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Competition
(individual fittest type, lytic virus, selfish)
VS

Cooperation

(symbiosis, group selection, persistent cryptic
Virus, synergistic social genomes)

Lytic vs persistent virus as a necessary set?!
Silence is golden (and small RNA often involved)

The virosphere is both!



Addiction modules:
need for sets of opposites

Persistence & survival in the virosphere
Group identity via cryptic virus sets
Cooperative RNA via quasispecies
Group identity for RNA populations
Stem-loop RNA populations as basal
Origins of networks, virus and life



Tree of Life

Colonization/
Emergence

transfer)

No life is fit unless
itis in the virosphere

DNA
;d ABITATS
AND ITS

{l< RNA
INHABITANTS

(IDA: social RNA sub-agents with group identity, Szathmary, E6rs. 1992)



Addiction modules and parasite
stability (persistence)

P1 is a highly prevalent and stable episomal phage of E. coli
Not integrated — how to be stable?

Michael Yarmolinsky (1993) proposes term ‘addiction module’
to describe killing by P1 phage as an explanation of post
segregation killing

Composed of toxin/antitoxin (T/A) P1 gene pair, lost antitoxin
(genome) results in death of uninfected daughter. Host is P1

addicted
Affects sexual compatibility, kills uninfected partners
Also kills cells infected by other phage! Complex immunity



Addiction module examples

Persistent virus as addiction module. Viral or host immunity
function prevents lysis by various viruses (cryptic, de-
effectives, satellite mixes can provide immunity).

Holins/antiholins. Diverse viral pore proteins that lyse
bacteria: kept in check by viral 2" protein that binds pore

Restriction/modification enzymes. Destructive stable
endonuclease prevented by transient DNA modification -
compels maintenance of parasite

Toxin/antitoxins (TA)- bacteria and fungal viruses express
stable toxin (often pore) and unstable antitoxin to compel
maintenance- origin of apoptosis

Two examplars presented: E. coli K12 & 0157:H7
A general strategy to link individuals into a group (RNA)



Addiction Module Generalized: virus mediated addiction Host
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*Persisting
.- genetic
] parasite

defective

*The virosphere:
prevalent lytic
Virus (T4 like)
VIRUS ADDICTION

(usually mixed wit defectives)
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Cryptic prophages help bacteria cope with adverse
environments

Xisoxue Wang', Younghoon Kim', Qun Ma', Seck Hoon Hong', Karina Pokusaeva’, Joseph M, Sturing’

& Thomas K. Wood'

Phages are the most abundant entity in the biosphere and outnumber bacteris by & factor of
10. Phage DNA may also constitute 20% of bacterial genomes; however, its role is Ill defined.
Here, we explire the impact of cryptic peophages on cell plysiology by precisely deleting
all nine prophage elements (166kbp) using Escherichic coli. We find that cryplic prophages
contribute significantly to resistance to sub-lethal concentrations of guircicone and B-lactam
amtibiotics primarily through proteins that inhibit cell division (for example, KilR of rac and
DicB of Qin). Moreover, the prophages are benefical for withstanding osmotic, axidative and
acid stresses, 1or increasing growth, and for influencing biofilm formation. Prophage CPS-53
proteins Yidk, YfdO and YidS enhanced resstance to oxidative stress, prophages ¢34, CPS-
53 and CP4-57 increased resistance 10 acid, and ¢14 and rac proteins Increased early biofim
formation. Theredore, cryptic prophages provide multiple bermfits 10 the host for surviving
adverse environmental conditions.



Figure 1| Size and position of nine
KA2 BWZSN13 genome. Vg

oryptic prophages in the E col

~20% of bacterial genomes
from virus (166 kbp)

K-12 has 9 prophage (def)
a coherent and interacting set

has 4 phage T/A modules
(virus addiction?)

Provide stress resistance via:
antibiotics, osmotic shock,
oxidative stress, acid stress

Eliminates biofilm formation
(group ID)

When stressed, only e14¢ made
others stable

VIROSPHERE SURVIVAL?



Yang, Zhijie, et al. Journal of
bacteriology 191.11 (2009):
3553-3568.
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The Defective Prophage Pool of Escherichia coli 0157:
Prophage-Prophage Interactions Potentiate Horizontal
Transfer of Virulence Determinants

Md Asadulghani™?, Yoshitoshi Ogura'”, Tadasuke Ooka’, Takehiko Itoh™®, Akira Sawaguchi®, Atsushi
Iguchi’, Keisuke Nakayama®’, Tetsuya Hayashi'**

1 Division of Boervironmental Sclences, Frontier Science Ressarch Center, University of Miyazakl, Miyazald, Japan, 20epariment of Vieterinary Sciences, Faculy of
Agrculiuee, University of Miyezakd, Miyazakd, Japan, 3 Divition of Micsobiology, Departement of fectious Disease, Faculty of Medicine, University of Miyaxzald, Miyazaki,
Japen, 4 Advarced Sciences Innovation Group, Mitsubishi Research insttute, nc, Tokyo, Japan, S Bio-Frontier Research Center. Tokyo institute of Technology. Yanagawa,
Rpen, 6 Depaniment of Asanomy, Uitrantroctoral Coll Biokogy, Faculty of Medicine, Universty of Miyecald, Miyazakd, Japan

In conclusion, many of the prophages of O157 Sakai that
contain a wide range of genetic defocts show unexpectedly high
potential actvaty as mobile genetic clements, and this mobality 18
probably achieved through vanous types of inter-prophage
interactions that occur m the O157 prophage poal. Thus, these
apparently defective prophages are not simply remnants generated
in the course of O157 evolution, but instead should be regarded as
genetic clements that are potentially capable of spreading
virulence determinants and other genetic traits o other bacterial
srains. Similarly to K. colt, many other bacteria contain multiple
prophages with genetic defocts, and the potential of these sequence
clements to functon as mobale clements has been largely ignored.
Our findings suggest that more attention should be paid 1o their

Subfunctional consortia



A P1-like strategy in Archaea?

SNJ1; episomal persisting
virus (plasmid pHH205) in
all isolates of Natrinema sp.
(a haloarchael)

Will lyse unlysogenized isolates
Induced by stress

No spontaneous induction
Competes with and excludes
other version of episomal virus

An addiction module?

Fig. 3. The genome of SNJ1 Is a 16341-bp-long circular dsDNA molecule that
encodes thirty-three putative proteins. The genes with putative annotated func-
tions are indicated.

Zhang, et al. 2012. 1012. Virology 434 (2)



Experimental virology RNA evolution theory Language/code theory

1970’s:

1980’s

1990’s

2000's

extensive variation *DI’s M. Eigen — RNA virus
JJ Holland (LPV) quasispecies
Origin of code, errors
Master fittest type
RNA population measures hypercycles, error

catastrophe, QS selection

Observed QS behavior: cooperation problem
minority types, DIs, MOI dep. membership problem
non-consensus adaptions

Observed cooperation: theory remains master fittest
consensus is not master type based
QS competition/exclusion

basal syntax

pragmatics

agents, editors

communication
meaning and
social agents
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Eigen’s QS: mutant halo around master fittest type
A theoretical construct




Established characteristics of
guasispecies evolution

¢ Not fittest type; a consortia that needs
diversity (a form of group selection)

¢ Participation of defectives and
mutants important (the lethal/unfit)

¢ Complementation, cooperation,
preclusion, competition all occur

¢ Diversity per se provides fitness

Not yet incorporated into RNA world thinking



Esteban Domingo, J. Sheldon and C. Perales. 2012.
Viral Quasispecies Evolution.” Microbiology and Molecular Biology Reviews 76 (2):
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Can be distinct regions
under distinct pressure

QS-C (cooperative)
Polio/YFV vaccine: HCV transplants

QS mixture with subpopulations
Subpopulations work together
and against each other

Not needing consensus change
Can suppress ‘Master fittest type”



Esteban Domingo, J. Sheldon and C. Perales. 2012.

Fig. 7

“Viral Quasispecies Evolution.” Microbiology and Molecular Biology Reviews 76 (2):
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QS-C (cooperative)
Polio/YFV vaccine: HCV transplants

QS mixture with subpopulations
Subpopulations work together
and against each other

Not needing consensus change
Can suppress ‘Master fittest type”
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many remarkable insights. The most basic,
far-reaching, awesomnely predictive teret of
quasispecies theory will never be overshad-
owed; numerous variant genomes are bound
together through extreme mutation rates,

forming obligatorily co-selected partnerships
in & vast, error-prone mutant spectrum from
which they cannot escape, and from which
they inevitably and coordinately may exert
myriad, changing. ultimately unforsecable
cffects on all life forms. This tenet has been
unguestiotably and  clegantly  confirmed
recently by the U, C. San Francisco, Standord
and Penn State groups (as reviewed above
mdcxwmmummﬁ).

.‘-. - - m®ain a



@ +

@ +

Phenotype from diversity,
not master type: Vignuzzi et al

Figure 4. Population diversity is a virulence

determinant.

Lauring, Adam S., and
Raul Andino.
"Quasispecies theory
and the behavior of
RNA viruses." PLoS
pathogens 6, no. 7
(2010): e1001005.

Live vaccine strains show similar diversity restriction



Networks naturally form clades
Clades differentiate

Compete and preclude each other
Acquire group identity

To create or modify, colonization
by diffuse agents

MEMBERSHIP/SECURITY ?



The HCV examplar:
QS based identity/exclusion

Dynamic persistence via ongoing RNA synthesis
Quasispecies determined biology
Group preclusion (identity)
The role of stem-loop RNA - consortia

Laskus T, Wang L-F, Radkowski M, Vargas H, Nowicki M, et al. 2001. Exposure of hepatitis c virus
(hcv) rna-positive recipients to hcv rna-positive blood donors results in rapid predominance of
a single donor strain and exclusion and/or suppression of the recipient strain. J. Virol. 75(5):2059—-66



Endogenous retroviruses regulate periimplantation
placental growth and differentiation

Kathris A Dunlap®, Massimo Palmarini’, Maciana Varela', Robert C Burghardt', Kanako Hayinhi®, Jennifer L Farmer®,

and Thomas £, Spencer*t
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Network examplar:

Distributed collective

of mixed defective virus
providing new regulatory
complexity
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LETTERS

Endogenous retroviruses function as species-specific
enhancer elements in the placenta

Edward B Chuong', M A Karim Rumi?, Michael ] Soares® & Julie C Baker!

The mammadian placenta is remarkably distinct between species,
suggesting a history of rapid evolutionary diversification'. To
gain insight into the molecular drivers of placental evolution,
we compared biochemically predicted enhancers in mouse and
ral trophoblast stem cells (TSCs) and found that species-specific
enhancers are highly enriched for relroviruses
(ERVS) on a genome.wide level. One of these ERV famsilies,
RLTR13D5, contribetes hundreds of ific histone H3
lysine 3 monometiylation (H3K4me1)- and histone H3 hysine
27 acetylation (H3K27ac)-defined enhancers that functionally
bind Cdx2, Fomes and HIi5—core factors that define the TSC
network, Furthermore, we show that RLTR13D5 is
capable of driving gene expression in rat placental cells. Analysis
in other tissues shows that species-specific ERV enhancer activity
Is generally restricted to ypomethylated tissues, suggesting that
tissues permissive for ERV activity gain access to an otherwise
silenced source of regulatory variation. Overall, our results

implicate ERV enhancer co-option as a mechanism underlying the
extensive evolutionary diversification of placental development.

we sought to investigate the regulatory landscape of carly placental
development in two closely related species—mouse and rat. Diespite the
similarities between moese and rat placentation, genes expressed by
the mature placenta show clear signs of rapid evolution since rodents
diverged®, suggesting that evolution at the regulatory Jevel may also be
detected. We cultured mouse and rat TSCs, which represent the first
cell population to give rise to the fetal placenta’’, and performed ¥-end
RNA sequencing (3 RNA-seq)*? and chromatin immunoprecipitation
with sequencing (ChIP-soq) for histone marks indicative of promot-
ers (trimethylation of histone H3 at lysine 4 (H3K4me3)), enhancers
(H3K4me! and H3K27ac) and repressed regions (trimethylation at
histomse H3 lysine 27 (H3K27me3) and trimethylation at histone H3
lysine 9 (H3K9me3))'. Only high-quality, uniquely mapping reads
were retained, and histone-marked regions were identified wsing
MACS (v2.09) with false discovery rate (FDR) < 0,05, We predictod
9460 mouse and 7,932 rat TSC promoters on the basis of H3K4me3
enrichment over gene transcriptional start sstes (T55s), which were
ssocisted with expeessed genes (Fig. Tab), We predicted 52476
mouse and 41,142 rat TSC enbancerns oo the basis of distal ensichment
of H3K4me1 (>5 kb from a geme TSS) and 25,736 mouse and 4,471 rat

Lynch, Vincent J., Robert D. Leclerc, Gemma May, and Ginter P. Wagner. 2011.

“Transposon-Mediated Rewiring of Gene Regulatory Networks Contributed to the Evolution of Pregnancy in Mammals.”
Nature Genetics 43 (11): 1154-59
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Species-specific endogenous retroviruses shape
the transcriptional network of the human
tumor suppressor protein p53

Ting Wang®, Jue

Rainer K. Brachmann™ , and Dundd Mausaler®

‘, Cradg B Lowe®, Robert G, Sellens*?, Sofle R Salama®’, Min Yang', Shawn M. Burgess’,
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Figure 3. Secondary stracture models for the STMV RNA ex wino. (A) SHAPE-directed model. Maximum allowed base pairing distance was 600
nicleotides.™ The start and stop codons for the capsid protein are boxed. (B) Linked stem-loop model, created using SHAPE data and parameters
designed to force formation of short stem-loop motifs by restricting the maximum base pairing distance to <30 nudeotides. Nudeotides are colored by
SHAPE reactivity (vee legend); gray indicates no data were obtained. Cal alated lengths of major structural features in each stroactare are shown (in
nanoencters ).

Archer, Eva J., et al. "Long-Range Architecture in a Viral
RNA Genome." Biochemistry (2013).

STMV as the ‘hydrogen’ of + RNA viruses: core role for stem-loop RNAs

Strong evidence that ‘cooperative’ long distance RNA-RNA
interactions needed for gene expression and replication. Recall HCV preclusion.

RNA stem-loops as predecessors — a way to create interacting networks
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Secondary structure of the 5'-UTR
of the HIV-1 genomic RNA

Sleiman, Dona, et al. "Initiation of HIV-1
reverse transcription and functional role of
nucleocapsid-mediated tRNA/viral genome
interactions." Virus research (2012)

OK! Stem loops crucial
For RNA virus replication,
regulation, packaging (ID)

What if virus provides them en mass
(via LTRs) to host DNA? Virus addiction?

New QS based RNA networks?
What about defective DNA viral colonization

events (i.e. Maverick)? Also provide diffuse
stem-loop RNAs.



~330,000 LTR ERV elements

LTR retro- _ 9 e .
DNAtranmms AEASTIOSOHS = 3X10° initial proviral DNA
3% &
8%
Simple sequence
repeats
3%

ENCODE project?
RNA networks
(not junk)

Segmental
duplications
5%

Protein-coding
genes

2%

Components of the Human Genome



Most eukaryotic stem-loop RNA derived
from retroposons

Retroposons as DNA editors via stem-loops

Sources of new regulatory regimes, new identity
networks

Promote big adaptations: p53, stem cells, brain,
placenta

DNA viruses (transposons) also use sRNA (stem-loops)
as regulators of replication and persistence

So RNA viruses are consortia of stem-loops. Are similar
consortia needed for the Origin of life?



Simple stem loop as basal
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Briones, Stich, and Manrubia. 2009. “The Dawn of the RNA World: Toward Functional Complexity through
Ligation of Random RNA Oligomers.” RNA 15 (5): 743-49.



Cooperative QS

Stem loop first perspective

Diversity from ribozyme replication Ensemble of
A interacting agents
How to initiate ribozyme activity? +/
< — — >
o .|./_

QS-C provides identity
(not individual type) ka) .|./_

Opposing functions
Basis of T/A module




Need for affinities (ID) No master fittest type: consortia at origin

Individuals are subfunctional
Need to interact (consortia)
No common ancestor

Not an error based concept

How to promote group coherence?

Group activities:

Cooperation
Complementation
Repression

Interference

Consortia behavior (T/A)

Ribozyme consortia
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Spontaneous network formation among
cooperative RNA replicators
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Directly compare cooperative ribozymes

Vaidya N, Manapat ML, Chen IA,
Xulvi-Brunet R, Hayden EJ,
Lehman N

Nature 2012, 491:72-77.

to selfish individual ribozymes — cooperation wins
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Lincoln, Tracey A., and Gerald F. Joyce. 2009. “Self-Sustained
Replication of an RNA Enzyme.” Science 323 (5918): 1229-32
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Examples of ribozymes with both cutting, splicing activities

Observed cooperative interactions:

Cooperation
Complementation
Repression

Interference

Consortia behavior (T/A)



Ribozymes do both:
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ribozyme
segments

ribozyme
100-mer

CLEAVAGE/LIGATION: Basis of RNA synthesis (polymerization)
Group identity via addiction module (toxin/antitoxin)
Basis of de novo code generation (editing)

Opposing functions and group affinities all needed to initiate selection

e LIGATION
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4 - » ~ !
affinities



Opposing ribozyme activity: biology

interlocking (self associating) transmissive agents
endonuclease — functions: communication
(antisense) /
Extended
/

group identity

Ligation 523 ;
(sense)
e Y

/ Ribozyme

RNA subagents / consortia

% PO, energy sources / A Gangen of RNA

()
%
(genesis/coherence of social RNA)

s
2 amino acids/peptides



Bokov, Konstantin, and Sergey
V Steinberg. 2009.

A Hierarchical Model for Evolution
of 23S Ribosomal RNA.
Nature 457 (7232). 977-980.
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“2 Core interaction with % of tRNA
stem-loops for catalytic function

Caetano-Anolles, G. “Tracing the
Evolution of RNA Structure in
Ribosomes.” Nucleic Acids Res 30,

no. 11 (2002

Figure 1 Location of inter-domain A-minor interactions in the secondary (
structure of the E. coli 23S rRNA. The secondary-structure domains are
marked by roman numerals. Each A-minor interaction is shown by a cyan
line connecting the double helix (red drcle) and the corresponding DNA
adenosine stack (yellow circle). Unlike other domains, domain V almost ABITATS
exclusively forms these interactions using double helices and not adenosine AND ITS
stacks. RNA
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