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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.
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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
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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).

3



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).
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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

28S).

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.

5



Fig. 1.2: The conserved secondary structure of the 23S ribosomal RNA (3’ end)
(Reproduced from CRW). See Figure 1.3 for 5’ end.

6



Fig. 1.3: The conserved secondary structure of the 23S ribosomal RNA
(5’ end). Positions in the 23S 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
592 sequences (Reproduced from CRW).
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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

8



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

comparative methods.

Comparative analyses of rRNA 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
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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).

a b c

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
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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–

Loève 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 m×n matrix with m>n then the SVD of D is the linear

transformation is given by:

D = UΣV T (1.1)

Um×n and V T
n×n are orthogonal matrices, and Σn×n is a diagonal matrix

whose elements are the ordered singular values of D. Each column of U is

associated with only the row of V T , with the corresponding σ indicating their

relative significance.
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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.

1.4.3 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 TK×L×M given

by:

T = R×a U ×b Vx ×c Vy (1.2)

where ×aU , ×bVx, and ×cVy denote multiplications of the tensor and the

12



matrices U , Vx, and Vy, which contract the first, second, and third indices of with

the second indices of U , Vx, and Vy, or, equivalently, the first indices of UT , V T
x ,

and V T
y , respectively.

To ensure ease of interpretation, the decomposition in (Eq 2.2) may be

reformulated such that it decomposes T into a linear superposition of rank-1

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

T =
LM∑
a=1

L∑
b=1

M∑
c=1

RabcUa�V T
x,b:�V

T
y,c: =

LM∑
a=1

L∑
b=1

M∑
c=1

RabcS(a, b, c) (1.3)

where the subtensor S(a, b, c) is the outer product of the eigenvectors U:,a,

V T
x,b:, and V T

y,c:.

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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Fig. 2.1: Flowchart showing the steps involved in the analysis of ribosomal
RNA alignments using Mode-1 HOSVD.
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rRNA Alignment Positions Organisms
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 (“−”),

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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A = (1, 0, 0, 0, 0, 0)

C = (0, 1, 0, 0, 0, 0)

G = (0, 0, 1, 0, 0, 0)

U = (0, 0, 0, 1, 0, 0)

N = (0, 0, 0, 0, 1, 0)

− = (0, 0, 0, 0, 0, 1), (2.1)

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 × L=6-nucleotides ×

M -positions data tensor D into the reduced and diagonalizedK-“eigenpositions”×

K-“eigenorganisms” matrix Σ, by using the K-eigenorganisms × L=6-nucleotides

×M -positions transformation tensor U and the K-organisms × K-eigenpositions

transformation matrix V T ,

D = U ΣV T . (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 Di are appended along the organisms axis,


DA

DC

DG

DU

DN

D−

 =


UA

UC

UG

UU

UN

U−

ΣV T . (2.3)

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

slices Ui along the organisms axis.

2.2.3 Interpretation

The “eigenpositions”, or V T
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 Ui, 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 × M -positions, respectively, capture in the data tensor and is

proportional to the corresponding singular value that is listed in Σ, that is, σi. These

singular values are ordered in decreasing order, such that the patterns are ordered in

decreasing order of their relative significance.

This fraction pi is calculated as:

pi =
σ2

i∑L
k=1 σ

2
k

(2.4)

The normalized Shannon entropy of the dataset:

0 ≤ d = − 1

L

L∑
k=1

pk log pk ≤ 1 (2.5)

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 nucleotides×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 j ⊆ 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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P (j; k,K, J) =

(
K

k

)−1 k∑
i=j

(
J

i

)(
K − J

k − i

)
(2.6)

where
(

N
n

)
is the Newton binomial coefficient, given by:

(
N

n

)
= N !n!−1(N − n)!−1 (2.7)

The taxonomic groups with the most significant enrichments in the subsets

of k 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 theK total positions in the alignment, and of the subset of j ⊆ J annotations

among the subset of k 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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in (c).

The corresponding results for the 23S rRNA alignment are displayed in

Figure 2.5 (a), (b), and (c) respectively.
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Fig. 2.4: Significant 16S eigenpositions and their correlation with the NCBI
Taxonomy Browser taxonomic groups.
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Fig. 2.5: Significant 23S eigenpositions and their correlation with the NCBI
Taxonomy Browser taxonomic groups.
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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 ⊆ 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 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 ⊆ 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.

37



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 < 10−25 and < 10−2 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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Fig. 3.4: Non-homologous features that distinguish the three domains,
represented on the secondary structure of E. coli (Reproduced from Winker
and Woese [110]). The regions characteristic to the Bacteria are shaded.
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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 < 10−23. 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 theM positions, and of the subset of n ⊆ N motifs among the subset

of m positions, as described [102], P (n;m,M,N) =
(

M
m

)−1∑m
i=n

(
N
i

)(
M−N
m−i

)
.

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 < 10−93.

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 < 10−62, Table 3.1).
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Fig. 3.6: Sequence gaps and unpaired adenosines exclusive to Eukarya
excluding Microsporidia or Bacteria 23S rRNAs.
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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 T. 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 T. 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 T. 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,
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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).
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Tertiary Interaction N n p-value
Unpaired A Backbone 25 9 2.3× 10−8

Unpaired A Base-base 41 14 4.8× 10−12

Paired A Backbone 28 7 1.5× 10−5

Paired A Base-base 48 18 4.4× 10−16

Nucleotides involved in at least one tertiary interaction 303 44 1.1× 10−20

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 k=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 < 10−9 (Table 3.2). In the 12S, 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 < 10−8 (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 < 10−23 and 10−9, 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 < 10−9. 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 < 10−9.

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 < 10−16.

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 < 10−14

and 10−2, 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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Fig. 3.13: Other nucleotides exclusive to Archaea and Microsporidia 16S
rRNAs. Raster displays of the 100 positions each, identified in the (a) C, (b) G
and (c) U nucelotide segments of the third eigenorganism with the largest decrease
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 < 10−9.

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 (a) 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

< 10−16 (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 G64 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:A715
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. The 50 unpaired A’s in Bacteria (E.
coli) that are significantly anticorrelated with the second eigenorganism are listed
here, along with their secondary and tertiary interactions, derived from the T.
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 α-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

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-1α 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 α- and β-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 β-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-1α 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 β-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 et 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 α-tubulin, β-tubulin, actin, and elongation

factor 1alpha (EF-1α) 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 (Γ) 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
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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-1α 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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Fig. 4.3: Consensus tree of the eukaryotes, representing current hypotheses
about early eukaryotic evolution (reproduced from Embley, 2006 [35]). It
is now almost universally accepted that the common ancestor of all eukaryotes
contained mitochondria, which then underwent reduction independently in several
lineages, but was never completely lost.
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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–III),

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 5S 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 II 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
Group n N p-value Group n N p-value

2 Bacteria 50 83 6.8× 10−30 Eukarya 50 131 2.2× 10−16

3 Archaea 28 28 1.5× 10−26 Proteobacteria 47 56 3.6× 10−37

4 Fungi/Metazoa 48 83 1.8× 10−25 Viridiplantae 24 24 1.5× 10−19

Table A.1: Probabilistic significance of the enrichment of the k=50 organisms
in the 5S rRNA.
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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
alignment, classified according to the top six hierarchical levels of the NCBI
Taxonomy Browser [89].
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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.
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