vloAIRYNg BOI3[0q BIISOJRWAD) €€
e1kydoure[roeg soidousurens vlOAIRNg yosoiq ‘3o sixAdoueydarg 1€¢
e1kydoure[roeg soidouswrens BlOAIRYNT SUBLIBA BIISO[Q]A 0€¢
elAydoureroeg soidousuwrens vloAIRNnyg snjeIpes SnOSIpPouIdso)) 67¢
eikydorre[roeg soidouswrens vloAIeyNng ‘wn[ydoLo uoIy)eI0)) ]7¢€
elAydorre[roeg soridousurens vloAIRyNng ‘en3Iquie BIQSOOR[NY LZE
e1ydoydang aejuediprap vlOAIRNg eIuaR]0JIdS BLIB[NOTUAD) 97¢
vlAydoydang sejuedipriip vlOAIRNg WNIOPI[IONIOA WINIQOYINADIY GZ¢
elAydoydang seyuediprip BlOAIRNg eqre sideurs 7€
eikydoydong ovjue[diprarp vlokIeyng BSSeURUR X BLIRIRI] €Z€
e1kydoydong ovjue[dipraip vloAIRyNg wnsoIaqn) WNue[os 7z
e1kydoydang aejuerdiprap vlOAIRYNg ‘BADRS BZAIO 12¢
eikydorory) orjue[dIpLIIA eloATeyng (g) STPLIIAON] B[[IO[YD 0zg
€ BAYT T BAY] 7 I BAY] Jureu wisfuesI) ‘ON
Awouoxe],

3ded snoradad woay panunuod — 1°g dqeL

115



o3ed 1xou uo panunuo))

BIPLIISO[D SOINOTWLIL] eLIIORYg wnuInjoq WNIpLIso[) 0¢
BIPLIISO[D SOINOTULIL] el snaIne snododojAydelg 6T
Toeg SOINOTULIL] euoORg SoU9303K00UOW BLI)SI] 87
Toeg SOINOTULIL] BLIR10RYg soua30)Ao0uour BLI)SI| LT
Toeqg SOINOTULIL] BLI10RYg ST}OB[ SNO000030B | 97
1oeq SOINOTWLIL] eLII0Rg IDOoNIqQ[p SNI[IOBGOIOR ] 4
1[oeg SOINOTWLIL] BLIIORY WNIOL} SNIJ090IUH ¥T
foeg SIINOTWLIL] elL1oey stnqns soyjioeyq £
Toeg SOINOTULIL] BLI10RYg SIoRIYIUE SO[[IoRg w0
Toeqg SOINOTULIL] BLI10RYg snprydouroyy snuLIay ], 12
100000UTa(] SNULIOY],-SNO000UId( eLI10Rg SUBINPOIPEI SNIOD0I0ULA(] 0z
190000UIa(] SNULIOY],-SNO2000UrdJ BLIIORY SUBINPOIPEI SNID000ULA(] 61
190000UId(] SNULIAY],-SN020d0urdJ eLRORg SISUQAQFU BIUBWIS 81
seipAwre[yD dnoiSerqororiooniiop eeIpAwe[y) | eueoRg JeqooWRYIURIR BIPAWER[YORIR] LT
serpAuwre[y) dnoiSerqororiooniiop eeIpAwe[y) | eHORY siewoyorI) BIpAWeYD 91
aerpAwrey) dnoi3e1qoIdTWOINIIoA /ARIPAWR[YD) | BlLIR)ORY sms eIpAweyD Sl
serpAwre[y) dnoi3e1qoIdTWOINIIoA /ARIPAWER[YD) | BLR)ORg oenisd errydopAwey) al
serpAwe[y) dnoi3e1qoIdTWOINIIoA /ARIpAWER[Y) | elR)oRg snorjoae Xayinby €1
(sseo) ovoymby oeoynby eLIO)ORY njoddiym ewAroydoay, 71
(sse[o) BlI910RqOUNOY BLI310RQOUTIOY BLI10RY snsoured saoAwoydang 11
(sse[o) BlI910RqOUNOY BLI3)0RQOUTIOY BLI10RYg suaroejoquue saoAwoydons 01
(sse[o) eLI)0RqOUNOY BLI3)ORQOUNOY eLI10Rg SISO[NOIAQN) WNTLINOBQOIAIA 6
(sse[o)erLI10BqOUNOY BLI9IOBQOUNOY BLIOIORY qeado[ vwisedooA N 8
(sse[o)erIo1oRqOUNOY BLI2IORQOUNOY [gaeiblds| SNAIN[ SNOJ0J0IDIIN L
100000ULIAY ], BlO9RYOIRAING BIRYOIY 190 SNOJ0J0WIAY, 9
100000UBTISTA BlOQRYOIRAING BORYOIY yoseuuef SNO0000UBYISA S
BLI31ORQOUBYIIA BlOQRYOIRAING eoeyory | snorgdonojneowIay) 10JoeqOuISYIOURYIOIN ¥
BLI9)ORQO[EH BlO9RYOIRAINT BORYOIY INJIOWSLIBW B[NOIBO[RH €
BLIO)ORQO[EH BlOQRYOIRAING BIRYOIY INJIOWSLIBW B[NJIEO[EH C
BLI9)ORQO[EH BlO09RYOIRAING BIRYOIY IM)IOWISLIBW B[NOIROTRH I

€ PAY] TPAY] [ 1o SR oN

Awouoxey,

*sdnoa3 dSruouoxe) pajerdosse Iy}
pue “jasejep YNYI S¢g douanbas-g/ ay) ur swisiuediQ :7'd 9[qeL

116



a3ed 1xau uo ponunuo)

SOINOI[OIN S9INOLISUA, BLI10RYg sueSoxrojut eardsoydey 6S
(ssepo)seraeyoorrdg sajeeyoondg eLI10Rg 119J10p3Inq BI[oIIOY 8¢
(ssepo) sayeryooxdg sajeeyoondg BLIIORY BSOUITNIOE SBUOWOPNAS] LS
(ssero) sajeryooxdg sajoeyoo0adg BLIAIORY snjiydojAwe 1910eqouTINY 96

eLI910RqOd0IdRIUIIRD) BLI0)0RQ00I] [gaeiblds| SOPIO[[SIYS SEUOWOISIJ GS
eLI310RqOd0IdeIUIIRD) BII9)0BQ0101d BLI10RYg seruownaud e[[a1sqary ¥S
eL110RqO)0IdeUIIRD) BII9)0BQ00I] BLI10RYg pY dezuanpyur snjrydowoeq €S
eLI10RqOd0IdeUIIRD) BLI9)ORQO00I] eLIIORY 100 BIYOLISYISH 4
eLI)oeqOdoIdewuen) BLI9)ORQOJ0I] el IpUNaJIj 19108qONID) IS
eLI10RqOd0IdRIUIIRD) BLI010RQ00I] euoORg mjouUINg B[[IX0)) 0S
eLI10RqOdj0IdeIUIIRD) BII9)0BQ0101d BLI10RYg e[rydoIpAy seuowoay 6t
el110RqO)0IdeTUIIRD) BII9)0Bq010Id BLI10RYg 10[Ad 19108qOOT[OH 8¥
eLI9)ORqOdj0IdRIILIRD) BLIIOBQO0IJ eLIOIORY nfaf 1930vqo1Adwe) Lt
suorsiArpqnsuoisda/eiop BLI9)ORQOJ0I] BLIIORY SIPNISUTUIW BLISSSTON o
suorsiArpqnsuoisda/eiop BLI01ORQO0I] [gaeiblds| QBOOYLIOUOS BLIOSSON St
er1a)oeqoajoiderog BII9)0BQ0101d eL)ORYg eroedad eLOpIOYIng 4
eLa10RqOjoIdeog BII9)0Bq010Id BLI10RYg o[fewopnasd eLIaplOyEINg IS%
erra)oeqoajordejog BII9)0BQ00I] eLI10RYg sissmxad e[perepiog w
er1o)oeqodjoidelog BLI9)ORQOJ0I] eLIIORYg Io[[eW BLIdP[OYINg 152
er1o)oeqojoidejog BLI01ORQOJ0I] [Jaeiblds| eondosiyouoiq e[[e1opiog ot
er1o)oeqojordejog BLI0)ORQO0I] [gaeiblds| TISTIOYOLI BISHAYOTY 6¢
er1a)oeqoajorderog BII9)0BQ0101d BLI10RYg myazemoi1d ersnayory 8¢
ed10eqojordeydy BII9)0Bq00Id BLIR10Rg smsned seuowopnasdopoyy LE
erd10eqoodeydy BLI9)OBQO00I] BLIIORY SIWLIOJI[[IOkq B[[QUOIIRY o¢
er)orqodoIdeydry BLI91ORQOJ0I] el SNOII9OBOI[BD 191080 G¢
erd10eqOooIdeydy BLI0)ORQO0I] [gaeiblds| Jenpedorsnyx xuyoadisArg ¥€
ryoimoradisAg SOINOTULIL] BLI10RYg wnuInoq WNIpLysor) €€

BIPLIISO[D SOINOTULIL] BLI10RYg wnuInioq WNIpLIsor) €

BIPLIISO[D SOINOTWLIL] eLII0Rg wnuInNioq WNIpLIsor) 1€

€ PAYY R T PAYT 7 I PAY] Jureu wisfuesI) *ON
WIoUoXe],

3ded snoradad woay panunuod — 7°q dqeL

117



v1dydoydang sejuedipriip rlOAIRNY eAlES BZAIO Sl
e1kydoydons ovjuediprarp rjoAIRNg euerey) stsdosiqry yL
vikydoydong ovjuediprirp rjoAIRYNg QBISIAQIO) SQOAWOIRYIIES €L
eAIRYIQ 13ung BloAIRNg side ewasoN L
eIpLIOdSOIDIIA 13ung vloAIRNg side ewasoN 1L
BIpLIOdSOIDIA 13unq rlOAIRNT SNSOWAORI JOINIA oL
SIPIsaLIIUNISUN] 13ung rlOAIRYNY $98 /S wnIpLIodsoIdrn 69
eIpLIodsoIon 13ung rjoAIRYNg 1[norund uoozojeydoouyg 89
SIPaS 9B1IadUI [3UN{ 13ung rlOAIRNY erydowray) euowWAYRNQ], L9
BIpLIOdSOIDIIA 13ung BloAIRNg npuo3 ewse[doxoy, 99
rioydor) BIB[OOA]Y rlOAIRNT wnrediofe] wnipowse[q S9
exo[dwooidy BIB[OJA]Y rlOAIRNY wnrediofe) wnipowse[d $9
exodwoordy BIB[OAA]Y rjoAIRYNg eUITLIBW BS0JOWIAY ], €9
exodwoordy BIR[OQAY rjoAIRY N oeruownaud ewse[dooAN 79
(sse[o) se30j0WIAY ], se3ojouLIay, eLIgIORY wnie)uagd ewse[dodAN 19
SOINOI[ON SQINOLIAUQY, eLII0Rg wnprred ewouodary, 09
€ PAYY T PAYT 7 I PAY] Jureu wisfuesI) *ON
Awouoxey, )

3ded snoradad woay panunuod — 7°q dqeL

118



o3ed 1xou uo panunuo))

SINJI[[OIN S9INOLIAUYY, eLIdIORY wnjoouded ewse[dodAN o€
SINOI[OIN SINOLIAUI], eLoRg wnjiow ewsejdonds 6T
BLI9JORQOUBYIOIN BlOdRYOIRAING BIRYOIY WNOIOTULIO} WNLISOBQOUBYIA 87
100000URISTA BlOQRYOIRAING eoeyory | SnorydonoyiouLIay) SNOd0I0WIYIOULYIdN | LT
BLI31ORQOUBIRA BlOQRYOIRAING BORYOIY SNPIAIJ SNUWISYIOUBIOTA 97
BLIS1ORQOUBIA BlOQRYOIRAING BIRYOIY snorydono)newIay) 19)08qOULIdYIOUBYIIN ST
10000UBYIOIN BlOQRYOIRAING BIRYOLY yoseuue( Snod000P[EOOURYIIA ¥T
100000URY I BlOdRYOIRAING BIRYOIY yoseuuel SnO0020P[EIOURIA €T
BIQOIOTWOURYIA BlOdRYOIRAING BIRYOIY 1o Ieq BUTOIBSOUBYISIN w
BIQOIOTWOUBYIA BlOQRYOIRAING BORYOIY BIR[ONOBA BUIDIBSOUBIOIA 12
BIQOIOTWOUBYIIA BlOQRYOIRAING BIRYOIY SnLepun SNqQOJOUBIIA 0z
1qO[303eyoIY BlOJRYDIRAING BORYIIY snpI3[ny snqo[309eydIy 61
BLIOIORQO[EH BlOQRYOIRAING BIRYOIY IN)JOWSLIEW B[NOIRO[RH 81
BII9)ORQO[EH BlO9RyOIRAING BIRYOIY wnIeuI[es WNL)oeqo[eH LT
BII9)OBQO[EH BlOQRYOIRAING BORYOIY WINIeUI[eS WNLIQ)ORqOTeH 91
BLI9)OBQO[EH BlOQRYOIRAING BIRYOIY TTUBO[OA XBISJOTeH ST
BLI9)ORQO[EH BlOQRYOIRAING BIRYOIY IOUBLIO)IPOW XBIOJO[BH] ¥1
BLIOIORQO[EH BlOQRYOIRAING BIRYOLY WINIOAOIBYOOES WNIqNIOEH €1
BLI0)ORQO[EH BlOdRYOIRAING BIRYOIY JeNYLIOW SNI2000[eH 4l
BII9)OBQO[EH BlOQRYOIRAING BIRYOIY eNYIIOW SNOO000TRH 11
BII9)OBQO[EH BlOQRYOIRAING BORYOIY 1IpeSew eqeLneN 01
100000WLIAY ], Bl0QRYOIRAING BIRYOIY 19S90M SNOJ000IAJ 6
100000WIAY ], BlOQRYOIRAING BIRYOIY IO SNI2020WLIAY ], 8
eewseidownray, BlOQRYOIRAING BIRYOIY wnyydoproe ewsejdouray, L
1ojoxdourtoy, BJOJRYOIBUII) BIRYOIY SI[IQOW $NJ2000INJNSA(] 9
19101dowray g, BJOJRYDIBUI)) BIRYOIY xturod wnifdoroy S
1ojoxdourzoy, BJOQBYOIRUII) BIRYOIY wNNod0 WNIIIPOILJ ¥
1ojoxdoway [, BJOJRYOIRUIID BIRYOIY SNLIEP[EOOPIOE SNQO[0J[NS €
1oj0xdoway |, BJOJBYOIBUIID BIRYOLY SNOLIBIRI[OS SNQO[0J[NS C
19joxdourioy, BJOJRYOIBUII) BIRYIIY wn[ydoioe wnnoeqoikg 1
€ PAY] 7 %Essxﬁu PAY] [ 1o SR o

*sdnoa3 dSruouoxe) pajerdosse Iy}
pue “jasejep YNYI SS 2ouanbas-gHz ay) ur swisiuediQ  ¢'d 9[qelL

119



a3ed 1xau uo ponunuo)

eLI910RqO9)0IdeIUIIRD) BII9)0Bq0)0I] erIo)ORg gezuanpur snjiydoweeq 6S
eLIa10RqO)0IdeuIIRD) BLI9)0RQ00I] erIo)ORg SUBPIX0O0IIQJ SN{[IORGOTY}IPIOY 8¢
eL19)oRqodjoIdewuuen) BLI9)ORQO0I] [Jaeibldds | SUBPIXOOLIQJ SN[[IOBqOIY}IPIOY LS
eLI9)oRqodoIdewuen) BLI9)ORQO0I] eLoRg SUBPIXOOIY} SN[[IOBqONIPIOY 9S
eLI910RqOdj0IdRIUIIRD) BLI2)ORQOJOI] euoRg eq[e eojRI33og GS
eLI310RqOd)0IdeIUIIRD) BII9)0BQ0]01] erIo)ORg BOATU XLIYJOTY ], ¥S
eLIa10RqO)0IdeTUIIRD) BLI9)0Bq00I] erIo)ORg “ds x1ujory ], €S
eLI10eqOd0IdeUIIED) BLI9)ORQO0I] eLo)ORg e[rydorey exdsopoyioeyq 4
eLI10RqOd0IdRIIMIED) BLI21ORQOI0I] eLoORg Aoyuysodeys e1dsopoyIorolog IS
erd1oeqoordeydyy BLI91ORQOJOI] euoRg SUQIORJOWN) WNLI)OLqOISY 0S
el1d10eqojodeydy BII9)0Bq0)01d elIo)ORg smensdes 19108qOpoTy 6%
erra)oeqoajoidejog BII9)0Bq0)0I] erIo)ORg SI[eOaR] SoUaSIeI[Y 8¥
er1a)oeqodjordelog BLI9)0RQ00I] [aeibldde | SUBIOAOPIOR SEUOWIEBWO)) Ly
BIOBJQ0AWOlOUR[J $9100AWOIOUR[ eLoORg SISUQI[ISEIq S90AWO0)OUR[J 9%
100000UIa(] SNULIAY T -SNO2000UId(] eLoRg snonenbe snuway, <%
100000UTa(] SNULISY ], -SNO2000UTa(] erIo)ORg snrydouroy) snuLay, 4
100000UTa(] SNULISY T, -SNO2000UTa(] erIo)ORg snrydourioyy snuIay, IS%
100000UTa(] SNULIAYL -SNO2090UTa(] [neibldde | snprydouroy) snuIay, w
190000UIa(] SNULIAY,T -SNO200UId(] [aiibldds | “ds snwey, 152
100020UIa(] SNULIAY ] -SNO2090UId(] eoRg SUBINPOIPEI SNID000UIA(] oy
100000UId(] SNULIAY T -SNO2000UId( eroRg SUBINPOIPEI SNIO000UIA(] 6¢
Toeg SOINOTULIL] elIo)ORg snaine snododo[Aydelg 8¢

Toeqg SOINOTULIL] eIo)ORg sn[ydourIay}0Iea)s SN[[IOBqOID) LE

Ioeq SOINOTULIL] [aiibldde | sn[ydourIay}oIea)s SN[[1oeqoan) o¢

1oeg SOINOTULIL] eLoRg sn[ydouLIay}oIea)s Sn[[1oeqoan) G¢

Toeqg SQINOTULIL] eoRg sn[ydouLIay0Ie)s SN[[IOBqOAD) ¥€

foeg SINOTULIL] eLe)oeyq stnqns snffioeyq 129

Toeqg SOINOTULIL] erIo)ORg mnojsed sny[oeg €
SINJI[[OIN S9INOLIAU], rLIdIORY 621N Setuownaud ewse[dodAN 1€

€ BAY] %Ec:oxmhm BAY] 7 1 94T Jureu wisfuesI) *ON

3ded snoradad woay panunuod — ¢ g dqeL

120



a3ed 1xau uo ponunuo)

eLIg10RqOd0IdRIILIRD) BLI3IORQOI0I] eLIOYORY 7T wnunuwiyd£) e[jouowes 98
eLIg0RqOdoIdeIILED BLISIORQOI0I] vLIOYORY 7T wnunwiyd£) e[jouowes L8
eLI10RqOI0IdeIIMIED) BLIS1ORQOI0I] el 103 BIYOLISYISH 93
eLI910RqOI)0IdeIIMIED) BLI310BQO0I] eLIO)ORg SOpIO[[981YS SBUOWOISI[J G8
eLI10RqOd)0IdeWIMIERD) BLI3)0BQ0)01] eLIo)ORg Sejeswep "dsqns Sg[eswiep WNLIAOLQOIOY] 8
eL9)oRqod)0IdeuItIe. BLI9)0Bq03]101] eLIg)ORyg ‘ds wneloeqoloyq €8
eLI10RqOdoIdeIILED) BLISIORQOI0I] eLOORY wmsngue wWnLsoeqoI0yq 78
eLI0RqOI0IdeIIMIED) BLISIORQOI0I] e SISUSIBUUIOUID OLIQIA 18
er1o)orqoojordewruren BLI310BQOI0I] eI snonAouId[e oLqIA 08
eL19)orqo9joIdewruuen) BLI3)0BQ0)0I] eLo)ORg TA9ATRY OLIQIA 6L
eLI9)oRqodoIdeILIeD BLIS)0BQ03101] eLIgORy snonAjoweeyered oLIQIA QL
eLIg0RqOd0IdeIITRD) BLIS1ORQOI0I] eLIOORY snonAoaroid ouqip LL
eLI0RqOI0IdeIILIED) BLISIORQOINOI] eLIOORY SNOYTU[NA OLIQIA 9/
er1o)orqoojordetruren BLIS1ORQOI0I] el SNOTWIWI OLIQIA S/
eL1o)orqo9joIidewruuen) BLI3)10BQO00I] eLIO)ORYg TA9ATRY OLIQIA YL
eL9)oRqod0IdeILIRD BLIS)ORQO0I] eLIdORY SI[RIAN]] OLIQIA <L
eLI10RqOd0IdRIITIRD) BLI9)0Bq0101] eLOORY snorydonozerp oLqIp 7L
eLI0RqOIoIdeIILIED BLISIORQOI0I] eLIOYORY souagoze3 oLqIA 1L
eLI10RqOd0IdeWIMED) BLIS1ORQOI0I] eLIOYORYg TOUBLIS)IPSW OLIGIA 0L
eLI910RqOd0IdeWIMIED) BLI910BQO0I] eLIO)ORYg SuaSoLneU OLIQIA 69
eLI10RqOd)0IdeIIMIRD) BLI3)0BQ0)01] eLIo)ORg SI9IU OLIQIA 89
eL9)oRqod0IdeUItIe BLI9)0BQ0101] eLIgORy TTAOYIUYOSIOW OLIQIA L9
eLIg0RqOdoIdeIILIED) BLISIORQOI0I] eLIOYORY [epIO OLIQIA 99
eLI10RqOI0IdeIIMIED) BLISIORQOI0I] el IIYSeIqn) OLIQIA g9
eLI910RqOI0IdeIIMIED) BLIS1OBQOI0I] el LISYOSY OLIQIA $9
eLI10RqOd)0IdeIIMIED) BLI3)0BQ0)0I] eLIo)ORg 1980] olIqIA €9
eL9)oRqodoIdeILie BLIS)OBQO01] eLIgORY JBSI[[OY BNUOWILID) 79
eLIg0RqOdoIdewIED) BLISIORQOIOI] eLIOORY eidead e[ouoisr| 19
eLIg0RqOI0IdRIILIRD) BLISIORQOIN0I] eLIOYORY wnIe[InSue e[[ouoISI| 09

£ PAYT 7 (ALl 7 1 PAYT Jureu wisfue3IQ *ON

Awouoxey, )

3ded snoradad woay panunuod — ¢ g dqeL

121



a3ed 1xau uo ponunuo)

epnserdojoury rozZoua[3ng rlOAIRNY 1[o110q ewsedouedA1y, L11
BPIQEOWENU)) ©0Z0Q20WYy eloAIeyNng TTUR[[9)SBD BQROWRYJUBIY 911
BOZ0JIKIN BOZOQIOWY rlOAIRNYg wnpeydeoLjod wnresAyq Gl
BOZ0JIKIN B0Z0QR0WY Bl0AIR N WNIPIOISIP WNI[AISOAIIJ P11
oeooeioydourh) orooAydoisLooone[n rloAIRYNg exopeled vioydouek) €11
oeooepeuowoydL1) e1kydord£1n rlOAIRNY wnowered seuowoldA) 711
(ssepo)erIa)oRqOUNOY BLI3)0BQOUTIOY erIo)ORg SIAOQ WINLISIORQOIAIN 111
(sse[o)eLI9)0RqOUNOY BLI3IORQOUNOY eLo)ORg SNAIN[ SNOJ0J0IDTN 011
(sse[o)erI9)10RqOUNOY BLI9IORQOUNOY eLoORg SIULIOJIQO[S 1910RqOIYITY 601
(sse[o)erIo1oRqOUNOY BLI9JORQOUNOY euoRg STULIOJIQO[S 1910RqOIYITY 801
(sse[o)erIa)oRqOUNOY BLI310BQOUNIOY elIo)ORg SUBPAXO 19)08qOIYY 101
(sse[o)erIa)oRqOUNOY BLI3)10BQOUTIOY erIo)ORg JeINpEW BINPRWOUNOY 901
(sse[o)erIa)oRqOUNOY BLI3)ORQOUNOY [aeibldde | SUEPAXOUO0QIBO0IPAY BIPIEOOUOPNAS] S01
1qoIo[YD dnoiSiqoio[yD/seroprordioeyg | eueRg B[OJTWI] WNIQOIOYD) 01
sojoploIloRyg dnoi3iqoio[yD/seroprordioeyg | euoeg S1AQ1q Iajoeqopadwyg €01
suorsiatpqnsuoisda/eifop BLI9)0BQ0)01] erIo)ORg runfaf 1930eqO[AdUIe) 201
eLI310RqO)01deIUIIRD) BII9)0Bq00I] erIo)ORg BSOUISNIoL SBUOWOPNASJ 101
eL1a10RqO)0IdeUIIRD) BLI9)0BQO00I] [neibldde | BSOUISNIOE SBUOWOPNASJ 001
eLI10RqOd0IdRIIIIERD) BLI9)ORQOI0I] [aiibldds | SUQJSAION] SBUOWOPNAs] 66
eLI10RqOd0IdRWIMIED) BLI91ORQO0I] eoRg 119Z)N}S SBUOWOPNIS] 86
eLI10BqOd)0IdRIUIIRD) BLI21ORQOOI] eroRg [I9Z)NJS SLUOWOPNasy L6
el1310RqO)0IdeIUIIRD) BII9)0Bq0)01q elIo)ORg TIPUB[SUIA 19)08q0)0ZY 96
eL1310RqO)0IdeTUIIRD) BLI9)0Bq0)0I] eIo)ORg BUBI[[OM[0D B[[QUBMAYS S6
eLI108qOd)0IdeIUIIRD) BLI9)ORQO0I] [aiibldde | suaroejonnd e[jouemoys ¥6
eLI10RqOd0IdRIIIIED) BLI91ORQOI0I] eLoRg TepaueRy B[[QUBMIYS €6
eLI10RqOd0IdRIUIIRD) BLI9)ORQOJ0I] eoRg 711 wnunuwiyd4) effouowes 6
eLI310RqOd)0IdeIUIIERD) BII9)0Bq0)01] erI)ORg 711 wnunuiyd£) e[jouowes 16
eLI310RqO)01deTUIIRD) BII9)0Bq0)0Iq erIo)ORg 7T wnunuryd4) e[feuowes 06
eLIs108qOd)0IdeUIIRD) BLI9)0RQO00I] ero)Rg T wnunuiyd4) e[fouowes 63
€ BAY] 7 TPAY] 7 1 94T Jureu wisfuesI) *ON
Awouoxe],

3ded snoradad woay panunuod — ¢ g dqeL

122



a3ed 1xau uo ponunuo)

13ung dnoi3 erozejo/13un,g rlOAIRNY suedIq[e epIpue)) (Tl
13ung dnoi3 eozejoN/13ung rlOAIRNg SnSIQWWI SNJ0qOISY Syl
13ung dnoi3 evozejoN/13ung rlOAIRNYg B)ONSOIOIW B[[o1RqRY] edl
13unyg dnoi3 eozejoN/13ung rloAIRNg SOpPOpP9 B[NUNUI] ¥l
13ung dnoi3 vozejo/13ung rloAIRYNg exopeled enuopoydAy wl
13ung dnoi3 vozejo/13ung rlOAIRNY SUBULIOJOQU B[[AIPISEQO[I] 171
13ung dnoi3 rozejoN/13ung rlOAIRNYg epij[ed eruasuensuyD orl
13unyg dnoi3 evozejoN/13un,g rlOAIRNYg TIUIOOBA WNIPISBQOXH 6¢<1
13ung dnoi3 eozejoN/13ung rlOAIRNg SISUQSOULIO] B[[QISNMIOIN 8¢
13ung dnoi3 vozejo/1S3ung rloAIRYNg xo[dwiIs e[[oIpe[o0ISe[g L€1
SIPas 9B1IaOUT BOZBIQIA/ISUN] dnoi3 vozejo/13ung rlOAIRNg wnonisered wniprgaouwry 9¢1
aeaoAydoopuiorg e1kydopoyy rlOAIRNY essa1dwoo eueIoRIn Gel
eioydor) BIR[OIA]Y rlOAIRNYg snwoisKina sayordnyg €1
eioydor) BIR[OJA]Y rlOAIRNYg yjnipoom sjojdng €Cl
eloydor(i) BIR[OAA]Y rl0ATIRYNg erydoway) euawWAyeNIY, €1
eioydorr) BJR[OJA]Y rloAIRY N erydowray) ruowAyeNQ], I€1
eioydori) BIR[OQATY eloAIRNg BI[OINEI)9) WNIOJWEIR] 0¢1
eizoydori) BIB[OAATY eloAIRNg XBIOA BNR[SSAIY 621
eioydor) BIR[OJA]Y rlOAIRNYg wnotuodel ewsteydorg ]C1
exo[dwoosidy BIR[OJA]Y rloAIRNg wniediofe) wnipowse[d 11
aeooAydourq BIB[OQA]Y rloAIRYNg uyod wnrurpodaydAy 9Z1
eikydorre[roeg soridousurens rlOAIRNg onuo) eWIOIRI(] Gzl
epinyuLIfqe so[idousurens rlOAIRNYg wnje3aI33e wnLAYd0ZIYdS vl
eprus[3ng roZOUQ[3NY rlOAIRNYg siroeisd eua[3nyg €Tl
eprus[3ng roZOUQ[3NY rlOAIRNg siroeisd eua[3nyg |
epnse[dojouryy rozoug[3nyg rloATIRYNg 190n1q vwosouedAiy, 121
epnse[dojoursy roZOUQ[3Ng rlOAIRYNY 1Zn1o ewosouedA1y, 0zl
epnsedojoury rozouo[3ng rlOAIRNY 1d1y @refos] “ds seuowolAyq 611
epnsedojoury rozZOUQ[3INY rlOAIRNYg BJR[NOIOSE] RIPIYILID) 811
€ BAY] 7 TPAY] 7 1 94T Jureu wisfuesI) *ON
Awouoxe],

3ded snoradad woay panunuod — ¢ g dqeL

123



a3ed 1xau uo ponunuo)

BOZRIIIN dnoi3 erozejo/13un,g rlOAIRNY snjeIne SNJAOLIDOSIIA GL1
BOZRIIIN dnoi3 eozejoN/13ung rlOAIRNg snnosnuw SNA LI
BOZRJIIN dnoi3 evozejoN/13ung rlOAIRNYg SNOI39AIOU SNJIBY €L1
BOZBIIN dnoi3 eozejoN/13ung rloAIRNg SNOISOAIOU SN)eY Ll
BOZBIOIN dnoi3 vozejo/13ung rloAIRYNg SnoISoAIOU SN)BY 1L1
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNY snine) sog oLI
BOZRIIIN dnoi3 rozejoN/13ung rlOAIRNYg euen3I pUEN3[ 691
BOZRJIIN dnoi3 evozejoN/13un,g rlOAIRNYg siaoe] sndouay {91
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNg JequieqoLI BOAYIONSED) 191
BOZEIOIN dnoi3 eozejojp/13ung elokIeyng SuQ2sapLIIA snwey3ydojoN 997
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNg Prem so[opoIna[d G91
BOZRIIIN dnoi3 erozejon/13un,g rlOAIRNY B[NOTUBD SNUIYIOI[ADS 91
BOZRJIIN dnoi3 evozejoN/13un,g rlOAIRNYg wnorode( uorguayle] €91
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNYg 1I9YJ[9q BWOISOIyoueRlg 791
BOZRIIN dnoi3 vozejo/13ung rl0ATIRYNg ID[SAQ[BMOY SNSSO[30008S 191
ROZBISIN dnoi3 vozejo/13ung rloAIRY N epiqred v10poqoH 091
BOZRIIIN dnoi3 rozejo/13un,g rlOAIRNY Sue39[9 SHIPqeRYIoudL)) 6S1
BOZRIJIIN dnoi3 erozejo/13un,g rlOAIRNYg sue3o[o snIpqeyIoude)) 8G1
BOZRJIIN dnoi3 evozejoN/13ung rlOAIRNYg SI[BOIAIRD BIIO0YOU() 1G]
BOZBIIN dnoi3 eozejoN/13ung rloAIRNg sieostd snuoryoelg 961
BOZBIOIN dnoi3 vozejo/13ung rloAIRYNg eumbo erunoy GS1
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNg urogop sisdowaN S
BOZRIIIN dnoi3 rozejo/13ung rlOAIRNYg BILINE BI[QINY €S
BOZRJIIN dnoi3 vozejoN/13un,g rlOAIRNYg BILINEG BI[QINY 7SI
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNg eyoanbumb eioesAy) IS1

13ung dnoi3 vozejo/13ung rloATIRYNg ITULIBD STIsAoownaug 0S1

13ung dnoi3 vozejo/13ung rlOAIRYNY oquiod S9OAWOIRYIOBSOZIYDS 611

13ung dnoi3 erozejo/13un,g rlOAIRNY aquiod S90AWOIRYIIBSOZIYIS 3l

13ung dnoi3 eozejoN/13ung rlOAIRNYg QBISIAQIQD SQOAWOIBYIIRS L]
€ BAY] 7 TPAY] 7 1 94T Jureu wisfuesI) *ON

Awouoxe],

3ded snoradad woay panunuod — ¢ g dqeL

124



a3ed 1xau uo ponunuo)

BOZRIIIN dnoi3 erozejo/13un,g rlOAIRNY snonenbe snijesy 07
BOZRIIIN dnoi3 eozejoN/13ung rlOAIRNg BUI[ES BIWMY €0T
BOZRJIIN dnoi3 evozejoN/13ung rlOAIRNYg sieuroyjo eideg 202
BOZBIIN dnoi3 eozejoN/13ung rloAIRNg SNS0IQII[I XI[[I 102
BOZBIOIN dnoi3 vozejo/13ung rloAIRYNg sue3ma sndoyQ 002
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNY 9[NPa BULIIPOISBIA)) 661
BOZRIIIN dnoi3 rozejoN/13ung rlOAIRNYg eUNLIOU B[NIng 861
BOZRJIIN dnoi3 evozejoN/13un,g rlOAIRNYg 9[oeI3 eweuojoorduyg L61
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNg SnJe[nOIUA3 snaur| 961
BOZEIOIN dnoi3 eozejojp/13ung elokIeyng SLILIIOTAQIQ SIQIQULI] S61
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNg snpIq[e snoenAyoug 61
BOZRIIIN dnoi3 erozejon/13un,g rlOAIRNY SNIoUIdIUN SIYIIN) €61
BOZRJIIN dnoi3 evozejoN/13un,g rlOAIRNYg npno3 sisdojooseyq 761
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNYg eI9J1unoad BULIOISY 161
BOZRIIN dnoi3 vozejo/13ung rl0ATIRYNg SLIB[NA SRLIQISY 061
ROZBISIN dnoi3 vozejo/13ung rloAIRY N “ds smjonuostwoy 631
BOZRIIIN dnoi3 rozejo/13un,g rlOAIRNY snssaxdop snjonUAd0PNaSq 881
BOZRIJIIN dnoi3 erozejo/13un,g rlOAIRNYg sewryso sndoyong 181
BOZRJIIN dnoi3 evozejoN/13ung rlOAIRNYg ordred snund£) 981
BOZBIIN dnoi3 eozejoN/13ung rloAIRNg rIIqe) SNy euso[Ioyoy G81
BOZEIIIN dnoi3 eozejoj/13ung BloIeyng SI[ISSOJ SNUINSSTIA $81
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNg soprowyes sn1adoIorn €81
BOZRIIIN dnoi3 rozejo/13ung rlOAIRNYg SSD{AW SNYOUAYIOdUQ) 781
BOZRJIIN dnoi3 vozejoN/13un,g rlOAIRNYg suardes owoy 181
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNg suordes owoH 081
BOZRISIN dnoi3 vozejo/13ung rloATIRYNg suardes owoy 6L1
ROZBISIN dnoi3 vozejo/13ung rlOAIRYNY suardes owoy SLI
BOZRIIIN dnoi3 erozejo/13un,g rlOAIRNY suardes owoy LLT
BOZRIIIN dnoi3 eozejoN/13ung rlOAIRNYg suardes owoy 9.1
€ BAY] 7 TPAY] 7 1 94T Jureu wisfuesI) *ON
Awouoxe],

3ded snoradad woay panunuod — ¢ g dqeL

125



a3ed 1xau uo ponunuo)

e1kydoydoang aeyuediprip rlOAIRNY snayn| snurdn €€T
e1kydoydang aeyuedipriip rlOAIRNg sue3[na snjoaseyq €T
v1kydoydang seyuediprip rlOAIRNYg WNWIssie}sn wnur| 1€2
e1kydoydang seyuediprip rloAIRNg eoenad snoran() 0€C
eikydoidong oejuedIpLIp rloAIRYNg sue3[na eleg 622
e1kydordong sejuedIpriip rlOAIRNY BqO[Iq 03UID) 87T
e1kydoydeng aeyuediprap rlOAIRNYg BIRIpRI Snuld 172
v1kydoydang seyuediprip rlOAIRNYg BOPIOAP XLIB] 972
e1ydoydang seyuediprip rlOAIRNg saproqonsoldA[3 eronbaseiopy GTT
e1kydoidonsg oejuedIpLIip rloAIRYNg Uowous Wnjoun) T
e1kydordong sejuedIpLIip rlOAIRNg roruey oy eipaydyg €2C
e1kydoydeang aeyuediprip rlOAIRNY BIN[OADI SBOKD) rood
e1kydoydang sejuediprip rlOAIRNYg SQUBRWIOYOL) WNIUWOISe[d 122
v1kydoydang seyuedipriip rlOAIRNYg BOLIQWOIZAY BLIRUN] 02e
e1kydoydons sejuedIpLIp rl0ATIRYNg ‘ds v14Sondg 612
ROZBISIN dnoi3 vozejo/13ung rloAIRY N BIB[NO0 BUO[OI[RH 812
BOZRIIIN dnoi3 rozejo/13un,g rlOAIRNY eoUINSURS UOPIOBIUSWAH L12
BOZRIJIIN dnoi3 erozejo/13un,g rlOAIRNYg eowode( e1sa3ng 912
BOZRJIIN dnoi3 evozejoN/13ung rlOAIRNYg BR[NNI BIDOUR[] GIT
BOZBIIN dnoi3 eozejoN/13ung rloAIRNg Jerjoudew uoydisoylikoy 1T
BOZBIOIN dnoi3 vozejo/13ung rloAIRYNg 1Aured eorvIoyUY €1¢
BOZRIIIN dnoi3 vozejo/13ung rlOAIRNg BIYJUAD BIWES 212
BOZRIIIN dnoi3 rozejo/13ung rlOAIRNYg euenunew e[rydosoig 112
BOZRJIIN dnoi3 vozejoN/13un,g rlOAIRNYg I91se3oueout eprydosoiq 012
BOZRJIIN dnoi3 eozejoN/13ung rlOAIRNg 191se3oueou eprydosoiq 602
BOZRIOIN dnoi3 vozejo/13ung rloATIRYNg euroIA eroydie) 80C
ROZBISIN dnoi3 vozejo/13ung rlOAIRYNY sodyni snjedrey 102
BOZRIIIN dnoi3 erozejo/13un,g rlOAIRNY SNOTISAWOP BIYIY 907
BOZRIIIN dnoi3 eozejoN/13ung rlOAIRNYg SI[BX0D SN[[9se01d S0T
€ BAY] 7 TPAY] 7 1 94T Jureu wisfuesI) *ON
Awouoxe],

3ded snoradad woay panunuod — ¢ g dqeL

126



vikydoidong oejuedIpLIp rloAIRYNg QsuaAIe wnjasinbyg we
e1kydordong sejuedipraip rlOAIRNg BATIES BZKIO 12
e1kydoydang aeyuediprip rlOAIRNYg BAIBS BZAIO ove
v1kydoydang sejuedipriip rlOAIRNYg WNATSIE WNONLL], 6€C
v1ydoydang seyuedipriip rlOAIRNg wWNd2050uoW WNONLL], 8€T
eikydoidonsg oejuedIpLIip rloATIRYNg BPLIQAY X BIUN}O] 1€T
e1kydoidong sejuedIpLIip rl0AIRY N BPLIQAY X BIUMO] 9€T
e1kydoydeng aeyuediprip rlOAIRNY wnaloqle wnid£sson GeT
v1kydoydang sejuediprip rlOAIRNYg sndeu eoisserg €T

€ BAY] TPAY] 7 1 94T Jureu wisfuesI) *ON

Awouoxey, )

3ded snoradad woay panunuod — ¢ g dqeL

127



[1]

[4]

Bibliography

O. Alter. Discovery of principles of nature from mathematical modeling of
DNA microarray data. Proc Natl Acad Sci U S A, 103(44):16063—-16064,
2006.

O. Alter.  Genomic signal processing: from matrix algebra to genetic

networks. Methods Mol Biol, 377:17-60, 2007.

O. Alter, P. O. Brown, and D. Botstein. Singular value decomposition for

genome-wide expression data processing and modeling. Proc Natl Acad Sci

USA,97(18):10101-10106, 2000.

O. Alter, P. O. Brown, and D. Botstein. Generalized singular value
decomposition for comparative analysis of genome-scale expression data sets
of two different organisms. Proc Natl Acad Sci U S A, 100(6):3351-3356,
2003.

O. Alter and G. H. Golub. Integrative analysis of genome-scale data by using
pseudoinverse projection predicts novel correlation between DNA replica-
tion and RNA transcription. Proc Natl Acad Sci U S A, 101(47):16577—
16582, 2004.

D. Ammons, J. Rampersad, and G. E. Fox. 5S rRNA gene deletions cause

an unexpectedly high fitness loss in Escherichia coli. Nucleic Acids Res.,

128



[10]

[11]

[12]

27:637-642, 1999.

C. I. Amos, X. Wu, P. Broderick, I. P. Gorlov, J. Gu, T. Eisen, Q. Dong,
Q. Zhang, X. Gu, J. Vijayakrishnan, K. Sullivan, A. Matakidou, Y. Wang,
G. Mills, K. Doheny, Y. Y. Tsai, W. V. Chen, S. Shete, M. R. Spitz, and
R. S. Houlston. Genome-wide association scan of tag SNPs identifies a
susceptibility locus for lung cancer at 15925.1. Nat. Genet., 40:616-622,
2008.

V. P. Antao and I. Tinoco. Thermodynamic parameters for loop formation
in RNA and DNA hairpin tetraloops. Nucleic Acids Res., 20(4):819-824,
1992.

S. L. Baldauf, A.J. Roger, 1. Wenk-Siefert, and W. F. Doolittle. A kingdom-
level phylogeny of eukaryotes based on combined protein data. Science,

290(5493):972-977, 2000.

N. Ban, P. Nissen, J. Hansen, P. B. Moore, and T. A. Steitz. The complete
atomic structure of the large ribosomal subunit at 2.4A resolution. Science,

289:905-920, 2000.

A. Bashan and A. Yonath.  Correlating ribosome function with high-

resolution structures. Trends Microbiol., 16:326-335, 2008.

J. Brosius, T. J. Dull, and H. F. Noller. Complete nucleotide sequence of
a 23S ribosomal RNA gene from Escherichia coli. Proc. Natl. Acad. Sci.
U.S.A., 77:201-204, 1980.

129



[13]

[14]

[15]

[16]

[17]

[19]

J. R. Brown and W. FE. Doolittle. Root of the universal tree of life based on

ancient aminoacyl-tRNA synthetase gene duplications. Proc Natl Acad Sci

U S A, 92(7):2441-2445, 1995.

C. E. Bullerwell and B. F. Lang. Fungal evolution: the case of the vanishing

mitochondrion. Curr Opin Microbiol, 8(4):362-369, 2005.

J. Cadima and I. Jolliffe. On relationships between uncentered and column-

centered principal component analysis. Pak J Statist, 25:473-503, 2009.

J. J. Cannone, S. Subramanian, M. N. Schnare, J. R. Collett, L. M. D’Souza,
Y. Du, B. Feng, N. Lin, L. V. Madabusi, K. M. Muller, N. Pande, Z. Shang,
N. Yu, and R. R. Gutell. The comparative RNA web (CRW) site: an online
database of comparative sequence and structure information for ribosomal,

intron, and other RNAs. BMC Bioinformatics, 3:2, 2002.

J. D. Carroll and J. J. Chang. Analysis of individual differences in
multidimensional scaling via an N-way generalization of ‘Eckart-Young

decomposition. Psychometrika, 35:283-319, 1970.

G. Casari, C. Sander, and A. Valencia. A method to predict functional

residues in proteins. Nat. Struct. Biol., 2:171-178, 1995.

J. H. Cate, A. R. Gooding, E. Podell, K. Zhou, B. L. Golden, A. A. Szewczak,
C. E. Kundrot, T. R. Cech, and J. A. Doudna. @ RNA tertiary structure
mediation by adenosine platforms. Science, 273:1696—-1699, 1996.

130



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

R. B. Cattell. Parallel proportional profiles and other principles for
determining the choice of factors by rotation. Psychometrika, 9:267-283,

1944.

R. B. Cattell.  The three basic factor-analytic research designs — their

interrelations and derivatives. Psychological Bulletin, 49:449-452, 1952.

M. Chastain and I. Tinoco. Structural Elements in RNA. volume 41 of
Progress in Nucleic Acid Research and Molecular Biology, pages 131 — 177.
Academic Press, 1991.

X. J. Chen and R. A. Butow. The organization and inheritance of the

mitochondrial genome. Nat. Rev. Genet., 6:815-825, 2005.

G. L. Conn, R. R. Gutell, and D. E. Draper. = A functional ribosomal
RNA tertiary structure involves a base triple interaction.  Biochemistry,

37(34):11980-11988, 1998.

The International HapMap Consortium*. The International HapMap

Project. Nature, 426:789-796, 2003.
F. H. Crick. The origin of the genetic code. J Mol Biol, 38:367-379, 1968.

J. B. Dacks and W. F. Doolittle. Reconstructing/deconstructing the earliest
eukaryotes: how comparative genomics can help. Cell, 107(4):419-425,
2001.

131



[28] L. De Lathauwer, B. De Moor, and J. Vandewalle. A multilinear singular
value decomposition. SIAM J. Matrix Anal. Appl., 21(4):1253-1278, 2000.

[29] M. T. Dixon and D. M. Hillis. = Ribosomal RNA secondary structure:
compensatory mutations and implications for phylogenetic analysis. Mol.

Biol. Evol., 10:256-267, 1993.

[30] E. A. Doherty, R. T. Batey, B. Masquida, and J. A. Doudna. A universal
mode of helix packing in RNA. Nat Struct Biol, 8:339-343, 2001.

[31] S.Dokudovskaya, O. Dontsova, O. Shpanchenko, A. Bogdanov, and R. Brima-
combe. Loop IV of 5S ribosomal RNA has contacts both to domain II and

to domain V of the 23S RNA. RNA, 2:146-152, 1996.

[32] D. F Easton, K. A. Pooley, A. M. Dunning, P. D. Pharoah, D. Thompson,
D. G. Ballinger, J. P. Struewing, J. Morrison, H. Field, R. Luben, N. Ware-
ham, S. Ahmed, C. S. Healey, R. Bowman, K. B. Meyer, C. A. Haiman,
L. K. Kolonel, B. E. Henderson, L. Le Marchand, P. Brennan, S. Sangrajrang,
V. Gaborieau, F. Odefrey, C. Y. Shen, P. E. Wu, H. C. Wang, D. Eccles, D. G.
Evans, J. Peto, O. Fletcher, N. Johnson, S. Seal, M. R. Stratton, N. Rahman,
G. Chenevix-Trench, S. E. Bojesen, B. G. Nordestgaard, C. K. Axelsson,
M. Garcia-Closas, L. Brinton, S. Chanock, J. Lissowska, B. Peplonska,
H. Nevanlinna, R. Fagerholm, H. Eerola, D. Kang, K. Y. Yoo, D. Y. Noh,
S. H. Ahn, D. J. Hunter, S. E. Hankinson, D. G. Cox, P. Hall, S. Wedren,
J. Liu, Y. L. Low, N. Bogdanova, P. Schurmann, T. Dork, R. A. Tollenaar,
C. E. Jacobi, P. Devilee, J. G. Klijn, A. J. Sigurdson, M. M. Doody, B. H.

132



[33]

[34]

[35]

[36]

[37]

Alexander, J. Zhang, A. Cox, I. W. Brock, G. MacPherson, M. W. Reed, F. J.
Couch, E. L. Goode, J. E. Olson, H. Meijers-Heijboer, A. van den Ouweland,
A. Uitterlinden, F. Rivadeneira, R. L. Milne, G. Ribas, A. Gonzalez-Neira,
J. Benitez, J. L. Hopper, M. McCredie, M. Southey, G. G. Giles, C. Schroen,
C. Justenhoven, H. Brauch, U. Hamann, Y. D. Ko, A. B. Spurdle, J. Beesley,
X. Chen, A. Mannermaa, V. M. Kosma, V. Kataja, J. Hartikainen, N. E. Day,
D. R. Cox, and B. A. Ponder. Genome-wide association study identifies

novel breast cancer susceptibility loci. Nature, 447:1087-1093, 2007.

S. R. Eddy and R. Durbin. RNA sequence analysis using covariance models.

Nucleic Acids Res, 22:2079-2088, 1994.

T. D. Edlind, J. Li, G. S. Visvesvara, M. H. Vodkin, G. L. McLaughlin,
and S. K. Katiyar. Phylogenetic analysis of beta-tubulin sequences from

amitochondrial protozoa. Mol Phylogenet Evol, 5(2):359-367, 1996.

T. M. Embley. Multiple secondary origins of the anaerobic lifestyle in
eukaryotes. Philos Trans R Soc Lond B Biol Sci, 361(1470):1055-1067,
2006.

T. M. Embley and W. Martin. Eukaryotic evolution, changes and challenges.
Nature, 440(7084):623-630, 2006.

N. M. Fast, J. S. Law, B. A. P. Williams, and P. J. Keeling. Bacterial catalase
in the microsporidian Nosema locustae: implications for microsporidian

metabolism and genome evolution. Eukaryot Cell, 2(5):1069-1075, 2003.

133



[38]

[39]

[40]

[41]

[42]

[44]

N. M. Fast, J. M. Jr Logsdon, and W. F. Doolittle. Phylogenetic analysis of
the TATA box binding protein (TBP) gene from Nosema locustae: evidence

for a microsporidia-fungi relationship and spliceosomal intron loss. Mol

Biol Evol, 16(10):1415-1419, 1999.

F. Fogolari, S. Tessari, and H. Molinari.  Singular value decomposition
analysis of protein sequence alignment score data. Proteins, 46:161-170,

2002.

G. E. Fox, L. J. Magrum, W. E. Balch, R. S. Wolfe, and C. R. Woese. Clas-
sification of methanogenic bacteria by 16S ribosomal RNA characterization.

Proc Natl Acad Sci U S A, 74(10):4537-4541, 1977.

M. G. Gagnon, A. Mukhopadhyay, and S. V. Steinberg. Close packing of
helices 3 and 12 of 16 S rRNA is required for the normal ribosome function.

J. Biol. Chem., 281:39349-39357, 2006.

D. Gautheret, D. Konings, and R. R. Gutell. A major family of motifs
involving G.A mismatches in ribosomal RNA. J Mol Biol, 242(1):1-8, 1994.

A. Germot, H. Philippe, and H. Le Guyader. Evidence for loss of
mitochondria in Microsporidia from a mitochondrial-type HSP70 in Nosema

locustae. Mol Biochem Parasitol, 87(2):159-168, 1997.

Gliick, A. and Endo, Y. and Wool, I. G. Ribosomal rna identity elements

for ricin a-chain recognition and catalysis : Analysis with tetraloop mutants.

Journal of Molecular Biology, 226(2):411 — 424, 1992.

134



[45]

[46]

[48]

[49]

[50]

G. H. Golub and C. F. Van Loan. Matrix Computations. Johns Hopkins
University Press, 1996.

R. C. Griffiths and P. Marjoram. Ancestral inference from samples of DNA

sequences with recombination. J Computational Biology, 3:479-502, 1996.

R. R. Gutell, J. J. Cannone, Z. Shang, Y. Du, and M. J. Serra. A story:
unpaired adenosine bases in ribosomal RNAs. J Mol Biol, 304(3):335-354,
2000.

R.R. Gutell, A. Power, G. Z. Hertz, E. J. Putz, and G. D. Stormo. Identifying
constraints on the higher-order structure of RNA: continued development

and application of comparative sequence analysis methods. Nucleic Acids

Res, 20(21):5785-5795, 1992.

R. R. Gutell, B. Weiser, C. R. Woese, and H. F. Noller. Comparative anatomy
of 16-S-like ribosomal RNA. Prog Nucleic Acid Res Mol Biol, 32:155-216,
1985.

J. Hampe, A. Franke, P. Rosenstiel, A. Till, M. Teuber, K. Huse, M. Albrecht,
G. Mayr, F. M. De La Vega, J. Briggs, S. Gunther, N. J. Prescott, C. M.
Onnie, R. Hasler, B. Sipos, U. R. Folsch, T. Lengauer, M. Platzer, C. G.
Mathew, M. Krawczak, and S. Schreiber. A genome-wide association scan

of nonsynonymous SNPs identifies a susceptibility variant for Crohn disease

in ATG16L1. Nat. Genet., 39:207-211, 2007.

135



[51] R. A. Harshman. Foundations of the PARAFAC procedure: Models and
conditions for an “explanatory” multi-modal factor analysis. UCLA working

papers in phonetics, 16:1-84, 1970.

[52] A. Heger and L. Holm. Sensitive pattern discovery with ’fuzzy’ alignments

of distantly related proteins. Bioinformatics, 19 Suppl 1:130-137, 2003.

[53] J. N. Hirschhorn and M. J. Daly. Genome-wide association studies for

common diseases and complex traits. Nat. Rev. Genet., 6:95-108, 2005.

[54] H.L.Hitchcock. Multilple invariants and generalized rank of a p-way matrix

or tensor. Mathematics and Physics, 7:39-79, 1927.

[55] H. L. Hitchcock. The expression of a tensor or a polyadic as a sum of

products. Mathematics and Physics, 6:164—189, 1927.

[56] L. Holmberg and O. Nygard. Release of ribosome-bound 5S rRNA upon
cleavage of the phosphodiester bond between nucleotides A54 and ASS in

5S rRNA. Biol. Chem., 381:1041-1046, 2000.

[57] M. Huynen, R. R. Gutell, and D. Konings. Assessing the reliability of RNA
folding using statistical mechanics. J Mol Biol, 267(5):1104-1112, 1997.

[58] J. Isaksson, S. Acharya, J. Barman, P. Cheruku, and J. Chattopadhyaya.
Single-stranded adenine-rich dna and rna retain structural characteristics
of their respective double-stranded conformations and show directional

differences in stacking pattern. Biochemistry, 43:15996—-16010, 2004.

136



[59] T.Kamaishi, T. Hashimoto, Y. Nakamura, Y. Masuda, F. Nakamura, K. Okamoto,
M. Shimizu, and M. Hasegawa. Complete nucleotide sequences of the genes
encoding translation elongation factors 1 alpha and 2 from a microsporidian

parasite, Glugea plecoglossi: implications for the deepest branching of

eukaryotes. J Biochem (Tokyo), 120(6):1095-1103, 1996.

[60] T.Kamaishi, T. Hashimoto, Y. Nakamura, F. Nakamura, S. Murata, N. Okada,
K. Okamoto, M. Shimizu, and M. Hasegawa. Protein phylogeny of trans-
lation elongation factor EF-1 alpha suggests microsporidians are extremely

ancient eukaryotes. J Mol Evol, 42(2):257-263, 1996.

[61] P. J. Keeling and W. F. Doolittle. ~ Alpha-tubulin from early-diverging
eukaryotic lineages and the evolution of the tubulin family. Mol Biol Evol,

13(10):1297-1305, 1996.

[62] P. J. Keeling and C. H. Slamovits.  Simplicity and complexity of mi-
crosporidian genomes. Eukaryot Cell, 3(6):1363—1369, 2004.

[63] P. J. Keeling and C. H. Slamovits. Causes and effects of nuclear genome

reduction. Curr Opin Genet Dev, 15(6):601-608, 2005.

[64] Y. Kitazoe, H. Kishino, T. Okabayashi, T. Watabe, N. Nakajima, Y. Okuhara,
and Y. Kurihara. Multidimensional vector space representation for conver-

gent evolution and molecular phylogeny. Mol. Biol. Evol., 22:704-715,
2005.

137



[65] Y. Kitazoe, Y. Kurihara, Y. Narita, Y. Okuhara, A. Tominaga, and T. Suzuki.
A new theory of phylogeny inference through construction of multidimen-

sional vector space. Mol. Biol. Evol., 18:812-828, 2001.

[66] T. G. Kolda. Orthogonal tensor decompositions. SIAM J. Matrix Anal.
Appl., 23(1):243-255, 2001.

[67] T. G. Kolda and B. W. Bader. Tensor decompositions and applications.
SIAM Review, 2008.

[68] L Lancaster and H F Noller. Involvement of 16s rrna nucleotides g1338 and

al1339 in discrimination of initiator trna. Mol Cell, 20:623-32, 2005.

[69] D. D. Lee and H. S. Seung. Learning the parts of objects by non-negative
matrix factorization. Nature, 401(6755):788-791, 1999.

[70] J.C. Lee, J.J. Cannone, A. Wongsa, S. Ozer, D. P. Gardner, and R. R. Gutell.

Comparative RNA Web (CRW): Structure. (in preparation).

[71] G. Lentzen, R. Klinck, N. Matassova, F. Aboul-ela, and A. Murchie.
Structural basis for contrasting activities of ribosome binding thiazole

antibiotics. Chem Biol, 10(8):769-78, 2003.

[72] M. W. Mahoney and P. Drineas. CUR matrix decompositions for improved
data analysis. Proc. Natl. Acad. Sci. U.S.A., 106:697-702, 2009.

[73] A. Mathis. Microsporidia: emerging advances in understanding the basic

biology of these unique organisms. Int J Parasitol, 30(7):795-804, 2000.

138



[74]

[75]

[76]

[77]

[78]

[79]

[80]

P. B. Moore. Structural motifs in RNA. Annu. Rev. Biochem., 68:287-300,
1999.

B. M. Moret, L. Nakhleh, T. Warnow, C. R. Linder, A. Tholse, A. Padolina,
J. Sun, and R. Timme. Phylogenetic networks: modeling, reconstructibility,

and accuracy. IEEE/ACM Trans Comput Biol Bioinform, 1:13-23, 2004.

C. Muralidhara, A. M. Gross, R. R. Gutell, and O. Alter. Tensor
Mode-1 Higher-Order Singular Value Decomposition Reveals Subgenic
Evolutionary Relationships of Convergence and Divergence and Correlations

with Structural Motifs in Ribosomal RNA. (submitted).

P. Nissen, J. A. Ippolito, N. Ban, P. B. Moore, and T. A. Steitz. RNA tertiary
interactions in the large ribosomal subunit: The A-minor motif. Proc Natl

Acad Sci USA, 98:4899-4903, 2001.

H. F. Noller, J. Kop, V. Wheaton, J. Brosius, R. R. Gutell, A. M. Kopylov,
F. Dohme, W. Herr, D. A. Stahl, R. Gupta, and C. R. Waese. Secondary
structure model for 23S ribosomal RNA. Nucleic Acids Res., 9:6167-6189,
1981.

J. M. Ogle, D. E. Brodersen, W. M. Jr Clemons, M. J. Tarry, A. P. Carter, and
V. Ramakrishnan. Recognition of cognate transfer rna by the 30s ribosomal

subunit. Science, 292:897-902, 2001.

L. Omberg, G. H. Golub, and O. Alter. A tensor higher-order singular

value decomposition for integrative analysis of DNA microarray data from

139



[81]

[84]

[85]

[86]

[87]

different studies. Proc. Natl. Acad. Sci. U.S.A., 104:18371-18376, 2007.

L. Omberg, J. R. Meyerson, K. Kobayashi, L. S. Drury, J. E. Diffley, and
O. Alter. Global effects of dna replication and dna replication origin activity

on eukaryotic gene expression. Mol Syst Biol, 5:312, 2009.

L. E. Orgel. Evolution of the genetic apparatus. J Mol Biol, 38:381-393,
1968.
P. Paschou, E. Ziv, E. G. Burchard, S. Choudhry, W. Rodriguez-Cintron,

M. W. Mahoney, and P. Drineas. = PCA-correlated SNPs for structure
identification in worldwide human populations. PLoS Genet., 3:1672—-1686,
2007.

F. Pazos, A. Rausell, and A. Valencia. Phylogeny-independent detection of
functional residues. Bioinformatics, 22:1440-1448, 2006.

H. Philippe and A. Germot. Phylogeny of eukaryotes based on ribosomal
RNA: long-branch attraction and models of sequence evolution. Mol Biol

Evol, 17(5):830-834, 2000.

A. L. Price, N. J. Patterson, R. M. Plenge, M. E. Weinblatt, N. A. Shadick,
and D. Reich. Principal components analysis corrects for stratification in

genome-wide association studies. Nat. Genet., 38:904-909, 2006.

A.J. Roger. Reconstructing Early Events in Eukaryotic Evolution. Am Nat,

154(S4):S146-S163, 1999.

140



[88]

[89]

[90]

[91]

[92]

J. 1. Sagara, S. Shimizu, T. Kawabata, S. Nakamura, M. Ikeguchi, and
K. Shimizu. The use of sequence comparison to detect ‘identities’ in tRNA

genes. Nucleic Acids Res, 26(8):1974-1979, 1998.

E. W. Sayers, T. Barrett, D. A. Benson, E. Bolton, S. H. Bryant, K. Canese,
V. Chetvernin, D. M. Church, M. Dicuccio, S. Federhen, M. Feolo, L. Y.
Geer, W. Helmberg, Y. Kapustin, D. Landsman, D. J. Lipman, Z. Lu, T. L.
Madden, T. Madej, D. R. Maglott, A. Marchler-Bauer, V. Miller, I. Mizrachi,
J. Ostell, A. Panchenko, K. D. Pruitt, G. D. Schuler, E. Sequeira, S. T. Sherry,
M. Shumway, K. Sirotkin, D. Slotta, A. Souvorov, G. Starchenko, T. A.
Tatusova, L. Wagner, Y. Wang, W. John Wilbur, E. Yaschenko, and J. Ye.
Database resources of the national center for biotechnology information.

Nucleic Acids Res, 38:D5-16, 2010.

F. Schluenzen, A. Tocilj, R. Zarivach, J. Harms, M. Gluehmann, D. Janell,
A. Bashan, H. Bartels, I. Agmon, F. Franceschi, and A. Yonath. Structure of
functionally activated small ribosomal subunit at 3.3 angstroms resolution.

Cell, 102:615-623, 2000.

R. Schroeder, R. Grossberger, A. Pichler, and C. Waldsich. RNA folding in
vivo. Curr Opin Struct Biol, 12(3):296-300, 2002.

R. Sladek, G. Rocheleau, J. Rung, C. Dina, L. Shen, D. Serre, P. Boutin,
D. Vincent, A. Belisle, S. Hadjadj, B. Balkau, B. Heude, G. Charpentier,
T. J. Hudson, A. Montpetit, A. V. Pshezhetsky, M. Prentki, B. 1. Posner,

141



[93]

[94]

[95]

[96]

[97]

[98]

[99]

D. J. Balding, D. Meyre, C. Polychronakos, and P. Froguel. A genome-
wide association study identifies novel risk loci for type 2 diabetes. Nature,

445:881-885, 2007.

A. Smilde, R. Bro, and P. Geladi. Multi-Way Analysis: Applications in the
Chemical Sciences. Wiley, West Sussex, England, 2004.

S. Smit, J. Widmann, and R. Knight. Evolutionary rates vary among rRNA
structural elements. Nucleic Acids Res., 35:3339-3354, 2007.

S. Smit, M. Yarus, and R. Knight. Natural selection is not required to explain
universal compositional patterns in rRNA secondary structure categories.

RNA, 12:1-14, 2006.

M. L. Sogin and J. D. Silberman. Evolution of the protists and protistan
parasites from the perspective of molecular systematics. Int J Parasitol,

28(1):11-20, 1998.

J. W. Stiller and B. D. Hall. Long-branch attraction and the rDNA model of
early eukaryotic evolution. Mol Biol Evol, 16(9):1270-1279, 1999.

G. W. Stuart and M. W. Berry. A comprehensive whole genome bacterial
phylogeny using correlated peptide motifs defined in a high dimensional

vector space. J Bioinform Comput Biol, 1:475-493, 2003.

S. O. Suh, K. G. Jones, and M. Blackwell. A Group I intron in the nuclear

small subunit rRNA gene of Cryptendoxyla hypophloia, an ascomycetous

142



[100]

[101]

[102]

[103]

fungus: evidence for a new major class of Group I introns. J Mol Evol,

48(5):493-500, 1999.

D. L. Swofford. Paup: phylogenetic analysis using parsimony, version 3.1.

1. Illinois Natural History Survey, 1993.

M. Szymanski, M. Z. Barciszewska, V. A. Erdmann, and J. Barciszewski. 5
S rRNA: structure and interactions. Biochem. J., 371:641-651, 2003.

S Tavazoie, ] D Hughes, M J Campbell, R J Cho, and G M Church.
Systematic determination of genetic network architecture.  Nat Genet,

22:281-285, 1999.

A. Tenesa, S. M. Farrington, J. G. Prendergast, M. E. Porteous, M. Walker,
N. Haqg, R. A. Barnetson, E. Theodoratou, R. Cetnarskyj, N. Cartwright,
C. Semple, A. J. Clark, F. J. Reid, L. A. Smith, K. Kavoussanakis,
T. Koessler, P. D. Pharoah, S. Buch, C. Schafmayer, J. Tepel, S. Schreiber,
H. Volzke, C. O. Schmidt, J. Hampe, J. Chang-Claude, M. Hoffmeister,
H. Brenner, S. Wilkening, F. Canzian, G. Capella, V. Moreno, 1. J. Deary,
J. M. Starr, I. P. Tomlinson, Z. Kemp, K. Howarth, L. Carvajal-Carmona,
E. Webb, P. Broderick, J. Vijayakrishnan, R. S. Houlston, G. Rennert,
D. Ballinger, L. Rozek, S. B. Gruber, K. Matsuda, T. Kidokoro, Y. Nakamura,
B. W. Zanke, C. M. Greenwood, J. Rangrej, R. Kustra, A. Montpetit, T. J.
Hudson, S. Gallinger, H. Campbell, and M. G. Dunlop. = Genome-wide
association scan identifies a colorectal cancer susceptibility locus on 11923

and replicates risk loci at 8q24 and 18q21. Nat. Genet., 40:631-637, 2008.

143



[104]

[105]

[106]

[107]

[108]

[109]

G. Thomas, K. B. Jacobs, M. Yeager, P. Kraft, S. Wacholder, N. Orr,
K. Yu, N. Chatterjee, R. Welch, A. Hutchinson, A. Crenshaw, G. Cancel-
Tassin, B. J. Staats, Z. Wang, J. Gonzalez-Bosquet, J. Fang, X. Deng, S. L.
Berndt, E. E. Calle, H. S. Feigelson, M. J. Thun, C. Rodriguez, D. Albanes,
J. Virtamo, S. Weinstein, F. R. Schumacher, E. Giovannucci, W. C. Willett,
O. Cussenot, A. Valeri, G. L. Andriole, E. D. Crawford, M. Tucker, D. S.
Gerhard, J. F. Fraumeni, R. Hoover, R. B. Hayes, D. J. Hunter, and S. J.
Chanock. Multiple loci identified in a genome-wide association study of

prostate cancer. Nat. Genet., 40:310-315, 2008.

I. Tinoco and C. Bustamante. How RNA folds. J. Mol. Biol., 293(2):271-
281, 1999.
L. R. Tucker. Some mathematical notes on three-mode factor analysis.

Psychometrika, 31:279-311, 1966.

Y. Van de Peer, A. Ben Ali, and A. Meyer. Microsporidia: accumulating
molecular evidence that a group of amitochondriate and suspectedly primi-

tive eukaryotes are just curious fungi. Gene, 246(1-2):1-8, 2000.

C. R. Vossbrinck, J. V. Maddox, S. Friedman, B. A. Debrunner-Vossbrinck,
and C. R. Woese. Ribosomal RNA sequence suggests microsporidia are

extremely ancient eukaryotes. Nature, 326(6111):411-414, 1987.

B. T. Wimberly, D. E. Brodersen, W. M. Jr Clemons, R. J. Morgan-Warren,
A. P. Carter, C. Vonrhein, T. Hartsch, and V. Ramakrishnan. Structure of the

30s ribosomal subunit. Nature, 407:327-339, 2000.

144



[110] S. Winker and C. R. Woese. A definition of the domains Archaea, Bacteria
and Eucarya in terms of small subunit ribosomal RNA characteristics. Syst

Appl Microbiol, 14:305-310, 1991.

[111] C.R. Woese. The genetic code: The molecular basis for genetic expression.

Harper & Row, Publishers, 1967.

[112] C. R. Woese. Bacterial Evolution. Microbiol Rev, 51:221-271, 1987.

[113] C. R. Woese and G. E. Fox. Phylogenetic structure of the prokaryotic
domain: the primary kingdoms. Proc Natl Acad Sci U S A, 74(11):5088—
5090, 1977.

[114] C.R. Woese, G. E. Fox, L. Zablen, T. Uchida, L. Bonen, K. Pechman, B. J.
Lewis, and D. Stahl. Conservation of primary structure in 16S ribosomal

RNA. Nature, 254(11):83-86, 1975.

[115] C. R. Woese, O. Kandler, and M. L. Wheelis. Towards a natural system of
organisms: proposal for the domains archaea, bacteria, and eucarya. Proc

Natl Acad Sci U S A, 87:4576-4569, 1990.

[116] C. R. Woese, S. Winker, and R. R. Gutell. Architecture of ribosomal RNA:
constraints on the sequence of “tetra-loops”. Proc Natl Acad Sci U S A,

87(21):8467-8471, 1990.

[117] E. Zuckerkandl and L. Pauling. Horizons in Biochemistry, pages 189-225.
Academic Press, New York, 1962.

145



Vita

Chaitanya Muralidhara was born in Mysore, India in 1982. She received
the Bachelor of Engineering (Honors) degree in Computer Science from the Birla
Institute of Technology and Science, Pilani, India. She was admitted into the PhD
program in Cellular and Molecular Biology at the University of Texas at Austin in

2004, and has been working in the Alter lab since May 2005.

Chaitanya has presented the research described in this dissertation at several
international conferences as invited and contributed talks, most notably, at the
C. R. Rao Conference for the Interface between Statistics and the Sciences
(Hyderabad, India, December 2009), the BMES Annual Fall Meeting (St. Louis,
MO, October 2008), and the SIAM Annual Meeting (San Diego, CA, July 2008).

Permanent address: 411 E Buckingham Road
Apt 1114
Richardson, TX 75081

This dissertation was typeset with ISTEX by the author.

'IATEX is a document preparation system developed by Leslie Lamport as a special version of
Donald Knuth’s TgX Program.

146



