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Abstract

Viruses are under constant evolutionary pressure to effectively interact with the host intracellular

factors, while evading its immune system. Understanding how viruses co-evolve with their hosts

is a fundamental topic in molecular evolution and may also aid in developing novel viral based

applications such as vaccines, oncologic therapies, and anti-bacterial treatments. Here, based on

a novel statistical framework and a large-scale genomic analysis of 2,625 viruses from all classes

infecting 439 host organisms from all kingdoms of life, we identify short nucleotide sequences

that are under-represented in the coding regions of viruses and their hosts. These sequences

cannot be explained by the coding regions’ amino acid content, codon, and dinucleotide fre-

quencies. We specifically show that short homooligonucleotide and palindromic sequences tend

to be under-represented in many viruses probably due to their effect on gene expression regula-

tion and the interaction with the host immune system. In addition, we show that more sequen-

ces tend to be under-represented in dsDNA viruses than in other viral groups. Finally, we

demonstrate, based on in vitro and in vivo experiments, how under-represented sequences can

be used to attenuated Zika virus strains.
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1 Introduction

Viruses, the most abundant type of biological entity, are small infec-
tious agents that can only replicate inside the living cells of other organ-
isms (hosts).1 The viral genetic material is composed of either RNA or
DNA molecule, single or double stranded. Viral genomes typically en-
code three types of protein: proteins for replicating the genome, pro-
teins for packing the genome, and proteins for modifying the function
of the host’s cell to enhance the replication of the virus’s material.2,3

Viruses are believed to play a central role in evolution,4 (e.g. via hori-
zontal gene transfer2,5–7), be responsible for various human diseases (e.g.
AIDS and respiratory diseases8,9), and also have important applications

to biotechnology10 and nanotechnology.11 For instance, the recent Zika
virus (ZIKV) epidemic in the Americas have led the World Health
Organization to declare a ‘public health emergency of international con-
cern’,12,13 and just recently the novel coronavirus (2019-nCoV) outbreak
in China was declared pandemic by the same organization.14 Due to their
complete reliance on the host gene expression machinery, viruses are un-
der constant evolutionary pressure to effectively interact with the host in-
tracellular factors, and at the same time effectively evade its immune
system.3,15 Thus, understanding how viruses co-evolve with their hosts to
ensure their fitness may help in developing novel viral based applications
such as vaccines, oncologic therapies, and anti-bacterial treatments.
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It is natural to expect that viruses and hosts co-evolution patterns
are also encrypted in the viral genome. For example, it was shown
that high correlation of GC content exists between bacteriophage
and related hosts,16 that a pattern of CpG dinucleotides is suppressed
in vertebrate hosts and in their related RNA viruses,17,18 that the fre-
quency of TpA dinucleotides is suppressed in invertebrate hosts and
in their related RNA viruses,19 and that many long sequences are
shared between hosts and their related viruses.20,21

Identification and analysis of short DNA sequences that are
under-represented (also referred to as suppressed or avoided) in
genomes of different species were analysed in the past.22,33 For ex-
ample, in,22 Markov chain models were used to analyse short
sequences in the DNA of two hosts: Escherichia coli and Bacillus

subtilis. Markovian models were used in23 to predict the frequencies
of short sequences and applied them to many prokaryotic species,
and the authors in24 introduced an efficient algorithm to identify
sequences that are avoided.

In this paper, we analyse under-represented nucleotide sequences
in the coding regions of all types of viruses and in the coding regions
of their corresponding hosts using a novel statistical framework.
These sequences are analysed separately in each of the three reading
frames. We provide a large database of these sequences, identify
unique and interesting patterns within these sequences, and demon-
strate how these sequences can be utilized to attenuate the ZIKV via
in vitro and in vivo experiments.

2 Materials and methods

In this section, we briefly describe the main steps of our methodol-
ogy. A detailed description appears in the Supplementary document.

2.1 Analysis flow overview

The general flow of our analysis is depicted in Fig. 1A. The dataset
of virus–host associations was retrieved from previously published
data.34 These include 2,625 unique viruses and 439 corresponding
hosts, where all the corresponding coding sequences were down-
loaded and processed. Randomization models were used to generate
many random variants of the host and virus coding sequences. Two
different randomization models were used, each control for different
biases. A dinucleotide randomization model preserves both amino-
acid order and content and the distribution of all 16 possible pairs of
nucleotides, whereas a synonymous codon randomization model pre-
serves both amino-acid order and content, and the codon usage bias.
These were then used to statistically infer short nucleotide sequences
that are under-represented within both the original host and virus ge-
nome coding regions, in each reading frame, and those that are com-
mon to all three reading frames. These under-represented sequences
were analysed and compared among different viral groups and viral
proteins, revealing some interesting evolutionary patterns that will
be discussed later on. Based on this analysis, an attenuated variant of
the ZIKV was engineered and its attenuation was demonstrated in
cell lines and in mice.

2.2 Database

The virus and host coding sequences and association information
was retrieved from a published database.21 In brief, the association
between viruses and hosts was derived from the GenomeNet Virus-
Host Database.34 The database contains 2,625 unique viruses and
439 corresponding unique hosts from all kingdoms of life (see
Supplementary Table S1). Figure 1B depicts the six host domains in
the database (vertebrates, bacteria, fungi, metazoa, planta, and
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Figure 1. The analysis flow diagram (A), a summary of the viruses–hosts association database (B), where left values specify the total number of viruses corre-

sponding to each host domain, and right values specify the total number of hosts in each host domain, and the randomization models (C), illustrating an example

of dinucleotides randomization (left) and synonymous codons randomization (right).
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protists), where we specify for each host domain the portion of the
corresponding viruses belonging to each virus type. The virus types
in the database are reverse-transcribing (retro), double-stranded
DNA (dsDNA), double-stranded RNA (dsRNA), single-stranded
DNA (ssDNA), single-stranded RNA (ssRNA, positive and negative
sense), and other (unclassified).

2.3 Randomization models and statistical analysis

The question that we must first address is: what constitutes an
under-represented sequence in a coding region? To detect sequences
that are statistically under-represented in the coding regions, our sta-
tistical background model must capture well-understood coding re-
gion features, which are known to be under selection. For example,
selection for codon usage bias may cause few short sequences to be
in low abundance in the coding regions (as opposed, for example, to
regions that are not translated). This, however, does not imply that
these short sequences were directly selected against by evolutionary
forces. Our definition of under-represented short nucleotide sequen-
ces in the coding region must then be formulated with respect to all
known coding region features (i.e. amino-acids content and order,
codon usage bias, and dinucleotide distribution), to suggest possibly
new evolutionary forces acting on the viral coding regions.

To that end, two randomization models were used to evaluate our
hypothesis for short, under-represented nucleotide sequences in the
coding regions of the viruses and in the coding regions of their corre-
sponding hosts. The first, called dinucleotide randomization, pre-
serves both amino acid order and content (and thus the resulting
protein), and the frequencies of the 16 possible pairs of adjacent
nucleotides (dinucleotides). The second, called synonymous codon
randomization preserves both amino-acids order and content (and
thus the resulting protein) and the codon usage bias. Figure 1C
depicts a schematic description of both randomization methods.

A selection against short nucleotide sequences that cannot be
explained by the canonical genomic features that are preserved by
both randomization models implies that these sequences will appear
more frequently in the random variants (generated by the above ran-
domization models) than in the original genome. Empirical P-values
were derived from the empirical null model defined by the above two
randomization models. The P-value estimates the probability of
obtaining a random value (i.e. the number of occurrences of a se-
quence in the coding regions) that is the same or larger than the ob-
served value in the original genome. This was performed separately
in each of the three reading frames. A sequence was declared under-
represented if its P-values corresponding to the two randomization
models were both �0.05. Note that in the case of synonymous codon
randomization, no under-represented sequence of size three nucleoti-
des can be identified in the first reading frame.

Specifically, when analysing under-represented sequences in the
viruses, we compared the original genome to 1,000 corresponding
randomization variants generated by each of the randomization
models described above. Under-represented sequences were then
identified separately in each reading frame. In addition, common
under-represented nucleotide sequences were identified (i.e. sequen-
ces that are under-represented in all three reading frames—see
Supplementary document, Section 1.4.1). This may indicate selection
against sequences that may ‘interfere’ with the process of mRNA
translation. See Supplementary document, Sections 1.4 and 2.3 for
an additional method of identifying under-represented sequences in
the viruses based on the corresponding hosts (i.e. host-based as op-
pose to random-based analysis).

Due to the large size of the host genome, the analysis of under-
represented sequences in the hosts was performed differently than in
the viruses. Instead, the hosts were analysed relative to their corre-
sponding viruses. Recall that a host can be infected by several vi-
ruses. Specifically, for each pair of a host and a corresponding virus
(i.e. a virus that infects that host), we randomly sampled the host
coding sequences with a sample size equals the total size of the virus
coding sequences. Twenty host samples were used for each host–vi-
rus pair. Each sample was compared with 1,000 corresponding ran-
domization variants generated by each of the random models. Thus,
twenty sets of under-represented sequences were identified in the
host, for each reading frame, given a corresponding virus. A se-
quence that is under-represented in at least ten of the twenty samples,
per reading frame, is then considered as under-represented in the
host, given the corresponding virus. This is referred to as the sampled
majority under-represented set of the host given a corresponding vi-
rus (see Supplementary document, Section 1.4.2). The final set of
sequences that are under-represented in the host was defined by the
intersection over all the corresponding viruses. See more details in
Supplementary document, Section 1.4.

2.4 Preparation of synthetic attenuated ZIKV vaccine

based on under-represented oligos

The genome of a Thai-strain ZIKV from an infectious-clone plas-
mid35 was evaluated to uncover under-represented sequences (see
Supplementary document, Section 1.8 for more details on the ZIKV
strain). First, the two randomized models (dinucleotides and synony-
mous codons) were used on the ZIKV coding sequence to identify
short sequences that are under-represented. Next, oligos of five
nucleotides (5-mers) that were identified by both models and showed
significant P-values were selected and ranked according to their sig-
nificance level (see the list of oligos detected in Supplementary docu-
ment, Section 2.7). Following, the sequence of the Thai strain ZIKV
NS5 protein was systematically scanned at the nucleotide level
(according to the significance in the relevant frame) to identify loca-
tions that can be modified with each 5-mer, but without affecting the
amino acid sequence of the protein (Fig. 2). Specifically, we were
able to identify and introduce 29 synonymous codon changes in the
first reading frame, and 70 synonymous codon changes in the second
reading frame.

Figure 2. A general scheme of engineering a synthetic sequence. Specifically,

in the case of the synthetic ZIKV UR99 sequence, we introduced different un-

der-represented 5-mer oligo in the first two reading frames (identified using

both randomization models), replacing the original nucleotide sequence

while verifying that the protein AA sequence remains unchanged.
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The modified NS5 sequence (hereafter named UR99) was later
synthesized as plasmid DNA, amplified by PCR, and used to build
ZIKV-UR99 strain by Gibson assembly.36 The first-passage stock vi-
rus was produced using Vero cells.

Synthetic strain preparation: The infectious-clone plasmid of the
Thai-strain ZIKV was constructed from PCR products of viral
cDNA. The transfection of the plasmid into mammalian cells gener-
ated infectious virus with replication kinetics similar to those of the
original virus. The sequence of the infectious-clone plasmid was in-
deed verified.35 The viral sequence from this infectious-clone plasmid
was evaluated to uncover under-represented sequences as discussed
above.

Cell lines: BHK21 with rtTA3 was used to generate virus from as-
sembled DNA.37 The supernatant from the transfected BHK21 was
then used to infect Vero cells to prepare the virus stock for subse-
quent experiments. Replication kinetics of the wild-type (WT) virus
and the UR99 virus were characterized in Vero cells with MOI ¼
0.01. The infectious titre was quantitated with Vero cells using
immunostaining against E protein by 4G2 monoclonal antibodies.

Animals: The 45 male and female AG129 mice produced by an
in-house colony were used. Groups of animals of both genders were
randomly assigned to experimental groups and individually marked
with ear tags. Animals were challenged with Malaysian ZIKV, ZIKV
WT synthetic, UR99, or vehicle. Serum was collected from all mice
14 dpi for assessment of neutralizing antibodies (neutAbs) via PRNT
assay. Mice were monitored for mortality and disease signs daily.
Individual weights were recorded daily throughout the course of the
study.

Virus: WT ZIKV (Malaysian strain, P6-740) was prepared by two
passages in Vero cells. A challenge dose of �100 CCID50 was ad-
ministered via s.c. injection in a volume of 0.1 ml. The virus was gen-
erated from the same infectious-clone plasmid as the designed
variants.

Quantification of neutAb: neutAb was quantified using a 50%
plaque reduction neutralization titre (PRNT50) assay. Serum sam-
ples were heat inactivated at 56�C for 30 min in a water bath. One
half serial dilution, starting at a 1/10 dilution of test sera was made.
Dilutions were then mixed 1:1 with an appropriate titre of ZIKV in
MEM containing 2% fetal bovine serum (FBS) and incubated at 4�C
overnight. The virus-serum mixture was then added to individual
wells of a 12-well tissue culture plate with Vero76 cells (4e5 cells/
well). Viral adsorption proceeded for 1 h at 37�C and 5% CO2, fol-
lowed by addition of 1.7% (4,000 cps) methylcellulose overlay me-
dium containing 10% FBS to each well. Plates were incubated for 4
days, and then stained with crystal violet [with 1% (wt/vol) crystal
violet in 10% (vol/vol) ethanol] for 20 min. The reciprocal of the di-
lution of test serum that resulted in >50% reduction in average pla-
ques from virus control was recorded as the PRNT50 value.

3 Results and discussion

3.1 Results

3.1.1 Overview of the study
To identify short under-represented nucleotide sequences, we com-
pared the number of appearances of each 3, 4, and 5 nucleotides
sequences in each reading frame of the original genome with many
corresponding randomization variants. Our randomization models
preserve the basic canonical features of the coding sequences, i.e.
amino-acids composition, codon usage bias, and dinucleotide distri-
bution (see Section 2.3). Thus, an under-represented sequence cannot

be explained by these canonical features and may be selected against
by other evolutionary forces.

To estimate the false discovery rate, we performed two separate
evaluations. First, we generated 10,000 randomizations (instead of
1,000) for few randomly selected viruses and verified that under-
represented sequences that were detected using 1,000 randomiza-
tions were also detected using 10,000 randomizations. In the second
evaluation, we performed identifications of under-represented
sequences in random variants of the viruses (rather than in the origi-
nal genome). Specifically, a random variant of each virus was ran-
domly selected, and the P-value was evaluated relative to this
(random) variant (see Supplementary document, Section 1.4.1.1).
Comparing the number of under-represented sequences identified in
the original viruses and the randomized variants of the viruses yields
an estimation of a false discovery rate of 1.38% (for m¼3), 1.39%
(for m¼4), and 1.43% (for m¼5).

The under-represented sequences identified were further processed
by analysing different virus and host groups. Specifically, we ana-
lysed under-represented sequences for each virus group, for each
host domain, for all viruses that corresponds to the same host, and
for different combinations of host domains and virus groups (see
Supplementary document, Section 1.5). A complete list of the most
abundant under-represented sequences among the different virus
groups is available in Supplementary Table S2.

In addition, we refined our analysis of under-represented sequen-
ces in the viruses by analysing different protein groups. We classified
all viral genes into five mutually exclusive functional groups [surface,
structural, enzymatic, unknown (unclassified genes), and other (hy-
pothetical genes)] and showed that the selection against short nucleo-
tide sequences depends on the viral protein function.

Finally, we performed a test study using ZIKV, where we engi-
neered under-represented sequences into the genome of an Asian
ZIKV and studied their effect both in vitro and in vivo.

3.1.2 Under-represented sequences appear in many
viruses types
Figure 3A and B depicts the average number of under-represented
sequences of size m¼3, 4, and 5 nucleotides, identified in few sub-
sets of viruses in both the original and random variants of the virus.
See Supplementary document, Section 1.5 for details about the differ-
ent subsets, and Supplementary document, Section 1.4.1.1 for gener-
ating random variants of viruses. As shown in the figures, the
average number does indeed increase with the sequence size. Also,
many under-represented sequences are found in dsDNA viruses that
infect bacteria and vertebrate hosts. The average number of under-
represented sequences found in the random variants of the viruses is
between 1 and 2% of the average number found in the original ge-
nome, suggesting a false discovery rate <2%.

Since the genome of dsDNA viruses tend to be on average larger
than the genome of RNA viruses, we aimed at evaluating if the larger
number of under-represented sequences identified can be simply at-
tributed to a better statistical signal due to the larger nucleotide size
of these viruses. A sampling analysis that we performed (see
Supplementary document, Section 2.8) suggests that the number of
under-represented sequences identified in dsDNA viruses matches
their genomic size, when compared with RNA viruses.

A complete list of under-represented sequences of sizes m¼3, 4,
and 5 nucleotides in all viruses in the database is available in
Supplementary Table S3 (random-based) and in Supplementary
Table S4 (host-based).

4 Viral under-represented sequences evolution
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3.1.3 Evidence of universal selection against short
homooligonucleotide mainly within the viral coding
regions
Our analysis suggests that among the most abundant common under-
represented nucleotide sequences (i.e. sequences that are under-
represented in all three reading frames) are homooligonucleotide
repeats, specifically in viruses. These are sequences of the form XX.X,
where all X contain the same nucleotide. Figure 4A depicts the most
abundant common under-represented sequences in the five host
domains (left figure) and in the five main virus groups (right figure).

Note that among these, specifically in viruses, are sequences con-
taining the same nucleotide repeated m¼3, 4, or 5 times (i.e. sequen-
ces that correspond to the same colour repeating m times in the
figure). A finer resolution of these common under-represented
sequences is provided in Fig. 4B, where we depict these sequences
separately for different subsets of hosts (left figure) and subsets of vi-
ruses (right figure). See Supplementary document, Section 1.5 for
more details of the different subsets.

Table 1 lists the six most abundant common under-represented
nucleotide sequences of size m¼3, 4, and 5 in dsDNA viruses. All
homooligonucleotide sequences (shown in red coloured text) are
among these most abundant sequences.

One possible reason for this general selection against homooligo-
nucleotide (in all three reading frames) in both viruses and hosts is to
reduce erroneous frame shifts as ribosomes traverse the mRNA while

decoding it codon by codon. A sequence containing a repetition of
the same nucleotide in the coding sequence may cause the ribosome
to miss the codon boundary, resulting in a frame shift and thus a
non-functional and most likely deleterious protein.2,38 This must be
recognized and degraded by energy-consuming intracellular proteo-
lytic mechanisms. Since translation is the most energetically consum-
ing process in the cell, it is believed that transcripts undergo selection
to minimize this energy cost.39–43 Selection against sequences of re-
petitive nucleotides reduces faulty translation, thus minimizing the
overall translation cost.

It is possible that this selection against homooligonucleotide repeat
is indeed more pronounced in viruses than in hosts since viruses are un-
der much stronger evolutionary selection as they have a larger effective
population size and thus a stronger effect of these types of mutations
on their fitness. Another possible reason may be related to different
host immune evasion mechanisms used by viruses (see Section 3.2).

We also evaluated the sequence overlap between common under-
represented sequences in viruses and transcription factor binding sites
and again found a general selection against homooligonucleotide
repeats. These are reported in Supplementary document, Section 2.4.

3.1.4 Evidence of selection against short palindromic
sequences within the viral coding regions
A nucleotide sequence is called palindromic if it is identical to its re-
verse complement. Obviously, palindromic sequences are of even
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Figure 3. Average number of under-represented sequences of size m¼3, 4, and 5 nucleotides. (A) The average number in the original viral genome among differ-

ent subsets of viruses. (B) The average number in the random viral genome (i.e. in a random variant of the virus) among different subsets of viruses (see

Supplementary document, Section 1.4.1.1). The virus’s subsets are denoted by a pair V: H, indicating all viruses of type V that infect hosts of domain H (H defines

the first two letters of the host domain). For example, ssRNA: Pl denotes all ssRNA viruses that infect hosts of domain plants.
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length. Our analysis reveals that 32.5% of all common under-
represented sequences of size m¼4 nucleotides in viruses are palin-
dromes. Excluding homooligonucleotide repeats this becomes
�51%. Note that only 6.25% of all possible sequences of size m¼4

nucleotides are palindromes. We also evaluated the number of palin-
dromes in random variants of the viruses. These random variants
preserve basic transcript features such as amino-acid order and con-
tent, codon usage bias and dinucleotide distributions. Only 5.7% of
all common under-represented sequences of size m¼4 in the random
variants of the viruses were found to be palindromes. These findings
suggest that indeed the coding regions of viruses are selected against
short palindrome sequences.

Figure 5A and B depicts the percentage of palindromic sequences
of size m¼4 nucleotides that are common under-represented sequen-
ces in subsets of hosts and viruses. It was found that palindromic
sequences are selected against only in one subset of hosts: bacterial
hosts that are infected by dsDNA viruses. In addition, palindromic
sequences were found to be selected against in dsDNA viruses that
infect either bacteria (i.e. bacteriophage) or vertebrate hosts.44,45

As depicted in Fig. 5A and B, the sequence GATC is the most
abundant palindromic common under-represented sequence in
bacteriophages. GATC is a recognition site of different

A

B

Figure 4. The most abundant common under-represented sequences of size m¼ 3 (top panel in each sub-figure), m¼4 (middle panel in each sub-figure), and m¼5

(bottom panel in each sub-figure). (A) In five host domains (left) (no common under-represented sequences were found for hosts of the fungi domain) and in the

main five virus groups (right). (B) In subsets of hosts (left) and subsets of viruses (right). The host subsets are denoted by the pair H: V, indicating all hosts of domain

H that are infected by viruses of type V (H defines the first two letters of the host domain). For example, Ve: dsDNA denotes all hosts of the domain vertebrate that

are infected by viruses of type dsDNA. The virus subsets are denoted by the pair V: H, indicating all viruses of type V that infect hosts of domain H. For example,

ssRNA: Pl denotes all ssRNA viruses that infect hosts of domain plants. Each row in each panel denotes a nucleotide sequence. A maximum of 15 sequences are

shown in each panel ordered top to bottom based on their occurrence frequency (i.e. top sequence appeared most frequently as common under-represented).

Table 1. The six most abundant common under-represented

nucleotide sequences of size m¼ 3, 4, and 5 in dsDNA viruses (and

their abundance in percentage)

m¼ 3 m¼ 4 m¼ 5

TTT (25.5%) AAAA (25.2%) AAAAA (29.5%)
AAA (18.2%) TTTT (24.8%) TTTTT (22.8%)
TAG (13.2%) GATC (24.2%) GGATC (12.8%)
CCC (10.0%) CGCG (11.1%) GATCT (11.7%)
GAC (8.7%) GGGG (10.5%) GGGGG (11.1%)
GGG (8.6%) CCCC (8.2%) CCCCC (10.5%)

Red colour indicates homooligonucleotide repeats.
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Figure 5. Under-represented palindrome sequences. (A) The percentage of palindromic sequences of size m¼4 nucleotides that are common under-represented

in hosts of domain bacteria that are infected by viruses of type dsDNA. (B) The percentage of palindromic sequences of size m¼4 nucleotides that are common

under-represented in viruses of type dsDNA infecting hosts of domain vertebrate (left) and hosts of domain bacteria (right). (C) The number of occurrences of

each palindrome of size m¼4 as under-represented sequence in viruses of type dsDNA infecting hosts of domain bacteria in the original viral genome (blue) and

in the randomized genome (red) of viruses. Note that the scales of the blue and the red bars are extremely different. (D) The number of occurrences of each
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restriction-modification systems, as well as solitary methyltransferase
Dam. In addition, methyl-directed Type II DpnI enzyme cleaves
methylated GATC sequences. Previous work28 hypothesized that
GATC avoidance in bacteria can result from a DNA exchange be-
tween strains with different methylation status of GATC site within
the process of natural transformation (see also32).

Figure 5C and D depicts the total number of occurrences of each
palindrome as under-represented sequence in dsDNA viruses that in-
fect bacteria and vertebrate hosts, respectively. In these sub-figures
we analysed under-represented sequences regardless of reading
frames. Two cases are shown: the case where the real virus genome is
used (shown in blue colour), and the case where a randomized vari-
ant of the virus genome is used (shown in red colour). Note the scale
difference in the y-axis between the real and the randomized results.
The results in the figures imply that dsDNA viruses undergo selection
against short palindrome sequences.

It has been proposed that the principal underlying reason for the
apparent avoidance of short palindromes in dsDNA viruses is because
they are targets for many restriction-modification systems and possi-
bly for general recombination systems as well.25,29,31,46,47 Restriction-
modification systems protect bacteria and archaea from attacks by
bacteriophages and archaeal viruses. A restriction-modification system
specifically recognizes short sites in foreign DNA and cleaves it, while
such sites in the host DNA are protected by methylation.

To evaluate the hypothesis of palindromes avoidance in viruses
due to restriction-modification systems, we downloaded all restriction
enzyme patterns from the REBASE48 database (we used version 811,
which contains information for 952 different restriction enzymes) and
evaluated the overlap between the common under-represented nucleo-
tide sequences we identified and the restriction sites from REBASE.
Figure 5E depicts the number of exact matches between the most
abundant common under-represented palindrome sequences of size
m¼4 nucleotides in dsDNA viruses and restriction sites. The figure
also depicts the corresponding enzyme name and the P-value for each
common under-represented sequence. The P-value was computed by
evaluating the match between common under-represented sequences
of random variants of the viruses and the restriction sites. Figure 5F
depicts the number of restriction sites that are supersets of the most
abundant common under-represented palindrome sequences. P-
Values were computed as in the case of an exact match.

To show that the correspondence between selection against short pal-
indromic sequences in viruses and restriction sites cannot be explained
by basic coding region features such as amino-acid content and order,
codon usage bias and dinucleotide distribution, we also evaluated the
overlap between restriction sites and common under-represented sequen-
ces of random variants of viruses. This is reported in Supplementary doc-
ument, Section 2.5. A complete list of all common under-represented
palindromes of size m¼4 is provided in Supplementary Table S6.

3.1.5 Large numbers of common under-represented
sequences are found in dsDNA viruses infecting verte-
brate or bacteria hosts
Figure 6 depicts the number of common under-represented nucleo-
tide sequences identified in different subsets of hosts and viruses.

Common under-represented sequences were only identified in two
subsets of hosts. On the other hand, common under-represented
sequences were identified in all eight subsets of viruses.

Our analysis reveals that dsDNA viruses infecting bacteria and
vertebrate hosts have the largest number of common under-
represented sequences among the different virus subsets. This, as sug-
gested above, seems to be due to the size of dsDNA viruses when
compared with ssDNA and RNA viruses. On the other hand, bacte-
ria that are infected by dsDNA viruses have the largest number of
common under-represented sequences among the different host sub-
sets. Thus, the stronger selection for under-represented sequences in
bacteria may induce stronger selection for under-represented sequen-
ces in viruses that utilize this host.

In addition, we evaluated the number of under-represented
sequences identified in the real genome of the viruses when compared
with the randomized genome of the viruses. This is reported in
Supplementary document, Section 2.9. Indeed, many more sequences
are identified as under-represented in the real genome of the virus.
On average over all viruses and the three sequence sizes, there are
�45 STDs more under-represented sequences in the real genome in
comparison to the random genomes, implying that these cannot be
explained by basic coding region features, and suggesting possibly
new evolutionary forces acting on the viral coding regions.

3.1.6 Many sequences are common under-represented
in viruses but not in their related hosts
We analysed the correspondence of the under-represented nucleotide
sequences between hosts and their related viruses. Specifically, for
each pair of a host and a corresponding virus we identified three dif-
ferent classes of sequences:

A. Sequences that are common under-represented in both the host
coding regions and in the corresponding virus coding regions.

B. Sequences that are common under-represented in the correspond-
ing virus coding regions but are not common under-represented in
the host coding regions.

C. Sequences that are common under-represented in the host coding
regions but are not common under-represented in the correspond-
ing virus coding regions.

Note that since we analyse each pair of a host and a corresponding
virus separately, the set of under-represented sequences in a host
above is the sampled majority under-represented set.

For obvious reasons, sequences that are not under-represented in
both host and virus coding regions constitute the majority of the
sequences and are thus not reported here. A complete list of all
under-represented sequences within the three classes above for all
hosts and viruses in our database is available in Supplementary
Table S5.

In general, an under-represented sequence of m nucleotides may
contain sub-sequences that are themselves under-represented. Thus,
it may be interesting to identify unique under-represented sequences,
i.e. sequences that do not contain any sub-sequences that are under-
represented. For each pair of a host and a corresponding virus, a se-
quence belonging to one of the three classes above is referred to as a

palindrome of size m¼4 as under-represented sequence in viruses of type dsDNA infecting hosts of domain vertebrate in the original viral genome (blue) and in

the randomized genome (red) of viruses. Note that the scales of the blue and the red bars are extremely different. (E) Overlap between common under-repre-

sented sequences of size m¼ 4 nucleotides in dsDNA viruses and restriction sites downloaded from the REBASE database. Shown are the number of exact

matches between the most abundant common under-represented palindromes of size m¼4 in dsDNA viruses and restriction sites. The corresponding restriction

enzyme names and P-values are shown as well. (F) The number of restriction sites that are a superset of the most abundant common under-represented palin-

dromes of size m¼ 4 nucleotides in dsDNA viruses. Shown also are the corresponding P-values.
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Figure 6. The number of the common under-represented nucleotide sequences in subsets of hosts and in subsets of viruses. A, B, and C correspond to sequences

of size m¼ 3, 4, and 5 nucleotides, respectively, where in each panel the left sub-figure corresponds to subsets of hosts and the right sub-figure to subsets of

viruses.
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unique under-represented sequence if it does not contain any sub-
sequence that is under-represented in that class. Specifically, a unique
common under-represented sequence of size m¼4 (m¼5) nucleoti-
des doesn’t contain any sub-sequence of size m¼3 (of size m¼3 and
of size m¼4) nucleotides that is common under-represented sequen-
ces. A complete list of all unique common under-represented sequen-
ces within the three classes above for all hosts and viruses in the
database is available in Supplementary Table S7.

The correspondence of the most abundant under-represented
sequences between viruses and their related hosts is depicted in Fig. 7
for different host and virus subsets. Each panel depicts both the most
abundant common under-represented sequences (left) and the most
abundant unique common under-represented sequences (right),
where the panel names correspond to the class names. Our first ob-
servation is that many under-represented sequences are indeed
unique. For example, comparing the cases of m¼4 and m¼5 of
class A (left sub-figure middle and bottom rows, respectively) with
the corresponding unique set (right sub-figure top and bottom rows,
respectively) reveals that the majority of the most abundant sequen-
ces is unique. Second, homooligonucleotide repeats are among the
most abundant sequences in all three classes. In addition, more
sequences were identified in class B over the different subsets than in
the other two classes. For example, Table 2 lists the most abundant
unique sequence of classes B and C in all the different subsets of
hosts and viruses. As shown in the table, unique sequences were iden-
tified in all subsets in class B, as oppose to class C.

3.1.7 Selection against under-represented sequences in
viruses depends on the protein function
The viral genome encodes different types of proteins that are neces-
sary for the life cycle of viruses in their respective hosts. These, in
general, include surface proteins that interact with the host receptors
and enable attachment and entry to the host cell, structural proteins
that serve as the building blocks of the virus, and replicating
enzymes, such as RNA and DNA polymerase, that are required for
the replication of the virus. In addition, many other proteins, some
of which are uncharacterized, are diversely involved in different regu-
latory and accessory functions.

Here, our aim is to refine the analysis of under-represented
sequences in viruses by analysing, separately, different protein
groups. To that end, and similarly to,21 we classified all viral genes
into five mutually exclusive functional groups (functional sets): sur-
face, structural, enzymatic, unknown (unclassified genes), and other
(hypothetical genes). Specifically, for each virus in the database, we
divided its genome into the five gene sets defined above. Each gene
set contains all the virus genes of the same functional group. For ex-
ample, the surface gene set of a virus contains all the genes that en-
code surface proteins in the virus’s genome. A set might be empty for
a particular virus if no genes of the corresponding functional group
exist in that virus. See Supplementary document, Table S2 for a list
of the total number of sets and genes of each functional group in the
database. The analysis of under-represented sequences was then per-
formed separately in each of the five gene sets for each of the viruses
in the database (see more details in Supplementary document,
Section 1.6). A complete list of all under-represented sequences in
each viral functional group over all viruses in the database is avail-
able in Supplementary Table S8.

We first analysed the average number of under-represented
sequences identified in each gene set. To control for the difference in
the average gene size and the number of genes in each set, we ran-
domly selected 1,500, 1,240, 1,450, 3,300, and 2,210 genes from

each of the surface, structural, enzymatic, unknown, and hypotheti-
cal functional groups, respectively. This means that the number of
identified under-represented sequences is analysed over similar re-
gion sizes, and the differences between the different sets cannot be
explained by the genes’ nucleotide size in each set.

Figure 8A depicts the average number of under-represented
sequences (over all three reading frames) identified in each of the
gene set over the (randomly selected) subset of genes. Relatively small
number of under-represented sequences were identified in surface
genes (that participate in the recognition of the host receptors), when
compared with the other gene sets. At least twice as many were iden-
tified in many of the enzymatic genes. These proteins interact closely
with the host cell machinery, are essential for the viral replication cy-
cle, and thus must use mechanisms that guarantee their function.

Figure 8B depicts the most abundant common under-represented
sequences within each viral functional group. These differ between
the different functional groups; however, homooligonucleotide
sequences appear among the most abundant common under-
represented sequences in all groups.

3.1.8 Under-represented sequences attenuate ZIKV
replication in vitro and in vivo
We designed an attenuated ZIKV variant based on the under-
represented analysis we performed. Such variants may be useful in
the future for generating a live-attenuated vaccine.

Specifically, we introduced synonymous mutations to the NS5 nu-
cleotide sequence, which includes under-represented sequences, and
named the new variant UR99 (see details in Section 2).

Infection studies in Vero cells demonstrated fractional variant at-
tenuation of the UR99 virus, which was correlative with our model
predictions (see foci size in Fig. 9A, right bottom). In addition, infec-
tious virus collected and evaluated from the UR99 variant showed
substantial attenuation relative to WT ZIKV (Fig. 9A).

There is evidence that AG129 mice lacking IFN-a/b and IFN-c
(types I and II interferon) receptors can be valuable for evaluating
the efficacy of new vaccines and anti-viral treatments for ZIKV.49,50

Therefore, as these mice are immune compromised, various strains
of ZIKV cause lethal infection and disease, and will typically cause
morbidity and mortality. Depending on the strain, severe disease is
observed between 1 and 2 weeks after virus challenge.50,51

Thus, to further test the synthetic vaccine attenuation level
in vivo, AG129 mice were challenged with attenuated ZIKV prepara-
tions as well as synthetic WT ZIKV. These inoculations were done in
parallel with the original virus grown in cell culture. Infection with
the synthetically attenuated ZIKV strains was lethal in all inoculated
AG129 mice. However, the mortality curve of mice infected with
UR99 was delayed, when compared with that of WT Malaysia and
WT synthetic ZIKV (average of 20.4 days in UR99 vs. 15 and 17.5
in WT Malaysia/synthetic ZIKV, respectively; see Fig. 9B). No mor-
tality was observed in unvaccinated controls, and mice vaccinated
with vehicle (Fig. 9B).

Weight loss was also observed in all the infected mice (30–40%;
see Fig. 9C). Normal control mice experienced general weight gain
throughout the experimental period (Fig. 9C). Weight loss corre-
sponded well with mortality, and mice typically lost substantial
weight, requiring humane euthanasia.

neutAb is the primary mediator of protection in vaccine studies in
this model.52,53 Therefore, serum samples were taken to determine
the presence of neutAb in infected mice. The neutAb titre was evalu-
ated in vaccinated mice 2 weeks after vaccination. Mice vaccinated
with synthetic WT or UR99 had significantly (P<0.0001) elevated
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neutAb titres when compared with vehicle controls (see Fig. 9D). As
expected, no neutAb was detected in mice vaccinated with vehicle or
in normal control groups (see Fig. 9D).

The virulence levels of UR99 were somewhat lower than the levels
of the Malaysian and Synthetic WT strains, thus demonstrating that

under-represented sequences can be potentially used in the design of
live attenuated ZIKV strains. Accordingly, additional attenuation of
this variant (e.g. by introducing similar changes to other ZIKV pro-
teins) may further decreases the lethality of the mice infected by it.
Since AG129 mice are very susceptible to ZIKV infection,49–51 this

A

B

C

Figure 7. The most abundant common under-represented nucleotide sequences that are shared between hosts and their corresponding viruses in different sub-

sets of hosts and viruses. (A) Class A sequences (left) of size m¼ 3 (top panel), m¼4 (middle panel), and m¼5 (bottom panel), and unique class A sequences

(right) of size m¼4 (top panel) and m¼5 (bottom panel). (B) Class B sequences (left) of size m¼3 (top panel), m¼4 (middle panel), and m¼5 (bottom panel),

and unique class B sequences (right) of size m¼4 (top panel) and m¼ 5 (bottom panel). (C) Class C sequences (left) of size m¼3 (top panel), m¼4 (middle panel),

and m¼5 (bottom panel), and unique class C sequences (right) of size m¼4 (top panel) and m¼5 (bottom panel). Each row in each panel denotes a nucleotide

sequence. A maximum of 15 sequences are shown in each panel ordered top to bottom based on their occurrence frequency (i.e. top sequence appeared most

frequently as common under-represented).
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mouse model might be too stringent to test these live attenuated vac-
cine candidates, as human infection is generally sub-clinical after nat-
ural ZIKV infection, hence the attenuated strain might be effective in
an immunocompetent model.

3.1.9 Average number of under-represented sequences
in viruses and hosts
We compared the average number of under-represented sequences
identified in each pair of a virus and its corresponding host. See
Supplementary document, Section 2.10 for more details. We found
that in �75% of the cases the average number was larger in the
hosts. We believe that this is due to the fact that the viral genome is
usually populated with many overlapping codes and genes, when
compared with cellular organisms.54–56 This introduces many con-
straints along the viral genome, which can decrease the number of
under-represented sequences in the virus. For example, a sub-optimal
codon within the host coding region may be synonymously replaced
by evolution without affecting the host fitness. However, due to
overlapping codes, replacing a sub-optimal codon within the viral
coding region may affect multiple proteins and genes, and thus be
deleterious to the virus.

3.2 Discussion

In this study, we analyse sequences of three, four, and five nucleoti-
des long that are under-represented in the coding regions of viruses
of all types and in their corresponding host coding regions. This
study is based on a novel statistical evaluation that controls for clas-
sical coding region features, which is performed separately in each of
the three reading frames. We provide various novel discoveries that
may shed light on the evolution of viral DNA sequences and on the
virus co-evolution with its respective hosts. It is important to empha-
size that the observed patterns may be related to various variables
and their complex interactions, include gene expression optimiza-
tions, various mechanisms for escaping the host immune system, and
co-evolution with the corresponding hosts. For example, it was
reported that suppression of CG dinucleotides in HIV-1 is due to co-
evolution with its vertebrate host to avoid the host defence
mechanisms.18

In general, our analysis reveals that under-represented viral
sequences are related to different mechanisms such as restriction
modification systems and possibly to alternative or unknown im-
mune escape mechanisms, as these sequences cannot be explained by
canonical mechanisms that may suggest, for example, classical viral
recognition using antibodies.

We show that homooligonucleotide repeats are the most abun-
dant under-represented sequences in both viruses and hosts. A possi-
ble explanation for this avoidance is to reduce an erroneous
ribosomal frame shifts and thus reduce faulty translation and

consequentially the overall translation cost. However, as this motif is
shown to be shared between hosts and viruses, our analysis also indi-
cates that a stronger selection pressure against these sequences exists
in viruses. This again can be attributed to escape mechanisms from
the host immune system, as the virus nucleotide composition evolves
to be similar to the host, and it is certainly possible that an excess
avoidance of homooligonucleotide repeats reduces viral recognition
by classical host immune mechanisms. There may be other relevant
explanations such as interaction with small RNA genes (e.g.
miRNAs). It is possible, for example, that these sequences may in-
crease the efficiency of miRNA and mRNA interactions and thus de-
crease expression levels. This should be studied further.

In addition to homooligonucleotide repeats, we show that palin-
dromes are among the most abundant under-represented sequences
in viruses. Specifically, excluding homooligonucleotide repeats, our
analysis reveals that 51% of all under-represented sequences of four
nucleotides long in viruses are palindromes (where only 6.25% of all
possible sequences of that size are palindromes).

Indeed, analysis of palindromes avoidance in viruses was per-
formed previously. It was shown that palindromes are the most
under-represented short sequences in a prokaryotic genome.25–27

For example, it was reported that short palindromic sequences are
avoided at a statistically significant level in the genomes of several
bacteria.25 Four and six nucleotides palindromic sequences that
are avoided were reported for few viruses and hosts in,57 and
avoidance of palindromes in several dozen phage genomes was
reported in26 These analyses are based on statistical counts of cer-
tain sequences in the given DNA and thus do not control for ca-
nonical coding region features (codon usage bias, amino acid
order and content and dinucleotide distribution) as was done in
this study. In addition, our analysis is performed over a larger set
of viruses of all types and their corresponding hosts, and at a read-
ing frame resolution. Thus, we believe that the results reported
here may be more accurate, and should provide a better under-
standing of this phenomenon.

One plausible explanation for avoidance of palindromes in viruses
is because they are targets for many restriction-modification systems
and possibly for general recombination systems as well. We statisti-
cally show a high overlap between under-represented palindromes in
viruses and restriction enzyme patterns. This overlap cannot be
explained by classical coding region features. Restriction of recogni-
tion sites has been observed in genomes of prokaryotic organ-
isms.26,28–30,46 The authors in29 analysed the avoidance of restriction
sites in few bacteriophage, and concentrated on sites containing six
nucleotides. Rusinov et al.46 studied most known recognition sites
(both palindromic and asymmetric) in thousands of prokaryotic
genomes and found factors that influence their avoidance. It was also
shown that the recognition site avoidance correlates with the lifespan
of restriction-and-modification systems. Recently, the authors in31

Table 2. The most abundant sequence that is unique common under-represented (of size m¼ 4 and m¼ 5) in viruses but not in the

corresponding hosts (top row), and in hosts but not in the corresponding viruses (bottom row)

Pl-ssRNA Pl-ssDNA Me-ssRNA Ve-ssRNA Ve-dsDNA Ve-ssDNA Ba-dsDNA Fu-dsRNA

AAAA (6.7) TTTT (1.6) AAAA (4.2) TTTT (1.1) CCCC (11.1) CGGA (0.8) GATC (22.2) AAAA (1.1)
AAAAA (7.5) TTTTT (8.3) AAAAA (5.3) CCCCC (15.3) ACCAA (0.8) AAAAA (8.2)
X X AAAAA (2.1) CCCC (0.9) GCGA (12.1) X GGGG (16) X

CAATC (3.1) TTGGA (9.6)

The numbers in parenthesis indicate the frequency of occurrences in percentage. X indicates that no corresponding sequence was identified.
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Figure 8. Under-represented sequences within the virus functional gene sets. Here, ‘surf’ stands for surface, ‘strc’ for structural, ‘enzm’ for enzymatic, ‘unkn’ for

unknown (unclassified), and ‘othr’ for other (hypothetical) functional groups. (A) The average number of under-represented sequences, over all three reading

frames, of size m¼ 3, 4, and 5 nucleotides, identified in each viral gene set when analysing (randomly selected) 1,500, 1,240, 1,450, 3,300, and 2,210 genes from

each of the surface, structural, enzymatic, unknown, and hypothetical functional groups, respectively. (B) The most abundant common under-represented nucleo-

tide sequences in each of the virus functional group, of size m¼ 3 (upper panel), m¼4 (middle panel), and m¼5 (lower panel). Each row in each panel denotes a

nucleotide sequence. A maximum of 15 sequences are shown in each panel ordered top to bottom based on their occurrence frequency (i.e. top sequence

appeared most frequently as common under-represented).

13Y. Zarai et al.



analysed avoidance of recognition sites of restriction-modification
systems in the genomes of prokaryotic viruses and found it to be a
widespread but not a universal anti-restriction strategy of these vi-
ruses. The method used by the authors is based on a compositional
bias calculation, which is the ratio of the observed to the expected
frequency of a sequence, where the expected frequency is estimated
based on the observed frequencies of all sub-sites of a given sequence.
The compositional bias measure was originally used in32 for analy-
sing over- and under-represented sequences in DNA viruses. Since
the compositional bias measure doesn’t account for a statistical back-
ground that preserves know evolutionary forces, we believe that a
more accurate and comprehensive procedure of identifying under-
represented sequences is the one used here.

In addition, we analyse the distribution of these under-
represented sequences among various viral and host groups. We
show, for example, that dsDNA viruses infecting bacteria or verte-
brate hosts contain a larger set of under-represented sequences than

other viral types and that this may be related to their larger genome
size. Furthermore, we show that on average the set of sequences that
are under-represented in viruses but are not under-represented in
their related hosts is the largest set among different host–virus under-
represented correspondence.

We also show that the selection against under-represented sequences
in viruses depends upon the protein function. For example, larger num-
ber of sequences is shown to be under-represented in enzyme genes
than in surface genes. Moreover, even larger number of sequences is
found to be under-represented in genes with (currently) unknown func-
tionality, prompting further investigation into the nature of these genes.
The differences between these groups may also be related to the expres-
sion levels of the different proteins. If, for example, surface genes tend
to have low expression levels then they may be under weaker selection
for features such as under-represented sequences.

Vaccines are a topic of a singular importance in present day bio-
medical science. However, the discovery of vaccines has so far been

Figure 9. Incorporation of under-represented sequences produced an attenuated ZIKV variant. (A) Foci size and replication kinetics of WT ZIKV and UR99 in Vero

cells. The smaller foci size comparison demonstrates variant attenuation of the UR99 (bottom right). Titre analysis shows the UR99 variant attenuation relative to

WT ZIKV (borderline significant P-value in Day 2: 0.078). (B) Mortality curves of AG129 mice infected with UR99, synthetic WT ZIKV, or Malaysian strain ZIKV.

(C) Average weight change, in percentage, of animals infected with WT ZIKV Malaysian, synthetic WT ZIKV, or UR99. (D) PRNT50 titres from serum collected

from vaccinated AG129 mice 13 days post vaccination (****P<0.0001 and **P<0.01 when compared with vehicle treatment).
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primarily empirical in nature requiring considerable investments of
time, efforts, and resources.58 To overcome the numerous pitfalls at-
tributed to the classical vaccine design strategies, more efficient and
robust rational approaches are highly desirable. One direction in de-
signing in silico vaccine candidates may be based on exploiting the
synonymous information, encoded in the viral genomes and related
to gene expression, for attenuating the viral replication cycle while
retaining its genotype and structure. The analysis and results
reported here may have important implications in vaccine synthesis.
Specifically, the outcomes of this study may provide clues and guid-
ance into practical design of efficient and safe viral vaccines via atten-
uated viral material. Furthermore, it may also prove to be beneficial
for other biotechnological objectives related to viral based products
such as developing oncolytic viruses and engineering phages to fight
bacteria.59–64 Indeed, we demonstrate, both in vitro and in vivo,
how under-represented sequences can be utilized to obtain an attenu-
ated ZIKV.

The aim of these experiments is an initial proof of concept. Of
course, additional experiments with more variants and controls are
needed to better understand the effect of these under-represented
sequences on the viral growth rate and fitness. For example, it will be
helpful to study additional mutants that do not possess under-
represented sequences but include other types of mutation. However,
it is important to emphasize an interesting and a non-obvious aspect
of these experiments. The introduced mutations are silent and thus
did not alter the encoded protein. Based on our experience, in many
cases silent mutations may not affect the viral fitness, and further-
more, there are cases where they may even improve its growth rate.
Also, it is important to emphasize that in these experiments both the
wild-type and the mutant variants were generated by the same pro-
cess and from the same infectious-clone plasmid.

Finally, the randomization models used in this study may not
completely preserve the viral RNA secondary structure, and thus the
selection for under-represented sequences may be partially due to
alterations in secondary structures.
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