DISSERTATION / DOCTORAL THESIS

Titel der Dissertation / Title of the Doctoral Thesis

“Algorithmic Approaches on Structural RNA Evolution in
Viruses”

verfasst von / submitted by
Roman Wilhelm Ochsenreiter, BSc MSc

angestrebter akademischer Grad /
in partial fulfillment of the requirements for the degree of

Doktor der Naturwissenschaften (Dr. rer. nat.)

Wien, 2023

Studienkennzabhl It. Studienblatt /
degree programme code as it appears on the student

record sheet: A 796605419
Dissertationsgebiet It. Studienblatt /
field of study as it appears on the student record sheet: Chemie

Betreut von / Supervisor: Univ.-Prof. Dipl.-Phys. Dr. Ilvo Hofacker






ABSTRACT

Viruses are a ubiquitous and evolutionary ancient component of earth’s biosphere.
Their enormous significance is illustrated by the fact that all cellular organisms, from
unicellular organisms to the largest mammals, are infected by viruses, where for
each cellular species there is at least one specific virus. In order to succeed, Over the
course of evolution viruses have invented a multitude of strategies to adapt to this
enormous number of hosts and environmental conditions. Of particular interest are
RNA viruses, as they have developed unique ways to carry out otherwise classically
protein-based functionalities directly through RNA, where functionality mediated
by RNA molecules is often strongly determined by the structure of the RNA.

Despite the remarkable impact of functional RNA structure, only a comparably
small number of viral RNA elements have been characterized in detail. A comparative
analysis of RNA structure, within or between viral species, can be performed in
silico and provide valuable insights into the characteristics of structural elements and
their evolutionary dynamics. Crucial for a thorough understanding of the structural
evolution of viral RNA is the choice of a suitable algorithmic approach, which is able
to account for the extreme rate of evolution of RNA viruses.

In this thesis, detailed in silico studies on the relevance and influence of RNA
structure in different viruses and virus families are presented. In the first paper,
the Chikungunya virus, which is endemic to tropical areas, is used demonstrate
the de novo discovery of structural elements in a virus. Particular focus is placed
on differences between individual lineages of the Chikungunya virus and their
implications for its epidemiological history and the emergence of today’s dominant
subtypes.

In a further work, the structural architecture of the untranslated regions of all
flaviviruses is examined and deconstructed in detail. Existing models of the family
of exoribonuclease-blocking RNAs, which are essential to flaviviruses, are improved
or replaced with more accurate models. In addition, new structural elements are
identified, and a large number of known or new elements are annotated in many
previously poorly studied flaviviruses. In the process, the suitability of comparative
methods for analysis of viral structural RNA is demonstrated and evidence for the
relevance and validity of the in silico results is presented.

Finally, a systematic analysis of the frequency and impact of conserved RNA
structure in all known viruses is presented. General evolutionary trends in the
development of viral RNA structure are presented to a broad audience in the form of
the RNASIV database for further analysis.



ZUSAMMENFASSUNG

Viren sind ein allgegenwartiger und evolutiondr sehr alter Bestandteil der Biosphare
der Erde. Ihre enorme Bedeutung wird dadurch verdeutlicht dass samtliche zelluldre
Organismen, von Einzellern bis zu den grofiten Saugetieren, von Viren identifiziert
werden wobei fiir jede zelluldre Spezies mindestens ein spezifisches Virus existiert.
Im Verlauf der Evolution haben Viren mannigfaltige Strategien zur Anpassung an
diese enorme Zahl an Wirten und Umweltbedingungen entwickelt um sich effizi-
ent vermehren zu konnen. Von besonderem Interesse sind dabei RNA-Viren, da sie
einzigartige Methoden entwickelt haben um sonst klassisch Protein-basierte Funk-
tionalitdten direkt durch RNA auszufithren. Die Funktionalitat von RNA wird dabei
entscheidend durch die Struktur des Molekiils gepragt.

Trotz der bemerkenswerten Bedeutung von funktioneller RNA-Struktur, wurde
bisher nur eine iiberschaubare Anzahl an viralen RNA-Elementen eingehend charak-
terisiert. Eine vergleichende Analyse von RNA-Struktur, innerhalb oder zwischen
Virenspezies, kann dabei in silico durchgefiithrt werden und wertvolle Erkenntnisse
iiber die Charakteristika von Strukturelementen und ihre evolutionédre Dynamik lie-
fern. Entscheidend fiir ein eingehendes Verstindnis der strukturellen Evolution von
viraler RNA ist dabei die Wahl eines geeigneten algorithmischen Ansatzes, welcher
die extreme Evolutionsrate von RNA-Viren beriicksichtigen kann.

Es werden detaillierte in silico Studien zur Relevanz und dem Einfluss von RNA
Struktur in verschiedenen Viren bzw. Virenfamilien prasentiert. In der ersten Arbeit
wird das Chikungunya Virus, ein in tropischen Gebieten endemisches Virus, als
Beispiel fiir eine Studie zur de-novo Entdeckung von Strukturelementen prasentiert.
Besonderer Fokus wird darauf gelegt Unterschiede zwischen einzelnen Varianten
des Chikungunya-Virus aufzuzeigen und daran seine epidemiologische Geschichte
und die Entstehung der aktuell dominanten Subtypen zu rekonstruieren.

In einer weiteren Arbeit wird die strukturelle Architektur der Untranslatierten
Regionen aller Flaviviren eingehend untersucht. Bestehende Modelle der in Flavivi-
ren bedeutsamen Familie der Exoribonuklease-blockierenden RNAs werden stark
verbessert oder ersetzt. Dariiber hinaus werden neue Strukturelemente identifiziert,
und eine Vielzahl von bestehenden und neuen Elementen in zahlreichen Vertretern
bisher schwach untersuchter Flaviviren annotiert. Dabei wird die Eignung verglei-
chender Analysemethoden fiir derartige Probleme demonstriert und stichhaltige
Indizien fiir die Relevanz der in silico Ergebnisse dargelegt.

Zuletzt wird ein eine systematische Analyse der Héufigkeit von konservierter
RNA-Struktur in allen bekannten Viren présentiert. Es werden generelle evolutionére
Trends in der Entwicklung viraler RNA Struktur aufgezeigt und einem breiten Publi-
kum in Form der RNASIV-Datenbank fiir weitere Analyse zur Verfiigung gestellt.
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PREFACE

Already shortly after starting to work on viruses, I realized that virology and research
related to the nature of viruses diverges from other life science disciplines. Many
foundational principles of biology, which are normally beyond reproach, do not
strictly hold true in the realm of viruses and must be examined and re-interpreted
from novel angles. For example, several of the most fundamental characteristics of
life, are not encountered in viruses: Viruses have no cells, Viruses do not synthesize
proteins, Viruses even display no metabolic activity - just to name a few. Other
aspects of virology seemed outright absurd, best illustrated by the large topic of
morphology-based virus taxonomy - it struck me as profoundly odd that an entire
kingdom of biology would be organized simply on the basis of visual shape, similar
to how taxonomy had been approached in the earliest days of biology.

While categorizing life based on its shape seems archaic from the present perspec-
tive, the reality is that taxonomy in those early days of biology there were little other
options other than morphology. Given the back then limited scientific knowledge on
life in general, morphology seemed to be the most apt basis for a taxonomy. I quickly
realized that today’s virology faces a comparable dilemma: many parts of the existing
knowledge on organismic biology cannot be transferred to viruses without modifica-
tions and yet our knowledge on viruses is still fragmentary. Beyond that, obtaining
new knowledge on viruses has always been difficult - by their ultra-microscopic
nature, viruses defy many experimental approaches that are otherwise well suited
for investigation of microorganisms. On a historic notice, this elusive nature of
viruses is nicely illustrated through their discovery process, where scientists first
described viruses as a form of “poison” (Latin virus) before learning their true nature.
Fortunately, the staggering success of sequencing-based methods has given us a new
types of instruments for investigation and opens up a new era in virus research.

At the same time, viruses are environmentally omnipresent and infect every
organism. Viruses are an integral and ubiquitous part of our biosphere and critically
influence all other domains of life. While commonly discussed in the context of
pathogens and diseases, viruses in fact assume a central role in the maintenance
and equilibrium of many ecosystems. More importantly, over the course of billions
of years, viruses have shaped the evolution of all other domains of life and their
footprint can be found in the genome of every organism. In the context of this
thesis, especially their ability to employ RNA structure for a broad array of biological
functions is a fascinating evolutionary development that sets viruses apart from other
domains of life. It is especially fascinating to see how the very nature of RNA and
its structure, characterized by a high degree of evolutionary plasticity, beautifully
integrates with the extreme rates of evolution typically found in viruses.

I was immediately captivated by the prospect of investigating viral evolution from
the angle of RNA structure, not only because of the insight that could be gained
on individual virus species, but because of the opportunity to better understand
evolution itself. This thesis explores how evolution has shaped the RNA structure in
viruses, both generally but also in specific virus species. It aims to better understand
the role RNA structure can play in this exotic realm of viruses and how it emerged,
seeking to to add a slice of knowledge to the vast field of virology.



BACKGROUND

The work presented in this thesis is tightly connected to the subject matters of RNA
secondary structure prediction and viruses. This chapter provides an overview over
both major background topics. The reader is familiarized with the fundamentals
of virus biology, virus evolution and the significance of RNA in the viral life cycle,
followed by a more detailed discussion of the Flaviviridae family and the Chikungunya
virus.

2.1 VIRUSES

Viruses are microscopic acellular entities that proliferate as obligate intracellular
parasites within other organisms. In contrast to any other organisms that use
cells as their fundamental biological entity, a virus is considered to be a Mobile
Genetic Element (MGE). Compared to cellular organisms, viruses are drastically
reduced in complexity and lack even the most foundational biological capabilities
such as independent self-replication, protein synthesis or machinery for catabolic
and anabolic processes. For reproduction, viruses instead take control over a host’s
cellular machinery for replication, assembly and spread of new virus particles. Viruses
infect all organisms, with each virus usually specifying on a narrow range of host
species.

The unique nature of viruses hinders their straightforward definition and over the
course of history the formal definition of viruses has undergone many drastically
different iterations®. It is regularly subject to change according to the current state
of knowledge on the viral world. In 2021, the International Commitee on Taxonomy
of Viruses (ICTV) agreed on a revised definition which for the first time focuses on
the role of viral phylogeny and evolutionary history:

“Viruses sensu stricto are defined operationally by the ICTV as a type of
MGE that encodes at least one protein that is a major component of the
virion encasing the nucleic acid of the respective MGE and therefore the
gene encoding the major virion protein itself or MGEs that are clearly
demonstrable to be members of a line of evolutionary descent of such
major virion protein-encoding entities. Any monophyletic group of
MGEs that originates from a virion protein-encoding ancestor should
be classified as a group of viruses.” - Kuhn et al.?

Due to their acellular nature and absence of any metabolic activity, viruses are
not considered to be alive in the same way as eukaryotes, prokaryotes or archea.
Theories on how such a form of quasi-life might arise are plentiful but mostly of
speculative nature (see section 2.1.3) and there is no straightforward consensus on
how viruses are intertwined with other domains of life. Some consider viruses to
form their own domain of life that has evolved in parallel with all other organisms
and possibly pre-dates the origin of the first cell.

Despite their microscopic dimensions and radically different life style, viruses are
among the most abundant biological entities on earth. They infect every organism,
can be encountered in all ecosystems, and in marine ecosystems the number of virus
particles is estimated to outnumber all other species combined by at least an order
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of magnitude3*. Furthermore, viruses serve crucial roles in keeping ecosystems
in balance and marine environments rely on viruses to keep the cyanobacteria
population in check to prevent overgrowth.

In addition to their role as parasites and pathogens, viruses have shaped the
evolution of their hosts®. In bacteria, lateral gene transfer is frequently mediated
by viruses®. In humans, the genome has been demonstrated to shelter numerous
sequences of viral origin that have integrated into the human genome over the course
of primate evolution and are now an integral part of the genome”®. Many of those
elements are now defunct, but some are still active as retrotransposable elements,
which are considered a major force determining genome stability and evolutionary
pace, and are regulated by a specific family of proteins in humans and other higher

organisms®.

2.1.1  The viral life cycle

Viruses have a life cycle that strongly differs from cellular organisms as a result of
their acellular nature. Unlike cellular organisms, viruses cannot reproduce through
cell division and require a host organism to provide them with energy, proteins, and
other necessary building blocks of life. While the specifics of the life cycle can vary
between species, it always involves four main stages: recognition of a host, entering
the host, replication, and leaving the host. Prior to entering their host organisms,
viruses are inert entities devoid of any characteristics of a living organism. Outside
of a host cell, their time of survival is limited but heavily dependent on the species
and environmental conditions such as temperature, surface, and humidity°.
The life cycle of a virus can be divided into several main stages:

1. Attachment. The virus initiates contact with a potential host cell by binding
surface proteins on the host cell with the help of receptor proteins present
on the virus particle’s surface. These viral receptors are shaped in a manner
that specifically recognizes suitable host cells. The attachment stage is crucial
because viruses typically target a specific type of cell, and binding to an
incompatible cell will reduce their ability to replicate.

2. Entry - Once the virus has attached to a suitable host cell, it gains entry into
the cell through endocytosis or membrane fusion. In the case of certain viruses
like bacteriophages, they can directly inject their DNA into the host cell, while
leaving the empty virus particle outside. After entering the host cell, the viral
genome may be transported to various cellular compartments, such as the
nucleus or endoplasmic reticulum, depending on the specific virus. Some
viruses may integrate into the host genome before initiating the replication of
their genome.

3. Replication - Inside the host cell, the virus takes control of the cell’s ma-
chinery to replicate its DNA or RNA genome. DNA viruses further transcribe
mRNA and utilize on the host’s protein synthesis machinery to produce viral
proteins. RNA viruses can immediately start synthesizing proteins using their
own genome as mRNA. During replication, the virus often distinguishes be-
tween "early" and "late" genes. "Early" genes primarily produce proteins that
assist in replication, while "late" genes primarily produce structural proteins
that aid in assembling new virus particles.
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4. Assembly - Once the viral components (genome, proteins) have been repli-
cated, they assemble to form new viruses inside the host cell. This process of
viral assembly is often self-guided and facilitated by the structural proteins of
the virus.

5. Exit - After assembly, the newly formed viruses are released from the host cell
into the environment. The specific mechanism of release varies depending on
the virus species. Bacteriophages often destroy their host cells through lysis,
whereas many viruses that infect eukaryotic cells leave through exocytosis
or direct budding from the cell membrane. In some cases, viruses can induce
apoptosis in their host cells, leading to the death of the cell and subsequent
ingestion of the virus particles by other cells.

2.1.2  Virus Transmission

As a parasitic organism, reaching its host organisms to initiate a new replication
cycle plays a crucial role in the viral life cycle. Viruses have developed numerous
different strategies to achieve this goal.

Some viruses use the natural environment as a transmission medium to reach new
hosts. For instance, measles or chickenpox viruses are transmitted in an airborne
way directly via the air and are ingested by the host through their respiratory tracts.
Similarly, viruses such as Rhinoviruses (common cold) are transmitted via air in
small fluid droplets, which are dispersed as an aerosol. Some viruses have adapted to
a waterborne transmission route and can survive in liquids for a prolonged period
of time until they come in contact with a suitable host. Other viruses spread via
indirect contact, where they are deposited on surfaces, where they eventually come
into contact with new hosts that touch those surfaces, as seen in with the Hepatitis
A virus.

Moreover, direct contact is also a common transmission mode, requiring a direct
physical connection between an infected individual and a potential new host. For
example, sexually transmitted viruses like HIV are transmitted through direct contact,
and, more rarely, viruses can be directly transmitted in utero from mother to an
unborn child.

A large group of viruses use other organisms or vectors as a means of transmission.
Vector species are specialized hosts, which are little affected by an infection and
allow the virus to persist until it is transmitted to another host. Arboviruses such
as Flaviviruses or Alphaviruses use arthropod vectors such as Mosquitoes from the
Aedes family or ticks from the Culex family, in order to spread to new hosts. The
actual transmission then occurs via bites, where through the insects saliva a large
quantity of viruses is injected into the host.

2.1.3  Virus Origins

There exists no universally accepted or experimentally verified theory on the origin
of viruses. Their unique physiology, structure and genome has inspired three major
theories on their origin;

1. Reduction or Regression Hypothesis: Viruses are the remnants of earlier
prokaryotic or eukaryotic cells that have gradually lost all genes and function-
alities that were not essential to their parasitism. This theory is inspired by
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the observation that certain parasitic prokaryotes with a similar obligate intra-
cellular life style such as Carsonella or Rickettsia have also strongly reduced
genomes and transferred essential functionality to their hosts. None of them
though has yet undergone gene loss as radical as viruses, arriving at a point
where even the translational machinery is not present any more.

2. Escape Hypothesis: Viruses are independent parts of higher cells that have
moved out of the confines of their original cells and developed novel ways of
replication. In Bacteria, Plasmids are considered to be a likely candidate for
such an imagined process, whereas in Eukaryotes, Transposable elements are
considered to be a possible candidate for the support of the Escape Hypothesis.

3. Primordial Hypothesis: Viruses originate from a period that pre-dates even
the most ancient cells and have co-evolved with life already from a pre-biotic
age, possibly as part of a (hypothetical) primordial RNA world. This hypothesis
is inspired by the existence of Viroids, RNA Viruses that consist only of an
infectious (and highly structured) strand of RNA. Further support for the
Primordial Hypothesis is drawn from the findings that there exist viral proteins
that are not homolog to any other non-viral protein, suggesting an independent
originl!,

At the same time, it is likely that the origin of viruses might be due to a combination
of all three above factors. Viruses are known to be a non-monophyletic group that
has multiple origins'?, and also have sometimes acquired significant portions of
their genes from their hosts. While it is possible to reconstruct the evolutionary
history of some viruses, there exist no universally conserved genes in all viruses
that could enable the construction of a common phylogeny, such as ribosomal RNAs.
Furthermore, observed similarities of viruses today also could rather be a result of
convergent evolution, than having their a common origin.

2.2 VIRUS STRUCTURE

The composition of viruses differs drastically from cellular organisms or the sub-
structures found in cellular organisms. Moreover, the structure of a virus depends
heavily on the stage of the life cycle. Outside of its host organism, almost all viruses
exist in the form of biologically inactive but infectious particles, termed Virions.
Inside their host cell, virions disintegrate into their individual components and begin
proliferation. A notable exception are viroids, which consist of only of a strand of
RNA, regardless whether inside or outside their host cell.

2.2.1 Virion components

In contrast to cells of higher organisms, virions are tightly packed structures that
lack any cytoplasm, nor do viruses display any degree of compartmentalization or
complex organelles such as a nucleus, endoplasmatic reticulum or mitochondria.
Typical virions consist of a core of one or multiple strands of DNA or RNA which
are enclosed by a shell of structural proteins, often in a highly symmetric shape. The
entire protein shell is referred to as the viral capsid, while the parts of the protein
shell that are in direct contact with the nucleic acids are specifically referred to as the
Nucleocapsid. Multiple capsid proteins frequently self-assemble into capsomeres,
which in return then constitute the building blocks that self-assemble into the capsid.
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Figure 1: Schematic drawing!? of Bacteriophage T4 and EM micrograph!? of Phage T2. The
head-tail architecture of the virion is characteristic for bacteriophages, but not representative
for the majority of viruses.

Many virus species further engulf the capsid in an Envelope, a lipid mono- or bi-
layer derived from the host cell upon exit, which further protects the virion from
environmental influences.

Virions of many virus species contain further components. These proteins are
tailored to the needs of the individual species but commonly include proteins that me-
diate functionalities in the viral life cycle, such as polymerases for genome replication
or specialized proteins that facilitate entry into a host cell.

Many virus species also provide surface-bound glycoproteins or Receptors, which
facilitate the process of docking to and penetrating the surface of their host cells.
Viral receptors can also be molecules that are normally found on cell surfaces of their
hosts and have specialized physiological functions, which the viruses have evolved
to use for their own purposes.

2.2.2 Genome Structure

Viruses have developed various strategies for genome structure and replication.
Depending on the species, the genetic material is DNA or RNA, in either single-
stranded or double-stranded configuration. Single-stranded RNA viruses are further
categorized into positive-sense RNA viruses, which can immediately use the RNA
genome as mRNA for translation, or negative-sense RNA viruses, which require the
synthesis of a complementary RNA strand before translation.

A special case are Retroviruses, which carry single-stranded RNA in the virion, but
inside the host cell, transcribe it into DNA with the help of a special enzyme called
Reverse Transcriptase. The DNA copy then integrates into the host genome and
subsequently produces more copies of the RNA genome through regular transcription.
Some DNA viruses (Caulimoviridae) also transcribe their genome into an intermediate
RNA stage, which serves as a template for replication of mRNAs, but also for the
reverse transcription of new DNA genomes.

The shape and organization of viral genomes significantly vary across species.
Common genome shapes are linear molecules, such as those found in Flaviviridae, or
circularized molecules, such as those found in Polyomaviridae. In most species, the
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genome is organized in one single continuous DNA/RNA molecule. However, some
species distribute their genome over multiple chromosome-like segments, which are
also packaged separately into the virion, such as in Influenza.

There is a wide range of variation between species regarding genome size, both in
terms of gene number and the total count of bases. On one end of the spectrum, there
are viroids (e.g., Potato Spindle tuber viroid !*), which typically have genome sizes of
no more than 400 nucleotides and no protein coding or otherwise detectable genes®.
On the other end of the spectrum, there is a growing number of giant viruses that
exceed even small prokaryotes in genome size such as Mamavirus!” which has a
genome of over 1.2 Mb and more than 1000 protein coding genes.

2.3 VIRUS SYSTEMATICS

A formal description of the phylogeny of the entire viral world is a challenging
endeavour, compared to any other domain of life. Major difficulties arise through
large quantities of lateral gene transfer, extreme rates of evolution and the poly-
phyletic origin of viruses. While all higher organisms can be traced back to the Last
Common Universal Ancestor (LUCA) by the presence of an universally conserved
core of genes almost exclusively coding for protein and RNA components of the
translation system!®, none of these genes exist in viruses, nor do viruses share any
comparable universal gene core. The absence of such a core further illustrates not
only the difficulties of relating viruses to other domains of life but also the problems
innate to establishing a comprehensive description of the viral world.

Still, several attempts have been undertaken at ordering the relationships between
all species of the viral world. Each method utilized a different set of criteria as
determinants, such as virion shape!?, genome type and distinct features of the
virion?’, type of nucleic acid encapsidated into virions and virion morphology?! or a
combination thereof. These approaches often reflected the then current state of the
art of methodologies that were available for investigation of viruses in a pre-genomic
era.

2.3.1 Morphological Classification

Classification of viruses on the basis of their morphology comprised one of the
earliest attempts at systematizing the viral world!®. Motivated by the observation
that many viruses from distinct shapes, viruses are commonly categorized into
distinct morphological categories:

+ Icosahedral Viruses form a capsid in the shape of a regular icosahedron.
There is variation between species regarding the number of capsomeres that
constitute the faces of the icosahedron, with 3 capsomere units being the most
frequent case. Notable examples of icosahedral viruses are Rotaviruses or
Flaviviruses.

+ Helical Viruses have a long cylindrical capsid with a radial symmetry. The
nucleic acid genome is coiled inside the capsid in a helical pattern, forming an
overall rigid, rod-like structure. The length of a helical capsid is determined
by the overall length of the virus genome. Examples of viruses with helical
morphology include the tobacco mosaic virus and the influenza virus.
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Icosahedral Helical Complex

Figure 2: The three most common groups of Virus morphologies: Icosahedral (ZIKV cryo
EM?%), Helical (TMV %), Complex (PhageLambda?*)

« Complex Viruses either form capsids that do not belong to the helical or
icosahedral groups. Those viruses may exhibit capsids made out of multiple
parts (e.g. bacterophage T4), have highly structured capsids that do not re-
semble any classical symmetry (HIV-1), or have capsids with irregular shapes
(Hepatitis-C).

In addition to the three major classes of virus morphology, some viruses have addi-
tional structures or features that are not strictly considered part of their morphology.
A notable example, are many enveloped viruses that have additional proteins which
were acquired from the host cell during the process of viral assembly and exit from
the cell. Some viruses also have spikes or other surface proteins that help them to
bind to and infect host cells.

It is important to note that the morphological classification of viruses does not
take into account any genetic properties of the species, but assumes that the form of
the virus will also determine its function. Despite not being necessarily true, virus
morphology still provides a useful framework for description and understanding the
structure and function of viruses in the absence of any genomic data.

2.3.2  Baltimore Classification

The Baltimore Classification (BC) scheme was proposed by David Baltimore in 1971
in order to categorize viruses on the basis of similar strategies of genome replication®
and classified the all viruses in one of originally 6, now 7 distinct classes. Central
rationale behind this approach to classification is the assumption that the only
biological mechanism valid for all viruses is the central dogma of molecular biology,
which dictates the information flow from DNA to Protein, with an RNA intermediate.
Therefore every virus must implement a strategy of genome replication, which can
be used as a uniting basis for taxonomy. The BC distinguishes between seven classes,
based on configuration and replication of the viral genome:

I. Double stranded (ds) DNA viruses

II. Single stranded (ss) DNA viruses

III. dsRNA viruses
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Genetic material present in the virion
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Figure 3: Baltimore Classification of Viruses. Each of the 7 classes is characterized by a
unique strategy that ultimately leads to the replication of the viral genome, the transcription
of viral mRNA and expression of proteins. Figure adapted from ViralZone.

IV. ssRNA viruses, with sense (+) genome that also acts as mRNA

V. ssRNA viruses, with antisense (-) genome that acts as template for mRNA
synthesis

VL. RNA viruses with a (+) genome which replicate by reverse-transcribing a DNA
intermediate

VII. DNA viruses which replicate by reverse transcribing from an RNA intermediate

The Baltimore Classification acts as the de facto standard framework for the
description of viruses. It is tempting to assume that Baltimore Classes resemble
quasi-monophyletic groups, but closer examination of the various genomes within
each BC shows that it does not accurately reflect the phylogenetic relationships
between the viruses. While recent studies on virus metagenomes indeed could
identify a set of viral hallmark genes (VHGs), which are characteristic for each
class!?, it furthermore identified a set of 6 super-VHGs which are present in an
enormously diverse set of viruses which spans over two or even three BCs. Super-
VHGs include a set of 6 proteins such as Polymerases, Capsid proteins, Helicases and
Rolling-circle replication initiation endonucleases.

The origins of super-VHGs are assumed to be widely different. In particular,
replication-relevant enzymes most likely derive from a primordial, precellular pool
of genes, further emphasized by the lack of any orthologs of these proteins in cellular
life-forms. Other proteins were likely acquired at an early stage of virus evolution
from cellular hosts or evolved from other proteins in an ancient viral common
ancestor.

With the help of VHG phylogenies, efforts are being made to reconcile and inte-
grate the BCs with the general virus taxonomy. Baltimore classes III, IV, and V (RNA
viruses) have already been formally consolidated as a taxon?’:?8, a rank equivalent to
a domain as used for cellular organisms. Recent propositions of a viral megataxon-
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Figure 4: Current (as of 2023) ICTV taxonomy levels of viruses, with examples. Figure
adapted from ICTV.3?

omy?? further replace the BCs from their current (informal) position as highest rank
taxonomic units and introduce new taxa that unify all viruses under one framework.

Despite the new (i.e. genomic) direction of virus classification, the BCs remain
a central framework for the study of virus biology, comparable to concepts like
prokaryotes and eukaryotes, which also do not comprehensively reflect the phylogeny
of cellular life-forms but still are widely used in comparative cell biology.

2.3.3  Virus Taxonomy

Virus taxonomy is the classification of viruses into a system of categories called taxa,
and the development and implementation of standardized methods for nomenclature
of taxa. Whereas virus taxonomy has a long standing history, it was not until
recently that the field gained importance due to the rapidly increasing number of
new viruses discovered by next-generation sequencing methods. Virus taxonomy
traditionally had been a process that used a mixture of morphological, biophysical or
other arbitrarily chosen characteristics for classification, frequently using different
sets of characteristics for different groups of viruses in an inherently subjective
way>?,

In recent years, the availability of large metagenomic datasets and the identification
of Viral Hallmark Genes (VHGs) have brought a paradigm shift viral taxonomy, best
illustrated by the joint efforts of the community to establish a framework>! that
recognizes novel viruses solely on the basis of full genome sequences and disregards
any biological or biophysical characteristics. The genomic approach not only opens
up the possibility to classify species on the basis of phylogeny, but more importantly
eliminates the requirement for a virus to be cultured or otherwise characterized
in the laboratory which previously rendered the majority of viruses by default
unclassifiable.

From a practical perspective, the International Commitee on Taxonomy of Viruses
(ICTV) acts as the international and authoritative body that establishes the virus
taxonomy. The ICTV is a global organization that consists of various working groups
which are responsible for the recognition of new viruses. The ICTV itself does
not decide on any matters regarding creation or organization of taxa, but acts as
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2.4 RNA AND VIRUSES

Rank Number of Taxa
Realm 6
Kingdom 10
Phylum 17

Class 39

Order 65

Family 233

Genus 2606
Species 10434

Table 1: Major viral taxa currently (2023) recognized by the ICTV. Species that belong to
sub-taxa are not shown.

a platform to the virology community for a structured discourse and consensus
finding. It operates primarily through review and voting on proposals, which can
be raised at any time by any member of the ICTV. The decisions of the ICTV in
practice do not follow a universal strategy, while proposals from some working
groups might suggest changes based on algorithmic arguments or formally defined
procedures, others might proposed changes based on a different but equally valid
rationale. Ultimately, the process of taxonomy through the ICTV is decided by a
consensus vote.

The latest comprehensive Viral Taxonomy classifies all virus species under a
system of 15 hierarchically organized taxa (Figure 4). The ICTV recognizes 10434
virus species organized under 8 major taxa (Table 1), where all taxa above the ’species’
level are potentially allowed to have further sub-taxa, even though just a handful
actually have been assigned. It is important to note that the hierarchical manner
of the taxonomy tree not necessarily reflects the phylogenetic relations between
individual sub-groups of a taxon.

24 RNA AND VIRUSES

The Baltimore Classification schema illustrates central role of RNA in the viral
life cycle (Figure 3) and emphasizes that regardless the type of virus, RNA is an
indispensable part for successful replication. More than other organisms, viruses
have evolved to utilize RNA in numerous different ways - not only in the traditional
fashion as mRNA, but also as information storage medium for the genome, a role
that is classically associated with DNA.

Viruses furthermore utilize RNA’s capability mediate funcionality via RNA struc-
ture in order to thrive within a host. Some viruses actively recruit ribosomes with the
help of RNA structure elements despite the lack of traditional ribosome binding sites
in the genome . Other viruses have developed RNA-structure mediated defense

mechanisms against degradation by nucleases>*.

The unique plasticity of RNA combined with the extreme evolution rates of RNA
viruses, have made them also a target of intensive study by computational and
theoretical biologists interested in evolutionary processes. RNA structure has been
shown to impose constraints on viral evolution® and formal investigations have
been conducted that show that there is an upper limit to the rate of evolution, above
which RNA structure cannot be maintained any more3¢. RNA and viruses have also

served as an important model for the study of evolutionary robustness®’.
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Figure 5: Examples of viral RNA families with functional RNA structures. a Tick Borne
Flavivirus xrRNA (RF03536) b Coronavirus packaging signal (RF00182) ¢ Flavivirus Cis-
regulatory element (RF00185) d Picornavirus IRES (RF00229) . Colours indicate the conser-
vation of the nucleotide sequence. Nucleotide colour indicates sequence conservation over
the RNA family, red: >97%, black: >90%, grey: >75%. Images adapted from respective Rfam
families, RFO3536HRF00182, RF00229‘and‘RF03536}

2.4.1 RNA structure in viruses

Viruses have developed numerous ways to utilize RNA structure for biological
functionalities that are otherwise performed via proteins. A wide spread example
are the Internal Ribosome Entry Sites (IRES) found in many RNA viruses (RF00229),
which allow the recruitment of ribosomes to the viral mRNA. Though the secondary
structure is critical for a functioning IRES, it also shows stretches of high sequence
conservation.

Other elements, such as the Selenocystein Insertion Sequence (SECIS)
show a high degree of structure conservation, despite diverging significantly in
sequence. The SECIS element thereby acts as the trigger for the incorporation of the
non-canonical amino acid selenocystein into the nascent protein chain.

Other structure elements allow viruses to ignore and read through stop codons
during translation, enabling the virus to express additional isoforms of a protein.®

Viruses have furthermore adapted RNA structure to help with replication initiation
of Flavivirus genomes or help in packaging of the virions in Coronaviruses
(RF00182). An eminent example of functional RNA structures especially relevant
for this thesis are exoribonuclease resistance mediating elements in Flaviviruses
(RF03536) which are discussed in detail as part of chapter chapter 6.

2.4.2 RNA groups

RNA groups are collections of RNA molecules that share a set of characteristics.
Depending on the type of shared characteristics of an RNA group it is referred to as
either RNA family, RNA clan or RNA class. RNA groups can be regarded as a form
of “taxonomy” for RNA molecules and facilitate the standardized description and
identification of RNA molecules (Table 2). There exist 3 major quasi-hierarchic levels
of RNA groups:

RNA families>’ are sets of RNAs which perform a specific biological function in
different organisms. These RNAs are homologous and can be traced back to a common
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2.5 FLAVIVIRUSES

Group properties | Family | Clan Type 1 | Clan Type 2 | Class
Shared function + + - ¥
Homologous + + - -
Diverse - + - +
Alignable + - " -

Table 2: Overview of RNA groups and the presence (-) or absence (-) of characteristic
properties.

ancestor and mostly share a common secondary structure. A notable examples of
an RNA family are tRNAs (Rfam ID: RF00005), which are ubiquitous in (non-viral)
genomes but share a common functionality and structure. Sequence divergence
in an RNA family can vary strongly, but must still allow for the construction of a
reasonable multiple sequence alignment.

RNA clans*’ are groups of RNA families. There are 2 types of RNA clans: Families
part of a Type 1 clan share the same functionality and ancestor, but are diverged to a
point where no meaningful alignment can be established any more. Many varieties
of tRNAs (e.g. mt-tRNAs) form a type 1 clan (Rfam ID: CL00001), which contains
of 7 families and more than 1.4 million individual sequences. Type 2 clans on the
contrary stem from a common ancestor but do not share common functionality but
still can be aligned with each other.

RNA classes?! are in a way complementary to type 2 RNA clans. While its
member families mostly share a common biological functionality, they do not have a
common ancestor or any alignability. A notable example of an RNA class are the
various types of micro RNAs, which share a common mechanism of function, but
are not always homologous.

It is important to note that RNA families are built from a pragmatic perspective.
There are no quantitative rules that determine the assignment of individual RNAs
to families, even though the formal definitions of all RNA groups may suggest
otherwise. Frequently, the ability to build a functioning Covariance Model (CM)
is used to determine the scope of an RNA family, but ultimately family curation
is carried out and agreed on by the RNA community and may undergo frequent
revisions. The Rfam (RNA families) database collects and curates families of Non-
Coding RNA (ncRNA)s and acts as a central data hub. RNA families deposited in Rfam
are provided with a CM (see chapter 3.2.3), a multiple sequence alignment, consensus
secondary structure and documentation via a summary article in Wikipedia. Its
latest major release (Rfam 14*2) contained a total of 3444 families and included a
special focus on viral RNA families, including several RNAs identified through the
work in this thesis, see chapter 6.

2.5 FLAVIVIRUSES

Flaviviruses are RNA viruses organized under the genus Flavivirus. Together with
the genera Pestivirus, Pegivirus and Hepacivirus they are part of the large Flaviviridae
family. The Flavivirus genus is the largest in the family and includes more than
50 arthopod-borne viruses, including several prominent disease causing viruses
such as Dengue Virus (DENV), Tick-Borne Encephalitis Virus (TBEV), West Nile
Virus (WNV) and Japanese Encephalitis Virus (JEV).
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Primary hosts of Flaviviruses are mammals and birds, while arthropods such as
members of the Aedes or Culex family act as vectors. While a small group of recently
discovered Flaviviruses exclusively replicates without the help of any arthropod
vector®® in insects (Sokuluk Virus, SOKV) or bats (Tamana Bat Virus, TABV), the
majority of Flaviviruses is vector-dependent. Infections with Flaviviruses manifest
depending on the virus on a broad range, from asymptomatic to severe or fatal
hemorrhagic fever (DENV) or neurological disease (WNV).

Severe Flavivirus infections regularly affect a wide range of humans or animals. It is
estimated that each year DENV alone accounts for 390 million infections, of which 96
million manifest in clinical symptoms**. In 2002, a large part of the austrian blackbird
(Turdus merula) population was decimated by a newly adapted strain of the Usutu
Virus®, a flavivirus endemic to southern africa. Zika Virus, a flavivirus considered
hitherto unremarkable, surprisingly caused in 2016 an outbreak of epidemic scale
and led to numerous cases of microcephaly in unborn children®’, a novel symptom
not associated with ZIKV before.

The combination of a global spread, widespread endemic distribution and rapid
adaptability render Flaviviruses a significant threat to public health systems. Many
flaviviruses are therefore considered ""emerging” or ""re-emerging” diseases and
receive increased attention from a public health institutions.

"

2.5.1 Flavivirus evolution and host-tropism

As vector-dependent viruses, Flaviviruses constantly switch between reservoir (or
amplification) hosts and vector hosts. Prominent members of the FV genus such as
Zika, Dengue or West Nile Virus circulate between primates as reservoir hosts and
arboreal mosquitoes as vectors that enable the virus to spread to new primate hosts*’.
Depending on the environment, transmission cycles are referred to as either sylvatic
(primate-mosquito-primate) or urban (human-mosquito-human), with intersection
between both cycles being rare but possible.

Continous cycling between hosts puts evolutionary pressure on the virus, as it
needs to maintain its fitness in both host and vector species. Flavivirus evolution has
been significantly shaped by host-tropism, leading to striking genomic differences
between Flavivirus (FV)s depending on host specificity. The differences especially
manifest in the structure and sequence of the 3’UTRs, where the biggest differences
can be found between the groups (Section 2.5.3).

The major categories of FVs are:

+ Mosquito Borne Flavivirus (MBFV) are transmitted by mosquitoes, most im-
portantly by individuals of the aedes family. Especially relevant for human
transmission in urban cycles are aedes albopictus and aedes aegypti aegypti.

« Tick Borne Flavivirus (TBFV) use ticks as vectors to cycle between animal
hosts but also for infection of humans. Notable vectors are ticks from the
Ixodes genus.

« Insect Specific Flavivirus (ISFV) form a phylogenetically distinct group of
flaviviruses that have adapted to a life cycle without mammal hosts and persist
only in insect hosts. The group is further subdivided into classic ISFVs and
dual-host affiliated ISFVs, which could be shown to persist in multiple insect
hosts, even though the mechanisms of transmission are not clear?s.
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2.5 FLAVIVIRUSES
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Figure 6: Maximum-likelihood phylogenetic tree of the genus Flavivirus, highlighting the
Tick-Borne FVs, Insect-Specific FVs and No-known-vector FVs. The large group of Mosquito-
Borne FVs is collapsed under the "MBFV’ clade for better visibility. Figure taken from
Ochsenreiter et al.*

« No Known Vector Flavivirus (NKV) do not have a known vector species (yet).
While for many NKVs the vector has not yet been discovered, some (TABV,
CLuV) might not need an arthopod vector at all, but have adapted to purely
in-vertebrate life cycles.

Interestingly, the UTR architectures of MBFVs, TBFVs and ISFVs are highly specific
and can be clearly separated from each other via simple phylogenetic analysis (Figure
6. Topology of the tree further suggests that some FVs classified as No-Known vector
viruses might actually be classified as Tick-borne or Mosquito-borne.

2.5.2  Flavivirus genome

The flavivirus genome (Figure 7) consists of a single, positive-sense strand of RNA of
approximately 10-12 kB length. The genome consists of one large open reading frame
which encodes a single polyprotein which is cleaved during and after translation into
10 mature proteins. The coding region is flanked by a 100 nt 5’UTR and a 400-700
nt 3’'UTR at the end. Both UTRs are highly structured and shelter a set of structure
elements that are necessary for replication of the viral genome and are discussed in
more detail in section 2.5.3. In contrast to other genera of the Flaviviridae family, the
genomic RNA of flaviviruses is capped at the 5° end and has no poly-A tail at the 3’
end.

The flavivirus genome encodes 10 proteins, of which 3 are structural (C, prM,
E) and 7 (NS1 NS2a/b, NS3, NS4a/b,NS5) serve non-structural purposes. Structural
proteins include the main capsid protein C, the membrane protein prM, which is
involved in the formation of the viral envelope derived from the host cell membrane
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Figure 7: Schematic drawing of a general Flavivirus genome. Boxes indicate the coding
domains, UTR regions are not drawn to scale. Some species introduce additional reading
frames that code for slightly different proteins (JEV, WNV) but retain the other proteins.
Also note that cleavage of the polyprotein already occurs during translation. Figure adapted
from Simmonds et al.>

and contains viral glycoproteins. The envelope protein E mediates viral attachment
and entry into host cells and is the main target of neutralizing antibodies. Some
FVs are known to produce different proteins via ribosome frameshifting leads to
alternative forms of NS4b in WNV or to a C-terminally extended form of NS1 in
JEV. Some insect-specific FVs translate an additional protein called fifo from an
alternative reading frame including stretches of NS2a and NS2b.

The non-structural proteins are involved in viral replication and evasion of the
host immune response. NS1 and NS2a have been shown to play an important role
in formation of the viral replication complex even though their exact mechanism
of action remains still unclear. NS4a and NS4b are also involved in viral replication,
their mechanisms are thought to support replication in multiple ways, through
maintaining of replication complex structure and organization and modulation of
replicase activity. NS3 is a highly modular and multifunctional protein with protease,
helicase, and nucleoside triphosphatase domains, performing tasks such as cleavage
of the viral polyprotein (with NS2b as co-factor), unwinding of the viral dsRNA
during replication and modification of the 5’ end of the RNA for capping. It has been
shown to form a complex with NS5, which is the virus-specific RNA-dependent RNA
polymerase and essential for genome replication.

2.5.3  Flavivirus UTRs

The flaviviral Untranslated Regions (UTRs) contain a remarkable set of RNA sec-
ondary structures that mediate a number of specialized biological functions, among
those replication and translation of the virus genome. In all FV species, the 5’UTR is
of uniform length around 100 nts, while the size of the 3'UTR varies considerably
depending on the species between 400-700 nts.

Flaviviruses have evolved to heavily utilize the functionalities provided by non-
coding RNAs in their UTRs. Strikingly, the majority of flaviviral ncRNAs are defined
by a remarkable conservation of RNA structure, but not nucleotide sequence. The
UTR architecture furthermore critically influences the production of subgenomic
flaviviral RNA (sfRNA), which are an integral part of the virus life cycle and determine
its pathogenicity (Section 2.5.4).
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Figure 8: Schematic representation of the ZIKV 3’UTR architecture and sfRNAs, which is
representative for most Mosquito Borne Flaviviruses. Secondary structure cartoons represent
structural elements, blue arrows indicate pseudoknots. Red arrows indicate Xrn1 stalling
sites, black dotted arrows indicate remaining sfRNAs. Structures SL-1 & SL-2 constitute UTR
domain 1, DB-1 & DB-2 constitute domain 2. the 3’-terminal SL element represents domain 3.

5°UIR

The relatively short 5’UTR lies upstream of the polyprotein gene and can be divided
into two parts containing the structure elements SLA and SLB. Both elements are
separated by a stretch of Uridine bases and can be found in all Flaviviruses. Not part
of the 5’UTR, but directly adjacent in the coding region lies the capsid-coding region
hairpin (cHP) structure element, which is crucial for stable translation initiation and
start codon recogmtlon51

SLA (70 nts) is conserved over the entire genus Flavivirus. It acts as a promoter
for genome synthesis, likely by recruiting the virus RNA polymerase NS5 to the
viral genome. The SLB element (30 nts) forms a complex domain, together with the
downstream AUG region (DAR), the cHP element and the flaviviral 5’ cyclization
sequence (5°CS), which have been shown to play a vital role in viral RNA replication
by establishing long-range RNA-RNA interactions with other elements in the 3’'UTR,
leading to the cyclization of the viral genome>2.

Flavivirus 5’UTRs are of similar size in all flaviviruses, but can diverge significantly
from each other in terms of actual nucleotide sequence. Strikingly, while 5’UTR
sequences between TBFVs and MBFVs strongly diverge, the secondary structure is
strongly conserved over all genera®>>%,

SL-A SL-B cHP

5' ORF

Figure 9: Schematic representation of the flaviviral 5’UTR architecture. The essential struc-
ture element cHP is located inside the reading frame of the virus polyprotein.
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3’UTR

The flaviviral 3’UTR varies in length and structure between all flaviviruses and varies
considerably between TBFVs, ISFVs and MBFVs. The UTR can largely be divided
into three general domains that each serve a different purpose.

Domain one is directly adjacent to the polyprotein gene and shelters a variable
number of Stem-Loop (SL) elements. The copy number and primary sequence of
the SL elements is highly divergent between FV species, especially between TBFVs
and ISFVs. Nevertheless, SL elements are highly conserved on a structural level and
mediate the special ability of flaviviruses to withstand genome degradation by the
host exonuclease Xrnl. SL elements are therefore often referred to as exonuclease-
resistant (xrRNA) elements.

Domain 2 of the 3’'UTR strongly diverges between the various sub-groups of
flaviviruses. Mosquito-borne FVs typically contain one (Zika Virus (ZIKV),Yellow
Fever Virus (YFV)) or two (JEV,DENV) dumbbell elements, referred to as DB1 and
DB2 respectively. DB elements are thought to be essential for translation, but also
have been suspected to function as additional Xrn1 stalling sites, mainly active in
mosquitoes®. Other FV species such as TBFVs and ISFVs present a significantly
different structure of domain 2. Most TBFVs do not express any forms of DB elements,
but were shown to shelter another family of Y-shaped elements*’ in combination
with other weakly characterized structures. Likewise, ISFVs do not express any DB
elements, but show an even more complex and incoherent organization of domain 2.

Domain 3 is highly conserved over the entire genus. It contains the structurally
conserved large 3’Stem Loop (3SL) structure that is indispensable for genome repli-
cation”®. Additionally, domain 3 shelters the 3’Cyclization sequence (3°CS) and the
3’Downstream/Upstream AUG regions (3’ DAR, 3’UAR) which are indispensable for

circularizing of the flaviviral genome during replication®”.

2.5.4 Subgenomic Flaviviral RNA and xrRNAs

In vivo flavivirus genomes are constantly being degraded by the 5°-3’ exonuclease
Xrnl1, which is part of the regular human RNA metabolism machinery and digests
any uncapped monophosphorylated mRNA. The presence of Xrn1-resistant structure
elements in the 3’'UTRs effectively stalls Xrn1 and thereby results in the incomplete
degradation of the FV genomes which accumulate as short (500 nt) fragments, called
subgenomic flaviviral RNA (sfRNA). Production of sfRNA is assumed to be an
inherent ability of al Flaviviruses and is best understood in MBFVs where it leads
to the production of 4 distinct sfRNA species (sfRNA 1-4), corresponding to the 4
exoribonuclease stalling elements (Figure 8).

Abundance levels of sfRNAs significantly vary depending on the host of the
virus. For DENV2 it has been shown that while in human cells sfRNA1 dominates
the ensemble, the same genotype produces shorter sfRNA species (sfRNA2-3) in
mosquitoes®®, implying a species-dependent degree of Xrnl-resistance conveyed
by each individual xrRNA element. It is presumed that the apparent redundancy
of Xrn1-stalling elements actually serves the virus to quickly adapt to new species
during its life cycle®®, by being able to rapidly change one of the structure elements
but simultaneously retaining its fitness in other hosts®.

sfRNA have been shown to interfere with the host cell by actively counteracting
innate immune evasion. In DENV, sfRNA has been shown to disturb the translation
of interferon-induced mRNAs®!, which are one of the cellular responses to viral
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infections. Other experiments have gathered evidence that sSfRNAs might limit RNAi
efficiency by acting as a decoy for Dicer2°?. While not entirely understood, it has
been also shown that in WNV, sfRNA length and abundance in mosquitoes strongly
influences secretion of new virus particles in the salivary glands and as a consequence
transmission ef‘ﬁciency“. In other cases, sfRNA has been shown to severely drive
the evolution of diseases, when during a DENV outbreak in Puerto Rico, a novel
DENV variant with higher sfRNA expression rates replaced the endemic strain®*.,

The multiple roles of sfRNAs well illustrate the importance of xrRNA structure in
the flaviviral life cycle. Not only does the sfRNA help in evasion of innate immune
reactions, it also offers the FVs an elegant options to adapt to multiple hosts simulta-
neously®, impressively shown by the dual adaptation of DENV to both humans and
mosquitos>>,

2.6 CHIKUNGUNYA VIRUS

Chikungunya Virus (CHIKV) is a virus of the genus Alphavirus from the Togaviridae
family, a family of single stranded RNA viruses that are spread by mosquito vectors
from the aedes family. Notable members of the Alphavirus genus are O’'nyong-nyong
virus (ONV), Venezuelan Equine Encephalitis virus (VEEV) or CHIKV. Infections
with Alphaviruses frequently manifest through an acute phase of febrile illness and
arthralgia which is often followed by a chronic phase of arthralgia that can persist in
CHIKYV for months or even years®¢’, leaving affected individuals in crippling pain
and prolonged disability.

Since the time of its first description in 1953 in Tanzania®, CHIKV has spread
from its endemic areas in Western Africa (Senegal) to all continents, including
environments that were previously considered inhospitable to the virus and its
vectors. This rapid spread is enabled by a continuous adaptation of CHIKV to new
ecosystems and vectors resulting in frequent epidemic-like outbreaks, many of which
have occurred over the past years (2004 India; 2006 La Reunion; 2014 South America).

Due to its aggressive spread, CHIKV is considered an important ’emerging Dis-
ease’® that poses a significant threat and therefore is of particular interest to public
health agencies in their efforts to survey and predict CHIKV outbreaks in a timely
and reliable manner.

2.6.1 CHIKV life cycle

Originally, CHIKV was endemic to the tropical regions of Africa and Southeast
Asia, where it is known to persist in a sylvan transmission cycle, switching between
nonhuman primate hosts and mosquitoes®. Occasionally, CHIKV is thought to be
introduced into urban areas, thereby periodically causing outbreak events. Outbreaks
are characterized by an urban transmission cycle, where transmission occurs primar-
ily human-mosquito-human, primarily mediated by Aedes aegypti as vector species.
Still, while urban transmission cycles account for the majority of outbreaks, there is
evidence that some outbreaks in Asia are due to enzoonotic transmission’’. While
insect bites account for the overwhelming majority of CHIKV infections, rare cases
of maternal-fetal transmissions have been observed, resulting in elevated rates of
child mortality’!.
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Figure 10: Schematic of a typical genome organization of viruses from the Alphavirus genus,
like CHIKV. Figure adapted from Chen et al.”*.

2.6.2 Chikungunya Virus genome

The CHIKV genome (Figure 10 consists of one single strand of positive sense RNA of
approximately 11 kb length. The genome is capped at the 5’ end and polyadenylated
at the 3’ terminus. The protein coding genes are encoded in two large open reading
frames spanning over the majority of the genome that code for two polyproteins.
Polyprotein 1 codes for 4 nonstructural proteins (nsP1-4) that form the replicase
complex’?, among which nsP4 carries the RNA-dependent RNA polymerase domain.
Polyprotein 2 codes for 5 structural proteins (Capsid, E3, E2, 6k/TF, and E1), which
form the virus capsid and its membrane domains. Both ORFs are separated by a
small stretch of noncoding nucleotides, which include a promotor element specific
for ORF 273. The promotor element overlaps with the 3’-end of ORF2.

2.6.3 CHIKV UIRs

Unlike other RNA viruses, CHIKV has not been conclusively demonstrated to heav-
ily utilize the noncoding UTR regions. Length of the 3’UTR varies considerably
depending on CHIKV lineage and lies usually between 500 and 900 nucleotides. The
UTR consists of several copies of repeated structure elements (RSEs) of unclear func-
tion, and one structurally conserved element (CSE), which is necessary for efficient
genome replication”. In addition, all lineages exhibit a Y-shaped structure element
of unknown function. Variation in the CHIKV 3’UTRs is predominantly introduced
by the change in copy number of the repeat elements’®.

2.6.4 CHIKYV lineages

The spatial segregation of virus strains caused a substantial diversification of the
CHIKYV genotype, which is accompanied by a drastically altered disease spectrum
in humans. Newly evolved virulent capabilities were first encountered in the 2005
outbreak at La Réunion®’, and have become more frequent since then.

In the global circulation, a number of dominant CHIKV genotypes have been
observed. They are organized in four distinct lineages, which refer to the geographic
location of their (previous) circulation and are the Asian Urban lineage (AUL), Indian
Ocean lineage (IOL), East-Central-South African lineage (ECSA) and West African
lineage (WA). Currently, all lineages can be encountered around the globe and co-
occurrence of multiple lineages in the same region is a common scenario. Recently,
the IOL lineage caused outbreaks in Europa, despite being endemic to India and
islands in the indian ocean. The ECSA lineage has been shown to be responsible for
a major outbreak of CHIKV in Haiti’”’® and new data from related virus isolates
raise the question whether ECSA is to be considered a coherent lineage at all.
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This chapter introduces the most relevant methods and strategies that are applied
throughout this thesis. It focuses especially on thermodynamic RNA secondary
structure prediction, Consensus structure prediction and RNA structure homology
search.

3.1 RNA FOLDING

The bases of an RNA polymer have the intrinsic property to form intramolecular
hydrogen bonds with complementary bases, called ’pairs’, leading to the formation
of stretches of paired nucleotides (’stems’), and their enclosed nucleotides ('loops’).
While the overall structure of an RNA molecule assumes a complex three dimensional
structure in vitro, termed the ’tertiary structure’, the local folds established by the
base pairings remain remarkably stable regardless of their position relative to the rest
of the molecule. Due to its remarkable stability, the entirety of an RNA molecules
stems, loops and unpaired exterior bases is of particular interest and referred to as
the secondary structure.

While the prediction of a tertiary structure from an RNA sequence is a compu-
tationally expensive process, secondary structure prediction is comparably simpler
to solve, mainly due to the reduced degrees of freedom that describe a secondary
structure. Multiple approaches have been devised for secondary structure prediction,
approaching the problem from diverse angles such as probabilistic formal gram-
mars’?, thermodynamics®%8! or machine learning®2. This chapter will focus predom-
inantly on thermodynamic approaches, since they are used exclusively throughout
this thesis.

3.1.1 Thermodynamic RNA folding

Folding approaches driven by thermodynamic considerations focus on finding the
secondary structure that minimizes the equilibrium free energy (AG) of an RNA
molecule, compared to the unfolded state. The rationale behind this approach lies
in the fact that while an RNA molecule can adopt many structures in vitro and
change between them seamlessly, the ensemble at thermodynamic equilibrium will
be dominated by the structure that has the lowest free energy of all, accordingly
termed Minimum Free Energy (MFE) structure.

This problem can be formulated in two independent parts that consist of (i) the
definition of an Energy function, that determines the AG of a secondary structure
and its sequence and (ii) finding the secondary structure that minimizes AG of the
molecule among all possible structures that are valid for a sequence.

Typically used energy functions approximate the molecules’ equilibrium free
energy by summation of individual base pair AG contributions which are derived
from a set of empirically determined AG values for each type of base pair828384 The
problem of finding the MFE structure is achieved by a set of dynamic programming
algorithms that are able to efficiently explore the structure space of an RNA sequence.
The following sections will elaborate more in detail on the details of those approaches.
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Nussinov algorithm

The Nussinov algorithm8 approaches the problem of finding the optimal structure
by recursively evaluating all base pairs that could be formed by an RNA molecule.
While the algorithm was conceived to find the secondary structure that maximizes
the number of canonical base pairs, the same structure that maximizes base pairs is
not necessarily the most stable one energetically. Fortunately, the Nussinov algorithm
can be easily adapted to minimize for AG of the molecule, by inclusion of an energy
term into the recursion:

E;; = min { Eis1js min {Ei+1,k—1 + By + ﬁik} (3.1)
’ k, (i, k)pairs

where E; j denotes the Minimum Free Energy of a structure formed by bases i to j
and f;k represents the energy contribution resulting from base-pairing of nucleotides
iand k.

Individual free energy contributions from base pairs (fx) are crucial for prediction
of a correct secondary structure. Initial approaches differentiated only between
contributions of individual types of base pairs, e.g. only the canonical base pairs,
thereby neglecting the complex spatial topology an RNA molecule assumes in vitro
and the resulting effects on the molecules free energy. A prominent example of such
an interaction is the phenomenon of base stacking, where not the hydrogen bonds
forming the base pair, but the aromatic components of nearby nucleotides greatly
stabilize an RNA helix.

Zuker algorithm

In order to allow for a more granular free energy minimization, the Zuker algo-
rithm?®! expands on the concepts laid out by the Nussinov algorithm and introduces
additional recursion schemes and energy terms to the free energy minimization
algorithm. It is able to differentiate between various types of loops (i.e. topologies)
in an RNA structure, while the main goal remains the calculation of the structure
with the Minimum Free Energy E;;:

Eij = min {Ei+1,ja mm (Cik + Ek+1,j)}
i<k<j

u+1,j—i

Cij = min 7—{ij: min (Ckl +I(i,j;k, l)), min (Mi+1u +]\/I1 +a)
i<k<I<j i<u<j ’

M;; = min {igigj ((u=i+1)c+Cysrj+b)

1’1’111'1 (Mi,u + Cu+1,j + b) ’Mi,j—l + C}
iu<j

1 _ : 1
M;; = min {Ml-,jf1 +c,Cij+ b}

(3.2)

where individual recursions handle the case that single basepairs (Cj;) or multi-loops
(M;;) are formed, while the free energy contributions of hairpin loops (#;;) and
interior loops (Z;;) are not further decomposed but looked up in a table of empirically
derived values. Implementations of the Zuker algorithm typically derive the free
energy parameters from the nearest-neighbor dataset, maintained by Turner and
Mathews®4.
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3.1.2 Consensus structure prediction

Many types of RNA molecules are under selection pressure to conserve their sec-
ondary structure. Indications of conservation of structure results are typically the
absence of any change of paired bases or, more nuanced, the simultaneous change
of both bases involved in a pair, also termed compensatory mutation. While the
pressure for structure conservation cannot be inferred from a single RNA sequence,
evaluating variation and co-variation in a set of homologous or otherwise evolution-
ary related RNA molecules can provide evidence on positions that are likely to be
involved in base pairings.

Taking (co-)variation into account, allows for the prediction of a consensus structure
which represents the optimal secondary structure compatible with a set of related
sequences. Consensus structure prediction is realized by addition of a covariation-
dependent energy term into the classical Zuker algorithm. Formally, implementations
like RNAalifold®® extend the Zuker algorithm by quantifying covariation in an
alignment of RNA sequences and assigning energy bonuses to individual base pairs.
The covariation-dependent energy term y(i, j) is directly included as an additive
term into the recursion Cj;:

Cij = Py(i, j)+min {‘Hij, l_<rI£1<i?<j (Cr+I(i,j; k1)), ir<r}}£1j (M,-H,u + Miﬂ’j_i + a)}
(3.3)

where f is an empirically determined scaling factor.

The covariation itself is determined by pairwise evaluation of all basepairs a;a;
and f;B; of alignment A via the help of RIBOSUM® like scoring matrices. These
matrices quantify the likelihood of individual base pair substitutions and were created
using curated alignments of tRNA sequences:

Vg =5 D xR(was fif) (3.4
a,feA
where x is an empirically determined scaling factor.

In addition to evaluation of the covariance contribution, RNAalifold penalizes
base pairs that would include gaps. If the number of sequences that are incompatible
with a basepair is above a threshold, the base pair will be forbidden, otherwise a
positive energy contribution is added if one or more bases « are not in the set of
allowed base pairs B:

0 if (C(i,(){j) €B

v, j)=y'(i,j)+6 Z 0.25 if a; A aj are gaps (3.5)

a€A | 1 otherwise

where ¢ is an empirically determined scaling factor.

Since covariance contributions are exclusively evaluated on the basis of the aligned
sequences, it is of importance to note that the accuracy of a consensus structure
prediction is substantially influenced by the quality of the input alignment. Especially
for alignments of distantly related and dissimilar sequences, common alignment
algorithms such as clustalo®® or MAFFT®? will produce heavily gapped and thus
uninformative alignments. Consensus structures predicted on the basis of such
alignments will be of low accuracy, even if the sequences share a clearly conserved
secondary structure. It is therefore imperative to carefully consider the choice of the
alignment algorithm.
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3.2 HOMOLOGY SEARCH

The search for homologous RNA sequences is one of the central topics in this thesis.
Search algorithms often infer homologous sequences by looking for local sequence
similarity, with BLAST®? being a famous example of a similarity based search algo-
rithm. The evolution of structured RNA on the other hand, is subject to constraints
that arise from the secondary structure itself. Functionality in an RNA molecule
is often determined by its secondary structure, often allowing significant changes
in sequence provided the structure remains intact. Structurally homologous RNA
sequences can be therefore vastly dissimilar from each other in terms of sequence,
posing a challenge for traditional homology search algorithms.

The phenomenon of structural homology can be frequently observed in fast evolv-
ing species like viruses. Fortunately there are algorithms that can alleviate the
problem of structural homology search and homology search in dissimilar sequences.
The remainder of this section will focus on explanation of Hidden Markov Mod-
els and Covariance models, as well as on formal grammars, which represent their
theoretical foundation.

3.2.1 Formal Grammars

Formal grammars are a way of describing and specifying the structure of a languages.
A formal grammar consists of a set of production rules that define how to construct
valid strings of symbols. Symbols are grouped into two distinct classes called terminal
and non-terminal symbols, where only terminal symbols actually appear in the ob-
served strings while non-terminals can be transformed into a new string of terminals
or non-terminals. More specifically, production rules specify how nonterminals can
be replaced by terminals and other nonterminals in order to generate a valid string
in the language.

While formal grammars were originally conceived in the context of linguistics,
their principles can be applied to numerous other topics beyond the study of natural
language. For example, when modeling a sentence a terminal would represent a word,
but terminals could also represent amino acids when modeling a protein sequence,
or nucleotides when modeling DNA or RNA sequences.

Chomsky®! introduced four types of grammars which each have a distinct set of
restrictions on their production rules. They are organized in a hierarchical fashion
known as the Chomsky hierarchy. In the following section, W denotes any non-
terminal, @ denotes any string of terminals and § any string of terminals and/or
nonterminals:

» Regular grammars are the most restricted grammars and only allow produc-
tion rules in the form of W — aW and W — ¢, its valid strings can be parsed
using a finite state automaton. Notable applications of regular grammars are
Regular Expressions or HMMs.

« Context-free grammars allow production rules of the form W — f, its valid
strings can be parsed using a push-down automaton. Notable applications of
context-free grammars are Covariance Models.

» Context-sensitive grammars allow production rules in the form of oy Wa; —
a1 fay. Its valid strings can be parsed by a linear bounded automaton.
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+ Unrestricted Grammars impose no limitations on production rules. Valid
strings of an unrestricted grammar can be parsed using a turing machine.

The production rules of all types of grammars can furthermore have probabilities
associated with them. The grammar is then referred to as stochastic (or probabilistic),
whereas a grammar without probabilities is also referred to as deterministic. In
contrary to deterministic grammars, where each non-terminal symbol has one unique
production rule, stochastic grammars allow for multiple ways to expand a non-
terminal symbol. Probabilities are usually learned from data the grammar models, for
example the position-specific nucleotide distribution for modeling of DNA sequences
can be learned from an alignment of homologous sequences.

From a practical perspective, only stochastic regular grammars and stochastic
context-free grammars are applied on a large scale. While there are efficient al-
gorithms for parsing strings of regular grammars and context-free grammars, no
general polynomial-time algorithm for parsing of context sensitive grammars has
been described. Likewise, there is no general algorithm that is guaranteed to parse
an Unrestricted grammar in less than infinite time.

3.2.2 Hidden Markov Models

Hidden Markov Models®* (HMMs) are probabilistic models that are built on the
concept of a Markov process. The classical Markov process describes transitions
between states with the restriction that transitions must be memory-less, i.e. any
state must only be dependent on its previous state. Hidden Markov Models expand
on the Markov process concept by differentiating between states that produce visible
output and states that do not emit an observable, thus are hidden from the outside.
Hidden states allow a more complex modeling of the processes that shape the under-
lying data and have been successfully applied to a wide range of problems such as
speech recognition®?, sequence alignment®® or classification of discharge patterns in
electrical engineering **.

From a formal perspective HMMs are an example of a stochastic regular grammar
where non-terminal states constitute the hidden states, while terminal states produce
the observables. This means that also the efficient algorithms that exist for parsing
of regular grammars can be applied to HMMs. Most notably the Viterbi algorithm*>
computes the most likely path through the HMM, while the Forward algorithm *°
calculates the probability of an observation given an HMM.

HMMs excel at modeling data that can be reconciled with the Markov property,
i.e. data where individual states are uncorrelated and depend just on one underlying
state. Problems arise when there are dependencies between remote states, as typically
seen in RNA structure analysis. In RNA, many positions in a nucleotide are involved
in base pairs, which result in long-range pairwise correlation between states. So
while one state (residue) might be any nucleotide, there will be a state in an arbitrary
distance that needs to preserve complementarity to the first one. Such correlations
cannot be modeled (or "remembered") by any HMM or any other model based on a
regular grammar, but can be addressed by higher-order grammars in the Chomsky
hierarchy.
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Figure 11: Example Hidden Markov Model with two hidden (grey) and three visible (green)
states. Arrows indicate transitions between hidden states (solid lines). Emissions are indicated
by dashed arrows between hidden and emission states. Each transition/emission has an
associated probability. Figure adapted from Wikipedia.®’

3.2.3 Covariance Models

The concept of a Covariance Model (CM) expands the ideas of HMMs by introducing
the possibility to model dependencies between remote states. CMs are stochastic
context-free grammars (SCFG) and were specifically designed to simultaneously
model RNA sequence and RNA secondary structure in homology search®®. Especially
production rules of the type W — aWa are ideally suited for the modeling of base-
paired structures.

In analogy to HMMs, a different set of algorithms exist for efficient parsing of
valid strings of a CM. The CYK algorithm produces the most probable sequence of
a CM, while the Inside algorithm®® calculates the probability of a sequence given a
CM. While achieving the same goal, it is of importance that both the CYK and Inside
algorithm

While a CM can therefore find homologies that remain hidden to HMMs, it comes
at the price of steeply increased computational cost. Both the CYK and the Forward
algorithm have a run time complexity of O(L*M?®) and memory consumption of
O(L?M), where L is the length of the string and M the number of CM states, rendering
them prohibitively costly for large scale applications such as genome-wide screens.
This problem is often remedied by pre-filtering with cheaper methods such as HMMs
before further evaluation of CMs.

3.2.4 Infernal

The infernal package (INFErence of RNa ALignment) is the central implementation
of CMs and provides a collection of tools that are essential to the use of CMs.1%%,
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Figure 12: Exemplary Covariance Model for a simple alignment (A) and its associated
secondary structure (B). The parse tree (C) depicts the parse tree of the CM given the
consensus structure of the alignment. The right portion shows in more detail a full section
of the CM with insert and delete states. Figure taken from Kolbe et al.1%
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cmbuild

cmbuild builds a covariance model from multiple sequence alignment and its con-
sensus secondary structure. Additionally, it builds a profile HMM from the same
alignment, which can be used downstream in fast pre-filtering for putative CM
hits. It is important to note that cmbuild does not predict any consensus secondary
structure, but accepts output of RNAlifold.

cmcalibrate

In order to quantify the likelihood of a match between CM and query sequence,
the CM needs to undergo a calibration step with cmcalibrate. The process of
calibration consists of repeated generation of random sequences, aligning against the
CM and tabulating the bit-score. After evaluation of a sufficient number of sequences,
an exponential distribution is fitted on the histogram of bit-scores. The distribution
is used for E-value estimation when performing searches with the calibrated CM.
The E-value!%? quantifies the likelihood that the match would occur by chance in an
equivalently sized search space and is defined as:

N

where E is the E-value, N is the search space size and S’ is the normalized bit score.
The original bit-score S is directly provided by infernal and can be converted using:

¢ AS —InK

2 (3.7)

Where S is the raw bit-score, and K and A are scaling factors for the search space
and scoring system.

cmsearch

cmsearch is the component of the infernal package which performs the homology
search of calibrated CM s against a sequence database. Since matching a CM is
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a computationally intensive task, due to the CYK algorithm scaling with O(n?®),
cmsearch offers a series of pre-filters, such as pre-filtering putative for CM matches
with the help of the HMM created during the cmbuild step. While pre-filtering
comes at the cost of sensitivity, it can speed up the search process drastically. The
output of cmsearch contains the hit nucleotide sequences and coordinates, as well
as the bit-score and its corresponding E-value.

3.3 EVALUATING RNA STRUCTURE

The main focus of this thesis is to identify functional RNA structures through com-
putational means. Prediction of secondary structure from an RNA sequence is a
well-established task, however, in most cases a secondary structure alone is not
sufficient to deduce any biological function. In this thesis, functionality is broadly
defined as any biological activity that is mediated by the RNA structure. Although
functionality is usually identified de novo through experimental methods, there are
algorithms that can estimate the functional relevance of an RNA structure. The
research presented in this thesis heavily relies on these algorithms, and the following
section will provide more details on the two most significant methods.

3.3.1 RNAz

The RNAz algorithm1931% was devised for genome-wide screens for functionally
active non-coding RNAs. Provided an alignment of RNA sequences, RNAz can classify
whether it encodes an RNA structure that resembles already known functional RNA
structures. At the heart of RNAz is a Support Vector Machine (SVM) that classifies
the alignment on the basis of three distinct parameters, its (i) Average minimum
free energy z-score, (ii) Structure Conservation Index (SCI) and (iii) the normalized
Shannon Entropy of the Alignment.

The Average z-score z of each structure x of alignment A quantifies how the
average free energy of an alignment relates to what can on average be expected from
sequences with similar dinucleotide content. It is defined as

1 E, -
Z = N Z Ex T Hx (3.8)
xeA Ox

where E, is the minimum free energy of structure x, and parameters y and o denote
the average energy and standard deviation of sequences with similar GC content.
Parameters p and o are estimated through regression via a separate SVM that was
trained on a large number of simulated and folded RNA sequences. Since functional
RNA structures are usually more stable than chance would dictate, low (<)0 z-scores
alone are already indicative of biologically relevant structures and are therefore also
useful for interpretation beyond the context of RNAz.

The Structure Conservation Index SCI for alignment (A relates the average con-
sensus folding free energy E onsensus to the individual minimum free energies of the
individual sequences of the alignment:

Econsensus

SCI = —consensus_ (3.9)
N 2xeA Ex

The SCI is primarily intended as a measure on how coherently the individual se-
quences of an alignment support the overall consensus structure. Regardless the fact
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that similar free energy values do not necessarily imply structural similarity, the SCI
has proven to be a powerful metric for the assessment of structural homogeneity
of an alignment, since similar structures will tend to have similar minimum free
energies.

The Normalized Shannon Entropy H of the alignment is a term intended to quantify
the size and sequence variation of an alignment. The concept is taken directly from
the "Shannon Entropy" as described in information theory !> and applied to each
column of the alignment:

L
H= —% >0 pllog2p, (3.10)
i ey

where p! is the probability of character « in alignment column i. Inclusion of the
Normalized Shannon entropy allows the classification of alignments of an arbitrary
size, as the term combines both sequence variation and the number of sequences
into one measure that is scaled by the number of sequences.

All three parameters are provided as features to the RNAz Support Vector Machine,
which classifies the alignment into either "structural RNA" or "other" alongside a
probability estimate. Training of the SVM classifier is based on release 9.1 of the Rfam
database!%, a comprehensive collection of manually curated RNA families. Even
though the algorithm has a False Discovery Rate of roughly 50% %, the SVM classi-
ficator is still sufficiently able to discriminate alignments with thermodynamically
stable and/or structurally conserved RNA sequences from unstructured regions.

In the context of this thesis, RNAz is used as a means to assess the relevance of
RNA structure in an alignment. While it cannot interpret or infer the biological
functionality of an RNA structure, a high RNAz class probability indicates strong
similarity to already known functional RNAs and warrants for further investigation
of a candidate RNA structure.

3.3.2  R-Scape

The tool R-Scapel?71% js intended to identify statistically significant covariation
between columns in an alignment that might be indicative for conserved secondary
structure. The use of covariation in secondary structure prediction has already
been discussed in the context of the RNAalifold algorithm, which used a Mutual-
Information (MI) derived metric in order to quantify covariation and translate it into
thermodynamic parameters. R- scape focuses on evaluation and statistical testing of
the covariation itself, rather than consensus structure prediction thereby providing
additional insight into the relevance of an RNA secondary structure.

Methodically, R-scape evaluates the significance of covaration between columns
i and j of an alignment. While it offers a broad range of metrics, by default the
G-Test1? is employed. The G-Test is defined as

P ab ObS?Jb
GT(i,j) =2 Z Obsj;’ log — (3.11)
a,b Exp;;

where Obs?}’ is the observed count of a:b pairs in columns i,j (excluding gaps) and

Exp{? = Nijp{ph (3.12)
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is the expected frequency of pair a:b under the assumption that columns i and j are
independent. p!, are the marginal frequencies of a residues in column i (averaged to
all other positions).

In order to assess the statistical significance of a base pairs, expressed through an
E-value, R-scape derives an empirical distribution of covariation scores by evalua-
tion of covariation on simulated alignments. The simulation procedure estimates
a maximum-likelihood tree for each input alignment and then infers a maximum
parsimony assignment at each alignment column i. The simulation procedure there-
fore maintains the phylogenetic relationship between the alignment sequences and
evolves columns independently from each other. Additionally, the covariation poten-
tial for each column is estimated'® in order to exclude columns with little possible
covariation from the final evaluation.

R-scape evaluates the covariation support for all base pairs in a structure if a
consensus structure is provided as input with the alignment. If no consensus structure
is supplied, R-scape will evaluate all possible base pairs and then generate its own
structure prediction using Tornado, a SCFG-based algorithm. The prediction will be
constrained by base pairs with significant covariation support by default.
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Viruses represent a unique chance and challenge for structural RNA bioinformatics.
In sharp contrast to other domains of life, especially RNA viruses exhibit high rates
of evolution and sequence change, but are simultaneously under pressure to conserve
any functional RNA structure. The plasticity of the RNA structure and its ability to
accommodate for sequence changes therefore provides an ideal testing ground for
RNA virus evolution.

The main interest that pervades this thesis, is to study the marks evolution has left
on viruses through examination of their RNA structure. The subsequently presented
goals specify how this thesis intends to add knowledge to the general question.

GOAL 1: DETERMINE THE IMPACT OF RNA STRUCTURE IN VIRUSES

One of the goals of this thesis was to investigate the relevance of RNA structure in the
viral world in the context of different virus species and their unique ecological niches.
Furthermore, in order to understand the general role of RNA in viruses, investigations
should not only focus on individual virus species, but also more general taxonomic
groups of viruses, possibly identifying general trends that shape RNA structure in
viruses. Evolution of viral RNA structure should be studied in species where it was
established to be indispensable for survival and vice versa.

GOAL 2: DEVELOP METHODS FOR STUDY OF RNA STRUCTURE IN VIRUSES

RNA viruses have a rate of evolution surpassing most other organisms, including
most other viruses. This is best seen in the available sequence data for many viruses,
which is characterized by sequence divergence. Meanwhile, algorithms frequently
used in virus bioinformatics originate from the general ecosystem of tools used for
comparative sequence analysis, where coherent sequence data is more widespread. As
aresult, investigation of viruses is often challenging, a fact that is further exacerbated
by the very nature functional RNA structure, which does not necessarily require
conservation of nucleotide sequence.

This thesis aimed at exploring and promoting computational approaches that
address the challenges of RNA structure discovery in viruses. It should demonstrate
the power of stochastic modeling approaches such as covariance models when applied
to problems in virus bioinformatics. Likewise, the utility of RNA families for the
description of viral structure elements should be demonstrated to a broader audience.

GOAL 3: CHARACTERIZE NEW RNA ELEMENTS IN FLAVIVIRUSES

Flaviviruses depend on RNA structure mediated functionality for survival to a degree
where the evolution of parts of their genome architecture is at large determined and
shaped through structure elements. Despite the importance of RNA structure, only a
handful of elements have been investigated systematically and verified in selected
Flavivirus (FV) species, while a large portion of FV structure elements are based on
speculation or anecdotal evidence.
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It was a concrete aim of this thesis to organize and advance the knowledge on
FV structure elements. In order to tackle this complex matter, the problem needed
to be approached from different angles: Existing elements needed to be verified on
an algorithmic basis, using experimental evidence where available. A comprehen-
sive picture of the occurrence and distribution of existing elements needed to be
obtained from all FV species, many of which had not yet been investigated. Better
understanding of already known elements furthermore allowed the discovery of new
elements and enabled the structural mapping of all structure elements in FV 3’'UTRs.

The combined knowledge gain yielded detailed qualitative or quantitative under-
standing of the architecture of FV 3’'UTRs, the dominant evolutionary forces shaping
its development, and the evolutionary trajectory of Flaviviruses. Additionally, the
investigation also provided new evidence on which functionalities of the structure
elements are mediated purely by structure and which are dependent on sequence.

INDIVIDUAL PROJECTS

The work that is presented in this thesis is distributed over three distinct projects
which independently contribute to the main goals.

4.0.1 Project Chikungunya

Chapter 5 presents a comprehensive examination of the evolutionary history of
the Chikungunya Virus (CHIKV) genome, based on recent data. The findings from
the analysis provided crucial insights into the assignment of CHIKV isolates into
epidemiologically significant lineages, but furthermore revealed novel details on the
evolution of the 3’'UTR structure. This study represents a study that focuses on a
single, clinically relevant virus species that has received limited attention on the
importance of RNA structure. The most important project-level goals for this project
included:

1. Creation of an updated phylogeny for CHIKV, based on a comprehensive and
well-curated data set

2. Revision of existing CHIKV lineages on the basis of an updated phylogeny

3. Development of a protocol for in silico RNA structure discovery in CHIKV
3’UTRs

4. Identification of universal and lineage-specific conserved RNA structure ele-
ments in CHIKV

Contribution to Thesis Goals

In the scope of this thesis, this project investigated the (structural) evolution of a
single virus species that lacks any immediately obvious pressure for the conservation
of secondary structure. The project had the added challenge that for the examined
virus species there exists limited prior evidence for any significant RNA structure,
which could otherwise serve as a reference point for an investigation. In the line of
the same investigation, the project explored how a viruses phylogeny and lineage
classifications can be reconciled with each other in order to draw a coherent picture
of its evolution.
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4.0.2 Project Flaviviruses

Chapter 6 presented an in-depth study of the structural 3’UTR architecture of all
member species of the genus Flavivirus. In contrast to the previous project, this
study extended the scope of the investigation from one well defined species to a full
genus of viruses, a taxonomic level where sequence similarity between species can
be expected to diverge. While a large divergence in sequence should make structure
conservation equally unlikely, several FV species are known to depend on structural
RNA elements for survival, offering the opportunity for a more granular analysis.
The most important project-level goals for this project included:

1. Methods Development for RNA structure screening in divergent sequences
2. Curation of a large number of FV genomes
3. Identification of known structure elements in previously unstudied FV species

4. Search for novel structure elements in FVs

Contribution to Thesis Goals

In the scope of this thesis, this project explored a scenario where virus evolution is
primarily driven by the conservation of RNA structure, rather than sequence content.
It evaluated how homologous RNA structures evolve across a large group of related
virus species, when the structure-mediated functionality is crucial for survival and
presents an example of how RNA functionality can drive the evolution of an entire
genus. Additionally, the projects explored methodological difficulties associated with
analysis of RNA structure in highly divergent sequences,

4.0.3 Project RNA structure conservation in Viruses

Chapter 7 presents an exploratory study that assessed the relevance of RNA structure
in the entire virome. The size and nature of this study entailed that it could not focus
on the identification and characterization of single RNA structures in individual
virus species or groups, but rather focused on the identification and quantification
of evolutionary trends that have shaped RNA structure in all viruses. The most
important project-level goals for this project included:

1. Definition of appropriate metrics for quantification of RNA "Structuredness”
2. Assessment of RNA structuredness in viral all mRNAs

3. Identification of trends in RNA structuredness among all virus families

Contribution to Thesis Goals

In the scope of this thesis, this project assessed on a large scale the occurrence and
significance of RNA structure over an entire taxonomic kingdom. Due to the scale
of the investigation, rather than reconstructing individual evolutionary histories
of individual viruses, the study identified large-scale evolutionary trends that have
shaped virus families. The project provided an appropriate context to the other two
projects, which focused on RNA structure evolution in smaller taxonomic groups.
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The following chapter presents the results of the work conducted on the phylogeny
and Untranslated Region (UTR) architecture of the Chikungunya Virus. The work
was published in Viruses. 2019 Sep; 11(9): 798, A reprint of the article is provided as
part of the chapter.

5.1 MOTIVATION

While the Chikungunya Virus (CHIKV) has been extensively studied experimentally
due to its high relevance to virologists and epidemiologists, comparably little rigorous
computational research has been conducted regarding its phylogeny or genome
organization. Most prominently, the experimentally-driven focus becomes evident
when considering the state of the CHIKV phylogeny and its further division into
lineages, which are inconsistent and hard to reconcile with the genomic reality of
CHIKYV. Furthermore, there exists surprisingly little work regarding the genomic
differences that discriminate individual CHIKV lineages from each other.

In addition, the current status quo was established on relatively sparse data and
does not consider nor make use of the majority of currently known CHIKV genome
sequences. A cornerstone of this project was therefore to build a curated and as
comprehensive as possible collection of CHIKV genomes, that would serve as the
basis for all investigations. Experience has shown that, having access to an increased
amount of data will allow for fine-grained phylogenetic analyses via deep alignments
and accurate secondary structure predictions by applying consensus folding.

5.2 ADDED VALUE

The results published in the article provide a granular analysis of the genomics of
the Chikungunya virus and its lineages. Through the utilization of all data that
was publicly available at the time of publication, experimentalists can rely on a
comprehensive and detailed overview on CHIKV genomics, lineage composition
and a transparent picture of isolate-lineage association. Especially the insight into
lineage composition and dynamics can be especially relevant for the understanding
future outbreaks of CHIKV. While the work addresses the often vaguely defined
problem of virus isolate to lineage assignment by an approach of reconciliation of
phylogeny and epidemiological data, the problem cannot be regarded as solved and
further improvements should be encouraged.

We furthermore systematically investigated the UTRs of CHIKV for any signal
of conserved RNA structure. The investigation surprised on one hand as it showed
among most isolates little sequence variation that would suggest the conservation of
RNA secondary structure. While the overall UTR architecture between lineages can
vary and a few minor structure elements were identified, future investigations could
shift the focus rather on the search for factors that interact with CHIKV UTRs in
ways that are not mediated by RNA secondary structure.
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Abstract: Chikungunya virus (CHIKV), a mosquito-borne alphavirus of the family Togaviridae,
has recently emerged in the Americas from lineages from two continents: Asia and Africa. Historically,
CHIKY circulated as at least four lineages worldwide with both enzootic and epidemic transmission
cycles. To understand the recent patterns of emergence and the current status of the CHIKV spread,
updated analyses of the viral genetic data and metadata are needed. Here, we performed phylogenetic
and comparative genomics screens of CHIKV genomes, taking advantage of the public availability
of many recently sequenced isolates. Based on these new data and analyses, we derive a revised
phylogeny from nucleotide sequences in coding regions. Using this phylogeny, we uncover the
presence of several distinct lineages in Africa that were previously considered a single one. In parallel,
we performed thermodynamic modeling of CHIKV untranslated regions (UTRs), which revealed
evolutionarily conserved structured and unstructured RNA elements in the 3’'UTR. We provide
evidence for duplication events in recently emerged American isolates of the Asian CHIKV lineage
and propose the existence of a flexible 3'UTR architecture among different CHIKV lineages.

Keywords: RNA virus; evolution; epidemics; phylogeography; secondary structure

1. Introduction

Phylogeographic inquiries can reveal viral transmission patterns and pathogenesis of viral
diseases. Dramatic (re)emergences of arthropod-borne viruses (arboviruses), such as Chikungunya
(CHIKYV), West Nile, Zika, and Dengue, have increased in frequency and intensity, thus raising public
health concerns [1]. Prolific expansion of arboviruses in countries where the viruses have previously
not been recorded has drawn public attention. These trends are considered to be a function of climate
change effects on the geographic range in which the vector can complete its life cycle and transmit
CHIKYV [2,3]. Here, we investigate the RNA architecture of CHIKV untranslated regions (UTRs) that
underlies their ability to adapt and transmit in new environments and provide an updated large-scale
phylogeny summarizing the geographic spread of CHIKYV lineages.

CHIKYV is a mosquito-borne virus that belongs to the Alphavirus genus, which encompasses
mainly arboviruses, and is believed to have a marine origin [4,5]. The presence of CHIKYV in sylvatic
mosquitoes, such as Aedes africanus, Aedes furcifer, and A. taylori, and non-human primates in Uganda
and Tanzania suggests that the virus originated in Central or East Africa [6,7].

Viruses 2019, 11, 798; d0i:10.3390/v11090798 www.mdpi.com/journal/viruses
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The first isolation of CHIKV was in 1952 in the Newala district of Tanganyika, a British territory
that is now part of Tanzania [8,9]. CHIKV has caused multiple outbreaks in all continents except
Antarctica, most recently in Europe and Central and South America. In total, CHIKV has been present
in over 100 countries [6,10-12].

CHIKYV infects multiple human tissues, causing a febrile illness which is typically characterized
by myalgia, polyarthralgia, polyarthritis, and rashes [13]. Several vaccine candidates are currently in
preclinical or clinical development [14].

The virus had not been associated with life-threatening symptoms before an outbreak in 2005
on La Réunion island off the East African coast [15], which demonstrated a drastic expansion of the
disease spectrum. In La Réunion, and after, higher morbidity has been associated with CHIKYV infection,
including neurological issues, such as visual and hearing loss, paralysis, Guillain Barré Syndrome (GBS)
and renal complications [13,16,17]. Recent mutations that change protein structure have been attributed
to increased ability to establish infection (infectivity) and outbreaks as the virus becomes better adapted
to vector species (e.g., A. albopictus, the only suitable agent for transmission in La Réunion island) [18].
Species of the Aedes genus, in particular A. albopictus, A. aegypti, and A. polynesiensis are carriers of
CHIKY, and are capable of transmission to humans [19].

1.1. Chikungunya Lineages

CHIKYV is a virus for which four major lineages have been proposed: Asian Urban (AUL),
Indian Ocean (IOL), East, Central and South African (ECSA), and West African (WA) [20,21].
Despite these notions, the origin and the history of how CHIKV spreads inside of Africa remains
elusive. This gap in our understanding is due to undersampling and confounding factors such as
co-circulating Dengue and Yellow Fever viruses. The co-circulation of viruses diminishes the value
of serology test which are not species specific. While the AUL has historically been constrained in
Southeast Asia, there have been recent outbreaks in the Americas [18]. The IOL, circulating in India
and surrounding regions, has been mainly restricted to cause outbreaks in South and Southeastern
Asia, although it has caused recent outbreaks in Europe. The WA lineage is entirely isolated.

The ECSA lineage has a unique history as it gave rise to the IOL as well as has also been identified
as the origin of recent outbreaks in Brazil and Haiti [12,22,23]. The vast territory in Africa, the lack of
sampling, and increasing diversity of ECSA lineage foster doubt on whether ECSA is a single lineage.

1.2. Conserved RNA Structure as Evolutionary Trait

The CHIKV genome consists of a single-stranded, (+)-sense RNA of approximately 11.8 kb,
encoding nine proteins, which are divided into structural and nonstructural proteins [24]. The genome
is organized as two open reading frames (ORFs), flanked by structured UTRs [25].

Populations of RNA viruses exhibit large genetic variability. This variation allows populations
to have variants that are suited to changing conditions and immune escape. Viral variation results
mainly from two mechanisms, mutation and recombination. Mutation occurs during replication
by mis-introduction of nucleotides by error-prone RNA-dependent RNA polymerases that lack
proof-reading capacity. Recombination occurs when co-circulating lineages co-infect a host and mixed
segments are incorporated into the descendent viruses [26].

The role of functional RNA elements in pathogenesis is well established in flaviviruses [27,28],
where they are typically conserved evolutionarily in UTRs [29-31]. In CHIKYV, patterns of coupled
historic recombination and mutation events are encoded in the 3'UTRs of different lineages [32].
The resulting variants have highly divergent 3'UTRs that vary in length. Characteristics of these 3’UTR
variants are variable number of direct repeats (DRs) at the sequence level [2,33]. Distinctive CHIKV
lineages also differ in their 3'UTR architecture, in particular in the copy number and arrangement of
sequence repeats [34].

Evolutionary conservation in RNA viruses is typically maintained in secondary structure and
manifested in rich base pair-conserving covariation patterns [35]. Relatively little is known about
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structured RNAs in alphaviruses, both in coding and non-coding regions. Coding regions evolve
under strong selection pressure to maintain protein function. Nevertheless, it has become apparent that
structure within coding regions can also have biological function, as seen in the HIV RRE element [36].
In the context of alphaviruses, Kutchko et al. [37] performed RNA structure probing experiments,
focusing on Sindbis virus (SINV) and Venezuelan equine encephalitis virus (VEEV), but could not find
evidence for broad conservation of functional RNA structures.

The knowledge of structured RNAs in alphavirus UTRs, and CHIKYV in particular, is limited.
This limitation results from the fact that earlier studies focus on lineage-specific sequence repeats and
could not reliably establish a relationship between all observed repeat patterns and RNA secondary
structure [32,34].

A large number of genomic sequences and metadata have been deposited recently to public
repositories. These data have raised the possibility of revising the lineages of CHIKV as a whole,
reevaluating the historical global spread of the major epidemic clades and evaluating the RNA
structural patterns among different clades. We also set out to structurally characterize the UTRs of all
known CHIKYV lineages, and found evidence for lineage-specific structured and unstructured repeat
elements. We hypothesize such RNA elements to be involved in viral replication, vector adaptation
and specificity, host factor binding, and pathogenicity.

2. Materials and Methods

2.1. Taxon Sampling

We obtained viral genome data from the National Center for Biotechnology Information (NCBI)
Genbank database [38]. We downloaded 598 whole genome sequences of CHIKV. We compiled
all geographic metadata available in these genome records to create data sets for the analyses
described below. We removed eight sequences from the data set due to missing geographic location
metadata or designation as a vaccine sequence. The metadata associated with geographic location was
associated with the United Nations geoscheme for consistency. Therefore, “Central Africa” is labeled
“Middle Africa”.

2.2. Phylogenetic Tree Search

Two complete ORFs of CHIKV were extracted from the complete viral sequences for the
phylogenetic analysis. Multiple sequence alignments of the individual ORFs were computed using
MAFFT [39] under default settings and visualized in AliView [40]. In order to examine the possibility of
recombinant sequences, we used RDP and methods therein (RDP, GENECONYV, Bootscan, MaxChi,
Chimaera, SiScan, and PhylPro) [41].

We conducted phylogenetic tree searches with partitioning to separate the two ORFs. We used
tree search method under the optimality criterion of maximum likelihood with substitution model
testing as implemented in IQ-Tree [42].

We executed a 1000-replicate ultrafast bootstrap analysis of clade frequencies [43] and a SH-aLRT
measure of support [44]. The ultrafast bootstrap analysis is a variation of the traditional bootstrap
using heuristics and constraints to speed the search for optimal tree topologies. The SH-aLRT is
an approximation of the likelihood ratio, a direct measure of how much the evidence supports
the hypothesis.

According to recently published phylogenies of CHIKV [20,22,45], viruses from the Western
African clade form a sister group to all other CHIKV clades. Given these results and the absence
of co-circulating Western African strains with any other CHIKYV lineage, we selected this clade as
the outgroup for the phylogeny of CHIKV. de Bernardi Schneider [45] observed Western Africa as
a monophyletic clade sister to all other clades by utilizing an external outgroup (O’'nyong nyong virus),
thus the selection of this group should not yield an inherent bias on the tree topology at the same
time that it results in a cleaner molecular sequence alignment given the outgroup sequences belong to
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the same virus species as the ingroup. We performed the same procedure for a subset containing the
111 complete 3’'UTR sequences from the 590 whole genome sequence data set.

The final trees with metadata annotation were rendered using custom Python scripts from the
ETE3 framework [46].

2.3. Global Spread Of Virus

We extracted the list of taxa of the three major epidemic clades, Asian Urban Americas (AUL-Am),
ECSA-IOL, and ECSA-Middle African South American (ECSA-MASA), from the phylogenetic tree
generated from all CHIKV sequences. We created a csv table including all locations from the dataset
with corresponding latitude and longitude extracted from getlatlong.net. We performed individual
alignments for each epidemic clade on concatenated ORFs and ran these on an R script pipeline
(described here). Our script performs five steps:

Tree search under the neighbor-joining algorithm with 100 bootstrap replicates [47,48].
Collapsing of branches with a bootstrap value under 80% [49].
Replacing tree tip names with metadata information (i.e., geographic location).

L e

Parsimony ancestry reconstruction using the asr_max_parsimony function from Castor R
Package [50,51] to build an edge list (i.e., origin to destination geographic state transitions).

5. Render the geographic state transitions reconstructed on the previous step on a map using
geographic coordinates for each location [52,53].

In order to evaluate the historical spread of CHIKV using a parsimonious ancestral reconstruction,
the tree must be rooted to infer event directionality. Thus, we selected a root for each clade based on the
complete CHIKV phylogeny. For each individual clade, the sister taxon to all other taxa was selected.
When a clade had multiple sister taxa, we randomly selected one as the root. We selected HM045788.1
(India) as the outgroup for AUL-Am, KF283986.1 (Comoros) for ECSA-IOL and KX262996.1 (Cameroon)
for ECSA-MASA.

This script is an adaptation from StrainHub [50], a web-based application to reconstruct pathogen
transmission networks, to visualize the spread of the individual lineages/epidemic clades. The scripts
and data sets along with a detailed explanation of the functions and packages used for the analyses
described here are available online via the Supplementary Materials GitHub repository.

2.4. Conserved RNA Structures in CHIKV 3'UTR

Evolutionary conservation of functional RNAs is typically achieved by nature at the level
of secondary structures. Comparative genomics approaches aim at detecting these conserved,
structured RNAs as patterns of covariation in genome sequence alignments, typically constructed from
phylogenetically narrow subgroups. To this end, Covariance Models (CMs) are statistical models of
RNA structure formation that extend traditional Hidden Markov Models (HMMs) by simultaneously
representing sequence and secondary structure information [54]. CMs provide a straightforward
approach to find homologous RNAs in large RNA sequence databases.

All CHIKV 3'UTRs were processed and curated from full genomes by custom Perl scripts
based on the ViennaNGS toolbox [55]. Structural RNA alignments were computed with mlocarna [56],
and consensus structures were generated with RNAalifold [57]. Locally stable secondary structures
were computed using RNALalifold from the ViennaRNA package [58]. Homologies of both sequences
and secondary structures were inferred by HMMs and CMs as implemented in the Infernal
package [59] as outlined previously [35]. All secondary structure plots were rendered using the
RNAplot utility [58].
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3. Results

3.1. Phylogeny of Chikungunya Indicates Multiple Lineages In Africa

No significant recombination events (p-value of < 0.05) were detected in the aligned data sets,
therefore we kept all 590 sequences in the data sets. The phylogenetic tree search performed with
IQ-Tree resulted in a best-scoring heuristic maximum likelihood tree for CHIKV with 590 genomic
sequences (Figure 1). Deep ancestral branches that define the lineages had high (>90) SH-aLRT
support/ultrafast bootstrap values. More recent branches had lower SH-aLRT support/ultrafast
bootstrap values. The phylogenetic hypothesis for CHIKV with branch values is available online as
Supplementary Materials dataset SD1 via GitHub.

__Phylogenetic Tree | “
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Figure 1. Maximum-likelihood phylogenetic tree of 590 Chikungunya virus genomic sequences
highlighting the geographic locations (tree branches) and lineages (tree leaves). Tree was computed
using MAFFT alignment of individual ORFs and partitioned tree search with model test using IQ-Tree.
Leaves are colored by lineage association. Branches of the tree are colored by geographic location of
a sample. Colors of ancestral nodes and branches do not imply geographic origin and therefore are
depicted in gray.

The four viral strains grouped as expected according to reports in the literature [20,22];
however, the increased number of taxa in the tree allowed us to better investigate relationships
of clades and infer source-sink events (Figure 2). In addition to the four major lineages—AUL, ECSA,
IOL, and WA—our decision to split the concept of ECSA into its three regions, Eastern Africa, Central
(Middle) Africa, and Southern Africa, rose from the presence of distinct clades in this large-scale
phylogeny. The epidemic strain from the ECSA-MASA clade was first found in Middle Africa and later
identified in South America. The AUL lineage gave rise to an extensively nested American lineage
which spans North, South, and Central America, as well as the Caribbean.

Thus, we extrapolate the names for these discrete lineages based on geographic location:
Indian Ocean, Eastern African, South American, Middle African, African/Asian, Asian Urban,
American, and Western African (denoted as “leaves,” Figure 1). Some of these lineages belong
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to the three major epidemic clades: AUL-Am (Asian Urban + American lineages), ECSA-MASA
(Middle Africa/South American Lineage), and ECSA-IOL (Eastern Africa + Indian Ocean Lineage).
In this paper, we distinguish the individual lineages, which are delimited by geographic region
(e.g., IOL and WA), from epidemic clades, which may encompass more than a single lineage (e.g., AUL,
ECSA-IOL, and ECSA-MASA). Individual limited outbreaks (e.g., IOL in Europe) are not considered
new lineages as the outbreak did not generate a new endemic region for the CHIKV lineage (Table 1).

AUL-Am
| Q@
~ I
e bz (o) N\
(O )
o 1
I
| | ECSA-IOL
(c}
\ |
¢ ©
o
ECSA-MASA
\ 8"
©

Figure 2. Worldwide spread of major epidemic Chikungunya clades: Asian Urban American
(AUL-Am), ECSA Indian Ocean Lineage (ECSA-IOL) and ECSA Middle Africa South America
(ECSA-MASA). This figure is rendered using the R package Leaflet with the underlying data based
on parsimony ancestral reconstruction of metadata for place of isolation on the tree resulting from
neighbor-joining tree search with collapsed branches under 80% bootstrap threshold (see Materials and
Methods for more details). The circles on the map represent locations from which a transmission event
originates. The color transparency represents the number of times a transition between characters occur
on a location (node) or between locations (edge) (darker lines = more transitions). Boxes labeled “I”
and “II” indicate that line crossed the International Date Line (e.g., AUL) or the shortest physical path
between the two points (for mapping purposes only) was through the North Pole (e.g., ECSA-IOL).
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Table 1. Comparison between literature and proposed nomenclature of Chikungunya lineages and
epidemic clades based on the updated phylogeny.

Previous Work This Study
Lineages Lineages Epidemic Clades

Indian Ocean (IOL) Indian Ocean ECSA-IOL

Eastern African
East Central and South African (ECSA)  South American ECSA-MASA

Middle African
African/Asian N/A

Asian Urban (AUL) Asian Urban Asian Urban American (AUL-Am)

American
West African (WA) Western African Western African (WA)

3.2. Spread of Major Chikungunya Epidemic Lineages

Our reconstruction of the spread of the three distinct epidemic clades is in agreement with
the current literature (Figure 2). The Asian Urban lineage has spread from Southeastern Asia to
the Pacific Islands and Central America, with traveler cases reaching the Continental United States
(AUL-Am clade) [7,60]. A strain from Eastern Africa spread to India and is currently endemic in South
and Southeast Asia (ECSA-IOL clade) [61]. More recently, a lineage from Middle Africa was introduced
in South America (ECSA-MASA clade) [62,63].

3.3. Lineage-Specific 3'UTR Organization

Composition and length of the full 3’UTRs analyzed in this study differ substantially between
lineages and range from 510 to 930 nucleotides. Earlier studies reported cascades of repeated sequence
elements (RSEs) [33] and a structurally conserved sequence element (CSE) required for replication [2]
in CHIKV 3’UTR. Chen et al. [34] proposed distinct direct repeat elements 1 and 2 (DR1 and DR2,
respectively), together with a structured Y-shaped element, which all appear in lineage-specific
duplication patterns. Filomatori et al. [32] adopted this classification in a recent study, however they
were not able to see in silico secondary structure signals in DR sequences except for a Y-shaped element.
Here, we follow up on previous knowledge, using the full set of presently available sequence data
(i.e., 196 complete and truncated CHIKV 3’UTRs), and conclusively infer hitherto unresolved structural
properties of all conserved elements.

From a multiple sequence alignment of all available 3'UTRs from all lineages, we manually
characterized five highly conserved regions into four structured and one non-structured elements
(Figure 3). We inferred sequence and structural homology from searches in the complete UTR set of all
lineages, thus characterizing all instances of each conserved element. We used structural alignment
and consensus structure prediction to find the conserved structures of the four structured elements.

We characterized two stem-loop (SL) elements, termed SL-a and SL-b, the latter being conserved
among all lineages (Figure 4). While SL-a is only conserved among the ECSA-derived and AUL
lineages, comparison of the two SL elements indicates that SL-b is likely a shortened variant of SL-a
and comprised of its innermost hairpin (Figure 3c,d). Interestingly, this characteristic can also be
observed in O’'Nyong-Nyong virus (ONNV), which shares common ancestry with CHIKV. The genomic
coordinates of both elements approximately correspond to the previously reported DRs, with DR1a
spanning over the downstream portion of SL-a and DR1b being consistent with SL-b. The Y-shaped
element (SL-Y) is conserved among all lineages but varies in copy number between ECSA-derived /WA
(one copy) and AUL (two copies), and shows strong sequence conservation (Figure 3a). The previously
described CSE [64] folds into a short hairpin loop and is found upstream of the poly-A tail in all
CHKIV isolates (Figure 3b).
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Figure 3. (a—d) Secondary structure cartoons, structural alignments and base-pair probability plots
(dot plots) of the structured CHIKV 3’UTR elements SL-Y, CSE, SL-a, and SL-b. Colored squares in
the dot plot report a pairing of two bases, with full squares corresponding to 100% pairing probability.

The base pairings pattern of the corresponding most stable, minimum free energy structures are shown

in the lower triangles, while the upper triangles show the base pairing probabilities considering all

possible alternative, suboptimal structures. Colors in structure drawings, alignments and dot plots

indicate how many different types of base combinations are found for a particular base pair (red: 1;

yellow: 2). All structure plots show the consensus structures as calculated by RNAalifold [57]. For each

structure, the free energy (E) and the RNAz [65] z-score (z) are provided. Negative z-scores indicate a

structure is more stable than it would be expected for other RNAs of the same dinucleotide content.

(e) Sequence logo of the intrinsically unstructured repeat element UR, computed from all HMM-derived

homologous sequences within the data set. Structure cartoons are not shown since the overall base

pairing probability is essentially zero for this sequence.
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The structured elements, SL-a, SL-b, and SL-Y, are separated by one or two repeats of an
intrinsically unstructured repeat (UR) element (Figure 3e). The total copy number of UR elements
varies from three to five between lineages (Figure 4). This sequence repeat element lacks structure,
as marked by its incapability to fold into any stable RNA secondary structure. Both single sequence
predictions of individual repeats, as well as consensus structure prediction using an alignment of all
instances did not yield a stable minimum free energy structure, or alternative base pairing probabilities.

Annotation of all available 3'UTR sequences with CMs and HMMs revealed that different
CHIKYV lineages have evolved distinct patterns of structured and unstructured functional RNA
elements. This lineage-specificity of potentially functional RNAs has led to a varied 3'UTR
architecture among CHIKYV strains. This is particularly pronounced in the AUL and its descendants,
which show a characteristic 3'UTR organization. Several geographically diverse isolates of the AUL-Am
(also referenced as Caribbean lineage (AUL-Cbn)) appear to have undergone a partial duplication
event in the 3'UTR [66]. As a result, an additional copy of the nonstructural sequence repeat UR
and the structural element SL-b are found immediately downstream to the first copy of SL-b and UR
(Figure 4).

CHIKV 3'UTRs
- wmo e e w 3w s A

ecsaio.  [SEENN R SLb R HC R sty —{esE—

ecsa-masA ISR OR SLb R HC R sty —{esE-

AUL-CBn TR o T N e S B o

'AUL-Cbn specific duplication

AUL-Am SLb [ R e D | sy —{gsEr

AUL-As SLb w_ H_ wr_ H R e | sy —{gsE
| | | | |
0 250 500 700 900

Figure 4. Schematic of the 3'UTR architecture of all major CHIKV strains. The phylogeny on the left is
derived from a maximum-likelihood tree based on a genomic alignment of six representative sequences.
For each strain, the sequence with the longest UTR was selected as a representative (WA: AY726732.1,
ECSA-IOL: JF274082.1, ECSA-MASA: KY038946.1, AUL-Cbn: KT327163.2 (Mexico), AUL-Am:
MF001517.1 (USA), AUL-Asia: KF318729.1 (China). All boxes correspond to exact coordinates of
annotated structural /nonstructural elements. A scale bar is provided for the nucleotide coordinates.

4. Discussion

Studies on CHIKV phylogenetics have provided phylogenomic means of understanding disease
spread in the context of correlating disease epidemiology. The phylogenetic analyses we present are in
agreement with the current literature, although the increased number of sequences presented provide
insights on the hidden history of ECSA. Interestingly, the phylogeny based on ORFs is in agreement
with the phylogeny based on complete UTRs, despite the intuitive idea that different evolutionary
forces should act on coding and non-coding regions.

4.1. Chikungunya Virus Nomenclature

It is critical to emphasize the significance of the definition of “lineage” and “epidemic clade” when
discussing the evolution of a virus. Much has been proposed as to how species should be delineated.
In 1977, Wiley [67] proposed that the definition of species should be that “A species is a single lineage
of ancestral descendant populations of organisms which maintains its identity from other such lineages
and which has its own evolutionary tendencies and historical fate.” Peterson [68] criticizes the current
system of viral taxonomy, mentioning that one criterion alone should dominate viral classification:
the evolutionary independence of evolving lineages.

Assessing each CHIKYV taxon as an individual, and bearing in mind the concept of phylogenetic
independence, we cannot conclusively state that CHIKV sequences isolated in the Americas are
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divergent enough from ancestral sequences in Africa and Asia to be considered two new American
lineages. This logic, however, is limited when considering the similar phylogenetic structure of IOL
rising from Eastern African taxa. This non-uniformity represents the difficulty in qualifying lineages
based on subjective interpretation.

Further, IOL and AUL have region-specific derived clades circulating newly in endemic regions.
Peterson [68] warns against the use of endemic regions to classify species. We acknowledge the flaw
in solely using geography as a naming mechanism as the increased movement between continents
due to airport passenger can substantially increase the number of co-circulating lineages named based
on geography.

In order to remain consistent with the current literature we kept the naming scheme based on
geography, but defined lineage as the pool of individual taxa found in a clade that are not isolated
geographically. We define epidemic clade as a monophyletic group that may encompass one or more
lineages regardless of geography.

4.2. Lineage Diversity in Chikungunya Virus

Multiple waves of CHIKYV infection have occurred over the past two decades, with outbreaks
traced from Eastern and Middle Africa to Southeastern Asia (e.g., Thailand and Malaysia), Southern
Asia (India) and the Americas [20]. Clades of CHIKV observed in the analyses are consistent with
those found in the literature with an important exception. Similar to White et al. [23], who alluded to
the presence of ECSA subgroups, we observed that ECSA has multiple co-circulating lineages which
gave rise to the current outbreaks in Southern and Southeastern Asia and the Americas. With the
large amount of new sequences we analyzed, what was once called ECSA, East Central South African
lineage, is no longer a single lineage because it is not monophyletic. Figure 1 demonstrates that Middle
African taxa gave rise to the outbreak in South America, while Eastern African strains gave origin to
IOL. IOL has remained nearly exclusively on the Asian continent, with exception of a few African
and European outbreaks. AUL, a sister clade to all ECSA derived lineages, has reached the American
continent with extensive nesting diversity (Figure 1). In Africa, AUL is known to have emerged in
2004 and spread explosively in the Comoros islands and incited a severe epidemic in Kenya [18].
In the Americas, strains from AUL are observed as coming from the US to Central America (Figure 2),
and given the absence of locally acquired cases in the US, the indication of an ancestral sequence
originating a transmission event to Central America could be due to lack of sampling the ancestral
strain sequence and the close similarity of it with strain sequences found in Central America.

Asian Urban and IOL are the main lineages of CHIKV in Asia [69,70]. Moreover, Asian Urban has
since emerged in Central America in 2013 and South America in 2014 [71] forming the AUL-Am clade.
The Americas faced a devastating outbreak in 2013-2014 after the AUL lineage was introduced to the
Caribbean [72], causing nearly 3,000,000 estimated cases. In 2014, the ECSA lineage was detected in
Brazil as well [71]. Based on our phylogeny, the additional sister group lineage to both ECSA-IOL and
ECSA-MASA, which encompasses Southern African isolates and is related to a few Asian isolates
(of the African/Asian lineage) has no major outbreaks reported.

We propose that the ECSA genotype is too reductive in light of the rapid expansion and increased
taxonomic sampling, and should be separated into their respective regions of the African continent:
Eastern, Central, and Southern. Nevertheless, it is important to raise the attention to the lack of
sampling in Africa which obscures the Chikungunya virus dynamics between the distinct regions
within Africa. The current but limited amount of African sequences utilized in this study indicate that
there may be multiple co-circulating lineages and these results should serve as justification for the
importance of understanding the virus dynamics in Africa. As more isolates are sequenced, a more
nuanced history of CHIKV evolution will emerge which will aid in our understanding of the dynamics
of these outbreaks.
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4.3. Lineage-Specific 3'UTR Architecture

Earlier work in alphavirus 3'UTRs reported a varied architecture of repeat sequence elements
(RSEs) [2,33,73], which appear to influence virus replication in mosquito cells without affecting
infectivity in mammalian cells [34]. Interestingly, molecular evolution experiments with engineered
CHIKYV 3’UTRs in mosquito and mammalian cells suggest that improved fitness was acquired mainly
due to mutations in protein coding regions [74]. Still, the specific biological functions of individual
3’'UTR RSEs have not been studied in detail. The comparative genomics approach employed in this
study confirms the previously reported repeat organization in CHIKV 3’UTR sequences. It is now
possible to conclusively associate repeat sequences with distinct RNA secondary structures that
are conserved among all lineages. Importantly, the organization of all CHIKV 3’UTRs follows
a common pattern characterized by an alternating arrangement of structured, i.e., SL-a, SL-b, and SL-Y,
and unstructured regions. The latter are defined by a lack of any RNA structure, as predicted by single
sequence and consensus folding algorithms. This suggests that these regions of the CHIKV genome
exist in a predominantly unpaired state, rendering them highly accessible.

We hypothesize that such intrinsically unstructured repeat regions act as structural insulators
that separate functional secondary structures from each other. Unstructured stretches can mediate
the formation of structure in adjacent regions by prohibiting base pairs that are in conflict with
the element structure. Likewise, single-stranded, unstructured RNNAs can serve as easily accessible
protein binding sites. In particular, the enrichment of A nucleotides in the unstructured region not
only indicates the lack of secondary structure, but might also facilitate the sponging of RNA-binding
proteins [75]. Earlier studies suggested an involvement of alphavirus 3"UTRs with cellular HuR and
La proteins [76,77]. While HuR binding in CHIKV appears impaired [78], stabilization of viral RNA
through host factors is an evolutionary trait to counteract viral genome degradation by host nuclease
activity [25]. Conversely, other RN A-binding proteins, such as the Musashi family of translational
regulators, have been shown to efficiently interact with viral 3'UTRs [31,79]. The canonical Musashi
binding motif, UAG, is present at multiple loci within the unstructured repeat of all CHIKV 3'UTR
sequences, supporting the biological role of intrinsic lack of structure. Besides protein-aided regulation,
RNA interference is a crucial mechanism that controls viral replication in mosquitoes. Host-encoded
microRNAs (miRNAs) were shown to interact with the 3'UTRs of Eastern equine encephalitis virus
(EEEV) [80] and CHIKYV [81,82]. The miRNA binding site reported by Dubey et al. [81] overlaps
with the structured Y-shaped element (SL-Y) characterized here. Whether or not the CHIKV genome
encodes for endogenous viral miRNAs, as observed in flaviviruses [83], remains to be established.

The structural aspects of alphavirus RNA is understudied when compared to other arboviruses.
While repeat motifs were shown to be a crucial architectural pattern in alphavirus UTRs, many studies
focused on the role and nature of these sequence repeats, without asking how far RNA structure might
be the evolutionary driving force behind UTR evolution. A recent study employing SHAPE structure
probing (selective 2’-hydroxyl acylation analyzed by primer extension) experiments could not find
evidence for large-scale structural conservation of RNA within alphaviruses [37]. Work in the 5'UTRs
of VEEV [84] and SINV [85] could associate RNA structure elements with replication efficiency and
antiviral response [86]. We identified structured elements in the 5"UTR of CHIKYV, however did not
observe strong covariation patterns (data not shown). Likewise, the structured elements SL-a and SL-b
in the 3'UTR exhibit only a few covariations. This observed lack of covariation might be due to the
high degree of sequence conservation in the 3’UTR. Alternatively, it could also be a consequence of a
sampling bias, as many samples in our dataset originate from individual outbreaks and therefore only
represent a fraction of the CHIKV population. In contrast to other arboviruses, such as flaviviruses
carrying exoribonuclease-resistant RNAs (xrRNAs) [35], the lack of covariations makes it difficult to
assert to what extent secondary structure conservation is a driving force of CHIKV UTR evolution.
This is underlined by a weak support of structure-associated z-scores for elements SL-a and SL-b
(Figure 3c,d). Contrary, the SL-Y and CSE elements have very stable structures as indicated by strongly
negative z-scores. One of the most striking features of the CHIKV 3’UTR is presence of multiple
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copies of the unstructured UR region separating structured regions. Our findings indicate that the
evolutionary forces acting on CHIKV 3'UTR manifest as a process that can rapidly rearrange structured
and unstructured RNA elements, as observed in a recently emerged partial duplication of CHIKV
strains isolated from the Caribbean [66]. Consequently, our predictions encourage further experimental
validation to assess the structural and functional role of these proposed elements. In particular, it would
be highly informative to elucidate whether or not these elements mediate the production of standalone
non-coding RNAs. Additionally, experiments could reveal whether these conserved elements act in cis
or trans.

To obtain a more comprehensive picture of the 3’UTR phylogeny in the context of diverged
CHIKYV lineages, we computed a separate phylogeny based exclusively on 3'UTR sequences
(Figure S1). Although coding and non-coding parts of the viral genome are subject to different
evolutionary pressures, mapping lineage association onto this tree reproduces the topology of the full
CDS tree (Figure 1). This is to some extent surprising, as the nature of evolutionary forces acting on
both entities is supposed to be different, best illustrated by the requirement to maintain a reading frame.
This means that the 3’'UTR evolution is not disentangled from CDS evolution in CHIKYV, as expected
intuitively. On a broader scale, our data provide evidence that CHIKV CDS and 3'UTRs show coherent
evolutionary patterns, with leads to the hypothesis that the 3'UTR might represent an evolutionary
scaffold that can rapidly replace functional elements, as required for adaptation to environmental
change, e.g., by means of recombination [32]. Still, CHIKV 3"UTRs do not exhibit the high degree of
plasticity known from other arboviruses with functional 3'UTRs, such as flaviviruses [28,35].

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/11/9/798/s1,
Figure S1: Maximum likelihood tree of CHIKV 3'UTRs. Scripts and data sets are available via GitHub at
https:/ / github.com /abschneider/paper-chikungunya-phylogeny.
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FUNCTIONAL STRUCTURES IN THE UTRS OF FVS

The following chapter presents the work that was conducted as part of a systematic
investigation of Flavivirus UTRs for functional elements, published in the article
Viruses. 2019 Sep; 11(9): 798. A reprint of the article is provided as part of the chapter.

6.1 MOVIATION

There has been a long standing interest in the viruses of the entire genus Flavivirus
(FV) and their RNA structure elements, but typically only the human-pathogenic
members species are studied extensively due to their RNA elements that convey
resistance against exoribonucleases. Despite the special relevance for human disease,
RNA structure is suspected to also play a crucial role in all FVs, most notably in
the context of switching between reservoir hosts, vectors and humans. Still, many
FVs remain uninvestigated, especially since novel Flaviviruses are discovered at an
increasingly rapid pace.

Given this steady increase in fully sequenced FV genomes, the introduction of
comparative methodologies like covariance models and consensus folding could
substantially help to better understand the weakly studied FV species and reveal new
insights about the RNA structure dynamics of the Untranslated Region (UTR) of the
well studied members of the genus. Especially given the fact that FV RNA structure
elements seem to rely rather on conservation of structure than sequence, makes
them an ideal candidate for advanced structure homology search via Covariance
Model (CM), an approach that, somewhat surprisingly, had not been applied before
to FVs. At the same time, a series of experimental works reported nucleotide-level
resolution data on several exonuclease resistant elements in Tick Born Encephalitis
Virus, which represented an ideal opportunity to seed a CM based investigation.

6.2 ADDED VALUE

This study provides a comprehensive and systematic analysis of structural elements
in all currently known Flavivirus 3’UTRs. Many known elements could be confirmed
and novel instances were detected in previously unstudied FVs. Additionally, novel
conserved elements were characterized, exhibiting a remarkable conservation of
secondary structure but not nucleotide sequence. This further adds evidence to
the hypothesis, that RNA structure is indeed the defining characteristic causing the
exoribonuclease stalling capabilites.

The published work in addition demonstrates the power of comparative methods
when applied to problems in virus bioinformatics. In particular, a combination of
methods as Structural Alignments, Consensus Folding and homology search by
CMs, is demonstrated to yield significant insights into the structural architecture of
UTRs and should be considered as a standard approach for similar investigations.
Furthermore, the study emphasizes the importance of high quality experimental
data, which served as an enabler for the entire study and demonstrates the synergies
between experimental and theoretical work.
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Abstract: Untranslated regions (UTRs) of flaviviruses contain a large number of RNA structural
elements involved in mediating the viral life cycle, including cyclisation, replication, and
encapsidation. Here we report on a comparative genomics approach to characterize evolutionarily
conserved RNAs in the 3'UTR of tick-borne, insect-specific and no-known-vector flaviviruses in silico.
Our data support the wide distribution of previously experimentally characterized exoribonuclease
resistant RNAs (xrRNAs) within tick-borne and no-known-vector flaviviruses and provide evidence
for the existence of a cascade of duplicated RNA structures within insect-specific flaviviruses.
On a broader scale, our findings indicate that viral 3'UTRs represent a flexible scaffold for evolution
to come up with novel xrRNAs.

Keywords: flavivirus; non-coding RNA; secondary structure

1. Introduction

Flaviviruses are small, single-stranded positive-sense RNA viruses that are typically transmitted
between arthropod vectors and vertebrate hosts. They are endemic in tropic and sub-tropic regions
and represent a global health threat, although humans are considered dead end hosts in many cases.

The genus Flavivirus within the Flaviviridae family comprises more than 70 species, which are
organized into four groups, each with a specific host association: Mosquito-borne flaviviruses (MBFVs)
and tick-borne flaviviruses (TBFVs) spread between vertebrate (mammals and birds) and invertebrate
(mosquitoes and ticks) hosts, whereas insect-specific flaviviruses (ISFVs) replicate specifically in
mosquitoes and no-known-vector flaviviruses (NKVs) have only been found in rodents and bats,
respectively. This natural host-range-based classification is in good agreement with sequence-based
phylogenetic clustering, mainly because all flaviviruses share a common genome organization [1].
Conversely, epidemiology, disease association [2] and transmission cycles [3] are fundamentally
different among different flavivirus groups.

Emerging and re-emerging MBFVs such as Dengue virus (DENV), Japanese encephalitis virus
(JEV), West Nile virus (WNV), Yellow fever virus (YFV) or Zika virus (ZIKV) are the causative agents
of large-scale outbreaks that result in millions of human and veterinary infections every year [4].
Likewise, tick-borne encephalitis virus (TBEV), Powassan virus (POWYV) and other members of the
tick-borne serocomplex are neuropathogenic agents that cause a large number of infections every year,
resulting in a massive incidence increase since the 1970ies [5]. Consequently, much research effort has
gone into studying MBFV and TBFV biology, biochemistry and phylogeny [6]. The two remaining
groups, ISFVs and NKVs, however, have received limited attention in the research community, mainly
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because they are generally not associated with human or veterinary disease and therefore are still
underrepresented in the literature. The phylogenetic relationship among the four ecological flavivirus
groups is shown in Figure 1. Table A1 lists all viral species considered in the present study.
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Figure 1. Maximum-likelihood phylogenetic tree of the genus Flavivirus, highlighting the major groups
ISFVs (blue), dISFVs(orange), TBFVs (green), and NKVs (magenta). The MBFV Yellow Fever virus
group (YFG) and the main MBFV branch were not covered in this study and are both collapsed.
The tree has been computed from a MAFFT alignment of complete polyprotein amino acid sequences
with iq-tree. Figure rendered with FigTree.

TBFVs form a monophyletic group consisting of a single serocomplex, although pathology and
clinical manifestations vary among different viruses. They comprise more than a dozen of recognized
species and separate into three groups: Mammalian tick-borne flaviviruses (M-TBFV), seabird
tick-borne flaviviruses (5-TBFV) and the Kadam virus group. See [7] for a comprehensive review.

ISFVs naturally infect hematophagous Diptera and are typically divided into two groups [8]:
Classical insect-specific flaviviruses (cISFVs) naturally infect mosquitoes and excursively replicate
in mosquito cells in vitro. They form a phylogenetically distinct clade among known flaviviruses,
appearing at the root of the MBFV, TBFV and NKV branches. The cISFV group separates into two clades,
one associated with Aedes spp. mosquitoes and the other associated with Culex spp. mosquitoes,
respectively [9]. They lack the ability to infect vertebrates and to replicate in vertebrate cell lines
and have not been in the research spotlight until very recently. The second group is comprised
of arbovirus-related or dual-host affiliated insect-specific flaviviruses (dISFVs), which represent
a non-monophyletic group which is phylogenetically and antigenically related to mosquito/vertebrate
flaviviruses, although they do not appear to infect vertebrate cells [10]. Insect-specific viruses play
a crucial role in the mosquito microbiome and have been shown to modulate the replication of other
arboviruses [11]. In this line, they are currently considered as biological control agents and vaccine
platforms [12].
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NKVs represent an ecologically and phylogenetically diverse set of viruses which have been
isolated exclusively from vertebrates (mainly bats and rodents), without evidence for transmission
by arthropod vectors. They form a non-monophyletic group among flaviviruses and are typically
divided into bat- (B-NKV) and rodent-associated (R-NKV) groups, see Table A1l. B-NKVs can be
further separated into Entebbe virus group, which is phylogenetically closer to MBFVs, and Rio Bravo
virus group, which is a sister clade to TBFVs. Species in the R-NKV group form the Modoc virus
group, which is phylogenetically close to the B-NKV Rio Bravo group [13]. While NKVs are poorly
characterized they represent a valuable resource to study evolutionary traits related to host-switch
capacity mediated by conserved genomic elements.

Conserved RNA Structures Mediate Pathogenesis

Conserved RNA structures in the untranslated regions (UTRs) of RNA viruses are of particular
interest because they mediate the viral life cycle by promoting or enhancing replication, as proposed
for elements in both 5’'UTRs [14] and 3'UTRs [15-18]. Mosquito/vertebrate viruses must operate
efficiently in vectors and hosts, phylogenetically distinct organisms with different cellular machineries.
This requires a high level of flexibility of viral regulatory elements to evade various antiviral response
strategies while assuring proper replication conditions required for maintaining a stable quasispecies
population. To achieve this resilience in host adaptation, RNA duplication strategies have been
proposed as an evolutionary trait for MBFVs [19]. Tandem RNA structures within DENV 3'UTR
are under different selective pressures in alternating hosts, suggesting the idea that duplicated RNA
structures differentially evolved to accommodate specific functions in the two hosts [20]. Likewise,
there is evidence for evolutionary pressure on maintaining the primary sequence of parts of duplicated
RNA elements, as recently shown for flaviviral dumbbell (DB) elements in the context of finding a
biophysical model for explaining a possible route for ZIKV-induced neurotropism [21].

Viral RNA genomes are different from procaryotic and eucaryotic mRNA. In addition to coding
for and regulating the viral machinery, viral genomic RNA (gRNA) exhibits functional regions
that act upon different stages of the viral life cycle. The 10-12kB flaviviral gRNA is capped, but
non-polyadenylated and encodes a single open reading frame (ORF). Upon translation, a polyprotein
is produced, which is then cleaved by viral and cellular enzymes into structural and non-structural
proteins [22]. The OREF is flanked by highly structured untranslated regions (UTRs), which contain
evolutionary conserved RNA elements that are crucially related to regulation of the viral life cycle,
thereby inducing processes such as genome circularization, viral replication and packaging [23-25].

Upon flavivirus infection, accumulation of both gRNA as well as viral long non-coding RNAs
(IncRNAs) is observed. These IncRNAs, which have been referred to as subgenomic flaviviral RNAs
(sfRNAs) [26] are stable decay intermediates produced by exploiting the host's mRNA degradation
machinery [27] and are associated with viral replication, pathogenesis and cytopathicity [28,29].
The production of sfRNA is induced by partial degradation of viral gRNA by the 5'-3' exoribonuclease
Xrnl, an enzyme associated with the cell’s RNA turnover machinery [30,31]. Mechanistically, sfRNAs
are generated by stalling Xrn1 at conserved structural elements in the viral 3'UTR, termed xrRNA
(exoribonuclease-resistant RNA elements). These structures efficiently stall Xrnl from progressing
through from the 5 direction, thus protecting the downstream RNA from degradation, while
pass-through in the 3'-5' direction, as required for viral RNA-dependent RNA-polymerase is still
possible [32]. In particular, different types of stem-loop (SL) and dumbbell (DB) elements found in
many MBFVs and TBFVs have been related to quantitative protection of downstream virus RNA
against exoribonuclease degradation [33].

Xrn1 stalling results in dysregulation of cellular function with the aim of promoting viral infections.
In this regard, functions of sfRNA in modulating cellular mRNA decay and RNAi pathways [34] as
well as modulating anti-viral interferon response [35,36] have been reported.

The genomic architecture of flaviviruses has been extensively studied to understand the molecular
principles required for sfRNA production. Chemical and enzymatic probing methods [37], together
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with x-ray crystallography revealed the 3'UTR structure of the MBFVs WNV [38], YFV [39], DENV [40],
Murray Valley encephalitis virus (MVEV) [41], ZIKV [42] and recently different species of the TBFV
and NKYV groups [33], highlighting the possibility that exoribonuclease resistance might be a pervasive
mechanism of the viral world. Interestingly, several conserved RNA structural elements in viral
3'UTRs have been predicted in our group [43-47], some of which have later been attributed to xrRNA
functionality [26]. To further expand the set of potential xrRNAs, we report here on a comparative
genomics survey aimed at characterization of evolutionary conserved RNA structures in flavivirus
3'UTRs, focusing on TBFVs and the hitherto understudied groups of ISFVs and NKVs. A detailed
study on the evolutionary traits of conserved RNAs in MBFV 3'UTRs will be published elsewhere.

2. Materials and Methods

Viral genome data for the present study were obtained from the public National Center for
Biotechnology Information (NCBI) refseq (https://www.ncbinlm.nih.gov/refseq/) and genbank
(https:/ /www.ncbi.nlm.nih.gov/genbank /) databases on 28 May 2018. We downloaded all complete
viral genomes under taxonomy ID 11051 (genus Flavivirus) and filtered for TBFV, ISFV and NKV
species listed in Table A1l. Whenever refseq annotation was not available for a species, we selected
the longest complete genome from the genbank set as representative sequence. In total, the data set
is comprised of 86 ISFV, 275 TBFV and 27 NKYV isolates, respectively. The number of isolates with
available 3'UTR sequence data per species varies between 1 and 167.

2.1. Phylogeny Reconstruction

The polyprotein/coding sequence (CDS) regions of most flaviviruses can be aligned consistently,
however, UTRs typically show large variance both in length and sequence composition, rendering them
ill-suited for phylogeny reconstruction. A phylogeny of all members of the genus Flavivirus (Figure 1)
was therefore reconstructed via a multiple sequence alignment (MSA) of the nucleotide sequences of
the CDS regions only. The MSA was computed with MAFFT[48] and subsequent maximum-likelihood
tree reconstruction was performed using iq-tree [49] using the GTR+F+R7 substitution model.

2.2. Structural Homology Search with Covariance Models

The present study is centered around structural homology of RNA elements among
phylogenetically narrow subgroups. A straightforward approach to finding novel homologous RNA
structures is to search RNA sequence databases with Covariance Models (CMs), i.e., statistical models
of RNA structure that extend classic Hidden-Markov-Models (HMMs) to simultaneously represent
sequence and secondary structure. CMs, as implemented in the infernal package [50] allow for
rapid screening of large RNA sequence databases to find even weakly conserved sequence-only or
structurally homologous RNAs. We have recently applied this approach to identify novel telomerase
RNAs in Saccharomycetes [51].

Here, structural multiple sequence alignments of the viral 3'UTR sequences were generated with
1ocARNA [52] and CMs were built for known or experimentally verified xrRNAs [33]. All 3'UTR
sequences were then screened and novel candidate sequences were added to perform iterative
refinement until convergence. Weak sequence conservation of putative xrRNA elements resulted
in initially fragile results, indicating that infernal default parameters are typically not optimal.
Adjusting parameters, in particular disabling both heuristic filtering and local end detection, however,
allowed our CMs to find homologs with strongly conserved secondary structures in presence of large
sequence deviation from the original sequence the CM was built from. Likewise, cmsearch E-values
turned out unsuitable for assessing hit quality in case of major sequence divergence. We therefore
employed a cutoff approach, requiring a hit to form at least 75% of all base pairs listed in the CM in
order to be considered significant.
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2.3. De novo Discovery of Conserved RNA Elements

Beside characterization of RNAs with homology to known structurally conserved elements,
we aimed at identifying novel elements, considering both thermodynamic stability and sequence
covariation as evolutionary traits. In this line, locARNA-generated structural alignments of full
UTR sequences were cut manually into blocks corresponding to conserved secondary structures.
Alternatively, we employed RNALalifold from the ViennaRNA package [53] to compute locally stable
secondary structures for aligned UTR sequences. A CM was built for each structure and searched
against all flavivirus 3'UTRs, keeping only CMs that scored well multiple times per UTR. The rationale
here is that the occurrence of multiple copies hints towards a possible functional role of a structural
element, given that the ability of two or more independently evolving sequences to form a common
structure is unlikely.

The above approach is implemented as a set of custom Perl and Python scripts for semi-automatic
characterization and annotation of conserved RNAs in viral UTR sequences. Internally, these
scripts build on the ViennaRNA scripting language interface for thermodynamics calculations, the
ViennaNGS [54] suite for extraction of genomic loci, the RNAaliSplit package [55] for splitting
alignments into subparts with common consensus structures (i.e., common structures formed by
all individual sequences), R2R [56] for visualization, and the ETE3 framework [57] for tree annotation
and visualization.

3. Results

Several flaviviruses have previously been studied in great detail, yielding a varied landscape
of repeated RNA sequence and structure elements within the 3’'UTRs of these viruses, which are
likely to have evolved from numerous duplications [19,58,59]. Many of these studies relied on single
sequence predictions, which resulted in a good understanding of both structure and genomic position
of conserved elements in individual species. A unified picture of homologous RNAs within the 3'UTRs
of flaviviruses, however, has not been available.

The comparative approach applied in the present study outperforms single sequence predictions
by considering consensus structures formed by all sequences. This allows us not only to confirm
previously described RNA structures but also to elucidate hitherto unrecognized tandem repeats in
many species. In this line our results can help in understanding the complex evolution of flavivirus
3'UTRs.

3.1. Construction of Seed Alignments

Based on recent experimental evidence for the existence of xrRNAs in TBFVs, ISFVs and NKVs,
and previously characterized conserved RNA elements in flaviviral 3'UTRs, we built seed alignments
for initial CMs, which were then refined iteratively, i.e., subjected to multiple rounds of screening and
incorporation of best hits into the CM. Likewise, candidate structures from RNALalifold calculations
were used as seeds for identification of conserved RNA structures. Figure 2 shows an overview of
refined consensus structures for each ecologic group of flaviviruses analyzed here.

The four ecologic groups of flaviviruses show a varied 3'UTR architecture, however, the terminal
3’ stem-loop structure (3/SL, also referred to as 3’ long stable hairpin, 3'LSH) has been shown to be
associated with panhandle-formation during virus replication and is therefore present in the terminal
region of all flaviviruses [14]. The element is listed in Rfam as RF00185 (Flavivirus 3'UTR cis-acting
replication element, Flavi_CRE) and we could use it to consistently identify terminal regions within
3'UTRs. Absence of this element from a UTR sequence is indicative of incomplete or truncated
sequence data. The underlying sequences generally form a stable stem-loop structure upon structural
alignment and single sequence folding. We built individual 3'SL seed alignments and CMs for each
ecologic group, termed T.3SL, N.3SL and I.3SL, respectively.
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Figure 2. Overview of consensus structures of all CMs used for the annotation of flavivirus 3'UTRs.
TBFV, ISFV, and NKV elements were refined from published experimental data (T.xrRNA1/2,
LxrRNA1/2, N.xrRNA) or identified computationally (T.SL6, I.Ra, LRb as well as all 3'-terminal
stem-loop structures). MBFV elements were obtained from Rfam. Throughout this paper, all CMs are
referred to by the name written in bold. References to xrRNA-like structures refer to the generalized
xrRNA CM (Section 3.6).

3.2. Tick-Borne Flaviviruses

MacFadden et al. [33] suggested two different exoribonuclease-resistant structures in TBFV
3'UTRs. We used the proposed sequences from TBEV, POWYV, Karshi virus (KSIV), Langat virus
(LGTV), Louping ill virus (LIV), Omsk hemorrhagic fever virus (OHFV) and Alkhumra hemorrhagic
fever virus (ALKV) as templates for a set of initial structural alignments and CMs. These models
were then employed to search for high confidence hits within all TBFV 3'UTRs to construct seed
alignments of the two exoribonuclease resistant structures in TBFVs, termed T.xrRNA1 and T.xrRNA2.
These models allowed us to construct highly specific CMs for both TBFV xrRNAs, which were
subsequently used to annotate xrRNA instances in already studied and previously unstudied TBFV
species (Figure 3a).

The full structural alignment of the 3'UTRs of selected tick-borne species moreover suggests a
short stem-loop element in several species, which is characterized by high sequence heterogeneity but
heavily conserved structure supported by multiple covariations. Evidence for this element, termed
stem-loop 6 (SL6), has been reported earlier for at least TBEV, LGTV and OHFV [58,59]. We kept this
nomenclature and identified the exact position in each TBFV 3'UTR (Figure 3d).

Our data further shows that both TBFV xrtRNA CMs (Figure 2a), as well as NKV xrRNA
CMs (Figure 2b and Section 3.5) consistently yield plausible hits with a high degree of structure
conservation immediately upstream of the strongly conserved terminal stem-loop element. Existence
of a Y-shaped element (termed Y1) and putative similarity to NKVs has been proposed earlier
based on single sequence structure predictions [58]. Structural 1ocARNA alignment and subsequent
RNAalifold consensus structure prediction indicates strong secondary structure conservation with
frequent structure-conserving sequence covariations. Taken together, this suggests good evidence
that respective regions in TBFVs harbor a putatively structured and functional xrRNA-like RNA (Y1,
Figure 3d).
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Figure 3. (a) Annotated 3'UTRs of TBFVs. The phylogenetic tree on the left has been computed from
complete coding sequence nucleotide alignments and corresponds to the TBFV subtree in Figure 1.
For each species with available 3'UTR sequence a sketch of the 3'UTR is drawn to scale next to the

leaves of the tree. Colored boxes represent conserved RNA structural elements. Identifiers within the

boxes indicate the CM which was used to infer homology at this position. Asterisks indicate incomplete

3'UTR sequences. Species without available 3'UTR are not shown. (b) Consensus structure plots of

CM hits as calculated by mlocarna. (c) Schematic depiction of the common structural architecture of
TBFV 3'UTRs. (d,e) Structural alignments of elements SL6 and Y1. (f) RNAalifold coloring scheme for
paired columns in alignments. Colors indicate the number of basepair combinations found in pair of

columns. Fainter colors indicate that some sequences cannot form a base pair.

Despite the differences in length and sequence composition, the 3'UTRs of most species in the
TBFV group share a common architecture. Similar to MBFV SL-elements [19], two copies of xrRNAs
are found in almost every species of this ecologic group, generally succeeded by one instance of SL6

and Y1. Likewise, the terminal 3’ stem loop is conserved in all TBFVs and can be reliably annotated
by both our CM, T.3SL, and the Rfam Flavi_CRE model, which is used in Figure 3. Among all
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investigated species, only ALKV, OHFV and Kyasanur forest disease virus (KFDV) do not have a copy
of xrRNA1, indicating that these viruses may have previously lost this element. Conversely, the two
seabird-associated TBFVs with available 3'UTR data, Tyuleniy virus (TYUV) and Kama virus (KAMV)
do not fit into this general scheme. Likewise, we were not able to annotate additional homologous or
conserved structures with any CM used in this screen in the variable region of the 3'UTR of TBEV [5],
despite the substantially longer UTR (+300 nts).

3.3. Classic Insect-Specific Flaviviruses

Classic insect-specific flaviviruses present diverged 3'UTR architectures, which likely result from
the association of different species to Aedes spp. and Culex spp. vectors, respectively, which are also
reflected by clade separation in the ISFV phylogenetic tree. Previous studies employed single sequence
predictions to propose a varied set of homologous RNA structures in combination with an unusually
large number of duplicated sequence signals [59]. Recent experimental evidence, however, suggests
the presence of xrRNAs that have a similar fold to those known from MBFVs in cISFVs. Consequently,
we set out to independently characterize conserved RNA elements for different subclades.

3.3.1. Exoribonuclease-Resistant RNAs in Aedes-Associated cISFVs

MacFadden et al. [33] used SHAPE structure probing to report the presence of two
exoribonuclease-resistant RNAs in Cell fusing agent virus (CFAV), and provided evidence for
a duplicated set of homologous structures in Aedes flavivirus (AEFV) and Kamiti river virus (KRV).
We constructed initial alignments from the reported sequences in this clade in Aedes spp. associated
viruses, resulting in two seed alignments, termed I.xrRNA1 and I.xrRNA2 (Figure 2c). For both
elements, seed CMs were iteratively built from structural 1ocARNA alignments. Minor manual
adjustments to the alignments were required here, since the predicted consensus structures diverged
slightly from the published SHAPE-guided prediction. Both models were then employed to search for
additional high confidence hits within other isolates of CFAV, AEFV and KRV which were subsequently
added to the seed alignments.

Screening the entire set of flavivirus 3'UTRs revealed that both ISFV xrRNA elements, I.xrRNA1
and IxrRNA2, are only found in CFAV, AEFV and KRYV, i.e., species initially used for the construction
of the respective CMs. Furthermore, also in terms of pure structural conservation, no reliable hits in
any other ISFV species could be obtained with any of these CMs (Figure 4a). This suggests that both
ISFV xrRNAs may represent a specialized class of xrRNA elements only present in CFAV, AEFV and
KRV. The 3'UTR of KRV is unique among all known flaviviruses because it harbors an additional copy
of the terminal 3’ stem-loop element 600 nts upstream of the actual 3'-terminus, supporting previous
reports that the KRV 3'UTR has undergone a full duplication during its evolution [60].

3.3.2. Conserved Structures in Culex-Associated cISFVs

The second distinct clade of cISFVs includes Culex flavivirus (CxFV), Quang Binh virus (QBV),
Mosquito flavivirus (MSFV), Palm Creek virus (PCV), Culex theileri flavivirus (CTFV) as well as a
few other species with only partial genome sequence availability [9] and is associated with Culex spp.
vectors. An interesting observation in this clade is that no other CM from any of the four ecologic
flavivirus groups shows a hit, not even with remote sequence or structure conservation. We therefore
set out to produce a a high quality structural alignment of the complete 3'UTRs of CxFV, QBV and
MSFV. Consensus structure folding of the full alignment revealed each species to harbor 3—4 repeats of
two highly conserved elements supported by multiple co-varying base pairs (Figure 4b,c). We termed
these “Repeat element a/b”, respectively (Ra and Rb). Both elements, while strongly conserving
their folds, show highly variable loop regions as well as weak sequence conservation in the case of
the Ra element. Structure conservation and occurrence in multiple copies, as typically seen with
other exoribonuclease-stalling elements, hints towards possible functional importance. These results
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complement earlier reports of sequence repeats in the 3'UTR of CxFV [61] with the identification of
a quadruplicated pair of conserved structures.
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Figure 4. (a) Annotated Tree of cISFV 3'UTRs. Asterisks denote incomplete 3'UTR sequences. Species
without available 3'UTR are not shown. (b) Consensus secondary structure plots and structural
alignments of CM hits of Repeat a/b elements in CxFV, QBV, and MSFV. (c) Schematic of the common
architecture of CxFV, QBV, and MSFV. Element I-IV refers to the respective repeat of elements.
(d) Consensus structure plot and structural alignment of all CM hits of xrRNA-like elements in
PaRV. (e) Proposed 3'UTR architecture of KRV, AEFV, and CFAV with consensus structure plots and
structural alignments of I.xrRNA1 and L.xrRNA2.
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3.3.3. Diverged 3'UTR Architecture in Many cISFVs

Interestingly, a screen of all available CMs in Parramatta River virus (PaRV) revealed five
xrRNA-like elements (Figure 4a), with elements 1-3 sharing sequence and structure properties with
NKYV xrRNAs (Section 3.5), while elements 4 and 5 only conserve N.xrRNAs structure. All five hits
can be structurally aligned into a consistent consensus structure (Figure 4d), despite the overall weak
sequence consensus.

Conversely, the 3'UTRs of Calbertado virus (CLBOV) and Mercadeo virus (MECDV) appear
structurally different from the other cISFVs. A general lack of characteristic CM hits lets these species
appear more like an outgroup among cISFVs. In particular, we could only find significant hits for the
omnipresent terminal 3'stem-loop structure, a putative xrRNA-like element in CLBOV and a single
instance of a structure homologous to the Rfam model RF00465 (Japanese encephalitis virus hairpin
structure) in MECDV. Still, limited availability of 3'UTR sequence data renders the characterization of
conserved elements and interpretation difficult here.

Our data suggests that the 3'UTRs of cISFVs, in contrast to TBFVs (Section 3.2 and dISFVs
(Section 3.4), do not appear to have a consistent architectural organization. In agreement with the
cISFV phylogenetic subtree (Figure 1) we constitute three diverged groups with common 3'UTR
organization that conform to their respective sub-clades: (i) CFAV-AEFV-KRYV, each with two instances
of xrRNAs, (ii) CxFV-QBV-MSFV with 3—4 copies of .Ra/LRb elements and (iii) PaRV with 4-5 copies
of xrtRNA-like structures. Although no full 3'UTR sequences are available for the phylogenetically
closest relatives of PaRV, HANV and OCFVPT, an xrRNA-like element in the small available fragment
(syntenic to PaRV UTR) of OCFVPT 3'UTR suggests that both viruses might be organized in a similar
manner, as supported by earlier reports that these viruses should be classified within the same
species [1]. For CLBOV and MECDV, no clear pattern of conserved elements can be identified with
our CMs. Both viruses either employ an entirely different class of elements or might not require
capability for exoribonuclease stalling at all. The only element shared universally among all cISFVs is
the 3/-terminal stem-loop, although cISFVs seem to diverge from other flaviviruses here, indicated by
the inability of Rfam model RF00185 (Flavivirus CRE) to reliably annotate any cISFV 3'UTR.

3.4. Dual-Host Affiliated Insect-Specific Flaviviruses

Isolated almost exclusively from mosquitoes, dISFVs do not seem to infect vertebrate cells, despite
their phylogenetic proximity to MBFVs (Figure 1). This association is reflected by good hits of the Rfam
covariance models RF00525 (Flavivirus DB element) and RF00465 (Japanese encephalitis virus hairpin
structure) in all dISFV isolates studied here (Figure 5). Interestingly, we could not find evidence for
any sequences or structures homologous to tick-borne or other insect-specific flaviviruses. In this line,
our data is in good agreement with the phylogenetic location of these viruses, which share ancestral
roots with MBFVs [10].

An unusual species within this group is Ecuador Paraiso Escondido virus (EPEV), which has
been isolated from New World sandflies and has been classified as insect-specific virus. EPEV
phylogenetically appears at the root of the Entebbe bat virus group (ENTVG), a clade comprised
of the three NKVs Entebbe bat virus (ENTV), Sokoluk virus (SOKV) and Yokose virus (YOKV). While
all of these viruses contain homologs of conserved stem-loop (SL) and dumbbell (DB) elements found
in MBFVs, ENTVG species may have lost their vector dependence [1].
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Figure 5. (a) Annotated Tree of dISFV 3'UTRs. Asterisks denote incomplete 3'UTR sequences. Species
without available 3'UTR are not shown. (b) Schematic Architecture of the dISFV 3'UTR. (c) Structural
alignments and consensus structure plots of dISFV elements.

3.5. No-Known-Vector Flaviviruses

Rather than forming a monophyletic group, the no-known-vector flaviviruses can be separated
into two distinct lineages, which are closely related to either TBFVs or MBFVs, respectively (Figure 1).
Two additional NKVs, Tamana bat virus (TABV) and Cyclopterus lumpus virus (CLuV), are
phylogenetically distant and serve as an outgroup to all flaviviruses. In analogy to the procedure
outlined above for TBFVs (Section 3.2) and ISFVs (Section 3.3), we built a CM for experimentally
verified xrRNAs in tick-borne related NKVs, termed N.xrRNA.

We found multiple hits of this CM at various loci within the 3'UTRs of tick-borne related NKVs,
indicating that these species, in contrast to TBFVs, do not conserve a common 3'UTR architecture
(Figure 6a). Surprisingly, we could identify several high-quality hits of the Rfam model RF00525
(Flavivirus DB element), an element typically found in MBFVs, in Rio Bravo virus (RBV), Montana
myotis leukoencephalitis virus (MMLV) and Modoc virus (MODYV). This is in so far remarkable as
there is no evidence for conservation of this element in TBFVs, which phylogenetically cluster with
this clade of NKVs. This element might have been introduced by an ancestral recombination event.
Alternatively, conservation of an MBFV element in NKVs might be indicative of an association with an
unknown vector, in agreement with the hypothesis that vector specificity is mediated by characteristic
3'UTR elements [19].
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Conversely, there seems to be no generally conserved 3'UTR architecture among members of the
mosquito-borne related NKVs (Figure 6c). While sequence data has not been available for Sokoluk
virus (SOKV), we could annotate typical MBFV elements in the next relatives Entebbe bat virus (ENTV)
and Yokose virus (YOKV), as proposed previously [32].
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Figure 6. (a,.) Annotated 3'UTRs of NKVs. Asterisks denote incomplete 3'UTR sequences.
(b) Schematic of TBFV-associated NKV-FV UTR architecture with consensus structures of NKV structure
elements.

3.6. A Generalized xrRNA Structure

Earlier work suggested that xrRNAs from TBFVs and tick-borne related NKVs fall into a more
general structural class of xrRNAs [33]. Following this line of reasoning, we investigated whether all
high confidence hits obtained with our TBFV and NKV CMs could be assembled into one coherent
CM that conserves the xrRNA-typical fold. A further advantage of a generalized CM would be
higher sensitivity, allowing for identification of common features and eventually lead to annotation of
previously unannotated xrRNAs.

Structural alignment and consensus structure prediction revealed all high confidence hits to
fold into a common secondary structure (Figure 7a,b). While most of the consensus structure is
characterized by low sequence conservation, stem 3 (S3) and loop 1 (L1) show medium to high degree
of sequence conservation. The length of all stems is well conserved, although both major loop regions
L2 and L3 show large fluctuations, with the length of L3 being de facto constant and L2 showing a
high degree of flexibility.

We further investigated whether any high confidence hits from I.xrRNA1/2 in cISFVs could
be aligned to the generalized xrRNA model. Although both cISFV xrRNAs (Figure 2c) bear some
similarity to the generalized model, in particular to S3 and L3, we were not able to build a common
alignment or consensus structure. Despite seemingly similar shape, our data also suggests that cISFV
xrRNAs form a separate xrRNA subclass, unrelated to MBFV xrRNAs. In particular, we could not
obtain hits of Rfam CMs (which can be seen as representatives of MBFV elements) in cISFVs, nor could
we confirm any hits of cISFV-specific elements in MBFVs.

In addition to learning xrRNA features, a more generalized CM enabled us to detect xrtRNA-like
structures (indicated as such in all annotation plots) that could not be found previously.
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Figure 7. Generalized structure of all high confidence (cmsearch evalue < 10~°) hits of T.xrRNA1,
TxrRNA2 and N.xrRNA. (a) Consensus structure prediction and (b) structural alignment of all high
confidence hits. (c—e) Neighbor-joining tree of all high confidence hits of N.xrRNA (c), TxrRNA1
(d), and T.xrRNAZ2 (e). Leaves are grouped and colored by the CM used for annotation, coordinates
correspond to the position in the respective 3'UTR. For each group a separate structural alignment was
computed, the consensus structures are shown.

4. Discussion

Mediated gRNA decay in the form of exoribonuclease resistance seems to be a pervasive strategy
employed by viruses to circumvent host immune responses. Evidence of stfRNA production following
incomplete Xrnl degradation has not only been observed in different members of the Flavivirus
genus [62], but also in other species of the Flaviviridae family, however, with major differences in xrRNA
structure and sfRNA characteristics. While MBFV produce a 300-500nt sfRNA that corresponds to
degradation products of the gRNA 3'UTR, hepaciviruses and pestiviruses produce a long subgenomic
RNA whose 5’ end is located within the first 130nt of the viral gRNA [63].

Moreover, recent studies have identified xrRNA functionality in several phylogenetically distant
RNA viruses, such as animal-infecting, segmented viruses of the Bunyaviridae and Arenavividae [64]
families, as well as plant-infecting viruses of the Tombusuviridae and Luteoviridae families [65,66].
The interesting question whether exoribonucleases other than Xrnl would be blocked as well has
recently been answered. MacFadden et al. [33] could show that both RNAse J1 and Dxol are stalled
by MBFV xrRNAs, thereby demonstrating the general nature of this structure-induced blocking
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mechanism. These novel findings, together with previous knowledge of Xrn1 stalling in segmented
plant viruses [67,68] provide evidence for a convergent evolution scenario where xrRNAs depend on a
specific folded RNA structure and form a distinct class of functional RNAs.

Repeated RNA elements appear to be a hallmark of flavivirus 3'UTR architecture. While there
seems to be a plethora of conserved structure classes, our data emphasizes the consistent trend that
these elements typically do not occur as single copies. Rather, duplicate or even multiple occurrences
of these elements hint towards functional relevance. This is further underlined by the evolutionary
conservation of both patterns and elements among different species. Since, exoribonuclease stalling is
presumably never perfect, it makes sense that viruses might employ multiple copies of such elements.

In this contribution we set out to identify homologs of known exoribonuclease stalling elements
and novel conserved structures. To this end, we computationally characterized homologs of
experimentally verified xrRNA in tick-borne and no-known vector viruses that seem to form a coherent
class of RNA structures with capability to stall exoribonucleases (T.xrRNA1/2, N.xrRNA). Likewise,
we identified another class of xtRNAs in classic insect-specific flaviviruses (I.xtRNA1/2) which appears
to be only distantly related to the former class. In the same line, we predicted a set of novel conserved
elements in cISFVs that appear in quadruples and do not coincide with other insect-specific elements
(LRa,L.Rb).

While we did not focus on studying the evolutionary history of these groups of elements in detail,
our data suggests that many elements share ancestral roots. This is supported by the observation that
at least the tick-borne, no-known-vector and Aedes spp. associated xrRNAs fold into a similar Y-shaped
substructure, although the exact fold varies significantly among individual species.

We compiled a set of covariance models that can be used for rapid screening assays in the
identification and characterization of novel flaviviruses. All models are available from GitHub via
https:/ /github.com/mtw /ITNFV-Data.

A major problem is the limited availability of diverse 3'UTR sequence data for many viruses
analyzed here, particularly within cISFVs. Many novel ISFVs have previously been discovered, but
3'UTR sequences were only available for a subset of them. Future studies are required to shed more
light on the evolutionary history of 3'UTR evolution in flaviviruses.
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RNA elements and performed phylogenetic studies. All authors contributed to writing the paper and approved
of the submitted version.
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Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Data Set Analyzed in This Study

Table Al. Viral genomes considered in this study. Flaviviruses are categorized into the groups
tick-borne flaviviruses (TBFV), insect-specific flaviviruses (ISFV) and no-known-vector flaviviruses
(NKV). The length of the 3'UTR is listed for each isolate. ¥ Representative accession number from the
refseq database. Whenever a refseq genome was not available, the isolate with the longest 3'UTR was
selected as representative species.  Mammalian TBFVs. ? Seabird TBFVs. © Classic ISFVs. ¢ Dual-host
affiliated ISFVs. ¢ Rodent-associated NKVs. / Bat-associated NKVs. N/4 3'UTR partial or not available
in the refseq data set.

Group Accession Number* Acronym  Scientific Name 3'UTR Length (nt) Isolates
ISFV ¢  NC_012932.1 AEFV Aedes flavivirus 942 3
ISFV ¢  NC_001564.2 CFAV Cell fusing agent virus 553 3
ISFV ¢ KX669689.1 CLBOV Calbertado virus 546 8
ISFV ¢  MF153378.1 CTFV Culex theileri flavivirus 112 1
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Table A1l. Cont.

Group  Accession Number?  Acronym  Scientific Name 3'UTR Length (nt) Isolates
ISFV ¢ NC_008604.2 CxFV Culex flavivirus 654 13
ISEVC  NC_030401.1 HANV Hanko virus N/A N/A
ISFV ¢ NC_005064.1 KRV Kamiti River virus 1208 3
ISFV ¢ NC_027819.1 MECDV Mercadeo virus 638 3
ISFV ¢ NC_021069.1 MSFV Mosquito flavivirus 674 6
ISFV ¢ NC_034242.1 OCFVPT  Ochlerotatus caspius flavivirus 148 2
ISFV ¢ NC_027817.1 PaRV Parramatta River virus 629 2
ISFV¢  NC_033694.1 PCV Palm Creek virus N/A N/A
ISFV ¢ NC_012671.1 QBV Quang Binh virus 673 2
ISFV 4 MG214905.1 BJV Barkedji virus 335 1
ISFEV4  NC_017086.1 CHAOV  Chaoyang virus 326 2
ISFV4  NC_016997.1 DONV Donggang virus 343 2
ISFV?  NC_027999.1 EPEV Paraiso Escondido virus 316 2
ISFV?  NC_024805.1 v Tlomantsi virus N/A N/A
ISFV?  KY320648.1 KPKV Kampung Karu virus N/A N/A
ISFV 4 FJ606789.2 LAMV Lammi virus 326 1
ISFV?  KY290249.1 LPKV Long Pine Key virus N/A N/A
ISFV?  KY320649.1 LTNV La Tina virus N/A N/A
ISFEV4  MF139576.1 MMV Marisma mosquito virus 376 1
ISFV 4 MF139575.1 NANV Nanay virus 399 1
ISFV 4 NC_024017.1 NHUV Nhumirim virus 451 1
ISFV?  NC_033715.1 NOUV Nounane virus 347 3
NKV ¢  NC_003676.1 APOIV Apoi virus 576 1
NKV KJ469370.1 BCV Batu Cave virus N/A N/A
NKV MF776369.1 CLuV Cyclopterus lumpus virus 601 1
NKV/ NC_008718.1 ENTV Entebbe bat virus 308 3
NKV¢  NC_026620.1 JUTV Jutiapa virus N/A N/A
NKV/  NC_004119.1 MMLV Montana myotis leukoencephalitis virus 460 1
NKV ¢  NC_003635.1 MODV Modoc virus 366 1
NKV/  NC_034007.1 PPBV Phnom Penh bat virus N/A N/A
NKV/  NC_003675.1 RBV Rio Bravo virus 486 2
NKV/  NC_026624.1 SOKV Sokoluk virus N/A N/A
NKV NC_003996.1 TABV Tamana bat virus 241 1
NKV/  NC_005039.1 YOKV Yokose virus 429 1
TBFV? NC_004355.1 ALKV Alkhumra hemorrhagic fever virus 393 21
TBFV“? AF311056.1 DTV Deer tick virus 459 1
TBFV“ NC_033723.1 GGV Gadgets Gully virus N/A N/A
TBFV  NC_033724.1 KADV Kadam virus N/A N/A
TBFV? NC_023439.1 KAMV Kama virus 282 2
TBFV* HMO055369.1 KFDV Kyasanur forest disease virus 392 6
TBFV“? NC_006947.1 KSIV Karshi virus 381 3
TBFV? NC_003690.1 LGTV Langat virus 568 5
TBFV? NC_001809.1 LIV Louping ill virus 500 5
TBFV? NC_033721.1 MEAV Meaban virus N/A N/A
TBFV ?  KT224355.1 NEGV Negishi virus 266 1
TBFV? NC_005062.1 OHFV Omsk hemorrhagic fever virus 410 4
TBFV? NC_003687.1 POWV Powassan virus 480 23
TBFV ~ DQ235149.1 REV Royal Farm virus N/A N/A
TBFV® NC_027709.1 SGEV Spanish goat encephalitis virus 493 2
TBFV? NC_033726.1 SREV Saumarez Reef virus N/A N/A
TBFV? NC_001672.1 TBEV Tick-borne encephalitis virus 764 167
TBFV? NC_023424.1 TYUV Tyuleniy virus 591 3
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The following chapter presents the work that was conducted as part of a systematic
investigation of RNA structure over all Viral Ortholog Groups, published in the
article Viruses 2019, 11, 401. A reprint of the article is provided as part of the chapter.

7.1 MOTIVATION

The general question that motivated this project was to investigate the degree of
RNA structure conservation over a large number of viral species. While in strains of
an individual virus or within viruses of the same genus, conserved RNA structure
elements have been characterized (e.g. see chapters 5 and 6), it is largely unexplored
how much structure conservation can be found between viruses that are only related
to each other by higher orders of taxonomy, i.e. for viruses that have a very distant
common ancestor.

Since common ancestry in viruses is challenging to define, the study focuses on
the mRNA sequences of viral proteins that were grouped together on the basis of
orthology, thereby implying a minimum degree of common ancestry. This approach
was seeded by the then recent release of the Viral Ortholog Groups (VOGs), a compre-
hensive and high quality data source which provided high quality orthology relations
for most viral proteins.

7.2 ADDED VALUE

While the study does not give one conclusive answer on the general relevance of RNA
structure in viruses, which did not surprise due to its large scale, it highlights multiple
examples of potentially relevant secondary structures across many virus species.
It furthermore highlights individual genera or even families of viruses that show
unexpected structure conservation. Since the study describes structure conservation
on a high level and not on the basis of individual structures, the findings should be
regarded more as a broad overview of the virosphere. It is plausible to assume that
the presented data can be used to guide future studies that focus on investigation of
specific viruses for conserved RNA structures.

To facilitate accessibility and analysis of the presented data, it was made available
as a web server in the form of the RNA Structure in Viruses (RNASIV) database. This
database enables a user to explore the data set in detail and will hopefully help in
better understanding the RNA structures found in individual viruses.
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Abstract: RNA secondary structure in untranslated and protein coding regions has been shown
to play an important role in regulatory processes and the viral replication cycle. While structures
in non-coding regions have been investigated extensively, a thorough overview of the structural
repertoire of protein coding mRNAs, especially for viruses, is lacking. Secondary structure prediction
of large molecules, such as long mRNAs remains a challenging task, as the contingent of structures
a sequence can theoretically fold into grows exponentially with sequence length. We applied a
structure prediction pipeline to Viral Orthologous Groups that first identifies the local boundaries
of potentially structured regions and subsequently predicts their functional importance. Using this
procedure, the orthologous groups were split into structurally homogenous subgroups, which we
call subVOGs. This is the first compilation of potentially functional conserved RNA structures in
viral coding regions, covering the complete RefSeq viral database. We were able to recover structural
elements from previous studies and discovered a variety of novel structured regions. The subVOGs
are available through our web resource RNASIV (RNA structure in viruses).

Keywords: mRNA structure; structure database; secondary structure; viral mRNA; subVOG;
structurally related; RNA structure; structurally homogenous; structurally related; mRNA families

1. Introduction

Secondary structures formed in single-stranded mRNA molecules through complementary
self-interactions, both in the untranslated (UTR) and coding (CDS) regions of mRNAs, have been
implicated in a variety of regulatory functions [1]. For example, riboswitches modulate gene expression
through conformational changes in response to various stimuli [2]. Translation initiation, elongation,
and termination as well as translation efficiency depend on higher order mRNA secondary structures
in non-coding regions [3,4]. CDS hairpins have also been suggested to play a role in the regulation of
translation [5], in particular by causing ribosomal stalling and modulating translational efficiency [6].
The relationship between mRNA structure in the CDS and gene expression has been demonstrated
both computationally and experimentally [7-11]. In particular, reduced mRNA stability near the start
codon has been observed in a wide range of species, probably as a mechanism to facilitate ribosome

Viruses 2019, 11, 401; doi:10.3390/v11050401 www.mdpi.com/journal/viruses
75



CONSERVED SECONDARY STRUCTURES IN VIRAL RNAS

Viruses 2019, 11, 401 2 0f 22

binding or start codon recognition by initiator-tRINA [12]. Structured elements within CDS directly
influence mRNA abundance [13]. Computational studies show that native mRNAs have lower folding
energies and are thus more stable than codon-randomized ones [5]. The three mRNA functional
domains—5’UTR, CDS, and 3'UTR—form largely independent folding units, while base pairing
across domain borders is rare [14]. The ability of viruses to persist in their host in a genus-specific
manner is influenced by the interplay between local structural motifs and genome-scale ordered RNA
structures (GORS) [15], which impose additional restraints on the RNA sequence space. Evolutionarily
conserved local secondary structures have been identified in CDSs [16] and shown to be functional [17].
An indirect indication of the global importance of RNA structures in the coding regions comes from
the recent study of Fricke et al. who identified selection favoring specific pairing patterns between
synonymous codons within RNA hairpins [18].

Increasing evidence suggests that secondary structural elements in the CDSs of viral RNAs also
constitute a previously underappreciated, evolutionarily conserved level of functional organization of
viruses. A large number of conserved secondary structural motifs were computationally identified
in the Flavivirus genomes [19-21], predicted to restrain sequence variability [22] and experimentally
shown to regulate important biological processes, such as replication and infection [21]. Multiple
secondary structures were described in the coding regions of the (+) sense RNA of the Influenza A
virus [23]. Another example is a secondary structural element within the coding region of the Dengue
virus type 2, which is essential for its replication [24]. More recently, using a comparative genomics
approach, Goz and Tuller identified a large number of potentially functionally important regions in the
coding regions of Dengue viruses, in which the RNA folding strength is conserved independently of
sequence conservation and compositional bias [25]. Specific regions in the HIV structural genes were
reported to be under strong selection for stable secondary structures [26]. Recent research shows that
mechanisms of translational control by RNA structures can be shared between viruses and cellular
organisms [27].

Given the important role played by RNA structures in shaping the evolutionary dynamics of
viruses and modulating their interaction with the host, a large-scale investigation of RNA motifs in
viruses would be warranted. However, there are two major challenges that need to be addressed before
embarking on such an investigation. First, accurate structure prediction for long RNA molecules,
such as mRNAs, is generally out of reach for the existing computational methods. Second, conserved
stem-loop structures can only be derived from a collection of high-quality alignments of orthologous
viral transcripts, which are difficult to obtain, given the rapid pace of viral evolution and the ensuing
poor sequence conservation, even between closely related species.

Here, we propose a computational approach to explore the RNA structurome of the viral
coding regions, in which local structure predictions are applied to VOG (Viral Orthologous Groups,
http://vogdb.org), the first comprehensive collection of orthologous groups derived for all viral
proteins contained in the RefSeq [28] database. We utilize RNALalifold [29] to scan long input
sequences for locally optimal secondary structures. The identified structural boundaries are more
accurate than those derived from using a sliding window of fixed length. Functional importance of
structured regions is assessed by RNAz [30]. We present a novel database, RNASIV (RNA structure
in viruses; http://rnasiv.bio.wzw.tum.de), which contains the largest currently available collection of
predicted RNA structures in viruses. It provides access to 201,708 viral mRNA sequences clustered
into 42,293 structurally homogenous groups and is intended to become a useful tool for exploring
structure—function relationships in virus families.

2. Materials and Methods

2.1. Viral Orthologous Groups (VOGs)

All genome sequences and their annotations were retrieved from the RefSeq viral database release
79 [31] and grouped into phages and non-phages, based on the available taxonomic information.
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Assemblies containing inconsistently annotated or completely unannotated polyproteins were identified
based on the manually curated information provided by ViralZone [32] and excluded from consideration.
Phage and non-phage protein sequences were clustered into phage and non-phage preVOGs, using the
NCBI's COG software package with all default settings.

For all phage and non-phage preVOGs, multiple sequence alignments were constructed with
Clustal Omega v1.2.4 [33] and used to build HMM-profiles using HMMer 3 [34]. The profiles were
subsequently aligned against each other, using HHalign from the HHsuite toolkit [35]. The number
of aligned HMM columns was used as an alignment score. All scores for alignments with HHalign
probability >85, HHalign e-Value < 1075, and more than 70% of aligned columns between the query and
the match HMM were stored as an all-against-all matrix. This matrix was clustered into 21,200 VOGs,
using the MCL (Markov Clustering) method [36]. Based on the manual inspection of the homogeneity
of the protein function descriptions in the resulting clusters, we selected the inflation value of 2.0 for
the MCL clustering. For all VOG member proteins, we determined the closest homolog in the UniProt
database [37] from BLAST [38] hits with E-values better than 10~° and a minimal query coverage of
90%. Functional descriptions of VOGs were automatically derived based on the most frequent protein
description found in the UniProt entries or, if not available, in the RefSeq annotation [31]. The complete
VOG dataset, which was used in this study, and supplementary files are available for download at
http://vogdb.org.

2.2. Mapping VOG Sequences to Specific Hosts

We used Virus-Host DB [39] to assign host information to VOG proteins. For 20757 VOGs,
we were able to map all contained sequences to a specific host, while 428 VOGs contain proteins from
at least one viral species for which we could not find host annotation. Most VOGs include viruses
infecting hosts from only one domain of life, i.e., bacteria (~72%), eukaryotes (~22%), or archaea
(4%), while only 2% of VOGs are taxonomically mixed (Figure 1). Only 12 VOGs contain viruses
that infect hosts from all three domains of life. The VOG sizes range from 15 proteins of 12 distinct
species, up to 265 proteins belonging to 261 different species (on average, 104 proteins from 95 different
species). These VOGs mostly harbor highly conserved core enzymes of double-stranded DNA viruses,
such as kinases, ligases, methylases, helicases, hydrolases, and synthases [40]. The other two VOGs
additionally contain proteins from viruses belonging to the order of Caudovirales, which belong to
the bacteriophages, which are not classified as double-stranded DNA viruses, according to the NCBI
taxonomy. We excluded from consideration 15 VOGs containing satellite viruses infecting other viruses.

Bacteria

Archaea Eukaryota

Figure 1. Venn diagram showing the taxonomy of the host organisms within all viral orthologous
groups (VOGs). Only those VOGs are included for which host annotation for all viruses is available in
the Virus-Host DB.
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2.3. Distance Trees of VOG Proteins

Expectedly, we found that RNA structure conservation within VOGs decreases with increasing
VOG size. Most VOGs (66%) consist of at least three sequences (size distribution shown in Figure 2) and
can therefore potentially be split into smaller groups containing structures that are not conserved across
the entire VOG. We therefore utilized distance trees derived by the neighbor-joining algorithm [41] to
identify structurally homogeneous subsets of VOGs (subVOGs). All-against-all pairwise alignments
of protein sequences were calculated using Clustal Omega and then converted to the nucleotide
alphabet. The distance matrices were derived from pairwise sequence identity values, and the trees
were created from the matrices using neighbor joining, as implemented in the BioPerl toolkit [42].
The inner nodes of the sequence trees represent possible subVOG candidates, potentially containing
structurally homogenous sequences.

6000 -

Number of
VOGs
8
8

2000 -

0 Mmoo I

vooe ° ° S S

90
"5

Number of proteins in a VOG

Figure 2. Distribution of VOG sizes.
2.4. Structure Prediction and subVOG Assignment

In order to assess the amount of structural RNA conservation present in subVOG candidates,
multiple sequence alignments (MSAs) of proteins were calculated for each inner node of the distance
trees and converted to the nucleotide alphabet. The RefSeq nucleotide and protein sequences were
obtained from the VOGDB. We then employed RNALalifold from the ViennaRNA package [29],
with default parameters, to determine the boundaries of locally stable structures within each MSA,
and realigned these local regions using mLocARNA [43]. MLocARNA produces structure-guided
multiple sequence alignments, using an adapted version of the Sankoff algorithm. The significance
and conservation of the found structures was assessed with RNAz [30]. This procedure is simpler
and arguably more accurate than the usual approach of applying RNAz to the entire MSA within a
sliding window. RNAz classifies fragments of an MSA pre-selected by RN ALalifold as containing
or not containing a functional RNA secondary structural element. Realignment with mLocARNA
significantly increases the precision of RNAz [30]. As no sequence of a potential subVOG can be
regarded as a reference sequence, the option “no reference” was used for the subsequent RNAz
analysis. The RNAz method uses the RNAfold algorithm from the ViennaRNA package to calculate
secondary structures and the corresponding minimum free energy (MFE) for each individual RNA
sequence in the alignment. In addition, for each aligned sequence set, RNAz calculates a consensus
secondary structure and its MFE using the RN Aalifold algorithm. RNAz assumes that conserved
and thermodynamically stable structures are functional, in which case it outputs “RNA”. Otherwise,
it outputs “OTHER”. For this purpose, a class probability value, combining all information on an
input alignment is calculated. We used a stringent threshold of 0.9 (default 0.5) for the class probability
value, which is recommended for finding high confidence structures [30]. Subsequently, the trees
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were scanned for subtrees containing at least one conserved structural element, that is, predicted
to be functional, and the largest subtrees were designated as structurally homogenous subVOGs.
We found that sequences that are only distantly related according to the neighbor-joining tree may
still share conserved RNA structures. In order to account for structure-level relationships between
sequences, we built covariance models for all conserved structures found within subVOGs, using the
tool cmbuild from the infernal package [44], and used them to search against all sequences in the entire
VOG database.

2.5. mRNA Stability

Following Tuller et al. [45] and Faure et al. [46], we employed RNAfold to calculate the folding
energy of the most and the least stable 30-nucleotide segment of mRNAs (AGmin and AGmax,
respectively), as well as the average folding energy of all possible 30 nucleotide segments (AGmean).
Faure et al. investigated the effect of mRNA stability on the translation rate and protein folding.
During translation, the ribosome sequentially unfolds parts of the mRNA. These parts are typically
30 nucleotides long, which explains the choice of segment length in Faure et al. As this procedure does
not take into account the actual boundaries of local structures, but rather limits all structures to the size
of 30 nucleotides, we additionally calculated the three energy values for all local optimal structures
found with RNALfold.

2.6. mRNA Structures and Protein Function

We investigated the relationship between protein function, described in terms of gene ontology
(GO) annotation [47], and mRNA structures. Instead of using the global folding energy for classifying
mRNAs as highly or lowly structured [48], we considered structural coverage—the portion of an mRNA
covered by functional and conserved structures. GO terms for all VOG proteins were downloaded
using QuickGO [49], where available. Based on the Evidence & Conclusion Ontology (ECO) evidence
codes [50], two separate datasets were created: (i) Proteins annotated by manually or experimentally
derived GO terms (ECO evidence codes: EC0O:0000352, ECO:0000269), and (ii) proteins annotated by
GO terms with any evidence codes. To find out whether mRNAs of proteins with certain functions
tend to harbor more or fewer structures, we pooled together functionally similar GO terms with the
average structural coverage of their corresponding mRNAs, using Revigo [51]. Revigo uses a semantic
similarity measure to group similar GO terms together, which results in a concise list of distinct
functions. To perform this analysis, we calculated the average structural coverage of all subVOG
mRNAs with available GO annotation. For the experimental dataset we allowed a coverage value to be
associated with a GO term if more than 50% of the sequences in a particular subVOG were annotated
with this term. Within the dataset based on all evidence codes, we only allowed GO terms shared by all
sequences of a subVOG. We only used mRNAs that were clustered into a subVOG. For sequences that
were not part of any subVOG, we did not find conserved structures, although this does not necessarily
mean that the mRNA did not contain functional structures. The distributions of standard deviations
of the structural coverage values were compared within the actual and randomly generated Revigo
clusters. Randomization was performed 1000 times by preserving the size of the clusters and filling
them with randomly chosen GO terms.

3. Results

3.1. Overview of the Study

A graphical overview of the study is given in Figure 3. In a first step, we created distance trees
for all protein sequences contained in each VOG, using the neighbor joining method, as described in
Materials and Methods. All sequences of the inner nodes of each tree, representing potential subVOGs,
were multiply aligned, converted to the nucleotide alphabet and processed with RNALalifold to obtain
all potentially conserved local optimal structures. Each part of the alignment covering a potential
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structure was then realigned with the structure-guided alignment method mLocARNA and checked
for functionality using RNAz. The use of structure-guided alignments as input for RNAz improves the
performance, compared to pure sequence-based alignments [30]. The tree nodes containing the most
sequences that yielded conserved structures were taken as final subVOGs. For all obtained subVOG
structures, we computed covariance models that could be used to search for similar structures in
future research.

Construction of sequence
trees for VOGs

Multiple sequence alignment
of VOG proteins

Calculate distance matrix
Calculate distance tree using
neighbor joining method

Assessment of subVOGs

Align mRNA sequences of
subVOG candidates (inner
nodes of sequence tree)
Affect structure prediction for
subVOG candidate
alignments

Nodes closest to the tree root
that share conserved
structures are annotated as
final subVOGs.

Structure prediction

Determine boundaries of
stable local structuresin
alignment (RNALalifold)
Crop alignment to the
corresponding positions
Structure guided realignment
(mLocARNA)

predict functionality of
structure motif and assess
conservation (RNAz)

+ Create covariance model if
structure is predicted to be

S RN functional (cmbuild)
—E Z_E o (CC(((++--)))))) -
3 ve >[2] uUCul
— — LA >[1] GAAUCU!
1 >[0] CAU| G

Figure 3. Overview of the analysis of conserved RNA structures in VOGs.

3.2. Structure Conservation in VOGs

The current release of the VOG database, derived from the RefSeq release 77, contains 21,200
VOGs, composed of 251,796 proteins from 6252 phages and eukaryotic viruses (Figure S1). Protein
sequences in each VOG were aligned by Clustal Omega, converted to the nucleotide alphabet, and used
as input for RNA structure prediction by RNALalifold. As seen in Figure 4, the number of local optimal
structures conserved within entire VOGs decreases quickly with the number of aligned sequences,
which may in part be the consequence of poor multiple alignment quality in large sets of sequences.
Indeed, we found that proteins in smaller VOGs tend to be more closely related (Figure S2). To exclude
structures found due to sequence conservation only, the potential functionality of structures was
verified with RNAz. However, even those VOGs that only consist of a few sequences do not always
contain conserved structures. There are 7232 VOGs with exactly two sequences, and for 1237 of these,
we could not find any conserved structures. The remaining 5995 VOGs of size two had an average
structural coverage of approximately 25% (Figure 5a). Out of the 13,968 VOGs with more than two
sequences, 7238 VOGs were predicted to contain RNA structures conserved across the entire VOG,
with an average structural coverage of approximately 18% (Figure 5b). These contain between 3
and 96 sequences, with an average of 6. On average, VOGs contain sequences from three different
genera, mostly belonging to the same taxonomic family and thus also to the same order (Figure 6a—c).
The 25 most diverse VOGs contain sequences from three different orders and up to 19 taxonomic
families. On average, a VOG contains mRNAs from viruses that infect hosts from four different
genera, belonging to three different taxonomic families and two orders. The VOG with the highest
host diversity corresponds to 209 different host genera from 114 families and 64 orders.
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Figure 5. Coverage of VOG alignments by local optimal RNA structures. (a) VOGs with two sequences.
(b) VOGs with more than two sequences, in which structures are conserved across all sequences.

(c) subVOGs. VOGs that did not contain conserved structures, even after splitting into subVOGs,
are not shown.
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Figure 6. Taxonomic distribution of proteins in VOGs (with more than two sequences) and subVOGs.
3.3. Structure Conservation in subVOGs

We attempted to subdivide 6730 VOGs with more than two sequences and without conserved
structures into structurally homogeneous subsets, which we call subVOGs, using phylogenetic trees
derived by the neighbor-joining method. This procedure resulted in 17,678 subVOGs with an average
structural coverage of approximately 13% (Figure 5c). The average number of genera per subVOG
is 2 and the most diverse of them contains sequences from three orders and 14 families. A subVOG
contains on average sequences that infect two different host genera, and the most diverse subVOG
infects hosts of 42 different genera, belonging to 33 families and 20 different orders (Figure 7a—c). Thus,
unsurprisingly, subVOGs, which constitute subsets of full VOGs with increased structural homogeneity,
exhibit a reduced taxonomic spread, both of the viruses they contain and their hosts. A large fraction of
subVOGs (63%) contains sequences from more than one genus and 21% contain sequences from more
than one family. The structural coverage of subVOGs, i.e., the fraction of alignment positions that are
located within conserved RNA structures, decreases with increasing taxonomic diversity of the viruses
and their hosts (Figure 8). An example that demonstrates the reduction of taxonomic spread between
a VOG and its corresponding subVOGs is given in Figure 9. Here, the VOG 00052, which contains
20 proteins from 12 different virus species belonging to 4 different taxonomic families, was split into
four structurally homogenous subVOGs. Two of the four subVOGs consist of mRNAs belonging to
the genus Avipoxvirus from the family Poxviridae, the third subVOG contains sequences from the
family Mimiviridae, and the fourth subVOG consists of two mRNAs belonging to viruses from two
different taxonomic families, the Ascoviridae and the Iridoviridae. For two mRNAs, we could not find
structures conserved in any of the other VOG members and they are therefore not part of any subVOG.
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Figure 9. Example of a VOG split into structurally homogenous subVOGs. Shown is the VOG 00052
containing 20 mRNAs, encoding for Kila-N domain proteins, from 12 virus species. On the left,
the neighbor-joining tree based on the pairwise sequence identity between the protein sequences is
shown. Colored boxes indicate subVOGs, within which conserved structures were predicted. The tree
nodes outside colored boxes did not yield any conserved structures. On the right, the structure
conservation index (SCI) (black line for each subVOG alignment) is plotted against the alignment
position on the percentage scale. Plots are ordered according to the subVOG position in the tree.

As an example, Figure 10 shows the subVOG 1 of VOG11160, which contains two mRNAs
encoding the matrix protein 1 from the Influenza A virus (H3N2) and the Influenza B virus. There are
three RNA structural motifs described in the literature for the Influenza A mRNA. Nucleotides 105
to 192 form either a multibranch structure, according to Moss et al. [23] and Jiang et al. [52], or a
double hairpin structure, proposed by Jiang et al. [52]. Two consecutive stem-loop structures are
formed from position 682 to 744, according to Moss et al. [23]. Despite the sequences’ dissimilarity
between Influenza A and B, both motifs are partly conserved, according to our RNAz analysis of
the corresponding subVOG (Figure 10). Our analysis supports the second hairpin loop from the
double hairpin structure, described by Jiang et al. (Figure 10a—c). From the second motif, proposed
by Moss et al., we also found that the second hairpin structure was partly conserved (Figure 10d—e).
The consensus structure of the first motif has a high structure conservation index (SCI) of 0.78, although
the part of the alignment covering the structure has a low pairwise identity of 29%. The second motif
has an SCI of 0.58 and a pairwise identity of 32%. Our analysis also revealed three further conserved
stem-loop structures—position 346 to 369, 438 to 483, and 654 to 674, with SCIs and mPIDs of 0.81 and
29%, 0.66 and 48%, and 0.65 and 33%, respectively.
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A recent study of secondary structures in alphaviruses by Kutchko et al. revealed that Sindbis
virus mRNAs harbor many functional structures, but they are poorly conserved in the closely related
Venezuelan equine encephalitis virus [53]. The corresponding subVOG containing mRNAs coding for
the non-structural protein 1 includes orthologous mRNAs from 12 further alphaviruses. We identified
three short structures that are conserved in all of the contained species and overlap with the functional
structures described by Kutchko et al., while all other structures reported by Kutchko et al. are indeed
poorly conserved in further Alphavirus species.

An example of a subVOG in which structures are conserved across mRNAs from different
taxonomic families is given in Figure 11. Shown is a subVOG containing proteins from two
mosaic viruses (Maracuja mosaic virus, Tobacco mosaic virus), the Bell pepper mottle virus, and the
Odontoglossum ringspot virus (Figure 11a,b). The proteins are classified as replicases and RNA
polymerases. The subVOG contains overall 15 locally conserved structured regions. Figure 11 shows
the region covering alignment positions 4766 to 4815. The alignment covering this structure has an
mPID of 72% and the structures are conserved with an SCI of 0.9.

Overall, we subdivided 21,200 VOGs containing, on average, 11 proteins (233,380 in total) into a
total of 42,293 subVOGs, containing, on average, five mRNAs (201,708 in total) and three structured
regions (147,087 in total). The VOGs with more than two sequences that had to be split up contain,
on average, four subVOGs.
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Figure 10. Structures found in Influenza A and B mRNAs encoding the matrix protein (VOG11160).
Colors in MSA pictures encode compensatory mutations supporting the consensus structure. Red marks
pairs with no sequence variation; ochre, green, turquoise, blue, and violet mark pairs with 2, 3, 4, 5,
and 6 different types of pairs, respectively. (a) The second of the two consecutive stem loops of the
structure proposed by Jiang et al. [52], covering positions 147-192, visualized with R2R [54]; (b) The
predicted conserved consensus structure for nucleotides 148-188 supports the second hairpin loop
of the model of Jiang et al., shown in (a). Colors encode the positional entropy; (c) Structure-guided
alignment and dot bracket structure notation for the consensus structure shown in (a). The upper
sequence corresponds to Influenza A and the lower sequence to Influenza B; (d) Shown are two
consecutive hairpin loops for nucleotide positions 682 to 744, proposed by Moss et al. [23], visualized
with R2R; (e) The predicted conserved structure for nucleotides 697-758 partly supports the model
shown in (e). Colors encode the positional entropy; (f) Structure-guided alignment and dot bracket
notation for the consensus structure shown in (e). The upper sequence corresponds to Influenza A and
the lower sequence to Influenza B.
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Figure 11. Example structures that were identified within subVOGs. (a) Structural annotation of
the subVOG 30, belonging to VOG00029, which contains six mRNAs encoding a replicase protein
of different Tobamovirus species. Consensus structure visualized by RNAalifold. Colors encode
the positional entropy; (b) Structure-guided MSA and consensus structure in dot bracket notation
corresponding to consensus structure shown in (a). Colors encode compensatory mutations supporting
the consensus structure. Red marks pairs with no sequence variation; ochre, green, turquoise, blue,
and violet mark pairs with 2, 3, 4, 5, and 6 different types of pairs, respectively; (c) Consensus structure
of subVOG 64 from VOG00003, which contains four mRNAs coding for a p28-like protein of different
alphabaculoviruses; (d) Structure found in a Heliothis virescens ascovirus 3e, by covariance model
search of the structure shown in (c), using cmsearch in the entire sequence space of all VOGs.

3.4. subVOG Covariance Models

We built covariance models for all structures found within subVOGs and, using cmsearch, found
that in many cases, structures are conserved between different subVOGs and even between different
VOGs. In most cases, this was due to a shared sequence domain. For example, the subVOG 64 from
VOGO00003 harbors four mRNA sequences from different nucleopolyhedroviruses, belonging to the
family Baculoviridae. This subVOG was predicted to contain four conserved structures. One of these
structures is a highly conserved stem-loop structure (Figure 11c). This structure can also be found
in an mRNA of Heliothis virescens ascovirus 3e, belonging to the family Ascoviridae, which is part
of VOG01276 (Figure 11d). The two structures are highly conserved with an SCI close to 1, although
they are part of different VOGs and belong to mRNAs of different virus families. The alignment of
the corresponding proteins revealed that these sequences share a common domain, but the sequence
similarity is below the inclusion threshold of the VOG pipeline (Figure S3).

3.5. mRNA Stability and Length

It was shown for a number of eukaryotic and prokaryotic organisms that longer mRNAs exhibit
more stable RNA structures, which allows for more efficient control of co-translational protein
folding [45,46]. In our dataset of viral mRNA sequences, we also found a correlation between the free
energy of the most stable 30-nucleotide segment of an mRNA (AGmin) and mRNA length (Pearson
correlation coefficient —0.27; from here on referred to as Pearson’s r), but no correlation between
the average energy of all possible 30-nucleotide windows (AGmean) and mRNA length (Table 1,
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Figure 12a). We additionally calculated the free energy of the most and least stable local optimal
segment found by RNALalifold as well as the mean energy of all found RNALalifold segments,
and obtained Pearson’s r values of —0.25, —0.07, and 0.29 respectively. The Pearson’s r of folding
energy and GC content lies between —0.5 for AGmax and —0.94 for AGmean (Table 1, Figure 12b).
The number of bases that are within functional structures is positively correlated with the alignment
length of subVOGS (Pearson’s r 0.40, p-value < 2.2716) while this correlation becomes negative when
considering the percentage of bases within structures (structural coverage) instead of the absolute
value (Pearson’s r —0.27, p-value < 2.2716) (Figure 13). In other words, longer mRNAs harbor more or
longer structured regions, but at the same time, the percentage of positions in functional structures
decreases with increasing length. The only explanation for this effect that we can think of is that there is
a certain number of structured elements needed for regulatory functions, which is largely independent
of the mRNA length. As expected (see Figure 8), there is a weak but significant negative correlation
(Pearson’s r —0.23, p-value < 2.271¢) between structural coverage and the number of sequences in the
MSA, with more taxonomically diverse alignments containing fewer conserved structures.

Table 1. Pearson correlation between alignment length or GC-content and the minimum (AGmin),
maximum (AGmax), or mean (AGmean) folding energy of either all possible 30-nucleotide long-sequence
windows or all local optimal structures found with RNALfold, of all mRNAs in our data set. P-values
are given in parentheses.

Pearson Correlation Coefficient

Type of AG AG vs. Sequence Length AG vs. GC-Content
AGmin —0.27 (<2.2716) —-0.73 (<2.2716)
AGmean 0.004 (0.1655) —-0.94 (<2.2716)
AGmax 0.17 (<2.2716) —-0.50 (<2.2719)
AGmin (RNALfold) —0.24 (<2.2716) —0.86 (<2.2719)
AGmean (RNALfold) -0.16 (<2.2716) —0.86 (<2.2716)
AGmax (RNALfold) 0.29 (<2.2716) —0.07 (<2.2716)
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Figure 12. MRNA folding energy as a function of (a) sequence length and (b) GC-content. DGmin: Minimum folding energy of either all possible 30-nucleotide
windows of a sequence or all found local optimal structures using RNALfold. DGmean and DGmax: Mean and maximum of all windows, respectively.
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Figure 13. MRNA structure as a function of length. The graph shows the dependence of (a) the number
of nucleotides within structures predicted to be functional, and (b) the structural coverage of the
mRNAs in %, from the total length of mRNAs. Each point corresponds to one subVOG.

3.6. mRNA Structures and Protein Function

We analyzed the relationship between protein function and mRNA structure in viral subVOGs
by comparing RNA structural coverage with gene ontology (GO) annotation. Using the QuickGO
database, we identified a total of 814 VOG proteins that are manually or experimentally annotated
(according to ECO evidence codes, as described in Materials and Methods) with GO terms, of which
727 are part of a subVOG, and thus harbor conserved structures according to our analysis. (For the sake
of completeness, we also performed the same analysis for all GO annotated proteins, without regard
for the annotation evidence codes, see Table S2). For each individual GO term, we only considered the
structural coverage of mRNA sequences if that term was assigned to more than 50% of the proteins
in a given subVOG. This resulted in 106 GO terms from the biological process sub-ontology and
17 terms from the molecular function sub-ontology. Note that no GO terms from the cellular component
sub-ontology satisfied the criteria explained above.
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Using Revigo, we derived 70 functionally similar groups of GO terms, with 57 belonging to the
biological process ontology and 13 to the function sub-ontology (Table S1). The resulting GO term
groups were subdivided into three categories, according to the average structural coverage of the
corresponding subVOGs: Low structural coverage (up to 10%), medium structural coverage (up to
20%), and high structural coverage (more than 20%). We found that the standard deviation of the
structural coverage values within the Revigo clusters was significantly smaller (Wilcoxon test p-value
1.068710), compared to randomized clusters (Figure 14). In other words, our findings suggest that
mRNAs encoding the proteins with coherent functions tend to exhibit a similar structural coverage.

These findings are in line with the previous study by Vandivier et al. who found that transcripts
in Arabidopsis thaliana with similar levels of secondary structure in their untranslated and coding
regions tend to encode functionally similar proteins [48]. Likewise, Wang et al. also identified GO
terms associated with highly or lowly folded mRNAs in yeast [55]. Four of the GO terms associated
with highly structured mRNAs, according to Wang et al. (regulation of translation, posttranscriptional
regulation of gene expression, regulation of cellular protein metabolic process, and cellular nitrogen
compound biosynthetic process), correspond to highly structured viral mRNAs in our data. At the
same time, none of the GO terms corresponding to lowly structured yeast mRNAs according to Wang
et al. were enriched in our results. On the other hand, Fan Li et al. found that Arabidopsis thaliana
mRNAs related to “regulation of transcription” were structurally unstable [56], while we found that
mRNAs encoding the proteins related to “viral transcription” do harbor conserved RNA structures.
We also found virus-specific trends not previously observed for cellular proteins, such as the high
structure of viral mRNAs coding for proteins that regulate replication and transcription, suppression
by viruses of host translation, or modulation by viruses of host process (Table S1). It has been reported
that mRNA folding strength influences the efficiency of gene expression and that mRNAs encoding
abundant proteins generally tend to be more structured [57]. In the future, once RNA-seq data for
a sufficient number of viral genes becomes available, it will be interesting to investigate whether
functional coherence between mRNAs with similar structural coverage is, at least in part, caused by
similar expression levels.

157
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0.0 0.2 0.4 0.6
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Figure 14. Distribution of standard deviations of mRNA structural coverage, mapped to GO-terms:
Clustered with Revigo (solid line); randomized Revigo clusters (dashed line); not clustered (dotted
line); vertical lines represent the mean of the corresponding dataset.

92



7.3 REPRINT OF: VIRUSES 2019, 11, 401.

Viruses 2019, 11, 401 19 of 22

3.7. subVOG Online Resource

Structurally homogenous subVOGs can be accessed online (http://rnasiv.bio.wzw.tum.de) through
two entry points: “Browse by VOG” and “Browse by taxonomy”. The first option is a list of all VOGs,
together with the consensus description of their constituent proteins. The list can be filtered with a
keyword search and links to the corresponding subVOGs of each VOG are provided. The second
option is an expandable taxonomic tree, based on the NCBI taxonomy [58], which allows navigation to
the viral species of interest. For each species, mRNA sequences are provided, if available, interlinked
to the corresponding subVOGs. Tree nodes containing only mRNAs that are not part of any subVOG
are colored grey. Each subVOG contains at least two sequences that share at least one structural
element predicted to be functional. If a species of interest is not contained in the subVOG database,
the taxonomy tree makes it possible to find the taxonomically closest species. Web pages describing
individual subVOGs contain four parts:

(i) General information, i.e., number of mRNAs in the subVOG, the number of proteins and species
in the parent VOG, as well as a consensus functional description;

(ii) Information on conserved structures among the subVOG sequences. A plot outlining the SCI
for each column of the subVOG MSA gives a brief overview over the structure of the subVOG
members. Also provided is a table that shows a list of all structures found, including the
corresponding values of SCI, mPID, and the GC content. The consensus structure can also be
visualized by Forna, and a covariance model is provided, which can be used to search for similar
structures. Additionally, the RNAz results for each individual structured region can be accessed,
including structure visualization, dot plots, and the local structure-guided alignments;

(iii) The global MSA for the subVOG sequences. Alignment columns colored in blue correspond to
the structured regions described in the previous section. The alignment is visualized with the
javascript library MSAviewer [59], which is based on Jalview [60];

(iv) The list of subVOG members, including protein names, descriptions, and taxonomy. For each
protein, a link to the RefSEQ entry is provided, as well as the amino acid and nucleotide sequences.
The leftmost column of the list contains a checkbox for each subVOG member, which can be used
to build a subset of members and analyze the RNA structures shared by these.

4. Discussion

In this work we set out to create a possibly complete census of conserved RNA secondary
structures in the coding regions of viruses and to shed light on their biological role. Using sequence
comparison and structure prediction methods, we derived structurally homogenous groups of viral
mRNAs from subsets of viral orthologous groups (VOGs), which we call subVOGs. We identified
a total of 147,087 conserved structures in 42,293 subVOGs, which we make accessible through our
database RNASIV (RNA Structures in Viruses). On average, subVOGs contain three structured regions
and their structural homogeneity decreases with increasing taxonomic diversity of the viruses and their
hosts. We found that 63% of all subVOGs contain mRNAs from at least two genera and 21% from more
than one taxonomic family. In line with the previous studies on cellular organisms, we confirm that, in
viruses, longer mRNAs tend to contain more stable structures. However, the number of structures
grows only slowly with length, which implies that there is a certain minimum amount of structures
required to maintain regulatory functions and control protein folding. MRNAs annotated with similar
GO terms tend to have a similar structural coverage, hinting at possible commonalities in the regulatory
mechanisms of functionally related proteins. It is hoped that RNASIV will be a useful resource for
exploring the structure—function relationships in viral mRNAs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/5/401/s1:
Figure S1: Virus lineages included in the VOGs; Figure S2: Mean pairwise sequence identity of VOG alignments
as a function of VOG size; Figure S3: Sequence Alignment of a protein from Heliothis virescens ascovirus 3e and
proteins belonging to the mRNAs of subVOG 64 of VOG00003; Table S1: Clustering of GO terms of subVOG
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proteins and the average structural coverage of their corresponding mRNAs; Table S2: Clustering of GO terms of
subVOG proteins and the average structural coverage of their corresponding mRNAs (regardless of GO evidence
codes).
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SUMMARY AND CONCLUSION

The overarching goal of this thesis was to study the evolution of RNA structure in
viruses by examination of significant RNA structures in a diverse variety of contexts.
Three studies were conducted, of which each examined an aspect of RNA structure
in different viruses and on a different level of granularity. All studies explored also
the methodological difficulties associated with characterization of RNA structure in
viruses in different scopes.

8.1 CENTRAL FINDINGS
8.1.1 Insights into dynamics of viral 3’UTR architecture

It could be demonstrated in many examples that all species of the genus Flavivirus
possess diversely structured 3’'UTRs, many of which harbor elements that are likely
of exoribonuclease-stalling function. Previously established models of structural
elements, predominantly from the exoribonuclease-stalling family, were greatly
improved with the help of experimental data from several critical hallmark Flavivirus
species. The improved models enabled the discovery of structurally similar elements
in a large number of understudied Flaviviruses, predominantly from the Tick-borne,
Insect-specific, and No-Known-Vector Flaviviruses. Other highly group-specific
elements were identified and shown to be of special relevance to the viruses on
the basis of covariation and structure conservation, even though no experimental
evidence is available. Importantly, rather than simply adding new elements to the
vast and sometimes contradictory collection of elements already described in the
N0 “hewly discovered or refined elements and their denominations were
reconciled with the literature where possible. Further relevance of the identified
elements is emphasized by the fact that in the meantime, many elements have been
included in the Rfam database 2.

The analysis of 3’'UTR secondary structure in Flaviviruses furthermore indirectly
provided significant insight into the mechanisms that are responsible for host-tropism
of different Flavivirus species. While all major host-tropic groups of Flaviviruses
strongly diverge from each other in the 3'UTR architecture, species within a group
exhibit strong similarities. Differences within groups often manifest via structure
conserving sequence changes or variations in copy numbers of elements, while inter-
group differences are characterized by large changes in UTR sequence that give rise

literature

to new elements that are often but not always similar in secondary structure. The
fact that 3’UTRs within host-specific groups always tend to have similar structure
elements strongly support the hypothesis that flaviviral 3’UTR structure is a critical
contributor to the viruses ability to survive the passage through different hosts>?,
during its life cycle. The connection between RNA structure and host-tropism addi-
tionally allowed to re-interpret the family of No-Known-Vector Flaviviruses, since
instances of elements specific to Tick-borne or Mosquito-borne FVs could be found
within the 3°UTRs of NKVs, suggesting a novel classification of individual viruses
from this clearly non-monophyletic group. The approach of rapidly classifying future
NKVs via 3°UTR structure therefore seems promising and should be considered in
future investigations.
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SUMMARY AND CONCLUSION

In sharp contrast to Flaviviruses, the Chikungunya Virus (of the Alphaviruses)
exhibits a substantially different strategy regarding 3’UTR architecture. Only limited
evidence of functionally relevant or conserved RNA structure could be uncovered
in all lineages of CHIKV. There is limited amount of variation between different
lineages of CHIKV, though the nature of variation mainly consists of duplication
events. Though 3’'UTR sequences are not uniform, sequence changes hardly occur and
rarely provide any evidence of covariation that might be used to infer RNA structure.
In fact, rather than using the non-coding regions as a ground for experimenting,
CHIKYV is likely experiencing evolutionary pressure to conserve UTR sequences
in order to preserve sequence motifs acting as protein binding sites. Interestingly,
while in Flaviviruses secondary structure is characteristic for individual viruses to a
point that it allows for the precise assignment of individual specimens to viruses or
lineages, structure diversity in CHIKV seems to be largely insignificant and is rather
a coincidental side effect of virus evolution.

The Comparison of Flaviviruses and Alphaviruses showcases two examples of
drastically different approaches of viruses towards the utilization of RNA structure
in an 3’UTR architecture. Even though both families are arthropod-borne RNA
viruses that share similar life cycles, Flaviviruses seem to embrace RNA structure as a
versatile tool for host adaption and interference that can be mediated by conservation
of RNA structure, while Alphaviruses seem to utilize non-coding RNA in a more
traditional way via RNA binding proteins which is mediated via conservation of
RNA sequence. Comparison of both virus groups furthermore aptly reinforces the
vast diversity of the viral world, especially given the fact that such drastic differences
can already be found between viruses that are quite closely related in the scope of
the large-scale virus taxonomy.

8.1.2 Methodological Advances

One of the goals of this thesis was to promote novel or more sophisticated ways of
in silico RNA structure examination in the field of virology. While computational
methods for secondary structure prediction have been applied in the past to viruses,
many approaches were rather simplistic from the methodological side and strongly
focused on the prediction of structures from single sequences. While single-sequence
approaches may give reasonable accurate predictions, comparative approaches fur-
ther improve results by opening up the possibility to take a novel layer of information
which is the evolutionary relation of sequences into account. Especially regarding
RNA structure, covariation harvested from multiple sequence alignments can be a
decisive indicator for the occurrence of secondary (and tertiary) structure and enables
predictions which lie far beyond the capabilities of any single-sequence approach.

This thesis successfully demonstrates how to move beyond single-sequence pre-
dictions by applying a broad arsenal of comparative methods to problems in virus
bioinformatics. Especially the application of thermodynamic consensus structure
prediction and construction of Covariance Models, which was (surprisingly) not
applied before, is demonstrated to accurately model but also detect viral RNA struc-
ture elements. Especially when used in combination with methods that guarantee
a high quality of sequence data and sophisticated procedures for curation of seed
alignments for viral RNA families, Covariance models are demonstrated to have
the power to generate detailed insight into structure homology not only between
different viruses but also between individual elements within one virus. The utility
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8.2 OUTLOOK

of CMs could be further demonstrated to be especially of value in virus families or
parts of the virus genome that are characterized by a high sequence divergence, that
would normally obscure relationships from analysis

At the same time it is demonstrated that major improvements come not alone
from using Covariance Models, but from being used in combination with other
methods. Furthermore, the CM building process is still frequently dependent on
manual intervention, which strongly restricts its capabilities to be rolled out to a large
scale use. In addition, the procedures necessary to build, calibrate and search through
CMs with sufficient accuracy can reach prohibitive resource requirements in terms
of computing time and memory. Still, for comparably sized data sets the sensitivity
gains that can be obtained by at least partly including a CM step in analysis pipelines
is significant, and should not be ruled out, especially in scenarios where homology
between viruses cannot be easily established on the basis of sequence content alone
in a straightforward manner.

A critical learning from the investigations performed as part of this thesis is that
the availability of experimental evidence for RNA structure massively synergizes
with this type of investigations. Especially the analyses regarding the elements
in Flaviviruses were rendered possible to be conduct with confidence only by the
availability of high-resolution structure probing data, which allowed to build high
confidence seed models. It is important to note that even a handful experimentally
verified SHAPE-structures already immensely enhance and facilitate the model
building process. Since structure model building is an inherently iterative process,
the possibility to start from an experimentally verified core profoundly impacts the
final result. Therefore, it is a general suggestion for any future in silico investigation
involving RNA Covariance models or RNA families, to also focus on the acquisition
or utilization of experimental evidence, where possible.

8.2 OUTLOOK

While the utility of comparative approaches, especially CM-based approaches, could
be demonstrated to succeed in selected and virus families with varying degrees of
diversity, the imminent next steps would ideally see the same approaches being
applied to a substantially wider and diverse set of viruses. While RNA viruses are
obviously the immediate target for RNA structure discovery, also the massive group
of DNA viruses has been shown to utilize RNA structure and should therefore be
investigated. Though, several additional obstacles need to be overcome in order
to reliably achieve any amount of scaling. Seed alignment construction and the
accompanying quality assessment procedures were in this work only achieved by
semi-automated procedures which are well suited for the examination of a handful
of RNA families, but cannot be scaled to entire virus families or even to the entire
virome. Approaches for automated model building have been published, such as
CMfinder!!2 for motif finding or RNAlien!! for unsupervised model building, none
of them are directly suited to deal with the challenges found in viruses, such as large
sequence diversity or the dissolution of traditional taxonomic relations. In addition,
both tools are computationally expensive, which puts a further obstacle for any
large scale investigations in the entire virome. Since significant speedups in the core
CM algorithms (Inside-Outside, CYK) are unlikely to arrive due to the algorithms
complexity, improvements could rather focus on automating and improving the
process that decides on which CMs to build, thereby curbing the search space. While
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it might seem attractive to circumvent the problem by addition of computational
capacity, it is practically counteracted by the simultaneously happening exponential
growth of novel and fully sequenced virus genomes. The presented work chose
to reduce the number of candidate CMs by either utilization of experimental data,
which is not realistically available at large scale, or by pre-filtering with other tools
for ncRNA evaluation such as R-Scape and RNAz. While those tools have proven to
be of significant use, they are not without bias themselves and undoubtedly introduce
some amount of bias into the study. It is therefore suggested that future approaches
should investigate ways that either replace those tools or at least include further
factors in deciding whether a structure is relevant and can be further funneled into
the computationally expensive stels of CM building.

Furthermore, while the presented work successfully showed how analyses can
utilize comparative approaches in order to move beyond predictions from single
sequences for better RNA structure models, the possibilities for further improve-
ments are far from being exhausted. The work in this thesis focused primarily on
improvements to the structure prediction process, which is a crucial but not the
only factor impacting the quality and robustness of a RNA structure model. As
indicated at various points in this thesis, important upstream processes such as
multiple sequence alignment significantly impact the quality of a consensus struc-
ture prediction. Recent advances in the area of bi-alignments 14115 have shown the
problems that surface with traditional alignment algorithms when structural and
sequence evolution are not concordant any more and presented novel algorithms
that are suited to appropriately align such sequences. Alignments procured in this
way might be a promising enhancement for the construction of RNA families for
viral sequences and should therefore be considered in further similar investigations
in viruses.

The application of screening methods for viral RNA structures at a large large scale
could provide invaluable insights on the evolution of RNA structures in the entire
biosphere. Recently, large-scale genomic analyses have fundamentally rewritten
our perception of the viral world through a combination of virus gene homology
inference and network analysis!!®. Similar approaches could be imagined by using
noncoding RNA structures rather than genes as the elements that are shared by
different viruses. Such structures might exist in plenty in viruses but have evaded
any means of detection until now, due to sequence divergence obscuring any amount
of structure conservation beyond recognition. Such an investigation might uncover
hitherto unseen relationships between viruses, or if relationship seems implausible,
uncover novel cases of convergent evolution in RNA structure, that indicate possible
functionality. Even the prospect of building a structure-based phylogeny, based on
common structures between viruses seems tempting, especially imagining examples
where it could or cannot recapitulate a sequence- or gene-based phylogeny.
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