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Abstract

We previously reported two hamster models for viscerotropic yellow fever virus (YFV) infection: one using a
YFV strain ( Jiménez), isolated from a fatal human case in Panama in 1974, and the other using the prototype
YFV strain (Asibi). Asibi hamster passage 7 (P7) was associated with accumulation of seven amino acid
substitutions, including five in the envelope protein. In this study we report the genome sequences of the
hamster Jiménez P0 and P10 viruses in which we identified only two amino acid substitutions during passage,
one each in the nonstructural proteins NS3 and NS5, indicating a role for the nonstructural proteins in increased
YFV viscerotropism in the Jiménez hamster model. Thus, there are multiple molecular mechanisms involved in
viscerotropism of YFV in the hamster model. Neither Asibi P7 nor Jiménez P10 viruses were viscerotropic in
mice or guinea pigs. Thus, the hamster viscerotropic phenotype did not translate to other laboratory rodent
species.
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Introduction

Yellow fever virus (YFV) is an important re-emerging
human pathogen that still causes significant morbidity

and mortality in tropical regions of Africa and South Amer-
ica. It frequently causes a viscerotropic infection leading to
hemorrhagic fever and death in humans and nonhuman pri-
mates (Monath and Vasconcelos 2015, Couto-Lima et al.
2017, Hamrick et al. 2017, Lilay et al. 2017, Gomez et al.
2018, Shearer et al. 2018). YFV is the prototypic member of
the genus Flavivirus, family Flaviviridae. The flavivirus ge-
nome is a positive-sense single stranded RNA molecule
*11 kb in length (Rice et al. 1985). The genome contains a
single open reading frame (ORF) flanked by 5¢ and 3¢ non-
translated regions (NTR). The ORF encodes a polyprotein of
*3400 amino acids that is co- and post-translationally
cleaved to generate three structural proteins, core (C),
membrane (M), and envelope (E) as well as seven non-
structural genes, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5.

We previously reported two hamster models for viscero-
tropic YFV infection. The first using YFV strain Jiménez,

isolated from a fatal human case in Panama in 1974 (Tesh
et al. 2001, Xiao et al. 2001, Sbrana et al. 2006), and the
second using the prototype YFV strain (Asibi), isolated from
a nonfatal human case in Ghana in 1927 (McArthur et al.
2003, 2005). The nonhamster-passaged Jiménez virus ( Ji-
ménez P0) caused a nonfatal infection in Syrian golden
hamsters (Mesocricetus auratus) with moderate viremia.
However, after 10 serial hamster passages ( Jiménez P10), the
virus produced higher levels of viremia, histopathologic and
biochemical changes consistent with yellow fever, and a
mortality rate of 20–80%, depending upon the age (adult vs.
3–4 weeks) of the hamsters (Supplementary Table S1) (Tesh
et al. 2001, Xiao et al. 2001, Sbrana et al. 2006). Similarly,
the nonhamster-passaged Asibi strain (Asibi P0) produced no
clinical illness and only moderate viremia in 3- to 4-week-old
hamsters; but after seven serial hamster passages, the virus
(Asibi P7) was 100% lethal in the hamster model and was
associated with high viremia and histopathologic changes
consistent with viscerotropic YFV infection (Supplementary
Table S1) (McArthur et al. 2003). Comparison of the full
genomic sequences of YFV Asibi P0 and P7 identified 14
nucleotide differences encoding 7 aminos acid substitutions,
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of which 5 were in the E protein (McArthur et al. 2003).
Klitting et al. (2018) further identified a T154A mutation in
the E protein (adjacent to the E-D 155A mutation reported by
our group previously) as partially responsible for the vis-
cerotropic phenotype in hamsters.

Extensive characterization of the clinical parameters and
histopathology associated with Jiménez P0 and P10 viruses
have been reported (Tesh et al. 2001, Xiao et al. 2001, Sbrana
et al. 2006). This animal model has also been used to test
antiviral treatments against YFV infection (Sbrana et al.
2004, Julander et al. 2009, 2014, Julander 2016). However,
there have been no reports of the molecular characterization
of these two Jiménez viruses. In this study we describe the
full-length sequence of the parental Jiménez P0 and its hamster-
passaged derivative Jiménez P10, as well as the phenotype of
hamster-passaged YFV in other rodent species.

Materials and Methods

Viruses

All viruses were received from the World Reference
Center for Emerging Viruses and Arboviruses, University of
Texas Medical Branch, and were given one additional pas-
sage in Vero cells to produce a working stock.

Cell culture

Viruses were cultured in Vero cells (green monkey kidney
cell line) for 6–10 days. Before infection, Vero cells were split
and allowed to grow for a minimum of 24 h (to a confluency of
*75–80%) before infection. Cells were washed once with
phosphate-buffered saline and 100 lL of virus was added to the
culture flask. The flask was incubated at room temperature for
30–45 min after which minimal essential media (MEM) sup-
plemented with 2% bovine growth serum, 0.3% l-glutamine
(Gibco-BRL, Gaithersburg, MD), 1% nonessential amino acids
(Sigma, Saint Louis, MO), and 1% penicillin/streptomycin
(Gibco-BRL) was added. Infected cultures were maintained at
37�C with 5% CO2 until cytopathic effects (cpe) were evident.

Virus was harvested when the cultures began to show cpe.
All virus cultures were maintained in BSL3 facilities. Viral
titers were measured by 50% tissue culture infectious dose
(TCID50). In brief, virus was serially diluted in 96 well plates
(each virus was titrated in triplicate when possible). After
virus dilution, 100 lL of Vero cells was added to each well.
The edges of the plates were taped to prevent drying and
placed at 37�C for 7–10 days. The highest dilution at which
cpe were observed was recorded for each column, and the
Reed–Meunch method was used to calculate the TCID50.

Reed–Meunch method. The proportionate distance be-
tween the dilution that causes cpe in >50% of the infected
wells and the dilution that causes cpe in <50% of the infected
wells was calculated.

% positive above 50%ð Þ- 50%

% positive above 50%ð Þ - % positive below 50%ð Þ :

The 50% end-point is now calculated. This is the log10 ID50

(log dilution >50%) + (proportionate distance · log10 dilution
factor). Finally, the titer is converted into log10 TCID50/mL.

Virus RNA isolation, amplification, and sequencing

Virus RNA was isolated using the Qiagen RNA extraction
kit, and resuspended in 80 lL of HPLC grade water followed
by RT-PCR using a set of overlapping primer pairs (Sup-
plementary Table S2).

PCR fragments were cloned into the pGEM vector (In-
vitrogen) and amplified in Escherichia coli DH5a compe-
tent cells. Forward and reverse sequences were obtained
from each fragment, and two to three clones of each frag-
ment were sequenced to obtain a consensus sequence. Se-
quencing was performed in the UTMB Protein Chemistry
Core Laboratory. Supplementary Table S2 contains a list of
primers used for sequencing. Genomic sequences were as-
sembled and aligned using the Vector NTI software package
(InforMax).

Animals

Female outbred guinea pigs, 2–3 weeks of age, and female
NIH Swiss mice, 3–4 weeks of age (Harlan Bioproducts;
Indianapolis IN), were inoculated intraperitoneally (ip) with
100 lL of YFV stock (Asibi P0, Asisbi P7, Jiménez P0 or
Jiménez P10) containing 7 log10 TCID50. On days 3 and 6
postinfection (pi), two animals from each group were ex-
sanguinated by cardiac puncture, and liver, spleen, and brain
were harvested at necropsy. Animals were anesthetized with
halothane before procedures. Six animals from each experi-
mental group were also observed until 14 days pi for out-
come. IACUC approval number 93-07-048.

Neuroinvasiveness in 8-day-old mice

Untimed pregnant mice in late gestation were obtained
from Harlan Bioproducts. Litters were inoculated ip with
100 lL of serially diluted virus to calculate the 50% lethal
dose (LD50). LD50 was calculated by the Reed– Muench
method (Reed and Muench 1938).

Histopathology

Samples of liver, spleen, and brain from infected animals
were fixed in 10% formalin, followed by paraffin embedding,
sectioning, and staining with hematoxylin and eosin as de-
scribed (Xiao et al. 2001) in the UTMB Histopathology Core
Laboratory. Slides were blinded and evaluated for micro-
scopic changes consistent with YFV infection.

Statistical analyses

Average survival times (ASTs) were compared using
Mann–Whitney (GraphPad Prism 6.0, San Diego, CA).

Results

Sequence of the full-length Jiménez
P0 and P10 genomes

The full-length genome of Jiménez P0 virus was 10,794
nucleotides in length with a single ORF of 10,233 nucleo-
tides (3411 amino acids). The Jiménez P0 virus and its
hamster-passaged derivative, Jiménez P10, differed by only
five nucleotides encoding two deduced amino acid substi-
tutions. There were no nucleotide changes located within
the 5¢ or 3¢ NTR. The nucleotide changes in the Jiménez P10
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virus were located at genome positions 1237, 2755, 4767,
6358, and 7646. Nucleotides 6358 and 7646 were nonsynon-
ymous and encoded amino acid substitutions within the non-
structural proteins, NS3-R66K and NS5-N4D, respectively
(Table 1).

The location of amino acid 66 of the NS3 N-terminal
serine protease protein was modeled on the crystallographic
structure of the DENV2 (dengue virus 2) serine protease
protein using the SWISS-PDB program (Murthy et al. 1999),
showing that residue 66 is distant from the catalytic triad
(Fig. 1).

Residue 4 of NS5 (N/D in Jiménez P10) is located up-
stream of the putative 5¢methyl-transferase domain, near the
NS4B/NS5 cleavage site.

The Jiménez P0 virus (South American genotype I) (Au-
guste et al. 2010) differed from Asibi P0 (West African ge-
notype II) (Beck et al. 2013) at 15 amino acid positions within
the E protein; however, only 1 of these differences (residue
331) is shared with hamster viscerotropic Asibi P7 virus
(Fig. 2).

Viscerotropism in other rodent models

Since the Asibi and Jiménez YFV strains accumulated
different substitutions after serial passage in hamster liver,
we investigated whether the viscerotropism (defined as clini-
cally detectable signs of YFV infection, evidence of viremia,
and/or histopathological lesions consistent with YFV in-
fection) observed in the hamster model translated to other
rodent species.

All of the guinea pigs inoculated by the ip route with the
hamster viscerotropic (Asibi P7 and Jiménez P10) and non-
hamster viscerotropic strains (Asibi P0 and Jiménez P0) of
YFV survived and showed no clinical signs of illness
throughout the course of these studies. Viremia was not de-
tectable upon assay in Vero cells by TCID50 in any of the
animals on either day 3 or 6 pi. Similarly, virus was not
detected in liver homogenates assayed by TCID50, nor was it
possible to amplify viral RNA from these samples. There
were no histopathological changes in any tissues.

After ip inoculation of 3- to 4-week-old NIH Swiss mice
with Asibi P0, Asibi P7, Jiménez P0, or Jiménez P10, there
was no mortality in any group. During the 14-day observation
period, none of the mice displayed clinical signs of illness
compatible with YFV infection. Virus was not detected in the
sera upon assay in Vero cells by TCID50. No attempt was
made to harvest virus from tissues as there was no detectable
viremia and no evidence of histopathologic changes consis-
tent with YFV infection.

Neuroinvasiveness in suckling mice

The well-characterized mouse neuroinvasive model of
YFV infection using 8-day-old NIH Swiss mice (Wang et al.
1995) was used to determine whether the hamster-adapted
viruses had any modification to their mouse neuroinvasive
phenotype. Jiménez P0 stock had an LD50 of 1.0 – 0.2 log10

TCID50 with an AST of 11.7 – 0.7 days, whereas Jiménez P10
had an LD50 of 0.8 – 0.6 log10 TCID50 and AST of 11.8 – 1.9.
There was no statistically significant difference between
these values ( p > 0.05, Mann–Whitney). The French neuro-
tropic vaccine (FNV) strain, which is highly neuroinvasive in
mice (Wang et al. 1995) but does not cause viscerotropic or
neurotropic disease in hamsters, was used as a control. FNV
had an LD50 of 1.3 – 0.3 log10 TCID50 and an AST of
9.3 – 0.0, and was not significantly different from the values
obtained for Jiménez P0 and Jiménez P10. Although the LD50

of Asibi P0 and Asibi P7 was considerably higher than those
of the two Jiménez viruses (2.6 – 1.2 log10 TCID50 and
3.5 – 0.3 log10 TCID50, respectively), there was no statisti-
cally significant difference between the nonhamster viscer-
otropic Asibi P0 and the hamster viscerotropic Asibi P7
( p > 0.05, Mann–Whitney). Nor was there a statistically
significant difference in AST between Asibi P0 and Asibi P7
viruses (10.7 – 1.0 and 12.0 – 1.0 days, respectively, p > 0.05,
Mann–Whitney).

Discussion

This study characterized the genomes and rodent pheno-
types of hamster viscerotropic and nonhamster viscerotropic
YFV. Comparison of the Jiménez P0 and Jiménez P10 viruses

FIG. 1. Model of the YFV NS3 protease. The YFV NS3
was modeled on the crystallographic structure of DENV2
NS3 protease (Murthy et al. 2000) with SWISS-PDB. The
catalytic triad is indicated in red and the location of the
NS3-66 residue in yellow. DENV2, dengue virus 2; YFV,
yellow fever virus.

Table 1. Nucleotide and Deduced Amino Acid

Changes Between Jimenez P0 and P10 Yellow

Fever Virus Strains

Nucleotide
Jiménez

P0
Jiménez

P10
Amino
acid

Jiménez
P0

Jiménez
P10

1237 G A
2755 A G
4767 G A
6358 G U NS3-66 R K
7646 A G NS5-4 N D
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identified amino acid changes within the nonstructural pro-
teins (NS3 and NS5). Unlike previous studies with the
hamster viscerotropic Asibi P7, which implicated the E
protein as a major determinant of viscerotropism (McArthur
et al. 2003, 2005, Klitting et al. 2018), these studies indicate a
possible role for nonstructural proteins in viscerotropism.
Both NS3 and NS5 are found in the flavivirus replication
complex (RC) and mutations in these proteins have been
shown to alter virus replication (Lindenbach and Rice 2003).
The NS3 protein contains both serine protease and helicase
activities (Wengler 1991, Zhang et al. 1992, Pugachev et al.
1993, Chen et al. 1997, Cui et al. 1998, Valle and Falgout

1998) with residue 66 located within the protease domain.
Furthermore, examination of the structure suggests that this
residue may not play a direct role in protease activity. NS5
has multiple enzymatic functions including 5¢methyl-
transferase and RNA-dependent RNA polymerase activities
encoded by different domains (Rice et al. 1985, Koonin 1993,
Tan et al. 1996, Ackermann and Padmanabhan 2001, Guyatt
et al. 2001, Egloff et al. 2002). Residue 4 of NS5 is highly
conserved among YFV strains; however, it is not believed to
play a major role in cleavage at this site (Chambers et al.
1993). Given the differences in deduced amino acid changes
between Asibi P0 and P7 (n = 7) compared with Jiménez P0

FIG. 2. Alignment of the E protein deduced amino acid sequences. The deduced amino acid sequences of Asibi P0, Asibi
P7, Jiménez P0, and Jiménez P10 YFV strains are shown demonstrating amino acid differences among these viruses.
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and P10 (n = 2), there are likely multiple molecular mecha-
nisms for viscerotropism in the hamster model.

Although previous studies, using the Asibi strain of YFV,
have focused on the importance of the E protein in viscero-
tropism and proposed that alterations in recognition of and/or
binding with host cell proteins are at least partially respon-
sible for increased viscerotropism in the hamster model
(McArthur et al. 2003), the lack of deduced amino acid
substitutions in the E protein of the Jiménez P10 virus sug-
gests that alteration in host cell recognition and/or binding is
not a requirement for increased viscerotropism in the hamster
model. It is, therefore, likely that different molecular mech-
anisms of hamster viscerotropism are involved in these two
systems. Specifically, alterations in the RC of Jiménez P10
might allow increased viral replication within hamster he-
patocytes and/or other target cells, leading to higher levels of
viremia and clinical manifestations of YFV infection.

In addition to the deduced amino acid changes identified
after hamster passage, there were several synonymous nu-
cleotide changes. It is also possible that these silent mutations
play a role in viscerotropism. It has been demonstrated that
codon usage biases may alter translation leading to changes
in replication efficiency (Di Paola et al. 2018). Thus, silent
mutations may contribute to the differences in viscerotropism
of passaged viruses in the hamster as well as the lack of
viscerotropism in other rodent models.

We further investigated the phenotype developed by serial
passage of YFV in hamsters in other rodent species and did
not identify evidence of viscerotropism in either guinea pigs
or mice. These data imply that the acquisition of viscero-
tropism is determined by different genetic factors in different
hosts. This result was not unexpected, as there is a precedent
for this observation in the mouse model of neurotropism
(Wang et al. 1995). YFV is neurotropic in mice, and its
passage in mice results in increased neurotropism (not vis-
cerotropism) in the mouse model (i.e., FNV). However, the
increased neurotropism of mouse-adapted strains is not ob-
served in other rodent species (Wang et al. 1995). Further-
more, guinea pigs have previously been shown to be resistant
to YFV (Strode 1951). These results are consistent with the
hypothesis that different nucleotides/amino acids encode the
molecular determinants of neuroinvasiveness and viscero-
tropism in rodents.

Conclusions

In conclusion, the markedly different genetic backgrounds
of the West African Asibi and South American Jiménez pa-
rental strains of YFV provided an ideal model in which to test
the hypothesis that similar molecular mechanisms were as-
sociated with adaptation to the hamster model. These studies
demonstrate that two hamster adaptation processes can result
in similar viscerotropic phenotypes that can be encoded by
multiple molecular mechanisms of adaptation. Further stud-
ies using YFV infectious clones may provide additional in-
formation regarding the relative contributions of these
mutations on viscerotropism.
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