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Abstract. It is conceivable that an RNA virus could use a polysome, that is, a string
of ribosomes covering the RNA strand, to pretectithe genetic material from degradation
inside a host cell. This paper discusses'how such agvirus might operate, and how its
presence might be detected by ribosome profiling.” There are two possible forms for
such a polysomally protected virus; depending upon whether just the forward strand or
both the forward and complementary,strands can be encased by ribosomes (these will
be termed type 1 and type 2, respectively). It is argued that in the type 2 case the
viral RNA would evolve an.ambigrammatic property, whereby the viral genes are free
of stop codons in a reverse readingiframe (with forward and reverse codons aligned).
Recent observations of ribosome, profiles of ambigrammatic narnavirus sequences are
consistent with our predictions for the type 2 case.

1. Introduction N

A canonical model forsthe structare of a virus [1] consists of genetic material encased
in a capsid composed of a protein shell. A simpler model has also been observed,
termed a narnavirus (this term is a contraction of ‘naked RNA virus’). The narnavirus
examples that have been characterised appear to be single genes, which code for an RNA-
dependent RNA=polymerase (abbreviated as RARp) [2]. It appears to be advantageous
to the propagation of@a virus if the genetic material can be encapsulated at some stage in
its replication gycle, and it appears natural to ask whether some very simple RNA viruses
could co-opt part of the machinery of the host cell in order to build a container. The
most natural candidate is to make a covering out of ribosomes, which already contain
an/internal channel that can bind to RNA. If viral RNA can be completely covered
with. a chain of ribosomes, it could be well protected from defence mechanisms of host
organismi, because the exterior of the package presents molecules which are part of the
hosticells. This paper discusses how a class of very simple viruses could make a container
for their genetic material out of ribosomes, resulting in a class of RNA viral systems
which are, in some sense, intermediate between narnaviruses and conventional viruses.
The covering structure, consisting of a chain of ribosomes attached to the viral RNA,
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would be analogous to a polysome [3, 4, 5, 6], and for this reason we shall refer fo these
systems as ‘polysomally protected viruses’, abbreviated hereafter as PolyProV. Such
structures could be reservoirs of viral RNA which can be protected from, degradation
and hidden from defence mechanisms that might detect viral RNA. These protected
viruses can be propagated ‘vertically’ by cell division. The possibilityéthat viral RNA
could be shielded by a layer of ribosomes was discussed in a recent populararticle [7],
and is also mentioned in a recent preprint [8]. It is the purpose of this work t@.discuss the
mechanism by which this can be realised, and the how it can he'detected by ribosome
profiling. =

A conventional polysome is an open system where ribosémes moveé along the RNA
chain [3, 4, 5, 6], synthesising a polypeptide chain as they go, and éventually detach from
one end, see figure 1(a), or when they encounter a stop codens, The'type of encapsulation
that we propose is one where the ribosomes are stuck in pesition. This means that we
must hypothesise a mechanism which creates the polysome shell' by preventing ribosomes
from detaching from the 3’ end of the viral RNA(figure:l(b)), thus creating a ‘frozen’
polysome. We propose that ribosomes attach to the 5’ enid of the viral RNA chain and
move along the RNA chain until they form a string of ribosomes which are in close
contact, like a string of pearls (figure 1(c))

Cells have machinery to release ribosomes which are not functioning efficiently [9].
In particular, ‘stalled’ ribosomes ‘are released . by a process known as ‘no-go decay’,
abbreviated as NGD, which is an activefield of study [10, 11, 12, 13]. The polysomally
protected virus system would have to either disrupt the NGD process, or else infect
cells where this process is defective.nGiven the complexity of the machinery required to
implement ‘no-go decay’, it must have many potential vulnerabilities.

We can imagine two forms of this class of virus. In its simplest form, termed
PolyProV1, a polysomal sheath is only able to cover the forward strand of the RNA.
Creation of a complementary strand is a necessary part of the replication cycle of the
viral RNA, and in the simplest form, the complementary strand is not protected. We
can also propose that thereexists a type of this viral system, denoted by PolyProV2,
where both the ferward and complementary strands can be protected by being encased
in a chain of ribosomes.

We discuss wwhat'would be the characteristic properties of such a system, and how
their presence might be detected. Both types, PolyProV1 and PolyProV2, may show
distinctive signatures under ‘ribosome profiling’ (see [14, 15, 16, 17] for a discussion of
this technique), and we give an indication of what might be expected. We remark that
regent experiments on a narnavirus system Culex narnavirus 1, reported in [8], show
precisely the type of ribosome profile signatures that we describe, without explaining
their form. (Figure 3 of their paper shows the phenomenon that we explain in section
3 below, leading to distinctive profile features illustrated schematically in our figures
3 and 4). We also argue that, in the case of PolyProV2 systems, there would be a
very distinctive signature in the genetic code of the virus. The formation of a polysome
which covers the whole of the strand requires that the RNA sequence should not have
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Figure 1. (a) A polySome comsists of a number of ribosomes attached to a RNA
molecule (usually mRNA). The ribosomes attach to the 5 end and move along the
RNA, translating gpolypeptide chains as they go. (b) Our hypothetical polysomally
protected virus is an RNA virus system including a gene that creates a ‘blocking’
macromolecule (eigher a protein or possibly an RNA segment), which binds to a
recognition site at the 3’ end of the virus. Ribosomes are able to attach to the virus
RNA at the 5 end;but are not released at the 3’ end. (c) The viral RNA becomes
coated in ribgsomes, which are frozen into fixed positions, and which form a protective
sheath.

any stop codons (that ispit should have an open reading frame, abbreviated as ORF).
The genes of the PelyProV2 system would therefore have to have a reading frame which
is devoid of stop codonson the complementary strand, as well as the forward strand. We
have previouslydiscussed the evolution of genetic sequences which are ‘ambigrammatic’,
that is, réadablesin’both forward and reverse directions, showing that stop codons in
the reverse-read direction can be eliminated even if the amino-acid sequence of a gene
is strietly consérved [18]. We argue that a recent observation of two ambigrammatic
sequences i the Culex narnavirus 1 system reported in [19, 8] is a very strong candidate
to bera PolyProV2 type virus.

Ambigrammatic sequences have been observed in narnavirus systems [20, 18, 7, 19,
8; 21} 7and it is possible that the ORF on the complementary strand code for a functional
protein. In a separate paper [21] we shall discuss criteria based upon statistical studies of
polymorphism which could distinguish the PolyProV2 system from a narnavirus which
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has a functional gene on the complementary strand. Our results for Culex narnavirus.l
and for Zheijiang mosquito virus 3 indicate that the complementary strands démnot code
for a functional protein. These two likely candidates for polysomally protected viruses
are both narnaviruses, which along with viroids and virusoids [22], are thesimplest
infectious agents. However, the device of using a covering of ribosoines to create a
reservoir of viral RNA to facilitate vertical transmission is something whi¢h could be
adopted by more sophisticated viruses. Polysomal protection may eventually be found
to be a commonly occurring mode of virus propagation.

Most theoretical studies of polysomes have emphasised modéls based upon the
totally asymmetric exclusion process [23, 24, 25, 26, 27|, and some of these papers have
considered phases where there are ‘traffic jams’ formed by slowly. moving ribosomes.
Our theory considers a quite different phenomenon, where the ribosomes are stationary
because their release at the 3’ end is blocked.

2. Predicted properties R

Let us assume that an RNA virus doessuse a ‘frozen’ polysome to create a covering
out of ribosomes, and consider what are the plausible consequences of this hypothesis.
There are two questions that should be addresseds, Firstly, how is the frozen polysome
created? And secondly, is it possible tesprotect the complementary strand as well as
the coding strand of the virus?

2.1. Creating the polysomal sheath

The most natural hypothesis ‘@about the mechanism to create frozen polysomes is that
ribosomes are prevented from}etaching from the 3’ end of the RNA. The simplest
mechanism for this is for theré to exist a macromolecule (a protein, or an RNA segment)
which binds to the 3"énd of thewiral RNA to block ribosomes from detaching. At least
one gene would be required to, code for this ‘end-stop’ macromolecule.

The mechanism whieh freezes polysomes must have a quite specific switch, which
can distinguish ‘virus RNA from the host mRNA (if this were not the case, then the
‘end-stop’ would inhibit all translation processes indiscriminately, damaging the host
cell). The required specificity would have to be achieved by a signalling sequence in the
virus RNA| suchithat the end-stop only binds when the signalling sequence is present.
The only plausible location for the signal sequence is at the 3’ end of the virus RNA
chainy where.the end-stop protein will bind.

Theseleonsiderations imply that the simplest polysomal virus would have two genes,
one to.make the RARp to replicate the virus, and the other one to make a blocking
molecule to stop ribosomes from detaching from the 3" end of the viral RNA. In addition,
there must be a recognition sequence at the 3’ end of the virus chain. Eukaryotic cells
have mechanisms for releasing ‘stalled’ ribosomes [9, 10, 11, 12, 13|, and if polysomally
protected viruses exist, that may be associated with other virus genes which disrupt the
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mechanisms which release stalled ribosomes.

It is important to note that this picture implies a mechanism whereby the #ibosomes
are switched from replicating more viral RNA to acting as a shield. In the initial stages
of infection of a cell, the RdRp will replicate viral RNA freely. The products of this
process will include the molecule which binds to the viral RNA, having the effect of
blocking further transcription. As the viral load inside a cell increases, the blocker
molecules bind to the 3’ ends of viral RNA creating a reservoir of viral RNA which is
protected from degradation.

This mechanism creates a reservoir of viral RNA inside & cellfwhich is protected
from degradation by being covered by ribosomes. There must, in turn, be a route for
the protected viral RNA to become active again. The simplest possibility is that the
binding of the blocker molecule to the 3’ end is reversible; and so that transcription of
viral RNA re-commences when the concentration of the blocker molecule decreases.

2.2. The ambigrammatic advantage: protecting the complementary strand
L

Replication of the virus RNA by the RARp requirés making a complementary copy. In
addition to protecting the coding strand ofithe RNAL the polysomal virus could also
evolve so that the complementary strand can'be protected. Let us consider the additional
features that are required to convert.a PolyProV1 system, where just one strand is
protected, to a PolyProV2 system, where both the forward and the complementary
strands can be enclosed by a frozen polysome.

For a typical RNA sequence there will be stop codons on the complementary strand
which would cause ribosomes/o detach, preventing the RNA sequence from becoming
shielded inside a polysome. This can be avoided if the RNA sequence is ambigrammatic,
in the sense that it is readable, without encountering stop codons, in both a forward and
reverse reading frame. Regently, it has been shown that it is always possible to create an
ambigrammatic sequence by substitution of codons by synonyms [18]. This mechanism
gives a rapid routesto.cvolving an ambigrammatic sequence, without detriment to the
function of genestranslated in the forward direction. The ORF for the complementary
strand must hayve the its codons aligned with the ORF for transcription on the forward
strand [18].

There is an additional requirement for the complementary strand to be protected:
the 3’ end of the'éomplementary strand has to have a recognition sequence to signal
the end-stop protein to attach itself. This implies that there is a reverse complement
of a’valid reeognition sequence at the 5 end of the coding strand. The simplest
implementation of this is if the 5 end has a sequence which is the reverse complement
of thexrecognition segment at the 3’ end of the coding strand.

In this context, we remark that narnaviruses typically have a sequence CCCC at the
3’ end, and a complementary sequence GGGG at the 5’ end. These sequences have been
shown to be important for the propagation of narnaviruses, [28, 29|, but the mechanism
which makes these termination sequences important has not been clear.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PB-101367.R1

Polysomally Protected Viruses 6

Finally, consider the evolution of a PolyProV2 system from a PolyProVA4 virus.
The reverse-complement recognition sequence would have to exist on the 5%end as a
pre-requisite, but once this is in place, a partially ambigrammatic sequence.can confer@
partial advantage, so that the ambigrammatic property can evolve incrementally. There
is no requirement for the reverse-read sequence to code for a functionalprotein. Beyond
the requirement that there are no stop codons, there need not be anysselective pressures
on the reverse-read sequence.

3. Identification of PolyProV virus systems

Next we consider the general principles which could be used to previde evidence for the
existence of a PolyProV virus system. There are two approaches which could be used.

Because the defining feature of PolyProV viruses depends upon their interaction
with ribosomes, ribosome profiling techniques should be impeortant. In particular, we
should address how these would distinguish ribosemes which have become ‘frozen’ from
those where translation is progressing. This approach could detect both PolyProV1 and
PolyProV2 systems.

The other approach is to use evidence from.sequencing the viral RNA. The existence
of ambigrammatic genes would be an indicator of @PolyProV2 system. (Because viruses
undergo rapid mutations, the ambigrammatic property would not be conserved if it were
not being used for some purpose, so that. PolyProV1 systems are highly unlikely to be
ambigrammatic). In this caséwe need to @onsider how to distinguish signatures of a
PolyProV2 virus system from otherpossible explanations of ambigrammatic sequences.

3.1. Ribosome profiling ~N

Ribosome profiling techniques [14,/15] are based upon mechanical disruption of polysome
complexes formed by ribosomesand RNA, followed by RNA sequencing. The mechanical
disruption creates RNA fragments which represent sections of the RNA strand which
were covered by/ribosemes moment when the polysome was disrupted, as shown
schematically in figure 2(a) and (b). The segments which lie under the ‘shadow’
of a ribosome are amplified and sequenced. These segments are sufficiently long
(approximately/30 nt) that their position in the genome can be (in almost all cases)
uniquelydetermined. Ribosome profiling data is often illustrated by plotting the
frequengy for counting fragments containing a base x as a function of the position of
the base onnthe RNA chain. Higher counts are expected in regions where the ribosomes
move more slowly, and a typical ribosome profile plot has an appearance similar to the
sketehyin figure 3(a).

Consider how this technique can reveal jammed ribosomes, as indicated in figure
L(e). "I order to understand the form of the expected profile, it is necessary to appreciate
that the measured profile is a product of two factors: the desired signal, which is
the ribosome coverage over a given nucleotide, must be multiplied by a factor which
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represents the amplification number of the RNA fragments. The latter is related to the
fragment sequence in a manner which is deterministic, but where the actual relationship
is unknown. For this reason, the polymerisation amplification factor of ‘a segment must
be regarded as a random variable.

There is, however, one simple observation that we can make about the amplification
number. Because amplification involves successive replications of both'the segment and
its reverse complement, the amplification factor of the reverse complement of a segment
must be highly correlated with that of the segment itself.

Now consider the ribosome profile resulting from stalled ribosomes. According to
the PolyProV model, ribosomes will be prevented from detaching from the 3’ end, and
will form a close-packed array along the viral RNA, resembling asstring of pearls. Our
model predicts that all of the ribosomes which are attachedito the viral RNA would be
located with their centres at quite narrowly defined positions on the RNA chain. If the
ribosome profile were simply a reflection of the riboseme occupation at a locus, it would
be constant. We should, however, take account of differences between the amplification
factors of the segments. Upon fragmentation, the region’ occupied by each ribosome
would produce populations of similar fragments from all of the viral RNA molecules, as
illustrated in figure 2(c). In particular, all ofithe bases under the shadow of a stalled
ribosome are represented by the same populatiomyof RNA fragments, which have the
same amplification factor. As we move along the chain, we encounter nucleotides which
are under the shadow of an adjacent ribesome, and which are represented by a different
RNA fragment, with a differentramplification factor. At this point, the sequences which
are being PCR amplified change abruptly. The replication rate of the new sequence is
likely to be different, so that the heights of the plateaus will be different, forming an
apparently random sequencéy aghillustrated in figure 3(b). The plateaus all have the
same width, approximately 35 nt.¢This is in contrast to the results of ribosome profiling
from an mRNA molecule which is being translated, where the there are many different
fragments containing a given base.

Our discussion of the ribosome profile of a PolyProV virus assumes that most of
the ribosomes which are attached to viral RNA is stalled. The experimental data in [§]
(figure 3) areqvery similar to the schematic illustration in figure 3b. It is possible that
some small fraction of thewiral RNA is still being translated by moving ribosomes, while
the ‘plateaw’ profileds visible, but the experiments suggest that most of the viral RNA
which i8 in contact with ribosomes is in the ‘stalled’ state. The experiments reported in
8] suggest. that only a small fraction of the viral RNA is bound to ribosomes, but that
the bound fraction is mainly attached to stalled ribosomes. Current technology does
not_extend ribosome profiling to the single-cell level. If this becomes available, it may
be possible to deduce how the viral infection progresses within a cell.

The separation of the frozen ribosomes may be subject to variations, because
different base sequences bind to the ribosomes in a slightly different configuration. It is
also possible that the length of the RNA strand which is covered by a ribosome might
fluctuate as a function of time. These fluctuations would accumulate as we move further
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Figure 2. (a) In ribosome profiling experiments, polysomes are disrupted and the
RNA fragments which are under the ‘shadow’ of a ribosome (approximately 30 nt
long) are polymerised and sequenced. (b) If the ribosomes are moving along the
polysome, the fragments containing a given base (indicated by x) will have that base
positioned at any point within the fragment. Some of these fragments contain another
base y, whereas others do not.”(c) If the polysomes are jammed, all of the fragments
containing a givefl base will'be very similar in structure, and have the base x located
at approximately the same position within the fragment. In this case the fragments
that contain 'basé x almost always contain base y, but base z is always found on a
different fragment:

from the 3’ end.“In this case the plateaus in the ribosome profile plot would become less
distinct as wé move further from the 3’ end, as illustrated in figure 3(c). The extent
to which the ribosome profile plots would resemble figure 3(c) rather than figure 3(b)
would have'to be.determined by experiment, but it would be expected to be a consistent
feature of PolyProV systems.

Imthecase of a PolyProV2 system, the ribosome profile plot for the reverse strands
would alsofshow a sequence of plateaus, which would be most distinct at the 5 end of
the ¢hain./ If the plateaus in the profiles of both forward and complementary chains
overlap, they could be ‘in phase’, or ‘out of phase’, or somewhere in between. For
example, if the length of the region occupied by a ribosome is dependent on the sequence
of bases that the ribosome covers, there will be apparently random variations in the
lengths of the plateaus illustrated in figure 3(b), and the plateaus for the forward and

Page 8 of 14
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Figure 3. (a) Illustrates the appearance of a typical ribosome profiling plot, observed
when ribosomes are moving (left to right) along the RNA. (b) If the ribosomes are
frozen in fixed positions, the plot'will show a sequence of plateaus. The width of each
plateau is the length of the shadow of a ribosome, approximately 35 nt. (c) If the
separation of the jammed ribosomes fluctuates randomly as a function of time, the
plateaus may become less distinct as we move away from the 3’ end.

A S

complementary strands will be in phase over part of their length, and out of phase in
other regions, as showmnin figure 4. When the ribosome shadows of the forward and
reverse strands aré in phase,ithe segments which are amplified by the PCR process are
complements ofseach other. When the plateaus are in phase, we expect the heights of
the plateaus for'the forward and complementary chains to be significantly correlated,
because the polymerisation reaction involves multiple replications of both forward and
complementary images of the fragments. In the regions where the ribosome shadows
are outrof-phase, as in the centre section of the strand shown schematically in figure 4,
the plateau heights of ribosome profiles from the forward and reverse strands will be
uncorrelated.

3.2. Ambigrammatic sequences

We have proposed that a PolyProV2 system could be detected by finding ambigrammatic
viral genes in sequencing studies. The detection of ambigrammatic sequences is an
unambiguous signal, and it is one which has already been observed in RNA virus
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Figure 4. In the case where bothiforward and complementary strands of a PolyProV2
system are detected in ribosome profiling, the plateaus on the complementary strands
may overlap. If the lengths of the plateaus have some dependence upon the base
sequence which is covered by the ribosome, the plateau widths vary apparently
randomly, so that ghe forward and complementary strand plateaus are ‘in-phase’ in
some regions, and ‘out of phase’ in others. The plateau heights are correlated when
the strands aredniphase.

sequences [20, 18, 7,4938, 21]. Tt is necessary, however, to consider whether alternative
explanations are viable:

The possible explanations for observation of an ambigrammatic viral RNA sequence
fall into two classesy It might be that the reverse-readable sequences are expressed as
proteins, which gerve some function in facilitating the propagation of the virus, for
example, the protein'might poison defence mechanisms of the host cell, or it might form
a complex with the viral RNA which provides some protection. The other possibility is
that the ambigrammatic property provides some other advantage, without necessarily
being expressed as a protein. The lack of stop codons facilitates the association of
ribosomes with the complementary RNA strand, so any plausible mechanism would
have torinvolve ribosomes in some way.

There are three lines of evidence which can help to decide on the mechanism. The
theory of the PolyProV2 system is consistent with the evolution of the complementary
strand sequence being neutral, because there is no role for the amino-acid sequence coded
on the complementary chain (although some of the protein may be translated). One test

Page 10 of 14
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of whether a sequence codes for a protein is to look at the ratio of non-synonymous to
synonymous mutations which will be denoted by R = AN/AS, (where AN and AS are,
respectively, the number of non-synonymous and synonymous mutations). We expeet=
to be small when a readable base sequence is a functional gene coding forsa protein, and
the R value for the forward sequence which codes for the RARp is very émall, indicating
that this gene is strongly conserved. If both the forward and the complementary strands
code for a protein, we might expect mutations which are synonymous for both forward
and reverse transcription would be better tolerated. We shallfreport, in/detail upon
an investigation of this approach elsewhere [21]. For both the' Culér narnavirus 1 and
Zheijiang mosquito virus 3, the evidence indicates that théeomplemenary strands of
known ambigrammatic virus segments do not code for functional proteins.

Ambigrammatic sequences have been observed in a wariety jof simple RNA virus
genomes [20, 18, 7, 19, 8, 21|, but they are undoubfedlyra rare phenomenon. Given
that ambigrammatic sequences are rare, if two or 4nore genes within a virus infection
system are found to be ambigrammatic, this wouldsbe wery unlikely to be the result
of two functional genes arising on the complementary stfand. An observation of the
simultaneous detection of two or more/ambigrammatic genes would strongly favour
models, such as the PolyProV2 model, where there is an advantage in evolving an
ambigrammatic sequence which is independent ofswhether the complementary strand
open reading frames are translated intofunctional proteins.

Finally, finding some evidence for end. recognition sequences would be an important
part of validating the PolyProV. model. It'is reported that narnavirus sequences are
typically terminated by CCCC.at the 3’ end and GGGG (an exact reverse complement)
at the 5” end. This observation suggests that CCCC and GGGG may be the recognition
sequences, and that these areralteady/present in many simple virus systems.

3.8. A candidate PolyProV2 system

Recently, a mosquite-hosted narnavirus system (Culex narnavirus 1) has been found to
be associated with two ambigrammatic genes [19, 8]. It has properties which make it a
strong candidate to,be a polysomal virus (see [19, 8] for a discussion of the experimental
evidence):

(i) There is & virall RNA segment which codes for the RdRp, and which resembles a
narnavirus, but which has the property of being ambigrammatic, with forward and
reverse codons aligned.

(ii) Infection with this sequence is strongly associated with the presence of another
RNA sequence, which was referred to in [19] as the ‘Robin’ sequence.

(iii) The Robin sequence is also ambigrammatic over its entire length (about 850 nt),
with the codons of the forward and reverse ORFs aligned. Neither forward nor
reverse directions are homologous to known sequences.

(iv) Ribosome profiling experiments show a ‘plateau’ structure [8], which closely
resembles that which is sketched in figure 3(b). The plateaus are seen in ribosome
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profiles of both the RARp gene and the Robin sequence. There is no evident loss
of definition of the plateaus on moving away from the 3’ end, as illustrated in
figure 3(c). This indicates that the packing of the ribosomes is very tight.

(v) The ribosome profile experiments detect the complementary stramd of both the
RdRp and the Robin sequence. Both of the complementary strands have ribosome
profiles with plateaus.

(vi) When the ribosome profiles of the forward and complementary strands are
compared, the heights of the plateaus are correlated when they aresin phase with
each other, as illustrated in figure 4.

(vii) The companion and RdRp coding sequence share ‘the AMeature of having
complementary terminal sequences: both the RdRpfand companion segments have
one end terminating with CCCC, while the opposite.end terminates GGGG.

These features are consistent with the properties of a PolyProV2 type virus system,
as described above. In particular the fact that thé two.sequences are strongly correlated
strongly implies that both are required for a'wiable infeztion. There is no evidence
(in the form of overlapping fragments){that the two/RNA molecules are ever found
together as a single chain. There is also no evidence supporting the existence of any
form of encapsulation of the two chains together.The observations are consistent with
an infection by a system of two symbiotiewiral RNA fragments. The natural hypothesis
is that the Robin fragment is responsible for creating the molecule which blocks ribosome
detachment. This fragment might encode a protein which has this role, or it might act
directly in its RNA form with #lie RdRp-coding gene.

There is evidence that the reverse ‘open reading frame is translated [8], although
not into a functional protein [28]5 This is an overhead which does reduce the capacity
of the cell to make functional#iral proteins, and which would have to be balanced again
whatever advantagesarises from hiding both strands of the virus RNA.

Both the narnavirus.component and the ‘Robin’ segment contain GGGG and CCCC
on their ends suggestingy that the CCCC tetragram is the controlling switch to prevent
detachment of the ribosome. The fact that these terminations are widely distributed
in narnaviruses indicates that the ambigrammatic variants may be using a pre-existing
feature as their fecognition. signal.

4. Discussion

We have proposed that viral RNA can be protected from degradation inside polysomes
if these are ‘frozen’. This hypothesis explains recent observations [8] of distinctive
ribosome profiles of some narnaviruses. It also explains the existence of ambigrammatic
sequences, because both phases of replication of an ambigrammatic gene can be
protected. The use of protective polysome coverings may prove to be a widely distributed
property of viral systems.

Page 12 of 14



Page 13 of 14

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PB-101367.R1

Polysomally Protected Viruses 13

Author Contributions

MW produced a draft of the manuscript following discussions with the other authors
about the recent discovery of a narnavirus system which has two ambigrammatic genes.
All authors contributed to writing the manuscript, and reviewed the manuscript before
submission.

Acknowledgments
~

We thank Hanna Retallack and Joe DeRisi for discussions of.their experimental studies
of narnaviruses. GH and DY were supported by the Chan Zueketberg Biohub; MW
thanks the Chan Zuckerberg Biohub for its hospitality. We.thank an anonymous referee
for some interesting comments and suggestions, whichswere reflected in a revision of our
manuscript.

References L 4

[1] Cobidn Giliemes A G, Youle M, Canti V Aj Felts B, Nulton J and Rohwer F 2016 Annual Review
of Virology 3 197-214 URL http://doi.org/10.1146/annurev-virology-100114-054952
[2] Hillman B I and Cai G 2013 The family narnaviridae: simplest of RNA viruses Mycoviruses
(Advances in Virus Research §ol186). ed Ghabrial S A (Elsevier) pp 149-176 URL
http://dx.doi.org/10.1016/B978-0~12-394315-6.00006-4
[3] Noll H 2008 Bioessays 30 122034
[4] Singh U N 1996 J. Theor Biol 179 147-59
[5] Christensen A and Bowme € 1999  Anatomical Record 255 11629 URL
https://doi.org/10.1002/(SICI)1097-0185(19990601)255:2<116: : AID-AR2>3.0.C0;2-0
[6] Brandt F, Etchells S A, Ortiz J, O, Elcock A H, Hartl F U and Baumeister W 2009 Cell 136
261-71 >
[7] Cepelewicz J 2020 Quanta Magazine URL https://www.quantamagazine.org/
new-clues-about-ambigram-viruses-with-strange-reversible-genes-20200212/
[8] Retallack H, Popeva K D, Laurie M T, Sunshine S and DeRisi J L 2020 bioRziv URL
http://10.1101/2020.12.18.42356
[9] Joazeiro C [ A 2017 Annu. Rev. Cell Dev. Biol. 33 34368 URL
https://doi.org/10.1146/annurev-cellbio-111315-125249
[10] Matsuo ¥, Tkeuchi="K, Saeki Y, Iwasaki S, Schmidt C, Sato F, Tsuchiya H,
Becker| T, /Tanaka K, Ingolia N T and Inada T 2017 Nat. Comm. 8 159 URL
http://doei.org/10.1038/s41467-017-00188-1
[11] Rendén O Z; Fredrickson E K, Howard C J, Vranken J V, Fogarty S, Tolley N D, Kalia R,
Osuna B A, Shen P S, Hill C P, Frost A and Rutter J 2018 Nat. Comm. 9 2197 URL
https://doi.org/10.1038/s41467-018-04564-3
[12] Juszkiewicz S, Chandrasekaran V, Lin Z, Kraatz S, Ramakrishnan V and Hegde R S 2018 Molecular
Cell 72 469-81 URL https://doi.org/10.1016/j.molcel.2018.08.037
[13] Nawickas A, Chamois S, Saint-fort R, other authors and Bénard L 2020 Nat. Comm. 11 122 URL
http://doi.org/10.1038/s41467-019-13991-9
[14] Tngolia N T, Ghaemmaghami S, Newman J R S and Weissman J S 2009 Science 324 218-223
URL http://doi.org/10.1126/science. 1168978
[15] Ingolia N T, Brar G A, Rouskin S, McGeachy A M and Weissman J S 2012 Nat. Protoc. 7 1534~
1550 URL https://doi.org/10.1038/nprot.2012.086



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PB-101367.R1

Polysomally Protected Viruses 14

[16]
[17]
[18]
[19]

[20]

Brar G A and Weissman J S 2015 Nat. Rev. Mol. Cell Biol. 16 65164 URL
https://doi.org/10.1038/nrm4069

Ingolia N T 2016 Cell 165 22—33 ISSN 0092-8674 URL
https://doi.org/10.1016/j.cell.2016.02.066

DeRisi J, Huber G, Kistler A, Retallack H, Wilkinson M and Yllanes D 2019 Se¢i. Rep»9 17982
URL https://doi.org/10.1038/s41598-019-54181-3

Batson J, Dudas G, Haas-Stapleton E, Kistler A L, Ii L. M, Logan P, Ratnasiri K and Retallack
H 2020 bioRziv URL https://doi.org/10.1101/2020.02.10.942854

Cook S, Chung B Y W, Bass D, Moureau G, Tang S, McAlister K, Culverwell
C L, Glicksman E, Wang H, Brown T D K, Gould E /A, Harbach R E, Lam-
ballerie X d and Firth A E 2013 PLOS ONE 8 e80720 ASSN 1932-6203 URL
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0080720

Dudas G, Huber G, Wilkinson M and Yllanes D 2021 Virus Evolution Acecepted for publication

Symons R H 1991 Molecular Plant-Microbe Interactions 4 114=21

Lakatos G and Chou T 2003 J. Phys. AwwnMath,, Gen. 36 2027 URL
https://doi.org/10.1088/0305-4470/36/8/302

Chou T and Lakatos G 2004  Phys. <Rev. Lett.” 93(19) 198101 URL
https://link.aps.org/doi/10.1103/PhysRevLett.93.198101

Lakatos G, Chou T and Kolomeisky A 2005 /Phys.%Rev. E 71(1) 011103 URL
https://link.aps.org/doi/10.1103/PhysRevE.71.011103

Dao Duc K, Saleem Z H and Song Y. S 2018, Phys. Rev. E 97(1) 012106 URL
https://link.aps.org/doi/10.1103/PhysRevE.97.012106

Erdmann-Pham D D, Dao Duc K and Song Y S 2020 Cell Systems 10 183 — 192.e6 ISSN 2405-4712
URL http://www.sciencedirect.com/science/article/pii/S2405471219304648

Esteban R and Fujimura T 2003 PNAS 100 2568-2573 URL
http://doi.org/10.1073/pnas.0530167100

Esteban R, Vega L and Fujimura T 2005 Journal of Biological Chemistry 280 33725-34 URL
https://doi.org/10.1074/ jbc.MB06546200

A S

Page 14 of 14



