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Abstract

In vivo serial passage of non-pathogenic viruses has been shown to lead to increased viral virulence, and although the
precise mechanism(s) are not clear, it is known that both host and viral factors are associated with increased pathogen-
icity. Under- or overnutrition leads to a decreased or dysregulated immune response and can increase viral mutant spec-
trum diversity and virulence. The objective of this study was to identify the role of viral mutant spectra dynamics and
host immunocompetence in the development of pathogenicity during in vivo passage. Because the nutritional status of
the host has been shown to affect the development of viral virulence, the diet of animal model reflected two extremes of
diets which exist in the global population, malnutrition and obesity. Sendai virus was serially passaged in groups of mice
with differing nutritional status followed by transmission of the passaged virus to a second host species, guinea pigs.
Viral population dynamics were characterized using deep sequence analysis and computational modeling.
Histopathology, viral titer and cytokine assays were used to characterize viral virulence. Viral virulence increased with
passage and the virulent phenotype persisted upon passage to a second host species. Additionally, nutritional status of
mice during passage influenced the phenotype. Sequencing revealed the presence of several non-synonymous changes
in the consensus sequence associated with passage, a majority of which occurred in the hemagglutinin-neuraminidase
and polymerase genes, as well as the presence of persistent high frequency variants in the viral population. In particular,
an N1124D change in the consensus sequences of the polymerase gene was detected by passage 10 in a majority of the
animals. In vivo comparison of an 1124D plaque isolate to a clone with 1124N genotype indicated that 1124D was associ-
ated with increased virulence.

1. Introduction

Novel human viral pathogens are emerging with increasing
frequency, however the mechanisms of viral adaptation to a

new host are not well understood (Morse, et al. 2012; Anthony
et al. 2013). The majority of these pathogens have an animal
reservoir and an RNA genome. RNA viruses have a highly error-
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prone polymerase used for genome replication, and individual
RNA genomes within a species generally differ by many nucleo-
tides (nts) from the consensus (average) genome sequence.
Because of this, the term ‘quasispecies’ is often used to describe
the mutant spectra of viral genomes that constitute an RNA
viral species (Domingo and Holland 1997). Recent studies indi-
cate that intra-host viral population diversity may be a pre-
requisite for a virulent infection (Vignuzzi, et al. 2006; Kuss,
Etheredge, and Pfeiffer, 2008; Gutiérrez, Michalakis, and Blanc
2012) although the nature of the infection (acute versus chronic)
and viral lifecycle (i.e. vector-borne viruses) also influence the
role of intra-host viral diversity in infection outcome (Weaver,
Rico-Hesse, and Scott 1992; Jerzak, et al. 2007; Andersen et al.
2015).

Serial passage of a virus in laboratory animals is often used
to increase pathogenicity of the virus for that host in order to
generate a laboratory model of the disease (Aronson, Herzog,
and Jerrells 1995; Tiwari et al. 2006). For example, passage of the
SARS virus in rats generated a viral variant with a point muta-
tion in the spike protein, and this mutation increased the effi-
ciency of interaction of the spike protein and the viral receptor
on the rat cells (Nagata, et al. 2007). Interestingly, data from this
same study showed that both host and viral factors are associ-
ated with increased virulence, as virulence was associated with
increased age of the rodent as well as mutations in the viral
genome.

The precise mechanism(s) by which in vivo passage leads to
increased virulence are not clear and may differ between viral
families, genera, and even species. In vivo passage outcome is
shaped by numerous factors including viral strain, genotypic di-
versity, size of the inoculum, route of exposure, and by host fac-
tors such as onset and strength of immune response (Kuss,
Etheredge, and Pfeiffer, 2008; Gutiérrez, Michalakis, and Blanc
2012; Morelli, et al. 2013). Decreased immunocompetence may
allow infecting viruses to cause prolonged infections which
may increase the size and depth of genetic diversity present in
the intra-host population of RNA viruses (Domingo 1997).
Immunocompetence of a host is determined by many factors
such as age, pregnancy, and nutrient intake (Levander 1997;
Beck, Levander, and Handy 2003; Beck 2007). Recent studies by
Beck and others suggest that both malnutrition and obesity ad-
versely affect the ability of a host to mount a robust innate and
adaptive immune response to viral infections (Beck, Handy, and
Levander 2004; Zaki, Akuta, and Akaike 2005; Karlsson and Beck
2009). For example, obese mice infected with influenza virus
had a significantly higher mortality and increased lung path-
ology as compared with lean mice (Smith et al. 2007). Similarly,
infection of selenium deficient mice with an avirulent strain of
Coxsackievirus B3 resulted in evolution of the virus into a viru-
lent form that caused cardiac inflammation in both selenium
deficient mice and normal control mice (Beck et al. 1995; Beck,
Williams-Toone, and Levander 2003).

Host nutritional status may influence the generation of vari-
ant viruses and thus the viral genotype by a number of mechan-
isms. Both selenium and vitamin E are antioxidants and
function to control oxidative stress that is induced as part of the
host response to infection. Although production of reactive oxy-
gen species such as nitric oxide may play a role in microbial
clearance, it may also act as a mutagen and therefore may ex-
pand the diversity of the mutant spectra by acting on the fidel-
ity of the viral polymerases (Domingo 1997; Akaike et al. 2000).
The effect of oxidative stress on viral evolution has been dem-
onstrated in a variety of viruses (influenza, coxsackie, polio,
Sendai, and human immunodeficiency virus) and hosts (mouse,

human) (Akaike et al. 2000; Beck et al. 2001; Beck, Williams-
Toone, and Levander 2003; Beck, Handy, and Levander 2004).
Selenium deficiency has also been shown to impair the cellular
and humoral immune response. Similarly, obesity leads to
increased oxidative stress and immune dysregulation although
through a different mechanism driven by chronic inflammation
(Monteiro and Azevedo 2010; Kanneganti and Dixit 2012; Aroor
and DeMarco 2014). In particular, obesity has been shown to re-
duce cytokine production and NK cell cytotoxicity (Akaike et al.
2000; Beck et al. 2001; Beck, Williams-Toone, and Levander 2003;
Beck, Handy, and Levander 2004; Smith et al. 2007). The pres-
ence of excess dietary iron, which has a pro-oxidant effect
in vivo, may also increase viral titer and virulence (Beck, Handy,
and Levander 2004).

Despite these studies the role that nutritional status plays
on driving viral evolution within host under various nutritional
statuses and the ability to infect a different host species have
not been addressed. In this study, we address this gap in know-
ledge by serial passage of Sendai virus (SeV) (genus Respirovirus,
Paramyxoviridae family) in mice under three different dietary
conditions: normal diet (ND), selenium-deficient diet (SD), and
high fat diet (FD). Following the last serial passage in mice, indi-
vidual bronchial alveolar lavage (BAL) containing SeV from the
three dietary conditions was used to infect guinea pigs under
normal dietary conditions. Lung histopathology, viral titers, and
cytokine profiles were used to characterize viral virulence
within the hosts.

Viral population dynamics were characterized using
Illumina ultra-deep sequence analysis and computational mod-
eling. SeV has a single-stranded, negative-sense RNA genome
�15–16 kb in length which codes for six structural proteins: two
glycoproteins hemagglutinin-neuraminidase (HN) and fusion
protein (F), a matrix protein (M), and three nucleocapsid pro-
teins, Nucleoprotein (N), Phosphoprotein (P), and Large poly-
merase protein (L). The P gene which codes for the P protein
also codes for an additional set of up to seven different nested
polyproteins (P, V, W, C’, C, Y1, and Y2) and may be referred to
as ‘P/V/C’ (Lamb and Parks 2007). The HN glycoprotein plays
critical role in mediating the virus entry into host cell and struc-
tural modeling was used to assess the impact mutations in this
gene may have on protein function.

2. Methods and materials
2.1 Virus and cell lines

SeV strain 52 was obtained from ATCC (Manassas, VA; VR-105).
Seed virus was prepared by inoculation of 10-day embyonated
chicken eggs, harvesting allantoic fluid 2 days later and storing
aliquots at �80�C.

2.2 SeV serial passage in vivo

Groups of 6-week-old C57BL/6 mice (Charles River; n¼ 5 per ex-
perimental group, n¼ 4 for mock infected group for each diet)
were fed a ND, or selenium deficient diet for 7 weeks, or a high
FD 15 weeks prior to infection. The ND chow, Global 18% Protein
Rodent Diet 2018 (Teklad Diets, Madison, WI) contained
0.23 mg/kg Se, and 18% kcal from fat (soybean oil). The selenium
deficient diet, Teklad Custom Diet, Selenium deficient TD.92163,
contained 14.3 % kcal from fat (corn oil). The high FD (D12331,
Research Diets, New Brunswick, NJ) contained 58 kcal% fat (coco-
nut and soybean oils). Note, the selenium status was not as-
sessed via glutathione peroxidase activity in any of the diet
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groups prior to infection, and the diets varied in ingredients such
as fat and carbohydrate source. Diets were staggered for each in-
fection group so all mice were of the same approximate age
when infected.

Mice were anesthetized with a mixture of ketamine and
xylazine, and inoculated intranasally with 25 ml (1,000 plaque
forming unit (PFU)) of stock virus (passage 1) or tracheal lavage
fluid from infected mice. Mice were monitored daily for weight
loss and visually inspected twice daily for signs of disease such
as lethargy, ruffled fur, and hunching. Mice were euthanized 5
days post infection and virus was obtained from infected lung
tissue via BAL (Aronson, Herzog, and Jerrells 1995). The infection
protocol of intranasal inoculation and infection of the recipient
group with pooled donor BAL (versus homogenized lung tissue)
was designed to simulate of viral transmission via the respira-
tory route. Lavage samples were pooled within each treatment
group with equal quantities from each mouse (100 ml) then
diluted according to titration results to a concentration
of� 5� 103 PFU/25 ml for inoculation of the next group. Thus the
viral dose was held constant for subsequent in vivo passage for a
total of ten serial passages. BAL samples were assayed for viral
titer via plaque assay (described below), and lungs were fixed in
buffered formalin for histopathology.

After mouse passage 10, virus was obtained from infected
mouse lung tissue via BAL and used to infect three guinea pigs
intranasally per diet group. The guinea pigs diets did not vary
(all on ND) and were infected intranasally with 0.25 ml contain-
ing 1� 104 PFU. At day 7-post infection the guinea pigs were
euthanized and lung lavage and lung homogenate were
collected.

2.3 Histopathology

Formalin-fixed tissues were embedded in paraffin, sectioned at
5 mm and sections stained with hematoxylin and eosin. An
experienced veterinary pathologist evaluated tissues and score
for pathology. Tissues were scored as follows: 0¼no change;
1¼minimal change (or possibly non-specific background or ap-
pearance compounded by lung collapse, i.e. not inflated);
2¼mild inflammation and/or pneumocyte hypertrophy;
3¼moderate inflammation and/or pneumocyte hypertrophy;
4¼marked inflammation and/or pneumocyte hypertrophy;
5¼ severe inflammation and/or pneumocyte hypertrophy af-
fecting <50% of lung lobe; 6¼ severe inflammation and/or pneu-
mocyte hypertrophy affecting >50% of lung lobe.

2.4 Plaque assays

Infectivity titers for both the seed virus and material recovered
from infected mice were determined by plaque titration on Vero
E6 or LLC-MK2 cells using an overlay supplemented with 1 mg
TCPK trypsin/ml and expressed as plaque-forming units. SeV
serially diluted in sterile phosphate-buffered saline (PBS) was
inoculated onto the wells and incubated at 37�C for 45 min with
agitation every 15 min. Wells were overlaid with 3 ml of 2�MEM
(Life Technologies, Gibco) with 100 IU/ml penicillin/100 mg/ml
streptomycin (Gibco), 2% BSA (Gibco), 2 mg/ml of TCPK trypsin
(Sigma), and 1.6% agarose. Plaques were visualized at day 3 by
staining with crystal violet in 20% methanol processed as
described earlier.

For SeV single plaque amplification, LLC-MK2 cell mono-
layers were seeded in six-well plates and infected with 100 ul of
BAL from infected mice and incubated at 37�C for 1 h. Wells
were overlaid with 3 ml of 2� MEM (Life Technologies, Gibco)

with 100 IU/ml Penicillin/100 mg/ml Streptomycin (Gibco), 2%
BSA (Gibco), 2 mg/ml of TPCK trypsin (Sigma), and 2% agarose.
Live plaques were visualized by adding 300 ll MTT solution
(1/10 volume of agarose plug: 5 mg/ml tetrazolium sallt, MTT
(Sigma) in PBS filtered. Single plaques were collected and resus-
pended in 1 ml of unsupplemented DMEM (Life Technologies)
overnight. Isolated plaques were then amplified in LLC-MK2
cells and supernatant harvested and stored at �80�C on day 7.

2.5 Primer design

Approximately 15.1 kb of the virus genome was amplified using
degenerate primers (Supplementary Table S1). Primers were de-
signed to be as sensitive to target strain variants as possible,
while still being specific enough to not cross-react with non-tar-
gets as described previously in Slezak et al. (2003) and Borucki
et al. (2013). The Taqman primers/probe used for quantification
of viral genomes was SeV511F: CAGAATGGCTGTTTGGACCT,
SeV640R: CTTCACCAGCACAATCCAGA, SeV604probe: GGTAT
CCTGCATGCCTAGGA.

2.6 Preparation and sequencing of SeV RNA

Total RNA from BAL or single plaque isolated virus supernatant
was extracted using TRIzol LS Reagent (Invitrogen) following
the manufacturer’s protocol. Reverse transcription was per-
formed using random hexamers and the Superscript III RT re-
verse transcriptase kit (Invitrogen). Viral cDNA templates were
amplified using the Phusion polymerase kit (New England
BioLabs, Ipswich, MA), following manufacturer’s instructions.
PCR conditions consisted of 98�C for 30 s, followed by 40 cycles
of 98�C for 15 s, 64�C for 20 s, and 72�C for 1.2 min. The final cycle
was 72�C for 10 min. PCR products were prepared for sequencing
using the QIAquick PCR Purification kit (Qiagen, Valencia, CA).

The pooled PCR products from each sample were sequenced
using Illumina paired-end sequencing in which the two read
pairs overlap and only the overlapping regions of the read-pairs
were used to make variant calls (Chen-Harris et al. 2013). The
samples were sequenced in multiplex (four lanes, nine to ten
samples per lane, 150 PE) using the Illumina Hi Seq platform at
the Vincent J. Coates Genomics Sequencing Laboratory at the
University of California, Berkeley.

2.7 Determination of processing error rate

Sequencing control plasmids were generated to determine the
error rate of the PCR and Illumina sequencing as described pre-
viously in Chen-Harris et al. (2013). To gauge sensitivity of the
protocol, dilutions of control plasmids containing inserts from
SeV, rabies virus (RABV) and bovine coronavirus (BCoV) were
combined at following ratios 100,000 SeV: 1,000 RABV: 10 BCoV.
Plasmid copy number for each plasmid control was estimated
via spectrophotometer and Taqman assay (Borucki et al.
2013a,b) Viral inserts present in the plasmid mixtures were
amplified using M13 primers and Phusion PCR as described
previously. This process was done in replicate to generate
two independent samples for use as Illumina sequencing
controls.

Detecting BCoV seqeuences in the mixture would mean a
variant detection sensitivity of 1 in 10,000 copies (0.01%).
However, amplification efficiency was affected by slight differ-
ences in plasmid insert size between the controls (SeV 877 bp,
RABV 1138 bp, and BCoV 1003 bp) causing the insert sequence
from the smaller inserts to have slightly more coverage as com-
pared with the larger insert (i.e. RABV). In the resulting
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sequencing data, the SeV plasmid insert had �1,000� more
coverage as compared with the RABV insert, about 10� more
than expected ratio of 100�. However the ratio of RABV to BCoV
insert was about 88.5�, much closer to the expected value of
100�. These data indicate that very rare sequences (BCoV insert
was present at 0.01% in the mixture) are readily detectable using
this ultradeep sequencing (UDS) methodology.

2.8 Sequencing data analysis

Read mapping and rare variant detection was performed as
described previously in Chen-Harris et al. (2013) and Borucki
et al. (2013). The open source read mapping software SHRiMP2
(David et al. 2011), was used to map reads using GenBank SeV Z
strain (GI: 546225824) as a reference sequence which was shown
to have high read mapping sensitivity (Holtgrewe et al. 2011)
and was chosen for the tool’s ability to map as many reads as
possible in the face of individual errors within each read. To dif-
ferentiate rare variants from sequencing errors, methodologies
were developed to measure and control for sequencing and PCR
errors and described previously in Chen-Harris et al. (2013).
Error models have been refined for Illumina sequencing plat-
form to allow detection of ultra-rare mutations within the viral
population (Chen-Harris et al. 2013; Borucki et al. 2013). The
Illumina reads were submitted to the GenBank Sequence Read
Archive (BioProject PRJNA314501).

Software was created to link Illumina reads aligned to re-
gions nearby on the reference and construct viral haplotypes.
The resulting haplotypes were experimentally verified using
cloning and Sanger sequencing. The haplotype building soft-
ware linked non-overlapping read pairs from Illumina data and
thus allowed linkage of mutations that are separated by as
much as the length of both read pairs (300 bp). Fisher’s exact
test was used to determine statistical significance for each
linkage.

The average per position entropy of the HN gene was calcu-
lated to track changes in intra-host viral diversity. Entropy is
calculated as

P
j

P4
i¼1 fi � log ðfiÞ=N where entropy is calculated

for each position j in the gene and fi is the relative frequency of
each of the 4 nts (A,C,T,G).

2.9 Protein modeling

To help characterize an effect of identified mutations on virus
phenotypic changes a homology-based structural model of HN
protein from SeV strain Z (GI:546225829) was constructed using
the AS2TS system (Zemla et al. 2005). The HN protein of human
parainfluenza 3 virus (hPIV3) was identified as the closest
Protein Data Bank (PDB) structural template for the modeling. It
was experimentally solved at the resolution of 1.65 angstroms
(Å) (PDB entry: 4MZA) (Xu et al. 2013), and the level of sequence
identity between HN from Sendai and hPIV3 is 55%. Examples of
other identified structural homologs that were leveraged during
the modeling process include: HN from Newcastle Disease virus
(NDV) (PDB entry: 1E8U; resolution: 2.00 Å; sequence identity:
27%) (Connaris et al. 2002), HN from Simian virus 5 (Sv5) (4JF7;
2.50 Å; 24%) (Welch et al. 2013), Nipah virus (NiV) (3D11; 2.31;
22%), Hendra virus (HeV) (2VSK; 2.00; 20%), Measles virus (MeV)
(2ZB6; 2.60; 16%). Using available templates a set of initial struc-
tural models was created. To assess regions of sequence-struc-
ture conservation or variability in the modeled Sendai HN
protein an extensive search for similar fragments in other pro-
teins from PDB was performed using the StralSV algorithm
(Zemla et al. 2011), which identifies protein fragments that

exhibit structural similarities despite low primary amino acid
sequence similarity. Results from these searches were used for
modeling of missing loop or termini regions in the constructed
preliminary models. For the construction of the final structural
model the coordinates from the PDB chain 4mza_B were used as
a primary template. The conformation of side-chain atoms was
predicted using SCWRL (Krivov, Shapovalov, and Dunbrack
2009) when residue-residue correspondences did not match.
Residues that were identical in the template and HN protein
were copied from the template onto the model. The structural
and stereochemical quality of the model was checked using a
contact-dot algorithm in the MolProbity software package (Chen
et al. 2010), and the final constructed model was finished with
relaxation using UCSF Chimera (Pettersen et al. 2004).

Sequence variability/conservation scores were calculated
from amino acids frequencies per positions in sequence and
structure-based alignments using Sum-of-Pairs algorithm with
BLOSUM62 as an amino acids substitution matrix. Structure
variability/conservation analysis was performed by StralSV
(Zemla et al. 2011) applied to all sixty-one currently available
variants (PDB chains) of structural models of paramyxovirus
HNs deposited in PDB (date: 4 August 2015). Conserved sialic
acid binding site residues were identified based on results pub-
lished by Connaris et al. (2002) and from alignments calculated
between HN proteins.

To assess the possibility that the mutation position could
interfere with interfaces of the tetramer formation, we eval-
uated all three possible dimer-of-dimers assemblies of heads
conformations relative to the four-helix bundle stalk (‘four-
heads-up’, ‘four-heads-down’, and ‘two-heads-up/two-heads-
down’) identified by Welch et al. (2013). The regions of inter-
faces between subunits were defined by identifying amino acids
that are from different chains but have atoms in a distance
closer than 3 Å.

2.10 Cytokine/chemokine expression

Quantitative PCR was used to measure expression of host cyto-
kine genes in lung homogenate using Taqman Gene Expression
Assays (Life Technologies) for the mouse cytokines and
QuantiTect SYBR Green PCR (Invitrogen) for the guinea pig cyto-
kines. Total RNA was extracted using TRIzol LS Reagent
(Invitrogen) following the manufacturer’s protocol. Reverse
transcription was performed using Oligo dT primers and the
Superscript III RT reverse transcriptase kit (Invitrogen) following
the manufacturer’s protocol. Primer sequences for amplification
of guinea pig mRNA were obtained from Scott and Aronson
(2008) and Jeevan et al. (2011), GAPDH was used as endogenous
control for both the mouse and guinea pig cytokine
measurements.

Cytokine expression was also measured using a cytokine
multiplex assay. Lung homogenates were processed according
to manufacturer instructions and then analyzed using a Bio-
Plex 200 system (Bio-Rad, Hercules, CA). Briefly, tissue hom-
ogenates were centrifuged for 10 min at 1,000 rpm at 4�C to re-
move cellular debris. Aliquots of the cleared supernatants were
transferred into 96-well round bottom plates and processed for
use on the Bio-Plex system. The cytokines/chemokines were
coupled to cytokine/chemokine specific multi-plex beads (R&D
Systems, INC., Minneapolis, MN). This panel measures the con-
centrations of cytokines and chemokines IL-1b, IL-4, IL-6, IL-10,
IFN-c, CCL2 (MCP-1), CCL3 (MIP1a), CCL4 (MIP1b), CCL5
(RANTES), CXCL10 (IP-10), and tumor necrosis factor-a (TNF-a).
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3. Identification of clones containing variant
genotypes

BAL samples in which high frequency variants were detected by
sequencing were further analyzed using plaque assays and
Sanger sequencing. For each sample plaqued, ten plaques were
picked for Sanger sequencing of ten genome sites containing
the high-frequency mutations. Following RNA extraction, vari-
able regions derived from each plaque were amplified by RT-
PCR using PCR primers sets spanning the mutation sites.

3.1 Infection of mice with variant genotypes

Six week old C57BL/6 mice (ND) were infected intranasal inocu-
lation with 1� 104 PFU/ml virus. Inoculum consisted of either
virus derived from a single plaque/clone, a mixture of clones in
equal ratios, seed stock, or no virus (media only). A group of six
mice were infected with each inoculum. Mice were euthanized
on day 7 post infection and lung tissue was collected for
histopathology.

3.2 Statistical analysis

All chemokine/cytokine expression analysis was carried out
using an unpaired Student’s t-test and changes in expression
levels were consider significant if P< 0.05. nt/amino acid substi-
tution analysis was performed using Mann-Whitney U test and
changes in the frequency of nt substitution or amino acid
change was consider significant if P< 0.05. Statistical analysis
was performed using Prism version 6.0 g (GraphPad Software, La
Jolla, CA).

4. Results
4.1 In vivo serial passage of SeV

SeV was serially passaged ten times in C57BL/six mice under
three dietary conditions; ND, FD, or selenium deficient diet (SD).
Mouse weight loss was determined as a measure of morbidity
following intranasal infection with each serial passage.
Infection with SeV led to statistically significant weight loss
under all dietary conditions (Fig. 1), although the percent body
weight loss between the diet groups was not significantly
different.

Lung tissues were collected on day 7 and histopathology
scores were determined as a measure of virulence in the lungs
of mice infected with SeV passage 1 (P1), P4, P7, and P10. Within
diet groups, only mice receiving a ND were shown to have a

statistically significant increase in histopathology scores, while
histopathology scores of mice under FD and SD diet conditions
trended up (Fig. 2A). Analysis of histopathology scores between
diet groups demonstrated a statistically significant increase be-
tween P1 of SD mice compared with P1 of FD mice. The increase
in histopathology scores was not associated with increased in
viral loads following serial passage. The viral titer in BAL for
each diet group averaged �1.6� 105 PFU/ml and there were no
significant difference between groups. However, viral titers
within diet groups trended lower with passage and there was a
statistically significant decrease in SeV titers between P1 and
P10 in SD mice (Fig. 2B).

In the secondary host transmission study, unpassaged SeV
seed stock, PBS (Mock) and the SeV virus obtained from P10 BAL
of mice in each diet group, were used to infect a different host,
guinea pigs, under ND conditions (three animals per treatment
group). None of the guinea pigs lost weight or displayed any
signs of clinical infection; however, guinea pigs infected with

Figure 1. Weight loss following SeV infection under different dietary conditions.

C57BL/6 mice were fed different diets for 7 weeks (ND and SD) or 15 weeks (FD)

before infection with SeV. Mice were euthanized 5 days post infection.

Figure 2. Intra- and Inter-host lung histopathology scores and viral titers follow-

ing serial passage of SeV. (A) Lung histopathology scores for mice infected with

passage 1, 4, 7, and 10 for all diet groups (n¼5/group). (B) Viral titers from mouse

BAL collected from P1 and P10 were determined by plaque assay. (C) Guinea pig

lung histopathology scores following inoculation with seed virus or P10 BAL

from ND, FD or SD mice (n¼6/group). Values are means 6 SEM P-values were

determined by unpaired t-test and P<0.05 were considered significant.
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P10 BAL from the ND and SD mouse groups had significantly
higher lung histopathology scores than those infected with BAL
from the FD mouse group or seed stock, which showed virtually
no histopathology changes (Fig. 2C).

4.2 Altered innate immune response in mice infected
with serially passaged SeV under different dietary
conditions

Lung homogenates from all three diet groups were assayed for
changes in cytokine gene expression according to diet group
and passage number. Gene expression dynamics of cytokines
Ccl3, Ifng, Il4, Il6, and Tnfa was determined using qRT-PCR. As
shown in Figure 3, basal levels of gene expression in uninfected
mice were altered between FD and SD mice compared with ND
mice (Fig. 3A). Following SeV infection gene expression of Ccl3,
Ifng, Il4, Il6, and Tnfa was suppressed in mice receiving a fat or
selenium deficient diet compared with mice under ND condi-
tions. Although most genes were suppressed under the various
diet conditions, SD mice had a several fold increase in the ex-
pression of Il4, a Th2 response gene, compared with ND mice
(Fig. 3B–D). Additionally, analysis of gene expression changes in
guinea pigs infected with P10 virus from the various diet groups
yielded little to no differences in the expression levels of Ccl2,
Ifng, or Il-1b compared with seed virus (Supplementary Fig. S1).
However, the expression levels of Tnfa were between 1.5- and
2.0-fold higher in guinea pigs infected with the P10 virus inocu-
lum from the different mouse diets groups compared with seed
virus.

Cytokine/chemokine protein expression was assayed to de-
termine whether the observed changes in innate immune re-
sponse gene expression correlated with protein expression. An
eleven-plex, Luminex bead-based screening assay was used to

determine protein levels of CCL2, CCL3, CCL5, CXCL2, CXCL10,
IL-1b, IL-4, IL6, IL10, IFNc, and TNFa in lung homogenates of
mice infected with SeV P1 or P10. Unlike the gene expression
analysis there were no pronounced changes in protein expres-
sion levels within diet groups (Fig. 4). Moreover, similar expres-
sion profiles were observed within diet groups between SeV P1
and P10. However significant changes in the protein expression
profiles of P1 and P10 were detected between diet groups
(Supplementary Fig. S2). SD mice infected with SeV P1 demon-
strated a statistically significant lower expression level of CCL2,
CCL3, CXCL2, CXCL10, IL-6, IL-10, IFNc, and TNFa compared with
P1 of ND or FD mice. Infection of SD mice with P10 on the other
hand resulted in statistically lower expression of CCL2 and IL-6
compared with P10 from ND or FD mice.

4.3 PCR amplification of viral cDNA

Although SeV primers were designed to be as sensitive to vari-
ant SeV genomes as possible, amplification of some regions of
viral genome proved to be extremely difficult for many of the
samples, with selenium deficient diet passage 1 samples show-
ing the poorest amplification results. Many different combin-
ations of primers were used in order to amplify as much of the
viral genome as possible (Supplementary Table S1). To deter-
mine if the poor PCR amplification results were due to low num-
bers of viral genomes present in each sample, viral titers were
determined by both plaque assay and Taqman PCR. The average
number of positive PCR results per region (best possible score is
two primers per region) was compared with the viral titer (PFU/
ml) and to the Ct (cycle threshold) average of two replicates. The
average Ct had a negative correlation with positive PCR results
(r¼�0.97), however there was no correlation between PCR out-
come and viral titer as determined by plaque assay (r¼�0.35).

Figure 3. Lung cytokine gene expression profile according to diet following serial passage in mice. Lung homogenates from ND, FD, and SD mice were analyzed for Ccl3,

Ifng, IL-4, IL-6, and TNF-a gene expression based on (A) Mock Infected, (B) ND, (C) FD, (D) SD diets infected with indicated passage. ND, normal diet; FD, fat diet; SD, sel-

enium deficient diet.
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Number of viral genomes per PCR reaction was estimated using
standard curve derived from control SeV plasmid dilutions and
values ranged from �800 genomes (sample SD4.P10, PCR score
of 0) per PCR reaction to 25 million genomes (FD2.P10, PCR score
of 2). These data indicate that lack of PCR amplification most
likely resulted from a low number of total viral genomes, pre-
sent in the sample (both infectious and non-infectious).

4.4 Illumina sequencing

Illumina deep sequencing of the SeV genome was used to deter-
mine whether changes at the consensus or subconsensus level
occurred. Sequence data was obtained for up to 99% of the SeV
genome (nts 50-15315; numbering according to SeV Z strain (GI:
546225824)). Depth of coverage for most regions was between
10,000� and 100,000�. Prior to analyzing variants in the SeV
samples, we verified that the UDS allowed detection of very rare
variants. To control for PCR error, three control plasmids con-
taining viral sequence insertions from SeV, RABV or BCoV were
mixed at the ratio of 100,000:1,000:10 (SeV:RABV:BCoV), PCR
amplified and sequenced.

4.5 Consensus sequence changes

Despite the changes in phenotype from P1 and P10, across the
SeV genome only 20 nt mutations occurring at consensus se-
quence level were detected in any of the samples. Among these,
ten mutations led to an amino acid substitution and two
occurred in a non-coding region (Table 1, Supplementary Table
S2, and Supplementary Fig. S3). A majority of these consensus
mutations occurred in the polymerase protein L and the glyco-
protein HN.

4.6 Variant detection

The presence of high frequency variants were detected at sites
where consensus changes occurred. For example, at nt 2159 of
the P gene, a L106V residue change was detected in guinea pig
No. 2 (GP2) infected with FD mouse inoculum (FD.GP2) in 95% of
the reads. nt variants at nt 2159, (C to G or C to A) were detected
in most of the other samples at <10% frequency, except for
FD2.P10 with 14% G and SD2.P10 with 11% G detected. Many
samples had both G and A present as variants.

High-frequency variants were also detected at nt 8,053,
8,073, and 8,265 of the HN gene (Figs. 5A–C and 6A–C,
Supplementary Table S2). An A454V consensus mutation was
detected in the BAL sample from SD.GP2. At this same site, nt

Figure 4. Lung cytokine protein expression profiles according to diet group following serial passage in mice. Cytokine expression profiles were analyzed from lung hom-

ogenates using an 11-plex detection assay as indicated in the graph. Expression levels were analyzed under (A) Mock infected, (B) ND, (C) FD, (D) SD diets infected with

indicated passage. Values are means 6 SEM; n¼4 for mock infected and n¼5 for ND, SD, and FD. Statistical significance was determined by unpaired t-test and con-

sidered significant if P<0.05. Cytokines to the left of the hash line correspond to pg/ml y-axis and cytokines to the right of the hash line correspond to the MFI y-axis.

ND, normal diet; FD, fat diet; SD, selenium deficient; MFI, mean fluorescence intensity.
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8053, two variants were identified at different frequencies. The
more prevalent change was a C to T with a range of 3–31% was
detected across all diet groups in the P1, P10, and guinea pig
samples. This mutation was detected at a 6.5% in the seed in-
oculum, thus it appears to have been selected for during
passage.

Similarly, at nt 8,073 a G to A substitution resulting in a non-
synonymous change, E461K, occurred between 3 and 22% in the
P1 population across all ND and FD samples compared with
8.5% in the seed inoculum. By P10 all mouse samples had the
change at detected 16–41%, and the mutation was detected at
26–91% in the guinea pig samples (consensus change for
ND.GP3 and SD.GP3).

The third high-frequency variant present in the HN gene
was detected at nt 8,265 and resulted in a K525Q non-synonym-
ous consensus mutation for the same two guinea pig samples
as E461K, samples ND.GP3 and SD.GP3. This A to C nt substitu-
tion was detected at 11% in the seed inoculum and ranged be-
tween 3 and 21% in the P1 samples, 16–41% in P10 samples, and
27–91% in the guinea pig samples. Thus it appears that all three
mutations in the HN gene were enriched during in vivo passage.

Multiple consensus changes were detected in the polymer-
ase gene. In sample SD5.P1, nt 9,368 had an A to C change that
resulted in a non-synonymous change, E271D, and was detected
at 91%. This substitution was present as a rare variant in sample
SD4.P1 at 1.4% but was not detected in any of the other samples.
Similarly, nt 10,811 had a C to G change that resulted in a non-
synonymous change, I752M in a single sample ND3.P1, and was
detected at 59%.

A consensus change in the polymerase gene at nt 11,925, an
A to G transition, resulted in amino acid residue 1,124 changing
from an asparagine to aspartic acid (N1124D) and appeared to
be selected for during in vivo passage. Interestingly, the egg-pas-
saged seed stock had 50:50 ratio of each amino acid, although
the Illumina data analysis called this as an asparagine. There
was a trend toward an A to G transition for all diet groups

(Figs. 5D and 6D). The frequency of residue 1124D in the P1 sam-
ple ranged from 1.2 to 76% while the P10 samples ranged from
13 to 71% with the average frequency of G increasing between
P1 and P10 from 40 to 62%. In guinea pig samples this A to G
substitution ranged between 49 and 79%.

4.7 HN linkage and entropy analysis

Three amino acid substitutions, A454V, E461K, and K525Q,
occurred in the glycoprotein HN and were detected either at the
consensus sequence or minority variant level in a majority of the
BAL samples. The respective underlying nt changes were C8053T,
G8073A, and A8265C. Although all three substitutions already
existed at the minority level in the seed stock, their frequencies
were far higher in the mice P10 samples (all diet groups) and the
guinea pigs. Notably, the frequency of these three amino acid
substitutions was highly correlated across the samples (Fig. 5A–
C), prompting us to carry out a closer examination of the linkage
relationship at the three positions based on the sequencing
reads. Indeed, the linkage association between the alleles at
these three positions was highly significant. For residues 454 and
461, linkage between the seed stock WT alleles A454 and E461
and the linkage between mutant alleles V454 and K461 were sig-
nificant at P-value <10�300 for all samples sequenced (Fisher’s
exact test, Supplementary Table S3). At residues 461 and 525, the
E461-K525 seed stock WT alleles linkage and the K461-Q525 mu-
tant alleles linkage were significant at P-values< 10�28

(Supplementary Table S3) for all samples sequenced.
Due to the diversity detected in the HN gene sequence, the

average per position entropy was calculated to track changes in
intra-host viral diversity. Plots are given for the three diets in
Supplementary Figure S4 and showed similar mean entropy for
each diet (0.009–0.01), which was a significant increase over the
seed stock (0.002), assuming the entropy is normally distributed.

4.8 Structural modeling of SeV HN gene mutations 454,
461, and 525

Structural comparisons of HN proteins of Paramyxoviridae
(hPIV3, Simian PIV5, NDV, Nipah, Hendra) showed strong con-
formational similarities (above 60% of structure similarity
measured by LGA_S score (Zemla 2003)) even for proteins with
sequence identity as low as 21% (Fig. 7)). The strongest struc-
tural similarity was seen in conserved regions forming the neur-
aminidases six-bladed beta-propeller fold, with some
deviations observed in more exposed loop regions. The recep-
tor-binding site is located in the center of the propeller.

Constructed structural models allowed us to characterize lo-
cation of identified mutation points (A454V, E461K, K525Q)
within functional complex of HN protein of SeV as well as
among HN proteins from other related viruses. Results showed
that these positions are located on the protein surface on the
top of the receptor-binding domain next to sialic acid-binding
regions and don’t overlap with interfaces of the tetramer forma-
tion (Fig. 8). Additionally, the mutation positions are located in
the regions identified as variable in sequence according to cal-
culated multiple sequence alignments between HN proteins of
paramyxovirus sequences from UniProt. Results from calcu-
lated structural alignments between structural models of HN
proteins currently available in PDB suggest that two mutation
positions (454, 461) are located in the regions conserved in
structure (conserved backbone conformation), while 525 is
located in the structurally variable region.

Table 1. Mutations resulting in an amino acid change or a change in
a non-coding region

Gene Nt AA Sample

NC G1746C – SD4.P1, SD5.P1
P C2159G L106V FD.GP2
NC C3665A – SD4.P1a

HN C8053T A454V SD.GP3
G8073A E461K FD.GP1, SD.GP3
A8265C K525Q FD.GP1,SD.GP3

L A9368C E271D SD5.P1
C10811G I752M ND3.P1
A11925G N1124Db ND3-5.P1, FD5.P1,

SD4.P1, ND1-5.P10,
FD1,2,3/4c,5.P10,
ND.GP1-3, FD.GP1a,
SD.GP2

C12001A T1149N SD15.P10
G13366A R1604K ND4.P1
T15136G M2194R ND5.P1

aSequence data limited to 1 sample from this treatment group/passage.
bSeed stock has both iSNVs present at approximately equal amounts.
cDue to limited PCR products for FD3.P10 and FD4.P10, data from the samples

were combined.

AA, amino acid; NC, non-coding region; Sample labels are according to diet (ND,

FD, SD), mouse or guinea pig No. and passage (P) No. (not applicable for guinea

pig samples).
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4.9 The effect of viral diversity on histopathology

Plaque assays, RT-PCR, and Sanger sequencing of a variable re-
gions of the HN and polymerase genes and variable non–coding
regions were used to obtain isolates with each of the high-fre-
quency variant genotypes (i.e. nt sites 8,053, 8,073, 8,265, and
11,925). Also included in the analysis was the leader region,
including nt sites 20 and 24 which have been associated with
virulence in mice (Fujii et al. 2002) but were not included in the
Illumina sequence analysis. Analysis of the plaque genotypes
showed that nt 20 of the leader region was mutated from G to A
in 27% of the clones, with most of the mutations occurring later
in passage. Seventeen percent of clones from P1 had an A pre-
sent (10/58), whereas by P10 an A was detected in 48% of clones
(13/27).

After plaque selection and genotyping, twelve clones with
sequence that represented high-frequency variants were used
to construct populations of single and mixed genotypes for test-
ing in mice (Table 2, Supplementary Fig. S5). Eight groups of
mice were infected with homogeneous or heterogeneous mix-
tures of clones (six mixtures were assayed). The egg-passaged
seed stock used to infect mice for P1 served as a ‘high diversity’
control because it contains a full mutant spectrum versus the
other inocula that contained one to six clones. Virulence of each
inoculum was gauged using weight loss and lung

histopathology scores. Infection with the high-diversity seed
stock displayed the greatest virulence as compared with the
clone mixtures (Table 2, Supplementary Fig. S5). An inoculum
representing a homogenous preparation of one of the two major
genotypes present in the seed stock also had higher virulence
as compared with the other clone preparations, although the
difference statistically significant for only two of the other in-
oculums. This clone contained the wild type genotype with an
Asp residue in the polymerase gene that was selected for during
serial passage (N1124D).

5. Discussion

The diversity of viral genomes present in an intra-host popula-
tion provides an enormous pool of genetic and phenotypic vari-
ants and this increases the likelihood of emergence of a variant
with a high virulence phenotype. Host nutritional status may
influence the generation of variant viruses by altering the se-
lective pressure induced by the host immune response
(Domingo and Holland 1997) or by acting on the fidelity of the
viral polymerases (Nelson et al. 2001; Beck, Handy, and
Levander 2004; Yoshitake et al. 2004; Zaki, Akuta, and Akaike
2005). In this study, we tested the hypothesis that undernutri-
tion (selenium deficiency) and/or overnutrition (high FD) leads

Figure 5. Consensus sequence changes in the coding region of the glycoprotein and polymerase gene following intra- and inter-host passage. Glycoprotein mutations

at nt (A) nt 8,053, (B) nt 8,073, (C) nt 8,265, or in the polymerase gene (D) nt 11,925 as determine by deep sequencing analysis. Dotted denotes frequency of each variant

in the seed inoculum. Values are means 6 SEM. Statistical significance was determined by Mann-Whitney test and considered significant if P<0.05. ND, normal diet;

FD, fat diet; SD, selenium deficient; GP, Guinea pig.

J. Pe~na et al. | 9

Deleted Text: .
Deleted Text:   
Deleted Text:  
Deleted Text: [47]
Deleted Text:   
Deleted Text:  
Deleted Text: 12 
Deleted Text:  
http://ve.oxfordjournals.org/lookup/suppl/doi:10.1093/ve/vew008/-/DC1
Deleted Text: 6
Deleted Text: ``
Deleted Text: ''
Deleted Text: 1 
Deleted Text: 6
Deleted Text:  
Deleted Text: to
http://ve.oxfordjournals.org/lookup/suppl/doi:10.1093/ve/vew008/-/DC1
Deleted Text: to 
Deleted Text: [3]
Deleted Text: [18,20,48,49]
Deleted Text:   
Deleted Text: fat diet


to decreased immune response, increased mutant spectrum
variability, and evolution of increased virulence during in vivo
passage. Deep Illumina sequencing was used to define the viral
mutant spectra during serial passage and a host-jump from
mice to guinea pigs. Virus phenotype (lung pathology, viral titer)
and host response (weight loss, cytokine expression) were
characterized.

Analysis of these data shows that viral virulence increased
with passage in mice and that the virulent phenotype may also
persist upon passage to a second host species, although nutri-
tional status of mice during passage influenced the phenotype.
Although deep sequencing revealed the presence of persistent
high-frequency variant genotypes in the viral population, only
one non-synonymous change in the consensus sequences was
detected by passage 10 in a majority of the animals regardless
of diet group, polymerase residue N1124D. Thus, it seems likely
that shifts in variant populations at the subconsensus level had
an effect on virulence. This phenomenon has been observed in
other RNA viruses (Domingo 1997; Akaike et al. 2000) indicating
the importance of viral population dynamics in understanding
mechanisms of viral emergence.

When changes in consensus occur they often involve dis-
crete regions of the genome such as the HN protein and were
usually preceded by increased frequency of the variant across
diet groups (Supplementary Table S2). Our data show enrich-
ment for three amino acid changes in the HN protein during
passage, including residue 461, which is known to affect protein

function (Takahashi, Ryan, and Portner 1992; Baumann and
Neubert 2010) and virulence (Kiyotani et al. 2001; Fujii et al.
2002). The presence of Lys at 461 rather than Glu is known to de-
crease HN neuraminidase activity without affecting binding of
the HN protein to the cell receptor. For example, experiments
described by Takahashi, Ryan, and Portner (1992) showed that
while HN protein of SeV is heat-stable with Lys at 461, it be-
comes heat-labile when substitutions (Gly or Gln) occur at this
position. Position 461 is also associated with virulence in mice,
and mutates from a negatively charged residue, Glu, to a non-
polar residue, Gly, in response to passage of an egg-propagated
isolate in mouse cells (Kiyotani et al. 2001; Itoh et al. 1992). Our
data show a mutation of Glu, to a positively charged residue,
Lys, in response to passage of an egg-propagated isolate in mice.
These data indicate that HN 461 is not only a variable residue
but also important for host tropism.

Similar to our data, a mutation at HN residue 525 (Q525R)
was reported by Itoh et al. (1992). The R525 mutation appeared
after passage in eggs and was associated with conformational
changes in the receptor binding site and increased neuraminid-
ase activity, but was not associated with mouse pathogenicity
(Itoh et al. 1992). In this study, the egg-passaged seed stock had
a positively charged residue, Lys, as consensus with a Gln pre-
sent as a variant. This mutation, K525Q, was detected with
increasing frequency in P10 and guinea pig passages as com-
pared with the seed and P1 samples. Genotype Q525 became the

Figure 6. Inter-host selection of a new consensus sequence from low-frequency variants present in initial inoculum. Glycoprotein mutations at nt positions (A) 8,053,

(B) 8,073, (C) 8,265, and (D) 11,925 of the polymerase gene following passage between different host. Frequency of seed inoculum amplified in eggs is denoted by dotted

line. Values are means 6 SEM. Statistical significance was determined by Mann-Whitney test and considered significant if P< 0.05.
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consensus sequence by guinea pig passage in two of the three
guinea pigs from the FD and SD groups.

Data from Fujii et al. (2002) using a pathogenic field isolate of
SeV, the Hamamatsu strain, showed that two regions of the
Sendai leader sequence, nts 20 and 24, mutated during serial
passage in embryonated eggs (U20A and U24A), with an A at
both sites resulting in an attenuated phenotype in mice (Fujii
et al. 2002). Our data obtained from Sanger sequencing of clone
isolates of the lab-adapted strain 52 showed a trend of G to A
mutation for nt site 20 as egg-passaged seed virus was passaged
serially in mice. In fact, there was an increase in the percentage
of clones from P10 having an A as compared with P1 (17% of the
clones from P1 had an A, whereas by P10 an A was detected in
48% of clones). Analysis of about eight clones per sample re-
vealed that most samples (6/11) had a mixture of nts at nt 20.
However, all of the 85 clones that were sequenced in this study
had an A at nt 24. Thus, our data confirm the variability of nt
site 20 as described by Fujii et al. and illustrate how consensus
sequence data alone may hide the complexities of the viral
population diversity.

HN plays a critical role in mediating the virus entry into the
host cell thus structural modeling was used to assess the poten-
tial impact of the mutations on the viral phenotype. HN glyco-
proteins initiate virus-cell fusion by binding to the sialic acids
found on the surface of the host cell (hemagglutinin activity),

trigger a structural refolding of a trimeric fusion protein F
needed for merging of viral and cell membranes, and facilitate
viral assembly and budding by cleaving the glycosidic linkages
with sialic acids via neuraminidase activity. The ectodomain
part of the HN proteins is composed of a helical stalk with a
large globular head, and the functional form of the molecule
(biological assembly) is a tetramer.

Our analysis of the potential impact to HN protein structure
indicates that none of the mutations observed at residues 454,
461, or 525 should interfere with receptor binding. Based on
structural modeling we conclude the following characteristics
of identified mutation positions: (1) they are located on the sur-
face, but should not interfere with critical functional regions
such as the sialic acid-binding site, interfaces of HN tetramer
formations, and interfaces within F-HN complex (Fig. 8). (2)
These positions are in regions of high sequence variability
among strains, serotypes or other related viruses. (3) Position
525 is located in the structurally variable region, while the two
other positions, 454 and 461, can be considered as structurally
conserved on the backbone level among number of closely
related viruses. (4) Observations suggest that these positions are
not involved in some critical function of the protein where con-
servation in both structure and sequence would be expected but
they may play an important role to help virus adjustment to
particular conditions or escape immune response. For example,

Figure 7. Results from the structure conservation analysis. Homology model of HN protein from SeV is structurally compared with HN proteins from HPIV3, Sv5, NDV,

Bat Paramyxovirus (GH-M74a), Nipah and Hendra viruses. Regions identified as structurally conserved are colored from green when Calpha–Calpha deviations in cor-

responding residues are <2 Å to red (>6 Å), with gray indicating no match. Pairwise structural superposition between homology model of HN protein from SeV and PDB

structure (2�9 m_B) of HN protein from Hendra virus is shown in Figure 7A (which corresponds to the colored bar representation of calculated superpositions shown

in the bottom of Fig. 7C) In Figure 7B mutation positions 454, 461, and 525 are marked by blue ovals. Two of them (454 and 461) are located in the regions observed as

structurally conserved between paramyxovirus species (colored in green), and the position 525 is located in the structurally variable region (colored in yellow).

Calculated structural alignments show strong conformational similarities (structure similarity measured by LGA_S is above 61%) even for proteins with sequence iden-

tity (Seq_Id) as low as 21%.
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results from the antigenic sites predictions on HN proteins
characterize the region 451–464 (overlapping with two of our
mutation positions) as an epitope with good scores 0.6 and 0.4
by BepiPred and BEOracle prediction algorithms, respectively
(Larsen, Lund, and Nielsen 2006; Wang et al. 2011).

Perhaps the most surprising result from this study is the
lack of histopathologic lesions in any of the three guinea pigs
that were infected with FD.P10 inoculum. Although limited
sequencing data were available from these animals, no changes
were observed that differentiated FD.GP samples or the FD.P10
from the corresponding samples from the ND and SD groups.
However, the combination of amino acids (residues 454, 461,

525) at these three sites is unique for FD.GP1 (the only FD.GP
with sequence data for the HN gene). FD.GP1 had HN genotype
AKQ (residues 454, 461, 525, respectively), as compared with
genotypes AEK and VKQ for the ND.GP and SD.GP samples.
Thus, it is possible that it is the unique combination of AKQ that
attenuates the virus in guinea pigs. Alternatively other param-
eters such as temporal aspects of host response may have af-
fected histopathology scores. For example, obesity may result in
a delayed pro-inflammatory response to influenza virus infec-
tion (Smith et al. 2007), if this response is also delayed in Sendai
infected animals, this may have resulted in decreased histo-
pathology scores in the FD group (Fig. 2C).

To ascertain the effect of discrete mutations on the viral
phenotype, clones were selected which represented the pre-
dominant genotypes present in the mutant spectra and were
tested for virulence via mouse infections. Despite the fact that
clones represented genotypes that increased in frequency dur-
ing mouse and guinea pig passage, only the genetically diverse
seed inoculum significantly surpassed all clones in causing
mouse weight loss and lung histopathology. Interestingly, the
clone with polymerase mutation D1124 (Genotype 2) was the
only clone that resulted in significant weight loss for some of
the mice and increased histopathology as compared with other
clones (Supplementary Fig. S5, Table 2).

The nutritional status of the host and its relation to infection
and immunity has been well documented (Beck 1996; Beisel
1996; Chandra 1997; Keusch 2003; Beck, Handy, and Levander
2004; Schaible and Kaufmann 2007; Alice, Tang, and Semba
2013). These studies have primarily focused on malnutrition of
the host; however, more recent studies have begun to look at
the role obesity plays in infection and immunity (Nieman et al.
1999; Ritz and Gardner 2006; Kanneganti and Dixit 2012). In this
study, we focused on the role malnutrition (in the form of selen-
ium deficiency) and diet induced obesity had in mice infected
with SeV to understand the effects these two dietary conditions
have on the viral mutant spectra and infection dynamics. Diet-
induced obesity has been demonstrated to alter cytokine pro-
files in mice (Mito et al. 2000). Consistent with those studies, our
studies found altered cytokine profiles in uninfected FD mice
compared with SD and ND mice (Supplementary Fig. S2). In
SeV-infected mice there were no differences found in cytokine
expression profiles associated with in vivo passage within

Table 2. Clone genotypes used for mouse infections and infection outcome

Genotype No. Plaque No. Leader
nt 20a

NC nt
3665

HN nt
8053

HN nt
8073

HN nt
8265

Poly
11925

Poly.HN
AA seq

Average
Histo. Score

Average %
Weight Lossb

1 SD1.P1.4c G C C G A A N.AEK 1.8 0.4
2 SD1.P1.6c G C C G A G D.AEK 2.7 8.0
3 SD2.P1.3c A C C G A A N.AEK ND ND
4 SD1.P10.10 A C C G A G D.AEK ND ND
5 SD4.P1.9c G A C G A A N.AEK 2.0 2.0
6 FD5.P10.5c A C C A C G D.AKQ ND ND
7 SD1.P1.3c G C C A C G D.AKQ 1.2 2.1
8 *SD1.P10.6c A A C G A A N.AEK ND ND
9 SD1.P10.8 A C T A C G D.VKQ ND ND
10 FD2.P10.5c G C T A C G D.VKQ 0.7 �0.1
11 Mixture (c) G/A C/A C/T G/A A/C A/G NA 0.3 2.0
12 Seed stock G/A C/A C/T G/A A/C A/G NA 5.3 23.3
13 Mock (PBS) NA NA NA NA NA NA NA 0.3 0

aLeader sequence was derived from clone and Sanger sequence data
bThe average was calculated using the maximum weight loss over the course of the infection for each mouse infected
cMixture of clones consisted of clones representing genotypes 1, 2, 3, 5, 6, 7, 8, and 10. The remaining genotypes did not replicate well enough to allow adequate titer.

Figure 8. Results from the sequence conservation analysis. Structural model of

HN protein from SeV strain Z (GI:546225829) is shown as a surface plot. Coloring

scheme reflects sequence conservation calculated using Sum-of-Pairs algo-

rithm. Regions identified as sequence conserved are colored in green and vari-

able in red. Mutation positions 454, 461, and 525 are marked by blue ovals and

are located on the protein surface in the regions observed as sequence variable

between paramyxovirus species. Positions within the sialic acid-binding pocket

and the region of dimer interface are mostly conserved in sequence.
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dietary groups; however, further analysis of cytokine profiles
between the dietary groups found SD mice infected with SeV
had a suppressed immune response compared with ND and FD
mice infected with SeV (Supplementary Fig. S2). Similarly, mice
infected with influenza virus receiving a selenium deficient diet
have been shown to have suppressed cytokine profiles com-
pared with mice receiving a ND (Beck et al. 2001).

6. Conclusion

The high mutation rate of RNA viruses increases their ability to
adapt to diverse hosts and cause novel human and veterinary
diseases. It is likely that humans and animals swap viruses on a
regular basis, with the vast majority of these transmission
events going undetected. When these host jumps are detected
it is hard to predict the likelihood that this new virus is capable
of causing significant disease in the human population. Deep
sequencing of viral populations provides important genetic in-
formation at a high level of resolution (Wanget al. 2007;
Fishman and Branch 2009; Borucki et al. 2013; Morelli, et al.
2013; Andersen, et al. 2015) thus allowing detection of subcon-
sensus mutations that may influence the infection outcome.
Additionally, data from this study provide further evidence for
the role of host nutritional status in the evolution of viral geno-
type and phenotype (Beck et al. 2001; Beck, Williams-Toone,
and Levander 2003; Beck 2007; Smith et al. 2007; Karlsson,
Sheridan, and Beck 2010), and indicate that these changes may
impact cross-species transmission events. In-depth data ana-
lysis, for both the viral population genotypes and the host re-
sponse, is likely to be critical for understanding the
mechanisms of viral host jumps and the role of the viral mutant
spectra in vaccine efficacy and reversion.

Supplementary data

Supplementary data are available at Virus Evolution online.
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