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Abstract

The Amazon basin is host to numerous arthropod-borne viral pathogens that cause febrile
disease in humans. Among these, Oropouche orthobunyavirus (OROV) is a relatively
understudied member of the Peribunyavirales that causes periodic outbreaks in human
populations in Brazil and other South American countries. Although several studies have
described the genetic diversity of the virus, the evolutionary processes that shape the viral
genome remain poorly understood. Here we present a comprehensive study of the genomic
dynamics of OROV that encompasses phylogenetic analysis, evolutionary rate estimates,
inference of natural selective pressures, recombination and reassortment, and structural
analysis of OROV variants. Our study includes all available published sequences, as well as a
set of new OROV genomes sequences obtained from patients in Ecuador, representing the first
set of viral genomes from this country. Our results show that differing evolutionary processes
on the three segments that encompass the viral genome lead to variable evolutionary rates and
TMRCAs that could be explained by cryptic reassortment. We also present the discovery of
previously unobserved putative N-linked glycosylation sites, and codons which evolve under
positive selection on the viral surface proteins, and discuss the potential role of these features

in the evolution of the virus through a combined phylogenetic and structural approach.
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Introduction

The Bunyavirales is a highly diverse order of viruses that include multiple emerging human
pathogens. Within this order, the Orthobunyavirus genus (family: Peribunyaviridae) includes
many arthropod-borne virus species that have been associated with disease in humans (1). The
severity of disease varies and ranges from self-limiting febrile illness to encephalitis and
haemorrhagic fever (2). One prominent member of this genus is Oropouche orthobunyavirus
(OROV), a common causal agent of febrile disease in the Amazon basin (3) and a potential

candidate for future emerging epidemics in the region and elsewhere (4).

Since its first description in 1961 in Trinidad and Tobago (5), OROV has caused several
outbreaks and sporadic infections in the Brazilian Amazon, particularly in the states of Para,
Amapé, Rondbénia, Maranhdo, Acre, Amazonas, Minas Gerais, Mato Grosso, and Tocantins
(6-9), and evidence suggests the circulation of OROV in other central Brazilian states (10).
Since the late 1980s, additional cases and outbreaks of OROV have been reported in Panama,
Peru (11-13) and, more recently, Ecuador (14). The virus has been isolated from sloths
(Bradypus trydactilus) (3) and marmosets (Callithrix sp.) (15) as well as from invertebrates
such as Culex p. quinquefasciatus (9) and Ochlerotatus serratus mosquitoes and Culicoides
paraensis biting midges (3). It has been proposed that OROV has two distinct transmission
cycles (16). In the sylvatic transmission cycle, wild mammals such as sloths (B. trydactilus)
and primates (Allouatta caraya, Callithrix penicillata) serve as hosts for the virus, which is
transmitted by vector species that are common in rural areas (4edes serratus and Coquillettidia
venezuelensis have been proposed as vectors in the sylvatic cycle). This sylvatic cycle may
possibly include other vertebrate hosts, including wild birds and rodents (such as Proechimys
sp.). In contrast, the urban transmission cycle involves human-to-human transmission mediated
by the biting midge C. paraensis (16) and can be facilitated by anthropogenic disturbance of
forest areas. OROV produces an acute febrile illness in humans, characterised by unspecific
symptoms such as fever, chills, headaches, myalgia and joint pain (17) and is therefore difficult
to diagnose and differentiate from other co-occurring infectious diseases such as leptospirosis,
dengue fever, Venezuelan Equine Encephalitis (VEE), malaria, and rickettsial and Coxiella

infections (18)

The genome of OROV is typical of the Orthobunyaviruses and is comprised of three negative-

sense RNA segments of different sizes: a large segment (L) that encodes a RNA dependent
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RNA polymerase, a medium (M) segment that encodes a membrane polyprotein comprised of
three main components (the Gn, NSm and Gc proteins), and a small (S) segment that encodes
the structural nucleocapsid protein N and a second non-structural protein, Ns, in an overlapping
reading frame (2). The Gn and Gc proteins determine the architecture of the viral particle;
CryoEM studies show that the membrane proteins of Bunyamwera virus (BUNV) form a
tripodal structure (19) and the crystal structures of the N-terminus of Gc suggest that this
trimeric assembly may be conserved across various Orthobunyaviruses (20). The segmented
nature of the OROV genome enhances the likelihood of genome reassortment events, a
phenomenon that has been explored more generally in the Bunyaviruses (2) and has been
associated, in some cases, with a dramatic increase in disease severity, such as with Ngari virus,
a reassortant between Bunyamwera virus (BUNV) and Batai virus (BATV) (21). Furthermore,
reassortment appears to play an important role in the evolution and emergence of new viruses
within OROV and related species, as has been described for the reassortant species Jatobal
virus (JATV) in Brazil (22), Iquitos virus (IQTV) in Peru (23) and Madre de Dios virus
(MDDV) in Venezuela (24).

Despite a heightened interest in OROV, reflected by an increasing number of publications
covering the topic in recent years (16), many aspects of OROV history, biology and ecology
remain poorly understood. Although the evolution of the virus has been previously studied
using standard phylogenetic methods (3, 7, 8, 25, 26), a comprehensive analysis of the
molecular evolution of OROV that incorporates the complete genetic diversity of the virus and
compares the evolutionary histories of the genome segments has not yet been undertaken. Here
we present the results of an in-depth analysis of the OROV genome that includes the genomes
of 6 new OROV isolates sampled in Ecuador and explores the differences between the
evolutionary histories of the three viral segments through comparative phylogenetics. We
evaluate the temporal signal of each segment, estimate their dates of origin and rates of
evolution, and test for recombination and reassortment. Furthermore, we combine phylogenetic
tests for selection on the viral genome with structural mapping and N-linked glycosylation
sequon analysis to determine the factors that can drive the evolution of the viral genome and

explain the observed differences between segments.
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Methods

Sampling and sequencing of OROV isolates from Ecuador

Six strains of OROV were isolated independently via one passage in Vero cells, from febrile
patient sera sampled in 2016 in the Esmeraldas region of Ecuador. RNA was extracted and six
complete genome sequences were generated using a metagenomic approach as described
previously (14). Briefly, cDNA was prepared using a Sequence Independent Single Primer
Amplification (SISPA) approach (27), cDNA sequencing libraries were prepared using the
Nextera XT Kit (Illumina), and sequencing was performed on a MiSeq (Illumina) using 150
nucleotide paired-end runs. Reads were mapped to reference sequences using BWA MEM (28).
The final consensus sequences were generated using Quasibam (29) The study was approved
by the bioethics committee of Universidad San Francisco de Quito, and all patients provided
written consent indicating that they agreed for their samples to be tested for additional

pathogens.

Data sets

In addition to the Ecuadorian sequences, we collected all available sequences for the three
OROV genome segments from GenBank at NCBI. We then excluded all sequences that were
shorter than a threshold segment length (specifically, <6500 nucleotides long for L, <4200
nucleotides long for M and <693 nucleotides long for S). These GenBank sequences represent
the genetic diversity of OROV from outbreaks in Trinidad & Tobago, Panama, Peru and Brazil,
and cover the complete sampled history of the virus from the mid 1950s to the late 2000s, with
the latest outbreak in Brazil reported in 2009 (7). The data sets were compiled into individual
alignments for each of the three viral genome segments (denoted L for long, M for medium

and S for short).

Additional data for the OROV sequences included the sampling date (with varying precision
of year, month or exact day, depending on the sequence), the identity of the host species (most
samples were obtained from human patients, while a few were obtained from potential
arthropod vectors and mammalian reservoir species), and the location of each sample (province
of origin was used for the samples from Brazil and Peru, while only the country of origin was
available for the Panama sequences; samples from Ecuador and Trinidad & Tobago were

obtained from a single location). No exact sampling date is available for the Ecuadorian
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sequences, but sampling was performed between the months of April and May of 2016 (Sully

Marquez, Pers. Comm.).

Before sequence alignment, the untranscribed terminal repeats (UTRs) of each segment were
removed and the open reading frame of each segment was identified (only the first ORF of the
S segment was analysed). Sequences were then aligned using the MUSCLE algorithm, as
implemented in Geneious 9.0.5 (30), and the alignments were manually checked and edited to
ensure they were codon-aligned. The L alignment included 59 published sequences plus the
six new sequences from Ecuador. The M segment alignment included 58 published sequences
and the six Ecuadorian sequences. Finally, the S segment alignment included 143 published

sequences plus the six Ecuadorian sequences.

Molecular phylogenetics and molecular clock analyses

All three alignments were scanned for recombinant sequences using the suite of methods
implemented in RDP4 (31). Sequences identified as recombinant (i.e. evidence for
recombination was found by at least four methods) were removed from all further analyses
(only two M segment sequences were excluded). For each alignment, a molecular phylogeny
was estimated using the maximum likelihood (ML) approach implemented in RAXML 8.0 (32).
ML trees were estimated using a General Time Reversible (GTR) substitution model with a
Gamma-distribution model of among-site heterogeneity. Phylogenetic node support was
assessed using a non-parametric bootstrap approach with 100 replicates. No outgroup
sequences were used and all trees were midpoint rooted. A visual comparison of the tree
topologies and bootstrap scores for each segment was used to evaluate possible OROV

reassortment events during its evolutionary history.

To explore the rates of OROV molecular evolution and to evaluate the temporal signal in each
OROV alignment, we correlated tip-to-root genetic distances in the ML tree against the
sampling dates of the corresponding sequences, using the approach implemented in TempEst
1.5.1 (33). The regression plots were inspected visually to identify notable outliers and the
linear correlation coefficient of the regression was used as a measure of the degree to which

the sequences evolve in a clock-like manner.

We estimated the evolutionary history of OROV outbreaks in South America by constructing

time-calibrated Maximum Clade Credibility (MCC) trees for each segment. Each MCC tree
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summarises a posterior distribution of phylogenies that were sampled using the Bayesian
Markov Chain Monte Carlo (MCMC) approach implemented in BEAST 1.10.1 (34). Trees
were sampled under a HKY substitution model, a Gamma-distribution model of among-site
heterogeneity, a Bayesian Skyline tree prior (35), and a relaxed uncorrelated molecular clock

(UCLD) (36) model.

Our ML and TempEst analyses (above) revealed two monophyletic lineages in the M segment
phylogeny, one with weak temporal signal (correlation coefficient=0.66) and one with stronger
signal (correlation coefficient=0.94) (see Results and Fig. S1). Therefore, the molecular clock
analysis of the M segment was performed in a two-step process. First, we estimated a time-
calibrated tree separately for the two group M lineages and noted the estimated time of the
most recent common ancestor (TMRCA) of the lineage with stronger temporal signal (Lineage
2). We then performed a second analysis of the whole group M phylogeny, in which this
TMCRA estimate was used as an additional calibration point (i.e. as an informative prior on
the date of the common ancestor of Lineage 2). Similarly, mean evolutionary rates were co-
estimated with phylogeny for each of the three segments using the UCLD clock model and
subsequently compared. We further repeated this analysis separately for M segment lineages 1

and 2.

Selection Analyses

The ORF alignments of the S and L segments, as well as those of the individual proteins of the
M segment ORF (Gn, NSm and Gc) were tested for evidence of natural selection using the
various methods implemented in HyPhy (37), implemented by the Datamonkey 2.0 server (38).
Statistical tests were used to evaluate evidence for both pervasive and episodic selection in the
OROV genome, and to evaluate selection across whole genes as well as at specific codons.
Analyses of pervasive selection were performed using three methods: (i) the Branch-site
Unrestricted Statistical Test for Episodic Diversification (BUSTED) method, which tests for
gene-wise selection and estimates a mean dN/dS ratio for each gene (39), (ii) the Single-
Likelihood Ancestor Counting (SLAC) method, and (iii) the Fixed Effects Likelihood (FEL)
method; the latter two approaches were used to infer specific codons under adaptive selection
(40). Episodic selection was evaluated using two methods: (i) the Mixed Effects Model of
Evolution (MEME), which identifies individual codons under positive selection (41), and (ii)
a branch-site model implemented in aBSREL (42), which was used to search for phylogenetic

branches under selection. We identified sites as being positively selected with a critical value
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of p=0.05. Relative codon positions were numbered according to the OROV reference strain

BeAn19991.

Structural analysis of OROV proteins and sites under selection

The availability of high-resolution protein structures for the OROV proteins is limited. We
therefore focused efforts on the OROV glycoprotein Ge because (i) N-terminal regions for a
number of orthobunyaviral Ge glycoproteins (including the head domain of OROV Gce, PDB
ID 6H3X), have been structurally elucidated (20) and (ii) it shows an increased number of sites
under positive selection compared to the other OROV proteins (see Results). The second
component of the OROV glycoprotein, Gn, was not analysed here because no adequate atomic
resolution structure is currently available. For Gc, N-linked glycosylation sites were predicted

for each virus sequence using the NetNGlyc 1.0 server (www.cbs.dtu.dk/services/NetNGlyc/),

which identifies NXT/S amino acid motifs (where X is any amino acid except proline). The
sequence evolution of these motifs was subsequently mapped onto the M segment phylogeny
using a maximum parsimony approach. To enable structure-based mapping of sites under
selection, we created a composite molecular model that encompasses the structurally elucidated
N-terminal head of OROV Gc (PDB ID 6H3X) and the stem domains from the closely related
Schmallenberg virus (SBV) (PDB ID 6H3S) (20) through sequence-independent structural
alignments in PyMOL (43). As there are no known structures of the orthobunyaviral C-terminal

core, this region was omitted from the structural analysis.

We explored the evolutionary history of molecular adaptation that has shaped the different
domains of the Gc protein by estimating dN/dS ratios for each protein domain using the
renaissance counting approach (44) implemented in BEAST 1.10.1. These estimates were
independently performed for the full set of M sequences and for the two previously described
lineages, using an empirical posterior sample of phylogenies comprising >100,000 trees. The
95% highest posterior distribution (HPD) credible intervals for the normalised dN and dS
values were summarised using the coda package in R (the normalised values are the observed
count of each substitution type, divided by the expected count of each substitution type under

the substitution and evolutionary models and independent of the data).
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Results

Molecular phylogenetics and molecular clock analyses

The estimated ML phylogenies for each OROV genome segment are shown in Figure 1 and
reveal a pattern of spatial structure. In all three phylogenies (Fig 1a, b, c), our new sequences
from Ecuador (yellow) cluster together in a single monophyletic group (with 100% bootstrap
support) that is most closely related to OROV sequences from Peru (red), suggesting the
Ecuadorian sequences represent an unreported outbreak in 2016 that is related to cases
observed in Peru in the mid-to-late 2000s. The large (L) and medium (M) segment trees (Fig
1b, ¢) contain long internal branches and distinct lineages. Sequences from Panama (orange)
are found in two distinct clusters, while Brazilian sequences (light blue) are split into two
distinct groups. One Brazilian group corresponds to the 2009 OROV outbreak in the
municipality of Mazagdo (Amapa state) in northern Brazil (7), whilst the other contains
sequences from isolates obtained between 1960 and 2006 from seven different states (Acre,
Amapé, Amazonas, Maranhao, Minas Gerais, Pard and Rondonia) (45). Most of these clusters
are supported by high bootstrap scores (>95%) but there is less consistent and sometimes
limited support for phylogenetic structure within clusters. The OROV small (S) segment
phylogeny (Fig 1a) contains more sequences but has less phylogenetic structure (i.e. internal
branches are shorter and several basal nodes have weak bootstrap support). Sequences still tend
to cluster according to sample location; there are 3 well supported clusters of sequences from
Brazil or Brazil/Panama (Fig. 1). The Ecuadorian sequences are again found in a strongly

supported cluster together with Peruvian isolate IQE7894.
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S segment - Ns M segment - Gn/NSm/Gc L segment - RARP.

Figure 1. Maximum Likelihood trees for the small (S), medium (M) and large (L) genomic segments of the OROV
genome. Tip labels and corresponding branches are colour coded by the country of origin for each sample, with
grey samples indicating sequences obtained from non-human hosts and vectors (species indicated in the tip label).

Node support from 100 bootstrap replicates is shown for the basal internal nodes of each tree.

The trees for the different segments show considerable topological differences, suggesting the
possibility of reassortment events in the viral genome. Pairwise comparisons between segment
phylogenies (Fig. S2) indicates that the L segment of the 2009 Mazagao outbreak sequences
has arisen through a reassortment event. There are also widespread topological differences
between the S segment and the L and M segments (Fig. S2), particularly for the Brazilian
sequences (which cluster in robust monophyletic clades in the L and M segment trees but as
multiple clusters in the S segment phylogeny). This suggests that OROV might reassort more
frequently in the heart of the Amazon basin, possibly due to the co-circulation of viral lineages
(many of which may be currently unsampled) and the co-infection of wild hosts in the
Amazonian forest. However, the low node support for the S segment could also represent

phylogenetic uncertainty rather than differing evolutionary history.

The evolutionary timescale for OROV in America, estimated using a Bayesian phylogenetic
molecular clock approach, yielded highly variable dates for the most recent common ancestor
(TMRCA) for each segment. The origins of the S and L segments can be traced back to the
early to mid 20" century, while the M segment shows long internal branches and a much older
root, dating back to approximately 1675 (95% HPD: 1115.68-1938.77) (Fig. 2a). Despite the
fact that the exact geographical location where OROV emerged remains unknown, the

estimated TMRCA of the S segment is approximately 1940 (95% HPD: 1916.15-1955.00),
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while that of the L segment is slightly older, around 1921 (95% HPD: 1860.66-1955.00). It is
also noteworthy that the M segment splits into two distinct lineages (Fig. 2a). Lineage 1
represents an eastern-central clade that includes the earliest OROV case in Trinidad and
Tobago, sequences obtained from patients in Panama between the late 80s and late 90s, and
the entirety of the Brazilian genetic diversity of the virus. Lineage 1 is estimated to have
emerged around 1899 (95% HPD: 1801.20-1948.83). On the other hand, Lineage 2 contains
sequences from western South America, including sequences from Panama (from the late
1980s), Peru and Ecuador, with an estimated origin around 1918 (95% HPD: 1806.05-
1970.84). The estimated evolutionary rate of the M segment appears to be significantly lower
than that of other segments (mean rate = 1.84x10 subst./site/year for segment S, 3.89x10*
subst./site/year for segment M, and 1.61x107 subst./site/year for segment L). The evolutionary
rates estimated separately for each lineage within the M segment phylogeny indicates that
Lineage 2 evolves considerably faster than Lineage 1, which more closely resembles the overall
M segment rate (mean rate =2.30x10* subst./site/year for Lineage 1, and 8.34x107
subst./site/year for Lineage 2) (Fig. 2b). However, due to the large credible regions for the

Lineage 2 rate, we cannot conclude that it evolves faster than the other segments.

In order to explore whether these differences in evolutionary rates among the segment M
lineages are a product of rate heterogeneity within the sequences, we estimated the mean
relative genetic distance of Lineage 1 and 2 to a closely related outgroup, Iquitos Virus (IQTV),
using a sliding window approach. In each window we divided the mean genetic distance of
each lineage to the outgroup by the sum of the genetic distances for both lineages, resulting in
a relative genetic distance to IQTV (see Supplementary R Script). We find that different
regions of the M segment display different relative distances to the outgroup, with breakpoints
widely distributed within the Gn reading frame, and the core region and head domain of the Gc
reading frame. The transition between the Gn and NSm reading frames, and the head and stem
domains in the Gc reading frame also correspond approximately to inferred breaking points

(Fig. 2¢).

In the S segment phylogeny, samples obtained through the 1950s and 1960s are located at the
base of the tree. The tree splits into two co-circulating clusters around 1969 (95% HPD:
1964.30-1973.07). Both clusters include sequences mostly from central Brazil and Panama,
and one of the clusters suggests multiple introductions to Peru as early as the mid 1970s. The

2009 Mazagao outbreak and the 2016 Ecuador sequences arise from one of these Peruvian
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clusters, with the latter sharing a common ancestor around late 2011 (95% HPD: 2008.72-
2014.88) (Fig. 2d). On the other hand, the L segment tree shows two divergent lineages that
split sometime in the early to mid-twentieth century (95% HPDs: 1900.33-1953.31; 1918.02-
1978.67) and more closely match the M segment lineage structure. One of these L segment
lineages includes most of the Brazilian diversity (the Mazagdo sequences are distinct and
cluster in the other L segment lineage) and a cluster of sequences from Panama. The other
includes a second cluster of Panama sequences and all of the Peruvian diversity (Fig. 2d). The
Ecuadorian sequences are again descended from Peruvian strains, with a TMRCA in early 2014
(95% HPD: 2011.34-2015.90). This date is similar in the other segments (the estimated
Ecuador TMRCA is mid 2011 in the M segment; 95% HPD: 2007.82-2014.72). These results
suggest a recent introduction of OROV to northern Ecuador with no reassortment events

leading to its emergence.
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Figure 2. Time-calibrated and evolutionary rate analysis of the OROV genome. (a) A comparison of the three
segments reveals an older common ancestor for the M segment, resulting in the divergence of two lineages that
appear to diversify in the early to mid 1900s (Lineage 1 and Lineage 2, L1 and L2 in the figure). (b) The estimated
evolutionary rates of the segments reveal a lower rate for the M segment Lineage 1 and a higher rate for Lineage
2. (¢) A sliding window estimation of the relative genetic distance of each of the two M segment lineages (shown
in orange and blue) to Iquitos Virus (IQTV), used as an outgroup. Points of the sequences where the closest

genotype to the outgroup changes could be interpreted as recombination events with unsampled sequences. (d)
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An analysis of the younger segments, S and L, reveals emergence date estimates for the virus in the early to mid
20™ century, and relatively consistent estimates for the TMRCA of the new Ecuadorian sequences in the early
2010s. The posterior probabilities (PP) of each node is shown based on a greyscale colour scheme (0.0 PP = black
to 1.0 PP = white).

Selection Analyses

We undertook a screen for sites under selection using different models implemented in the
HyPhy framework (37). Evidence for both pervasive and episodic selection was found in
different genes using different methods (Table 1). Pervasive selection (selection that occurs
consistently along the whole phylogeny) was detected in the S segment. Individual sites under
pervasive selection were identified in the M segment alignments: for the Gn protein one site
was found to be evolving under positive selection (by the SLAC and FEL methods); for the
NSm protein one site was identified (by the FEL method); and the Gc protein, two sites were
found to be under selection (by the FEL method) (Table 1). Episodic adaptive selection
(selection that occurs heterogeneously across the tree branches) was detected in all alignments
under the mixed effects model (MEME) (41). In total, MEME identified 6 sites under selection
in the RNA dependant RNA polymerase, 7 sites under selection in the M segment polyprotein,
and one site under selection in the non-structural N protein. Of these sites, only four were
identified by two or more methods: codon 66 of the Gn protein, codon 86 of the NSm protein
and codons 269 and 442 of the Gc protein (Table 1). We note that three of these four sites
feature more than two alleles, and the frequencies of the most common allele range from 0.44

to 0.73 (Table S1).
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Table 1. Evidence for adaptive selection on the three genome segments of the OROV genome assessed using

different models. Sites identified by more than one method are highlighted in bold.

Pervasive Selection Episodic Selection
Gene-wise Site-wise Site-wise Site-wise Branch-site
(BUSTED) (SLAC) (FEL) (MEME) model (aBSREL)
Test Mean Test . Test . Test . Test .
Segment | Gene Sites Sites Sites Sites
<0.05 dN/dS* | <0.05 <0.05 <0.05 <0.05
S N/Ns 693 nt YES 0.071 NO -- NO -- YES 2 NO --
Gn 918 nt NO 0.055 YES 66 YES 66 YES 66 NO --
NSm 525 nt NO 0.114 NO -- YES 86 YES 86 NO --
71, 106,
M
145, 269,
Ge 2817 nt NO 0.050 NO -- YES 269,442 | YES NO --
442, 645,
842, 879
237, 1089,
1394,
L RdRP | 6756 nt NO 0.027 NO -- NO -- YES NO --
1397,
2048, 2085

2 Estimated as weighed ® mean values from the unconstrained model.

Structural analysis of OROV proteins and sites under selection

Viral glycoproteins are important targets of positive selection and locations of virus adaptation
due to their direct interactions with the host immune system. In Orthobunyaviruses,
glycoproteins are expressed as a polyprotein, encoded by the three open reading frames of the
M segment that represent the Gn, NSm (non-structural) and Gc genes respectively. The main
component of the OROV particle spikes is the Gc protein, which is composed of four main
domains: a head domain, two stem domains, and a core region (20). We identified eight sites
under selection in Ge (four of which fall within the head and stem domains) and two putative,
previously unreported N-linked glycosylation sites (Fig. 3a). Estimated dN/dS ratios are similar
for each domain (Fig 3b), hence we find no evidence for significantly different selective
pressures among domains. However, if dN/dS ratios are estimated separately for the two M
segment lineages, then we obtain higher dN/dS estimates for the head and stem domains of
Lineage 2, although the large confidence limits mean these differences are not significant (Fig.
3b).
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We mapped the sites identified as being under positive selection to the available atomic
structures of the OROV Gc head domain and the closely related SBV stem domains (Fig 3c).
This analysis reveals that three sites under selection (codons 71, 106 and 145) are located at
alpha-helixes in the head domain, and one (codon 269) occurs at a loop connecting the stem

domain I N-terminus to the head domain (Fig. 3c¢).

In addition to the sites under positive selection, we identified two previously unreported N-
linked glycosylation sequons at residues 133 (motif NNTD) and 218 (motif NISL). Both of
these putative glycosylation sites are located on the Ge head domain (Fig. 3a) and do not co-
occur together in any of the sequences, supportive of the hypothesise that they may be
alternative motifs that could serve similar functional roles, such as shielding antigenic sites.
Furthermore, these sites appear to be phylogenetically associated with the different M segment
lineages, with motif NNTD being exclusive to Lineage 1 and motif NISL occurring exclusively
in Lineage 2 (Fig. 3d). Based on shared ancestry, it is likely that the motif NNTD appeared in
a Brazilian common ancestor that excludes the Mazagio outbreak sequences, as this motif is

not found in either the Panama or Trinidad sequences belonging to Lineage 1.
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Figure 3. Structure-based mapping of sites identified under selection and previously unreported N-linked
glycosylation sites onto the Ge protein. (a) A schematic of the OROV M segment polyprotein, which includes the
Gn and Gc components of the viral membrane proteins. The Ge protein is subdivided into a head domain (blue),
two stalk domains (green and orange), and a C-terminal region, which encodes a putative fusion loop (dark grey).
Sites identified as being under positive selection using the MEME approach are shown in red (lighter coloured
arrows indicate sites falling outside of the Gc head and stem domains). The two previously undescribed N-
glycosylation sites are shown in white. (b) Estimated dN/dS ratio of each domain in Gc, obtained for the whole
M segment, and for each M segment lineage. (¢) Sites under positive selection mapped to a composite model
generated from previously reported OROV Ge (head domain, PDB ID 6H3X) and SBV Gc (stem domains, PDB
ID 6H3S) crystal structures. The OROV head domain is shown in blue, with the C-terminus loop residues shown
in light green (taken from the SBV head domain) and SBV stem domains I and II are shown in green and orange,
respectively. (d) Putative N-linked glycosylation sites identified in this study are mapped onto the phylogeny of

the M segment, showing the independent presence the two sites in the two M segment lineages.

Both the putative fusion loop in the C-terminal region of the Gc protein (46)) and two
previously reported N-glycosylation sites were conserved amongst all analysed OROV

sequences (3).
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Discussion

The evolutionary genomics of OROV in the Americas appears to be driven by a complex
combination of factors that are associated with viral life cycle and the nature of the OROV
genome. Phylogenetic analysis of the three OROV genome segments reveals different
evolutionary histories, with a stronger topological concordance between the medium (M) and
long (L) segments, than between those two segments and the S segment. Many of these
incongruencies are likely to represent the different evolutionary histories of each segment,
arising from reassortment. However, the considerable phylogenetic uncertainty observed for
the S phylogeny (in which low bootstrap values and posterior probabilities are observed), limits
our ability to draw robust conclusions about tree topology differences involving the S segment.
The occurrence of reassortment events appears to be relatively common for OROV in America
and may be currently underestimated because (i) there are likely to be many undiscovered
OROV lineages and (ii) the virus likely circulates widely in one or more as-yet uncharacterised
reservoir populations. Although we found here similarities between the M and L segment
phylogenies, previous study of the Bunyamwera group has suggested linkage between the L
and S segments (47), and different reassortment patterns have been reported for other
Bunyaviruses such as La Crosse virus (LACV) and Snowshoe Hare virus (SSHV) (48). The
reassortment of OROV is in line with the observation of naturally occurring reassortant viruses
(23, 24), a phenomenon that has been linked to the coinfection of hosts or arthropod vectors.
The latter provide a good opportunity for reassortment to occur, as an infected vector can feed
on a second vertebrate host infected with a distinct viral strain within a 2-3 day time window
and become co-infected (2). On a broader scale, reassortment events could play a crucial role
in the evolution of Bunyaviruses in general, and it has been suggested that an increasing

number of the recently described species are reassortants (49).

Molecular clock phylogenetic analyses can also be used to infer the emergence times of
pathogens and the timescales of outbreaks (50). Some of these tools are particularly applicable
to heterochronous data sets, in which sequences from rapidly evolving populations have been
sampled longitudinally through time. For molecular clock analyses to be reliable, samples
collected at different time points must accumulate sufficient genetic differences to be distinct
from one another (51) (i.e. contain sufficient ‘temporal signal’). A combination of factors may
affect the accuracy of estimated TMRCAs. Our analysis of the S and L segments suggest that

OROV first emerged in the early to mid 1900s, an earlier estimate than previously reported
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(late 1700s, inferred from the S segment phylogeny) (26). This difference may reflect the fact
that our analysis incorporates more sequences, or it may reflect differences in the evolutionary
models or prior distributions used in Bayesian phylogenetic inference. It should be also noted
that the aforementioned earlier estimate does not report a test for temporal signal in the data

set, which could also affect the precision of their estimates.

A key factor of OROV evolutionary dynamics is the distinction between two well supported
lineages for the M segment. We estimate that these two lineages split more than two centuries
before the estimated TMRCAs of the other two segments. These two lineages are
geographically structured in South America, with Lineage 1 representing a central-eastern
clade and Lineage 2 representing a western clade. Despite the existence of reassortment, the
split between Lineages 1 and 2 is also reflected in the L and S segment phylogenies.
Specifically, the L segment shows the same split into two well supported lineages, with the
exception of one reassortant (the 2009 Mazagao outbreak sequences; see Fig 2 and S2). The S
segment phylogeny is less geographically structured; the ‘western’ Peruvian and Ecuadorian
sequences are placed in a single monophyletic clade together with the Mazagao sequences and
other Brazilian and Panama sequences, but they show multiple introductions from Brazil to
Peru (Fig. 2¢). Different evolutionary histories for OROV segments have been previously
described for the broader Oropouche virus complex (3, 7); here we show that these differences

can be also found but within OROV itself.

The evolutionary rate of the M segment appears to be considerably slower than the remaining
segments, an unexpected finding given the tendency of Bunyaviral surface proteins to evolve
faster than the nucleocapsid and non-structural proteins (52, 53). Further, when independently
estimated, the rate for the western Lineage 2 appears to be an order of magnitude faster than
that of Lineage 1. We hypothesise that the low evolutionary rate corresponding to Lineage 1,
which matches the overall rate for the M segment, could be an effect of unaccounted
recombination events from an unsampled lineage into the observed diversity of the virus (see

below).

Next, we sought to explain why the TMRCA of the M segment is substantially older than that
of the other two segments, despite the fact that all the segment share overlapping sets of strains,
and the fact that the L segment tree shows a similar lineage structure. The age discrepancy

between segment TMRCAs suggests that they represent different ancestral viruses,
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accommodating the notion of widespread reassortment shaping the evolution of OROV. The
long internal branches in the M segment phylogeny are unlikely to be artefacts given the
temporal signal of the data set (Fig. S1) and therefore suggest that a considerable portion of the
genetic diversity remains unsampled. We propose that these results can be understood if the M
segment underwent a reassortment event with one such divergent but as yet unsampled lineages
that split after the common ancestor of OROV and IQTV (Fig. 4). Hypothetically, the
unsampled lineage could represent a distinctly divergent L segment lineage, similar to what is
observed for the M segment, which reassorted into an ancestral viral lineage which is
represented in the currently available L segment diversity. The reassortment event most likely
occurred once, and therefore predates the estimated origin of the recipient M lineage. This
would contradict with the younger internal nodes inferred for the L segment; we therefore
believe that the true TMRCAs for the M segment lineages are younger than our estimates. The
possibility of further recombination of this unsampled lineage into the known sequences

suggested in our data set (Fig. 2¢) could also affect the precision of our estimates.

yment
M segment

—9
—e
—e
—e
¢ [ozo
g

Time
Figure 4. A hypothetic model of the evolution of the OROV genome. The schematic depicts a proposed
hypothesis for the evolution of the L (orange branches/outline) and M (green branches/outline) segments. The two
M segment lineages (dark and light grey tips) share an older root compared to the L segment, suggesting that the

roots of both phylogenies do not represent the same ancestor, and that a more recent reassortment event between


https://doi.org/10.1101/682559
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/682559; this version posted June 26, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

the segments has occurred (black diamond) leading to a reassortant clade (red outlined tip). The existence of an
unsampled lineage (subdued colours) could represent the unaccounted diversity of the virus that would potentially
mirror the two distinct lineages for the M and L segments. Under this model, the long branch inferred for one of
the M segment lineages (dotted line) doesn’t represent the true evolutionary history of the virus and fails to account
for the proposed reassortment event. The true shared ancestor for both segments (yellow) would probably be as

old as the inferred root of the M segment.

The ability of the genome of an emerging virus to adapt to new hosts can affect the likelihood
of future outbreaks and is therefore a useful phenomenon to explore. Whilst computational
evolutionary analysis can usefully indicate the presence of positive selection and molecular
adaptation in virus genomes, sequence data alone cannot resolve the functional and biological
context of selected sites. Further, different methods for detecting selection do not always give
the same results, hence accuracy and statistical power can be improved by considering the
consensus of results generated by multiple models and methods (54). If we combine the results
of the multiple tests for positive selection undertaken here, then we identify four sites that are
consistently inferred to be under selection (all in the M segment): two sites located on the Ge
spike protein, one site on the Gn scaffold protein, and one site on the non-structural NSm
protein. Other sites were identified as being under positive selection by only a subset of
methods, suggesting that additional regions of the Gc protein undergoing adaptive selection,

particularly the head and core domains (Table 1, Fig. 3a).

Three different models indicated the positive selection acting on codon 66 of Gn (Table 1). The
N-terminus of closely-related Bunyamwera virus (BUNV) Gn protein is predicted to localise
on the outside of the viral particle (55) and assembles as a scaffold to the trimeric Ge spike
(19). Codon 66 falls within this predicted extra-membrane domain, potentially exposing it to
the host immune system. Furthermore, this protein has been shown to interact closely with the
Gc core region to shield the hydrophobic fusion loops and prevent early membrane fusion
during viral cell entry. In Phleboviruses such as Rift Valley fever virus (RVFV), the Gn N-
terminus folds into a domain that localises on the outermost region of the viral membrane
during the pre-fusion, shielded state (56). Codon 66 of the OROV Gn protein could play a role

in a similar fusion loop shielding process.

We also detected positive selection on codon 86 of the NSm. The function of this protein among
the Orthobunyaviruses is variable, ranging from being essential for viral assembly in BUNV

(particularly the N-terminal hydrophobic domains) (57) to being non-essential for viral growth
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in OROV (7) and other related pathogens such as Maguari virus (MAGV) (58). In RVFV, the
NSm protein is non-essential for viral replication (59, 60) but plays a role in the suppression
of apoptosis in virus-infected cells (61, 62). Other potential adaptive roles for NSm in different
Bunyaviruses have been previously (63), including a role in the infection of arthropod vectors

(64). The reason for adaptive evolution in OROV NSm detected here is therefore unclear.

The N-terminal head and stem domains of the orthobunyaviral Gc spike are the only regions
for which atomic structures are available (20), making structure-based mapping of sites of
selection and N-linked glycosylation feasible. While little is known about the host immune
response to OROV, SBV Gc has been shown to be a target of the antibody-mediated immune
response following infection (65), and is therefore likely to be under selective pressure by the
host antibody response. Codons 269 and 442 (both identified by independent methods as
evolving under positive selection) are located on different motifs of the Ge protein, in the first
stem domain and core region of the Ge protein, respectively. We mapped codon 269 to a loop
on the N-terminus of the stem domain I, which connects to the head domain. Although one
cannot discount a potential role in shielding the fusion loop in the core region, crystallographic
analysis and comparison of this region with other reported orthobunyavirus Gc¢ structures
suggests that this loop may act as a flexible hinge that permits fusogenic rearrangements of the
spike complex (20). Furthermore, and in-line with the hypothesis that this region is important
in stabilizing the mature spike complex, an identified neutralising antibody against SBV
directly interacts with residues closer to the C-terminus of the protein’s head domain,
potentially disrupting Ge-mediated trimerization of the spike protein, as presented on viral
particles (20). A similar immunogenic mechanism could play a role in the evolution of residue
269, rendering it a potential target of the neutralising antibody response. Of the residues that
were identified as evolving under diversifying selection using the MEME approach, codons
106 and 145 are mapped to alpha helixes h8 and h12 and correspond to sites known to interact
directly with neutralising antibodies in SBV (20). Thus, these sites could also constitute
antibody epitopes and be under immune selection. Furthermore, if this region includes an
epitope, the acquisition of N-linked glycosylation at helix h10 may mask the protein surface,
similar to the “glycan shields” described for Old World Arenaviruses and HIV-1 (66, 67). The
occurrence of non-essential N-linked glycosylation sites affecting viral infectivity and

replication has been previously described in BUNV (68) and RVFV (69).
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Our results show a complex and dynamic picture of the evolution of OROV in the Americas,
shaped by reassortment, spatial structure, and natural selection. Our report incorporates new
OROV genome sequences obtained from febrile patients in the province of Esmeraldas in
northern Ecuador, representing the first direct detection and whole genome sequencing of the
virus in the country (14). Previous prospective studies have suggested that OROV may have
been circulating in both the coastal and Amazonian provinces of Ecuador (18, 70), but had
failed to directly detect or isolate the virus. Our sequences probably represent an undetected
outbreak of OROV on the northern coast of Ecuador, which may also include the southern
coast of Colombia (Esmeraldas is close to the Colombian department of Narifio). Our
phylogenetic analyses show that the Ecuadorian isolates form a single lineage that is closely
related to viruses circulating in Peru, indicating a contiguous expansion of the known area of
OROV circulation. The Ecuadorian isolates carry a distinct M segment that is shared with
sequences from Peru and Panama, suggesting the presence of a distinct OROV lineage in the

western, Pacific-bordering countries of South America.

OROYV continues to be a neglected tropical disease and the numbers of genetic sequences for
the virus are still limited. The genetic data that are available tend to be biased towards the
shorter S segment, which has lower phylogenetic resolution and doesn’t provide a complete
picture of OROV evolution. Available sequences are for the most part limited to viral diversity
detected during human outbreaks, and therefore fail to capture the dynamics of OROV in
reservoir host species and vector populations. The generation of whole OROV genomes, and
the broadening of sampling to other countries and host species, are necessary to improve our
understanding of the extent and nature of OROV transmission and the importance of

reassortment for the evolution of this pathogen.
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Figure S1 (above). Correlation plots between tip-to-root distances versus sampling estimated in TempEst for
the three OROV genome segments. Outliers (determined through visual inspection) are highlighted in red. For
the M segment, the complete set of sequences was analysed and visually inspected, and sequences PAO1 and
PAO3 (red) where excluded as outliers prior to the estimation of the individual plots for each lineage. Regression
slope (interpreted as rough estimates of the mean evolutionary rate), correlation coefficients and R? values are

shown for each plot.
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Figure S2 (above). Pairwise comparison of maximum-likelihood phylogenetic trees of the three OROV genome
segments suggest widespread reassortment. The L and S trees are midpoint rooted, and the M tree was re-rooted
to maximise its topological congruency with its closest match, the L tree. Node support representing 100
bootstraps is shown on the tree nodes, where important monophyletic clades are collapsed in all trees (most
collapsed nodes have high node support). Topologically similar clusters are highlighted in blue, while

potentially reassortant clusters are highlighted in red.
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Supplementary Tables

Table S1. Allele frequencies for codons under adaptive selection in the OROV genome.

Protein Codon Identlty Frequency
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Supplementary R script available at GitHub:
https://github.com/BernardoGG/OROV America/blob/master/OROV SimPlots.R
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