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Abstract

Virus attenuation by genome re-encoding is a pioneering approach for generating effective live-attenuated vaccine candi-
dates. Its core principle is to introduce a large number of synonymous substitutions into the viral genome to produce stable
attenuation of the targeted virus. Introduction of large numbers of mutations has also been shown to maintain stability of
the attenuated phenotype by lowering the risk of reversion and recombination of re-encoded genomes. Identifying muta-
tions with low fitness cost is pivotal as this increases the number that can be introduced and generates more stable and at-
tenuated viruses. Here, we sought to identify mutations with low deleterious impact on the in vivo replication and virulence
of yellow fever virus (YFV). Following comparative bioinformatic analyses of flaviviral genomes, we categorised synony-
mous transition mutations according to their impact on CpG/UpA composition and secondary RNA structures. We then
designed seventeen re-encoded viruses with 100–400 synonymous mutations in the NS2A-to-NS4B coding region of YFV
Asibi and Ap7M (hamster-adapted) genomes. Each virus contained a panel of synonymous mutations designed according to
the above categorisation criteria. The replication and fitness characteristics of parent and re-encoded viruses were com-
pared in vitro using cell culture competition experiments. In vivo laboratory hamster models were also used to compare rela-
tive virulence and immunogenicity characteristics. Most of the re-encoded strains showed no decrease in replicative fitness
in vitro. However, they showed reduced virulence and, in some instances, decreased replicative fitness in vivo. Importantly,
the most attenuated of the re-encoded strains induced robust, protective immunity in hamsters following challenge with
Ap7M, a virulent virus. Overall, the introduction of transitions with no or a marginal increase in the number of CpG/UpA
dinucleotides had the mildest impact on YFV replication and virulence in vivo. Thus, this strategy can be incorporated in
procedures for the finely tuned creation of substantially re-encoded viral genomes.
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1. Introduction

The Flavivirus genus (family Flaviviridae) includes fifty-three tax-
onomically recognised species and at least nineteen ‘tentative’
species (King and Am 2014). The flaviviruses display an excep-
tional diversity of ecological networks that widely correlate

with the phylogenetic relationships within the genus (Zanotto
et al. 1995; Gaunt et al. 2001; Grard et al. 2007; Gould and
Solomon 2008). To date, the majority of recognised flaviviruses
are arthropod-borne viruses (arboviruses). They are transmitted
among vertebrate hosts by mosquitoes (MBFV), ticks, or
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sandflies (TBFV). The genus also includes viruses with no
known vector (‘NKV’) and some that infect only insects (insect-
specific flaviviruses, ‘ISFV’) (Kuno et al. 1998; Moureau et al.
2015). Several important (re)-emerging human pathogens fall
within the MBFV and TBFV groups, notably dengue virus
(DENV), yellow fever virus (YFV), tick-borne encephalitis virus
(TBEV), Japanese encephalitis virus (JEV), West Nile virus (WNV),
and the recently emerged, Zika virus (ZIKV). Flaviviruses are
spherical, enveloped particles (virions) of ca. 50 nm diameter, in-
corporating single-stranded positive sense RNA genomes. The
capped, eleven kilobase genome includes a single open reading
frame (ORF), flanked at its 50 and 30 termini by structured, non-
coding regions, essential for viral RNA translation and replica-
tion (Ng et al. 2017). ORF translation gives rise to a polyprotein
that is cleaved co- and post-translationally into the structural
(C-prM-E) and seven non-structural proteins (NS1-2A-2B-3-4A-
4B-5) (Bell et al. 1985; Rice et al. 1985).

YFV is the type species of the genus Flavivirus, that owes its
name (flavus is the Latin word for yellow) to the jaundice associ-
ated with the liver dysfunction characteristic of yellow fever
disease. In humans, YFV primarily infects the liver, often result-
ing in severe viscerotropic infections and high fever (Monath
and Barrett 2003). The severity of YF infections ranges from
‘inapparent’ (i.e., sub-clinical) to fatal haemorrhagic disease
with a mortality rate between 20 and 50 per cent among symp-
tomatic cases (Monath 2008). YFV originated in the tropical
African forests where non-human primates (NHP) and a variety
of Aedes spp. mosquitoes, inhabit the forest canopy, providing
the hosts and vectors for viral maintenance through a sylvatic
enzootic transmission cycle. Human–mosquito–human trans-
mission cycles usually arise incidentally when humans en-
croach on the forest or neighbouring savannah environment
and then inadvertently take the virus back to the villages or
towns/cities, leading to urban epidemics that can be extensive.
The most recent of these large-scale African epidemics hap-
pened in Angola and Democratic Republic of Congo in 2015 and
2016 (Ahmed and Memish 2017; Kraemer et al. 2017).YFV trans-
mission is also maintained in the tropical forests of South-
America. However, in this case the sylvatic transmission cycle
is epizootic and human cases are primarily ‘spill-over’ events
from these sylvatic outbreaks (Germain et al. 1981; Ellis and
Barrett 2008; Carrington and Auguste 2013; Hanley et al. 2013;
Mir et al. 2017), as exemplified by the recent epidemic that oc-
curred in Brazil in 2016–7 (Mir et al. 2017).

Over the past five or six centuries YFV has killed millions of
humans and primates, hence the need for effective methods of
prevention. As a response to this need, the live-attenuated vac-
cine (strain 17D) was developed in 1936 by M. Theiler (Theiler
and Smith 1937). It was first tested in 1938 in Brazil (Barrett 2012;
Monath 2012) and two substrains (17DD and 17D-204) are still
widely used as the source for vaccine manufacture (Ferguson
et al. 2010) in Brazil (17DD) and the Old World (17D-204).
Throughout decades of use of 17 D vaccine, with twenty to sixty
million doses distributed annually (Monath and Vasconcelos
2015), YF vaccination has proven to be safe and effective, provid-
ing long-lasting immunity (Monath 2005) with rare adverse
events (Monath and Vasconcelos 2015). The YF 17 D strain was
obtained through serial passages (>200) of the wild-type (WT)
Asibi strain in mouse and chicken embryo tissues (Monath 2005).
Similar empirical methods have also been used for the produc-
tion of notable live-attenuated vaccines against poliovirus (Sabin
and Boulger 1973), measles (Schwarz 1962; Hilleman et al. 1968;
Ikic et al. 1972), and mumps (Buynak and Hilleman 1966). This
strategy relies on attenuation resulting from a relatively limited

number of attenuating mutations that are, most often, non-
synonymous. However, with all of these live-attenuated viruses
there is a risk of (1) attenuation reversion, as described in the
case of the poliovirus vaccine (Minor 2012); (2) generation of new
biological properties, as illustrated by the gain of neurovirulence
observed for the YFV French neurotropic vaccine strain (Wang
et al. 1995); and (3) recombination, as documented for poliovirus
(Lukashev et al. 2003; Minor 2012; Liu et al. 2016).

A new, promising, approach for virus attenuation called co-
don re-encoding, was developed a decade ago by Burns et al.
(2006) and Mueller et al. (2006). Based on the initial observation
that usage among synonymous codons is highly non-random in
the genome of viruses, they hypothesised that this equilibrium
could be modified in a manner that should be relatively detri-
mental to virus replication. They provided the first evidence
supporting this concept by introducing slightly detrimental syn-
onymous codons within the encoding region of the poliovirus
genome, that is, without modifying the encoded proteins after
which they observed a decrease in viral replication capacity.
This codon re-encoding strategy bypasses the limitations of em-
pirical attenuation methods: importantly, the high number of
mutations involved decreases the risk of reversion of the atten-
uating mutations and reduces the likelihood of vaccine strain
recombination (with either vaccine or wild-type viruses). The
use of silent mutations also lowers the risk of emergence of un-
toward biological properties.

The first rationale for codon usage bias was that codon
abundance correlated with that of isoaccepting tRNAs and could
influence the level of protein production within a given host
(Ikemura 1985). Several other possibilities have been proposed
since then, including implication in mRNA structure and its
folding (Shabalina, Ogurtsov, and Spiridonov 2006; Kudla et al.
2009), microRNA-targeting (Brest et al. 2011; Birnbaum et al.
2012) and enhanced recognition by the immune system
(Tulloch et al. 2014), that may vary according to the host
(Greenbaum et al. 2008; Jimenez-Baranda et al. 2011). Specific
and random re-encoding approaches have been efficiently ap-
plied to several human RNA viruses including poliovirus, influ-
enza A virus, human immunodeficiency virus, respiratory
syncytial virus, chikungunya virus (CHIKV), JEV, TBEV, and
DENV (Burns et al. 2006; Mueller et al. 2006; Nougairede et al.
2013; De Fabritus et al. 2015; Martinez et al. 2016). Considering a
major role of genome-wide mutational processes in the shaping
of synonymous sites (Chen et al. 2004), specific re-encoding
approaches include codon and codon-pair deoptimisation as
well as increase of CpG/UpA dinucleotide frequency. On the
other hand, the efficiency of random codon re-encoding strate-
gies for the attenuation of CHIKV in vitro and of TBEV in vivo sug-
gests an important influence of local constraints (e.g., cis-acting
sequences, miRNA targeting) on genome encoding (Thurner
et al. 2004; Watts et al. 2009; Nougairede et al. 2013; De Fabritus
et al. 2015).

Much remains to be learned to understand the multiple
mechanisms that shape synonymous codon usage and its con-
tribution to the attenuation process during re-encoding. In this
exploratory work, we defined several types of silent mutations
and sought to identify which one(s) had the least detrimental
impact on viral replicative fitness. In the future, such silent
changes could be introduced in large numbers along the ge-
nome of vaccine candidates. YFV provides a suitable experi-
mental model because (1) the virus can be produced
conveniently and modified using the Infectious Subgenomic
Amplicons (ISA) reverse genetics method (Aubry et al. 2014) and
(2) an excellent animal model of infection exists in juvenile
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Syrian Golden hamsters, to enable the comparison of wild-type
and re-encoded strains in vivo. This model was established
in our laboratory using the Asibi-derived, YF Ap7M strain
(Klitting et al. 2018) derived from the previously described
hamster-virulent YF Asibi/hamster p7 strain (McArthur et al.
2003). When inoculated into hamsters, both strains induce a
disease with features close to that of the human disease.

Starting with a bioinformatic analysis of flaviviral genomes,
we defined several types of mutations and used them for the
design of eight re-encoded sequences. The re-encoded viruses
were derived from the wild-type Asibi strain and the hamster-
adapted Ap7M strain, with which they were compared both
in vitro and in vivo through fitness assays, infection assays and
complete genome deep-sequencing. Although only the most
heavily re-encoded virus (741 mutations) showed an observable
decrease in replicative fitness in vitro, a range of attenuation lev-
els was observed for the re-encoded variants when tested
in vivo. The lowest impact was observed for strains that were re-
encoded with transitions that did not include new CpG/UpA
dinucleotides. In addition, we showed that the strains with the
most attenuated phenotypes in vivo could induce robust protec-
tive immunity in hamsters following challenge with the lethal
YF Ap7M virus.

2. Results

The results of the in silico analysis that served as a basis for the
design of the re-encoded strains are provided in the
Supplementary Results S2 section.

2.1 Design strategies for re-encoded strains

2.1.1 Framework design
Previous analyses on the impact of random codon re-encoding
on chikungunya (CHIKV) and tick-borne encephalitis (TBEV) vi-
ruses, were used as a starting point to obtain observable in vitro
and/or in vivo attenuation. Nougairède et al. (2013) observed a
decrease in CHIKV replicative fitness in vitro, using 264–882
mutations located within the NSp1, NSp4 and/or envelope pro-
tein encoding regions. Clear in vivo attenuation of TBEV was
achieved by de Fabritus et al. (2015) using as few as 273 muta-
tions located in the NS5 coding region.

Based on those results, we defined a framework for the de-
sign of YFV re-encoded strains. For each variant, we used a
maximum of 350 synonymous mutations (ca. one change for ev-
ery ten nucleotides). We chose to re-encode the region located
within the coding sequences of proteins NS2A to NS4B, so that
re-encoding would not affect the structural proteins, the viral
RNA-dependent RNA polymerase, or the highly structured,
50 and 30 ends of the genome. The highly re-encoded variant
rTs4 was reconstructed by the addition of 388 synonymous
mutations in the NS5 encoding region. In all cases, the struc-
tural proteins encoding sequence remained unchanged, which
was an advantage as the production of hamster-virulent YFV
variants required the use of a modified E protein sequence. To
lower the risk of major detrimental effects of re-encoding (e.g.,
disruption of cis-acting sequences), we analysed an alignment
of thirty-five YFV complete coding sequences (CDS) and defined
only synonymous sites for which at least one mutation could be
observed as eligible for re-encoding. These will be referred to as
‘editable sites’. Finally, we avoided creating or removing any
rare codons during the re-encoding process (see definition in
Supplementary Protocols S1).

2.1.2 Re-encoding strategies
Following in silico analysis of flaviviral genomes, we defined two
major types of synonymous mutations (see below). The creation
of additional TCG trinucleotide patterns was considered a
‘specific’ type of mutation. In the genus Flavivirus, TCG trinu-
cleotides are frequent in Insect-Specific Flavivirus (ISF) genomes
and sparse in both No Known Vector virus (NKV) and arbovirus
genomes (see Supplementary Results). In addition, this pattern
may enhance the innate immunity in vertebrate cells, as sug-
gested by Greenbaum, Jimenez-Baranda and colleagues
(Greenbaum, Rabadan, and Levine 2009; Jimenez-Baranda et al.
2011). ‘Specific’ mutations also included the creation of CpG and
UpA dinucleotides, which were the least frequently introduced
dinucleotides (CpG and UpA) in YFV species (see Supplementary
Results). This is in accordance with the previous observation of
dinucleotide bias in the genomes of many viruses, in a fashion
that was suggested to, at least partly, mirror the dinucleotide
usage of their host(s) (Karlin, Doerfler, and Cardon 1994; Rima
and McFerran 1997). In vertebrates, CpG dinucleotide bias is
commonly seen as the consequence of cytosine methylation-
deamination (Bird 1980; Kow 2002; Simmen 2008) and the
detection of such patterns may be a part of the host-defence
mechanism against non-self RNA (Johnson 1970; Leyssen et al.
2006; Adams et al. 2013). The introduction of CpG and UpA dinu-
cleotides has been frequently used in re-encoding studies
(Atkinson et al. 2014; Tulloch et al. 2014; Gaunt et al. 2016;
Witteveldt, Martin-Gans, and Simmonds 2016). By contrast,
‘non-specific’ types of mutations did not cause any increase in
CpG/UpA dinucleotides. This category includes transitions lo-
cated on and outside sites associated with the putative second-
ary structures identified in the YFV genome during in silico
analysis (see Supplementary Results). All mutation types de-
fined in this study are described in Table 1.

2.1.3 Design
In total, nine re-encoded viruses were designed based on the
Asibi strain sequence. Aside from the highly re-encoded rTs4
virus, all Asibi-derived re-encoded viruses were designed with
100–400 mutations located between positions 3,924 and 6,759 of
YF Asibi complete coding sequence (CDS). First, YFV rTs3 was
designed by introducing exclusively ‘simple’ transitions (siTs)
into the target region, within the CDS of the reference strain
Asibi (AY640589). The term ‘simple’ refers to synonymous, non-
specific (no CpG/UpA introduction) mutations located outside
putative secondary structures. YFV rTs3 included 353 substitu-
tions, that is, the highest possible number that could be intro-
duced into the target region. All other re-encoded viruses
except YFV rTCG were designed starting from the rTs3 virus by
(1) reverting some of the siTs back to the original sequence
(rTs1, rTs2), or (2) substituting some of the siTs for a different
type of mutation (rUA, rCG, rSS, and rN). The rationale for this
design procedure was to obtain viruses that could be compared

Table 1. Mutation categories.

Non-specific Specific

Mutations Simple transitions CpG/UpA dinucleotide
transitions

Transitions on sites
associated with putative
secondary structures

TCG trinucleotide
introductions

Note: Based on bioinformatic analysis, 2 major types of mutation were defined.
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one to another, as they would share a common background of
mutations.

Overall the nine initial re-encoded viruses were designed as
follows:

• YFV rTs1, rTs2, and rTs3, include increasing numbers of ‘simple’

transitions (siTs).
• YFV rSS includes non-specific transitions on sites corresponding

to putative secondary structures (SII-Ts).
• YFV rUA and rCG include transitions leading to an increase in

the number of UpA or CpG dinucleotides into the viral sequence

(UA- and CG-Ts), respectively.
• YFV rN includes both transitions and transversions, some of

which lead to the introduction of eighty-three UpA and fifty-four

CpG dinucleotides into the viral sequence.
• YFV rTCG includes transitions leading to an increase in the num-

ber of TCG dinucleotides into the viral sequence (TCG-Ts).

Importantly, this strain was not derived from rTs3 and exclu-

sively includes TCG-Ts.
• YFV rTs4 includes 388 additional siTs that were introduced into

the genome of rTs3 virus, between positions 6,846 and 9,765 (in

CDS).

Finally, eight hamster-adapted re-encoded strains were cre-
ated from the Asibi-derived variants (other than the heavily re-
encoded rTs4 virus) by introducing exactly the same mutations
in the CDS of the hamster-virulent, YFV Ap7M virus. For all re-
encoded viruses, the design is further detailed in the ‘Section 4’.

Following re-encoding, the GC% and Effective Number of
Codons (ENC) were calculated for each sequence and compared
with those obtained from a dataset of thirty-five YFV genome
sequences (non-vaccine strains) using SSE software (v1.3)
(Simmonds 2012). Apart from the most re-encoded, rTs4 (GC%:
52.3%; ENC: 52.1), all the other strains fell within the YFV species
range in terms of both GC% (48.9–50.5%) and ENC (52.4–54.7).
Details regarding re-encoded strain design are available in
Table 2.

2.2 In vitro behaviour of YFV re-encoded strains

All the strains used in this study (one WT, one hamster-
adapted, and seventeen re-encoded) were produced using the
ISA method, as detailed in Fig. 1 and in the ‘Section 4’.

2.2.1 Sequence analysis
Next Generation Sequencing (NGS) was performed on the cell
culture supernatant media (viral stocks, i.e., after three pas-
sages). For all viruses, both the integrity of the genome and the
intra-population genetic diversity were assessed on the CDS. At
the level of intra-population genetic diversity, a variant subpop-
ulation (further referred to as ‘variant’) was regarded as major
when its corresponding nucleotide proportion (CNP) was over
75 per cent. Only consensus mutations associated with major
variants were considered for further analysis. All sequencing
results are shown in Tables 3 and 4.

During virus production, sequence variability could arise as
an artefact of the production method itself (PCR amplification of
DNA fragments) and as the result of the adaptation of re-
encoded strains to culture conditions.

No consensus mutation associated with a major variant was
identified in the genome of the parent strain YFV Asibi, which
only included twelve minor variants. In re-encoded genome
sequences, low numbers of consensus mutations were ob-
served, ranging from zero to six, with a mean of two consensus
changes/virus and 39 per cent of non-synonymous (NS) T
ab
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mutations on an average. Consensus mutations were equally
distributed between re-encoded and non-re-encoded regions
and, nearly no convergence was observed between viral
sequences. Only two viral sequences (YFV rTs2 and rCG) had
consensus mutation reversions. One was common to both
strains and corresponded to a siTs mutation (C to T), at CDS

position 5,430. The two others were also siTs mutation rever-
sions (C to T and A to G, respectively), located at CDS positions
5,442 and 5,667 of YFV rTs2 and rCG, respectively. The absence
of consensus NS change in the sequence of the original Asibi
strain and the very limited convergence between viral sequen-
ces are in accordance with the low number (3) of in cellulo

Figure 1. Subgenomic fragments used for wild-type and re-encoded virus production using the Infectious Subgenomic Amplicon method. *For Ap7M strain and ham-

ster-adapted re-encoded strain (Ap7M-derived) production, the subgenomic fragment FIAp7 was amplified from the corresponding plasmid and combined to subge-

nomic fragments FII (wild-type or re-encoded) and FIII (wild-type). **For each of the YFV re-encoded strains (both Asibi and Ap7M-derived) production, a different

subgenomic fragment FII was amplified from the corresponding plasmid. ***For the production of YFV re-encoded strain rTs4, the subgenomic fragment FIIIR was am-

plified from the corresponding plasmid and combined to fragments FI (wild-type) and FII (re-encoded).

Table 3. Sequence analysis of Asibi and Asibi-derived re-encoded viruses.

Strain
name

Re-encoded
region

Position
(nt)

Protein Consensus
mutation

Expected
sequence (nt)

Observed sequence
(first variant (nt))

Observed sequence
(second variant (nt))

First variant
proportion
(per cent)

Second variant
proportion
(per cent)

Asibi – – – – – – – – –
rTs1 3,927–6,753 – – – – – – – –
rTs2 3,927–6,753 5,430 – – C T C 77.5 22.3

5,442 – – C T C 82.0 18.0
rTs3 3,927–6,753 4,357 NS2B M99V A G A 78.3 21.7

9,150 – – A G A 78.5 21.5
rUA 3,927–6,753 – – – – – – – –
rCG 3,924–6,750 4,396 NS2B F112L T C T 88.2 11.8

5,430 – – C T – >95 –
5,667 – – A G – >95 –
6,082 NS3 C544R T C – >95 –

rSS 3,939–6,759 561 – – T C – >95 –
3,190 NS1 I286V A G – >95 –
4,308 – – G T – >95 –
4,623 – – A G – >95 –
6,012 – – A G – >95 –

rN 3,924–6,750 – – – – – – – –
rTCG 3,939–6,759 2,468 NS1 I44T T C – >95 –

2,795 NS1 Q154R A G – >95 –
7,629 – – T C – >95 –
8,565 – – T C – >95 –
8,916 – – T C – >95 –
9,297 – – T C – >95 –

rTs4 3,927–9,765 – – – – – – – –

Note: For each virus, the consensus changes found in the CDS from the viral stock are detailed above. The expected sequence refers to that of plasmids that served

for subgenomic fragment amplification while producing viruses using the ISA method. Only consensus mutations associated with major variants (CNP>75%) are

described. Amino Acid (AA) positions are given with reference to the beginning of mature protein sequence (i.e., AA position 107 in prM, written prM 107, corresponds

to AA position 228 within the precursor polyprotein). A detailed map of protein positions within the YFV polyprotein sequence is provided in the supplementary

Table S11.
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passages. This strongly suggests that the consensus mutations
observed in viruses YFV rTs3, rCG, rSS, and rTCG did not result
from selective pressure due to culture conditions but may be
artefacts of the production method.

The total numbers of variants, per virus, ranged from one to
sixteen, with a mean of nine variants per virus. Interestingly,
variants were most frequently observed outside the re-encoded
regions (75 per cent of variants outside the re-encoded regions),
similar to what was observed for the parental sequence, (92 per
cent of variants outside the re-encoded region). The low number
of reversions and the limited sequence variability at re-encoded
sites accord with previous work showing that re-encoded
CHIKV strains evolved mostly through compensatory mutations
rather than mutation reversions (Nougairede et al. 2013).

2.2.2 In vitro replicative fitness
The infectious titre was estimated using a TCID50 assay in BHK21
cells for both Asibi and Asibi-derived re-encoded strains using in-
fectious cell supernatant medium (viral stock) (results detailed
in Table 2). The maximal infectious titre was observed for the
wild-type strain Asibi (108 TCID50/mL). A 1- to 2-log decrease was
observed for most re-encoded strains, with infectious titres rang-
ing between 2�106 and 4�107 TCID50/mL. However, the least re-
encoded virus, YFV rTs1 (101 mutations), was unexpectedly
endowed with a remarkably low infectious titre (4�105 TCID50/
mL) while the most re-encoded virus, YFV rTs4 (741 mutations),
exhibited the lowest infectious titre (6�103 TCID50/mL).

For each of the re-encoded viruses, the replicative fitness
was compared with that of the wild-type strain using

Table 4. Sequence analysis of Asibi, and both Asibi and Ap7M-derived re-encoded viruses.

VIRUS Consensus
mutations

Consensus
NS mutations

Variants Reversions Consensus mutations
in re-encoded region

Variants in
reencoded region

Total
no. reads

Coverage
depth (x)

Mean
coverage/site

Asibi 0 0 12 0 0 1 317,220 30 6,006
rTs1 0 0 12 0 0 0 286,332 27 5,521
rTs2 2 0 9 2 2 3 410,433 40 7,625
rTs3 2 1 6 0 1 2 167,768 16 3,208
rUA 0 0 16 0 0 5 113,558 11 2,075
rCG 4 2 5 2 4 1 419,297 40 7,900
rSS 5 1 1 0 3 0 55,624 5 1,026
rN 0 0 11 0 0 2 223,184 21 4,274
rTCG 6 2 4 0 0 1 249,701 24 4,580
rTs4 0 0 15 0 0 9 176,219 17 3,227
rTs1h 0 0 13 0 0 4 619,634 60 10,949
rTs2h 0 0 22 0 0 6 144,211 14 2,442
rTs3h 3 3 13 0 1 3 528,403 51 11,304
rUAh 0 0 17 0 0 5 159,007 15 2,724
rCGh 0 0 10 0 0 0 297,217 29 6,220
rSSh 0 0 19 0 0 2 256,125 25 4,258
rNh 5 1 4 0 0 0 514,717 50 10,693
rTCGh 2 2 7 0 0 0 163,170 15 2,413

Note: Counts of consensus mutations and variant subpopulations are presented as raw numbers. Consensus reversion mutations were defined with reference to YFV

strain Asibi. The coverage depth has been calculated given that the total length of YFV CDS is 10,236 nt. No variant was taken into account with a coverage lower than

1000 reads. No consensus mutation was taken into account with a coverage lower than 50 reads.

Figure 2. Competition assays: Wild-type and re-encoded-specific patterns counts at tenth competition passage. For each WT/re-encoded virus ratio and each re-

encoded virus, pattern counts were calculated as a mean for the three replicates. For each replicate, the pattern count is the mean count for the three virus-specific pat-

terns. Each specific pattern count is the sum of the sense and reverse patterns counts within a given read population (obtained through NGS sequencing).
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competition assays. Specific virus detection was achieved for
one in two passages using next generation sequencing (NGS)
methods by amplifying a 256 nucleotide region and counting
virus-specific patterns within the read population. For all re-
encoded viruses except rTs4 (�353 mutations), replicative fit-
ness in vitro was comparable to that of the Asibi strain: in all
competitions, both competing viruses could still be detected at
the tenth passage (see Fig. 2). By contrast, the highly re-encoded
rTs4 virus (741 mutations) showed a clear reduction in replica-
tive fitness and could not be detected after the fifth passage.

2.3 In vivo behaviour of YFV re-encoded strains

The infectious titres of viral stocks for Ap7M and Ap7M-derived
re-encoded strains were established in BHK21 cells, using a
TCID50 assay (results detailed in Table 2). For the majority of re-
encoded viruses, no notable difference was observed with the
parent strain Ap7M (9�108 TCID50/mL), with infectious titres
ranging from 4�108 to 6�108 TCID50/mL. However, viruses YFV
rNh and rTCGh showed a one- to two-log reduction in viral titre
(6�106 and 6�107 TCID50/mL, respectively).

2.3.1 Sequence analysis
NGS was performed on the viral stocks for all Ap7M-derived re-
encoded viruses as described in the previous section (results
shown in Tables 4 and 5).

As observed for Asibi-re-encoded viruses, the number of con-
sensus mutations associated with major variants were low,
ranging from zero to five, with a mean number of one consen-
sus change/virus and 59 per cent of non-synonymous muta-
tions on an average. Consensus mutations were mainly
distributed outside re-encoded regions (90 per cent), with no re-
version. As observed for Asibi, the parent Ap7M strain showed
no NS consensus sequence changes associated with major var-
iants. Moreover, the re-encoded viruses which were given a lim-
ited number of in cellulo passages did not exhibit any evidence of
convergent evolution. Based on this evidence, the consensus
mutations observed in YFV rTs3h, rNh, and rTCGh are likely to
be artefacts of the production method rather than the result of
adaptation of re-encoded viruses to culture conditions. Notably,
for YFV rTs3h, the consensus NS change observed in the inocu-
lum was not essential for virus survival in vivo as it was not
maintained following infection in hamsters.

The total number of variants per virus varied among strains,
ranging from four to twenty-two, with a mean number of
thirteen variants per virus. Similar to what was observed for
Asibi-derived re-encoded strains, the diversity at re-encoded
sites was low, with only a minority of variants being detected
within the re-encoded regions (19 per cent).

2.3.2 In vivo phenotype: comparative study of pathogenicity
Groups of 12 three-week-old female hamsters were inoculated
intra-peritoneally with 5�105 TCID50 of virus (either Ap7M or
Ap7M-re-encoded strains) and a control group of two uninfected
hamsters was maintained for weight monitoring. Clinical
follow-up included (1) clinical manifestations of the disease
(brittle fur, dehydration, prostration, and lethargy), (2) body
weight (weight evolution was expressed as a normalised per-
centage of the initial weight (%IW)), and (3) death. Three and
four hamsters were euthanised at days three and six post-infec-
tion (dpi), respectively, to conduct virology investigations from
liver samples, while the other five in each group were retained
for evaluating mortality rate (endpoint in case of survival:
16 dpi). Due to an issue in group dispatching, in the case of

rTs2h strain, three hamsters were euthanised at 6 dpi while six
hamsters were used for mortality rate evaluation. Virology
follow-up was achieved by performing qRT-PCR and next gener-
ation sequencing on RNA extracted from the liver homogenates.
RNA samples were subsequently pooled to obtain one sequence
for each virus, reflecting genetic diversity among the five ham-
sters kept until death/euthanasia. For all viruses, the in vivo
phenotype and the sequencing results are detailed in Fig. 3 and
Tables 4 and 5.

Nearly all hamsters inoculated with Ap7M strain developed
outward signs of illness such as ruffled fur, prostration, dehy-
dration, and lethargy. One hamster did not show any sign of ill-
ness, both its liver and blood were tested negative for YFV
genomes and it was excluded from analysis. A high mortality
rate (80 per cent) was observed, similar to previous observations
(Klitting et al. 2018). Clinical signs of the disease appeared as
early as 4 dpi and all animals died within 2/3 days after onset of
the symptoms. Weight loss was not observed at 3 dpi (mean of
%IW: 97 per cent), but between 3 and 6 dpi, significant weight
losses were recorded (mean of %IW: 71 per cent, Wilcoxon rank
sum test, P value ¼ 0.00032). All livers were found to be YFV-
positive by qRT-PCR, with viral RNA loads ranging between
6�107 and 6�109 RNA copies per gram of liver and no significant
difference between the viral yields at 3 and 6 dpi (Wilcoxon rank
sum test, P values >0.05). No consensus change was detected in
the viral sequence after propagation in hamsters.

A reduction in mortality rate was observed in all groups
infected with re-encoded viruses. For most (YFV rTs1h, rUAh,
rCGh, rSSh, rNh, and rTCGh), the reduction was significant
(Logrank test, P values¼ 0.03960 in all cases), as no hamsters
died. However, for YFV rTs2h and rTs3h, mortality was reduced
but still observed (17 and 20 per cent, respectively; Logrank test,
P values¼ 0.05820 and 0.07186).

Regardless of the observed mortality rate, clinical signs of ill-
ness were observed with varying degrees of severity among
groups. No association was observed between mortality and
weight evolution at 3 or 6 dpi, with non-lethal viruses inducing
limited (rNh, rTs1h) as well as severe weight loss (rCGh, rSSh) in
infected hamsters. At 3 dpi, weight evolution was heteroge-
neous but not significantly different from what was observed in
Ap7M-infected group (Wilcoxon rank sum test, P values> 0.05).
An increase up to 7 per cent was observed in YFV rTs1h, rTs2h,
and rTs3h-infected groups, a slight decrease (between 3 and 4
per cent) in groups infected with YFV rUAh, rNh, and rTCGh,
and a greater decrease up to 11 per cent, in YFV rCGh and rSSh-
infected groups. At 6 dpi, an important weight loss was
observed in most groups (up to 38 per cent) except rTs1h and
rNh-infected groups, in which significantly higher %IW values
were recorded (8 and 4 per cent, respectively, (Wilcoxon rank
sum test, P values¼ 0.00088 and 0.00062, respectively)).

An increase of viral yields at 3 and 6 dpi was not associated
with mortality rates. At 3 dpi, viral loads in the liver were close
to values observed with YF Ap7M, with values ranging from
7�108 to 1�1010 RNA copies per gram of liver. At 6 dpi, viral
loads remained close to those observed with Ap7M. However, in
some cases (YFV rTs1h and rNh), significantly lower viral loads
were observed (means of 5 and 8�107, respectively. Wilcoxon
rank sum test, P value¼ 0.03038 in both cases).

Several possibilities can explain the apparent absence of as-
sociation between mortality and the evolution of viral loads.
First, significant reduction in viral loads were always associated
with a complete loss of lethality (for viruses rNh and rTs1h),
hence they were, to a reasonable extent, associated to patho-
genesis. Furthermore, in terms of replicative fitness and thus, of
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viral loads, the threshold that corresponds with the loss of le-
thality may be subtle and undetectable under the experimental
conditions used here. In addition, the viral loads that are
reported here are RNA copy numbers and may not reflect the
actual amount of infectious particles. Furthermore, they have
been evaluated from liver samples and may be less sharply cor-
related with disease evolution than viral loads in the blood.
In addition, variation between individual animals will contrib-
ute to the final outcome of the data. Finally, during YFV
infection, it is likely that the pathogenesis involves an immuno-
logical component (Ter Meulen et al. 2004; Barrett 2012;
Quaresma et al. 2013). Hence, levels of pro- and anti-
inflammatory cytokines may be more closely associated with
mortality than viral loads and weight evolution. Such criteria
were not included in the experimental design.

2.3.3 Evaluation of the phenotypic impact of re-encoding
Some conclusions can be drawn by analysing the in vivo pheno-
types of re-encoded viruses in light of the sequencing data
obtained from infected hamsters liver samples (see details in
Table 5). For example, the sequences obtained from the livers of
hamsters infected with the control strain Ap7M did not include
consensus mutations. This indicates that the sequence of the

parent virus was stable under the experimental conditions and
that adaptative mutations were not required for efficient repli-
cation in vivo.

2.3.4 Impact of ‘non-specific’ re-encoding strategies
In general, low detrimental effects resulted from the introduc-
tion of simple transitions (siTs) (i.e., with no modification of
predicted secondary structures) on the in vivo phenotype of
YFV. Strain rTs2h (247 siTs) was associated with mild attenua-
tion in vivo, with a decreased mortality rate and a reduction in
hamster weight loss at 6 dpi but no significant change in the
production of viral RNA (Wilcoxon rank sum, P values> 0.05). As
the viral sequence remained unchanged during the course of
the experiments, the in vivo phenotype can be interpreted as be-
ing the result of genome re-encoding. rTs3h (353 siTs) and
rTs1h (101 siTs) viruses, respectively, showed mild and strong
attenuation in vivo. For both, consensus NS mutations associ-
ated with major variants arose during the in vivo infections pos-
sibly resulting from adaptation of the re-encoded viruses to the
in vivo conditions during the infection. However, they did not
correspond with the recovery of an in vivo phenotype similar to
that of the parent strain Ap7M. Surprisingly, the least re-
encoded strain, rTs1h (101 siTs) was more attenuated in vivo

Figure 3. In vivo phenotypes of Ap7M and Ap7M-derived re-encoded viruses. Normalised percentages of initial weight (%IW) (A), viral loads at 3/6 dpi (B), as well as mor-

tality rates (C), are illustrated for all viruses. %IW were evaluated on groups of twelve and nine hamsters at 3 and 6 dpi, respectively. Viral loads were evaluated on

groups of three and four hamsters at 3 and 6 dpi, respectively. Of note, for YFV rTs2h, only three hamsters were used for viral load determination at 6 dpi. Mortality

rates were evaluated on groups of five hamsters for all viruses, apart from rTs2h, for which six hamsters were used. Computations of %IW and viral loads are detailed

in the corresponding paragraphs within the ‘Section 4’. Significant %IW and viral load differences observed between Ap7M and the other viruses at 6 dpi (Wilcoxon

rank-sum test P value <0.05) are indicated by a star (*). The ranges corresponding to viral load values recorded at 3 and 6 dpi during Ap7M infection are highlighted by

light (3 dpi) and dark (6 dpi) blue rectangles.
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than the rTs2h strain, that included all rTs1h mutations plus
146 additional siTs. We observed a mild detrimental impact fol-
lowing the introduction of transitions at sites involved in pre-
dicted RNA secondary structures. The sequence of strain rSSh
involved siTs as well as transitions located on predicted second-
ary RNA structures and remained stable throughout the in vivo
experiments. The variant showed a partially attenuated pheno-
type in vivo (complete loss of mortality, no alleviation in weight
loss or viral loads) that can thus be attributed to this second re-
encoding strategy. Overall, these results illustrate the relative
efficiency of the use of ‘non-specific’ transitions in providing a
stable re-encoded infectious genome exhibiting in vivo
attenuation.

2.3.5 Impact of ‘specific’ re-encoding strategies
Variants with increased CpG and UpA dinucleotides exhibited
attenuated phenotypes in vivo, with no mortality, alleviated
weight loss and no reduction in viral loads. For variant rUAh
(fifty-nine UpA), the sequence remained stable throughout the
in vivo experiments. Hence, the attenuation resulted from the
original sequence re-encoding. The originally modified se-
quence of variant rCGh (fifty-nine CpG) remained constant and
consensus NS changes were associated with major variants
arising during the in vivo studies. Such consensus mutations are
likely to be adaptive but did not result in complete recovery of
virulence during the in vivo studies. Altogether, these results are
consistent with the attenuating effect of the introduction of
CpG/UpA dinucleotides into viral genomes as reported on previ-
ous occasions (Atkinson et al. 2014; Tulloch et al. 2014; Gaunt
et al. 2016; Witteveldt, Martin-Gans, and Simmonds 2016).

On the other hand, the sequence of the stock variant rTCGh
(118 TCG) differed from that of the original construct. To con-
clude, with respect to the compensatory role of the consensus
NS mutations that arose during strain production, further
experiments would be required. Nevertheless, the attenuated
phenotype (loss of lethality, alleviation of weight loss) of the
re-encoded viruses following infection in hamsters suggests a
detrimental effect of increasing TCG trinucleotides on YFV viru-
lence in vivo that was not completely outweighed by the pres-
ence of additional consensus NS changes. Hence, the
introduction of TCGs may impact on the in vivo phenotype of
YFV following infection in vertebrate hosts. Of note, a recent
study by Moratorio et al. (2017) highlighted the adverse effect of
the introduction of codons that are likely to yield stop codons
(referred to as ‘1-to-Stop codons’) on the fitness of Influenza A
and Coxsackie B3 viruses in vitro and in vivo. Namely, these 1-to-
Stop codons are UUA, UUG, UCA, and UCG. Only twenty-eight
additional UCG were identified within the sequence of YFV
rTCG (which was the only re-encoded virus for which there was
a change in the number of 1-to-Stop codons). This is four- to
eight-fold lower compared with what was introduced into the
genomes of Coxsackie B3 (117 codons) and Influenza A (205
codons) viruses. Nevertheless, further experimentation would
be useful to determine whether or not there is an increase in
the generation of Stop codons during viral replication of rTCG/
rTCGh viruses in vitro and/or in vivo.

Finally, for strain rNh, consensus NS mutations were identi-
fied in the sequences from both the inoculum and hamster liver
samples. It is therefore complicated to determine which of the
consensus changes were production artefacts or resulted from
adaptation of the virus to in vitro or in vivo conditions.
Nevertheless, the virus exhibited a strongly attenuated pheno-
type in vivo (no mortality, alleviated weight loss and viral loads)
indicating that, regardless of the emergence of the—potentially

compensatory—consensus NS mutations, the combination of
several re-encoding strategies led to an important degree of at-
tenuation considering the low number of mutations used for re-
encoding (i.e., 233).

2.3.6 Adaptation of re-encoded viruses through consensus NS
mutations
Altogether, these results indicate that consensus mutations can
arise and stably establish in re-encoded viruses in response to
in vivo conditions. This was observed for most of the re-encoded
viruses, notably some with as few as 101 re-encoded sites
(rTs1h) or as many as 353 re-encoded sites (rTs3h). In most
cases, the consensus mutations did not lead to a full recovery of
in vivo viral replicative fitness. Observable changes in the biolog-
ical properties of the viruses (e.g., change in tropism, as
reported for YF strain 17D), were not reported in any of the vi-
ruses that exhibited consensus NS mutations.

2.3.7 Immunisation potential of YF-re-encoded strains: serological
investigations
For each of the re-encoded viruses that showed complete loss of
mortality in vivo, sera were recovered from infected hamsters at
16 dpi during the comparative study of pathogenicity (see
above). Sera from both uninfected hamsters and vaccinated
humans were included as negative and positive controls, re-
spectively. Neutralisation tests were performed using serial
five-fold dilutions of all sera, the YF Ap7M challenge virus and
BHK21 cells. Neutralising antibodies were detected in both ham-
sters infected with YF-re-encoded viruses (NT50 ranging
between 2�10�3 and 1�10�5) and in a control group of 17D-
vaccinated humans (NT50 between 4 and 5�10�4) while the neg-
ative control group did not show any neutralisation activity
against Ap7M (see Fig. 4).

2.4 Immunisation potential of YF-re-encoded strains:
challenge experiments

Two groups of 11 three-week-old female hamsters were inocu-
lated intraperitoneally with 5�105 TCID50 of virus (either YFV
rCGh or rNh). A negative control group of nine hamsters was
not immunised before the challenge and a control group of two
uninfected hamsters was included for monitoring hamster
weight.

Unexpectedly, one hamster from the YFV rCGh infected
group died at 6 dpi, although it did not show any symptom nor
weight loss. Its liver was tested positive for YFV. Twenty-four
days after inoculation, two and three hamsters from rCGh and
rNh groups, respectively, and a hamster from the non-infected
group were euthanised and both serum and liver samples were
recovered for neutralisation assay and viral load determination.
For all three groups, the eight remaining hamsters were inocu-
lated intraperitoneally with 5�105 TCID50 of virus (Ap7M). Two
hamsters were euthanised at three- and six-day post-challenge
(dpc) to conduct virology investigations from liver samples
while four were kept for evaluating mortality rate (endpoint in
case of survival: twelve dpc). The protection was evaluated by
determining for each group (1) viral loads in liver at three and
six dpc, (2) weight evolution at six and ten dpc, (3) survival.
With regard to the number of samples tested for virology and
immunology investigations, no statistical test was achieved in
this section. Detailed results for this experiment are available in
Fig. 5.

In agreement with previous observations, no mortality was
observed post-challenge in either immunised or control groups,
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indicating that mortality rate in hamsters decreases impor-
tantly in adults (greater than six-week old individuals) (Tesh
et al. 2001). However, there was a great difference in the evolution
of viral loads, with no increase in viral yields at three and six
dpc in rCGh and rNh immunised animals while high viral loads
were detected in the control animals, around �109 RNA copies
per gram of liver. Evidence of protection was also provided by
the fact that there was no weight loss in immunised groups at
six and ten dpc, whereas a significant weight loss up to 18 per
cent at ten dpc (Wilcoxon rank sum test P value¼ 0.00239) was
recorded in the control group. Altogether, these results indicate
efficient immunisation of hamsters inoculated with YFV re-
encoded strains rCGh or rNh.

3. Discussion

Genome re-encoding through synonymous codon replacement
is a recognised procedure for attenuating RNA viruses including
poliovirus, influenza virus, respiratory syncytial virus, chikun-
gunya virus, tick-borne encephalitis virus and dengue virus
(Burns et al. 2006; Mueller et al. 2006; Nougairede et al. 2013; De
Fabritus et al. 2015; Martinez et al. 2016). Additional insights
into the mechanisms contributing to attenuation of the virus
phenotype following synonymous codon replacement should
prove valuable for the custom design of, viable, safe, cost-
effective vaccine candidates. The initial purpose of this work
was to identify the types of synonymous mutations that would

Figure 4. Results of YFV serology at 16-day post-infection. Neutralisation assays were performed on sera obtained from hamsters infected with re-encoded viruses that

showed complete loss of mortality in vivo. For each virus, serum samples were retrieved at 16 dpi from two hamsters. Sera from both uninfected hamsters (n¼2) and

vaccinated humans (vaccinees, n¼4) were used as negative and positive controls. Results are expressed as 50 per cent neutralisation titre (NT50) and were evaluated us-

ing Graphpad Prism Software (v7.00 for Windows, GraphPad Software, La Jolla, CA, www.graphpad.com). Thick black lines indicate median values and minimum/maxi-

mum values are indicated by dashes.

Figure 5. Challenge assay. Normalised percent of initial weight (%IW) at day of challenge and 6/10 dpc (A) as well as viral loads at day of challenge and 3/6 dpc (B) are

given for all groups (i.e., immunised and control). Viral loads were evaluated on groups of two hamsters at 3/6 dpc. %IW were evaluated on groups of eight, six, and

four hamsters at 3, 6, and 10 dpc, respectively. Significant %IW differences observed between non-immunised (Non im.) and the other groups at 6/10 dpc (Wilcoxon

rank-sum test P value <0.05) are indicated by a star (*). Viral loads and %IW computations are detailed in the corresponding paragraphs within the ‘Section 4’.
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impose the least detrimental effect on viral replicative fitness.
Previous codon re-encoding studies in our laboratory were
achieved for two other arboviruses, CHIKV and TBEV
(Nougairede et al. 2013; De Fabritus et al. 2015). In the light of
this experience, we planned an exploratory study of the effects
of re-encoding on both the in vitro and in vivo phenotypes of yel-
low fever virus (YFV). Our choice was motivated by the availabil-
ity of a suitable reverse genetics system for re-encoded strains
of YFV production, viz., the ISA method (Aubry et al. 2014) and a
robust YF hamster model (McArthur et al. 2003). Hence, we
could test first the in vitro, and then the in vivo replicative fitness
of our strains before using some of the live-attenuated candi-
dates for hamster immunisation studies.

Here, we have described the direct impact of synonymous
substitutions on YFV replicative phenotype both in vitro and
in vivo. As previously described with TBEV (De Fabritus et al.
2015), the level of re-encoding necessary to observe viral attenu-
ation in vivo was lower than that required to obtain an observ-
able decrease in replicative fitness in vitro. As further suggested
by supplementary, basic, growth curve experiments (data not
shown), all re-encoded strains with only one re-encoded frag-
ment (101–350 mutations) maintained a replicative phenotype
close to that of the parental Asibi strain in vitro. Only YFV rTs4,
that included an additional re-encoded fragment (741 muta-
tions in total), showed a severe reduction in replicative fitness
in vitro. Previous works on Poliovirus, Echovirus, RSV, Influenza,
HIV, CHIKV, DENV, and Marek’s disease virus (Burns et al. 2006;
Mueller et al. 2010; Martrus et al. 2013; Nougairede et al. 2013;
Atkinson et al. 2014; Le Nouen et al. 2014; Shen et al. 2015;
Conrad et al. 2018) brought evidence that the effect of synony-
mous mutations may vary according to the location within the
viral sequence. Hence, a control, Asibi-derived virus including
only the additional re-encoded fragment (388 mutations in the
NS5) was produced. Contrarily to the viruses re-encoded in the
NS2-3-4 region, it showed a decrease in replicative fitness dur-
ing competition experiments (outcompeted by the wild-type vi-
rus at passage no. 10). As three consensus non-synonymous
mutations (associated to major variants) arose in the viral se-
quence during the production of this virus, it is not possible to
associate the in vitro phenotype to the re-encoding in the NS5
protein rather than to the additional, consensus, non-
synonymous mutations. However, this suggests that in the case
of YFV, re-encoding may have a greater effect in the polymerase
gene than in other non-structural proteins. In contrast with the
in vitro results, we observed a broad range of levels of attenua-
tion among all the strains that were tested in hamsters (101–350
mutations). While the least attenuated viruses showed no ob-
servable loss of replicative fitness and retained a degree of le-
thality, the most attenuated viruses displayed a complete loss
of lethality, together with a ten-fold reduction in viral loads in
the liver and significant alleviation of weight loss. We did not
produce nor test a hamster-adapted version of the rTs4 strain
because such a heavily re-encoded virus would have been un-
likely to achieve infection in vivo.

In contrast with previously published re-encoding studies,
we performed deep sequencing of infected hamster liver homo-
genates to correlate precisely each viral sequence(s) with the
observed phenotype. Our results indicate that, detailed genetic
information and in particular, that retrieved from in vivo experi-
ments, is critical to determine the significance of synonymous
substitutions within the attenuation process. When monitoring
the evolution of YFV re-encoded strains after production (i.e.,
transfection followed by three passages in vitro) or after one pas-
sage in hamsters, we observed the spontaneous emergence of

both synonymous and non-synonymous substitutions. These
consensus changes may be artefacts of the production methods
employed (PCR amplification of DNA fragments, stochastic evo-
lution events) or they may have resulted from the adaptation of
re-encoded viruses to the differing in vitro and in vivo conditions
of replication. In some cases, we observed the emergence of
consensus non-synonymous mutations present in major var-
iants of the viral stock used as the inoculum for in vivo experi-
ments. For these viruses, the analysis of the results from in vivo
experiments and attempts to correlate them with sequencing
data was limited due to consensus NS mutations which im-
peded the identification of the specific impact of silent muta-
tions on the viral phenotype in vivo.

Several conclusions can be drawn regarding the in vivo phe-
notypic impact of the different strategies used to produce re-
encoded YFV strains.

First, the introduction of simple transitions (i.e., with no mod-
ification of putative secondary structures in the genomic RNA)
on the replicative fitness of YFV had only minor impact on viral
phenotype. They did not cause larger modification of GC%, ENC,
Codon Adaptation index (to the homo sapiens codon usage) or in
the proportion of codons that are more likely to yield stop codons
(‘1-to-Stop codons’, as defined by Moratorio et al. 2017) than
what can be observed among clinical/field isolates, indicating
that additional mechanisms are probably involved in the attenu-
ation process. Similarly, the introduction of transitions at sites
involved in putative genomic secondary RNA structures had a
relatively mild detrimental impact on replicative fitness. Second,
contrary to secondary RNA structures that have been identified
in the untranslated regions of YFV (Ng et al. 2017) and other flavi-
viruses (Gritsun and Gould 2006, 2007a,b), the putative structures
within the virus open reading frame appear unlikely to be impor-
tant determinants of replicative fitness. Rather, role(s) in finely
tuning the efficiency of translation (mRNA or co-translational
folding) or in interactions with viral, and non-viral proteins have
been proposed (Shabalina, Ogurtsov, and Spiridonov 2006; Kudla
et al. 2009; Pechmann and Frydman 2013).

Previous studies have shown that increase in CpG/UpA dinu-
cleotides is an efficient attenuation mechanism (Atkinson et al.
2014; Tulloch et al. 2014; Gaunt et al. 2016; Witteveldt,
Martin-Gans, and Simmonds 2016) and this was supported by
the evidence of a correlation between increased CpG/UpA and
attenuation in our hamster models. However, the introduction
of TCG trinucleotides affected the in vivo phenotype of YFV. In
silico analysis predicted that such patterns are likely to be se-
lected against in flaviviruses infecting vertebrates. In addition,
studies on influenza virus produced evidence that CpG dinu-
cleotides in an A/U context (e.g., TCG) may enhance virus detec-
tion by the host innate immune system (Greenbaum et al. 2008;
Greenbaum, Rabadan, and Levine 2009; Jimenez-Baranda et al.
2011). Such trinucleotides can be used to induce a host-
dependent attenuation, as recently demonstrated for dengue vi-
rus (Shen et al. 2015; Simmonds et al. 2015).

This study approach was exploratory. Hence, we chose to fo-
cus on the identification of mutations with low deleterious im-
pact on in vivo replication and virulence of the yellow fever virus
(YFV) rather than on the comprehensive characterisation of the
biological mechanisms underlying the attenuation process (e.g.,
protein translation, RNA replication, activation of innate immu-
nity). Mechanistic insights on the specific effect(s) of the new
re-encoding strategies would be most valuable, to gain insight
into the finer details of viral attenuation and to facilitate fine-
tuning of re-encoded viruses for the specific requirements of
their intended use.
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The initial aim of this exploratory work was to identify types
of mutation with limited detrimental impact on viral replicative
fitness, usable for large scale genome re-encoding. In this re-
gard, ‘non-specific’ transitions (i.e., with no CpG/UpA creation)
represent the mutation type that best met our initial criteria. On
this basis, we conclude that the introduction of transitions
without CpG/UpA increase may constitute a ground rule for the
custom-designed large-scale re-encoding of viral genomes. This
does not rule out the possible use of mutations that increase
the rate of CpG/UpA dinucleotides. We propose that using a lim-
ited number of such mutations may ensure that re-encoded
genomes are relatively innocuous when tested in vivo, because
these patterns ensure enhanced activation of host innate im-
munity. Thus, procedures combining large, pan-genomic non-
specific re-encoding with limited bespoke CpG/UpA re-encoding
should lead to the development of safe, stable, and effective
live-attenuated vaccine viruses with finely tuned phenotypes.

In addition to deciphering the mechanisms of attenuation,
evaluating the stability of viral re-encoded variants is a crucial
objective for the development of vaccine candidates. Here, we ob-
served no reversion to the parental Ap7M sequence of YFV re-
encoded viruses when tested in vivo and virtually no reversion
in vitro. However, for several re-encoded strains, the occurrence of
consensus non-synonymous mutations in the sequences from
the inoculum and/or hamster livers suggests that YFV re-encoded
viruses may adapt and evolve both in vitro and in vivo. The molec-
ular evolution of viral re-encoded strains has already been de-
scribed for HIV and CHIKV-derived strains in vitro. The occurrence
of synonymous and non-synonymous consensus mutations cor-
related with partial recovery of (CHIKV) or full (HIV) WT replicative
fitness (Martrus et al. 2013; Nougairede et al. 2013). In accordance
with the observations made on CHIKV evolution in vitro, some re-
encoded strains retained a strongly attenuated phenotype that
was not outweighed by the emergence of adaptative consensus
mutations. Altogether, these elements suggest that, in some
cases, the accumulation of slightly detrimental mutations could
trap the virus, with no alternative mutational pathway with which
to enable complete restoration of replicative fitness.

As illustrated by the case of poliovirus vaccines, live-
attenuated vaccine strains have the potential to evolve following
inoculation and in cases of dissemination following vaccination.
Hence, the development of re-encoded vaccine candidates should
be accompanied by robust studies that address the potential fate
of the variants in vivo. However, to the best of our knowledge, the
evolutionary behaviour of re-encoded viruses in vivo has never
been studied. Since convenient in vivo laboratory models and re-
verse genetics systems are available, potential live-attenuated
YFV re-encoded vaccine candidates would provide a convenient
experimental model for future in vivo studies. In the studies de-
scribed earlier, we focused mainly on YF variants re-encoded in
one specific region of the genome (NS2A-NS4B). These studies
were appropriate for our experimental objectives but would not be
ideal for evolution studies. An optimised and more realistic design
would rely on in vivo serial passage and deep sequencing charac-
terisation of evenly distributed synonymous mutations, along the
entire genome, each with low fitness impact. The major objective
would be to assess the stability of re-encoded strains with synony-
mously modified codon compositions and in particular, their po-
tential to evolve towards modified phenotypes in vivo.

4. Methods

Detailed protocols regarding in silico analysis, virus, and cell cul-
ture (viral production, transfection, and titration (TCID50);

competition and virus neutralisation assays), PCR amplification
(subgenomic amplicon production), quantitative real-time PCR
(qRT-PCR) assays, sample collection, and Next-Generation
Sequencing (NGS) stand in the Supplementary Protocol.

4.1 Cells and animals

Viruses were produced in Baby hamster kidney BHK21 (ATCC,
number CCL10) and Vero (ATCC, CCL81) cells and titrated in
BHK21 cells. In vivo infection was performed in three-week-old
female Syrian Golden hamsters (Mesocricetus Auratus, Janvier
and Charles River laboratories).

4.2 Ethics statement

Animal protocols were reviewed and approved by the ethics
committee ‘Comité d’éthique en expérimentation animale de
Marseille—C2EA—14’ (protocol number 2015042015136843-V3
#528). All animal experiments were performed in compliance
with French national guidelines and in accordance with the
European legislation covering the use of animals for scientific
purposes (Directive 210/63/EU).

4.3 Design of re-encoded strains

4.3.1 Design of re-encoded strains including only ‘non-specific’
transitions
Re-encoded strains YFV rTs1, rTs2, and rTs3, were designed by
introducing increasing numbers of ‘simple’ transitions (siTs) in
the CDS of the reference strain Asibi (AY640589). The term
‘simple’ refers to synonymous, non-specific (no CpG/UpA intro-
duction) mutations located outside putative secondary struc-
tures. Strain YFV rTs4 included all mutations of YFV rTs3 and
388 additional non-specific transitions located between position
6,846 and 9,765 of the CDS, (741 transitions in total).

Strain YFV rSS was re-encoded using 289 siTs as well as 50
non-specific transitions on sites corresponding to putative sec-
ondary structures (SII-Ts) identified in the parent sequence (de-
scribed in the Supplementary Results S2).

4.3.2 Design of re-encoded strains including ‘specific’ transitions
Viruses YFV rUA and rCG were designed by increasing the num-
ber of UpA and CpG dinucleotides in the viral sequence.
Transitions leading to UpA dinucleotide introduction (UpA-Ts)
were combined with siTs to design strain rUA (fifty-nine addi-
tional UpA). Similarly, rCG involved a combination of siTs and
CpG-Ts (fifty-nine additional CpG).

To investigate the impact of introducing TCG patterns on
viral replication, mutations allowing the creation of TCG trinu-
cleotides (TCG-Ts) were used for the design of re-encoded strain
YFV rTCG (118 additional TCG). Because of the scarcity of edit-
able sites allowing TCG introduction, design rules were relaxed:
both transitions and transversions were used and some muta-
tions affected sites corresponding to putative secondary struc-
tures (total: twelve) as well as non-editable sites (total: eleven).

Finally, a combinatory strategy was used for YFV strain rN
design. It included 233 mutations (179 transitions and 54 trans-
versions) that led to the introduction of 83 UpA and 54 CpG
dinucleotides into the viral sequence.

4.4 Recovery of infectious viruses and stock production

All the strains used in this study (one WT, one hamster-adapted
and seventeen re-encoded) were produced using the ISA
method, that enables recovery of infectious viruses after
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transfection into permissive cells of overlapping subgenomic
DNA fragments covering the entire genome (Aubry et al. 2014).
All fragment combination schemes used for virus production
are detailed in Fig. 1 and in the ‘Fragment combination’ section.

4.4.1 Fragments combinations
For Asibi strain production, three subgenomic fragments were
used: FI (positions 1–3,919 in CDS and the 50-UTR (119 nucleotides
(nt)), FII (3,843–6,838) and FIII (6,783–10,236 and 30-UTR (509 nt)).
They correspond to the complete genome of the strain, flanked,
respectively, at 50 and 30 termini by the human cytomegalovirus
promoter (pCMV) and the hepatitis delta ribozyme followed by
the simian virus forty polyadenylation signal (HDR/SV40pA)
(pCMV and HDR/SV40pA sequences were described by Aubry
et al. 2014). The hamster-virulent strain YFV Ap7M, was obtained
from Asibi virus by substituting the FI subgenomic fragment by
the FIAp7 fragment, that includes ten hamster-virulence muta-
tions as described elsewhere (R. Klitting et al., accepted
manuscript).

Re-encoded strains rTs1, rTs2, rTs3, rUA, rCG, rSS, rN, and
rTCG were derived from Asibi by combining a re-encoded ver-
sion of the second subgenomic fragment FII to the WT first (FI)
and third (FIII) subgenomic fragments. For the heavily re-
encoded rTs4 strain, the WT fragment FI was combined to the
re-encoded FII fragment of strain rTs3 and to a re-encoded ver-
sion of FIII fragment, FIIIR.

All hamster-adapted re-encoded strains (rTs1h, rTs2h,
rTs3h, rUAh, rCGh, rSSh, rNh, and rTCGh) were obtained by
replacing the WT FI fragment with the Ap7M FI fragment, FIAp7.

4.4.2 Production and recovery
For producing each of the different YFV strains described in this
study, 3 overlapping DNA fragments were synthesised de novo
(Genscript) and amplified by High Fidelity PCR using the
Platinum PCR SuperMix High Fidelity kit (Life Technologies) and
specific sets of primers. After amplification, all DNA fragments
were purified using Monarch PCR & DNA Cleanup kit 5 mg
(BioLabs) according to the manufacturer’s instructions. Details
regarding the subgenomic DNA fragments and the sets of pri-
mers used for the amplification step are available in the
Supplementary Table S6. The different subgenomic fragment
combinations are described in Fig. 1.

A final amount of 1 mg of DNA (equimolar mix of subgenomic
cDNA fragments) was transfected using Lipofectamine 3000
(Life Technologies) in a 25-cm2 culture flask of subconfluent
cells containing 1 mL of culture medium without antibiotics.
The cell supernatant media were harvested at 9-day post-
transfection (dpi), aliquoted, and stored at �80�C. Each virus
was then passaged twice in Vero (Asibi-derived) or BHK21
(Ap7M-derived) cells and once in BHK21 cells. Clarified cell su-
pernatant media from the second passage (virus stocks) were
stored and used to perform viral RNA quantification, TCID50
assays and whole-genome sequencing (see section 4.6, 4.10 and
in the supplementary data).

4.5 Nucleic acid extraction

Samples (liver homogenate or cell culture supernatant medium)
were extracted using either EZ1 Biorobot (EZ1 Virus Mini kit v2)
or the QiaCube HT device (CadorPathogen kit) both from Qiagen.
Inactivation was performed using either 200 lL of AVL buffer

(EZ1) or 100 lL of VXL buffer and 100 lL HBSS (Qiacube) accord-
ing to the manufacturer’s instructions.

4.6 Quantitative real-time RT-PCR assays

All quantitative real-time PCR (qRT-PCR) assays were performed
using the EXPRESS SuperScript kit for One-Step qRT-PCR
(Invitrogen) and the GoTaqVR Probe 1-Step RT-qPCR System
(Promega). Primers and probe sequences are detailed in the
Supplementary Table S6.

The amount of viral RNA was calculated from standard
curves using a synthetic RNA transcript (concentrations
of 107, 106, 105, and 104 copies/lL). Results were normalised
using amplification (qRT-PCR) of the housekeeping gene actin
(as described by Piorkowski and colleagues (Piorkowski et al.
2014)). The standard curves generated for all the YFV-
specific assays had coefficients of determination values
(R2) >0.98 and amplification efficiencies were between
93 and 100 per cent.

4.7 Competition assays

WT virus was grown in competition with each of the nine, Asibi-
derived, re-encoded viruses using two RNA ratios in triplicate
(WT/re-encoded virus: 10/90 and 50/50). A global estimated MOI
of 0.5 was used for the first inoculation. Viruses from each ex-
periment were then passaged nine times with an incubation
time of three days. At each passage, the estimated MOI was
�0.6. After each infection (3 dpi), nucleic acids were extracted
from the clarified culture supernatant medium using the
QiaCube HT device (see section 4.5) and then used for RT-PCR
amplification. The detection of each virus was achieved using
next generation sequencing (NGS) methods (see section 4.10),
by amplifying a 256 nucleotides region and counting virus-
specific patterns within the read population.

4.8 In vivo experiments

The laboratory hamster model reproduces the features of human
YF but requires the use of adapted strains (Julander 2016). We re-
cently implemented a hamster model for YFV, based on the use
of a strain equivalent to the Asibi/hamster p7 strain described by
McArthur et al. (2003), Ap7M. When inoculated into hamsters,
this strain induces a lethal viscerotropic disease similar to that
described for YF Ap7 virus in terms of (1) clinical signs of illness,
(2) weight evolution, (3) viral loads in the liver, and (iv) lethality
(100 per cent). This strain was derived from Asibi by including ten
mutations in the FI subgenomic region used for viral recovery
with the ISA method. As we chose to target the FII subgenomic re-
gion for re-encoding, the Ap7M strain was well suited for testing
the effects of re-encoding on the biological properties of viruses
in vivo.

Three-week-old female Syrian Golden hamsters were inocu-
lated intra-peritoneally with 5�105 TCID50 of virus in a final vol-
ume of 100 lL HBSS. In all experiments, a control group of two
hamsters was kept uninfected. The clinical course of the viral
infection was monitored by following (1) the clinical manifesta-
tion of the disease (brittle fur, dehydration, prostration, and
lethargy), (2) weight evolution, and (3) death. Weight was
expressed as a normalised percentage of initial weight (%IW)
and calculated as follows:
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%IW ¼Wdn

Wd0
�%IWm þ 1

(Wdn: weight at day n; Wd0: weight on the day of inoculation or
challenge; IWn: mean of the %IW for control hamsters).

Liver samples were obtained from euthanised hamsters,
ground, and treated with proteinase K (PK) before nucleic acid
extraction using either the EZ1 Biorobot or the QiaCube HT de-
vice (see section 4.5). Serum was recovered from euthanised
hamsters and stored (�80�C).

4.9 Virus neutralisation assay

Sera were incubated for 20 min at 56�C prior to viral serology. For
each serum, serial five-fold dilutions (first dilution: 1:250) of se-
rum were tested on BHK21 cells for Ap7M strain infection inhibi-
tion. The plates were incubated for 44 h before nucleic acid
extraction. Virus quantification was achieved using the YFV-
specific qRT-PCR system as described earlier. Then, a viral RNA
yield reduction (per cent of viral inhibition) was calculated for
each well as follows:

1� qYFVw

qYFVm

With qYFVw the number of RNA copies in the analysed well
and qYFVm the mean number of RNA copies in the negative
control wells. Fifty percent neutralisation titre NT50 values were
determined from plots of per cent of viral neutralisation versus
serum dilutions and calculated by non-linear regression (four-
parameter dose–response curve) analysis using Graphpad
PRISM software (v7.00 for Windows, GraphPad Software, La
Jolla, CA, www.graphpad.com).

4.10 Whole and partial genome sequencing

Nucleotide sequences were determined using NGS methods:
overlapping amplicons spanning either the complete genome
sequence or a 256 nucleotides region (nucleotide positions:
4,391–4,646) were produced from the extracted RNA using the
SuperScriptVR III One-Step RT-PCR System with PlatinumVR Taq
High Fidelity kit (Invitrogen) and specific primers (detailed in
the Supplementary Table S7). Sequencing was performed using
the PGM Ion torrent technology (Thermo Fisher Scientific) fol-
lowing the manufacturer’s instructions.

4.10.1 Sequence determination
CDS consensus sequence determination was done using CLC
genomics workbench software (CLC bio-Qiagen). Substitutions
with a frequency >5 per cent were considered for the analysis
of intra-population genetic diversity and major/minor variant
subpopulations identification (minor variants: 5 per cent < var-
iants frequency �75 per cent; major variants: variants fre-
quency >75 per cent). No variant was taken into account with a
coverage lower than 1,000 reads. No consensus mutation was
taken into account with a coverage lower than fifty reads.

4.10.2 Re-encoded virus quantification
After sequencing the 256 nucleotide region using the PGM Ion
torrent technology. Automated read datasets provided by
Torrent software suite 5.0.2 were trimmed according to quality
score using CLC genomics workbench software (CLC bio-Qiagen)
and six re-encoded or wild-type specific patterns (see
Supplementary Tables S8–S10) were counted within the read
datasets using in-house software. As a control, two patterns

common to both viruses were counted to evaluate the total
amount of virus for each sample.

4.11 Statistical analysis

Viral load comparisons were achieved using Wilcoxon rank-
sum test with a continuity correction and Kaplan–Meier survival
analysis, using Mandel–Cox’s Logrank tests. Both analyses were
performed using R software (R Core Team 2013). P values <0.05
were considered as significant.
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