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Abstract
The Old World (OW) arenavirus complex includes several species of rodent-borne
viruses, some of which (i.e., Lassa virus, LASV and Lymphocytic choriomeningitis
virus, LCMV) cause human diseases. Most LCMV and LASV infections are caused by
rodent-to-human transmissions. Thus, viral evolution is largely determined by events
that occur in the wildlife reservoirs. We used a set of human- and rodent-derived
viral sequences to investigate the evolutionary history underlying OW arenavirus
speciation, as well as the more recent selective events that accompanied LASV
spread in West Africa. We show that the viral RNA polymerase (L protein) was a
major positive selection target in OW arenaviruses and during LASV out-of-Nigeria
migration. No evidence of selection was observed for the glycoprotein, whereas
positive selection acted on the nucleoprotein (NP) during LCMV speciation. Positively selected sites in L and NP are surrounded by highly conserved residues, and
the bulk of the viral genome evolves under purifying selection. Several positively
selected sites are likely to modulate viral replication/transcription. In both L and NP,
structural features (solvent exposed surface area) are important determinants of
site-wise evolutionary rate variation. By incorporating several rodent-derived
sequences, we also performed an analysis of OW arenavirus codon adaptation to
the human host. Results do not support a previously hypothesized role of codon
adaptation in disease severity for non-Nigerian strains. In conclusion, L and NP represent the major selection targets and possible determinants of disease presentation; these results suggest that field surveys and experimental studies should
primarily focus on these proteins.
KEYWORDS

codon adaptation, Old World arenaviruses, positive selection, protein evolution, rodents, viral
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1 | INTRODUCTION

are transmitted to people with little subsequent human-to-human
spread (e.g., Lassa virus, LASV). Other zoonotic pathogens can

A large proportion of human infectious diseases are caused by zoo-

transmit efficiently among people once the spillover occurs from an

notic pathogens with a wildlife origin (Jones et al., 2008; Karesh

animal reservoir (e.g., Ebola virus) (Karesh et al., 2012). Due to cli-

et al., 2012). Many of these infections are enzootic in animals and

matic and ecological factors, zoonoses have increased significantly
in the last decades (Jones et al., 2008). In particular, bats and

*These authors equally contributed to this work.
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rodents are reservoirs for a variety of human pathogenic viruses
wileyonlinelibrary.com/journal/mec

© 2017 John Wiley & Sons Ltd

|

5173

5174

|

PONTREMOLI

ET AL.

(Mackenzie & Jeggo, 2013). These include several RNA viruses,

LASV is confined to West Africa: extant LASV strains likely origi-

which have a high propensity to rapidly adapt to new hosts (Long-

nated in Nigeria around 1,000 years ago and spread into neighbour-

don, Brockhurst, Russell, Welch, & Jiggins, 2014). Understanding

ing countries in the last several hundred years (Andersen et al.,

the evolutionary dynamics of zoonotic pathogens in their natural

2015; Lalis et al., 2012).

reservoirs is considered a priority to predict their pandemic potential (Morse et al., 2012).

Field studies of rodents from West Africa described OW arenaviruses that are phylogenetically related to LASV. Some of these

Arenaviruses are enveloped negative-sense RNA viruses belong-

viruses, including Mopeia (MOPV), Gairo (GAIV), Luna (LUNV) and

ing to the Arenaviridae family. Several species of arenaviruses that

Morogoro (MOGV), also share the main reservoir host (Mastomys

infect mammals (Mammarenavirus genus) have been described in

natalensis) with LASV, whereas others (e.g., Ippy virus, IPPYV, and

recent years (Blasdell et al., 2016; Briese et al., 2009; Charrel & de

Mobala virus, MOBV) infect different rodent species (Charrel & de

Lamballerie, 2010; Coulibaly-N’Golo et al., 2011; Li et al., 2015;

Lamballerie, 2010; Gryseels et al., 2015; Ishii et al., 2011). Despite

Palacios et al., 2010). Based on serologic and genetic properties,

their evolutionary relatedness to LASV, none of these viruses is

mammarenaviruses are divided into two groups that also display dif-

known to infect or be pathogenic for humans and the genetic deter-

ferent geographic distribution and reservoir hosts. The New World

minants of virulence in different mammalian species are presently

(NW) or Tacaribe complex includes viruses distributed throughout

unknown. Also, the evolutionary events that accompanied OW are-

South America that commonly infect rodents in the Cricetidae family

navirus speciation have remained unexplored. Another open ques-

(Gonzalez, Emonet, de Lamballerie, & Charrel, 2007). The Old World

tion is why only a minority of subjects infected with LASV develop

(OW) or Lassa-Lymphocytic choriomeningitis complex comprises

Lassa fever. Most likely, both viral and host factors play a role in

viruses endemic in West Africa and related to LASV, as well as the

determining disease severity, but knowledge of either is presently

ubiquitous Lymphocytic choriomeningitis virus (LCMV). OW are-

missing. Notably, recent results indicated that the LASV out-of-

naviruses usually have their reservoirs in rodents of the family Muri-

Nigeria migration was accompanied by an increase in virulence, with

dae, although LCMV was also isolated from hamsters or cricetid

non-Nigerian isolates showing better codon adaptation to the

hosts (Amman et al., 2007; Gonzalez et al., 2007; Tagliapietra et al.,

human host, higher viral loads and increased case fatality rates

2009). Arenaviruses can establish persistent infections with no overt

(Andersen et al., 2015). Herein, we explored the evolutionary events

pathology in rodents (Gonzalez et al., 2007), but the zoonotic trans-

underlying OW arenavirus speciation. In particular, we selected OW

mission of some OW and NW arenavirus species has the potential

arenavirus sequences representative of distinct pathogenic and non-

to cause severe human disease. Among OW arenaviruses, LASV is

pathogenic viral species and we searched for evidence of natural

estimated to infect about 2 million people annually in West Africa

selection acting on the most internal branches of the OW phy-

(Fichet-Calvet & Rogers, 2009). Although LASV infection is usually

logeny. We estimated selection in terms of dN/dS (nonsynony-

associated with mild febrile episodes, up to 20% of infected individu-

mous/synonymous rate ratio), although we also calculated the dN-

als develop Lassa fever, a systemic disease with considerable fatality

dS parameter to obtain a measure of natural selection for all

rate (http://www.who.int/mediacentre/factsheets/fs179/en/). LASV

codons. Under neutral evolution, dN/dS is expected to be equal to

infection is particularly severe in late pregnancy, with maternal death

1, as the rate at which amino acid substitutions accumulate is similar

and/or foetal loss occurring in the majority of cases (http://www.

to the rate for synonymous changes. Because essential proteins

who.int/mediacentre/factsheets/fs179/en/). Likewise, prenatal infec-

often tolerate only minor sequence changes, most amino acid

tion with LCMV, which is frequently transmitted by the common

replacements are eliminated by selection; this generates dN/dS val-

house mouse (Mus musculus), can cause spontaneous abortion or

ues <1 (negative or purifying selection). However, when amino acid

severe birth defects (Bonthius et al., 2007; Charrel & de Lamballerie,

replacements are advantageous for the virus, for instance in terms

2010). When LCMV infection occurs postnatally, disease presenta-

of host adaptation or increased transmissibility, dN/dS values can

tion is usually mild, although serious consequences are common in

be higher than 1 (positive selection). Thus, evaluation of how dN/dS

immunocompromised patients (Bonthius, 2009; Waggoner, Soda, &

varies from site to site and from branch to branch in a phylogeny

Deresinski, 2013).

can provide important insight into selective events. Using this

Most LCMV and LASV human infections result from rodent-to-

approach, we show that the viral polymerase (L) and nucleoprotein

human transmission, with the limited role of human-to-human con-

(NP) were major selection targets during OW arenavirus speciation.

tact in infection spread (Andersen et al., 2015; Gonzalez et al.,

We also exploited information of all available LASV-sequenced gen-

2007). Thus, the movements and ecologic characteristics of the

omes to analyse the more recent evolution of this virus. To this

rodent reservoirs are major factors in determining the genetic diver-

aim, we used an approach that compares intra- and interspecies

sity and geographic distribution of these viruses. Molecular dating

diversity and provides a codon-wise estimate of selection coeffi-

suggested that LCMV strains shared a common ancestor 1,000–

cients. Results indicated that the L gene was positively selected dur-

5,000 years ago (Albarino et al., 2010). The close association of Mus

ing the out-of-Nigeria migration of LASV. Finally, an analysis of

musculus with human activity resulted in the global diffusion of

codon usage that incorporated human and rodent OW arenavirus

LCMV, without clear correlation between virus genetic lineages and

sequences did not support a role of codon adaptation in disease

their geographic distribution (Albarino et al., 2010). Conversely,

severity (Andersen et al., 2015).
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approach, a General Time Reversible (GTR) model plus gamma-dis-

2 | MATERIALS AND METHODS

tributed rates and four substitution rate categories, a fixed proportion of invariable sites and a BioNJ starting tree (Guindon, Delsuc,

2.1 | Sequences, alignments and gene trees

Dufayard, & Gascuel, 2009) (Table S4).

Coding sequences were retrieved from the NCBI database (http://
www.ncbi.nlm.nih.gov/). A list of Accession no. is reported in
Tables S1, S2 and S3.
A table that summarizes all methods and programs used in this
study is available as Table S4.

2.2 | Detection of positive and negative selection
in the OW arenavirus phylogeny
The OW arenavirus phylogeny included 26 LASV sequences selected

(Loytynoja & Gold-

on the basis of the country of isolation and on the host (see Sec-

man, 2005) to generate multiple coding sequence alignments and

tion 3 and Table S1). For the other viral species, all nonlaboratory

For the evolutionary analysis, we used

PRANK

(Sela, Ashkenazy, Katoh, & Pupko, 2015) for filtering unre-

strains with complete information both for the L and for the S seg-

liably aligned codons with a score <0.90 (Privman, Penn, & Pupko,

ment were included. Thus, Gbagroube, Kodoko and Menekre viruses

2012) (Table S4). Alignments and filtering were performed through

were excluded from the analysis as only partial sequences were

GUIDANCE2

the

GUIDANCE2

webserver (http://guidance.tau.ac.il/ver2/). For

PRANK,

we set sequence type as codons and Trust insertions (+F) as parame-

lation procedure indicated three or fewer passages in cell lines.

100 bootstrap repeats were run. Alignment

The dN-dS parameter was calculated with SLAC (Single likelihood

lengths were as follows: 1,659 bp (GPC), 7,233 bp (L), 1,767 bp (NP)

ancestor counting) (Kosakovsky Pond & Frost, 2005) using the multi-

ters. For

GUIDANCE,

available. In the case of LCMV, strains were only included if the iso-

and 336 bp (Z).

ple sequence alignments and the

PHYML-generated

trees as the inputs

The saturation of substitution rates (especially dS) is a common

(Table S4). The nucleotide substitution model was selected using the

problem when distantly related and/or fast-evolving sequences are

automatic tool. The following parameters were set for SLAC: tree,

analysed. Saturation occurs when sequences have undergone many

user-supplied; handling ambiguities, averaged.

multiple substitutions, a phenomenon that affects evolutionary infer-

To investigate whether episodic positive selection acted on the

ence and can be serious for deep tree branches. We assessed substi-

internal branches of the OW arenavirus phylogeny, we applied the

tution saturation using Xia’s index implemented in

DAMBE5

(Xia,

branch-site tests from the

PAML

suite (version 4.8a) (Zhang, Nielsen,

2013; Xia, Xie, Salemi, Chen, & Wang, 2003) (Table S4); this test

& Yang, 2005) and

compares an entropy-based index of saturation (Iss) with a critical

episodic diversification) (Murrell et al., 2015; Pond, Frost, & Muse,

value (Iss.c). If Iss is significantly lower than Iss.c, sequences have not

2005) (Table S4). The branch-site test compares a model (MA) that

experienced substitution saturation.

allows positive selection on one or more lineages (foreground lin-

BUSTED

(branch-site unrestricted statistical test for

Saturation analysis was performed on fully resolved sites after

eages) with a model (MA1) that does not allow such positive selec-

estimating the proportion of invariant sites, using an UPGMA

tion. Twice the difference of likelihood for the two models (DlnL) is

(Unweighted Pair Group Method with Arithmetic Mean) tree and a

then compared to a v2 distribution with one degree of freedom

General Time Reversible (GTR) model. Filtered alignments for the

(Zhang et al., 2005). The initial analysis was performed using an

GPC, NP and L genes did not show substantial substitution saturation

F3x4 codon frequency models. Significant branches were validated

(Table S5).

under the F61 codon frequency model. The starting value of the

Alignments were screened for the presence of recombination

transition/transversion ratio was set equal to 2. Positively selected

(Kosakovsky Pond, Posada, Gravenor,

sites were identified through the implemented BEB analysis (Yang,

using two methods:

GARD

Woelk, & Frost, 2006), a genetic algorithm implemented in the
suite (version 2.2.4), and

HYPHY

Wong, & Nielsen, 2005) (Table S4).

(version 0.93) (Maydt & Lengauer,

Branch-site unrestricted statistical test for episodic diversification

uses phylogenetic incongruence

is designed to detect the action of episodic positive selection that is

among segments in the alignment to detect the best-fit number and

acting on a subset of branches in the phylogeny at a proportion of

RECCO

2006) (Table S4). Whereas

GARD

is based on cost mini-

sites within the alignment. To detect selection at individual sites,

mization. GARD evaluates the statistical significance of putative

twice the difference of the likelihood for the alternative and the null

break points through Kishino-Hasegawa (HK) tests. No significant

model is compared to a v2 distribution (df = 1) using the multiple

break point (p value <.05) was detected, using the HKY85 nucleotide

sequence alignments and the

substitution model and a general discrete distribution on 3 bins.

we considered a site as positively selected if it showed a p value

location of recombination break points,

The

RECCO’s

RECCO

output includes a p value for the whole data set that,

PHYML-generated

trees as the inputs;

<.05.

controlling for false positives, provides an indication as to whether a

Both methods were shown to display very low false-positive

significant amount of recombination is detectable in the whole align-

rates (Gharib & Robinson-Rechavi, 2013; Lu & Guindon, 2014; Mur-

ment. Analyses were run using gap extension cost = 0.2 and 1,000

rell et al., 2015) even in the case of highly diverged phylogenies as

permutation. No substantial recombination was detected by

RECCO

the ones we analysed herein (Gharib & Robinson-Rechavi, 2013).

(all data set p values >.05). Phylogenetic trees were reconstructed

The power of these methods varies on the basis of many factors

program (version 3.1) with a maximum-likelihood

including the number and divergence of sequences, the level of dS

using the

PHYML
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saturation, the position of the foreground branches in the phylogeny

protein was obtained via the Phyre2 webserver with modelling mode

and, clearly, the strength of positive selection (Gharib & Robinson-

set to normal (Kelley, Mezulis, Yates, Wass, & Sternberg, 2015)

Rechavi, 2013; Lu & Guindon, 2014; Murrell et al., 2015). In particu-

(Table S4). Phyre2 produced a high confidence model (97.6% confi-

branch-site tests have limited power to detect selection

dence) using Influenza C Virus RNA-dependent RNA polymerase

for sequences with a level of divergence as those in the OW are-

(PDB: 5D9A) as a template. Sites were mapped onto structures using

lar, the

PAML

(The

navirus phylogeny (tree lengths in the range 40–50) (Gharib & Robin-

PYMOL

son-Rechavi, 2013). This also explains why we decided to exclude

€dinger, LLC).
Schro

PYMOL

Molecular Graphics System, Version 1.5.0.2

some viruses from the analyses: excessive divergence would reduce

The solvent accessible surface area (SASA) for each residue from

both power and the sequence space available for analysis (as the

the 3D structure was calculated with the webserver GetArea (Fracz-

proportion of filtered codons increases with divergence). In this

kiewicz & Braun, 1998) (Table S4), using the PDB files described

respect, we also mention that the filtering of unreliable codons prevents the identification of positive selection events in fast-evolving

above as input files and the radius of the water probe equal to 1.4
Angstroms (
A). The number of available SASA values for GPC, L and

region (e.g., at Z proteins). However, this procedure is necessary to

NP was as follows: 161, 168, 512.

avoid false positives (Privman et al., 2012; Sela et al., 2015) and
results in a gain of power for the alignment portions that remain
available for the branch-site tests (Jordan & Goldman, 2012; Privman

2.5 | nCAI calculation and statistical analyses

et al., 2012). Overall, we most likely under-estimated positive selec-

nCAI (normalized Codon Adaptation Index) was calculated using CAI-

tion events, in terms of both branches and sites, but we expect a

cal (Puigbo, Bravo, & Garcia-Vallve, 2008) (Table S4). nCAI is the

very limited number of false positives in selection inference.

ratio between calculated CAI and expected CAI (eCAI). eCAI was
obtained by generating 500 random sequences (-n parameter) with

2.3 | Natural selection during LASV evolution

the same length (-l parameter), similar GC (-gc parameter) content
and amino acid composition as the input sequence. Given the paired

Genetic diversity of extant LASV strains was evaluated with gamma-

nature of the data (L, NP and GPC sequences derive from the same

Map (Wilson, Hernandez, Andolfatto, & Przeworski, 2011) (Table S4).

virus), nCAI differences among L, NP and GPC sequences were evalu-

We analysed LASV sequences from humans in Nigeria and out-of-

ated using a Quade test (Quade, 1979). The viral sequences we used

Nigeria, as well as from rodents in Sierra Leone, Mali and Guinea.

in this analysis are listed in Table S3 and comprise strains with at

For Nigerian LASV strains, we considered only monophyletic

least one complete L or S segment (LASV, n = 224; LCMV, n = 38,

sequences (Table S2). Sequences of Nigerian rodents were excluded

nonpathogenic arenaviruses, n = 17). Quade test post hocs with Stu-

due to their limited availability (n = 4).

dent’s t distribution were used to assess pairwise differences. For L,

gammaMap was run with the following parameters: h (neutral

NP and GPC, differences in nCAI among viral sequences grouped on

mutation rate per site), k (transitions/transversions ratio) and T

the basis of species/disease phenotype, host and geographic location

(branch length), which were set to vary among the gene following

were evaluated using Kruskal–Wallis tests. Nemenyi tests with v2

log-normal distributions. For each gene (L, GPC and NP), we also set

distribution to account for ties were used as post hocs. All calcula-

the neutral frequencies of non-STOP codons (1/61) and the proba-

tions were performed in the R environment using the

bility that adjacent codons share the same selection coefficient, c

(Pohlert, 2014).

PMCMR

package

(p = .02). For selection coefficients, we considered a uniform Dirichlet distribution with the same prior weight for each selection class
and we run 100,000 iterations with thinning interval of 10.
To be conservative, we declared a codon to be under positive
selection when the cumulative posterior probability of c ≥ 1 was
>.75, as suggested (Quach et al., 2013).

3 | RESULTS
3.1 | The L and NP genes evolved adaptively during
OW arenavirus speciation

It is worth mentioning that Nigerian and non-Nigerian LASV iso-

Several reports described the phylogenetic relationships and

lates have different demographic histories and both experienced bot-

genetic diversity of OW arenaviruses (Albarino et al., 2010; Ander-

tlenecks (Andersen et al., 2015). However, gammaMap was shown

sen et al., 2015; Emonet, Lemasson, Gonzalez, de Lamballerie, &

to be robust to different demographic scenarios.

Charrel, 2006), but the evolutionary events that accompanied viral
speciation

2.4 | Protein 3D structures and homology
modelling

have

remained

unexplored.

We

thus

investigated

whether episodic positive selection acted on the internal branches
of an OW arenavirus phylogeny that includes multiple viral species.

The 3D structures of the LASV NP protein (PDB codes: 3T5N and

All arenaviruses have a bisegmented genome with an ambisense

3MX2) and of the L protein endonuclease domain (PDB code: 5J1P)

coding strategy. The large (L) genomic segment encodes the viral

were obtained from the Protein Data Bank (PDB, http://www.rcsb.

RNA-dependent RNA polymerase (L protein) and a small zinc-binding

org/pdb/). A homology model of the RdRp domain of LCMV L

protein (Z protein). The small (S) genomic segment codes for the
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nucleocapsid protein (NP) and the glycoprotein precursor (GPC). The

The NP protein has distinct N- and C-terminal domains con-

four viral genes were analysed separately by retrieving sequences

nected by a flexible linker. The N-terminal domain has a deep cre-

for 26 LASV (13 Nigerian and 13 non-Nigerian) and 15 LCMV

vice that binds the viral RNA and three selected sites (S238, T296

strains, as well as additional African OW arenavirus species

and P297) surround this cavity (Hastie, Kimberlin, Zandonatti,

(Table S1). LASV sequences were selected to be representative of

MacRae, & Saphire, 2011) (Figure 2a).

distinct outbreaks, with strains sampled both from rodents (Masto-

The C-terminal domain of NP functions as an exonuclease speci-

mys natalensis) and humans (Table S1). Merino Walk, Wenzhou and

fic for dsRNA and is required to antagonize type I IFN antiviral

Loei River viruses were not included because of excessive diver-

responses (Hastie, Kimberlin, et al., 2011). A highly conserved motif

gence. Even after exclusion of these viruses, the OW arenavirus

in NP (389DIEGR393 motif in LASV) plays a critical role in the IFN-

phylogeny

(Figure 1a).

counteracting activity of NP. The positively selected P394 site

Because poor alignment quality represents a major source of false

immediately flanks this motif and is located in close spatial proximity

positives in evolutionary inference, we filtered unreliably aligned

to the exonuclease active site (Figure 2b).

comprised

relatively

divergent

species

codons (see Section 2). This procedure resulted in the filtering of a

Interactions between the N- and C-terminal domains of a single

consistent portion (27% of codons) of the already short Z protein

NP molecule are important for replication and transcription (Hastie,

region, which was not analysed further. A consistent portion of the

Liu, et al., 2011). Mutations at residues within the N-C interface,

L protein was also masked (19.3%), whereas most codons of the S

including the positively selected R556 site, modulate RNA synthesis

segment proteins were available for analysis (filtered codons for

(Hastie, Liu, et al., 2011). Based on the crystal structure of the entire

GPC and NP were 7.5% and 2.4%, respectively) (Figure 1b). Filtered

LASV NP protein, we mapped another positively selected site (T372)

alignments for the GPC, NP and L genes did not show evidence of

at the N-C interface (Figure 2c).

recombination break points (see Section 2), in accordance with the

Even though the L protein plays a central role in viral genome

absence of definitively documented recombination in natural OW

replication and transcription, structural and functional information is

arenavirus infections (Emonet et al., 2006). We first obtained a

more limited compared to NP. The N-terminal domain of L has

codon-wise measure of natural selection by calculating the dN-dS

endonuclease activity (Shao, Liang, & Ly, 2015), which presumably

parameter. In this specific analysis, dN-dS was preferred over the

cleaves off the cap structure (Lehmann et al., 2014). Three of the

conventional dN/dS parameter because this measure is not rendered

positively selected sites (S64, E124 and Q125) are located in close

to infinity for dS values equal to 0. Results showed a pervasive

spatial proximity to the active site (Figure 3a).

action of purifying selection on GPC, NP and L (percentage of non-

The RNA-dependent RNA polymerase (RdRp) is located in the

masked sites with evidence of purifying selection: 94.2, 93.3 and

central portion of the L protein C-terminus (residues 1040–1540)

88.3, respectively). To search for positive selection events (i.e., dN/

(Figure 1b) (Brunotte et al., 2011). A mutation scanning of the RdRp

dS >1) along the internal branches of the phylogeny, we used two

domain identified several residues essential for its function (Hass,

branch-site methods, BUSTED and the codeml MA/MA1 models

Lelke, Busch, Becker-Ziaja, & Gunther, 2008). Notably, mutations

(Murrell et al., 2015; Pond et al., 2005; Zhang et al., 2005). These

were mainly introduced to change conserved residues, which by def-

two approaches can detect selection along a priori specified

inition cannot include positively selected sites. We obtained a

branches in a phylogeny and identify specific positively selected

homology model of the arenavirus RdRp: the positively selected resi-

sites. Selection at a given branch was declared if, after false discov-

due L1159 is in close spatial proximity to residues that affect cat-

ery rate (FDR) correction, both methods provided statistical support.

alytic activity when mutated (Figure 3b).

No evidence of selection was detected for GPC (Figure 1a, Table S6).

Finally, the C-terminus of L potentially mediates cap binding or is

Conversely, support for the action of positive selection was

otherwise involved in cap-snatching. The D2171, E2175 and W2017

observed at all internal branches in the L gene phylogeny and at the

sites, positively selected on the LCMV branch, immediately flank or

LCMV branch for NP (Figure 1a, Tables 1 and S7). Based on the

are in close proximity to conserved residues that modulate transcrip-

number of selected sites, the strongest level of selection accompa-

tional activity (Lehmann et al., 2014) (Figure 1b).

nied the speciation events of LCMV (Figure 1a).
Selected sites in L and NP showed no clustering in particular
region or domains and tended to be scattered throughout the protein sequences (Figure 1b).

3.2 | Structural features modulate protein evolution
in LASV

To shed light into the functional role of selected sites, we

The availability of several LASV sequences, obtained in different

exploited available structural and biochemical data for arenavirus

geographic locations and from different hosts, allowed us to perform

proteins. Because longer portions of LASV proteins have been crys-

high-resolution analysis of the recent evolutionary events that

tallized, often at higher resolution compared to LCMV proteins,

shaped the genetic diversity of extant LASV strains. We thus lever-

LASV structures were used to map selected sites. In particular, we

aged divergence data and intraspecies LASV diversity using a popula-

analysed whether positively selected sites were located within or in

tion genetics–phylogenetics approach that estimates selection

proximity to functional elements such as binding crevices, active

coefficients (c) along coding regions (Wilson et al., 2011). This

sites or residues with an established functional role.

method allows the detection of fine-scale differences in selective
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(a)

(b)

F I G U R E 1 Positive selection in Old World (OW) arenaviruses. (a) Phylogenetic trees for GPC, NP and L. Numbers denote tested branches.
Branch thickness is proportional to the number of positively selected sites. Total tree lengths are as follows: 39.18 (GPC), 43.08 (NP), 48.88 (L)
substitutions per site. (b) Positively selected sites are mapped onto a schematic representation of OW arenavirus proteins. Site numbering
refers to Lassa virus (LASV) strain AV (Accession IDs: S segment, AF246121; L segment, AY179171). In the alignment, few representative OW
arenaviruses are shown; conserved sites that affect protein function are in red (Lehmann et al., 2014), and positively selected sites are
highlighted in yellow. SP, Signal Peptide

pressures at specific codons. In practical terms, c values can be con-

sequences (n = 109, Table S2). Only four sequences of Nigerian

sidered a measure of the fitness consequences of new nonsynony-

rodents are presently available and were not included in the analysis.

mous mutations. The method categorizes selection coefficients into

The IPPYV sequence was used as the outgroup.

12 predefined classes ranging from 500 (inviable) to 100 (strongly
beneficial).

In all viral populations, most codons evolved under purifying
selection (Figure 4a). Although the relative proportions changed

We first estimated the variation in selection coefficients along L,

depending on the sampling site and on the host, the distributions of

GPC and NP in LASV sequences isolated from humans in Nigeria and

c tended to be bimodal, with most codons targeted by either strong

out-of-Nigeria, as well as from rodents in Sierra Leone, Mali and Gui-

negative selection (c ≤ 100) or moderate to mild negative selection

nea. For Nigerian LASV strains, analysis was limited to monophyletic

(10 ≤ c ≤5).
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T A B L E 1 Branch-site analyses of NP and L (model F3x4)
MA vs. MA1

Gene
NP

L

Brancha

DlnLb

Branch
1

22.08

Branch
2

42.25

Branch
3

22.56241

Busted
p value (FDR correction)
2.618 9 10

6

(3.491 9 10

DlnLb
6

)

p value
(FDR correction)

8.74

0.013 (0.050)

8.023 9 1011 (3.209 9 1010)

5.41

0.067 (0.120)

2.034 9 106 (3.491 9 106)

4.24

0.120 (0.120)

Positively selected sitesc
A3, C24, Q36, A37, S62, N76, Q84,
T101, R138, G191, D194, Q224, D233,
S238, C257, K269, Q273, A288, T296,
P297, T372, K385, P394, L420, N456,
A485, D504, V514, A539, R551, A552,
R556

Branch
4

3.00

0.083 (0.083)

4.57

0.102 (0.120)

Branch
1

69.41

8.005 9 1017 (8.005 9 1017)

10.33

0.006 (0.011)

V12, T33, C55, S64, E124, Q125, T145,
D158, Q172, N209, K235, Q237, Q243,
Q257, K263, Y303, V376, W395, A434,
T469, N566, D606, H655, E670, F673,
N697, S783, K784, L868, R871, Q872,
T920, D926, G964, I978, Y992, K998,
K1000, P1011, F1033, S1050, Y1052,
S1189, N1247, Y1277, S1278, A1420,
C1440, N1476, M1482, S1498, S1522,
Y1556, P1635, S1644, L1729, R1833,
V1841, S1856, S1866, S1889, E1893,
D1917, Y1927, Q1929, S1933, S2005,
W2017, P2054, L2138, M2140, D2171,
E2175

Branch
2

71.64

2.585 9 1017 (3.446 9 1017)

5.97

0.050 (0.050)

N227, E241, G1571

Branch
3

107.25

3.918 9 1025 (7.837 9 1025)

15.94

3.451 9 104 (1.381 9 103)

Branch
4

225.29

6.345 9 1051 (2.538 9 1050)

8.26

0.016 (0.021)

K67, S174, E239, G1013, S1278, G1879
T80, A219, Q223, S504, S839, T855,
E977, L1159, Q1349, C1493, S1544,
S2195

a

Branches are named as in Figure 1.
Twice the difference of likelihood for the two models compared.
c
Positively selected sites detected by both methods. Position referred to Lassa virus strain AV (Accession IDs: S segment, AF246121; L segment,
AY179171).
b

Protein structural features may determine local variation in

also observed for GPC, although it did not reach statistical signifi-

sequence evolution (Echave, Spielman, & Wilke, 2016). Several stud-

cance (Figure 4b). These data suggest that structural features are

ies have shown that residues with low solvent accessible area (i.e.,

important determinants of site-wise evolutionary rate variation in L

buried in the protein structure) evolve more slowly than exposed

and NP.

sites (Echave et al., 2016). To test whether structural constraint is
responsible for the distribution of selection coefficients in arenavirus
proteins, we used available structures of LASV NP, GPC and L (or
fragments thereof) and calculated the SASA at each residue.

3.3 | The L protein was the major positive selection
target during recent LASV evolution

Because SASA values were available for a relatively small number

Despite the general constraint observed at all viral genes in all anal-

of residues (depending on structural information availability, see

ysed samples, positive selection may be localized and act on minority

methods), sites were grouped into two classes (c ≤ 50 and c > 50)

of sites. Using the approach described above (gammaMap), which is

based on the distribution of c (Figure 4b). For L and NP, a significant

well suited to multiallelic models of selection (Wilson et al., 2011),

difference in SASA was observed between sites that evolve under

we estimated posterior probabilities for each codon and each selec-

strong or mild/moderate selective pressure (Figure 4b). A trend was

tion coefficient. We declared a codon as being positively selected if
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T296
P297

(a)
T296

D233

P297

S238
D233

(b)

S238

(c)
R556
P394

N-term

C-term
T372

dN-dS≥–0.8
–1.4≤dN-dS<–0.8
–2≤dN-dS<–1.4
–2.6≤dN-dS<–2
dN-dS<–2.6
Not assigned dN-dS

F I G U R E 2 Positively selected sites in nucleoprotein (NP). Selected sites are mapped onto the 3D structure of the Lassa virus (LASV)
nucleoprotein (PDB codes: 3T5N for panel a, 3MX2 for panels b and c). The protein is coloured in hues of blue depending on the dN-dS
parameter. In all panels, sites that are positively selected on branch 1 (see Figure 1) are shown in yellow. (a) Ribbon representation of NP in
complex with ssRNA (pink) (Hastie, Liu, et al., 2011). In the enlargement, residues surrounding the binding crevice are highlighted. (b) Surface
representation of NP with highlighted residues representing the DIEGR motif and active site residues. (c) Sites with a functional role at the NP
N-C interface (Hastie, Liu, et al., 2011) are shown with stick representation
its posterior probability of having c higher than 1 was equal to or

unreliable alignment) (Figure 1). In most cases, sequences isolated

above 0.75. Using this criterion, we identified two selected sites in

from humans carried the most frequent amino acid(s) observed in

the L gene of non-Nigerian human samples and 12 in L sequences

rodent-derived sequences (Figure 5b), consistent with the view that

from non-Nigerian rodent-derived LASV isolates. All these sites are

rodents host a genetically diverse pool of viruses from which human

shown in the form of sequence logos in Figure 5b (see also

infections originate. Notably though, most non-Nigerian human

Table S8). No positively selected sites were detected in NP or GPC,

LASV sequences carry a cysteine at positively selected site 2,159

again supporting an important role of sequence variation at the L

(Figure 5b). In rodent sequences, a cysteine occurs only twice at this

gene in OW arenavirus evolution.

position. Because the large majority of human infections derive from

Most of the positively selected sites we identified were clus-

independent zoonotic transmissions, this observation suggests a

tered in regions of low sequence conservation (some of these

possible role of this site as a determinant of LASV disease severity

masked for the OW arenavirus evolutionary analysis due to

in humans.
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(b)

S64

Q125
E124

L1159

dN-dS≥–0.8
–1.4≤dN-dS<–0.8
–2≤dN-dS<–1.4
–2.6≤dN-dS<–2
dN-dS<–2.6
Not assigned dN-dS

F I G U R E 3 Positively selected sites in L. In all panels, proteins are coloured in hues of blue depending on dN-dS. Sites found as positively
selected on branches 1, 3 and 4 (see Figure 1) are shown in yellow, orange and green, respectively. Selected sites on branch 2 are not visible
in the crystal (they are located on the back surface). (a) 3D structure of endonuclease region of Lassa virus (LASV) L protein (PDB code: 5J1P).
Potential catalytic residues (Wallat et al., 2014) are highlighted. (b) 3D model of the Lymphocytic choriomeningitis virus (LCMV) RdRp domain
obtained with Phyre2. Residues important for catalytic activity (Hass et al., 2008) are highlighted

major differences in nCAI are observed among viral genes. The

3.4 | No evidence that codon adaptation to the
human host represents a virulence factor for OW
arenaviruses

poorer adaptation of GPC to human CAI is in agreement with observations that viral genes encoding molecules that interact with cellular
receptors tend to have low codon usage similarity to their host

The codon adaptation index (CAI) is a measure of the synonymous

(Bahir, Fromer, Prat, & Linial, 2009).

codon usage bias; in the context of viral infections, it is often used

Analysis of nCAI for sequences grouped on the basis of viral spe-

to assess how closely the synonymous codon usage in the viral

cies, host and geographic location (Table S3) revealed significant dif-

genes resembles that of the host. A recent study suggested that, fol-

ferences for L, NP and GPC (Kruskal–Wallis rank sum test, all

lowing the exit from Nigeria, LASV evolved towards a higher viru-

p < 3.5 9 105). Post hoc tests confirmed a significantly higher nCAI

lence possibly driven by an increase in CAI (Andersen et al., 2015).

for non-Nigerian compared to Nigerian LASV strains. This effect was

Indeed, changes in CAI in other viral species have been associated

independently observed for the three genes (Figure 6a). However,

with different disease presentation or virulence (Cladel, Budgeon,

non-Nigerian LASV sequences had significantly higher nCAI than

Hu, Balogh, & Christensen, 2013; Felez-Sanchez et al., 2015; Tello,

nonpathogenic OW arenaviruses only at the L gene. The nCAI of

Vergara, & Spencer, 2013; Wirblich & Schnell, 2011).

Nigerian LASV strains was always comparable or lower than that of

To further explore this possibility, we extended CAI analysis to

nonpathogenic viruses. Importantly, non-Nigerian LASV sequences

other OW arenaviruses and to recently published LASV sequences

sampled from humans or from rodents had very similar nCAI (Fig-

isolated from rodents outside of Nigeria (Olayemi et al., 2016; Safro-

ure 6a). It should be noted that human LASV sequences derive from

netz et al., 2013). For all analyses, we used normalized CAI (nCAI),

the most severe cases who were hospitalized, whereas rodent-

which is the ratio between the calculated CAI for a sequence and its

derived sequences are expected to be unbiased in terms of disease

expected CAI based on GC content and amino acid composition (see

outcome in humans. Finally, comparison of LASV sequences derived

Section 2). Considering all OW arenaviruses, significant differences

from patients who were discharged from hospital or who died of

in nCAI were observed among the L, NP and GPC genes (Quade test,

Lassa fever (Andersen et al., 2015) revealed no differences in nCAI,

F = 291.31,

df = 2,

p < 2.2 9 10

16

hocs,

either in Nigeria or outside of Nigeria (Figure 6b). These observa-

p < 4.1 9 1013 for all comparisons) (Figure 6a). These results sug-

;

Quade

test

post

tions suggest that the higher nCAI in non-Nigerian viruses has little

gest that, irrespective of viral species and pathogenetic potential,

effect on disease severity.
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F I G U R E 4 Distribution of selection coefficients and relation to structural data. (a) The proportion of codons in each selection coefficient (c)
class is reported for NP, L and GPC (left panels). Selection coefficients are classified as strongly beneficial (100, 50), moderately beneficial (10,
5), weakly beneficial (1), neutral (0), weakly deleterious (1), moderately deleterious (5, 10), strongly deleterious (50, 100) and inviable
(500). (b) Box-and-whisker plot of solvent accessible surface area (SASA) for codons in different c classes. Thick line: median; box: quartiles;
whiskers: 1.5 9 interquartile range

4 | DISCUSSION

infection, whereas Clone 13 (CL-13) establishes a persistent one
(Ahmed, Salmi, Butler, Chiller, & Oldstone, 1984). In guinea pigs,

We performed an evolutionary analysis of an OW arenavirus phy-

infection with ARM 53b is not lethal, even at high virus doses,

logeny that is representative of diverse viral species. Results clearly

whereas low doses of the LCMV-WE strain cause high fatality rates

pointed to the L gene as the major selection target and several posi-

(Riviere, Ahmed, Southern, Buchmeier, & Oldstone, 1985). Finally,

tively selected sites were detected, mostly on the LCMV branch.

WE but not ARM 53b causes hepatitis in mice (Dutko & Oldstone,

Interestingly, previous studies have shown that changes in L

1983). The major viral determinants of disease outcome in these

affect viral persistence and virulence, at least in experimental set-

cases were mapped to the L and/or the GPC genes (Bergthaler,

tings. In particular, subtle differences even among viral strains of the

Merkler, Horvath, Bestmann, & Pinschewer, 2007; Bergthaler et al.,

same species can result in extremely different phenotypes. This is

2010; Djavani et al., 2005; Riviere et al., 1985; Sevilla et al., 2000;

the case of a laboratory-derived strain (P18) of Pichinde virus (PICV),

Sullivan et al., 2011). LCMV-ARM 53b and CL-13 differ at six

a guinea pig-infecting NW arenavirus used as a model of LASV

nucleotide positions only (Ng, Sullivan, & Oldstone, 2011). The

pathogenesis (McLay, Lan, Ansari, Liang, & Ly, 2013). P18 causes

Q1079 residue located in the L protein of CL-13 (K1079 in ARM

fatal disease in guinea pigs, whereas a related strain (P2) only causes

53b) is important for viral persistence and determines higher viral

a febrile disease with modest weight loss (McLay et al., 2013). The

titres in dendritic cells in vivo and in vitro (Bergthaler et al., 2010;

different virulence of these two strains is accounted for by the com-

Matloubian, Kolhekar, Somasundaram, & Ahmed, 1993; Ng et al.,

bination of three amino acid replacements in the L protein C-term-

2011). Likewise, a change at position 260 in the GPC protein of CL-

inal domain; these changes modulate disease progression via

13 (F260L) contributes to the persistence phenotype by increasing

increased efficiency of P18 viral genomic replication (McLay et al.,

viral affinity for alpha-dystroglycan, the cellular receptor for OW are-

2013).

naviruses (Bergthaler et al., 2010; Sullivan et al., 2011). It should,

The best studied examples of strain-specific changes in diseases

however, be noted that differences in viral persistence between

outcome derive from laboratory LCMV isolates (Dutko & Oldstone,

ARM 53b and CL-13 were only observed when viruses were intra-

1983). In adult immunocompetent mice, high-dose intravenous inoc-

venously inoculated at high doses. In fact, CL-13 administered at

ulation of the Armstrong 53b (ARM 53b) strain causes an acute

low doses is cleared within two weeks, indicating that the bases for
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(a)

(b)

F I G U R E 5 Positively selected sites in the L protein. (a) A cartoon representation of the L protein shows the location of positively selected
sites identified with gammaMap. (b) In the sequence logos, selected residues (numbers in pink or purple) are shown in the context of a few
flanking amino acids. Information content (bits) is plotted as a function of amino acid position. Amino acids are coloured according to their
chemical properties. Sequence logos were generated with WebLogo (Crooks, Hon, Chandonia, & Brenner, 2004)

the different phenotypes of the two strains are quite complex (Mos-

sequences, their divergence and the limited number of filtered codons,

kophidis et al., 1995).

the branch-site analysis we performed had similar power to detect

A previous analysis of LASV sequences indicated that GPC may be

selection at GPC as at L and NP. Likewise, analysis of LASV sequences

a target of positive selection within individual human and rodent hosts

using a population genetics phylogenetic approach was equally pow-

and that nonsynonymous intrahost single nucleotide variants in B-cell

ered for the three viral genes. Because different selective events were

epitopes occur at a frequency higher than expected (Andersen et al.,

analysed, the lack of selection signatures at GPC is not in contrast with

2015). We did not detect selective events in the GPC region either at

the results reported by Andersen and co-workers (Andersen et al.,

the inter- or at the intraspecies level. Based on the number of

2015), who analysed within-host selection.
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*
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1.04
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**
4

nCAI

14

1.02

10

22
65

14
4

101

23

13

16
21

115

82

17

1.00

21
82

23
17

4
115

0.98

L

(b)

NP

GPC

p = .87

p = .48

p = .57

1.06

p = .81

p = .08

1.04

p = .06

nCAI

4

1.02

36

10

22

43
4

22

13
38

25

54

23
13

1.00

23

Host= human
Host= rodents
LASV Nigeria
LASV non-Nigeria

4

Discharged

25

Died

38

Discharged

Discharged

Died

Discharged

Died

Discharged

Died

Discharged

Died

0.98

Died

54

LCMV
Nonpathogenic

F I G U R E 6 nCAI (normalized Codon Adaptation Index) analysis for L, NP and GPC. nCAI is shown in standard box-and-whisker plot
representation (thick line: median; box: quartiles; whiskers: 1.5 9 interquartile range). In the upper panel, viral sequences were grouped based
on viral species or disease phenotype (nonpathogenic Old World (OW) arenaviruses belong to different species), host and geographic location
(Table S3). Kruskal–Wallis tests indicated significant differences among groups for L (p = 4.49 9 1015), NP (p = 3.55 9 105) and GPC
(p < 2.2 9 1016). Results from post hoc tests (Nemenyi tests) are shown (*p < .01; **p < .05). The sample size is reported below each box:
they slightly differ among genes depending on the availability of fully sequenced viral genomes. In the bottom panel, Lassa virus (LASV)
sequences are grouped depending on patient outcome (died or discharged) and host. Kruskal–Wallis tests were not significant

This finding is nonetheless surprising as GPC, which is exposed

do elicit antibody production in mice and humans, but their glycans

on the viral surface, is expected to represent a major target for the

impair neutralizing capacity (Sommerstein et al., 2015). In experimen-

host immune response. Interestingly, though, both LASV and LCMV

tally infected mice, the glycan shield promotes persistent infection

use glycans present on GPC as a shield against neutralizing antibod-

by impairing the antibody response (Sommerstein et al., 2015). In

ies (Sommerstein et al., 2015). Thus, OW arenavirus glycoproteins

fact, MHC-I-restricted T cells are central in controlling LASV
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infection in these animals (Flatz et al., 2010). Thus, the selective

sequence space for adaptive evolution, while the bulk of sequence

pressure exerted by the host humoral immune response on OW are-

evolves under purifying selection. Indeed, at least in L and NP, the

navirus GPC is probably limited. Consistently, the protective effect

necessity to maintain a functional protein structure contributes to

of proposed LASV vaccines is mainly associated with the elicitation

constrain sequence evolution. This was previously observed for

of

cell-mediated immune responses (Fisher-Hoch, Hutwagner,

other viral and nonviral proteins (Echave et al., 2016). We found

Brown, & McCormick, 2000; Geisbert et al., 2005; Lukashevich

buried residues, which most likely play a pivotal role in folding and

et al., 2008). In this respect, it is worth mentioning that rapid viral

structure maintenance, to tolerate fewer changes than residues

replication in the early phases of infection is central to the ability of

exposed to the solvent. The reason why this effect was blurred for

LCMV to establish a persistent infection (Bergthaler et al., 2010; Sul-

GPC remains to be investigated, but may stem from the selective

livan, Teijaro, de la Torre, & Oldstone, 2015). For instance, the high

pressure to maintain exposed glycosylation sites and flanking resi-

viral titres of LCMV CL-13 allow evasion from cytoplasmic RNA sen-

dues that help orient and organize the glycan shield.

sors, as well as rapid replication in macrophages, dendritic cells and

Recently, Andersen and co-workers (Andersen et al., 2015)

other immune cells; this results in dysregulated responses and T-cell

reported that the codon adaptation index to human (and rodent)

exhaustion, ultimately contributing to viral persistence (Bergthaler

hosts is higher for LASV compared to Ebola virus. As a result of both

et al., 2010; Sullivan et al., 2015). Thus, viral replicative capacity is

mutation bias and selection, distinct viral species display different

an important determinant of viral persistence and, more generally, of

degrees of codon adaptation to their host (Bahir et al., 2009). Within

clinical outcome in mouse models. In arenaviruses, the viral ribonu-

viral species or genera, differences in CAI have been associated with

cleoprotein, formed by the NP-encapsidated viral genome together

viral phenotypes. For instance, clinical presentation is an important

with L and regulated by the Z protein, forms the functional unit of

explanatory factor for codon usage preferences in papillomaviruses

RNA replication and transcription (Capul, de la Torre, & Buchmeier,

(Cladel et al., 2013; Felez-Sanchez et al., 2015), and CAI correlates

2011; Lee, Novella, Teng, Oldstone, & de La Torre, 2000; Lee, Perez,

with the virulence of infectious salmon anaemia virus isolates (Tello

Pinschewer, & de la Torre, 2002).

et al., 2013). Nonetheless, the effects of CAI changes in viral

NP is the most abundant viral protein during acute infection

sequences are often difficult to predict. Experiments with rabies

(Meyer & Ly, 2016). Besides incapsidating the viral RNA, it plays

virus indicated that both optimization and deoptimization of codon

multiple roles, including antagonism of type I IFN responses (Hastie,

usage in the glycoprotein gene result in an attenuated phenotype

Kimberlin, et al., 2011). We exploited previous biochemical and

(Wirblich & Schnell, 2011), whereas the naturally deoptimized codon

structural data for NP (and L) to gain insight into the possible role of

usage of hepatitis A virus serves to fine-tune translation kinetics and

selected sites. For instance, three selected residues surround the cre-

ensure correct capsid folding and stability (Aragones, Guix, Ribes,

vice where viral RNA binds, whereas mutations at position R556 in

Bosch, & Pinto, 2010; Costafreda et al., 2014).

the NP C-terminus modulate RNA synthesis (Hastie, Kimberlin, et al.,

Understanding the role of CAI in viral evolution and virulence is

2011). Surprisingly, though, evidence of positive selection was

important both for epidemiological reasons and because extensive

detected only on the LCMV branch for NP. The main functions are

codon deoptimization is a strategy to produce attenuated viruses for

conserved among NPs of different OW arenaviruses, including the

vaccination purposes (Martinez, Jordan-Paiz, Franco, & Nevot, 2016).

ability to inhibit interferon responses (Pythoud et al., 2012; Rodrigo

Codon-deoptimized versions of LCMV GPC and NP result in recom-

et al., 2012). Thus, NP is expected to be engaged in a genetic con-

binant viruses that are highly attenuated in vivo but confer protec-

flict with the host immune system, a situation that commonly results

tion against a subsequent lethal challenge with wild-type LCMV

in mutual selective pressure and positive selection (Sironi, Cagliani,

(Cheng, Nogales, de la Torre, & Martinez-Sobrido, 2017; Cheng,

Forni, & Clerici, 2015). However, we favoured a very conservative

Ortiz-Riano, Nogales, de la Torre, & Martinez-Sobrido, 2015). To

approach to limit false positives, which most likely determined a loss

contextualize, the nCAI values for the deoptimized NP and GPC are

of power to detect selection on the branches where it was less

in the 0.66–0.67 range, well below those observed for viral isolates.

intense. In this respect, we note that even for the L gene the stron-

Herein, we extended the previous analysis of nCAI in LASV

gest selection was observed on the LCMV branch, with 73 selected

(Andersen et al., 2015) to include other OW arenavirus species, as

sites compared to only 12 on the LASV branch. Overall, these data

well as recently published LASV sequences from rodents. Irrespec-

suggest that LCMV speciation was accompanied by an intense selec-

tive of the host, we confirm higher nCAI in non-Nigerian than in

tive pressure. One possible explanation for this is that the multiple

Nigerian LASV isolates.

host switching events that characterized OW arenavirus history

Comparison with nonpathogenic OW arenavirus species indicated

(Coulibaly-N’Golo et al., 2011) resulted in stronger pressure for

that there is no clear-cut difference in nCAI between viruses that

LCMV than related viruses. Alternatively, genetic or ecological char-

cause or do not cause disease in humans. Because viral pathogenicity

acteristics of its main host (Mus musculus) may exert especially

likely depends on a complex combination of host and viral factors (not

intense selection on LCMV.

related to codon usage), this is no direct evidence that nCAI is inconse-

In both NP and L, positively selected sites are often surrounded

quential for disease presentation. However, the similar nCAI value in

by highly conserved residues. This observation indicates that, with

human- and rodent-derived sequences does not support and effect of

their compact genomes, OW arenaviruses can explore a limited

CAI on virulence. LASV infection is mainly transmitted by rodent-to-
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human contacts with a limited role of human-to-human spread (Andersen et al., 2015). Thus, viral evolution, including changes in CAI, is largely determined by events that occur in the wildlife reservoirs, and
rodent-derived sequences represent the larger viral pool from which
human infections ensue. The relative contribution of viral and host factors in LASV disease outcome is presently unknown. Clearly, if LASV
genetic factors do play a role in disease progression and severity, the
human-derived LASV sequences are expected to be biased, as all of
them were derived from severely affected subjects. However, humanderived sequences have comparable nCAI as sequences sampled in
rodents, both in Nigeria and out-of-Nigeria. Moreover, we found no
significant differences in nCAI between sequences derived from
patients who survived LASV infection and patients who died of it.
These observations indicate that either disease severity is mainly
determined by human interindividual variability (e.g., genetic background, nutrition status) or that viral factors other than nCAI modulate
virulence in humans.
Alternatively, protein sequence changes rather than nCAI could
contribute to modulate virulence of LASV strains. For instance, we
detected a positively selected variant in the L protein of LASV
sequences isolated from non-Nigerian humans (2159C) that occurs at
low frequency in rodent-derived viruses. This variant could play a role
in human disease presentation and/or in mouse-to-human transmissibility. However, the availability of few rodent-derived sequences precludes drawing definite conclusions on the role of this (or other)
change, which will in any case require experimental validation.
An important implication of the results herein is that field studies
and monitoring efforts should include sequencing of the L gene, as it
represents a major selection target and a possible determinant of
disease presentation.
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